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Abstract

Background: Undiagnosed tuberculosis (TB) cases are the major challenge to TB control in Nigeria. An early warning outbreak
recognition system (EWORS) is a system that is primarily used to detect infectious disease outbreaks; this system can be used
as a case-based geospatial tool for the real-time identification of hot spot areas with clusters of TB patients. TB screening targeted
at such hot spots should yield more TB cases than screening targeted at non–hot spots.

Objective: We aimed to demonstrate the effectiveness of an EWORS for TB hot spot mapping as a tool for detecting areas with
increased TB case yields in high TB-burden states of Nigeria.

Methods: KNCV Tuberculosis Foundation Nigeria deployed an EWORS to 14 high-burden states in Nigeria. The system used
an advanced surveillance mechanism to identify TB patients’ residences in clusters, enabling it to predict areas with elevated
disease spread (ie, hot spots) at the ward level. TB screening outreach using the World Health Organization 4-symptom screening
method was conducted in 121 hot spot wards and 213 non–hot spot wards selected from the same communities. Presumptive
cases identified were evaluated for TB using the GeneXpert instrument or chest X-ray. Confirmed TB cases from both areas were
linked to treatment. Data from the hot spot and non–hot spot wards were analyzed retrospectively for this study.

Results: During the 16-month intervention, a total of 1,962,042 persons (n=734,384, 37.4% male, n=1,227,658, 62.6% female)
and 2,025,286 persons (n=701,103, 34.6% male, n=1,324,183, 65.4% female) participated in the community TB screening
outreaches in the hot spot and non–hot spot areas, respectively. Presumptive cases among all patients screened were 268,264
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(N=3,987,328, 6.7%) and confirmed TB cases were 22,618 (N=222,270, 10.1%). The number needed to screen to diagnose a TB
case in the hot spot and non–hot spot areas was 146 and 193 per 10,000 people, respectively.

Conclusions: Active TB case finding in EWORS-mapped hot spot areas yielded higher TB cases than the non–hot spot areas
in the 14 high-burden states of Nigeria. With the application of EWORS, the precision of diagnosing TB among presumptive
cases increased from 0.077 to 0.103, and the number of presumptive cases needed to diagnose a TB case decreased from 14.047
to 10.255 per 10,000 people.

(JMIR Public Health Surveill 2023;9:e40311)   doi:10.2196/40311

KEYWORDS

early warning outbreak recognition system; active case finding; WHO-four-symptom screen; GeneXpert; active case; cluster;
early warning; hot spot; mapping; disease spread; infection spread; retrospective study; retrospective analysis; surveillance;
outbreak; TB; tuberculosis; infectious disease; case finding; communicable disease

Introduction

Tuberculosis (TB) continues to be a global health concern,
which explains why ending the disease epidemic by 2030 is a
target of sustainable development goals [1]. Regarding the
burden of TB at the country level, Nigeria is sixth globally and
the first in Africa [2]; therefore, controlling this chronic
infectious disease is a top priority for the national TB program
[3]. Globally, the number of annual case notifications is usually
far below the estimated incident cases. Unfortunately, this gap
(ie, missing TB cases), which had consistently narrowed over
the years, widened in 2020 due to a large drop in the number
of newly diagnosed TB cases due to the impact of the
COVID-19 pandemic [2,4]. In 2020, there were about 9.9
million estimated incident TB cases worldwide, but only 5.8
million were notified, leaving a large gap of about 4.1 million
missing cases; notably, Nigeria contributed significantly to this
global gap, ranking first in Africa [2].

These missing TB cases could either be due to underreporting
or underdiagnosis. In Nigeria, however, underdiagnosis
contributes to most missing cases; this calls on the country to
strengthen access to high-quality screening, diagnostic, and
treatment services [5]. The KNCV Tuberculosis Foundation
Nigeria (KNCV Nigeria) continues to assist the Nigerian TB
control program in this regard through several projects, including
the successful demonstration of the excellent capacity of TB
loop-mediated isothermal amplification technology for TB
diagnosis among adults in Nigeria [6], as well as the need for
X-ray–based mass TB screening in Nigerian prisons [7].

Because undiagnosed TB cases are the major challenge to TB
control in Nigeria, any strategy that will identify ongoing TB
transmission hot spots in the community is crucial for finding
and treating missing TB cases. Electronic recording and
reporting of TB are becoming adopted widely by the national
TB control programs [8]. The electronic data can be imported
into a geographic information system (GIS) for mapping and
spatial analysis; thus, the data can be used to identify TB
transmission hot spots in the community [8]. Such an electronic
GIS strategy has been used in early warning systems (EWSs)
for infectious disease surveillance [9], such as the China
Infectious Disease Automated Alert and Response System
(CIDARS) [10] and an early warning outbreak recognition
system (EWORS) implemented by the Indonesian Ministry of
Health [11]. Both systems serve as complementary country-wide

disease surveillance tools; however, while the CIDARS is a
case-based EWS, the EWORS in Indonesia is a syndromic
surveillance-based EWS [9]. In Nigeria, an EWORS is
operational at the subnational level for routine electronic disease
surveillance—the system automatically sends elevated disease
activity messages to appropriate disease surveillance officers,
which triggers the investigation of the affected areas to prevent
outbreaks [12].

Though the EWORS is an early-warning system for infectious
diseases to detect outbreaks and guide control practice, it can
also predict TB hot spots at the community level by identifying
TB patients’ residences in clusters. Because TB is infectious,
it is expected that community-based active case finding (ACF)
in such EWORS-identified hot spot areas will yield more TB
cases when compared to non–hot spot areas. To demonstrate
this expectation, KNCV Nigeria applied an EWORS as a
geospatial tool for real-time identification of hot spot areas with
high TB prevalence for targeted community-based ACF
interventions. This innovative project aimed to demonstrate the
effectiveness of EWORS TB hot spot mapping for increased
TB case yield in 14 states of Nigeria with a high TB burden.

Methods

Overview
This is a retrospective review of data from community-based
active TB screening interventions by KNCV Nigeria in
EWORS-identified TB hot spot areas in 14 states of Nigeria
with a high TB burden. This public health intervention was part
of the US Agency for International Development–funded TB
Local Organization Network Regions 1 and 2 Project. The 14
states involved include 8 northern Nigerian states (Bauchi,
Benue, Kaduna, Katsina, Kano, Nasarawa, Plateau, and Taraba)
and 6 southern Nigerian states (Anambra, Akwa Ibom, Cross
River, Delta, Imo, and Rivers). The 16-month intervention lasted
from October 2020 to January 2022.

KNCV Nigeria instituted TB hot spot analysis using InStrat
Global Health Solutions’ EWORS to inform community mass
TB screening interventions in the identified communities in the
14 project states. The EWORS used an advanced surveillance
mechanism to identify TB patients’ residences in clusters,
enabling it to predict hot spots at the ward and community level.
The EWORS hot spot analytic dashboard portal was developed
per state. State hot spot data visualization included heat maps
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that allowed users to drill down to the ward or community level
to pinpoint locations of active cases. Every day, EWORS pulled
real-time data from a Commcare-based mobile app—an
open-source data capture tool running on Android smartphones
that records routine TB surveillance data at health facilities
providing TB services in the project states. The Commcare
cloud server sent data to the EWORS via a custom data transfer
application programming interface. Information was
synchronized that predicted the likelihood of the occurrence of
disease clusters at the ward or community level and included
patient-level clinical data (ie, TB symptoms, TB investigations,
TB diagnoses, and treatment status) and nonclinical data (ie,
state of residence, local government area [LGA], and ward).

The EWORS triggered an alarm when a hot spot was identified.
For the project, a hot spot was identified when any ward or
community had a confirmed TB case count of 5 or more, and
the presumptive to confirmed case count was less than 10.
Similar alarm thresholds were set for individual states. The
thresholds that drove the state algorithms were informed by the
historical state-level TB notification and epidemiological data.
The EWORS applied the incoming ward level data against these
thresholds to determine wards and communities that met the
thresholds and automatically generated alarms for affected
communities. The algorithms analyzed data on a rolling 7-day
basis, and alarm notification emails were sent to field officers
to institute community outreach activities. Following the
notification, the state and local teams would review the alarms
in concert with the heat maps, then mobilize and conduct mass
TB screening outreach activities at the affected alarm locations.
We identified 121 hot spot areas—an average of 10 (range 6-25)
hot spots per state. Field officers used the World Health
Organization (WHO) 4-symptom screen (W4SS) to offer TB
screening to consenting individuals during community outreach
activities. Symptomatic outreach participants (presumptive TB
patients) were further evaluated for TB using the GeneXpert
instrument or chest X-rays (for patients that could not produce
sputum). Confirmed TB cases were linked to treatment and to
the national TB program.

To demonstrate the effectiveness of the EWORS analytic system
in identifying missing TB cases, this study compared the TB
case yield from the hot spot wards and areas with the yield
obtained from data from health outreach activities in 213
non–hot spot wards and areas in the same 14 project states. The
non–hot spot areas were selected purposely from all the LGAs
where one or more community hot spot areas were identified.
The methods of TB screening, evaluation, notification, and
treatment for consenting patients in the non–hot spot areas were
the same as described for the hot spot areas.

Deidentified project data relevant for this report from the hot
spots and non–hot spots were retrieved from the
Commcare-based mobile app and analyzed retrospectively using
SPSS (IBM Corp). The data included the participants’ age, sex,
TB case yield, and the number needed to screen (NNS) for each
location area (hot spot and non–hot spot). Proportions were
compared with the chi-square test, and a P value of less than
.05 was considered significant. TB case yield was operationally
defined as TB cases detected directly through the mass TB
screening activities, calculated as a percentage of persons

screened versus presumptive TB cases within the defined
geographical area.

To assess the effectiveness of EWORS, this study used hot spot
analyses to verify whether there were statistically significant
spatial clusters of confirmed TB cases. Getis-Ord Gi* and
optimized hot spot analyses were conducted to reveal the spatial
heterogeneity of hot spots and non–hot spots [13]. Additionally,
we examined spatial-stratified heterogeneity, which indicated
the spatial differences between multiple layers or domains [14].
Ignoring the characteristics of spatial-stratified heterogeneity
in the analysis could have led to model misspecification and
estimation errors [15]. In this study, we used the Q statistic to
measure the degree of stratified heterogeneity for hot spot
analysis. The Q statistic is a value of the intensity of spatially
stratified heterogeneity. It ranges between 0 and 1 and is
calculated by comparing the stratified heterogeneities within
the attribute and those between the strata. The higher the Q
value, the stronger the stratification heterogeneity effect [14].
The Q statistic values from the Getis-Ord Gi* and optimized
hot spot analyses were compared to each other to select the best
hot spot model, which was then used to estimate the
effectiveness of the EWORS. The Q statistic was calculated
using the R package geodetector.

Ethical Considerations
The study was determined to be a nonresearch program
evaluation. It required no direct contact with human subjects
(ie, there were no interviews and no sample collection). Also,
only deidentified, pooled program data that formed part of the
standard of care were used; thus, informed consent was not
required.

Results

To identify TB hot spots in the 14 study states, we first mapped
them based on the number of diagnosed TB cases per 10,000
people. The result is shown in Figure 1. As shown on the map,
Plateau, Nasarawa, and Akwa Ibom states had the highest
numbers of confirmed cases. On the other hand, the states of
Imo, Kaduna, and Anambra showed relatively low numbers.

Table 1 shows the estimated numbers of cases, TB tests, and
treatments in the 14 states based on the numbers of diagnosed
TB cases per 10,000 people. These results confirmed that to
accurately identify hot spots and ultimately evaluate the
effectiveness of the EWORS, it would be necessary to consider
various factors, such as the number of presumptive TB cases
and disease density, as well as the number of TB diagnoses in
each state.

TB is a representative infectious disease, so to find precise hot
spots, we considered the number of occurrences and the density
of diagnosed cases. Therefore, we performed a kernel density
analysis based on the location where TB was diagnosed. This
analysis differentiated between regions with a high number of
diagnosed TB cases but low disease density and areas with a
low number of diagnosed cases but high disease density. Using
a threshold for kernel density of 46,242.3 meters, we applied
planar kernel density estimation for mapping. In planar kernel
density estimation, an area is characterized as a 2D, uniform
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Euclidean space, and its density is estimated at many regularly
spaced positions [16,17]. Figure 2 shows the results of the kernel
density analysis. The density of TB was relatively high in the
northern and southern regions but with different characteristics.
The northern region showed a very high density only in a
specific area centered on Kano state. On the other hand, TB
cases were widely distributed in the southern regions with a
relatively low density. We defined TB hot spots by considering
the number and density of hot spots using the optimal hot spot
analysis technique with LGAs as units.

The Moran I test revealed a statistically significant level of
spatial autocorrelation among confirmed tuberculosis cases
(Moran I=0.773, z score=31.54), which confirms the validity
of the hot spot analysis. Table 2 shows the results of the
Getis-Ord Gi* and optimized hot spot analyses, indicating that
the Getis-Ord Gi* method had a higher spatial stratified
heterogeneity measured by the Q statistic than the optimized
method. Therefore, in this study, the effectiveness of the
EWORS was estimated using the Getis-Ord Gi* method.

Figure 1. Tuberculosis cases diagnosed per 10,000 people. Blue dots indicate diagnosed patients. Colors closer to red indicate a higher number of
tuberculosis cases diagnosed per 10,000 people. Created using ArcGIS® software by Esri and are used under license. Copyright © Esri.

Table 1. Ranking of the 14 study states for number of screened tuberculosis cases. All values represent cases per 10,000 people.

Treated, nDiagnosed, nTested, nPresumptive, nScreened, nState

4.084.2538.7150.16957.29Plateau1

4.625.2341.3855.08696.20Taraba2

3.863.9125.9038.10667.17Bauchi3

3.313.4734.5044.80598.21Nasarawa4

2.342.6328.4034.05585.78Delta5

2.152.3626.6829.69487.82Katsina6

2.062.2525.5232.18460.68Cross River7

2.903.0127.6133.01442.55Kano8

3.423.9622.3227.07394.03Akwa Ibom9

1.521.6130.0438.01360.45Anambra10

1.902.1622.1725.67347.40Rivers11

1.521.5615.9721.20343.31Kaduna12

1.431.4815.1519.89325.84Imo13

1.461.5717.3322.31315.41Benue14
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Figure 2. Kernel density based on number of diagnosed tuberculosis cases. Darker shades of purple indicate a higher density of occurrences. Created
using ArcGIS® software by Esri and are used under license. Copyright © Esri.

Table 2. Results for the Q statistic.

P valueValueHot spot model

Optimized method

<.001404.88F

<.0010.603Q statistic

Getis-Ord Gi* method

<.001251.61F

<.0010.709Q statistic

Figure 3 shows the hot spot identification results. The hot spot
areas had a higher TB incidence with a higher density than the
surrounding area. On the other hand, the cold spots were areas
with a lower occurrence frequency and density than the
surrounding area. The unmarked areas indicate that there might
have been confirmed cases, but the hot spot clustering was not
statistically significant.

With the EWORS, we were able to identify 121 hot spots in
LGAs, 113 cold spots, and 100 other regions, but cold spots
and other areas were combined as “non–hot spot” areas for
analysis in this study. Therefore, we identified 121 hot spot
regions and 213 non–hot spot regions to confirm the
effectiveness of the EWORS. We first examined the
characteristics of the TB outbreaks in hot spots and non–hot
spots. The results are shown in Table 3. In the TB case-finding
intervention, 1,962,042 persons (n=734,384, 37.4% male,
n=1,227,658, 62.6% female) versus 2,025,286 persons
(n=701,103, 34.6% male, n=1,324,183, 65.4% female)
participated in the community TB screening outreaches in the
hot spot and non–hot spot areas, respectively. The participants’
most and least common age groups for both areas were 25 to
34 years (hot spots: 447,911/1,962,042, 22.8%; non–hot spots:

506,913/2,025,286, 25%) and 65 years or older (hot spots:
117,212/1,962,042, 6%; non–hot spots: 133,360/2,025,286,
6.6%). Only 127,733 of 1,962,042 (6.5%) patients in the hot
spot areas were presumptive TB cases, against 140,531 of
2,025,286 (6.9%) patients in the non–hot spot areas. Details of
the distribution of participants in both hot spot and non–hot spot
regions according to sex, age group, and number of presumptive
TB cases identified and evaluated for TB are shown in Table
3.

As shown in Table 4, of the 3,987,328 patients screened,
222,270 (ie, 5.5% of all patients screened during the project)
were further evaluated for TB in the hot spot and non–hot spot
areas. The patients were predominantly female (n=2,551,841,
64%) and the modal age group for presumptive TB cases tested
was 25 to 34 years (n=954,824, 23.9%). A total of 22,618
patients were confirmed TB cases, giving a TB yield of 10.2%
(n=222,270) among presumptive TB cases evaluated and a yield
of 0.6% (3,987,328) among all patients screened for TB. Among
the TB cases, males predominated (n=13,607, 60.2%) while the
main age group was 25 to 34 years (n=5,325, 23.5%). Out of
all TB cases diagnosed, 21,071 (93.1%) were placed on
treatment.
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Figure 3. Hot spot analysis of diagnosed tuberculosis cases per 10,000 people. Red areas on the map indicate hot spots discovered through the early
warning outbreak recognition system and blue areas indicate cold spots. Created using ArcGIS® software by Esri and are used under license. Copyright
© Esri.

Table 3. Distribution of participants by sex, age group, and number of presumptive tuberculosis cases in hot spot and non–hot spot areas.

Non–hot spot area patients (n=2,025,286)Hot spot area patients (n=1,962,042)Characteristics

Sex, n (%)

701,103 (34.6)734,384 (37.4)Male

1,324,183 (65.4)1,227,658 (62.6)Female

Age group (years), n (%)

258,942 (12.8)211,792 (10.8)0-4

130,761 (6.5)169,125 (8.6)5-14

282,060 (13.9)329,470 (16.8)15-24

506,913 (25)447,911 (22.8)25-34

350,993 (17.3)326,720 (16.7)35-44

214,544 (10.6)214,122 (10.9)45-54

147,713 (7.3)145,690 (7.4)55-64

133,360 (6.6)117,212 (6)≥65

Presumptive TBa cases, n (%)

140,531 (6.9)127,733 (6.5)Identified TB

113,989 (5.6)108,281 (5.5)Tested for TB

aTB: tuberculosis.
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Table 4. Patients screened for tuberculosis, presumptive tuberculosis cases evaluated, and diagnostic outcomes in the hot spot and non–hot spot areas.

All TB cases treated
(21,071/22,618, 93.1%)

All TB cases diagnosed
(22,618/222,270, 10.1%)

Presumptive TBa cases evaluated
(222,270/3,987,328, 5.5%)

Patients screened
(N=3,987,328)Characteristic

Sex, n (%)

12,762 (60.6)13,607 (60.2)97,171 (43.7)1,435,487 (36)Male

8309 (39.4)9011 (39.8)125,099 (56.3)2,551,841 (64)Female

Age groups (years), n (%)

552 (2.6)608 (2.7)16,366 (7.4)470,734 (11.8)0-4

1062 (5)1142 (5)18,309 (8.2)299,886 (7.5)5-14

3286 (15.6)3472 (15.4)31,962 (14.4)611,530 (15.3)15-24

4945 (23.5)5325 (23.5)47,202 (21.2)954,824 (23.9)25-34

4487 (21.3)4884 (21.6)40,612 (18.3)677,713 (17)35-44

2941 (14)3142 (13.9)27,281 (12.3)428,666 (10.8)45-54

1982 (9.4)2102 (9.3)20,094 (9)293,403 (7.4)55-64

1816 (8.6)1943 (8.6)20,444 (9.2)250,572 (6.3)≥65

aTB: tuberculosis.

Table 5 compares the TB diagnostic outcomes per 10,000 people
between the hot spot and non–hot spot areas based on the
EWORS. We used precision, number needed to screen (NNS),
and number needed to test (NNT) to examine the effectiveness
of TB diagnosis in the EWORS hot spot and non–hot spot areas.
Precision is the ratio of true diagnosed cases to total presumptive
cases; the higher the value, the higher the diagnostic accuracy.
On the other hand, NNS and NNT refer to the ratios required
for screening and testing for accurate diagnoses. Therefore, the
lower the value, the lower the social cost. The prevalence of
TB among all patients in the hot spot areas (3.76 per 10,000)
was significantly higher than that in non–hot spot areas (2.14
per 10,000, P<.001; 95% CI 0.96-2.45). The precision was
10.5% for hot spots and 7.5% for the non–hot spots. The NNS
for the hot spot areas was lower than the non–hot spot areas
(146.22 versus 193.44). The NNT required fewer cases in hot
spots, with an NNT in hot spots and non–hot spots of 9.51 and
13.43, respectively.

We thus confirmed that the EWORS could effectively identify
TB hot spots and cold spots. According to the EWORS, the
number of confirmed cases of TB per 10,000 people was higher
in hot spot areas. Higher accuracy and a lower NNS and NNT
were needed for hot spot areas with a higher risk of TB
transmission. Based on these results, we compared the changes
before and after application of the EWORS to measure its
effectiveness, with particular attention to its effectiveness based
on an analysis of the changes in precision and NNT before and
after EWORS was applied in 14 major states. A 1-tailed, paired
t test was used as an analysis method. Figure 4 shows the
precision before and after EWORS application. According to
the map results, before EWORS was applied, the average
precision was 7.7% and was less than 10% in all regions. On
the other hand, the precision after applying EWORS increased
to an average of 10.3%. In other words, in the region where
EWORS was applied, the precision to identify actual TB cases
increased significantly.

Table 5. Comparison of tuberculosis diagnostic outcomes between the hot spot and non–hot spot areas.

P valueNon–hot spot areaHot spot area

N/Aa413.97549.80Patients screened per local government area (per 10,000 people), n

N/A28.7535.79Presumptive cases evaluated for tuberculosis (per 10,000 people), n

<.0012.14 (95% CI 0.96-2.45)3.76All tuberculosis cases diagnosed (per 10,000 people), n

N/A0.0750.105Precision

N/A193.44146.22Number needed to screen (per 10,000 people), n

N/A13.439.51Number needed to test (per 10,000 people), n

aN/A: not applicable.
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Figure 4. Comparison of diagnostic precision before and after application of an early warning outbreak recognition system. Light blue indicates precision
less than 10%, and dark blue indicates precision higher than 10%. A: Before the system was applied (average precision: 7.7%); B: after the system was
applied (average precision: 10.3%). Created using ArcGIS® software by Esri and are used under license. Copyright © Esri.

Table 6 shows the paired t test results for changes in precision
before and after the EWORS was applied. Comparing the overall
scores shows that the precision before the EWORS was applied
was 7.7%. However, after applying the EWORS, the precision
was 10.3%. This was a statistically significant improvement of
about 2.7%. We also compared the precision changes by
dividing the hot spot and non–hot spot regions. Prior to the
application of the EWORS, the precision of the hot spot areas
was 6.4%. However, after applying the system, the accuracy of
the actual TB diagnoses increased to 11.9%. Similarly, in
non–hot spot regions, the precision increased to 9.2% after the
EWORS was applied. In other words, it was possible to improve

the precision of diagnosing cases of TB among presumptive
cases with the EWORS.

Next, we compared the NNT for diagnosing TB among
presumptive cases before and after the EWORS was applied.
Figure 5 shows the NNT before and after the EWORS was
applied. According to the figure, a high NNT was required in
most states before the EWORS was applied. However, after the
EWORS was applied, a very low NNT was needed in all but
one state. In other words, NNT, representing the social cost of
diagnosed cases, was found to be substantially reduced after
the implementation of EWORS.

Table 6. The results of the paired t test for precision. Precision is defined as true positive cases / (correct presumptive cases + incorrect presumptive
cases).

P valuet(668)DifferenceAfter the EWORSBefore the EWORSa

<.00113.7642.7% (0.19%)10.3% (0.15%)7.7% (0.12%)Total precision (SE)

<.00118.6135.5% (0.29%)11.9% (0.26%)6.4% (0.14%)Hot spot precision (SE)

.0032.7470.5% (0.19%)9.2% (0.11%)8.6% (0.15%)Non–hot spot precision (SE)

aEWORS: early warning outbreak recognition system.

Figure 5. Comparison of numbers needed to test for tuberculosis diagnosis before and after the early warning outbreak recognition system was applied.
Deeper shades of red indicate a higher number. A: Before the system was applied (average number needed to test: 14.047); B: after the system was
applied (average number needed to test: 10.255). Created using ArcGIS® software by Esri and are used under license. Copyright © Esri.

Finally, we statistically compared the change in NNT before
and after the EWORS was applied. The results are shown in
Table 7. NNT before the EWORS was applied was 14.047 and

decreased to 10.255 after it was applied, a statistically significant
difference. Also, when the hot spot regions were classified, the
NNT in the hot spot regions before the EWORS was applied
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was very high, at 16.788. However, after the system was applied,
the NNT in the hot spot areas decreased to 8.829. Similarly,
NNT was significantly reduced after using the EWORS in the

non–hot spot regions. In other words, by applying the EWORS,
NNT in the high-risk hot spot areas, as well as the entire area,
was statistically significantly reduced.

Table 7. The results of paired t tests for the number needed to test to diagnose cases of tuberculosis among presumptive cases.

P valuet(668)DifferenceAfter the EWORSBefore the EWORSa

<.00114.2373.792 (0.2663)10.255 (0.1457)14.047 (0.2229)Total number needed to test (SE)

<.00119.6337.958 (0.4053)8.829 (0.1522)16.788 (0.3756)Hot spot number needed to test (SE)

.0042.8020.690 (0.2462)11.316 (0.1953)12.006 (0.1498)Non–hot spot number needed to test (SE)

aEWORS: early warning outbreak recognition system.

Discussion

KNCV Nigeria proposed that an EWORS, which is primarily
used to detect and control infectious-disease outbreaks, could
predict TB hot spots at the ward and community levels by
identifying TB patients’ residences in clusters. This project
made innovative use of an EWORS for identifying TB hot spot
areas in 14 states of Nigeria and found that the TB case yield
in hot spot areas was significantly higher than in non–hot spot
areas. Such large-scale, community-based ACF was necessary
to counter the negative effect of the COVID-19 pandemic on
TB notification and care at both the global and local levels [2,4].
Despite the predominance of female patients during outreach,
there was a higher predominance of males among the TB cases,
as expected because of the known epidemiology of TB in
Nigeria [18-20]. The predominant age group also agreed with
the reported pattern in the Nigerian population [7,18,21].

The WHO recommends systematic screening for TB among the
general population in areas with an estimated TB prevalence of
0.5% or higher [22]; therefore, with an average TB case yield
per LGA of 3.8% in the hot spot areas and 2.14% in the non–hot
spot areas, the ACF interventions were justified in all areas of
the project states. Moreover, this project demonstrated that
because the EWORS tracked clusters of households with TB
cases, it offered the added advantage of predicting communities
with higher than usual TB prevalence (ie, hot spot areas), which
will help prioritize community TB screening activities in
underresourced settings like Nigeria. Despite the relatively lower
efficiency of the W4SS TB screening method in the general
population, it was suitable for this large-scale project because
it is easy to implement, cheap, highly acceptable to patients,
and accurate [22]. However, with a sensitivity of about 71%, a
few false-negative TB cases were likely missed [20]. The same
algorithm was used for both hot spot and non-spot areas, so the
effect of this limitation on the study’s estimates would have
been nondirectional. Nevertheless, with a reported sensitivity
of 85% to 94%, mobile chest X-rays for community ACF, where
affordable, would have reduced the missed cases and increased
the TB yield for both areas [22].

The average precision and diagnostic accuracy for identifying
a patient as a TB case following W4SS TB screening and further
testing with GeneXpert instrument/chest X-ray in the
EWORS-identified hot spot areas was about twice that of the
non–hot spot areas in this project (Table 5). This finding
suggests that the EWORS can be used to enhance the

identification of missed TB cases in Nigerian communities.
Most importantly, in underresourced settings such as Nigeria,
it can be used to prioritize the siting of community health
outreaches for TB to save cost. The EWORS was designed as
an early warning system to detect infectious disease outbreaks
and guide control practices, so its adaptation in this project as
a warning system for areas or wards with a high cluster of TB
cases, marking them for follow-up with community ACF, was
innovative and novel. The possible effect of the W4SS TB
screening regarding missed cases discussed above was a
limitation. Also, the project did not evaluate patients without
TB symptoms for TB preventive treatment eligibility.

The analysis showed that the EWORS effectively identified
tuberculosis-risk hot spots in the 14 Nigerian states. In particular,
it offered high precision, a low NNS, and a low NNT for hot
spot areas. We also measured the effectiveness of applying the
EWORS and found that the precision increased significantly
after it was applied. In particular, the precision of hot spots was
dramatically improved, and the number of presumptive cases
required for a diagnosis of TB saw a statistically significant
decrease after the EWORS was applied. Taken together, the
EWORS not only effectively identified hot spots but also
improved precision after it was applied. Prior to the introduction
of the EWORS, the TB surveillance process to identify hot spots
in Nigeria involved the manual collation of TB notification data
by a designated local government TB and leprosy supervisor
(LGTBLS) at the LGA level. Each LGTBLS collated data from
each health facility within the LGA on case findings at the end
of the quarter and submitted the data to the state TB program;
thereafter, the data were reviewed to determine areas of high
or low TB notification [23].

The EWORS applies a syndromic surveillance-based EWS and
uses kernel density estimation to create a smooth, continuous
surface for the density of observations. The application of
Bayesian techniques in EWORS hot spot identification helps
to reduce the rates of false-negative and false-positive hot spots
in comparison to classical methods of hot spot identification,
such as confidence intervals [24]. This is in line with other
recent tools, such as Gettis-Ord Gi*, StatsCan, and Local
Indicators of Spatial Association (LISA), which are used to
improve the identification of hot spots through the “mining” of
spatial patterns and applying hot-spot related factors, which can
help distinguish between hot spots and normal areas [25].
However, while the Gettis-Ord Gi* and StatsCan add definition
to maps by estimating the density distribution of events at the
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local level, which allows assessment of the spatial association
of a particular observation or in a study area and identifies
statistically significant hot spots and cold spots, the LISA
technique measures the extent to which points that are close to
a given point have similar values based on a measure of
contiguity among these units within a specified radius, and thus
is useful for identifying local spatial autocorrelation [26]. These
methods serve as complementary techniques to address the
limitations of mapping methods that use geographic boundary
areas, such as uniform grid cells (or quadrants) or census blocks
as the unit of spatial analysis (eg, thematic maps) to depict
patterns of spatial clustering [24].

However, our approach has some limitations. First, we used
planar kernel density estimation to show the density of
tuberculosis outbreaks by region. Since the planar method
assumes spatial homogeneity, it is impossible to confirm the
movement of patients with confirmed tuberculosis over time

[16]. Also, we used the optimal threshold for kernel density
mapping, but there may be differences in the density map
depending on the choice of reference point. In addition, we
analyzed hot spots by LGA unit, but aggregated them at the
state level when comparing efficiencies. This approach may
find hot spots more accurately by considering internal deviations
within each state, but the efficiency comparison is restricted to
only the state level. Additionally, our hot spot analysis results
cannot be used to determine causation [17].

We conclude that active TB case finding in EWORS-mapped
hot spot areas yielded a higher number of TB cases than in the
non–hot spot areas in 14 high-burden states of Nigeria. As the
national TB program scales up active TB case finding in Nigeria,
the EWORS should be used to identify and prioritize wards or
communities for TB screening health outreach to optimize the
use of available resources.
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Abstract

Background: Regular chlamydia and gonorrhea testing are essential for key populations, such as female sex workers (FSWs).
However, testing cost, stigma, and lack of access prevent FSWs in low- and middle-income countries from receiving chlamydia
and gonorrhea testing. A social innovation to address these problems is “pay it forward,” where an individual receives a gift (free
testing) and then asks whether they would like to give a gift to another person in the community.

Objective: This cluster randomized controlled trial examined the effectiveness and cost of the pay-it-forward strategy in
increasing access to chlamydia and gonorrhea testing among FSWs in China.

Methods: This trial integrated a pay-it-forward approach into a community-based HIV outreach service. FSWs (aged 18 years
or older) were invited by an outreach team from 4 Chinese cities (clusters) to receive free HIV testing. The 4 clusters were
randomized into 2 study arms in a 1:1 ratio: a pay-it-forward arm (offered chlamydia and gonorrhea testing as a gift) and a
standard-of-care arm (out-of-pocket cost for testing: US $11). The primary outcome was chlamydia and gonorrhea test uptake,
as ascertained by administrative records. We conducted an economic evaluation using a microcosting approach from a health
provider perspective, reporting our results in US dollars (at 2021 exchange rates).

Results: Overall, 480 FSWs were recruited from 4 cities (120 per city). Most FSWs were aged ≥30 years (313/480, 65.2%),
were married (283/480, 59%), had an annual income <US $9000 (301/480, 62.7%), and had never been tested for chlamydia
(401/480, 83.5%) or gonorrhea (397/480, 82.7%). Chlamydia and gonorrhea test uptake in the pay-it-forward and standard-of-care
arms were 82% (197/240) and 4% (10/240), respectively, with an adjusted proportion difference of 76.7% (lower bound 95% CI
70.8%). All those who tested positive were referred to and received treatment at local sexually transmitted infection clinics. This
finding was consistent when adjusting for marital status, income, inconsistent condom use during commercial sex in the last 3
months, and HIV testing history. Among 197 women who received tests in the pay-it-forward arm, 99 (50.3%) donated money,
with a median donation of US $1.54 (IQR 0.77-1.54). The economic cost per person tested was US $568.71 for standard of care
and US $43.20 for pay it forward.
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Conclusions: The pay-it-forward strategy has the potential to enhance chlamydia and gonorrhea testing for Chinese FSWs and
may be useful for scaling up preventive services. Further implementation research is needed to inform the transition of pay-it-forward
research into practice.

Trial Registration: Chinese Clinical Trial Registry ChiCTR2000037653; https://www.chictr.org.cn/showprojen.aspx?proj=57233

(JMIR Public Health Surveill 2023;9:e43772)   doi:10.2196/43772

KEYWORDS

pay-it-forward; chlamydia; gonorrhea; testing; female sex workers; women; China; cost; stigma; prevention; community; HIV;
care; STD; implementation; research

Introduction

Chlamydia and gonorrhea are two of the most common bacterial
sexually transmitted infections (STIs). Each year, there are an
estimated 129 million new cases of chlamydia and 82 million
new cases of gonorrhea globally, and the majority are
asymptomatic [1]. Female sex workers (FSWs) face a high
burden of chlamydia and gonorrhea, with an estimated
prevalence of 4% to 15% and 1% to 11%, respectively, while
FSWs in low- and middle-income countries (LMICs) have a
higher prevalence of chlamydia and gonorrhea [2-6].

Testing, especially for high-risk women, is essential for
chlamydia and gonorrhea control and the reduction of adverse
sexual and reproductive complications [1,7]. The World Health
Organization guidelines recommend regular chlamydia and
gonorrhea molecular assay testing for sex workers in LMICs
[8]. However, despite a high disease burden, few FSWs receive
chlamydia and gonorrhea testing in LMICs. For example, less
than one-tenth of Chinese FSWs have ever received chlamydia
and gonorrhea testing [9]. First, although chlamydia and
gonorrhea testing are available in many Chinese hospitals, the
out-of-pocket cost for testing is relatively high (US $11) and
not covered by most public or private health insurance programs
[10]. Given that more than half of Chinese FSWs have an
average monthly income of less than US $1000 [11], financial
limitations may remain a significant barrier preventing FSWs
from accessing chlamydia and gonorrhea testing. Second, current
STI prevention services in many LMICs, including China,
mainly focus on HIV and syphilis [1]. These well-established
HIV and syphilis testing systems do not typically integrate other
STI testing [12]. China does not have a screening strategy for
chlamydia or gonorrhea for high-risk and other vulnerable
populations, nor does it have widespread programs supporting
chlamydia and gonorrhea testing. Third, peer factors relating
to mistrust in services may decrease interest in routine service
delivery [13]. This mistrust in STD services might dramatically
reduce access to STD care services, including chlamydia and
gonorrhea testing in clinical settings [14]. A lack of community
engagement might be an essential reason for mistrust [15].

A pay-it-forward health approach may help promote test uptake
among FSWs. In a pay-it-forward approach, one person receives
a gift (eg, a free STI test, alongside community-engaged
messages) and then is asked whether they would like to donate
money to another person [16]. This social innovation has the
potential of not only reducing financial barriers but also
increasing trust and community engagement in health services
by increasing community ownership. Two studies among

Chinese men who have sex with men (MSM) found that the
pay-it-forward approach could substantially increase chlamydia
and gonorrhea testing uptake [10,17]. However, these studies
only focused on MSM in 2 cities, limiting the generalizability
of the findings.

This multisite cluster randomized controlled trial (RCT) aimed
to evaluate the effectiveness and cost of a pay-it-forward strategy
in increasing dual chlamydia and gonorrhea testing among FSWs
in 4 cities of Guangdong Province, China, compared with a
standard fee-based system.

Methods

Study Design
This study was a superiority cluster RCT to test whether the
pay-it-forward intervention was superior to the standard of care
in increasing chlamydia and gonorrhea testing. The study was
conducted in 4 cities (Maoming, Yunfu, Yangjiang, and
Yingde), with 1 cluster per city, in Guangdong Province, China.
These cities were chosen based on local capacity and the
availability of ongoing public health community-based outreach
programs for FSWs. The reason for choosing a cluster RCT
design was that many FSWs in the same city would be recruited
from the same venues, and an individual RCT design may have
caused contamination between different arms.

The local Centre for Disease Control and Prevention outreach
team included a nurse, an STI physician from a local STI clinic,
and a public health practitioner (as a health educator). The
outreach team routinely provided venue-based sexual health
care services to local FSWs. These outreach teams have
long-standing relations with FSWs and provide comprehensive
health services, including condom promotion, reproductive
health services, STI counseling, symptomatic STI treatment,
and on-site HIV testing.

We estimated we needed 480 participants from the 4 clusters
(120 from each city). Participants were recruited after
randomization of the selected cluster. Our previous studies
among MSM indicated that the pay-it-forward approach is
superior to the standard of care by a 20% margin. We kept the
same margin for this superiority trial. The sample size was
determined using the following assumptions: the testing rate of
the null hypothesis for the pay-it-forward group was set at 30%
(the null hypothesis was that the pay-it-forward group would
increase the testing rate by at least 10%), the testing rate of the
alternative hypothesis was set at 50%, and the testing rate of
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the null hypothesis for the standard of care group was set at
20%, with an interclass correlation of 0.1.

Ethical Considerations
Study approval was gained from the ethics review committees
of the Southern Medical University Dermatology Hospital
(#2020018). The CONSORT (Consolidated Standards Of
Reporting Trials) cluster-extension guidelines were used to
report the findings from this study (Multimedia Appendix 1).
This study was registered at the Chinese Clinical Trial Registry
(ChiCTR2000037653). All the participants who participated in
the survey signed an informed consent form. The informed
consent form included a statement that study data were
anonymous or would be deidentified.

Participants
Many sex workers in China do not routinely seek clinic-based
services, so we integrated this study within an ongoing HIV-
and syphilis-testing outreach program. The study participants
were recruited by having the outreach team, including a study
staff member, go to their workplaces during working hours
(usually in the evening). Before this study, the local outreach
team mapped sex-work venues in each study site according to
geographic area and type of venue. Convenience sampling was
used to enroll FSWs at venues in each city. We categorized the
sex work venues into high and low tiers based on the clients’
socioeconomic status and the cost for clients of commercial sex
at these venues [18]. Low-tier venues included foot-bath shops,
hair salons, massage parlors, roadside restaurants, roadside
shops, guesthouses, streets, and public outdoor places. High-tier
venues included karaoke bars, hotels, saunas, and nightclubs.

The inclusion criteria were as follows: sex at birth was female,
age was 18 years or older, the participant self-reported as having
engaged in transactional sex to obtain money or property in the
past month in the sampling city, the participant had not
previously participated in a research project related to gonorrhea
or chlamydia testing, and the participant had not been tested for
gonorrhea or chlamydia in the past 12 months.

The study was anonymous, but the eligible participants had to
provide a cell-phone number for testing results notification. The
phone number was also used for deduplication. If the
participants had positive test results for as either chlamydia or
gonorrhea, they were provided free treatment at a local STI
clinic, regardless of whether they had symptoms.

Randomization and Masking
Before participant recruitment, the 4 clusters were randomized
into the 2 study arms in a 1:1 ratio. Participants recruited from
Yunfu and Yingde cities were randomized into the
pay-it-forward intervention group, and participants recruited
from Maoming and Yangjiang cities were randomized into the
control group. The reason for adopting a cluster randomized
allocation method was the strong correlation between FSW test

uptake in local areas of a city [19]. In addition, many of the
FSWs were recruited from the same study sites. Individual-level
randomization would have induced strong contamination
between the study groups. We did not randomize the participants
based on venue, as many street-based FSWs work alone.

Procedures
The intervention was adapted from our previous trials, and a
pilot intervention was implemented among 40 FSWs in
Guangzhou, China, before the study was carried out.

The pay-it-forward strategy was implemented in the intervention
group. The study staff visited FSW workplaces in the selected
cities in the pay-it-forward arm. First, after providing HIV and
syphilis testing services, the study staff briefly introduced the
reasons for chlamydia and gonorrhea testing, explained the
pay-it-forward strategy, informed the participants of the market
price of chlamydia and gonorrhea testing (approximately US
$11 for both the intervention and control groups), and
communicated that the testing cost had been covered by
donations from other FSWs who care about their health.
Therefore, each FSW could decide whether to receive donated
chlamydia and gonorrhea testing services. If they chose to
receive the test, they self-collected urine samples in a private
room at their workplace. After that, they were asked whether
they would voluntarily donate any amount to other FSWs for
testing. A combination of study funds and donations from
previous participants covered all testing costs for the
intervention group. The donations were voluntary and were
given after the testing. The key concepts of the pay-it-forward
model are depicted in Figure 1.

The researchers also introduced chlamydia and gonorrhea testing
to the standard-of-care arm without mentioning the
pay-it-forward intervention. Participants who wished to be tested
for chlamydia and gonorrhea in the standard-of-care arm
self-collected their samples for testing in outreach settings. They
were only required to pay a reduced price for their testing
(approximately US $11). The participants in both arms were
offered an incentive of US $7.50 for their participation and time
spent in the research.

Participants in each group were invited to complete a short
baseline questionnaire to collect information on their sexual
history, testing history, attitudes toward the test, and the
psychosocial environment in which they lived. We asked
participants whether they used a condom during their last
commercial sex act and whether they consistently used a condom
during commercial sex in the previous months (consistent use
meant using a condom every time).

All samples were transported to the laboratory at the
Dermatology Hospital of Southern Medical University in
Guangzhou for nucleic acid amplification testing (Cobas 4800
CT/NG Test Kits; Roche Molecular Systems).

JMIR Public Health Surveill 2023 | vol. 9 | e43772 | p.36https://publichealth.jmir.org/2023/1/e43772
(page number not for citation purposes)

Tang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. The pay-it-forward approach.

Outcomes
The primary outcome was the uptake of dual chlamydia and
gonorrhea testing immediately after the intervention, measured
during the study visit. The secondary outcome was the cost per
person tested and the incremental cost-effectiveness ratio (ICER)
between the 2 study arms. We calculated the financial and
economic costs from a health care provider perspective,
including direct medical expenses related to testing and
personnel time. Costs are presented in US dollars (at 2021
exchange rates). We calculated the cost per person tested by
dividing each arm’s total cost by the number of FSWs tested.
The ICER was also calculated as the incremental cost of the
intervention arm compared to the control arm divided by the
incremental effectiveness (per person tested).

Statistical Analysis
All statistical analyses were conducted at the cluster level. We
first compared the sociodemographic characteristics of the
participants in the 2 study arms. The generalized estimating
equations (GEEs) with a binomial distribution and an identity
link function were used to compare the proportion of chlamydia
and gonorrhea tests in the different arms, reported as the crude
probability difference. The equal correlation structure was
specified as the correlation structure within groupings.
Additionally, due to the small number of clusters in this study,
the Mancl and DeRouen bias-corrected covariance estimator
was applied to our generalized estimating equations to minimize
the risk of a type I error [20,21]. A sensitivity analysis was also
conducted, exploring the effects when considering FSW
workplaces as clusters in the GEE model corrected by the
Kauermann-Carroll method (Multimedia Appendix 2, Table
S1) [21,22]. In the adjusted model, we further adjusted for the
following variables: marital status and past experience of testing
for HIV, chlamydia, or gonorrhea. These covariates were
considered potential confounders, and some were not balanced

between the 2 study groups because of the small cluster size.
As this study used a superiority trial design, only one side of
the CI is reported [17].

A subgroup analysis was performed to investigate the probability
difference categorized by age, consistent condom use during
commercial sex in the past 3 months, history of ever having
been tested for HIV, and whether the participant worked in a
high-tier workplace. These analyses were conducted with Stata
(version 16; Stata Corp). The economic evaluation was
performed using TreeAge Pro 2021 (TreeAge Software Inc).

Results

Study Participants
This study was implemented from August 12, 2020, to
November 15, 2020. We screened 530 female sex workers and
recruited 480 who met the screening criteria. Fifty women were
excluded from the study (2 were younger than 18 years, and 48
self-reported not engaging in commercial sex; Figure 2); 240
participants from 2 clusters were included in each study group.
All enrolled women had data on the primary outcome.

Table 1 shows the participants’ sociodemographic
characteristics, sexual behavior, and past STI testing history.
Most women were aged 30 years or older (313/480, 65.2%),
were married (283/480, 59%), and had a middle-school or lower
education level (395/480, 82.3%). The majority worked at
high-tier venues (311/480, 64.8%) and had an annual income
of less than US $9000 (301/480, 63.6%). Nearly half of the
women (235/480, 49%) had worked for longer than one year at
their workplace. Around one-third of the participants (179/480,
37.3%) had used a condom consistently during commercial sex
in the past 3 months. Many (290/480, 60.4%) women had never
been tested for HIV, and the majority had never been tested for
gonorrhea (397/480, 82.7%) or chlamydia (401/480, 83.5%).
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Figure 2. Flow diagram of participant inclusion.
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Table 1. Participant characteristics by testing scenario among female sex workers in Guangdong, China, in 2020.

Standard of care (n=240)Pay it forward (n=240)Total (N=480)Characteristics

Age (years), n (%)

81 (33.8)86 (35.8)167 (34.8)<30

159 (66.3)154 (64.2)313 (65.2)>30

34.75 (8.2)34.6 (9.7)34.7 (9.0)Age (years), mean (SD)

Marital status, n (%)

52 (21.7)62 (25.8)114 (23.8)Never married

164 (68.3)119 (49.6)283 (59)Married

24 (10)59 (24.6)83 (17.3)Divorced or widowed

Highest education, n (%)

204 (85)191 (79.6)395 (82.3)Middle school or below

31 (12.9)45 (18.8)76 (15.8)High or vocational school

5 (2.1)4 (1.7)9 (1.9)College or above

Annual income (US $), n (%)

1 (0.4)1 (0.4)2 (0.4)<1800

141 (58.7)158 (65.8)299 (62.3)1800-6000

98 (40.9)81 (33.8)179 (37.3)>9000

Type of workplace, n (%)

157 (65.4)156 (64.2)311 (64.8)High-tier venuesa

83 (34.6)86 (35.8)169 (35.2)Low-tier venuesb

Time working at current workplace (months), n (%)

10 (4.2)22 (9.2)32 (6.7)<1

46 (19.2)75 (31.3)121 (25.2)1-6

42 (17.5)50 (20.8)92 (19.2)7-12

142 (59.2)93 (38.8)235 (49)>12

Used condom during last commercial sex act, n (%)

210 (87.5)148 (61.7)358 (74.6)Yes

30 (12.5)92 (38.3)122 (25.4)No

Frequency of condom use during commercial sex in the past 3 months, n (%)

10 (4.2)57 (23.8)67 (14)Nonuse

72 (30)48 (20)120 (25)Sometimes (less than half the time)

85 (35.4)29 (12.1)114 (23.8)Often (more than half the time)

73 (30.4)106 (44.2)179 (37.3)Consistent use

HIV testing frequency in the past 2 years, n (%)

95 (39.6)195 (81.3)290 (60.4)Never tested

51 (21.3)19 (7.9)70 (14.6)<Once every 2 years

94 (39.2)26 (10.9)120 (25)Once a year or more frequently

Gonorrhea testing frequency in the past 2 years, n (%)

178 (74.2)219 (91.3)397 (82.7)Never tested

45 (18.8)8 (3.3)53 (11)<Once every 2 years

17 (7.1)13 (5.4)30 (6.2)Once a year or more frequently

Chlamydia testing frequency in the past 2 years, n (%)
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Standard of care (n=240)Pay it forward (n=240)Total (N=480)Characteristics

175 (72.9)226 (94.2)401 (83.5)Never tested

48 (20)4 (1.7)52 (10.8)<Once every 2 years

17 (7.1)10 (4.2)27 (5.6)Once a year or more frequently

N/A10 (5-10)N/AcSize of donation (US $), median (IQR)

Gonorrhea test resultd, n (%)

0 (0)3 (1.5)3 (1.5)Positive

10 (100)194 (98.5)200 (98.5)Negative

Chlamydia test resultd, n (%)

0 (0)34 (17.3)34 (16.7)Positive

10 (100)163 (82.7)169 (83.3)Negative

aHigh-tier venues included karaoke bars, hotels, saunas, and night clubs.
bLow-tier venues included foot-bath shops, hair salons or barbershops, massage parlors, roadside restaurants, guesthouses, streets, and public outdoor
places.
cN/A: not applicable.
dFor these values, n=203, n=197, and n=10 for the total, pay-it-forward, and standard-of-care groups, respectively.

Testing Uptake
Overall, 197 of 240 (82.1%) women in the pay-it-forward arm
and 10 of 240 (4.2%) women in the standard-of-care arm
received dual chlamydia and gonorrhea testing (Table 2). In the
pay-it-forward arm, 34 of 197 (17.3%) women were diagnosed
with chlamydia, and 3 of 197 (1.5%) were diagnosed with
gonorrhea. No chlamydia or gonorrhea was detected among
women who received a standard-of-care test. All women who
received a test were informed of the test results via text message
(for women who tested negative) or phone call (for women who
tested positive for a chlamydia or gonorrhea infection).
Test-positive women were referred to local STI clinics for free
treatment. The reasons for testing or not testing in the
pay-it-forward arm and the program’s perceived benefits are
summarized in Multimedia Appendix 3, Table S4.

The GEE model showed that the pay-it-forward intervention
was associated with a 77.9% (lower-bound 95% CI 70.3%)
increase in test uptake probability compared to the
standard-of-care arm. After adjusting for marital status and past
testing experience for HIV, chlamydia, and gonorrhea, the
outputs were consistent with the crude results (adjusted
probability difference 76.7%, lower-bound 95% CI 70.8%;
Table 2).

Table 3 shows findings from prespecified subgroup analyses.
The difference between the control and pay-it-forward arms
was most significant among FSWs who had used condoms
consistently during commercial sex in the previous 3 months
(86%, 95% CI 78.6%-93.5%) and women older than 30 years
(82%, 95% CI 75.7%-88.2%). The difference between the
control and pay-it-forward arms was 4% (95% CI –8.6% to
16.6%) for a past history of HIV testing (no vs yes) and –5.1%
(95% CI –16.3% to 6%) for workplace tier.

Table 2. The proportion of participating female sex workers tested for chlamydia and gonorrhea in Guangdong, China, in 2020 (N=480). The model
was adjusted for marital status and past testing experience for HIV, chlamydia, and gonorrhea.

One-sided

95% CIb
Adjusted probability

differencea
Intraclass correlationOne-sided

95% CIb
Probability differenceaSubjects, n

(%)

70.8%76.7%<0.00170.3%77.9%197 (82.1)Pay-it-forward group (n=240)

N/AN/A<0.001N/AN/Ac10 (4.2)Standard-of-care group (n=240)

aIndicates probability of difference between the intervention arm (pay-it-forward) and the standard-of-care arm.
bThe lower-bound 95% CI is reported.
cN/A: not applicable.
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Table 3. Subgroup analysis of 480 participants in China in 2020.

P valueDifference in probability
difference, % (95% CI)

Probability difference (PIF
minus SOC), % (95% CI)

PIFb (n=240), n/N (%)SOCa (n=240), n/N (%)

.0711.2 (–0.6 to 23.1)cAge (years)

70.7 (60.6-80.8)64/86 (74)3/81 (4)≤30

82 (75.7-88.2)133/154 (86)7/159 (4)>30

.007–15 (–25.8 to –4.1)dCondom use during commercial sex in the past 3 months

71 (63.1-78.9)100/134 (75)6/167 (4)Inconsistent

86 (78.6-93.5)97/106 (92)4/73 (5)Consistent

.544 (–8.6 to 16.6)eTested for HIV in the past

81.5 (76.1-87)159/195 (82)0/95 (0)No

77.5 (66.2-88.9)38/45 (84)10/145 (7)Yes

.37–5.1 (–16.3 to 6)fWorkplace

76 (69.1-83)122/154 (79)5/157 (3)High tier

81 (72.5-89.9)75/86 (87)5/83 (6)Low tier

aSOC: standard of care.
bPIF: pay it forward.
c≤30 years vs >30 years.
dInconsistent vs consistent.
eNo vs yes.
fHigh tier vs low tier.

Economic Evaluation
Among 197 women who received chlamydia and gonorrhea
tests in the pay-it-forward arm, 99 (50.3%) donated to the pooled
funds. The total donation amount was US $326, and the median
donation amount per donor was US $1.54 (IQR 0.77-1.54). The
largest donation was US $119.54, and the lowest was US $0.15.
Complete cost and cost-effectiveness analyses are provided in
Multimedia Appendix 4, Tables S2 to S3 and Figures S1 to S3.
The economic cost per person tested was US $42.24 for the
standard-of-care arm and US $41.80 for the pay-it-forward arm.
The ICER for the pay-it-forward arm compared to standard of
care was minus US $2.79 per additional person tested.

Discussion

Principal Findings
Upstream reciprocity theory suggests that people who are cared
for by someone are more likely to help others. Our study
confirmed this theory by promoting chlamydia and gonorrhea
testing among FSWs in China through a pay-it-forward
approach. Our study extends the existing literature by testing
the effectiveness of the pay-it-forward approach in increasing
STI testing uptake among FSWs, conducting the study in an
outreach setting outside of a formal clinic, and integrating the
approach with HIV services. As a social innovation approach,
we found that the pay-it-forward intervention dramatically
increased STI testing uptake among Chinese FSWs and that the
participants covered a substantial portion of the costs associated
with testing.

Women in the pay-it-forward arm had higher chlamydia and
gonorrhea testing uptake than women in the standard-of-care
arm. This finding is consistent with previous studies among
Chinese MSM, which suggest that the pay-it-forward approach
can motivate more people to use STI testing services [10,17].
In addition, the pay-it-forward strategy is more effective than
other STI testing–uptake intervention approaches, such as social
marketing [23], digital health [24], and point of care [25].
Several factors may have led to the strong testing uptake among
individuals in the pay-it-forward arm. The first was generosity
and trust. Due to stigma and other barriers, few Chinese FSWs
are willing to undergo or pay for chlamydia and gonorrhea
testing [26]. The low testing rates in our standard-of-care arm
demonstrate this. Our pay-it-forward strategy revealed
substantial generosity and promoted responsibility among the
FSWs to change their testing behaviors. Second, free testing
may have driven the increased test uptake rates because of the
zero-price effect [27]. Our previous studies indicate that
generosity (ie, voluntary donations) integrated with free testing
strongly motivates behavior change [10,17].

Lack of community engagement and low social trust are 2
critical barriers to STI testing uptake among FSWs [28]. In our
study, about half of the FSWs who were tested in the
pay-it-forward arm donated some money for future testing.
Although the donation rate in our study was lower than in our
previous studies among MSM in China [10,17], around half of
the FSWs chose to contribute. This is remarkable given the low
socioeconomic status of FSWs and the lack of a culture of
donating in China. Pay-it-forward approaches may increase
community ownership and social trust, supporting STI testing
[16,29]. Two systematic reviews further support this
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explanation, reporting that being kind is associated with
well-being, especially psychological functioning [30] and
subjective well-being [31]. Qualitative studies that aim to further
confirm these psychological impulses are needed.

Our findings indicate that the pay-it-forward strategy increased
STI testing uptake and reduced barriers to sustaining STI testing.
STI testing among FSWs reduces STI transmission and adverse
sexual and reproductive health consequences. The pay-it-forward
approach provides an alternative to using limited public funding
to maintain or expand testing. Our findings need to be extended
beyond this initial research study, as they have several public
health implications. First, a pay-it-forward strategy could reduce
costs for STI testing for funding bodies and dramatically remove
the financial barrier to STI testing among participants. Second,
unlike the free-testing approach, the pay-it-forward method
could generate strong community ownership and trust. Third,
as an approach to increase testing uptake and the regularity of
testing, the pay-it-forward intervention has a robust public health
benefit. Improving testing coverage and the regularity of testing
could reduce the high chlamydia and gonorrhea prevalence
among Chinese FSWs (17.3% for chlamydia in our study) by
identifying and treating asymptomatic infections earlier, thus
reducing morbidity and onward transmission to the clients of
FSWs and their other sexual partners [32].

Limitations and Implications
Our study has several limitations. First, although this was a
cluster RCT, the number of clusters in our study was relatively
small. Therefore, the characteristics of the participants in the 2
study arms were not completely balanced, which may have
resulted in a selection bias. However, our main findings were
robust when we adjusted for marital status, condom use during
the last commercial sex act, and past HIV testing experience.
In addition, the data were analyzed with GEE models for a small
number of clusters. At the same time, a sensitivity analysis was
also conducted by treating FSWs recruited from the same venue
as a cluster. Second, the test uptake rate in the standard-of-care
arm was low, further complicating data analysis. However, FSW
test uptake rates are generally low in China [11] and many other
LMICs [33]. Third, the level of community engagement in our

study was suboptimal. Unlike our previous studies evaluating
the pay-it-forward strategy in improving STI care, the FSWs in
this study did not engage in community activities, such as
passing postcards or messages to other FSWs in their social
network; this needs to be improved in future studies.

Our study has several implications. First, qualitative research
is needed to evaluate how and why generosity works among
FSWs in promoting STI testing. Second, this study did not
collect data on implementing the evidence-based pay-it-forward
intervention and scaling it up. Additional
implementation-science research is needed to expand the
pay-it-forward intervention into other settings, including
integrating it with other STI services. Third, strategies to
increase demand and the informational messages on the need
for chlamydia and gonorrhea screening (ie, the introduction to
chlamydia and gonorrhea and the pay-it-forward intervention
model) were not developed together with the FSWs; the study
was carried out solely by study staff from public health
authorities. Future research could examine how the engagement
of local FSWs at the formative research stage could further
improve testing uptake and program sustainability. Fourth, this
study was implemented during the period from August to
November 2020, a time when the COVID-19 pandemic may
have impacted the implementation of the study itself and reduced
the responsiveness of the FSWs, as many FSWs had temporarily
ceased working during the pandemic period. We anticipated
that more low-income FSWs would continue their work even
while high-tier venues were shut down due to COVID-19
measures.

Conclusion
Innovative and effective intervention strategies are urgently
needed to fill the gap between the high global burden of
chlamydia and gonorrhea disease and suboptimal STI testing
services. A pay-it-forward approach has the potential to enhance
chlamydia and gonorrhea testing uptake among Chinese FSWs.
It may be a valuable tool for scaling up STI services. Further
implementation research is needed to inform the transition of
pay-it-forward research into practice.
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Abstract

Background: Health research using commercial data is increasing. The evidence on public acceptability and sociodemographic
characteristics of individuals willing to share commercial data for health research is scarce.

Objective: This survey study investigates the willingness to share commercial data for health research in the United Kingdom
with 3 different organizations (government, private, and academic institutions), 5 different data types (internet, shopping, wearable
devices, smartphones, and social media), and 10 different invitation methods to recruit participants for research studies with a
focus on sociodemographic characteristics and psychological predictors.

Methods: We conducted a web-based survey using quota sampling based on age distribution in the United Kingdom in July
2020 (N=1534). Chi-squared tests tested differences by sociodemographic characteristics, and adjusted ordered logistic regressions
tested associations with trust, perceived importance of privacy, worry about data misuse and perceived risks, and perceived
benefits of data sharing. The results are shown as percentages, adjusted odds ratios, and 95% CIs.

Results: Overall, 61.1% (937/1534) of participants were willing to share their data with the government and 61% (936/1534)
of participants were willing to share their data with academic research institutions compared with 43.1% (661/1534) who were
willing to share their data with private organizations. The willingness to share varied between specific types of data—51.8%
(794/1534) for loyalty cards, 35.2% (540/1534) for internet search history, 32% (491/1534) for smartphone data, 31.8% (488/1534)
for wearable device data, and 30.4% (467/1534) for social media data. Increasing age was consistently and negatively associated
with all the outcomes. Trust was positively associated with willingness to share commercial data, whereas worry about data
misuse and the perceived importance of privacy were negatively associated with willingness to share commercial data. The
perceived risk of sharing data was positively associated with willingness to share when the participants considered all the specific
data types but not with the organizations. The participants favored postal research invitations over digital research invitations.

Conclusions: This UK-based survey study shows that willingness to share commercial data for health research varies; however,
researchers should focus on effectively communicating their data practices to minimize concerns about data misuse and improve
public trust in data science. The results of this study can be further used as a guide to consider methods to improve recruitment
strategies in health-related research and to improve response rates and participant retention.
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Introduction

Health researchers are increasingly aiming to include accurate
personal information collected outside of health care settings,
including commercial data collected or processed for businesses
relating to their customers (eg, internet searches, social media,
loyalty cards, wearable devices, and mobile phone apps), to
enhance our understanding of individuals’ health-related
behaviors and health outcomes. With the rise of different data
sources to track, monitor, and forecast disease and health
outcomes, interest in carrying out research using individual
commercial data has grown substantially [1-3]. However, much
of this valuable research is often criticized for its
representativeness and the low participation rates associated
with public attitudes toward data sharing.

Evidence on the public acceptability of sharing health-related
data is vast and suggests that improving the transparency of
data collection and processing practices across institutions,
creating trustworthy data ecosystems, and providing agency
and data stewardship for data participants can improve the
willingness to take part in research and share data [4-12]. The
evidence for willingness to share data across different contexts
varies depending on the type, purpose, and use of data. These
often show that the public has some understanding of how data
are being used and equally suggest that raising awareness about
data practices does not increase willingness to share data [9].
A recent report highlights that further research is needed to
improve public trust in light of the Cambridge Analytica scandal
and other reported data misuse incidences [12].

Furthermore, with the implementation of the General Data
Protection Regulation (GDPR) in 2018 [13], all individuals
were given the right to carry out a subject access request from
any organization that holds any information about them, thus
allowing researchers to start analyzing new types of data sets
with individual consent to understand behaviors such as diet
[14], self-medication [15], and cancer risk [16] using purchase
history recorded on loyalty cards; that is, an identity card issued
by retailers to its customers to collect information on buyer
behavior and generate reward schemes. However, a common
limitation is the small sample size and biased population of
individuals who are more willing to share their data [17]. A
number of qualitative studies investigated willingness to share
commercial data, specifically loyalty cards for health research,
echoing the principal evidence shared across disciplines, as
discussed earlier [15,18,19]. In contrast, for mobile and
biosensor data sharing, there is a growing body of literature on
the importance of understanding nonparticipation and
willingness to share mobile phone apps and biosensor data
[20-24]. A study that took place in England before the GDPR
highlighted that, in the context of mobile data sharing, user
behavior is also associated with willingness to share passive or
actively collected mobile data [21]. Further experimental studies

have highlighted the behavior of sharing mobile data, which
requires capabilities from the users to fulfill the task and the
characteristics of the individuals, framing of the request,
emphasis on control over data, and assurances of privacy and
confidentiality [22]. The implications of the willingness to share
smartphone and sensor data with researchers are further
understood in studies where the response rate for data sharing
is less than 15%, and the representativeness of the population
that shares the data is less than optimal [23]. This highlights the
importance of understanding the characteristics of the population
who are willing to share commercial data sets before data
collection so that strategies can be developed to improve
response rates and minimize bias.

Therefore, this study aims to investigate GDPR awareness and
sociodemographic and psychological factors associated with
the willingness to share commercial data for health research
purposes after the implementation of the GDPR in the United
Kingdom. Furthermore, it aimed to provide a summary of the
public’s awareness of GDPR in 2020, 2 years after the GDPR
and Data Protection Act 2018 were enacted in the United
Kingdom. The GDPR has been kept in UK law as the UK GDPR
[24]. For epidemiological research to advance using commercial
data sets and effectively recruit participants, it is important to
investigate the factors associated with the willingness to share
commercial data for health research.

Methods

Setting and Design
A 10-minute web-based survey was conducted in the United
Kingdom in August 2020 via Survey Monkey using Dynata
International Limited. Nonprobability quota sampling was used
for an adequate representation of different age groups in the
United Kingdom, with the aim of recruiting 1500 participants
to achieve a 1:10 participant-to-item ratio [25]. The distribution
of the sample, respectively, based on age and sex distribution
in the UK population was 18 to 29 years (20%), 30 to 39 years
(17%), 40 to 49 years (18.5%), 50 to 59 years (15.5%), 60 to
69 years (14%), >70 years (15%), male (49.4%), and female
(50.6%) [26].

Ethics Approval
The project was reviewed by the University of College London
Research Ethics Committee and received a favorable opinion
(ref: 18095/001) and reported using the Strengthening the
Reporting of Observational Studies in Epidemiology guidelines
for cross-sectional research [27]. Information regarding ethics
approval can be obtained directly from the University of College
London Research Ethics Committee. The survey study only
included anonymized data from the participants; therefore, the
research team had no contact with the participants following
their participation in the study. If individuals dropped out of
the survey before its completion, this was considered a
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withdrawal from the study, and no data were included.
Participants were paid a small monetary incentive through
Dynata International Limited in line with their participant
payment policies.

Survey Measures
All measures with their item heritage are included in Multimedia
Appendix 1. There were 3 primary outcome measures. These
were the willingness to share commercial data for health
research with different institutions (government, private, and
academic), the willingness to share different types of commercial
data (internet searches, social media, shopping data on loyalty
cards, wearable devices, and mobile phone apps) with academic
institutions, and the willingness to participate in health research
based on different invitation sources. The rationale for these
outcomes is as follows. In comparison to government and private
organizations, which are often the primary data controllers for
health, administrative, and commercial data, researchers at
academic institutions often need to request access to data
collected and controlled by government and private
organizations. The differences between institutions were
considered to understand the potential baseline response rate
for potential research projects that aim to use commercial data
in health research at academic institutions. The second primary
outcome was then focused on willingness by data type and the
extent to which this differentiates from the baseline willingness
to share commercial data with academic institutions. The last
outcome is included to consider how much willingness varied
depending on the source of the invite to better understand the
best ways to recruit participants who are more willing to share
their data. All these outcomes were used to inform the
communication strategies of a much larger academic project
that aimed to recruit individual participants with informed
consent requesting access to their commercial data, specifically
loyalty card data from 2 UK-based high-street retailers,
investigating self-care behaviors before ovarian cancer diagnosis
[16].

The independent variables were included under four sections:
(1) sociodemographic factors, including age, sex, marital status,
education, ethnicity, and location in the United Kingdom; (2)
the participants’ GDPR awareness; (3) psychological factors
including trust in institutions, trust in data practices in academia,
worry about data misuse, perceived risk in data sharing,
perceived importance of privacy, and perceived benefit of data
sharing; and (4) past experience taking part in health research
and past experiences of data misuse.

Statistical Analysis
We reported all measures and exclusions in this study and used
complete case analysis without imputing missing data, as all
questions were mandatory.

Factor analyses using principal component analysis (PCA) and
reliability tests were carried out to ensure that the items included
in various other studies measured the intended outcomes. Once
the factors were identified, the scales were computed using total
scores. A Cronbach alpha coefficient was calculated for each
scale for internal consistency, and the interitem and interscale
correlations were checked for internal consistency of items and

scales. Each computed scale was reported using range, mean,
SD, and Cronbach alpha coefficient.

Participant characteristics, self-reported GDPR awareness, and
people’s awareness of personal data and GDPR law were
reported using descriptive statistics. Some categorical items
were recoded for ease of presentation and understanding of the
differences in each category. Responses to items including
“prefer not to say” and “other” were coded as missing because
of the low cell count (<5 observations in each category) in
sociodemographic items which would not have been coded
negatively and subsequently excluded from the main analyses
(40/1594, 2.5%). Primary outcome variables were recoded into
“definitely yes” or “probably yes”=1 and “probably no” or
“definitely no”=0 to compare 2 distinct intentions to share data
for the comparison between sociodemographic characteristics
of the participants [28]. Differences in the proportions of
willingness to share commercial data were tested using
chi-square statistics and reported in percentages. Ordered logistic
regression was used to test for psychological factors associated
with willingness to share commercial data for health research
with different organizations and different types of data adjusted
for the sociodemographic characteristics of the participants,
previous research participation, and GDPR awareness. The
variance explained by each model is included in Multimedia
Appendix 1. Further ordered regression analyses were carried
out for the different types of research invitations to identify
whether there were sociodemographic factors associated with
willingness to participate in health research (Multimedia
Appendix 1). All results reported using adjusted odds ratios
(aORs) and 95% CIs were reported using a P value of <.05.

Results

Factor Analysis Results
The 32 items measured in this study were subjected to PCA
using SPSS (version 27; IBM Corp). Before performing PCA,
the suitability for performing PCA was assessed. Inspection of
the correlation matrix revealed the presence of many coefficients
>0.3. The Kaiser-Meyer-Olkin value was 0.93, above the
recommended value of 0.6, and the Bartlett Test of Sphericity
reached statistical significance, supporting the factorability of
the correlation matrix. The PCA revealed the presence of 5
components with eigenvalues exceeding 1, explaining 28.6%,
19.7%, 7.5%, 6.9%, and 5.3% variance (Multimedia Appendix
1). A total of 8 items were recoded, and 2 items were deleted,
as they measured trust in 2 different organizations. On the basis
of these results, 5 scales were computed. These are, namely,
perceived importance of privacy (mean 8.46, SD 1.38; range
2-10; Cronbach α=.65), worry about data misuse (6 items; mean
21.28, SD 5.69; range 5-30; Cronbach α=.95), trust in data
practices in academic institutions (9 items; mean 31.96, SD
7.14; range 5-45; Cronbach α=.95), perceived risk of data
sharing for health research (3 items; mean 9.40, SD 2.73; range
3-15; Cronbach α=.88) and perceived benefits of data sharing
(5 items; mean 17.76, SD 4.31; range 5-25; Cronbach α=.93).
Factor correlations as separate scales suggest that the scales
have weak to moderate correlations, indicating that they measure
separate scales (Multimedia Appendix 1).
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Participant Characteristics
Out of the 1897 responses, 1534 participants gave their consent
and completed the survey (Table 1). Approximately 49.1%
(753/1534) of participants were male, 50.7% (777/1534) were
female, and 0.2% (4/1534) indicated other. The age distribution
of participants was consistent with the quota sample for the
distribution of age in England. Most respondents self-identified
with a White ethnic background (1325/1534, 86.4%), compared

with only 12.9% (198/1534) who identified themselves with
other ethnicities. Approximately 53.1% (814/1534) of the
participants were married or had a legal partnership.
Approximately 45.6% (699/1534) of participants had higher
education (degree and above) qualifications, almost half of them
(765/1534, 49.9%) had less than higher education qualifications,
and only 4.5% (69/1534) did not have any educational
qualification.
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Table 1. Participant characteristics (N=1534).

Population composition of England and Wales based on 2011
Census (excludes Scotland and Northern Ireland) [21], %

Values, n (%)Characteristics

Sex

49.4753 (49.1)Male

50.6777 (50.7)Female

04 (0.2)Other

Age (years)

20284 (18.5)18-29

17255 (16.6)30-39

18.5250 (16.3)40-49

15.5266 (17.3)50-59

14213 (13.9)60-69

15266 (17.3)≥70

Ethnicity

85.41326 (87.0)White British

3.545 (3.0)Black

7.1111 (7.3)Asian

2.332 (2.1)Mixed

1.010 (0.7)Other

Marital status

34.5492 (32.4)Single

50.8814 (53.1)Married or legal partnership

14.6212 (13.8)Widowed, divorced, or separated

Educational level

27.1697 (45.6)Higher education

49.9762 (49.9)Higher education with qualification

2368 (4.5)No qualification

Location in the United Kingdom

14.6247 (16.2)London

10.4149 (9.8)East of England

15.4205 (13.4)South East

9.4136 (8.9)South West

18.1218 (14.3)West and East Midlands

14197 (12.9)Yorkshire and the Humber and North East

12.6184 (12)North West

N/Aa129 (8.4)Scotland

5.562 (4.1)Wales

General Data Protection Regulation awareness

—b179 (11.7)Not aware

—428 (27.9)Yes, I have heard but do not know much about it

—658 (42.9)Yes, I have heard and know a little about it

—269 (17.5)Yes, I have heard and I know a lot about it

Previous health research participation
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Population composition of England and Wales based on 2011
Census (excludes Scotland and Northern Ireland) [21], %

Values, n (%)Characteristics

—402 (26.2)Yes

—1132 (73.8)No

aN/A: not applicable.
bData are not available for the distribution of the General Data Protection Regulation Awareness and previous health research participation in England.

GDPR and Personal Data Awareness
At the time of the survey, 11.7% (179/1534) of the participants
indicated that they were not aware of GDPR, 27.9% (428/1534)
had heard of GDPR but did not know much about it, 42.9%
(658/1534) had heard and knew a little about GDPR, and 17.5%
(269/1534) of respondents had heard and knew a lot about
GDPR.

The results of participants’ expectations of what is considered
personal data under GDPR showed that >80% (1227/1534) of
the participants were able to correctly state common information
that was classified as personal information, such as name, age,
gender, marital status, and home address and email address.
Less than 75% (1150/1534) of participants considered sensitive
personal information, such as sexual orientation (1121/1534,
73.1%), religion (1067/1534, 69.6%), criminal records
(1100/1534, 71.7%), and health or medical records (1136/1534,
74.1%) as personal data.

Less than two-thirds of the participants expected the various
types of information collected on the internet to count as
personal data. A quarter of the participants incorrectly stated
that web-based purchases (383/1534, 25.0%), location data
based on General Packet Radio Service recorded on mobile
phones (353/1534, 23%), tracking information on websites
(cookies; 383/1534, 25%), social media information (424/1534,
27.6%), and device IDs (353/1534, 23%) were not personal
data.

More than 80% (1227/1534) of the participants correctly
identified what GDPR law should cover most of the rights that
protect personal data. Most of the remaining participants stated
that they did not know the right answer ranging from 6.6%
(101/1534) to 13.4% (205/1534). Approximately 13.4%
(205/1534) did not know that they had the right to erase their
data, and 12.3% (189/1534) did not know that they had the right
to be informed about the use of their data. Additional details
are provided in Multimedia Appendix 1.

Willingness to Share Commercial Data With Different
Institutions

Descriptive Results
Figure 1 shows that nearly two-thirds of the participants
indicated that they would be willing to share their commercial
data for health research if their data are shared with a
government institution (937/1534, 61.1%) or an academic
research institution (936/1534, 61.0%). In contrast, less than
half were happy to share their commercial data with private
organizations for health research (658/1534, 42.9%). Across all
participants, only 4.8% (73/1534) of the participants stated
“definitely yes” to share with all types of institutions. In
comparison, 7.4% (114/1534) of the participants stated
“definitely no” to share commercial data for health research
with all institutions.

Figure 1. Willingness to share commercial data with different organizations for health research.

Sociodemographic Factors
In Table 2, the analysis shows significant differences in the
willingness to share commercial data with government

institutions by age, sex, education, and GDPR awareness.
Specifically, less than two-thirds of participants were happy to
share their data among those aged 40 to 49 years (841/1534,
54.8%) and 50 to 59 years (871/1534, 56.8%), compared with
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the 18 to 29 (923/1534, 60.2%), 30 to 39 (1040/1534, 67.8%),
60 to 69 (922/1534, 60.1%), and ≥70 years (1020/1534, 66.5%)

groups, respectively (χ2
5=14.6, P=.12). Male participants were

more likely to share their commercial data for health research
than female participants with the government (994/1534, 64.8%

vs 887/1534, 57.8%; χ2
1=7.9, P=.005). There was a 14.4%

difference between willingness to share among those who were
unaware of GDPR (822/1534, 53.6%) and those who stated that

they knew a lot about GDPR (1043/1534, 68.0%; χ2
3=9.7;

P=.02). No differences were found in marital status, ethnicity,
previous research participation, and personal experience of data
misuse in the past.

There were differences in the willingness to share commercial
data with private organizations based on most factors, except
for education and previous research participation. The largest
differences were observed for age between those who were aged
30 to 39 years (147/255, 57.6%), and 60 to 69 years (64/213,
30%), and ≥70 years (80/266, 30.1%), as well as by ethnicity
among those identified as Black (28/45, 62.2%) and White

(555/1326, 41.9%; χ2
5=74.1, P<.001). Similarly, only one-third

of those who reported not being aware of GDPR were willing
to share their data (54/179, 30.2%) compared with those who
were aware but did not know much (177/428, 41.4%), a little
(292/658, 44.4%), and knew a lot about GDPR (138/269, 51.3%;

χ2
3=20.5, P<.001). Ever experienced a negative event of data

misuse was also positively associated with willingness to share
commercial data for health research with private organizations
compared with never experiencing a negative event (287/596,

48.2% vs 374/938, 39.9%; χ2
1=10.1, P=.001).

There were no significant differences in the proportion of people
who indicated “Definitely and Probably yes” to sharing with
academic institutions by marital status, age, sex, ethnicity, and
previous experience. However, educational level (above degree:

459/697, 65.9% vs below degree: 474/830, 57.1%; χ2
1=12.1,

P<.001), previous participation in health research (yes: 266/402,

66.2% vs no: 670/1132, 59.2%; χ2
1=6.0, P=.01), and greater

GDPR awareness (not aware 84/179, 46.9% vs know a lot about

it 179/269, 66.5%; χ2
3=20.8, P<.001) were positively associated

with sharing data with academic institutions.
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Table 2. Willingness to share commercial data with different organizations by sociodemographic factors (N=1534).

Academic institutionsPrivate organizationsGovernment organizationsWillingness to share

Marital status

306 (62.2)230 (46.7)284 (57.7)Single, n (%)

489 (60.1)354 (43.5)512 (62.9)Married or legal partnership, n (%)

134 (63.2)73 (34.4)134 (63.2)Widowed, divorced, or separated, n (%)

1.0 (2)9.1 (2)3.8 (2)Chi-square (df)

.61.01.14P value

Age (years)

177 (62.3)153 (53.9)171 (60.2)18-29, n (%)

168 (65.9)147 (57.6)173 (67.8)30-39, n (%)

144 (57.6)118 (47.2)137 (54.8)40-49, n (%)

154 (57.9)99 (37.2)151 (56.8)50-59, n (%)

129 (60.6)64 (30.0)128 (60.1)60-69, n (%)

164 (61.7)80 (30.1)177 (66.5)≥70, n (%)

5.1 (5)74.1 (5)14.6 (5)Chi-square (df)

.40<.001.01P value

Ethnicity

821 (61.9)555 (41.9)808 (60.9)White, n (%)

26 (57.8)28 (62.2)33 (73.3)Black, n (%)

64 (57.7)55 (49.5)66 (59.5)Asian, n (%)

15 (46.9)15 (46.9)18 (56.3)Mixed, n (%)

5<56Other ethnicities, n (%)

4.3 (4)9.6 (4)3.2 (4)Chi-square (df)

.35.04.51P value

Sex

473 (62.8)359 (47.7)488 (64.8)Male, n (%)

462 (59.5)300 (38.6)449 (57.8)Female, n (%)

1.8 (1)12.8 (1)7.9 (1)Chi-square (df)

.17<.001.005P value

Education

474 (57.1)367 (44.2)481 (58.0)<Degree and no formal education, n (%)

459 (65.9)290 (41.6)451 (64.7)≥Degree, n (%)

12.1 (1)1.0 (1)7.2 (1)Chi-square (df)

<.001.31.007P value

General Data Protection Regulation awareness

84 (46.9)54 (30.2)96 (53.6)Not aware, n (%)

254 (59.3)177 (41.4)258 (60.3)Yes, I have heard but do not know much about it, n (%)

419 (63.7)292 (44.4)400 (60.8)Yes, I have heard but know little about it, n (%)

179 (66.5)138 (51.3)183 (68.0)Yes, I have heard and I know a lot about it, n (%)

20.8 (3)20.5 (3)9.7 (3)Chi-square (df)

<.001<.001.02P value

Previous research participation

266 (66.2)171 (42.5)257 (63.9)Yes, n (%)
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Academic institutionsPrivate organizationsGovernment organizationsWillingness to share

670 (59.2)490 (43.3)680 (60.1)No, n (%)

6.0 (1)0.1 (1)1.8 (1)Chi-square (df)

.01.79.17P value

Personal experience of data misuse

559 (59.6)374 (39.9)559 (59.7)Never, n (%)

377 (63.3)287 (48.2)378 (63.4)Ever, n (%)

2.0 (1)10.1 (1)2.2 (1)Chi-square (df)

.15.001.13P value

Psychological Predictors
Adjusted ordered regression analyses for willingness to share
data with each institution in Table 3 show that greater trust is
positively associated with sharing commercial data with
government (aOR 2.499, 95% CI 2.228-2.802; P<.001), private
(aOR 2.513, 95% CI 2.221-2.842; P<.001), and academic
institutions (aOR 2.283, 95% CI 2.011-2.59; P<.001). Greater
worry about data misuse was negatively associated with
willingness to share with government (aOR 0.94, 95% CI
0.918-0.961; P<.001), private (aOR 0.951, 95% CI 0.930-0.973;
P<.001), and academic institutions (aOR 0.947, 95% CI
0.926-0.969; P<.001).

Participants’ perceived importance of privacy was negatively
associated with willingness to share with the government (aOR
0.909, 95% CI 0.833-0.992; P=.03), private institutions (aOR
0.833, 95% CI 0.763-0.909; P<.001), and academic institutions
(aOR 0.869, 95% CI 0.797-0.948; P=.002). Participants’
perceived risk of data sharing was not associated with their
willingness to share their data with any organization. The
perceived benefits of sharing data were positively associated
with government institutions (aOR 1.111, 95% CI 1.083-1.14;
P<.001), private institutions (aOR 1.081, 95% CI 1.054-1.109;
P<.001), and academic institutions (aOR 1.116, 95% CI
1.087-1.146; P<.001).

Table 3. Psychological predictors of willingness to share commercial data for health research with different organizationsa.

Academic institutes, aOR (95% CI)Private institutes, aOR (95% CI)Government institutes, aORb (95% CI)

2.283 (2.011-2.590c)2.513 (2.221-2.842c)2.499 (2.228-2.802c)Trust in organizations

0.947 (0.926-0.969c)0.951 (0.930-0.973c)0.940 (0.918-0.961c)Worry about data misuse

1.016 (0.974-1.060)1.042 (0.997-1.089)1.041 (0.997-1.086)Perceived risk of data sharing

0.869 (0.797-0.948c)0.833 (0.763-0.909c)0.909 (0.833-0.992d)Perceived importance of privacy

1.116 (1.087-1.146c)1.081 (1.054-1.109c)1.111 (1.083-1.140c)Perceived benefits of sharing da-
ta and participation

aAdjusted for age, sex, location, ethnicity, education, General Data Protection Regulation awareness, and past health research participation. The full
model with P values is reported in Multimedia Appendix 1.
baOR: adjusted odds ratio.
cP<.001.
dP<.05.

Willingness to Share Different Types of Commercial
Data

Descriptive Results
Figure 2 shows that the participants’ willingness to share
commercial data varied across all data types. The willingness
to share loyalty card data had the highest proportion of
participants at 51.8% (795/1534) stating that “Definitely or

Probably yes.” In comparison, the proportion was much lower
at 35% (540/1534) for internet search history, 32% (491/1534)
for smartphone data, 32% (488/1534) for sharing wearable
device data, and 30% (467/1534) for social media data. Across
all participants, only about 3.2% (49/1534) of the participants
stated “definitely yes” to share all types of commercial data
sets. In comparison, 13.3% (204/1534) of the participants stated
“definitely no” to share all types of commercial data sets.
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Figure 2. Willingness to share different types of commercial data with academic institutions for health research.

Sociodemographic Factors
Table 4 shows the proportion of people who stated “Definitely
and Probably yes” for willingness to share different types of
commercial data for health research with academic institutions
based on the sociodemographic characteristics of the
participants. There were significant differences across all types
of health research data according to marital status, age, and past
experience of data misuse. In contrast, no associations were
found between the participants’ educational level and previous
participation in the research. Greater GDPR awareness was
positively associated with willingness to share all types of data,
except for internet searches.

Among these characteristics, notable differences were observed
for marital status, where a larger proportion of people who were
single reported willingness to share commercial data sets
compared with those who were married or in a legal partnership,
or widowed, divorced, or separated. Furthermore, an increase
in the age of participants was negatively associated with their
willingness to share. Less than a fifth of the participants in the
60 to 69 years and above age groups were willing to share
smartphone, social media, and wearable device data. Across all
types of commercial data, those aged 18 to 29 years had the
highest proportion of individuals willing to share at 65.1%
(185/284) for loyalty card data, 48.6% (138/284) for smartphone
data and wearable devices, 47.2% (134/284) for social media,
and 46.8% (133/284) for internet data.

Female participants were less likely to share smartphone data

(male: 282/753, 37.5% vs female: 207/777, 26.6%; χ2
1=20.5

P<.001), wearable devices (male: 280/753, 37.2% vs female:

206/777, 26.5%; χ2
1=20.0 P<.001), and social media data (male:

271/753, 36% vs female: 196/777, 25.2%; χ2
1=20.8 P<.001).

In comparison, the differences in proportions were smaller for
internet searches (male: 286/753, 38% vs female: 253/777,

32.6%; χ2
1=4.9, P=.03) and loyalty card data (male: 399/753,

53% vs female: 393/777, 50.6%; χ2
1=0.8, P=.35). The

proportion of people willing to share loyalty card data did not
differ by ethnicity or sex. In contrast, the proportion was lower
among those from White ethnic backgrounds for internet
searches, social media, wearable devices, and smartphone data
compared with those who were identified from Black and Asian
ethnic backgrounds.

Those who had ever experienced a data misuse event were more
likely to share loyalty card data (ever: 344/596, 57.7% vs never:

450/938, 48%; χ2
1=13.8, P<.001), internet search data (ever:

263/596, 44.1% vs never: 277/938, 29.5%; χ2
1=34.0, P<.001),

smartphone (ever: 245/596, 41.1% vs never: 246/938, 26.2%;

χ2
1=37.0, P<.001), social media (ever: 240/596, 40.3% vs never:

227/938, 24.2%; χ2
1=44.4, P<.001), and wearable devices (ever:

255/596, 42.8% vs never: 233/938, 24.8%; χ2
1=54.1, P<.001)

than those with no previous data misuse experience.
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Table 4. Willingness to share different types of commercial data by sociodemographic factors.

Wearable devicesSocial mediaSmartphoneLoyalty cardInternet searchesWillingness to share

Marital status

194 (39.4)180 (36.6)190 (38.6)297 (60.4)205 (41.7)Single, n (%)

250 (30.7)235 (28.9)263 (32.3)406 (49.9)273 (33.5)Married or legal partnership, n (%)

41 (19.3)48 (22.6)34 (16.0)87 (41.0)57 (26.9)Widowed, divorced, or separated, n (%)

28.7 (2)15.7 (2)34.7 (2)25.4 (2)16.4 (2)Chi-square (df)

<.001<.001<.001<.001<.001P value

Age (years)

138 (48.6)134 (47.2)138 (48.6)185 (65.1)133 (46.8)18-29, n (%)

141 (55.3)129 (50.6)122 (47.8)156 (61.2)132 (51.8)30-39, n (%)

87 (34.8)81 (32.4)94 (37.6)134 (53.6)98 (39.2)40-49, n (%)

57 (21.4)60 (22.6)66 (24.8)129 (48.5)70 (26.3)50-59, n (%)

29 (13.6)29 (13.6)34 (16.0)91 (42.7)45 (21.1)60-69, n (%)

36 (13.5)34 (12.8)37 (13.9)99 (37.2)62 (23.3)≥70 , n (%)

189.4 (5)162.3 (5)140.4 (5)60.3 (5)93.4 (5)Chi-square (df)

<.001<.001<.001<.001<.001P value

Ethnicity

397 (29.9)377 (28.4)400 (30.2)674 (50.8)447 (33.7)White, n (%)

24 (53.3)25 (55.6)22 (48.9)26 (57.8)25 (55.6)Black, n (%)

49 (44.1)47 (42.3)50 (45.0)66 (59.5)53 (47.7)Asian, n (%)

15 (46.9)13 (40.6)13 (40.6)20 (62.5)9 (28.1)Mixed, n (%)

<5<5<56 (60.0)5 (50.0)Other ethnicities, n (%)

23.4 (4)24.8 (4)17.9 (4)5.4 (4)18.7 (4)Chi-square (df)

<.001<.001.001.24.001P value

Sex

280 (37.2)271 (36.0)282 (37.5)399 (53.0)286 (38.0)Male, n (%)

206 (26.5)196 (25.2)207 (26.6)393 (50.6)253 (32.6)Female, n (%)

20.0 (1)20.8 (1)20.5 (1)0.8 (1)4.9 (1)Chi-square (df)

<.001<.001<.001.34.02P value

Education

248 (29.9)244 (29.4)252 (30.4)435 (52.4)290 (34.9)<Degree and no formal education, n
(%)

238 (34.1)219 (31.4)235 (33.7)355 (50.9)247 (35.4)≥Degree, n (%)

3.1 (1)0.7 (1)1.9 (1)0.3 (1)0.4 (1)Chi-square (df)

.07.39.16.56.83P value

General Data Protection Regulation awareness

48 (26.8)39 (21.8)49 (27.4)74 (41.3)52 (29.1)Not aware, n (%)

129 (30.1)136 (31.8)129 (30.1)216 (50.5)159 (37.1)Yes, I have heard but do not know
much about it, n (%)

197 (29.9)192 (29.2)196 (29.8)351 (53.3)221 (33.6)Yes, I have heard but know little about
it, n (%)

114 (42.4)100 (37.2)117 (43.5)153 (56.9)108 (40.1)Yes, I have heard and I know a lot
about it, n (%)

17.5 (3)12.9 (3)20.2 (3)11.5 (3)7.3 (3)Chi-square (df)
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Wearable devicesSocial mediaSmartphoneLoyalty cardInternet searchesWillingness to share

.001.005<.001.009.06P value

Previous research participation

114 (28.4)115 (28.6)122 (30.3)195 (48.5)131 (32.6)Yes, n (%)

374 (33.0)352 (31.1)369 (32.6)599 (52.9)409 (36.1)No, n (%)

2.9 (1)0.8 (1)0.6 (1)2.3 (1)1.6 (1)Chi-square (df)

.08.35.40.12.20P value

Personal experience of data misuse

233 (24.8)227 (24.2)246 (26.2)450 (48.0)277 (29.5)Never, n (%)

255 (42.8)240 (40.3)245 (41.1)344 (57.7)263 (44.1)Ever, n (%)

54.1 (1)44.4 (1)37.0 (1)13.8 (1)34.0 (1)Chi-square (df)

<.001<.001<.001<.001<.001P value

Psychological Predictors
The results from the ordered logistic regression analyses
adjusted for the sociodemographic characteristics of the
participants in Table 5 show that each point increase in trust in
data practices in academia, perceived benefits in participation,

and perceived risks of data sharing are positively associated
with willingness to share all types of commercial data. In
contrast, each point increase in the perceived importance of
privacy and worry about data misuse was negatively associated
with the willingness to share all types of commercial data.

Table 5. Psychological predictors of willingness to share different types of commercial data for health research with academic institutionsa.

Wearable devices data,
aOR (95% CI)

Social media data, aOR
(95% CI)

Smartphone data, aOR
(95% CI)

Loyalty card data,
aOR (95% CI)

Internet search data,

aORb (95% CI)

1.075 (1.056-1.095c)1.087 (1.067-1.107c)1.097 (1.077-1.117c)1.103 (1.083-1.123c)1.097 (1.078-1.117c)Trust in data practices in
academic institutions

0.732 (0.670-0.798c)0.716 (0.656-0.781c)0.685 (0.628-0.748c)0.707 (0.648-0.772c)0.682 (0.625-0.744c)Perceived importance of
privacy

0.940 (0.919-0.962c)0.963 (0.941-0.985c)0.960 (0.938-0.982c)0.975 (0.953-0.997d)0.960 (0.938-0.982c)Worry about data misuse

1.086 (1.056-1.116c)1.049 (1.020-1.078c)1.070 (1.040-1.100c)1.102 (1.072-1.132c)1.057 (1.029-1.086c)Perceived benefit in data
sharing and research par-
ticipation

1.232 (1.179-1.287c)1.208 (1.156-1.263c)1.224 (1.171-1.279c)1.114 (1.067-1.163c)1.222 (1.169-1.276c)Perceived risks of data
sharing

aAdjusted for age, sex, location, ethnicity, education, General Data Protection Regulation awareness, and past health research participation. The full
model with P values is reported in Multimedia Appendix 1.
baOR: adjusted odds ratio.
cP<.001.
dP<.05.

Willingness to Take Part in Research Based on
Invitation Sources
Figure 3 shows that the most preferred ways of being invited
to health research using commercial data were receiving a letter
(1069/1534, 69.6%) or an email invitation (1056/1534, 68.6%)
from the health care provider, followed by a letter invitation
from the government (1041/1534, 67.9%) and universities or
publicly funded research institutes (1009/1534, 65.8%). Digital
invitations had a much lower preference compared with

letter-based invitations, except for letter invitations from
high-street retailers to participate in the research (683/1534,
44.5%). Research advertisements on social media or newspapers
were preferable for less than half of the participants, with 47.1%
(723/1534) and 45.8% (703/1534), respectively. The ordered
logistic regression analysis in Multimedia Appendix 1 shows
that across all invitation types, greater GDPR awareness was
the only predictor of invitation source, and there were some
nuanced differences in sociodemographic characteristics.
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Figure 3. Preferences for the source of research participation invitation.

Discussion

Principal Findings
With an interest to develop a better understanding of
psychological factors and sociodemographic characteristics of
individuals who would be willing to participate in health
research using individual and commercially collected data sets,
this study investigates the willingness to share commercial data
for health research with different institutions and different types
of commercial data in an age-stratified population-based sample
in the United Kingdom. Our results showed that two-thirds of
the participants were willing to share their commercial data on
health research with academic institutions. In contrast, when
participants were specifically asked about sharing different types
of commercial data for health research with a focus on academic
institutions, only about half of them were willing to share their
shopping data, and less than one-third were happy to share
internet search history, wearable devices, social media, and
smartphone apps. Only a small minority of the participants
across all outcomes were willing to share their data, highlighting
the potential barrier in participant recruitment that needs to be
addressed in health research using complex data sets.

Comparison With Prior Work
A key outcome of this study is the validation of the previous
evidence that, irrespective of individuals’GDPR awareness and
their sociodemographic characteristics, greater trust is
consistently associated with greater willingness to share
commercial data for health research [12]. This study also adds
to the evidence that greater perceived importance of data privacy
and greater worry about data misuse are negatively associated
with the willingness to share commercial data for health
research. Interestingly, the perceived risk of sharing data was
not associated with the willingness to share data with
institutions, but it played a role in all types of data that they
were willing to share. This is in line with the Nissenbaum [29]
contextual integrity framework for privacy, suggesting that

individuals’ information-sharing principles are context
dependent and socially constructed. A previous focus group
study also found similar results in that participants were more
concerned about the use of subjective data sets such as social
media posts compared with objective shopping data collected
on loyalty cards as more important than the organizations in
which they share their data with [15]. Furthermore, we found
a positive univariate association between the participants who
had ever experienced a negative data-related event, for example,
they might have had a data breach and personal information
stolen on the internet and used for other people’s gain, were
more likely to share their data. Although we do not have
sufficient information to assess why this may be the case, it
could be interpreted that those who have experienced a negative
event are more likely to be risk-aware than risk-averse. An
interesting explanation for this result could be studied further
based on “the privacy paradox,” which suggests that intentions
to share data may not be directly associated with actual behavior,
and other mediators should be better understood [30]. Future
experimental studies with a factorial design can further explore
how these experiences impact people’s perceptions and use of
technologies.

We identified various sociodemographic factors associated with
all outcome variables with the participants’ age particularly
being an important factor to be considered for participant
recruitment. Our results showed that the participants’willingness
reduced with an increase in age, except for sharing data with
government institutions where we observed an inverse
association. This is an important outcome to consider when
implementing pilot health interventions for the general
population [17]. The participants who identified themselves as
Black consistently had a higher proportion of willingness not
just across all institutions but also for all data types. Health
researchers should identify resources to improve the visibility
of health research opportunities to improve participation and
diversity in research. Recruitment through social media
advertisements has been shown to be effective in targeting
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minority populations [31]. However, there is a lack of ethical
and methodological guidance for recruitment via paid social
media advertisements to be carried out effectively [32].

Limitations
A key limitation of this survey was that participants were not
provided with examples of how commercial data could be used
for specific health studies, such as facilitating earlier cancer
diagnosis, identifying mental health conditions, and not
including nonprofit organizations. A previous study showed
that people were more willing to donate their data to Cancer
Research UK compared with nonspecific health research
organizations, which was found to be associated with
individuals’ level of altruism and prosocial tendencies [33].
Owing to the exploratory nature of this study, a priori hypotheses
were not included in the statistical analysis plans, and the
following warnings are warranted. Although we adjusted for
past health research participation, participants from the
recruitment panel were subject to desirability bias. The social
desirability bias in perceived privacy, intention to share data,
and actual behaviors has previously been demonstrated in the
privacy paradox [30]. Future studies arising from this study
could investigate mediators between intention and behavior
gaps. Similarly, the use of nonprobability sampling of the
participants could also lead to greater bias in this study.
Although accumulating evidence suggests that the willingness
to share commercial data is a complex behavior and cannot be
reduced to one-off intention measures, we believe that the
outcomes of this study can be used as a guide for identifying
populations with the least likelihood of sharing data when
recruitment methods for studies requesting data from its
participants are operationalized. However, it should be
acknowledged that the measures included in this study, as well
as sociodemographic characteristics, explain less than 20% of
the variance in the willingness to share commercial data
(Multimedia Appendix 1). This highlights the complexity of
the evidence surrounding data sharing and slow progress in
health-related research in relation to building a better

understanding of the mechanisms that hinder and facilitate
data-sharing principles. Thus, future studies could benefit from
the use of a theoretical model, such as the capability,
opportunity, motivation, and behavior model [34], to understand
how physical and psychological capabilities, such as
participants’ engagement with existing technologies, could
potentially moderate their willingness to share data. Similarly,
social opportunities could be an important factor for the
willingness to participate in research advertised through social
media. Notwithstanding, this survey included a UK
age-representative cohort based on the 2011 Census [26], had
a larger proportion of individuals from non-White ethnic
backgrounds in comparison with other panel-based survey
studies with a UK population representative sample [35,36],
and also adjusted for the participants’ geographic region in the
United Kingdom to improve the external validity and
generalizability of its outcomes for the wider UK population.

Conclusions
This survey study demonstrated the public acceptability of
sharing commercial data for health research in the United
Kingdom with an extensive exploration of people’s knowledge
and understanding of what constitutes personal data and GDPR,
their willingness to share with different organizations, their
willingness to share various types of commercial data, and their
willingness to consent and share data if invited through different
methods. The outcomes of this study are of interest to be
considered in the guidelines and recommendations for public
acceptability of data sharing beyond electronic health records
and will be useful for developing data stewardship frameworks
and initiatives to improve the use of data in the United Kingdom.
Where possible, these outcomes can also be used to develop
recruitment strategies for research using stratified sampling
techniques where it is expected to have low response rates.
Future studies using experimental methods are warranted to
identify the effectiveness of behavioral science techniques and
communication methods to improve the public acceptability of
sharing commercial data for health research.
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Abstract

Background: Public involvement in research is a growing phenomenon as well as a condition of research funding, and it is
often referred to as coproduction. Coproduction involves stakeholder contributions at every stage of research, but different
processes exist. However, the impact of coproduction on research is not well understood. Web-based young people’s advisory
groups (YPAGs) were established as part of the MindKind study at 3 sites (India, South Africa, and the United Kingdom) to
coproduce the wider research study. Each group site, led by a professional youth advisor, conducted all youth coproduction
activities collaboratively with other research staff.

Objective: This study aimed to evaluate the impact of youth coproduction in the MindKind study.

Methods: To measure the impact of web-based youth coproduction on all stakeholders, the following methods were used:
analysis of project documents, capturing the views of stakeholders using the Most Significant Change technique, and impact
frameworks to assess the impact of youth coproduction on specific stakeholder outcomes. Data were analyzed in collaboration
with researchers, advisors, and YPAG members to explore the impact of youth coproduction on research.

Results: The impact was recorded on 5 levels. First, at the paradigmatic level, a novel method of conducting research allowed
for a widely diverse group of YPAG representations, influencing study priorities, conceptualization, and design. Second, at the
infrastructural level, the YPAG and youth advisors meaningfully contributed to the dissemination of materials; infrastructural
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constraints of undertaking coproduction were also identified. Third, at the organizational level, coproduction necessitated
implementing new communication practices, such as a web-based shared platform. This meant that materials were easily accessible
to the whole team and communication streams remained consistent. Fourth, at the group level, authentic relationships developed
between the YPAG members, advisors, and the rest of the team, facilitated by regular web-based contact. Finally, at the individual
level, participants reported enhanced insights into mental well-being and appreciation for the opportunity to engage in research.

Conclusions: This study revealed several factors that shape the creation of web-based coproduction, with clear positive outcomes
for advisors, YPAG members, researchers, and other project staff. However, several challenges of coproduced research were also
encountered in multiple contexts and amid pressing timelines. For systematic reporting of the impact of youth coproduction, we
propose that monitoring, evaluation, and learning systems be designed and implemented early.

(JMIR Public Health Surveill 2023;9:e42963)   doi:10.2196/42963

KEYWORDS

web-based youth coproduction; mental health; public involvement; young people; advisory groups

Introduction

Background
Increasingly, participatory and collaborative research methods
have been used to reduce the gap between evidence and
implementation [1-3]. One way to do this is to involve target
groups in research, using coproduction processes, particularly
the involvement of youth, to reflect their needs in research [4,5].
Coproduction is “an approach in which researchers, practitioners
and the public work together, sharing power and responsibility
from the start to the end of the project, including the generation
of knowledge” [6]. Coproduction aims to ensure that the
knowledge generated is informed by the needs of the target
group, is relevant to them, and has greater applicative value in
their local setting [7]. This is somewhat different from what
Baum et al [8] describe as participatory action research, where
participants are involved in a reflective manner, by collecting
and analyzing the data and then determining the outcome. Thus,
the active involvement of knowledge users (eg, young people
with mental health difficulties) in research, who are experts in
their experience, aims to enhance the quality and utility of
research.

Coproduction in Mental Health Research With Youth
Different forms of mental health researcher and knowledge user
partnerships have grown in popularity, primarily in high-income
settings, particularly among young people [9]. With most
lifelong mental health conditions having an onset by the mid-20s
[10], there is a vital focus on better understanding youth mental
health needs and curating services tailored to their needs. Several
benefits of such youth-researcher collaborations have been
identified. For example, coproduction with youth increases the
relevance of research aims [11] and facilitation of recruitment
[12,13] and helps the production of richer and more reliable
data [14]. Researcher-intensive tasks such as data analysis, the
presentation of findings, and dissemination also benefit from
youth involvement [15]. Coproduction also enables
incorporating lived experiences effectively; with regard to user
outcomes, coproduction helps young people develop transferable
skills [9,16] and research skills [11] and to understand their own
mental health better [17].

Complexities and Challenges of Undertaking
Coproduction With Young People
Though coproduction of knowledge may seem like an elegant
solution to ensure the implementation of evidence-based
practices, it is a highly complex, context-specific experimental
process that is often time-consuming and resource intensive
[18]. Effective coproduction requires collaborative effort at
every stage of the research process [19]. The environment is
important, as are researcher traits, such as openness, tolerance,
and flexibility [20], and organizational qualities, such as building
trustworthy relationships and innovative methodologies [21,22].

The complex process of coproduction with youth comes with
specific challenges, as complicated power dynamics may need
to be identified, acknowledged, and addressed. Researchers may
need to address youth-adult hierarchies [23], which may disrupt
effective collaborative work. If such traditional patterns are not
disrupted, tokenism, difficulties in conflict resolution and shared
decision-making between youth and researchers can ensue [24].
Research processes that ensure coproduction with youth require
additional time and resources owing to a number of cultural,
ethical, and safety considerations, such as assent-consent
procedures for legal minors [25] and ensuring safe practices
while also recognizing their agency [5].

Measuring the Impact of Coproduction
Understanding and evidencing the impact of coproduction with
youth remains an area in need of further development. The
current literature on the monitoring and evaluation of young
people’s involvement in research is diffuse and dispersed and
does not have a standard taxonomy or methodology [26].
Moreover, much of the focus has been on “measurable,
economic and quantifiable impacts,” which does not take into
account the numerous dynamic processes of coproduction [27].
The diversity of approaches, evaluative frameworks, and depth
of discourse have made it difficult to measure the impact of
coproduction on research processes and outcomes.

Few studies report the impacts of youth coproduction [28],
complex processes of collaboration, and nonlinear impacts for
stakeholders [29]. The MindKind study used mixed methods
to elicit young people’s views on data governance and to assess
the feasibility of setting up a user-controlled global mental
health databank [30]. This study was conducted in India, South
Africa, and the United Kingdom. Participants aged 18 to 24
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years (16 to 24 years in the United Kingdom) were enrolled on
a separate website and randomized into 1 of the 4 data
governance options [30]. Using an app designed for the study,
participants were invited to share data on key active ingredients
of mental health, such as sleep, body movement, social
connections, and positive experiences over a 12-week period.
Study participants in the qualitative arm took part in
country-specific and multinational group deliberative democracy
sessions [31] focused on building a consensus pertaining to the
governance of a future mental health databank. Each arm of the
study had a strong focus on coproduction.

Given the gaps that exist in the literature, in this study, we aimed
to evaluate the impact of coproduction in the MindKind study,
and the processes involved in achieving such an impact. We
defined the impact of coproduction as a powerful or major
influence on 4 stakeholder groups: youth (professional youth
advisors and young people’s advisory group [YPAG] members),
researchers (staff who contributed to research design, data
collection, and analysis), decision makers (principal
investigators and funders), and support and administrative staff
(broadly defined to include anyone who undertook substantial
administrative and support responsibilities as part of their role).
We used the impact framework proposed by Beckett et al [27],
which applies a multifaceted lens to understand the breadth of
coproduction at different levels, the interactions between these
levels, and emergent mechanisms. These levels include
paradigmatic, structural, organizational, group, and individual
levels. Paradigmatic impacts are those impacts of coproduction
with the potential to modify ways of understanding and shift
frames of reference. Infrastructural impacts include broader
social, economic, policy, and political impacts. Organizational
impacts include rules, norms (culture), practices, and
organizational structures. Group impacts include interpersonal
and stakeholder relationships, whereas individual impacts
include personal changes such as improved mental or physical
health and improved practice and skills. The emphasis within
this framework is to “consider longer term developments, wider
social changes, any unintended consequences and how
coproduced research might affect and be affected by different
power dynamics” [27].

We note that the findings discussed in this manuscript do not
include any data from the main MindKind study or any of the
randomized arms. The objective of this manuscript was to
describe the impact of coproduction with youth on different

stakeholder groups [32]. Coproduction with youth was designed
to influence both the qualitative and quantitative study arms (ie,
youth were coresearchers), and we evaluated such impact of
youth acting as coresearchers on key stakeholder groups.
Advisors in the project did not participate in the qualitative or
quantitative study conducted as part of the MindKind study.

Methods

Ethics Approval
Ethics approval for the MindKind study was obtained from each
of the country sites, namely the United States (WIRB
#20212067), the United Kingdom (University of Cambridge,
Department of Psychology Research Ethics Committee: Ref.
PRE.2021.031 and University of Oxford: Ref R73366/RE00),
South Africa (Walter Sisulu University #029/2021 and the
Department of Higher Education and Training), and India (India
Law Society #ILS/242/2021 and Health Ministry Screening
Committee).

Overview of Youth Coproduction
Each MindKind study site employed a full-time youth lead or
professional youth advisor (youth advisor), to convene and run
a YPAG in each country site (India, South Africa, and the United
Kingdom) and advise on all aspects of the study. The youth
advisor was a young person aged 18-23 years who had lived
experience of mental health challenges. The in-country YPAGs
in each site comprised of young people with lived experience
of mental health challenges aged 18-24 years (16-24 years in
the United Kingdom), known as YPAG members. In addition
to the in-country YPAGs, around 3 to 4 YPAG members from
each site joined an international YPAG to advise on broader
study questions.

Each youth advisor had 1 vote on the study’s Steering
Committee and, therefore, actively participated in study
decision-making. Sessions conducted with the in-country and
international YPAGs were planned collaboratively by the
research teams and led by the respective youth advisors.
Sessions were recorded, and feedback shared by the YPAGs
was reported by the youth advisors to the research teams via a
web-based platform called Airtable. Researchers were then
required to respond in Airtable to clarify whether the feedback
had been actioned, and if not, why. Youth involvement in
MindKind is described in Figure 1.
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Figure 1. Youth involvement in the MindKind study.

Data Sources
Coproduction with youth occurred during the study period
between September 2020 and July 2022. Data collection to
evaluate the impact of coproduction was conducted sequentially
in 2 stages with 4 sets of stakeholder groups: youth (advisors
and YPAG members), researchers (staff who contributed to
research design, data collection, and analysis), decision makers
(principal investigators and funders), and support and
administrative staff (defined broadly to include anyone who
undertook substantial administrative and support responsibilities
as part of their role).

First, we collated various project documents generated between
September 2020 and January 2022, such as meeting recordings
and minutes, project descriptions, and work plans, to determine
the coproduction outcomes relevant to all stakeholder groups
(youth, researchers, decision makers, and administrative staff).
A total of 17 documents were downloaded from the project
database for analysis. A summary of these data sources is
presented in Textbox 1. The outcomes identified at this stage
allowed us to refine subsequent data collection on significant
changes for the 4 stakeholder groups.

Second, building on the identified outcomes, we generated data
based on the Most Significant Change (MSC) technique on the

main changes that resulted from coproduction with youth for
the 4 stakeholder groups, that is, moving from the outcomes
that were intended to take place to the impacts that actually took
place [33]. This technique involved gathering stories of the
MSCs from stakeholders via open questions to distill key
learning about the study and recommendations for the future.
In this study, MSC technique meant gathering views from the
4 stakeholder groups on what had changed or had been impacted
as a result of youth coproduction. Researchers and youth
advisors implemented the MSC technique via web-based
in-depth group discussions with in-country and international
YPAGs. In these group discussions with YPAG members, the
youth advisor in that study site and the lead authors gathered
youth views on what impacts they felt had taken place as a result
of youth coproduction.

For other stakeholders (ie, researchers, decision makers, and
administrative staff), an open-ended web-based questionnaire
solicited views on significant changes across 4 to 5 specified
outcomes for each stakeholder group. This web-based
questionnaire was emailed to all stakeholders in the study and
completed by 16 (52%) out of 31 participants. Although the
final sample of respondents was not very large, it involved
representation from each of the stakeholder groups and therefore,
represented a wide cross section of views. All questionnaire
responses were deidentified before analysis.
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Textbox 1. Summary of documentary data sources.

Initial project discussion notes

• Youth panel decisions between August and November 2020

• Global Mental Health Databank (initial name of MindKind) feedback documents

• Global Mental Health Databank project structure and governance

• Youth panel engagement

• Youth panel objectives

Steering committee notes

• Agenda and meeting minutes

• Presentation on project goals

• Presentation on data usability group feedback and results

Global youth panel meetings

• Meeting notes

• Presentation

Youth advisor onboarding materials

• Project governance plan

• Proposal for youth involvement

• Youth panel concept note

Youth advisory planning spreadsheet

• Youth panel deliverable tracker

Youth advisory planning presentation

• Airtable feedback loop

Funder materials on youth mental health

• Mental health priority log

Data Analysis
The analysis focused on building a picture of key changes that
occurred for the 4 stakeholder groups as a result of implementing
youth coproduction in the MindKind study and understanding
how stakeholders perceived its functioning and progress. We
used a qualitative approach to collate and synthesize the
collected data. Analysis took place at 2 time points: from
December to February 2022 and from March to May 2022.

The first stage consisted of a document analysis performed by
on of the lead authors (LN). Outcomes aimed to be achieved
due to youth coproduction were derived from study documents.
These outcomes were then mapped to the impact framework by
Beckett et al [27] (Textbox 2). Following this, inputs were
gathered from youth advisors, researchers, and YPAG members
in each site, and outcomes were revised as a result of such
inputs.

The second stage consisted of analyzing the MSC data to
identify the MSCs identified by the 4 stakeholder groups that
took place as a result of youth coproduction. This analysis was
performed collaboratively by 3 researchers, 3 youth advisors,
and 7 YPAG members from the United Kingdom and India,
who expressed their interest in being involved in data analysis.
Web-based sessions with the YPAGs were transcribed, and
open-ended survey responses were summarized. These
transcripts and summaries were then scrutinized for impacts on
the 4 stakeholder groups, which were categorized under the
impact framework [27].

In the final stage of analysis, MSC data were coanalyzed by all
analysts using an iterative voting approach to increase the
reliability of the findings [33]. This involved all analysts
discussing the key impacts, identifying the most impactful
quotations shared by participants from each of the 4 stakeholder
groups, discussing reasons for their choices, and then voting
again. A preliminary version of the findings was developed and
revised after discussion with advisors and YPAG members.
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Textbox 2. Outcomes of coproduction intended to take place, derived from study documents.

Outcomes at the paradigmatic level

• Better conceptualization of study questions, measures, and design

• Reorientating common research practices and assumptions

Outcomes at the infrastructural level

• Research that values youth voices

• Exploration of youth preferences and attitudes on a range of topics pertinent to data governance and mental health

• Youth-informed dissemination strategies

• Empowerment of young people as data users

Outcomes at the organizational level

• Established communication channels between all stakeholders

• Accountability mechanisms for receipt of feedback

• Increased connection between youth and research institutions

• Differentiated information outputs based on different information needs of stakeholders

• Time and effort invested in team building to fully integrate youth

Outcomes at the group level

• Engaging and authentic relationships between stakeholders, especially between youth and other stakeholders

• Youth-driven rules of engagement for advisors and young people advisory group members

Outcomes at the individual level

• Increased knowledge and capacity of research concepts and processes (for youth) and contexts of youth lives (for other stakeholder groups)

• Adequate compensation for time and effort; networking and skill development opportunities; insights into own mental health experiences; feeling
heard (for youth)

Results

Overview
A total of 31 stakeholders working across all MindKind study
sites, belonging to the 4 stakeholder groups, participated in
group discussions and questionnaires: 11 youths (3 advisors; 7
members across YPAGs in India, South Africa, the United
Kingdom and an international YPAG; and 1 lived experience
consultant at the funding organization); 11 researchers in India,
South Africa, the United Kingdom, and the United States; 6
decision makers (individuals responsible for key study decisions,
such as principal investigators and youth); and 3 support and
administrative staff. All participants were employed in the
MindKind study and had <1 to 25 years of health research
experience. Where stakeholders belonged to more than 1 group,
the primary group affiliation was used for the analysis (eg, a
professional youth advisor could belong to the youth, researcher,
and decision maker stakeholder groups). The participants were
based in both high- and middle-income settings.

We found that impact occurred at 5 levels detailed in the
framework developed by Beckett et al [27], namely, the
paradigmatic, infrastructural, organizational, group, and
individual levels. Detailed findings are available in Multimedia
Appendix 1.

Paradigmatic Impact: Big-Picture Learnings for
Coproduction
Paradigmatic impacts are those impacts of coproduction with
the potential to modify ways of understanding and shift frames
of reference [27]. We identified 2 paradigmatic impacts of
coproduction in the MindKind study: first, coproduction enabled
new and unexpected ways of conducting research, and second,
coproduction modified research priorities and influenced study
conceptualization and design, although this was not always
successfully implemented.

With regard to the first impact of new ways of conducting
research, we observed that youth advisors prompted researchers
and decision makers to engage with diverse groups of youth to
advise as part of YPAGs and use innovative methods to recruit
study participants (eg, using Instagram stories and posts to reach
young people). For YPAGs, advisors ensured that recruited
members represented diverse backgrounds in research
experience, ethnicity, geographic location, gender, or disability
status. Previous research shows that YPAG recruitment is
limited in diversity and geographic reach (eg, more advisors
who are women with prior research experience, based locally)
[11]. However, improved digital and technological flexibility
in web-based coproduction enabled greater diversity.

Key impacts of youth coproduction were the introduction of
Airtable, weekly youth-focused meetings, and relationship
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building among individual site teams. These immediate impacts
then helped improve the process of coproduction by creating
separate spaces for youth to share feedback, enabling practices
for all stakeholders to engage with one another, and setting up
multiple avenues for examining how coproduction goals were
being met. Accountability mechanisms are also important for
tracking the implementation of generated ideas:

We have to create spaces to explicitly solicit young
people’s feedback; just “having them in the room”
may be too overwhelming an environment to engage.
[Researcher]

Second, coproduction with youth transformed research priorities
and activities and influenced study conceptualization and design.
Through coproduction, we identified points of dissonance
between different stakeholder groups and used them to improve
study activities, key research decisions, and research knowledge
generated to align more with youth priorities, life experiences,
and contexts. One example of this was to introduce more
capacity building activities for advisors and YPAGs as a priority
to effectively advise and participate in research implementation.
Without such capacity building activities, youth stakeholders
can find it difficult to provide timely and effective advice, and
researchers and decision makers find it challenging to
incorporate youth perspectives in research. A shared mission
and common goals were important for guiding the overall
direction of coproduction.

YPAG members and advisors advised on the structure and
content of the MindKind app, such as preferred app engagement
features, which were a core component of the quantitative study.
They also reviewed and shared feedback on questions designed
to be used in qualitative group discussions with the study
participants. However, some of their feedback on the MindKind
app could not be successfully incorporated into the app
development process because of the research and funding
timelines. Timing was critical, as a number of early decisions
had to be made (owing to logistical and funding constraints)
before the coproduction systems had been set up. This highlights
the importance of timing and early engagement; otherwise, there
was a risk of disengagement among youth stakeholders:

If one is going to be doing research around youth,
then involve youth from the beginning right through
to the end. I think MindKind didn’t quite do this as
we had already developed the App and the areas to
focus on before we started the youth advisory
groups...we did a bit of “roughshodding” and hoped
they would agree with us! [Decision maker]

Capacity building activities for youth to advise on research
implementation and dissemination needed significant additional
time and resources, especially from advisors and early career
researchers, which were exacerbated by restricted funding
timelines. These constraints meant that there were contexts in
which coproduction was limited, and the study had to consider
meaningful ways of course correction or acknowledge which
parts of the study could not be meaningfully coproduced.
However, systems for reflection in multiple teams, forums, and
different groups were critical in ensuring that meaningful

engagement was always possible, and attempted, even if not
successful in every instance:

Many discussions around involvement have revolved
around equality. However, I thought it was important
to emphasise equity. This meant taking a unique
approach which focused on youth capacity
development and ongoing reflexivity rather than
assuming involvement just meant a seat at the table.
[Youth stakeholder]

Infrastructural Impact: Constraints and Opportunities
in Existing Systems
We describe infrastructural impacts of coproduction on
dissemination activities, as well as infrastructural constraints
within research, administrative, and funding structures that
governed the larger MindKind study.

Coproduction had positive impacts on research dissemination
for both formal (the MindKind final report, journal publications,
and conference presentations) and informal (blog posts, seminar
discussions, and internal presentations) outputs. For example,
we coanalyzed and cowrote our youth coproduction publications
with advisors and YPAG members, which introduced views
and perspectives that might not have otherwise been
incorporated. Advisors at each site (India, South Africa, and
the United Kingdom) shared their views on the topics to be
addressed in publications arising from the study. They also
contributed to preparing an outline for each publication,
participated in documentary analysis, and shared key learnings
from youth involvement via blog posts. Advisors and YPAG
members also coanalyzed qualitative data by assisting with
theme and subtheme selection, voting on the most important
findings to be highlighted, and commenting on drafts of the
manuscript.

We were regularly invited to share our learnings with external
research groups who had either begun or were contemplating
undertaking coproduction in the form of informal discussions
or extended presentations. We presented the challenges and
opportunities of coproduction in posters at academic
conferences, internal seminars, and university meetings (eg,
within the Child and Adolescent Psychiatry research group at
the Department of Psychiatry, University of Oxford). One such
presentation at an internal seminar was led entirely by the
advisor and YPAG members. The presence of a full-time advisor
was a positive catalyst for learning in other research projects.

Factors that facilitated positive infrastructural impact included
greater funding and administrative support to ensure that these
tensions were addressed appropriately. Flexible timelines and
the timely involvement of youth were also critical in ensuring
that youth stakeholders could be fully integrated and included
in the project as equal partners in research. This also meant that
research funding was critical to timing, as coproduction needed
resources available at the funding application stage to be done
appropriately.

Infrastructural impacts varied across contexts. For example, the
youth advisor and YPAG members in South Africa frequently
faced planned electricity outages or “load shedding,” which
hampered their ability to meet via web-based portals on a regular
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basis. YPAG members in South Africa also did not consistently
have access to the internet, and their agreed remuneration was
delayed owing to wider issues with the financial administration,
both of which negatively impacted their ability to engage. In
contrast, advisors in India and the United Kingdom faced fewer
infrastructural issues, which aided regular engagement and
advice from YPAG members. These findings underscore the
importance of infrastructure in a wider sense, including access
to the internet and responsive administrative systems that were
essential for facilitating effective coproduction.

An additional infrastructural impact within this study was that
we experienced a constant tension between project timelines,
deliverables, and coproduction aims. To undertake coproduction
with youth fully, we needed to invest significant time and effort
on capacity building activities, tailoring existing systems, and
mentorship, but these were not always compatible with the study
timelines. Pressure to produce reports or updates in line with
project milestones were also often at odds with the time that
was needed to effectively coproduce a specific aspect of the
study, whether that was about the design, data collection, or
analysis.

Organizational Impact: Differentiated Communication
Practices and the Feedback Loop
Organizational impacts include impacts on rules, norms
(culture), practices, and organizational structures [27]. We found
that the most critical organizational impact involved changes
in communication. Coproduction prompted organizations to
engage appropriately with diverse stakeholder groups, including
(1) ensuring that a feedback loop was in place to communicate
with stakeholders, especially youth, and that this loop was closed
in a way that stakeholders felt heard and (2) implementing
differentiated communication practices for different
stakeholders.

With regard to the feedback loop, we set up an Airtable system
to record feedback from YPAG members and advisors. Research
and project teams then acted on the feedback. If implementing
feedback was not possible, they explained why it could not be
done. Although this was an encouraging start, we found that
the critical component was ensuring that feedback loops needed
to be closed in a way that the youth felt they had been addressed.
Data collection on Airtable also had to be made more
conversational to engage with youth, so formal data collection
platforms were supplemented by meetings where youth could
share their feedback verbally, in addition to written feedback:

Communication must be done continuously and
through multiple channels. Because everyone learns
and contributes differently. [Decision maker]

Given that effective communication meant something different
for each stakeholder group, our communication practices needed
different frequencies and levels of detail as well as a more
inclusive information-sharing strategy to include youth. This
sometimes meant that given the large number of stakeholders
to consult, decisions needed more time to be taken. We
implemented other changes to address these issues, for example,
a weekly digest email for important announcements; quick links
to project documentation; and a list of the upcoming week’s

meetings, including any scheduled YPAGs. Importantly, the
digest was designed to ensure that everyone, including the
advisors, was informed about the decisions to be made, who
was making them, and when and in what format feedback would
be welcomed. These digests became important tools for
increasing transparency and inclusivity, directly impacting
communication between stakeholders.

Group Impact and Interpersonal Relationships:
Authenticity and Cycles of Engagement
Group-level impacts constitute interpersonal and stakeholder
relationships within a system [27]. We observed that due to
coproduction, authentic relationships developed between
researchers and advisors and between advisors and YPAG
members, and YPAG members experienced cycles of
engagement and disengagement.

Authentic relationships among the advisors were aided by
creating multiple channels of communication with them and
among them. The advisors and study team met every week
during the course of the study to discuss updates, youth
integration, challenges, and learnings. The youth advisors also
met each other, together with an external lived experience
consultant and advisor (employed by the funder), for regular
check-in meetings. They also had a monthly scheduled check-in
with each other.

Advisors were responsible for leading their own YPAG and
were encouraged to foster authentic relationships with the
members. They met the YPAG on a fortnightly basis and
conducted individual check-ins with the members to understand
any concerns or feedback from them. Overall, the project team
treating the advisors and YPAG members with curiosity and
professionalism was helpful in fostering these relationships.

Providing the YPAG members with opportunities to upskill and
spending time and resources on engagement were important in
creating positive group relationships. For example, actively
soliciting youth feedback, trying innovative ideas, and offering
multiple avenues for youth to engage and contribute to the study
beyond the role of an advisor (involvement in capacity building
activities, manuscript ideation, and writing) helped increase
engagement. Furthermore, closing the feedback loop in a way
felt by the youth was helpful, but when this was not possible,
it could lead to disengagement if not properly communicated
by researchers and decision makers:

Some key things to consider when engaging and
retaining youth in the MindKind Study—Providing
due credit to young people where necessary and
allowing them to be key decision makers who hold
equal power as adult staff on the team; Providing
compensation/reimbursement/honorarium for the time
that youth engage with us; Providing young people
with constant opportunities to upskill (through
workshops, manuscript involvement, consultancies
on projects aside from MindKind); Ensuring that
young people are given support when needed
(emotional/support with work etc.) [Youth]

Collaboration between researchers and advisors was established
over time and was beneficial to overall youth engagement. This
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was done through multiple channels, such as organizing
check-ins between researchers and advisors, as well as directly
involving advisors in all research-related activities.

Individual Impact: Better Skills, Knowledge, and
Capacities
According to Beckett et al [27], individual impact constitutes
the characteristics of stakeholders, including biological and
psychological aspects such as improved mental or physical
health and improved practice and skills for practitioners. For
advisors and YPAG members, major individual impacts included
greater insight into one’s own mental health; increased
knowledge of research concepts and processes; opportunities
to harness lived experiences of mental health challenges;
remuneration for time and skills; and new academic,
presentation, and study skills. The advisors and YPAG members
reported developing better insights into their own mental health
by participating in project activities and having discussions
about a future global mental health databank. Furthermore, they
reported increased skills and knowledge development in
research-related concepts:

One of the most significant changes for me is probably
the importance of research and studies which, which
I mean, are now involved in but just in general, for
the understanding of mental health...it’s helped me
look at mental health as more collective thing, rather
than being more focused on the individual just
because, like we, we convene, we talk on a weekly
basis, but also the moving parts and the systems which
have to be in place for some sort of change to happen.
And some sort of, like, insight into mental health and
research to actually come to fruition. [Youth]

These impacts were mediated by the following factors: having
site-specific and international YPAGs led by advisors, capacity
building activities for advisors to independently coordinate and
lead several study components, regular capacity building
activities for YPAG members to advise on study, and dedicated
spaces for youth to interact with each other. These capacity
building activities involved dedicating sessions to demonstrate
research in practice. Customized support for advisors to suit
their backgrounds and interests was also critical for enhancing
outcomes:

Young people’s social and cultural contexts affect
their knowledge and opinions on mental health. While
this was something that I had some idea about prior
to the study, having regular conversations with
advisors and researchers across the sites led to
interesting learnings on how social and cultural
contexts play a role in shaping a young person’s
perspective and knowledge on mental health (for
example, what mental health means to a young person
in a HIC [high-income country] vs what it means to
a young person in an LMIC [low- and middle-income
country]). [Youth]

For researchers and decision makers, enhanced coproduction
with youth resulted in a much richer understanding of young
people’s life experiences and contexts:

I think we learned a lot about how youth wanted to
be engaged...the decision making on the side of the
research team needed to happen at a much faster
pace than the youth were comfortable (or able) to
make decisions. As a result, we sometimes just “told”
rather than “asked.” I think the youth forced us to
slow down and demanded inclusion, which was a very
powerful change to the study. [Decision maker]

This was aided by ongoing reflexivity by the research team and
decision makers as well as course correction based on youth
feedback.

Discussion

Summary of Findings
Our findings suggest that coproduction with youth in the
MindKind study had significant positive impacts for all
stakeholder groups (youth, researchers, decision makers, and
administrative and support staff). In addition, having a
web-based YPAG allowed engagement from a diverse group
of panel members, facilitating wider reach and convenience by
conducting sessions at suitable times. We found that
coproduction impacted, to varying degrees, all 5 domains of
practice: paradigms (new or innovative ways of doing research
and influence on research priorities, conceptualization, and
design), infrastructure (improved dissemination of learning and
constant tensions between study timelines and coproduction
owing to infrastructural stressors), organizational (differentiated
communication needs, practices, and outputs; greater emphasis
on closing the feedback loop; and better access between youth
and research institutions), group (more authentic relationships
among youth and between youth and other stakeholders, and
ebbs and flows in engagement), and individual (increased skills
and capacities for all, opportunity to use lived experience of
mental health for youth, and increased knowledge of youth life
experiences for researchers and decision makers). Some impacts,
such as societal or infrastructural impacts, occurring beyond
the project can be challenging to measure and document but
cannot be ignored.

Implications and Recommendations
Youth coproduction generally led to better outcomes overall,
not only for youth but also for researchers, decision makers,
administrative staff, and the research as a whole. Individual-
and group-level impacts included increased knowledge, skills,
and capacities for youth and other stakeholders; youth being
able to use their lived experience of mental health and feeling
heard; authentic relationships between the YPAG and advisors;
and ebbs and flows in engagement over the project life cycle.
Many of these findings align with the wider literature on the
impact of coproduction with youth [4,28,34]. Having a dedicated
youth advisor in each site was critical in achieving these impacts.
There was no full-time youth advisor in the US study team (ie,
not a study site, but the coordination hub); if present, this might
have resulted in improved communication and greater youth
input into some of the technological decisions.

Coproduction with youth consistently challenged nonyouth
stakeholders on their assumptions of what the research could
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look like. This aligns with the wider literature, which emphasizes
that the involvement of stakeholders in research is linked with
greater effectiveness, if there is articulation of a shared mission
and goals [35]. Our findings further confirm that although a
shared mission is critical, establishing clear expectations with
funders and organizations in terms of the practical costs of
undertaking coproduction and implementing necessary changes
in organizational communication practices are critical in
achieving better outcomes for all.

Our experience of coproduction with youth as an active process
of valuing all types of knowledge and experiences and creating
a balance between different stakeholders aligns with others’
experiences [36]. However, we encountered several barriers in
implementing coproduction with youth according to its tenets
and in line with our shared mission [37]. Our systems for
reflection and discussion were critical in addressing these
barriers effectively, which is a characteristic of effective
partnerships [35]. Our findings point to the need for ongoing
monitoring and evaluation of impact and to ensure that this is
set up as early as practicable in the research cycle. Such
monitoring and evaluation should take the form of first
articulating outcomes and measurable indicators of what
coproduction is meant to achieve, for whom, and by when.
Establishing feedback forms and recurring surveys that capture
periodic progress toward these goals is a good starting point.

Coproduction was enacted, implemented, and received
differently by stakeholders in India, South Africa, and the United
Kingdom (MindKind study sites). Equally, public and
institutional infrastructure (eg, access to the internet) also played
a significant role in the way coproduction was implemented
and received in different contexts. Although such challenges
broadly map to the literature on coproduction in low- and
middle-income countries versus high-income countries [28],
we found variations between South Africa and India in this
context. Our findings underscore the concept that coproduction
is highly “place based” and occurs in particular social, economic,
and ecological contexts [38].

An important organizational impact detected was the change in
communication practices and outputs needed to undertake
coproduced research and ensuring that there was a feedback
loop in place and stakeholders (especially youth) felt that this
was closed in an appropriate way. This begins with the
recruitment and integration of youth advisors, understanding
their varied communication needs, and changing communication
and decision-making practices. These findings are consistent
with previous literature that highlights that effective
coproduction is achieved when there are positive working
relationships within and between teams, stakeholders feel heard,
and tailored communication helps create shared meanings of
concepts [35]. Our key mechanisms of achieving this impact
included establishing feedback loops and testing them to ensure
that they were fit for practice and supporting administrative
staff to implement these communication practices. These
practices are characterized as “maintenance tasks” in the wider
literature that supports the functioning of partnerships by
addressing core administrative and support needs [35].

The relatively recent completion of the study limits attempts to
describe the wider infrastructural or societal impact as intended
in the framework by Beckett et al [27]. Instead, we discuss
modest impacts on dissemination and infrastructural constraints
while undertaking coproduction with youth. However, to
determine the wider infrastructural impact of youth involvement
at the societal level, coproduction with youth would need to be
assessed at the national scale, where such methods are adopted
to measure its public value. Our experiences broadly map the
practical costs and challenges of coproduction, such as large
administrative burdens, increased researcher time and resources,
the lack of training on the implementation of coproduction, and
insufficient funds and resources to effectively undertake
coproduced research [39]. Although we found significant
benefits of undertaking coproduction, we also found that
grappling with timelines and costs could lead to a diluted version
of coproduction to coproduction lite. Despite the focus and
funding support, our experience highlights the entrenched
structural challenges in undertaking coproduced scientific
research more broadly [40]. Our findings highlight the need to
cocreate the infrastructure needed to undertake coproduction,
resource it appropriately, and recognize the time and skills
needed to coproduce research [39].

Youth Involvement
We were committed to ensuring the meaningful involvement
of young people, but funding and timeline constraints meant
that such involvement needed to be proportional and pragmatic.
Therefore, we involved YPAG members in areas where they
had particular knowledge, interests, or skills, specifically data
collection, analysis, and the interpretation of findings. We
analyzed the data in collaboration with advisors and YPAG
members who were interested in doing so and jointly interpreted
the findings and decided on specific findings to be presented in
the paper. In relation to dissemination, we also met YPAG
members and advisors who had participated in data analysis
and interpretation to understand how they would like to be
acknowledged in the paper (in this study, as coauthors).

Conclusions
Although the resources involved in coproduction are significant,
they yield several benefits for various stakeholder groups and
across several domains. We have attempted to capture these
impacts and their enabling or disabling factors in further detail
in the context of the MindKind study, which focused on young
people’s views of mental health data governance in India, South
Africa, and the United Kingdom. We found that “effective
coproduction emerges in practice” [41], and numerous
opportunities and challenges arise in the implementation of
coproduction.

There are no one-size-fits-all coproduction efforts. In sharing
the impact of coproduction on various stakeholders and
outcomes, we hope to have additionally demonstrated the value
of measuring and reporting outcomes associated with youth
coproduction [28]. We recommend that monitoring, evaluation,
and learning systems be designed and implemented early in
coproduction studies to enable more systematic reporting of
coproduction with youth and its impacts. Future research should
also examine how we can standardize the reporting of youth
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involvement in research; the Guidance for Reporting
Involvement of Patients and the Public (GRIPP) checklist
provide a useful starting point [42]. More frequent and detailed

reporting of the impact of coproduction with youth will likely
challenge the current funding and research infrastructure
constraints and enable better health research outputs.
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Abstract

Background: Functional limitations and disabilities have been associated with a decrease in cognitive function due to increasing
age. Gait performance and cognitive function have been associated with gait variability in executive function, the phase domain
in memory, and gait abnormalities in cognitive decline.

Objective: Our study aimed to investigate whether gait harmony was associated with cognitive function in the older adult
population. Moreover, we aimed to investigate whether gait harmony was associated with cognitive function and explore each
cognitive function in a specific harmonic state.

Methods: The study population included 510 adults aged ≥60 years who visited the Department of Neurology at the Veterans
Health Service Medical Center, Seoul, South Korea. Gait data were collected using a 3D motion capture device with a wireless
inertial measurement unit system. For cognitive function assessments, we used the Seoul Neuropsychological Screening Battery-Core
test, which evaluates the level of cognitive function or impairment in 5 cognitive domains.

Results: In general, the association between the Seoul Neuropsychological Screening Battery-Core tests and the stance-to-swing
ratio in the >1.63 ratio group yielded lower β coefficients than those in the 1.50-1.63 ratio group. After adjustment for confounders,
the odds ratio (OR) for the Digit Symbol Coding test (adjusted OR 0.42, 95% CI 0.20-0.88) and the Korean version of the Color
Word Stroop Test: 60 seconds (adjusted OR 0.51, 95% CI 0.29-0.89) for frontal and executive function were significantly lower
for the >1.63 ratio group than the reference group.

Conclusions: Our findings suggest that the gait phase ratio is a valuable indicator of walking deficits and may also be associated
with cognitive impairment in older adults.

(JMIR Public Health Surveill 2023;9:e46264)   doi:10.2196/46264

KEYWORDS

cognitive function; gait phase; physical performance; dementia; older adult; aging; asymmetric; balance; gait analysis; cognition;
cognitive impairment; gait; gait pattern; aging
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Introduction

The global population is rapidly aging, and the number of people
aged 65 years or older is expected to increase from 703 million
in 2019 to 1.5 billion in 2050 [1]. With the increasing older
adult population, age-related cognitive impairment has increased
and will become a public health problem unless prevention and
intervention are implemented [2]. The development of many
neurodegenerative disorders is usually a feature of the older
adult population in the context of aging [3], and age is known
as the primary risk factor for many diseases such as Alzheimer
disease (AD) and dementia [4,5]. Approximately 50 million
people have been diagnosed with dementia, which is one of the
leading causes of disability and mortality among aging adults
[6]. Moreover, dementia resulting from cognitive decline is an
irreversible process, and there are no effective treatments or
drugs for dementia [7]. Therefore, it is important to identify
factors that can delay the onset of cognitive impairment or
impact cognitive outcomes.

Human gait is complicated and divided into 5 primary modal
domains: rhythm, phase, variability, pace, and base of support
[8]. Safe and effective gaits are important markers throughout
life [9]. In older individuals, gait is used as a predictor of health
status [10], falls, activities of daily living [11,12], risk of
dementia [13], and even risk of early mortality [14]. Functional
limitations and disabilities have been associated with a decrease
in cognitive function due to increasing age [15]; motor
performance may be related to cognitive impairment and
dementia [16,17]. Furthermore, impairment of the motor system,
such as gait abnormalities, can lead to cognitive decline [16,17]
or early stages of dementia with aging [18]. Gait performance
and cognitive function have been associated with gait variability
in executive function [19], the phase domain in memory [20],
and gait abnormalities in cognitive decline [21]. An abnormal
gait, which increases the risk of dementia in older adults,
suggests low physical fitness in areas such as mobility [22] and
balance [23,24]. Therefore, gait cannot be simply explained as
an autonomic movement.

A principal issue is that older adults who demonstrate an
imbalance in gait are likely to be at a higher risk of cognitive
impairment [25]. Gait harmony, which indicates the proportion
of stance to swing in kinematic gait, is defined as the capacity
to transform the symmetrical human body into alternated,
synchronized, symmetric, and rhythmic movements [26].
Previous studies have shown that the proportion of stance to
swing is reduced during fast walking and increases under
pathological conditions such as Parkinson disease (PD) [27],
stroke [28], and spastic cerebral palsy [29]. A ratio from stance
to swing of 70% to 30% was found in patients with stroke [28],
and a longer stance phase increased gait stability [30]. It has
been suggested that a stance between 59% and 70% is a good
compromise between fast and stable walking by the harmonic
properties of the stance-to-swing ratio [30]. The harmonic ratio
property is founded not only in various disparate physical and
biological systems, including leaf disposition [31], nucleotide
frequencies [32], and cell [33], but also in human sciences, such
as body proportions [34] and aesthetic preferences [35].

However, there is a lack of evidence supporting the association
between gait harmony and cognitive function.

Therefore, the objective of this study was to investigate whether
gait harmony was associated with cognitive function in the older
adult population. In addition, we aimed to explore each cognitive
function in a specific harmonic state.

Methods

Setting and Study Design
A cross-sectional study was conducted at the Veterans Health
Service Medical Center, Seoul, South Korea. Individuals aged
≥60 years who visited the Department of Neurology between
March and December 2021 were recruited in this study. The
inclusion criteria were as follows: (1) those concerned about
cognitive decline, (2) those who could independently undergo
all the clinical tests and respond to questionnaires, and (3) those
who agreed to participate in this study. Individuals were
excluded based on the following criteria: (1) a diagnosis of
dementia (International Classification of Diseases, 10th
Revision, codes F00-F09 and G30); (2) diagnoses of brain
infarction, cerebral hemorrhage, or PD; and (3) a diagnosis of
another serious disease (eg, cancer or mental illness).
Experienced neurological clinicians evaluated the inclusion and
exclusion criteria.

The participants were subjected to a health survey consisting
of gait measurements, cognitive examinations, and
questionnaires. The survey was conducted at the Veterans
Medical Research Institute of the Veterans Health Service
Medical Center. A total of 575 individuals volunteered to
participate in this study and provided informed consent at
enrollment. Of these, 65 participants subsequently dropped out
of the study because they were younger than 60 years (n=5) or
had missing data on variables (ie, sex, education level, BMI,
gait measurements, and cognitive parameters; n=60). After these
exclusions, 510 people were eligible for this study.

Ethics Approval
Study protocols were approved by the Institutional Ethics
Review Board of the Veterans Health Service Medical Center
(BOHUN 2021-02-024 and BOHUN 2021-01-066). All
participants provided signed informed consent prior to study
enrollment.

Gait Analysis
Kinematic data of gait parameters were collected using the
NORAXON myoMOTION sensor, which is a 3D motion capture
device used with a wireless inertial measurement unit (IMU)
system. The IMU sensor plays a role in transmitting human
movement data directly to the myoMOTION receiver to
compute the angular changes of the selected body segments. In
a particular space, the 3D rotation angles of each sensor on
selected body segments were measured from the 3D
accelerometer, gyroscope, and magnetometer using fusion
algorithms; these angles are also known as orientation or
navigation angles. The sensor for angular orientation uses a
robust fusion algorithm combining the elemental sensor
component axes’ readings as quaternion element values. This
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technology mathematically combines and filters incoming source
signals at the sensor level and transmits the 4 quaternions of
each sensor. Then, using NORAXON’s software, the quaternion
data are automatically converted into anatomical angles using
a rigid body model with joint segments. NORAXON’s software
also records each sensor’s orientation angles and linear
acceleration. The system is intended to quantify angular changes
of the involved joint and can mathematically derive the x, y,
and z displacements in space from linear acceleration data and
inverse kinematics modeling. Using this process, the algorithm
uses a gyroscope and acceleration data from body-mounted
sensors to identify the stance and swing phases in the gait cycle
through the signal recorded at a sampling rate of 100-200 Hz.
The recoded IMU data were added, filtered, and processed using
the myoMOTION software to quantify angular changes in the
joints, and the output was exported to Microsoft Excel files
[36-38].

For this study, 7 IMU sensors were attached to the participants’
feet, frontal tibia bones, quadriceps, and the sacrum on the left
and right sides symmetrically (ie, 2 on the feet, 2 on the frontal
tibia bones, 2 on the quadriceps, and 1 on the sacrum,
respectively). Calibration was performed using an upright
posture to determine the value of the 0° angle in the joints. The
participants were instructed to walk at their usual pace for the
measured distance (10 m), and walking start or stop points for
the measured distance were marked on the floor. The
participants started walking at the start signal and stopped
walking by themselves at the stop point. However, owing to an
acceleration and deceleration phase during the 10-m gait test,
the first and last steps were removed.

The data transmitted to the myoMOTION software comprised
the kinematic parameters of gait variables including the
automatically processed average signals for each stance and
swing phase. The stance-to-swing ratio was calculated using
the average signal values of the stance and swing phases (stance
phase [%] / swing phase [%]) [30]. The total gait cycle
comprises the stance and swing phases. The literature suggests
that during stable human walking, with the total gait cycle set
to 100%, the stance phase comprises 60% to 62% and the swing
phase comprises 40% to 38%, equating to a ratio of 1.50-1.63
[39-41]. These values were then used to determine the harmonic
gait group in this study. Therefore, gait ratios were stratified
into 3 groups (<1.50, 1.50-1.63, or >1.63). The harmonic group
included individuals in the 1.50-1.63 ratio range, whereas the
nonharmonic group included those with the other ratios (<1.50
and >1.63).

Cognition Evaluation
Participants performed a brief version of the Seoul
Neuropsychological Screening Battery, named the Seoul
Neuropsychological Screening Battery-Core (SNSB-C), which

evaluates the level of cognitive function or impairment in the
following 5 cognitive domains: attention, language and related
functions, visuospatial functions, memory, and frontal and
executive functions [42]. SNSB-C is made up of 14 subtests,
including the Digit Span Test, a short version of the
Korean-Boston Naming Test (S-K-BNT), Rey Complex Figure
Test (RCFT), Seoul Verbal Learning Test: Delayed Recall
(SVLT: DR), the Korean version of Color Word Stroop Test:
60 seconds (K-CWST: 60sec), Controlled Oral Word
Association Test (COWAT), Trail Making Test-Elderly: Part
B (TMT-E: B), and Digit Symbol Coding [43]. Each SNSB-C
score is expressed as standardized percentile, stratified for age,
sex, and education.

Other Variables
The questionnaire information included age (≥60 years) and
sex (male or female). Health behavior variables included
smoking status (current, former, or never), alcohol consumption
(drinker or nondrinker), vigorous exercises (yes or no), and
BMI. BMI was calculated by dividing the individual’s weight

(kg) by height squared (m2).

Statistical Analyses
Statistical differences between the characteristics of the study
population were analyzed according to the stance-to-swing ratio
(<1.50, 1.50-1.63, or >1.63 ratio group) using the proportion of
physiologically comfortable human gait [30,40,41,44,45]. In
the analysis, cognitive function and gait ratio were used as the
dependent and independent variables, respectively. For each
variable, the chi-square test and 2-tailed t test were performed
for each group of participants. Linear regression analysis was
used to evaluate the association between cognitive function tests
and the stance-to-swing ratio in each group of gait phase ratio
and to provide β coefficients and SEs. The logistic regression
model provided odds ratios (ORs) and 95% CIs for each
cognitive function test percentiles as the stance-to-swing ratio
increased or decreased. The 1.50-1.63 ratio group was used as
the reference. Regression models were adjusted for age, sex,
education level, smoking status, alcohol consumption, vigorous
exercises, and BMI. All statistical analyses were performed
with SAS (version 9.4; SAS Institute), and the statistical
significance was established at α=.05.

Results

Participant Characteristics
Table 1 summarizes the characteristics of the study population
according to the 3 stance-to-swing ratio groups. A total of 510
participants with a mean age of 74.1 (SD 5.6) years were
included in the study. Of the participants, 34 (6.7%) were in the
<1.50 ratio group, 122 (23.9%) were in the 1.50-1.63 ratio
group, and 354 (69.4%) were in the >1.63 ratio group.
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Table 1. Characteristics of the study population according to the 3 stance-to-swing ratio groups.

P valuebStance-to-swing ratio groupaTotal population
(n=510)

Characteristic

>1.631.50-1.63<1.50

354 (69.4)122 (23.9)34 (6.7)510 (100)Participant, n (%)

.56c74.3 (5.8)73.7 (5.0)74.1 (5.2)74.1 (5.6)Age (year), mean (SD)

.57dSex, n (%)

185 (68)70 (25.7)17 (6.3)272 (53.3)Male

169 (71)52 (21.9)17 (7.1)238 (46.7)Female

.06dEducation, n (%)

195 (75.3)51 (19.7)13 (5)259 (50.8)Less than high school

75 (63.6)34 (28.8)9 (7.6)118 (23.1)High school

84 (63.2)37 (27.8)12 (9)133 (26.1)College or more

.66dSmoking status, n (%)

133 (67.9)51 (26)12 (6.1)196 (38.4)Current or former smoker

221 (70.4)71 (22.6)22 (7)314 (61.6)Never smoker

.12dAlcohol drinking, n (%)

207 (67.2)83 (27)18 (5.8)308 (60.4)Drinker

147 (72.8)39 (19.3)16 (7.9)202 (39.6)Nondrinker

.045dVigorous intensity exercises for a week, n (%)

63 (62.4)26 (25.7)12 (11.9)101 (19.8)Yes

291 (71.2)96 (23.5)22 (5.4)409 (80.2)No

<.00125.4 (3.2)23.9 (2.9)24.1 (2.5)24.9 (3.2)BMI (kg/m2), mean (SD)

Gait phase (%), mean (SD)

<.001c64.0 (1.6)61.2 (0.5)59.0 (1.2)63.0 (2.1)Stance

<.001c36.0 (1.6)38.8 (0.5)41.0 (1.2)37.0 (2.1)Swing

<.001c1.8 (0.1)1.6 (0.03)1.4 (1.2)1.7 (0.2)Stance-to-swing

aThe denominators of the percentages in these columns correspond to the n values in the “Total population” column of the same row.
bThe P values are based on chi-square test for categorical variables and one-way ANOVA for numerical variables in the stance-to-swing ratio groups.
cANOVA.
dChi-square test.

Cognitive Performance and Gait Balance
Table 2 shows the mean (SE) of each SNSB-C test (percentile)
data according to the stance-to-swing ratios. The Digit Symbol
Coding (56.31 vs 61.65 vs 52.88; P=.02), TMT-E: B (61.77 vs

57.76 vs 51.49; P=.02), and K-CWST: 60sec (45.67 vs 48.72
vs 40.87; P=.03) tests for frontal and executive functions showed
statistically significant differences among the stance-to-swing
ratio groups. However, there were no differences in the other
cognitive functions.
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Table 2. Mean (SE) of each Seoul Neuropsychological Screening Battery-Core (SNSB-C) test (percentile) according to the stance-to-swing ratio
groups.

P valueaStance-to-swing ratio group, mean (SE)Function and test

>1.631.50-1.63<1.50

Attention

.1143.71 (1.54)50.22 (2.83)44.25 (4.88)Digit Span Test

Visuospatial

.1955.98 (1.53)55.97 (2.44)65.16 (4.37)RCFTb: copy

Language

.2053.35 (1.47)58.57 (2.59)53.41 (5.11)S-K-BNTc

Memory

.4436.77 (1.63)32.95 (2.78)38.64 (5.58)SVLT: DRd

Frontal and executive

.0252.88 (1.61)61.65 (2.46)56.31 (4.97)Digit Symbol Coding

.1641.96 (1.50)46.45 (2.61)49.21 (4.88)COWATe: animal + ㄱ

.0251.49 (1.49)57.76 (2.52)61.77 (3.27)TMT-E: Bf

.0340.87 (1.56)48.72 (2.64)45.67 (4.92)K-CWST: 60secg

aThe P values are based on one-way ANOVA for numerical variables in the stance-to-swing ratio groups.
bRCFT: Rey Complex Figure Test.
cS-K-BNT: short version of the Korean-Boston Naming Test.
dSVLT: DR: Seoul Verbal Learning Test: Delayed Recall.
eCOWAT: Controlled Oral Word Association Test.
fTMT-E: B: Trail Making Test-Elderly: Part B.
gK-CWST: 60sec: the Korean version of Color Word Stroop Test: 60 seconds.

Association Between Cognitive Performance and Gait
Balance
Table 3 shows the estimated β coefficients (SE) of each SNSB-C
test based on the stance-to-swing ratio groups. In the Digit Span
Test for attention functions, a significant association was
observed in the >1.63 ratio group (β=–6.514, SE 3.098; P=.04)
before adjustment. The unadjusted β coefficients were
significant in the >1.63 ratio group for the Digit Symbol Coding
(β=–8.773, SE 3.098; P=.005), TMT-E: B (β=–6.269, SE 2.890;
P=.03), and K-CWST: 60sec (β=–7.855, SE 3.075; P=.01) tests
for frontal and executive functions. In the fully adjusted model,

a significant β coefficient was observed in the >1.63 ratio group
for the S-K-BNT for language function (β=–6.573, SE 2.813;
P=.02). Compared with the reference, there were significant β
coefficients in the >1.63 ratio group for the Digit Symbol Coding
(β=–7.991, SE 3.028; P=.009) and K-CWST: 60sec (β=–8.083,
SE 3.076; P=.009) tests for frontal and executive functions. In
general, the association between the SNSB-C test data and the
stance-to-swing ratio in the >1.63 ratio group yielded lower β
coefficients than those in the 1.50-1.63 ratio group. Most β
coefficients showed a decreasing relationship for the SNSB-C
test data and the stance-to-swing ratio, whereas there were no
significant associations in the <1.50 ratio group (all P>.05).

JMIR Public Health Surveill 2023 | vol. 9 | e46264 | p.80https://publichealth.jmir.org/2023/1/e46264
(page number not for citation purposes)

Choi et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 3. The estimated β coefficient (SE) of each Seoul Neuropsychological Screening Battery-Core (SNSB-C) test based on the stance-to-swing ratio
groups.

Adjusteda model (stance-to-swing ratio group)Unadjusted model (stance-to-swing ratio group)Function and test

>1.631.50-
1.63

<1.50>1.631.50-
1.63

<1.50

P valueValue, β (SE)P valueValue, β (SE)P valueValue, β (SE)P valueValue, β (SE)

Attention

.19–4.141 (3.184)Ref.34–5.474 (5.739).04–6.514 (3.098)Refb.30–5.967 (5.723)Digit Span Test

Visuospatial

.750.981 (3.029)Ref.108.913 (5.460)>.990.014 (2.956)Ref.099.193 (5.461)RCFTc: copy

Language

.02–6.573 (2.813)Ref.49–3.471 (5.071).08–5.215 (2.947)Ref.34–5.160 (5.444)S-K-BNTd

Memory

.273.479 (3.175)Ref.325.696 (5.724).243.817 (3.237)Ref.345.691 (5.979)SVLT: DRe

Frontal and executive

.009–7.991 (3.028)Ref.45–4.092 (5.458).005–8.773 (3.089)Ref.35–5.344 (5.706)Digit Symbol
Coding

.09–5.175 (3.072)Ref.602.904 (5.538).13–4.486 (2.985)Ref.622.766 (5.514)COWATf: animal
+ ㄱ

.08–5.206 (2.934)Ref.295.552 (5.290).03–6.269 (2.890)Ref.454.016 (5.338)TMT-E: Bg

0=.009–8.083 (3.076)Ref.68–2.318 (5.545).01–7.855 (3.075)Ref.59–3.049 (5.680)K-CWST: 60sech

aThis result was adjusted for age, sex, education, smoking status, alcohol consumption, vigorous exercises, and BMI.
bRef: reference.
cRCFT: Rey Complex Figure Test.
dS-K-BNT: short version of the Korean-Boston Naming Test.
eSVLT: DR: Seoul Verbal Learning Test: Delayed Recall.
fCOWAT: Controlled Oral Word Association Test.
gTMT-E: B: Trail Making Test-Elderly: Part B.
hK-CWST: 60sec: the Korean version of Color Word Stroop Test: 60seconds.

Figure 1 presents the distributions between SNSB-C tests and
stance-to-swing ratio groups using box and scatter plots. Overall,
the study participants in the >1.63 gait ratio group were
distributed across all the percentiles for each SNSB-C test.

The adjusted OR (95% CI) for each SNSB-C test according to
the stance-to-swing ratio group is shown in Figure 2. After
adjustment for age, sex, education, smoking status, alcohol

consumption, vigorous exercises, and BMI, the adjusted OR
for the Digit Symbol Coding (adjusted OR 0.42, 95% CI
0.20-0.88) and K-CWST: 60sec (adjusted OR 0.51, 95% CI
0.29-0.89) tests for frontal and executive function was
significantly lower for the >1.63 ratio group than for the
reference group (the 1.50-1.63 stance-to-swing ratio group).
However, most cognitive function tests showed no differences
according to the stance-to-swing ratio group.
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Figure 1. The box and scatter plots of the gait ratio groups for each SNSB-C test. The red box and scatter plots represent the <1.50 ratio group, the
green box and scatter plots represent the 1.50-1.63 ratio group, and the blue box and scatter plots represent the >1.63 ratio group. The red dots are the
mean of each SNSB-C test percentile according to each gait ratio group: (A) Digit Span Test, (B) RCFT: copy, (C) S-K-BNT, (D) SVLT: DR, (E) Digit
Symbol Xoding, (F) COWAT: animal + ㄱ, (G) TMT-E: B, and (H) K-CWST: 60 sec. COWAT: Controlled Oral Word Association Test; K-CWST:
60sec: the Korean version of Color Word Stroop Test: 60 seconds; RCFT: Rey Complex Figure Test; S-K-BNT: short version of the Korean-Boston
Naming Test; SNSB-C: Seoul Neuropsychological Screening Battery-Core; SVLT: DR: Seoul Verbal Learning Test: Delayed Recall; and TMT-E: B:
Trail Making Test-Elderly: Part B.
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Figure 2. Adjusted odds ratio (OR; 95% CI) of each Seoul Neuropsychological Screening Battery-Core (SNSB-C) test according to the stance-to-swing
ratio group. Adjusted for age, sex, education, smoking status, alcohol consumption, vigorous exercises, and BMI. *P<.001. COWAT: Controlled Oral
Word Association Test; K-CWST: 60sec: the Korean version of Color Word Stroop Test: 60seconds; RCFT: Rey Complex Figure Test; S-K-BNT:
short version of the Korean-Boston Naming Test; SVLT: DR: Seoul Verbal Learning Test: Delayed Recall; TMT-E: B: Trail Making Test-Elderly: Part
B.

Discussion

Principal Findings
This study investigated the association between cognitive
function and gait harmony in older Korean adults. We found a
significantly higher cognitive performance percentile in frontal
and executive functions among participants in the harmonic
stance-to-swing ratio group. Compared with participants that
exhibited a harmonic gait ratio, the cognitive assessment
percentile decreased in those who showed the nonharmonic gait
ratio, especially for visuospatial, frontal, and executive
functions. Specifically, the relationship between the Digit
Symbol Coding and K-CWST: 60sec test data on frontal and
executive functions and the gait phase ratio remained significant
after controlling for covariates. This information supports our
understanding that cognitive function is interrelated with gait
harmony in the older adult population.

Comparison With Prior Work and Clinical
Implications
Our findings on gait balance and cognitive function were
partially consistent with the results of previous studies.
According to a recent cross-sectional study by Noh et al [21]
of 735 community-based individuals (aged 65-89 years),
cognitive function was associated with the stance phase at a
slower walking speed (β=0.088; P=.02). Based on a previous
study in Italy on people with and without PD, alterations in gait
ratio were expected; Peppe et al [27] suggested that compared
with healthy participants, patients with PD have prolonged
stance phases (patients with PD: 68.1% vs patients without PD:
63.6%; P<.001) [27]. Another study in 31 patients older than
55 years in China [46] investigated the relationship between
gait characteristics and dementia, such as poststroke dementia
(PSD) and AD. Ni et al [46] showed that in all gait tests, the
percentage of time spent in the stance phase was longer (patients

with PSD: 63.95% vs patients with AD: 63.09% vs healthy
adults: 62.15%; P=.002) and in the swing phase was shorter
(patients with PSD: 36.04% vs patients with AD: 36.91% vs
healthy adults: 37.86%; P=.002) among patients with dementia
than among healthy controls. Taken together, these studies
highlight that older individuals with gait imbalance are relatively
susceptible to a decrease in cognitive function.

The mechanism underlying the relationship between proper gait
proportion and cognition remains unclear. One possible
explanation is that a well-balanced gait is related not only to
the motor system, such as muscle strength, but also to cognition,
such as memory, attention, executive function, and visuospatial
capacity [47,48]. Attention and executive functions are
significantly associated with gait speed in older adults with and
without cognitive decline [49]. Poor attention and executive
processing in the brain are correlated with white matter
hyperintensity, which negatively affects gait pace, spatiality,
and variability [50]. The variability of gait is related to the stance
and swing phases, and the double support phase is more variable
in the presence of poor balance. In memory and spatial
functions, beyond the primary role of the hippocampus and
parahippocampal gyrus, the induction of memory by
hippocampal atrophy also influences rhythm, variability, and
human balance control [51-53]. Gait reflects the health of
individuals in compensating for changes in postural balance
and is controlled by well-balanced neural circuits and specific
brain structures, including the frontal lobes, basal ganglia,
cerebellum, and sensory and motor systems [48,54,55].
Generally, during walking, the complexity of controlling
redundant degrees of freedom of bilateral multijoint limbs is
reduced by the nervous system [56]. Human gait is structured
for specific phases of the gait leg movements [57] that can lead
to the maintenance of the basic walking rhythm, which generates
alternating activity of the flexor and extensor motoneurons [58].
Simple alternation of flexor and extensor activity is converted
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into more complex and adaptable walking patterns by
hippocampal neurons that receive serotonergic projections from
the median raphe nuclei. The projections of serotonergic neurons
of the brain stem that innervate the spinal cord stepping
generator play a role in activating and influencing the walking
rhythm [59]. A decrease in serotonin levels in cerebrospinal
fluid and severe gait and posture disorders have been observed
in patients with PD [60]. Hence, the stance-to-swing ratios under
pathological conditions may be far from the value of the
harmonic proportion value.

Strengths and Limitations
To our knowledge, this study demonstrated an association
between gait harmony and cognitive function, which has not
been reported previously. Additionally, a strength of this study
is the use of noninvasive measurement as an index for predicting
decreased cognitive function. Moreover, we showed association
between gait and cognitive performance using the SNSB-C
tests, which includes 5 cognitive functions (ie, attention,
visuospatial, language, memory, and frontal and executive).
However, the study had some limitations. First, as this was a
cross-sectional study, it is difficult to confirm the causal
relationship between gait harmony and cognitive function.
Therefore, we cannot indicate trends or changes from normal
cognitive function to cognitive dysfunction. Second, the study
was not free from bias due to self-reported data. As this study
was based on an observational investigation, the questions asked

to collect data may concern private or sensitive topics, such as
education level, smoking status, and alcohol consumption. Thus,
self-reporting data can be affected by social desirability.
Moreover, we cannot rule out that some variables affecting
cognition, such as dietary intake, medication, and occupation,
were not analyzed in the statistical model. These unmeasured
variables may be residual confounders.

Conclusions
Dementia is one of the most important health issues associated
with aging. However, the diagnosis of dementia is expensive
and involves complex measurements. Gait, on the other hand,
can be measured noninvasively, comparatively conveniently,
and rapidly. Therefore, this study can be important for public
health management, in that gait performance assessment can
be used to screen for potential cognitive impairment.

Our study found that low cognitive function was related to a
nonharmonic gait ratio in participants aged 60 years or older in
South Korea. In contrast, harmonic gait ratio was associated
with good cognitive performance. These findings suggest that
the gait ratio may be a valuable indicator of cognitive
impairment. The presence of a nonharmonic gait ratio that is
different from the general gait ratio may be an indirect marker
of cognitive decline, independent of confounding factors in the
older adult population. However, more research is required to
replicate our results and establish possible mechanisms of a
relationship between proper gait ratio and cognitive function.
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Abstract

Background: Patients with colorectal cancer (CRC) often present with multiple comorbidities, and many of these can affect
treatment and survival. However, previous comorbidity studies primarily focused on diseases in commonly used comorbidity
indices. The comorbid status of CRC patients with respect to the entire spectrum of chronic diseases has not yet been investigated.

Objective: This study aimed to systematically analyze all chronic diagnoses and diseases co-occurring, using a network-based
approach and large-scale administrative health data, and provide a complete picture of the comorbidity pattern in patients newly
diagnosed with CRC from southwest China.

Methods: In this retrospective observational study, the hospital discharge records of 678 hospitals from 2015 to 2020 in Sichuan
Province, China were used to identify new CRC cases in 2020 and their history of diseases. We examined all chronic diagnoses
using ICD-10 (International Classification of Diseases, 10th Revision) codes at 3 digits and focused on chronic diseases with
>1% prevalence in at least one subgroup (1-sided test, P<.025), which resulted in a total of 66 chronic diseases. Phenotypic
comorbidity networks were constructed across all CRC patients and different subgroups by sex, age (18-59, 60-69, 70-79, and
≥80 years), area (urban and rural), and cancer site (colon and rectum), with comorbidity as a node and linkages representing
significant correlations between multiple comorbidities.

Results: A total of 29,610 new CRC cases occurred in Sichuan, China in 2020. The mean patient age at diagnosis was 65.6 (SD
12.9) years, and 75.5% (22,369/29,610) had at least one comorbidity. The most prevalent comorbidities were hypertension
(8581/29,610, 29.0%; 95% CI 28.5%-29.5%), hyperplasia of the prostate (3816/17,426, 21.9%; 95% CI 21.3%-22.5%), and
chronic obstructive pulmonary disease (COPD; 4199/29,610, 14.2%; 95% CI 13.8%-14.6%). The prevalence of single comorbidities
was different in each subgroup in most cases. Comorbidities were closely associated, with disorders of lipoprotein metabolism
and hyperplasia of the prostate mediating correlations between other comorbidities. Males and females shared 58.3% (141/242)
of disease pairs, whereas male-female disparities occurred primarily in diseases coexisting with COPD, cerebrovascular diseases,
atherosclerosis, heart failure, or renal failure among males and with osteoporosis or gonarthrosis among females. Urban patients
generally had more comorbidities with higher prevalence and more complex disease coexistence relationships, whereas rural
patients were more likely to have co-existing severe diseases, such as heart failure comorbid with the sequelae of cerebrovascular
disease or COPD.

Conclusions: Male-female and urban-rural disparities in the prevalence of single comorbidities and their complex coexistence
relationships in new CRC cases were not due to simple coincidence. The results reflect clinical practice in CRC patients and
emphasize the importance of measuring comorbidity patterns in terms of individual and coexisting diseases in order to better
understand comorbidity patterns.
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Introduction

Colorectal cancer (CRC) is the third most common malignancy
and the second most deadly cancer globally, with 1.93 million
new cases and 0.93 million deaths estimated in 2020 [1]. China
has become one of the countries with the highest incidences of
CRC cases and CRC-related deaths worldwide, as a consequence
of lifestyle changes and accelerated aging of the population [2].
In 2020, newly diagnosed CRC cases in China accounted for
28.8% of new global cases and CRC-related deaths in China
accounted for 30.6% of all CRC-related deaths worldwide [3].

Patients with CRC commonly present at an older age and have
a relatively high proportion of other chronic diseases (ie,
comorbidities). In a retrospective study in Korea, 49.6% of
colon cancer patients had ≥3 comorbidities [4]. In an
observational cohort study in the United States, 40% of CRC
patients had 1 to 3 comorbidities and 19% had ≥4 comorbidities
[5]. In addition, evidence is increasing that the coexistence of
various chronic diseases has a substantial effect on the treatment,
outcomes, and survival of CRC patients [6-9]. In a retrospective
cohort study of 29,733 CRC patients, approximately 9% of
deaths were attributable to congestive heart failure (CHF), more
than 5% were attributable to chronic obstructive pulmonary
disease (COPD), and nearly 4% were attributable to diabetes
mellitus (DM) [10]. Several studies have also suggested that
CRC patients burdened by comorbidities have higher mortality
than those without coexisting diseases [8,11,12]. Thus,
increasing the understanding about and attention to patterns of
diseases that coexist with CRC is important for disease
management and more personalized medicine.

To date, investigations on comorbidities associated with CRC
have primarily focused on commonly used comorbidity indices,
such as the Charlson comorbidity index and Elixhauser
comorbidity index [5,13-15], or defined a comorbid condition
as 1 of the 14 selected health conditions [16]. Although some
comorbid conditions, such as hypertension and DM, are well
recognized [5,15,17,18], many others are likely unidentified.
A significant gap in knowledge remains regarding comorbidity
patterns with CRC, especially among Chinese populations whose
lifestyles and diets differ from those of Western populations.

In recent years, the development of network theory has provided
new approaches to understand the complex interrelations
between diseases [19-21]. The phenotypic comorbidity network
(PCN) also known as the disease co-occurrence network has
been widely used to study the comorbidity patterns of various
chronic conditions, such as depression [22], ischemic heart
disease (IHD) [23], pediatric pulmonary hypertension [24],
migraine [25], COPD [26], hip fracture [27], and hepatocellular
carcinoma [28]. Additionally, rapid growth in administrative
health data (eg, hospital discharge data) offers opportunities to
simultaneously assess the entire spectrum of diagnoses in
comorbidity studies [29,30]. Administrative health data include

a substantial amount of health information in the form of ICD-10
(International Classification of Diseases, 10th Revision) codes,
which have tremendous potential to increase the understanding
of the nature of comorbidities [30]. Nevertheless, to our
knowledge, no study has yet applied network theory with
regional administrative health data to systematically exploit the
hidden information of comorbidity patterns in Chinese patients
with CRC.

The aim of this study was to apply a network-based approach
using routinely collected hospital discharge records (HDRs) to
identify comorbidity patterns in a general population of newly
diagnosed CRC patients. Comorbidity patterns were assessed
by measuring the prevalence of individual diseases and the
comorbid strength of coexisting diseases and by determining
differences in sex, age at diagnosis, region, and cancer site.

Methods

Study Design and Participants
A retrospective cohort study was performed using longitudinal
data from a provincial health administrative data set. The data
set was mandatorily collected, and it included routinely collected
anonymized HDRs from all secondary hospitals and tertiary
hospitals in Sichuan Province, China, since 2015 [21]. HDRs
are medical record documents with legal effect and cover
detailed discharge diagnosis information, which are coded using
standardized ICD-10 codes [31]. Each inpatient’s longitudinal
clinical data were available, including anonymized identity,
age, sex, residential address, admission date, discharge date,
principal discharge diagnosis, and up to 15 secondary diagnoses.
Sichuan Province, one of the most populous provinces in China,
is separated into 2 cultural/topographic sections by the
Hengduan Mountains, thus providing a scaled-down model of
the broader situation in China [32,33].

A previous validation study integrated HDRs in Sichuan
Province to identify new cancer cases, and indicated no
statistical significance with findings from population-based
cancer registry data, but it had important strengths, including a
large sample, high accuracy of diagnosis coding, and time
effectiveness [34]. In this study, provincial HDRs were used to
identify new cases of CRC, where a new case was defined as a
patient without any CRC diagnosis code (ICD-10 codes: C18
to C21) for at least 5 years before the first CRC diagnosis [17].
To minimize bias, all inpatients living in Sichuan Province
during the study period were considered, with the exception of
those with incomplete information or incorrect codes. The
inclusion criteria were permanent residence in Sichuan Province,
age ≥18 years at diagnosis, and first CRC occurrence between
January 1, 2020, and December 31, 2020. Patients with
incomplete information, conflicting reports of sex among
multiple hospitalizations, conflicts between diagnoses and sex,
or a history of a malignant neoplasm but with an unknown or
not reported cancer site were excluded. Based on the
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longitudinal health care data, 29,610 patients diagnosed with
first CRC occurrence were identified between January 1, 2020,

and December 31, 2020 (Figure 1).

Figure 1. Flowchart of the study participants. CRC: colorectal cancer; Z08: follow-up examination after treatment for malignant neoplasms; Z51.0:
radiotherapy session; Z51.1: chemotherapy session for neoplasm; Z85: personal history of malignant neoplasm.

Ethical Considerations
This study was approved by the Ethics Committee of the Health
Information Center of Sichuan Province (ZX-EC202100301).
The requirement of obtaining informed consent was waived
because of the secondary nature of the deidentified data and the
retrospective study design.

Definition of Comorbidity
Because chronic conditions are not expected to end in a single
hospitalization period, a 5-year look-back period from the first
diagnosis was used to identify comorbidities [17]. First, for each
CRC patient, an index hospitalization was identified, which was
the first hospitalization that occurred or was within 4 weeks
after the date of the first diagnosis of CRC [17]. Second, the
index hospitalization and hospitalizations during the 5 years
before the first diagnosis of CRC were scanned to determine
the history of diseases. Lastly, the Chronic Condition Indicator,
defined by the Healthcare Cost and Utilization Project, was
used to differentiate between acute and chronic ICD-10 codes
at 3 digits [20,35]. Diagnostic codes from chapters XV to XXII,
which are certain conditions originating in pregnancy, childbirth,
puerperium, and the perinatal period or are general symptoms,
were excluded, as the study population included mainly
middle-aged or older patients. Notably, to exclude the

complications of CRC or its treatment, some chronic conditions
that occurred in the index hospitalization were excluded [17],
including secondary malignant neoplasm, anemia, nutritional
marasmus, agranulocytosis, metabolism disorders, and intestinal
obstruction. To estimate the effects of different look-back
periods on comorbidity patterns, we performed a complementary
analysis using a 3-year look-back period.

Comorbidity Prevalence
The prevalence of all chronic diagnoses with ICD-10 codes and
the corresponding 95% CIs were calculated. The prevalence
cutoff was set to a statistically significant value of >1% (1-sided
test, P<.025) in at least one subgroup to avoid diagnoses used
very rarely or never [36]. The final list of 66 distinct
comorbidities and their ICD-10 codes are provided in
Multimedia Appendix 1. To assess differences in comorbidity
prevalence by sex, region, and cancer site, relative differences
in prevalence were calculated and then tested for significance
using a Z-test with Bonferroni correction (α level of .05). With
relative difference by sex as an example, the calculation was
according to the following equation [20]:
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where Pfemale and Pmale are the prevalences of comorbidities in
females and males, respectively.

If the relative difference was greater than 0.1 [28] and the
absolute difference was significant after Bonferroni correction,
there was a significant difference in comorbidity prevalence.
Among comorbidities with a significant difference in prevalence,
enriched comorbidities were assessed further. When a
comorbidity had a ≥0.5-fold increase in prevalence, it was
defined as enriched. For example, a comorbidity was enriched
in females when there was a significant prevalence difference
by sex and a ≥0.5-fold increase in prevalence in females
compared with males. A Cochran-Armitage trend test was
applied to assess whether the prevalence of comorbidities
increased with age. Furthermore, a K-means clustering algorithm
was applied to cluster comorbidities in terms of prevalence by
age. As the prevalence of comorbidities increased with age, we
further adjusted the influence of age in estimating the enrichment
comorbidities. The total number of cases in each age group
(18-49, 50-59, 60-69, 70-79, and ≥80 years) by sex, region, and
cancer site was regarded as the standard population.

PCN Construction
A PCN was constructed to capture the coexistence of all
comorbidities (also named connections) as recorded through
HDRs. In a PCN, nodes represent chronic disease codes (ICD-10
codes at 3 digits) that are connected through edges. Node size
is proportional to disease prevalence, and node color identifies
the ICD-10 category. The cosine index was applied to quantify
the comorbid strength of coexisting diseases, which considers
the co-occurrence and prevalence of comorbidities and thus is
not affected by the sample size [37]. To detect comorbidity
coexistence measured by the cosine index, a cutoff was defined
by assessing the relationship between the Pearson correlation
and cosine index, in which the number of significant coexisting
comorbidities was equal in both networks measured by the
cosine index and Pearson correlation [21,38]. The cosine index
and Pearson correlation coefficient were defined as in equations
(2) and (3), respectively, and the significance of ϕab≠0 was
determined by performing a t test, which was calculated
according to equation (4).

In the equations, N is the total number of newly diagnosed CRC
patients, and na, nb, and nab denote the number of patients with
disease a, disease b, and both diseases, respectively.

Network Properties
The structural properties of a PCN are measured using network
indices, such as network density, degree, average degree of
neighbors, and betweenness centrality [39]. Network density is
the proportion of significant connections to all possible
connections in a network, which measures how compact a
network is. A higher network density is associated with a higher

number of connections between comorbidities. The number of
correlations with other comorbidities is degree (k), which
provides a general idea of how involved a comorbidity is with
other comorbidities. Median and IQR were calculated to describe
the distribution of degree (k). A Kolmogorov-Smirnov test was
applied to estimate whether the degree (k) distribution followed
a power law. When one comorbidity was directly connected
with other comorbidities, the others were named as neighbors.
The average degree of neighbors was calculated to measure
neighbor connectivity. Betweenness centrality, which is the
number of shortest paths between any 2 nodes of which a node
is a part divided by all possible paths, indicates how central one
comorbidity is relative to all other comorbidities. A high
betweenness centrality indicates a high likelihood of forming
bridges between other comorbidities or the end points of many
comorbidities [25]. To identify the most important comorbidity
in a PCN, the PageRank algorithm that considers the edge
weight was applied [36]. A higher PageRank value of a
comorbidity is associated with a greater effect on the network.
Comorbidities with the top 10 percentiles of PageRank values
were defined as the most important comorbidities in PCNs.

Abundant Comorbidity Connections in Each Subgroup
of CRC Patients
PCNs were constructed separately for males and females, for
rural and urban patients, and for rectal and colon cancer patients.
Then, comorbid strengths were compared to measure disparities
by sex, region, and cancer site. When a coexisting disease was
unique to or enriched (with 0.05 higher comorbid strength than
another) in a given subgroup, the difference was notable and
thus was defined as an abundant connection. With sex as an
example, when a comorbidity connection occurred only in males
or occurred in both subgroups but the comorbid strength was
0.05 (approximately half of the minimum comorbid strength in
the PCN) higher in males than in females, the comorbidity
connection was abundant in males.

All analyses and visualizations were conducted using R 4.0.3
(R Foundation for Statistical Computing).

Results

Characteristics of Newly Diagnosed CRC Patients
Table 1 shows the characteristics of the 29,610 newly diagnosed
CRC patients. The mean patient age at diagnosis was 65.6 years.
Among the patients, 30.1% (8922/29,610) were diagnosed at
<60 years of age, 58.9% (17,426/29,610) were male, 45.7%
(13,522/29,610) lived in urban regions, and 52.5%
(15,543/29,610) had rectal cancer. Overall, approximately
one-fourth (7241/29,610, 24.5%) of patients were without any
comorbidity, 22.2% (6574/29,610) had 1 comorbidity, and more
than half (15,795/29,610, 53.3%) had ≥2 comorbidities. The
sex-specified distributions of age at diagnosis, number of
hospitalizations during the 5-year look-back period, and number
of comorbidities are presented in Figure 2A-C. The frequency
of at least one comorbidity was significantly higher in male
patients than in female patients (13,495/17,426, 77.4% vs
8874/12,184, 72.8%; P<.001), in urban patients than in rural
patients (10,542/13,522, 78.0% vs 11,746/15,988, 73.5%;
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P<.001), and in colon cancer patients than in rectal cancer
patients (10,115/13,064, 77.4% vs 11,528/15,543, 74.2%;
P<.001). The proportion of patients with at least one comorbidity
increased with age (Cochran-Armitage trend test, P<.001), and

the increasing trend was similar in each subgroup. The mean
number of comorbidities by cancer site, region, and sex
increased with age (Figure 2D).

Table 1. Descriptive characteristics of patients newly diagnosed with colorectal cancer in 2020 in Sichuan Province, China.

Value (N=29,610)Demographic and clinical factors

65.6 (12.9)Age at diagnosis (years), mean (SD)

Age group at diagnosis (years), n (%)

3384 (11.4)18-49

5538 (18.7)50-59

8308 (28.1)60-69

8582 (29.0)70-79

3798 (12.8)≥80

Sex, n (%)

12,184 (41.1)Female

17,426 (58.9)Male

Region, n (%)

15,988 (54.0)Rural

13,522 (45.7)Urban

100 (0.3)Unknown

Cancer site, n (%)

13,064 (44.1)Colon

15,543 (52.5)Rectum

813 (2.7)Anus

190 (0.6)Multiple sites

Number of comorbidities, n (%)

7241 (24.5)0

6574 (22.2)1

4595 (15.5)2

3241 (10.9)3

2172 (7.3)4

1563 (5.3)5

4224 (14.3)≥6
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Figure 2. Number of comorbidities and hospitalizations for newly diagnosed colorectal cancer (CRC) patients in 2020 in Sichuan Province, China.
(A) Age at diagnosis by sex. (B) Hospitalizations during the 5-year look-back period before diagnosis. (C) Frequency of patients per distinct number
of comorbidities per patient among male and female patients. (D) Age-specific mean number of comorbidities by cancer site, region, and sex.

Comorbidity Prevalence and Differences Between
Subgroups
Among the 66 distinct comorbidities (Multimedia Appendix 1),
the most prevalent comorbidities were hypertension
(8581/29,610, 29.0%; 95% CI 28.5%-29.5%), hyperplasia of
the prostate (3816/17,426, 21.9%; 95% CI 21.3%-22.5%),
COPD (4199/29,610, 14.2%; 95% CI 13.8%-14.6%), DM
(3715/29,610, 12.5%; 95% CI 12.2%-12.9%), and IHD
(3200/29,610, 10.8%; 95% CI 10.5%-11.2%). Comorbidity
prevalence using a 3-year look-back period is shown in
Multimedia Appendix 2, and a scatter plot of comorbidity
prevalence using 3-year and 5-year look-back periods is shown
in Multimedia Appendix 3. As for subgroup difference, most
comorbidities were common in each subgroup, whereas a few
comorbidities were only detected in a subgroup and with
relatively low prevalence. For example, anxiety disorder
(ICD-10: F41) was only detected in females, with a prevalence
of 1.3% (156/12,184; 95% CI 1.1%-1.5%). Among
comorbidities with significant differences in prevalence
(Multimedia Appendices 4-6), differences were large and some
comorbidities were enriched (prevalence increased by ≥50%)
in a subgroup (Table 2). For example, COPD (ICD-10: J43 and
J44), renal failure (N18 and N19), conduction disorders (I44
and I45), and gout (M10) were enriched in males, whereas
osteoporosis (M81), gonarthrosis (M17), other nontoxic goiter
(E04), and anxiety disorder (F41) were enriched in females.
Most comorbidities had higher prevalence and were even
enriched (prevalence increased by ≥50%) in urban patients, for
example, atherosclerosis (ICD-10: I70), cerebrovascular diseases
(I65 and I67), hypertensive heart disease (I11), diverticular

disease of the intestine (K57), and spondylosis (M47).
Comorbidities had somewhat higher prevalence in colon cancer
patients than in rectal cancer patients, and disorders of
glycoprotein metabolism (ICD-10: E77), other coagulation
defects (D68), angina pectoris (I20), other diseases of the biliary
tract (K83), and malignant neoplasm of the liver and intrahepatic
bile ducts (C22) were enriched in colon cancer patients. After
adjustment with age, osteoporosis (ICD-10: M81) was not
enriched in urban patients, and the other comorbidities still
showed enrichment (Multimedia Appendix 7).

For age-specific comorbidities, 62 comorbidities with a
prevalence significantly greater than 1% in at least one age
group were divided into 4 clusters (Figure 3). Comorbidity
prevalence increased with age, but the rate of increase varied
by cluster. Cluster 1 contained 36 comorbidities with low
prevalence (the average prevalence among the 5 age groups
ranged from 0.8% to 2.2%), and most had a low growth rate
with age, but a few decreased with age (eg, endometriosis) or
were stable across ages (eg, chronic sinusitis). Cluster 2
contained 17 comorbidities with moderate prevalence (the
average prevalence among the 5 age groups ranged from 1.3%
to 8.1%), and most had a relatively high growth rate with age.
Cluster 3 contained 7 highly prevalent comorbidities, most of
which had a high growth rate with age (the average prevalence
among the 5 age groups ranged from 1.4% to 21.5%), including
COPD (ICD-10: J44 and J43), IHD (I25), cerebral infarction
(I63), heart failure (I50), atherosclerosis (I70), and DM (E11).
Cluster 4 contained the 2 comorbidities with the highest
prevalence (hypertension [ICD-10: I10] and hyperplasia of the
prostate [N40]).
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Table 2. Absolute prevalence differences of enrichment comorbidities in subgroups of colorectal cancer patients in Sichuan Province, China.

Absolute prevalence difference, value (95% CI)aPrevalence, value
(95% CI)

Enrichment comorbidityICD-10
code

Colon-rectalUrban-ruralMale-female

——c7.9 (7.2 to 8.7)14.2 (13.8 to 14.6)COPDbJ44

——6.9 (6.3 to 7.5)9.4 (9.1 to 9.8)EmphysemaJ43

—4.2 (3.5 to 4.9)—9.2 (8.9 to 9.6)AtherosclerosisI70

—3.6 (3.0 to 4.2)—6.7 (6.4 to 6.9)Other cerebrovascular diseasesI67

—2.3 (1.9 to 2.8)—3.8 (3.6 to 4.0)Gastroesophageal reflux diseaseK21

—1.7 (1.2 to 2.1)—3.8 (3.6 to 4.0)SpondylosisM47

1.8 (1.3 to 2.2)——3.6 (3.4 to 3.8)Disorders of glycoprotein metabolismE77

——−3.5 (−3.9 to −3.0)3.1 (2.9 to 3.3)Osteoporosis without pathological fractureM81

—1.6 (1.2 to 2.0)—3.0 (2.8 to 3.2)Hypertensive heart diseaseI11

——1.2 (0.9 to 1.6)2.5 (2.3 to 2.7)Unspecified renal failureN19

—1.1 (0.7 to 1.4)−2.0 (−2.3 to −1.6)2.2 (2.0 to 2.3)Other nontoxic goiterE04

1.0 (0.7 to 1.4)——2.1 (1.9 to 2.2)Other coagulation defectsD68

0.9 (0.6 to 1.3)——2.1 (2.0 to 2.3)Other diseases of the biliary tractK83

—1.1 (0.8 to 1.4)—1.9 (1.8 to 2.1)Occlusion and stenosis of precerebral arteriesI65

—1.1 (0.8 to 1.4)0.7 (0.4 to 1.0)1.7 (1.6 to 1.9)Chronic renal failureN18

—1.5 (1.4 to 1.6)—1.5 (1.4 to 1.6)Diverticular disease of the intestineK57

0.8 (0.5 to 1.1)−1.3 (−1.6 to −1.0)1.5 (1.4 to 1.7)GonarthrosisM17

0.6 (0.4 to 0.9)0.7 (0.5 to 1.0)—1.3 (1.2 to 1.4)Angina pectorisI20

——0.8 (0.5 to 1.0)1.3 (1.2 to 1.4)Atrioventricular and left bundle-branch blockI44

——0.7 (0.5 to 1.0)1.2 (1.1 to 1.4)Other conduction disordersI45

—0.6 (0.3 to 0.8)1.5 (1.3 to 1.7)1.2 (1.1 to 1.3)GoutM10

—0.7 (0.5 to 0.9)—1.1 (1.0 to 1.3)Other disorders of the adrenal glandE27

0.5 (0.2 to 0.7)——1.1 (1.0 to 1.3)Malignant neoplasm of the liver and intrahep-
atic bile ducts

C22

——−0.8 (−1.1 to −0.6)0.8 (0.7 to 0.9)Other anxiety disordersF41

aAbsolute prevalence differences by sex, region, and cancer site were statistically significant after Bonferroni correction.
bCOPD: chronic obstructive pulmonary disease.
cThe comorbidity was not enriched in this subgroup.
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Figure 3. Clusters of comorbidities in colorectal cancer patients based on age-specific prevalence in Sichuan Province, China. (A) Optimal number of
clusters using K-means clustering algorithm. (B) Age-specific prevalence of comorbidities in each cluster. Here, comorbidities with a prevalence of
>20% in the ≥80 years age group were labeled with ICD-10 (International Classification of Diseases, 10th Revision) codes at 3 digits. (C) Cluster plot.
Based on the principal component analysis, comorbidity prevalence in 5 dimensions (18-49, 50-59, 60-69, 70-79, and ≥80 years) was reduced to 2
dimensions (x-lab and y-lab). The ICD-10 codes are clarified in Multimedia Appendix 1.

PCN in Newly Diagnosed CRC Patients
The PCN of newly diagnosed CRC patients contained 50
diseases and 327 significant comorbid disease pairs (Figure 4).
The number of significant correlations shared with other
comorbidities per diagnosis code was 10.5 (IQR 3.0-19.8).
Hypertension (ICD-10: I10), IHD (I25), hyperplasia of the
prostate (N40), cerebral infarction (I63), and heart failure (I50)
were the most important comorbidities in the PCN, indicating
that they often coexisted with one another, had the highest
number of coexisting comorbidities, and thus largely increased
the complexity of coexisting diseases. Among the top 100
significant comorbid disease pairs with a cosine index ≥0.18,
51 connections occurred within the same disease system (eg,
45 connections occurred within circulatory system diseases)

and 49 connections involved 2 disease systems. Across
betweenness centrality measures, comorbidities showed the
highest values in disorders of lipoprotein metabolism (ICD-10:
E78), hyperplasia of the prostate (N40), COPD (J44), other
cerebrovascular diseases (I67), and heart failure (I50). The
results indicated that those comorbidities mediated correlations
between others or were the end points of many comorbidities.
When those 5 comorbidities (10% of comorbidities in the PCN)
were removed, the scale of the PCN decreased considerably,
with the number of significant comorbid disease pairs decreasing
by 45%. Notably, hypertensive heart disease (ICD-10: I11), one
of the 30 comorbidities with fewer coexisting diseases than their
neighbors, connected with all 10 of the most important diseases
and thus ranked as the 11th most important disease in the
network.
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Figure 4. Phenotypic comorbidity network (PCN) in newly diagnosed colorectal cancer (CRC) patients in Sichuan Province, China. (A) The PCN in
newly diagnosed CRC patients. Nodes represent comorbidities (ICD-10 [International Classification of Diseases, 10th Revision] codes at 3 digits), such
that the node size is proportional to the comorbidity prevalence in CRC patients and its color identifies the ICD-10 category. Link weights are proportional
to the magnitudes of the cosine index. (B) Cumulative degree (k) distribution. The degree distribution showed an exponential decay when the degree
was ≥12 (Kolmogorov-Smirnov test, P=.09). (C) The top 100 edges in the PCN. Here, the top 100 links where cosine index values were ≥0.18 are
shown. (D) The degree distribution of the node and its neighbors. Here, the connected nodes (degree >0) in the PCN are shown. The ICD-10 codes are
clarified in Multimedia Appendix 1.

Differences in PCNs Between Subgroups
Table 3 shows the network structures of PCNs constructed
separately for males and females, for different age groups, for
rural and urban patients, and for rectal cancer patients and colon
cancer patients. The number of comorbidities with a prevalence
of >1% in early onset CRC patients (diagnosis age of 18-49
years) was 15, and comorbidities were not significantly
connected. Comorbidity coexistence relationships were more
complex in males than females, older patients than those aged
50-59 years, and urban patients than rural patients. Male and
female patients had 46 and 43 comorbidities, respectively, with
median numbers of connections for comorbidities of 10.5 (IQR
2.0-17.5) and 6 (IQR 0.5-12.5), respectively, and median
numbers of connections for node’s neighbors of 23.2 (IQR
19.0-25.5) and 17.9 (IQR 15.0-19.0), respectively. Except in
the subgroup of CRC patients with a diagnosis age of 50-59
years, the most important comorbidities in the PCNs were
similar, with hypertension (ICD-10: I10), IHD (I25), and
cerebral infarction (I63) common to each subgroup. In early
onset CRC patients (diagnosis age of 18-59 years), the most

important comorbidities in the PCN were hypertension (ICD-10:
I10) and disorders of lipoprotein metabolism (E78).

Figure 5 shows the abundant connections in a given subgroup
of newly diagnosed CRC patients. Without considering
sex-specific diseases, 141 connections were common to both
sexes, but 9 and 7 connections were separately enriched in males
and females (cosine index increased more than 0.05),
respectively, and 71 and 14 connections were significant only
in males and females, respectively. Abundant connections in
females were primarily associated with osteoporosis (ICD-10:
M81) or gonarthrosis (M17), whereas abundant connections in
males were primarily associated with COPD (J42, J43, J44, and
J47), cerebrovascular diseases (I65 and I69), atherosclerosis
(I70), heart failure (I50), or renal failure (N18 and N19).
Urban-rural disparities in comorbidity connections were very
large, with 13 (13/260, 5%) and 117 (117/260, 45%) abundant
connections in rural and urban patients, respectively. Abundant
connections in urban patients were primarily associated with
disorders of lipoprotein metabolism (ICD-10: E78), DM (E11),
hypertension (I10), hypertensive heart disease (I11), IHD (I20
and I25), cardiac arrhythmias (I44, I48, and I49),
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cerebrovascular diseases (I63, I65, I67, and I69), atherosclerosis
(I70), gonarthrosis (M17), spondylosis (M47), osteoporosis
(M81), renal failure (N18), or hyperplasia of the prostate (N40).

Differences in connections according to cancer site were
relatively small, with 181 (181/250, 72.4%) connections
common to both colon cancer and rectal cancer patients.

Table 3. Phenotypic comorbidity network structures in subgroups of newly diagnosed colorectal cancer patients in Sichuan Province, China.

Most important diseases in the

PCNa,b
Degree of neighbors,
median (IQR)

Degree, median
(IQR)

DensityNodes, nSubgroup

Sex

I10, I25, I63, and I5017.9 (15.0-19.0)6.0 (0.5-12.5)0.18943Female

I10, I63, N40, and I2523.2 (19.0-25.5)c10.5 (2.0-17.5)0.25146Male

Age group (years)

—d0001518-49

E11 and I103.0 (2.8-3.4)0 (0-1.1)0.0432650-59

I10, I63, and I5011.2 (8.5-13.5)c1.5 (0-7.8)c0.0994260-69

I10, I63, I25, and N4017.1 (13.3-19.2)c3.0 (0-11.0)c0.1225270-79

I10, N40, I63, and I2518.6 (13.5-21.0)c1.0 (0-9.8)c0.09958≥80

Region

I10, I25, I50, and I6318.5 (15.1-20.0)6.0 (0-12.8)0.17846Rural

I10, I63, N40, and I2521.7 (18.4-24.7)c8.0 (1.0-15.8)0.20250Urban

Cancer site

I10, I25, I63, and I5019.1 (16.6-20.3)8.5 (1.0-14.0)0.21844Rectal

I10, I25, N40, and I6320.3 (17.6-23.0)7.0 (0-16.0)0.17952Colon

aPCN: phenotypic comorbidity network.
bComorbidities with the top 10 percentiles of PageRank values were defined as the most important comorbidities in the PCN, and they were sorted by
descending PageRank values. The ICD-10 codes and corresponding comorbidities were are follows: I10, hypertension; I25, chronic ischemic heart
disease; I63, cerebral infarction; I50, heart failure; N40, hyperplasia of the prostate; E78, disorders of lipoprotein metabolism.
cGreater average degree of nodes or average degree of neighbors in males, older patients, and urban patients than in females, patients aged 50-59 years,
and rural patients, respectively (1-sided t test with P<.025).
dComorbidities were not connected to colorectal cancer patients aged 18-49 years at diagnosis.
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Figure 5. Abundant connections by sex, region, and cancer site in newly diagnosed colorectal cancer patients in Sichuan Province, China. Except for
those common to both subgroups (link weight difference <0.05), disease pairs were identified as abundant edges in one subgroup, including enrichment
(solid lines) or only occurrence (dotted lines). For example, if the link weight difference by sex (female-male), region (rural-urban), and cancer site
(rectal-colon) was ≥0.05, the disease pair was enriched in females, rural patients, and colon cancer patients, and the link was colored blue. On the other
hand, if the difference was ≤−0.05, the disease pair was enriched in males, urban patients, and rectal cancer patients, and the link was colored red. The
ICD-10 (International Classification of Diseases, 10th Revision) codes are clarified in Multimedia Appendix 1.

Discussion

Principal Findings
In this population-based cohort study, the entire spectrum of
comorbidities in patients newly diagnosed with CRC was
examined by scanning all hospitalizations during a 5-year
look-back period before the first CRC diagnosis. Comorbidities
were common in CRC patients at diagnosis, and prevalence and
complex coexistence relationships varied by sex, age at
diagnosis, region, and cancer site. The most prevalent
comorbidities were hypertension, hyperplasia of the prostate,
COPD, DM, and IHD. There were large disparities in disease
co-occurrences in the male-female and urban-rural subgroups.
Prevalence, diversity of diseases, and strength of disease
coexistence were higher in urban patients, whereas severe
diseases were more likely to co-occur in rural patients, such as
the sequelae of cerebrovascular disease or COPD co-occurring
with heart failure.

It was not surprising that comorbidities were common among
newly diagnosed CRC patients, because both CRC and chronic
diseases generally occur in older people [40-42]. CRC and
comorbid conditions, such as DM and hypertension, may share
common risk factors, such as smoking, poor diet,

hyperlipidemia, lack of physical activity, and obesity [43-45].
In this population-based study, the most prevalent comorbidities
were hypertension, hyperplasia of the prostate, COPD, DM,
and IHD. Similar results were found in previous studies in New
Zealand and the United States, although the prevalence of
comorbidities differed [8,17,46]. Variations of prevalence might
be related to differences in the study population (eg, some
studies focused only on elderly patients among whom
comorbidities are more common) and the definition used for
chronic conditions (eg, a 1-year look-back period for
hospitalization data resulted in a lower yield of comorbid
conditions). Accumulating evidence suggests that sedentary
lifestyle, metabolic syndrome (presence of ≥3 conditions among
obesity, hypertension, hyperlipidemia, and DM), and antibiotic
consumption may contribute to the development of early onset
CRC [45,47-49]. In our study, we found 15 comorbidities with
prevalences greater than 1% in early onset CRC patients, where
hypertension, disorders of lipoprotein metabolism, hyperplasia
of the prostate, and DM were the most prevalent comorbidities.
Comorbidity is a strong and independent factor in the treatment
and survival of CRC patients [5,50,51], for example, CRC
patients comorbid with DM continued to receive chemotherapy
less frequently than those without DM. Given the survival
disadvantage in CRC patients with comorbidities [52], further
evidence on the risks and benefits of therapy according to the
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types of co-occurring comorbidities and the severity of the
diseases is needed to foster personalized medical care for those
patients.

The complex coexistence relationships that occur among
comorbidities are not due to simple coincidence, and therefore,
to understand those relations, comorbidities must be studied
collectively and not in isolation. Coexisting diseases within the
same disease system were primarily within the circulatory
system. The highest number of comorbidities was within the
circulatory system, and those comorbidities included the highly
prevalent diseases of hypertension, IHD, heart failure, and
atherosclerosis. Coexisting diseases involved 2 disease systems,
and they primarily included diseases of the circulatory system
and those of the endocrine, nervous, respiratory, genitourinary,
musculoskeletal, or connective tissue system. In a
population-based cohort study in Spain, the most frequent
comorbidity was DM, and the most frequent disease pair was
CHF with DM, followed by CHF with COPD and peripheral
vascular disease with DM [53]. In that study, the modified
Charlson comorbidity score (only including 12 comorbidities)
used to measure comorbidity might have underestimated the
comorbidity burden and the complex coexistence relationships,
because it did not include some important comorbidities, such
as highly prevalent hypertension (I10). According to the network
approach in this study, disorders of lipoprotein metabolism and
hyperplasia of the prostate were part of some of the shortest
paths between 2 comorbidities (mediated correlations between
others), and heart failure was the end point of many
comorbidities. Those comorbidities had a high likelihood to
form bridges between other comorbidities, suggesting
possibilities for the management of target comorbidities in CRC
patients.

Many disease pairs were unique to or enriched in a sex group.
In this regard, coexistence with COPD, cerebrovascular diseases,
atherosclerosis, heart failure, or renal failure was predominant
in males, whereas coexistence with osteoporosis or gonarthrosis
was predominant in females. The prevalence of musculoskeletal
disorders was higher in women than in men, resulting in an
increased likelihood of co-existence with other highly prevalent
chronic diseases (eg, hypertension, IHD, cerebrovascular
diseases, or atherosclerosis) in female CRC patients. Notably,
the prevalence of some severe diseases (eg, cerebral infarction
and heart failure) was similar in males and females, but there
were sex differences in coexistence with other chronic diseases
(eg, a higher likelihood of cerebral infarction comorbid with
the sequelae of cerebrovascular disease, COPD, or degenerative
diseases of the nervous system, and heart failure comorbid with
other pulmonary heart diseases or renal failure in males).
Previous studies have found a prevalence difference in
comorbidities by sex among CRC patients [54]. A
population-based study using administrative data to describe
comorbidities in CRC patients at diagnosis in Spain showed
that the prevalence of COPD in males was 23.0%, which was
2.4 times higher than that in females (prevalence of 9.5%) [54].
In China, the prevalence of COPD in males was 19.0% (95%
CI 16.9%-21.2%), which was approximately 2.3 times higher
than that in females (prevalence of 8.1%, 95% CI 6.8%-9.3%),
mainly because of a significant difference in smoking status

between males and females (current smokers: 58.2% vs 4.0%)
[55]. Such differences might indicate a disparity in
lifestyle-related diseases, which may be due to physical,
hormonal, or even genetic differences [56]. It is becoming
increasingly standard practice to report sex-specific estimates
because of the vital importance of gender consideration in
precision medicine [56-58].

Notably, sex differences were observed in the prevalence of
anxiety and the comorbid strength of anxiety with other diseases,
for example, anxiety was enriched in females and had a higher
likelihood of co-existence with cerebrovascular disease. Previous
observational studies indicated that cardiocerebrovascular
modulation and dynamic cerebral autoregulation are
compromised in patients with anxiety [59-61]. In addition,
evidence from a prospective cohort study indicated that greater
anxiety or depression can not only impede adherence to healthy
habits in CRC patients, but also be a marker for accelerated
CRC progression [62]. Furthermore, in a previous
population-based study in New Zealand, the prevalence of
anxiety was 1.0% and 0.6% in colon cancer and rectal cancer
patients, respectively [17], which were values similar to those
in this study. The use of regional hospitalizations to identify
the prevalence of clinically significant anxiety as well as other
mental disorders might lead to underestimates, because
estimated prevalence is generally higher when questionnaires
are used [63,64]. Considering the well-known underestimated
prevalence of mental disorders, especially in low- and
middle-income countries [65], and their negative effects on
quality of life, scanning for symptoms of anxiety and depression,
implementation of dietary and physical activity interventions,
and implementation of social support are of utmost importance
among CRC patients at diagnosis and even years after treatment
[66-68].

Rural-urban disparities were detected in the prevalence of
comorbidities and the comorbid strength among comorbidities.
Socioeconomic differences in the prevalence of comorbidities
in CRC patients were also reported in England, where at least
11 of the 14 chronic conditions showed increasing prevalence
along with the level of deprivation in CRC patients [16]. For
example, the most deprived groups had approximately twice
the odds of having COPD compared with the least deprived
groups, which might be related to the higher prevalence of
smoking in the more deprived population, but the association
between smoking status and deprivation was not quantifiable
as there was no information on smoking prevalence [16]. In our
study, the prevalence of most comorbidities among newly
diagnosed CRC patients was higher in urban patients than in
rural patients, including some highly prevalent comorbidities,
such as DM, disorders of lipoprotein metabolism,
cerebrovascular diseases, atherosclerosis, and hyperplasia of
the prostate, as well as some comorbidities with relatively low
prevalence, such as nontoxic goiter, degenerative diseases of
the nervous system, hypertensive heart disease, gout, and renal
failure. Thus, comorbidities were more closely connected in
urban patients than in rural patients, and some disease pairs
were unique to or enriched in urban patients. Such differences
might be associated with Western lifestyles in urban areas.
Compared with the rural lifestyle, the urban lifestyle is more
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sedentary, with manual labor replaced by computer-based work
and walking replaced by driving automobiles. Differences were
also likely due to disparities in accessibility to diagnostic and
treatment services between urban and rural residents [69,70].
Notably, the prevalences of hypertension, heart failure, and
COPD were somewhat higher but without clinical significance
in urban patients than in rural patients; whereas the sequelae of
cerebrovascular disease comorbid with hypertensive heart
disease or heart failure, heart failure comorbid with COPD or
spondylosis, and COPD comorbid with pulmonary heart diseases
were over-presented in rural patients. The co-occurrence of
severe diseases in rural patients might be associated with
relatively low adherence to colonoscopy screening among rural
residents. Thus, CRC at diagnosis was generally more severe,
with a significantly higher risk of diagnosis at a late stage [71].
Given the relatively low participation rate in colonoscopy
screening in high-risk populations in China [72] and the
coexistence of severe diseases at diagnosis, health promotion
campaigns and adoption of noninvasive screening tests should
be priorities to improve adherence and diagnosis in
population-based programs.

We found that approximately 50% of comorbidities had
significantly higher prevalence in colon cancer patients than in
rectal cancer patients. A literature review indicated that diet,
smoking, and physical activity might have different effects on
colon cancer compared with the effects on rectal cancer, for
example, physical activity decreased the risk of colon cancer
but not of rectal cancer [73]. A population-based register of all
primary cancers diagnosed in New Zealand was linked to routine
hospital discharge data, and the comorbidity prevalence in colon
and rectal cancer patients was identified, with a prevalence
difference by cancer site similar to that in our study [17]. A
previous study identified differences in patient characteristics
and surgical outcomes between colon cancer and rectal cancer
[74], and there was a significantly higher proportion of
comorbidities in colon cancer patients than in rectal cancer
patients (76.3% vs 68.8%; P=.02). Among CRC patients in the
Central Region of Denmark in 2000-2011, 38% of colon cancer
patients and 32% of rectal cancer patients had at least one
Charlson comorbidity [75]. These previous studies reported the
comorbidity difference by cancer site, but they did not provide
a clear definition of comorbidity [74] or just focused on limited
chronic diseases [75]. Further studies are needed to
systematically explore the impacts of comorbidity patterns or
comorbidity trajectories on the treatment choice and survival
prediction in patients with colon and rectal cancers.

Limitations
This study had some limitations. First, the results should be
interpreted in the context of an inpatient population in a

developing country, since the HDRs did not include outpatient
records and mental conditions might not be consistently
diagnosed and recorded in HDRs [22]. Moreover, Berkson bias
is unavoidable when only using an inpatient population to
estimate morbidity [76]. Second, stage information is not yet
included in HDRs because of the inherent limitation of the
administrative database [31,34]. Further studies are needed to
explore differences in comorbidity patterns according to TNM
stages. Third, we systematically analyzed all chronic conditions
and comorbidity patterns in newly diagnosed CRC patients in
different subgroups, but did not explore CRC-specific
comorbidities. As the emergence of comorbidities increases
with age, further studies are needed to explore comorbidities
that can be attributed to CRC rather than age, which may be
helpful to provide etiological hypotheses or to construct
surveillance programs [77]. Lastly, the common comorbidity
profile identified in the study appears to be associated with
treatment decision-making; however, limited by the available
data, the relationships between comorbidities with different
disease severities and different outcomes could not be identified
in our study. The provincial data set was implemented in 2015
and did not contain proactive patient follow-up.
Population-based cancer registries in China mainly report cancer
incidence, mortality, expected survival, and trends in incidence
and mortality, and comorbidity information is missing [78,79].
If routinely collected health data can be linked to the regional
mortality database and even to local cancer registries, future
studies may assess the relationships of comorbidities, comorbid
disease pairs, and their severities with different outcomes (eg,
short-term and long-term mortality, and cancer-specific
mortality).

Conclusions
This study applied network analysis to routinely collected health
data in order to examine the full spectrum of comorbidities and
the complex coexisting relationships in newly diagnosed CRC
patients. Some comorbidities, which were enriched in a given
subgroup, largely increased the complexity of comorbid
relationships, mediated correlations between other comorbidities,
and might be the end points of many comorbidities. In addition,
some co-occurring disease pairs predominated in a given
subgroup. This study systematically analyzed the prevalence
of individual diseases as well as the comorbid strength of
coexisting diseases to provide a complete picture of
comorbidities in CRC patients at diagnosis and also provide
new insights into patterns of comorbidity. The data-driven
discovery of comorbidity patterns may help improve the
understanding of complex diseases, supplement traditional
approaches in clinical studies, and help formulate appropriate
preventive health measures to address high-risk comorbidities.
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Abstract

Background: In response to the SARS-CoV-2 epidemic, a convenient, rapid, and sensitive diagnostic method for detecting
COVID-19 is crucial for patient control and timely treatment.

Objective: This study aimed to validate the detection of SARS-CoV-2 with the Pluslife SARS-CoV-2 rapid test kit developed
based on a novel thermostatic amplification technique called RNase hybridization-assisted amplification.

Methods: From November 25 to December 8, 2022, patients with suspected or confirmed COVID-19, close contacts, and health
care workers at high risk of exposure were recruited from 3 hospitals and 1 university. Respiratory specimens were collected for
testing with the Pluslife SARS-CoV-2 rapid test kit and compared with reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) and a commercial antigen assay kit. Samples from 1447 cases were obtained from 3 “ready-to-test” scenarios
in which samples were collected on site and tested immediately, and samples from 503 cases were obtained from a “freeze-thaw
test” scenario in which samples were collected, frozen, and thawed for testing.

Results: Pluslife SARS-CoV-2 rapid testing of samples from the “ready-to-test” scenario was found to be accurate (overall
sensitivity and specificity of 98.3% and 99.3%, respectively) and diagnostically useful (positive and negative likelihood ratios
of 145.45 and 0.02, respectively). Pluslife SARS-CoV-2 rapid testing of samples from the “freeze-thaw test” scenario was also
found to be accurate (overall sensitivity and specificity of 71.2% and 98.6%, respectively) and diagnostically useful (positive
and negative likelihood ratios of 51.01 and 0.67, respectively). Our findings demonstrated that the time efficiency and accuracy
of the results in a “ready-to-test” scenario were better. The time required from sample preparation to the seeing the result of the
Pluslife SARS-CoV-2 rapid test was 10 to 38 minutes, which was substantially shorter than that of RT-qPCR (at least 90 minutes).
In addition, the diagnostic efficacy of the Pluslife SARS-CoV-2 rapid test was better than that of a commercial antigen assay kit.

Conclusions: The developed RNase hybridization-assisted amplification assay provided rapid, sensitive, and convenient detection
of SARS-CoV-2 infection and may be useful for enhanced detection of COVID-19 in homes, high-risk industries, and hospitals.

(JMIR Public Health Surveill 2023;9:e48107)   doi:10.2196/48107
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Introduction

According to the World Health Organization, cases of
COVID-19 caused by SARS-CoV-2 were reported in several
regions in late 2019 and early 2020 [1]. The rapid spread of
SARS-CoV-2 posed a major public health and economic hazard.
Currently, the primary test used by most laboratories to diagnose
COVID-19 is a nucleic acid amplification test using reverse
transcription quantitative polymerase chain reaction (RT-qPCR)
[2,3]. Although the World Health Organization declared on May
5, 2023, that the COVID-19 outbreak no longer constituted a
“public health emergency of international concern”, this merely
demonstrates that the hazard can be effectively controlled with
current human capacity—it does not mean that the pandemic
is over. The COVID-19 epidemic remains a global health threat,
and continued efforts to prevent and control the COVID-19 are
still necessary.

For some low-resource primary health care conditions, the
application scenarios of traditional nucleic acid testing are
limited, and an assay with detection performance comparable
to RT-qPCR and less demanding on the testing environment is
needed. For high-traffic areas, such as customs and airports, the
time required to obtain RT-qPCR results is too long, so a faster
and more accurate test is needed to increase the speed of
population screening. Therefore, it is essential to develop a
rapid, convenient, and accurate method for detecting
SARS-CoV-2 with detection performance comparable to that
of RT-qPCR for areas where medical resources are scarce and
for scenarios with high foot traffic.

Compared with RT-qPCR, thermostatic amplification
technology does not require a temperature rise or fall to achieve
nucleic acid amplification, which helps to substantially mitigate
the cost of the instrument and speed up the reaction process
[4-7]. However, while most of the existing traditional
thermostatic amplification techniques can solve the problem of
instrument cost and fast amplification speed, they suffer from
inadequate stability and sensitivity when directly benchmarked
against RT-qPCR. Thermostatic amplification technology has
been developing for decades, during which a variety of nucleic
acid detection methods have emerged [8]. RNase

hybridization-assisted amplification (RHAM) is a thermostatic
amplification technology developed independently by
Guangzhou Pluslife Technology with underlying intellectual
property rights. The actual performance of this technology is
comparable to that of RT-qPCR, and it is more tolerant and
compatible. RHAM can extract, amplify, and detect in 1 step
without the opening of the cap after amplification, and it requires
a simple professional environment and hardware support. The
Pluslife SARS-CoV-2 rapid test kit based on this technology is
in lyophilized form, which is easy to transport at room
temperature and can achieve extraction-free molecular detection.

In this study, a field trial of the Pluslife SARS-CoV-2 rapid test
kit was conducted at 4 centers, including Guangdong Provincial
People’s Hospital, Zhujiang Hospital at Southern Medical
University, Guangdong Second Provincial General Hospital,
and Guangdong University of Finance and Economics. Based
on the gold standard RT-qPCR assay, we evaluated the
diagnostic performance of the Pluslife SARS-CoV-2 rapid test
kit and compared it with a commercial antigen assay kit by
Wondfo Biotech for the diagnosis of SARS-CoV-2.

Methods

Ethical Considerations
The study protocol was approved by the Ethics Review
Committee of Guangdong Provincial People’s Hospital
(KY2023-067-02).

Candidates
The study population comprised patients with suspected or
confirmed COVID-19, close contacts, and high-risk exposed
health care workers from 4 centers, including Guangdong
Provincial People’s Hospital, Zhujiang Hospital at Southern
Medical University, Guangdong Second Provincial General
Hospital, and Guangdong University of Finance and Economics,
from November 25 to December 8, 2022. Nasal swabs or
oropharyngeal swabs were collected for SARS-CoV-2 testing.
The flow chart of the study protocol is shown in Figure 1. The
characteristics of the 2028 candidates who received the Pluslife
SARS-CoV-2 rapid test are shown in Table 1.
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Figure 1. Study flow chart. We recruited candidates with suspected or confirmed COVID-19, close contacts, and health care workers at high risk of
exposure at 4 centers. All participants provided written informed consent. Parallel nasal and oropharyngeal swabs were collected and tested with the
Pluslife rapid test, antigen test, and RT-qPCR from November 25 to December 8, 2022. RT-qPCR: real-time reverse transcription quantitative polymerase
chain reaction.
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Table 1. Characteristics of the 2028 candidates whose samples were tested with the Pluslife SARS-CoV-2 rapid test from November 25 to December
8, 2022.

Guangdong Universi-
ty of Finance and
Economics

(n=30)

Guangdong Second Provin-
cial General Hospital

(n=518)

Zhujiang Hospital at South-
ern Medical University

(n=147)

Guangdong Provin-
cial People’s Hospi-
tal

(n=1333)

Characteristic, n

Population

0100121985Medical staff (n=1206)

11000Teachers (n=11)

8000Students (n=8)

8000Logistics staff (n=8)

008205Fever outpatients (n=213)

000101Emergency patients (n=101)

040300Confirmed patients with COVID-19
(n=403)

Collection workers

1000Grassroots workers (n=1)

010321Nurses (n=34)

0012110Medical self-collection (n=131)

Testing methods

275031291291RT-qPCRa (n=1950)

305181471333Pluslife rapid test (n=2028)

000283Antigen test (n=283)

Presence of symptoms

008205Yes (n=213)

275031211086No (n=1737)

aRT-qPCR: real-time reverse transcription quantitative polymerase chain reaction.

The RT-qPCR Assay
Viral RNA was extracted from oropharyngeal swabs using the
liquid proteinase K magnetic bead method. The BioGerm
2019-nCoV assay (BioGerm) was used to detect SARS-CoV-2
RNA with SARS-CoV-2 RNA-dependent RNA polymerase
and nucleocapsid genes according to the product instructions.
Briefly, 12 μL of the RT-qPCR mixture, 4 μL of the RT-qPCR
enzyme mixture, and 4 μL of the ORFlab/N reaction mixture
were combined into a 20 µL master mix for each sample well.
The master mix was pipetted into each well of a 96-well optical
reaction plate. Then, 5 μL each of specimen nucleic acid,
positive control, and negative control were added to the master
mix. The tubes were closed securely and centrifuged briefly.
Amplification was performed with a fluorescent qPCR
instrument for 1 cycle at 50 °C for 10 minutes and 95 °C for 5
minutes, followed by 45 cycles at 95 °C for 10 seconds and 55
°C for 40 seconds. The results of the assay were evaluated with
a cycling threshold value, where a value <40 for both target
genes was defined as a positive result.

Pluslife SARS-CoV-2 Card Test Procedure
First, the comprehensive nucleic acid test was preheated. The
entire absorbent tip of the disposable sampling swab was gently

inserted into one nostril approximately 1.5 to 2 cm deep and
rotated 3 times on the inner wall or rubbed 3 times on the
posterior pharyngeal wall and both sides of the
pharyngeal-palatal arch. For the “ready-to-test” method, the tip
of the disposable sampling swab was twisted against the bottom
and side of the nucleic acid releaser tube 10 times while pinching
the tip of the disposable sampling swab. For the “freeze-thaw
test” method, the collected pharyngeal swabs were placed in a
500 μL sample tube of Youkang virus preservation solution,
shaken and mixed, and frozen in a –20°C refrigerator for 24 to
240 hours. The sample tubes were thawed and 150 μL of
Youkang virus preservation solution was added to 2 mL of
nucleic acid release agent, the caps were screwed on, and the
tubes were vortexed and mixed for 5 to 10 seconds or mixed
by inverting 10 to 15 times. After that, the procedure was the
same for both methods. The nucleic acid–releasing agent
solution was poured into the SARS-CoV-2 reaction card sample
tube between the 2 injection lines. The protruding curved air
pocket on the SARS-CoV-2 reaction card sample tube was
pressed down, and the card was held and shaken up and down
10 times. The SARS-CoV-2 response card was inserted into the
device, and the “Start Test” button was pressed. The red
indicator light indicated a positive SARS-CoV-2 nucleic acid
result, and the blue indicator light indicated a negative
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SARS-CoV-2 nucleic acid result. The specific operation process
is illustrated in Multimedia Appendix 1.

Antigen Test Procedure
An antigen detection kit (Wondfo Biotech) was used to detect
the SARS-CoV-2 nucleocapsid antigen in respiratory specimens.
This assay device contained 2 precoated antibody lines: a “C”
(control) line and a “T” (test) line. The control area was
precoated with chicken IgY antibody, and the test area was
precoated with SARS-CoV-2 antibody. Color particle–coupled
anti–SARS-CoV-2 antibody was used to detect SARS-CoV-2
antigen. In the assay, SARS-CoV-2 antigen in the respiratory
specimen interacted with the color particle–coupled
anti–SARS-CoV-2 monoclonal antibody to form a colored
antigen-antibody complex. The complex migrated across the
membrane by capillary action up to the test line, where it was
captured by the pre-encapsulated anti–SARS-CoV-2 antibody.
If SARS-CoV-2 antigen was present in the respiratory specimen,
a colored test line was visible in the result window, and the
intensity of the stained test line varied with the amount of
SARS-CoV-2 antigen in the specimen. Colored particles
conjugated to chicken IgY were used as the control line.

Statistical Analysis
We estimated the minimum sample size using the single group
target value method with the following formula:

where n is the sample size; Z1-α/2 and Z1-β are the significance
level and the fractional positions of the standard normal
distribution of the degree of certainty, respectively; P0 is the
clinically acceptable standard of the evaluation index; and PT

is the expected value of the evaluation index of the assessment
reagent. The positive and negative compliance rates of the
assessment reagents and control reagents should reach 80% and
85% clinically, respectively, and the expected positive and
negative compliance rates of the assessment reagents and control
reagents can reach 90%. The minimum positive and negative
sample sizes were estimated to be 137 and 470 cases,
respectively, when the significance level α=.05 and the degree
of certainty β=.20. Therefore, the minimum total sample size
was estimated to be 607 cases. Sensitivity, specificity, positive
and negative predictive values, and positive and negative
likelihood ratios were calculated using Microsoft Excel 2021
(Microsoft Corp). Sensitivity was calculated as (true positives)
/ (true positives + false negatives) × 100. Specificity was
calculated as (true negatives) / (true negatives + false positives)
× 100. Positive predictive value was calculated as (true
positives) / (true positives + false positives) × 100. Negative
predictive value was calculated as (true negatives) / (true
negatives + false negatives) ×100. The positive likelihood ratio
was calculated as sensitivity / (1 – specificity). The negative
likelihood ratio was calculated as specificity / (1 – sensitivity).

P<.05 was considered statistically significant. Figures were
constructed using GraphPad Prism 8.0 (GraphPad) and R
software (R Foundation for Statistical Computing).

Results

Comparison of the Pluslife Rapid SARS-CoV-2
Detection Kit With RT-qPCR
The results of the Pluslife rapid SARS-CoV-2 test and RT-qPCR
in the 4 centers are shown in Table 2. Of 1950 patients tested
using RT-qPCR, a total of 1547 (79.3%) were negative and 403
(20.7%) were positive. Of the 1547 negative patients, 1535
(99.2%, 95% CI 98.8%-99.7%) were also negative when tested
with the Pluslife rapid SARS-CoV-2 test. Of the 403 positive
patients, 318 (78.9%, 95% CI 76.8%-81%) were also positive
when tested with the Pluslife rapid SARS-CoV-2 test. The
overall compliance rate was 95% (1853/1950; 95% CI
93.9%-96.2%), with a κ coefficient of 0.84 (95% CI 0.82-0.86).
The positive predictive value (PPV) was 96.4% (318/330; 95%
CI 95.4%-97.3%), and the negative predictive value (NPV) was
94.8% (1535/1620; 95% CI 93.6%-95.9%). Next, we adopted
2 study protocols, namely, the “ready-to-test” and “freeze-thaw
test” protocols, for the field trial scenarios, in which Guangdong
Provincial People’s Hospital, Zhujiang Hospital at Southern
Medical University, and Guangdong University of Finance and
Economics were used in the “ready-to-test” scenarios and
Guangdong Second Provincial General Hospital in the
“freeze-thaw test” scenario. The results of the Pluslife rapid
SARS-CoV-2 test and RT-qPCR are shown in Table 3.
RT-qPCR results were negative for 1332 (92%) and positive
for 115 (8%) of 1447 patients. Of the 1332 negative patients,
1323 (99.3%, 95% CI 98.9%-99.8%) were also negative when
tested with the Pluslife rapid SARS-CoV-2 test. Of the 115
positive patients, 113 (98.3%, 95% CI 98%-100%) were also
positive when tested with the Pluslife rapid SARS-CoV-2 test.
The overall compliance rate was 99.2% (1436/1447; 95% CI
98.8%-99.7%), with a κ coefficient of 0.95 (95% CI 0.94-0.96).
The PPV was 92.3% (113/122; 95% CI 91.3%-94%), and the
NPV was 99.8% (1323/1325; 95% CI 99.6%-100%). The results
of the “freeze-thaw test” for the Pluslife rapid SARS-CoV-2
test and RT-qPCR are shown in Table 4. A total of 215 (42.7%)
of 503 patients received negative RT-qPCR results, and 288
(57.3%) received positive results. Of the 215 negative patients,
212 (98.6%, 95% CI 98%-99.2%) were also negative when
tested with the Pluslife rapid SARS-CoV-2 test. Of the 288
patients positive, 205 (71.2%, 95% CI 68.8%-73.5%) were also
positive when tested with the Pluslife rapid SARS-CoV-2 test.
The overall compliance rate was 82.9% (417/503; 95% CI
81%-84.8%), and the κ coefficient was 0.67 (95% CI 0.64-0.69).
The PPV was 98.6% (205/208; 95% CI 97.9%-99.2%), and the
NPV was 71.9% (212/295; 95% CI 69.6%-74.2%). These data
suggest that the “ready-to-test” scenario was better than the
“freeze-thaw test” scenario.
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Table 2. Performance of the Pluslife SARS-CoV-2 rapid test compared to real-time reverse transcription quantitative polymerase chain reaction
(RT-qPCR) for 1950 samples from all trial scenarios.

PerformanceRT-qPCR resultsPluslife SARS-CoV-2 rapid test results

Negative (n=1547)Positive (n=403)

—a12318Positive (n=330), n

—153585Negative (n=1620), n

318 (78.9, 76.8-81)——Sensitivity (n=403), n (%, 95% CI)

1535 (99.2, 98.8-99.9)——Specificity (n=1547), n (%, 95% CI)

1853 (95, 93.9-96.2)——Overall compliance rate (n=1950), n (%, 95% CI)

0.84 (0.82-0.86)——κ (95% CI)

318 (96.4, 95.4-97.3)——Positive predictive value (n=330), n (%, 95% CI)

1535 (94.8, 93.6-95.9)——Negative predictive value (n=1620), n (%, 95% CI)

101.73——Positive likelihood ratio

0.21——Negative likelihood ratio

aNot applicable.

Table 3. Performance of the Pluslife SARS-CoV-2 rapid test compared to real-time reverse transcription quantitative polymerase chain reaction
(RT-qPCR) for 1447 samples from all “ready-to-test” scenarios.

PerformanceRT-qPCR resultsPluslife SARS-CoV-2 rapid test results

Negative (n=1332)Positive (n=115)

—a9113Positive (n=122), n

—13232Negative (n=1325), n

113 (98.3, 98-100)——Sensitivity (n=115), n (%, 95% CI)

1323 (99.3, 98.9-99.8)——Specificity (n=1332), n (%, 95% CI)

1436 (99.2, 98.8-99.7)——Overall compliance rate (n=1447), n (%, 95% CI)

0.95 (0.94-0.96)——κ (95% CI)

113 (92.3, 91.3-94)——Positive predictive value (n=122), n (%, 95% CI)

1323 (99.8, 99.6-100)——Negative predictive value (n=1325), n (%, 95% CI)

145.45——Positive likelihood ratio

0.02——Negative likelihood ratio

aNot applicable.
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Table 4. Performance of the Pluslife SARS-CoV-2 rapid test compared to real-time reverse transcription quantitative polymerase chain reaction
(RT-qPCR) for 503 samples from all “freeze-thaw test” scenarios.

PerformanceRT-qPCR resultsPluslife SARS-CoV-2 rapid test results

Negative (n=215)Positive (n=288)

—a3205Positive (n=208), n

—21283Negative (n=295), n

205 (71.2, 68.8-73.5)——Sensitivity (n=288), n (%, 95% CI)

212 (98.6, 98-99.2)——Specificity (n=215), n (%, 95% CI)

417 (82.9, 81-84.8)——Overall compliance rate (n=503), n (%, 95% CI)

0.67 (0.64-0.69)——κ (95% CI)

205 (98.6, 97.9-99.2)——Positive predictive value (n=208), n (%, 95% CI)

212 (71.9, 69.6-74.2)——Negative predictive value (n=295), n (%, 95% CI)

51.01——Positive likelihood ratio

0.67——Negative likelihood ratio

aNot applicable.

In addition, we compared the testing time of RT-qPCR and the
Pluslife rapid SARS-CoV-2 test in the 4 centers, and the results
are shown in Table 5. Among participants with negative nucleic
acid test results, the mean testing time for RT-qPCR (534.70,
SD 466.94 minutes) was substantially longer than that for the
Pluslife rapid SARS-CoV-2 test (35.00, SD 0 minutes).
Similarly, among participants with positive nucleic acid test

results, the testing time for RT-qPCR (882.20, SD 517.97
minutes) was substantially longer than that for the Pluslife rapid
SARS-CoV-2 test (16.49, SD 5.51 minutes). Moreover, similar
results were obtained when comparing the testing times obtained
using the 2 testing methods for the 4 field trial sites (Multimedia
Appendix 2).

Table 5. Comparison of the testing times of the Pluslife SARS-CoV-2 rapid test and real-time reverse transcription quantitative polymerase chain
reaction (RT-qPCR) at the 4 centers.

P valueTesting time (min), mean (SD)Testing result

<.001Negative

534.70 (466.94)RT-qPCR

35.00 (0)Pluslife SARS-CoV-2 rapid test

<.001Positive

882.20 (517.97)RT-qPCR

16.49 (5.51)Pluslife SARS-CoV-2 rapid test

Comparison of the Pluslife Rapid SARS-CoV-2 Test
and Commercial Antigen Test With the RT-qPCR
Nucleic Acid Test
A total of 283 samples that underwent testing using both the
commercial antigen test and Pluslife rapid SARS-CoV-2 test
were included. RT-qPCR confirmed that there were 93 positive

samples and 190 negative samples. The results of the 2
methodological assays compared with the RT-qPCR results are
shown in Table 6. The data showed that, compared to the
RT-qPCR results, the sensitivity of the commercial antigen test
was 88.2% (82/93; 95% CI 86.5%-89.8%) with a specificity of
100%, and the sensitivity of the Pluslife rapid SARS-CoV-2
test was 98.9% (92/93; 95% CI 98.4%-99.4%) with a specificity
of 100%.
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Table 6. Comparison of the results of testing 283 samples using the 2 assays (commercial antigen kit and Pluslife SARS-CoV-2 rapid test kit) with
real-time reverse transcription quantitative polymerase chain reaction (RT-qPCR) results.

PerformanceRT-qPCR resultsAssay results

Negative (n=190)Positive (n=93)

Commercial antigen test

—a082Positive (n=82), n

—19011Negative (n=201), n

82 (88.2, 86.5-89.8)——Sensitivity (n=93), n (%, 95% CI)

190 (100)——Specificity (n=190), n (%)

Pluslife SARS-CoV-2 rapid test

—092Positive (n=92), n

—1901Negative (n=191), n

92 (98.9, 98.4-99.4)——Sensitivity (n=93), n (%, 95% CI)

190 (100)——Specificity (n=190), n (%)

aNot applicable.

Comparison of the Diagnostic Value of Different
Testing Methods and Different Trial Sites
We performed a receiver operating characteristic (ROC) curve
analysis to assess the predictive value of the diagnostic variables.
The optimal cutoff values and the area under the receiver
operating characteristic curve (AUROC) were first calculated
for the commercial antigen test and the Pluslife rapid
SARS-CoV-2 test. The AUROCs were 0.973 and 0.997 for the
commercial antigen test and the Pluslife rapid SARS-CoV-2
test, respectively (Figure 2A), indicating the higher diagnostic
value of the Pluslife rapid SARS-CoV-2 test. After that, the
optimal cutoff values and AUROC of the Pluslife rapid

SARS-CoV-2 test were calculated for the different study
protocols and for each field trial site. The AUROCs were 0.955,
0.963, and 0.852 for the 4 centers combined, the “ready-to-test”
scenario, and the “freeze-thaw test” scenario, respectively
(Figure 2B-D), indicating that the diagnostic value of testing
immediately after field sample collection was higher than that
after freezing and thawing samples. The AUROCs of the Pluslife
rapid SARS-CoV-2 test for each individual site were 0.959,
1.000, 0.852, and 1.000 for Guangdong Provincial People’s
Hospital, Zhujiang Hospital at Southern Medical University,
Guangdong Second Provincial General Hospital, and Guangdong
University of Finance and Economics, respectively (Multimedia
Appendix 3).
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Figure 2. Analysis of the diagnostic value of different assay methodologies and different study protocols. (A) ROC curve analysis comparing the
diagnostic value of antigen testing with that of the Pluslife SARS-CoV-2 rapid test. ROC curves predicting the diagnostic value of the Pluslife SARS-CoV-2
rapid test for (B) the 4 centers, (C) the “ready-to-test” study protocol, and (D) the “freeze-thaw test” study protocol. AUC: area under the curve; ROC:
receiver operating characteristic.

Discussion

Principal Findings
Molecular testing is currently the standard diagnostic method
for confirming SARS-CoV-2 infection [9], and RT-qPCR for
SARS-CoV-2 in respiratory specimens is widely used in
COVID-19 diagnostic laboratories [2,10-12]. The easy-to-use
and mass-producible nature of the Pluslife rapid SARS-CoV-2
test allows for timely nucleic acid test results and reduces the
burden on laboratories [10]. Our objective was to evaluate the
performance of the Pluslife rapid SARS-CoV-2 test by
comparing it with other tests, such as RT-qPCR and antigen
tests, through field trials of the Pluslife rapid SARS-CoV-2 test
kit at 4 centers.

First, our results from the 4 field trial sites revealed that
RT-qPCR showed 95% (1853/1950; 95% CI 93.9%-96.2%)

compliance with the results of the Pluslife rapid SARS-CoV-2
test. The specificity, sensitivity, concordance, positive predictive
value, negative predictive value, positive likelihood ratio, and
negative likelihood ratio of the Pluslife rapid SARS-CoV-2 test
were high (Table 2). To test the optimal conditions for the
Pluslife rapid SARS-CoV-2 test, we adopted the “ready-to-test”
and “freeze-thaw test” protocols in the field trial sites.
Guangdong Provincial People’s Hospital, Zhujiang Hospital at
Southern Medical University, and Guangdong University of
Finance and Economics were used as the test sites for the
“ready-to-test” scenario, and Guangdong Second Provincial
General Hospital was used as the test site for the “freeze-thaw
test” scenario. Our results showed that the RT-qPCR results of
the “ready-to-test” and “freeze-thaw test” protocols were 99.2%
(1436/1447; 95% CI 98.8%-99.7%) and 82.9% (417/503; 95%
CI 81%-84.8%), respectively, and the specificity, sensitivity,
concordance, positive predictive value, negative predictive
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value, positive likelihood ratio, and negative likelihood ratio of
the SARS-CoV-2 assay were higher with the Pluslife rapid
SARS-CoV-2 test. The above results indicated that freezing
and thawing samples after collection and then testing with the
Pluslife rapid SARS-CoV-2 test kit is likely to cause
false-negative test results, while the diagnostic performance of
the test is better when the samples are processed in the field
immediately, which may be related to the easy degradation of
viral RNA after freezing and thawing. In addition, we validated
the diagnostic value of the Pluslife rapid SARS-CoV-2 test by
ROC curve analysis for the different study protocols and various
field trial sites, and the results also showed that the diagnostic
value of the test immediately after field collection was higher
than that of the test after freezing and thawing the samples. It
is well known that RT-qPCR assay results take a longer time
to become available [11]. Our comparison of RT-qPCR and
Pluslife rapid SARS-CoV-2 testing times in the 4 centers
revealed that the Pluslife rapid SARS-CoV-2 testing time was
considerably shorter than the RT-qPCR testing time for both
negative and positive results.

Rapid antigen testing is now a valuable alternative to RT-qPCR
for the diagnosis of SARS-CoV-2 infection because of its
simplicity, speed, low cost, and lack of a need for special
equipment or skills [13,14]. However, since viral antigens are
expressed when the virus is in active replication, the antigen
test is more suitable for the acute infection period, and the
accuracy of the COVID-19 antigen test is relatively high for
the suspected population within 7 days of the onset of symptoms
[15,16]. Therefore, there is a need to develop a test that covers
a long period and is fast, accurate, and convenient, which is
exactly what the Pluslife rapid SARS-CoV-2 test offers. To
compare the diagnostic performance of the Pluslife rapid
SARS-CoV-2 test with a commercial antigen test, we compared
the 2 assays with RT-qPCR in a field trial scenario at
Guangdong Provincial People’s Hospital, and the results showed
that the sensitivity of the antigen and Pluslife rapid
SARS-CoV-2 tests were 88.2% (82/93; 95% CI 86.5%-89.8%)
and 98.9% (92/93; 95% CI 98.4%-99.4%), respectively. Thus,
the positive detection rate of the Pluslife rapid SARS-CoV-2
test was increased by 10.8% (10/93; 95% CI 9.2%-12.4%)
compared to the commercial antigen test. In addition, we

validated the diagnostic value of these 2 tests by ROC curve
analysis, and the results showed a higher diagnostic value for
SARS-CoV-2 with the Pluslife rapid SARS-CoV-2 test than
with the antigen test. Therefore, although the detection time of
the Pluslife rapid SARS-CoV-2 test is slightly longer than that
of the antigen test, the diagnostic performance of the Pluslife
rapid SARS-CoV-2 test for SARS-CoV-2 is superior to that of
the antigen test.

However, there are some limitations to our study. First, because
most of the samples were collected by health care workers in
the 4 centers, it was not possible to compare the effects of the
2 sampling methods, namely, nasal swabs and oropharyngeal
swabs, on the performance of the Pluslife rapid SARS-CoV-2
test. Second, because antigen testing was only performed in a
subset of patients in the fever clinic of Guangdong Provincial
People’s Hospital, the number of samples for which both the
Pluslife rapid SARS-CoV-2 test and antigen test were performed
was small.

Conclusion
In conclusion, our multicenter field trial showed that, based on
the gold standard RT-qPCR assay, the specificity, sensitivity,
concordance, positive predictive value, negative predictive
value, positive likelihood ratio, and negative likelihood ratio of
the Pluslife rapid SARS-CoV-2 kit were high, and the
“ready-to-test” assay conditions were optimal. In addition, the
detection time of the Pluslife rapid SARS-CoV-2 test was
substantially shorter than that of RT-qPCR, which helps to
reduce laboratory pressure and time costs with better
performance in the detection of SARS-CoV-2. Furthermore,
when compared with the antigen test, we found that the
diagnostic performance of the Pluslife rapid SARS-CoV-2 test
was better for SARS-CoV-2 with similar detection times.
Therefore, under “ready-to-test” assay conditions, the Pluslife
rapid SARS-CoV-2 test can be used as a fast, convenient, and
accurate method for detecting SARS-CoV-2 with a detection
performance comparable to that of RT-qPCR, offering
significant application value for grassroots level facilities with
poor medical conditions, special application scenarios (eg, traffic
checkpoints), and easy home testing, thus reducing pressure on
medical institutions.
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Provincial People’s Hospital, (B) Zhujiang Hospital at Southern Medical University, (C) Guangdong Second Provincial General
Hospital, and (D) Guangdong University of Finance and Economics. AUC: area under the curve.
[PDF File (Adobe PDF File), 282 KB - publichealth_v9i1e48107_app3.pdf ]
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Abstract

Harmonization and integration of health data remain as the focus of many ongoing efforts toward the goal of optimizing health
and health care policies. Population-based patient registries constitute a critical element of these endeavors. Although their main
function is monitoring and surveillance of a particular disease within a given population, they are also an important data source
for epidemiology. Comparing indicators across national boundaries brings an extra dimension to the use of registry data, especially
in regions where supranational initiatives are or could be coordinated to leverage good practices; this is particularly relevant for
the European Union. However, strict data protection laws can unintentionally hamper the efforts of data harmonization to ensure
the removal of statistical bias in the individual data sets, thereby compromising the integrated value of registries’data. Consequently,
there is the motivation for creating a new paradigm to ensure that registries can operate in an environment that is not unnecessarily
restrictive and to allow accurate comparison of data to better ascertain the measures and practices that are most conducive to the
public health of societies. The pan-European organizational model of cancer registries, owing to its long and successful
establishment, was considered as a sound basis from which to proceed toward such a paradigm. However, it has certain drawbacks,
particularly regarding governance, scalability, and resourcing, which are essential elements to consider for a generic patient
registry model. These issues are addressed in a proposal of an adapted model that promises a valuable pan-European data resource
for epidemiological research, while providing a closely regulated environment for the processing of pseudonymized patient
summary data on a broader scale than has hitherto been possible.

(JMIR Public Health Surveill 2023;9:e34123)   doi:10.2196/34123

KEYWORDS

population-based patient registries; trusted research environments; registry network model; data federation; cancer registries;
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Context

The World Health Organization (WHO) defines public health
as “the art and science of preventing disease, prolonging life
and promoting health through the organized efforts of society.”
Surveillance of population health and well-being is listed as the
first point in WHO’s list of 10 essential public health operations
[1].

In practice, the task of monitoring health status is fraught with
difficulty. Health data need to be collected from many different
points, raising challenges in data harmonization, data

contextualization, and data quality. Depending on the type of
public health infrastructure, there may additionally be different
regional practices that compound these types of problems.
Moreover, the introduction of strict data protection laws adds
further layers of complexity in linking data, which is an essential
part of the process. A wide range of endeavors has been
undertaken to align health data, and a certain level of progress
has been made through international collaboration on many
different aspects of the underlying challenges. However, within
Europe, fragmentation of data still persists owing in part to a
rich tapestry of different types of national health care
infrastructure in place.
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In the field of population health monitoring, population-based
patient registries are valuable assets in the surveillance and
control of disease. Registries expend substantial effort to ensure
accuracy and completeness of data in a given population to limit
statistical bias [2]. Moreover, registry data are structured and
generally well described using standardized coding
classifications, which have positioned registries as key
epidemiological resources [3,4]. Although registries are
relatively autonomous in the population they cover, an extra
dimension in their usefulness and value is created by the
integration and comparison of data across registries. Combined
registry data use allows studies with large cohorts of patients,
thus leading to deep analyses and enhanced knowledge [5,6].
Despite the potential considerable savings in resources and
benefits to patients that integrating registry data can bring [7,8],
there have been few concerted efforts to support or facilitate
such initiatives in a sustainable manner. Moreover, increasingly
strict data protection regimes can lead to significant
administrative overheads in the collection and processing of
pseudonymized data, further exacerbating the challenges.

Epidemiological research is particularly affected by strict data
protection paradigms that do not generally differentiate the
needs of accessing personal data for data linkage purposes from
that for studies on specific individuals. Epidemiology requires
data linkage solely to derive the patient cohorts of interest (rather
than to conduct studies on specific individuals). Moreover, to
ensure unbiased intercomparisons of national data, the necessary
data validation techniques require access at least to
pseudonymized data, which are also considered as sensitive
data by the strict data protection paradigms. In view of the
current difficulties and barriers confronting initiatives to monitor
disease at a supranational level for the purposes of informing
and coordinating strategies for control and prevention of disease
at the European Union (EU) level, new mechanisms are required
to facilitate the necessary access to data without conflicting
with the core intent of EU’s general data protection regulation
(GDPR) legislation.

EU Member States have committed to the United Nations’
sustainable development goals to reduce premature mortality
owing to noncommunicable diseases (NCDs) [9], and the
European Commission (EC) is addressing the rise in numbers
of European citizens experiencing the more prevalent chronic
diseases [10]. In particular, EC continues to provide support to
the work of cancer registration through the European Network
of Cancer Registries (ENCR) to derive statistical indicators
used to steer EU policies and coordinate Member States’
activities for tackling the cancer burden. EC has also funded
several projects among the Member States to further the
availability of indicators for other diseases [11-13] and
supported registry networks via specific project-related activities
[14]. However, these initiatives are of relatively short duration,
and EU funding cannot replace national support for recurrent
activities within country remits. What is missing is a long-term
perspective about patient registry networks leading to a
sustainable solution. After the conclusion of the joint action
initiative on cross-border patient registries in 2014 [14], the
European Medicines Agency launched several follow-on
initiatives including the creation of an inventory of patient

registries and a draft guideline on registry-based studies, which
were open to public consultation [15]. Although the aim is to
create an EU-wide framework for patient registries, the
framework is with reference to facilitating general, open
collaboration between the various stakeholders rather than
specifically addressing models for integrating registries’ data.
Although patient registries in Europe are generally willing to
establish supranational networks [16,17], for the most part, they
struggle to find the resources and instruments to do so, and an
EU-coordinated sustainable and scalable model of patient
registry networks would surmount many difficulties. In addition,
such a model could scale to other regions of the world in which
there are agreements between countries for tackling common
public health issues, thus further increasing the potential of the
approach.

A Missing Infrastructure

Despite the acknowledgment that policy and decision-making
processes should be based on evidence and supported by
adequate health information systems, Bogaert and Van Oyen
[18] observed that “there is no single comprehensive EU-wide
public health monitoring system or health information system
that allows policy-oriented research or advice.” Although
indicators of NCDs have been, and continue to be, estimated
from various sources including hospital discharge records, death
certificates, health insurance claims data, and health surveys,
the quality of such indicators can be extremely variable. This
is particularly the case for health insurance data that can lead
to biased coverage of the population where there is no universal
national health insurance system. For these reasons, insurance
data tend to be used for evaluating and assisting health care
planning rather than for generating health statistics [19]. Other
difficulties arise from the different disease coding systems used
and even different interpretations of codes within the same
coding system. Moreover, health surveys have limited sample
sizes and tend to miss illnesses with high fatality rates [19].
Although in the absence of any systematic collection of data,
these estimated processes play an important role, they also place
onerous demands on the institutions involved when conducted
on a periodic basis, and there will be a trade-off between the
resources required and the cost-benefit of the indicators
depending on their quality and veracity. Many challenges facing
such initiatives are summarized in the Eurostat report on pilot
studies performed for collecting morbidity statistics in EU [19].

Regarding the establishment of a dedicated EU health
information system, Rosenkötter et al [20] identified the key
features expected from an EU health information system based
on a series of interactions with stakeholders from international
institutions, national ministries, public health authorities,
universities, and EU cofunded projects. In a ranking of 10
features, the most important one was considered to be a
permanent and sustainable system (in terms of content,
infrastructure, and resources), followed by quality of data and
information. The authors note that in spite of the acknowledged
relevance of public health surveillance and the numerous
requests for a comprehensive EU health information system,
there seem to have been considerable barriers to hinder its
realization. They cite various possible factors such as the data
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collection processes through different and fragmented national
health information systems and the concerns of oversimplified
rankings in data comparisons; the specific types of issues related
to both these factors have been described by Tijhuis et al [21].
An even more fundamental problem identified by WHO is that
“measuring health is conceptually and technically complex,
requiring statistical, public health and biomedical knowledge
and expertise unique to each disease or programme area” [22],
and therefore dependent upon coordination and integrated
strategies across many different entities.

Although population-based patient registries may have variable
coverage and comparability [19], they nevertheless provide a
well-established and systematic data collection process, with
data often stretching back many years. Additional value is
obtained through their collaboration within supranational
networks, as these provide the means to harmonize indicators
via agreement on data alignment, validation, and cleaning
processes. This is essentially the approach followed by ENCR
in the collection and derivation of European cancer indicators.

Stakeholder discussions have since gained momentum toward
the establishment of the European Health Data Space (EHDS)
[23], which foresees an infrastructure that facilitates access to
health data across EU. It is not yet clear whether the envisaged
solutions underlying the implementation of EHDS will be
sufficient to provide the level of service needed for an accurate
comparison of health indicators across Member States. Many
challenges still need to be addressed, including the timely
provision of data, ensuring the prerequisite quality and
harmonization of data, and issues related to data linkage. The
extent of these difficulties can be appreciated from the processes
followed by ENCR to ensure the harmonization and quality of
cancer indicators for meaningful comparison across national
boundaries. In view of the underlying verification and validation
processes to ensure harmonized quality indicators, it is likely
that ENCR will need to furnish EHDS with precomputed cancer
indicators rather than the converse scenario, whereby European
cancer indicators can be computed from data made available
by EHDS. In this regard, EHDS will not necessarily circumvent
the need for a network of cancer registries (CRs) or any other
supranational registry network providing harmonized indicators
at the EU level. Therefore, agreeing with a sustainable approach
toward the operation and resourcing of such networks remains
as an important objective.

The advantage of a registry network is precisely that it consists
of a network of experts that allows it to function as more than
a mere data collection and validation point. The WHO’s Health
Metrics Network categorizes a health information system into
6 components (resources, indicators, data sources, data
management, information products, and dissemination or use)
[22], and these components stand to be addressed more
holistically in entities such as registry networks, which also
allow for supranational coordination and harmonization.
Moreover, given that registries collect hospital discharge records
and outpatient records, many of them either do or could collect
comorbidity data that are considered to be necessary for a
comprehensive picture of public health [19].

Building on the Model of ENCR

Overview
To gauge the practical feasibility of sustainable models enabling
the collation of accurate and harmonized indicators for
intercomparison at the supranational level, experiences and
lessons can be drawn from existing, well-established networks.
In this regard, ENCR serves as a prime example. We present
the network in terms of how it is organized and how it currently
operates, especially in view of the associated advantages and
disadvantages.

ENCR Organizational Structure

The members of ENCR are national or local CRs. They are not
always public authorities. The participation of registries in
ENCR is voluntary and has been promoted by EU initiatives
since the 1990s. The funding for participation in the network
is obtained from the budgets of each registry and from EU
cofinancing.

The organizational structure of ENCR consists of a steering
committee, with a 3-year rolling mandate. Members are either
elected by the member registries or nominated by some of the
participant bodies. The steering committee is responsible for
prioritizing the issues facing the network and establishing
working groups comprising individuals with specific skills or
experience from the individual registries. Examples include
review and revision of coding recommendations, agreement of
data validation rules, and harmonization of variables extending
the common data set. The steering committee is assisted by a
secretariat that provides administrative and technical support.

The secretariat was initially provided by WHO’s International
Agency for Research on Cancer, which played an instrumental
role in the formation of the network in 1990 under EC’s Europe
Against Cancer action plan. In 2012, the secretariat was
transferred to EC’s Joint Research Centre. ENCR has been
essential for coordinating the periodic collection of data for
deriving the statistical indicators used at the EU level to compare
cancer incidence, mortality, and survival and their trends over
time for different types of cancer. The indicators are publicly
available on the European Cancer Information System (ECIS)
website [24], which is the reference point for monitoring and
projecting the burden of cancer in Europe.

Challenges Facing the ENCR Model

Overview
Ensuring the accuracy of comparable cancer data from many
different registries is a nontrivial process. The organizational
landscape of CRs is extremely heterogeneous across Europe,
and the complexity of the situation can be gauged by the sheer
number of registries constituting ENCR (>150 individual CRs).
Registries can be nationally based, regionally based, or even
metropolitan, and Member State coverage is also quite variable
[25]. Challenges relate to data curation, data interfaces, and lack
of legal entity status for an informal network.
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Data Curation

The collection of data from all CRs relies not only on the good
will of the registries to provide their data within a given time
frame but also on the legal contracts between the data collector
and the data provider. First, the data are provided as
pseudonymized patient summary records conforming to a
template describing the ENCR common data set, which consists
of harmonized variables fundamental for deriving the major
statistical indicators. Then, the data are cleaned according to a
set of predefined rules; the more basic checks relate to file
formatting errors and ensuring that all the mandatory variables

have been provided. The more intricate checks verify the
accuracy of the variables’ data ranges, particularly regarding
the values of other variables (intervariable checks). The data
cleaning step may require several iterations with the registries
until the data are considered to meet the required level of
conformity with the data rules, which is necessary for national
and international comparisons. Finally, the indicators are derived
from the data on a per-registry basis and displayed at an
aggregated level that removes the possibility of reidentification.
Following a round of final checks with the registries, they are
uploaded to the ECIS website. The process is summarized in
Figure 1.

Figure 1. Summary of the centralized European cancer-registry data collection and cleaning process.

The processes for collecting, cleaning, and final verification
add time delays beyond those already incurred by the CRs in
collecting and verifying the data according to their own local
processes and requirements. Once the aggregated data are made
available at the European level, they are generally 4 to 5 years
out of date. Forecasts, based on the historic data, are calculated
to cover the intervening time lag; nevertheless, it stands to
reason that any possible means of reducing the delays while not
compromising the veracity of the data should be promoted.
Delayed availability of data compromises their usefulness in
feeding back in real time to health care policies, especially in
monitoring the immediate effects of the introduction of cancer
control initiatives, such as screening programs.

Data Interfaces

Another major difficulty lies with the interfaces between the
various independent entities involved in the data chain,
especially in terms of data encoding and anonymization.

Encoding of Data

In primary health care settings, clinicians are busy and often
may not have the time necessary to complete or verify the
summary data that are forwarded to the registry. Medical
secretaries entrusted with the work may themselves not have

the necessary experience to verify the data or determine the
correct codes to use from the case reports. If the data are not
encoded accurately, the resulting inconsistencies tend to amplify
the inefficiencies as they propagate through the downstream
processes. Improved focus and attention given to ensuring the
accuracy of the summary case reports at the initial point of
encoding could save considerable expense and delay in
correcting the data later. However, the same is true for all the
interfaces, with each interface adding to the overall delay and
inefficiency, as data have to be checked, verified, and corrected
via dialogue between both sides of the interface. Figure 2
illustrates the multiple data interfaces in the current registry
network scenario. Although these processes are in the domain
of national health infrastructure, there are motives for
establishing good practices in view of saving cumulative costs,
both in terms of time and resources. Data reporting is often
viewed as an unnecessary burden in the busy clinical
environment, and further efforts could be undertaken to provide
the results of data analyses back into the hands of the clinicians
to help change such attitudes and demonstrate the practical
advantages of accurate data reporting. In addition, measures
could be implemented, such as training, data quality audits, or
provision of standard templates encapsulating data quality and
data semantic contexts following, for example, the model of
Findable, Accessible, Interoperable, and Reusable data digital
objects [26].
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Figure 2. Multiple data interfaces exist in the common pan-European registry model. Each interface adds barriers to the type of data interaction allowed.
In particular, the interface presented to general data users is complex on account of the lack of a single access point.

Data Anonymization

Moreover, where the interface bridges different health care
authorities, the transfer of pseudonymized data also falls under
the data protection requirements of GDPR. Data requesters are
required to state explicitly the intended purposes for the data,
and these requests have to pass through various overseeing
processes to ensure that the purposes are appropriate. The
interfaces are further complicated between national boundaries
where different legal interpretations and contexts may apply.
The way in which GDPR has been enforced across different
EU Member States since its introduction in May 2018 means
that some registries are no longer able to provide even
pseudonymized summary data. However, anonymized data
cannot be used for verifying data consistency and bias. This
development has profound consequences for the reliable
intercomparability of the indicators currently provided in ECIS.
Although initiatives are underway to federate the data cleaning
processes, which would eventually remove the need to collect
record-level data, it is not a straightforward task because there
are many exceptional cases to handle and apply through a
consistent approach. Moreover, merely federating the centralized
entity’s processes does not tackle the broad and more important
issues of leveraging the full value of the registries’ data (in a
centralized data collection process, the focus tends to be on only
the reduced subset of the core data variables).

The Legal Entity Issue

The ease of acquiring data, at least from the perspective of
recognized legitimacy of the data request, can be facilitated via
a legal mandate. However, a legal mandate requires a
data-requesting entity to be a legal entity, and although this does
not pose any problems for individual registries, an informal

network of registries is itself not a legal entity. The lack of legal
entity status also confounds funding of the network or any
financial transaction. This means that the network is fully
dependent on the legal entity or entities that perform the
administrative affairs of the network.

Proposal for an Adapted Model

Overview
The considerations mentioned in the previous section can be
used to frame a proposal toward a more robust and efficient
model by streamlining the processes, increasing coordination
among the various entities, and providing the capacity to scale
across other registry domains. Apart from cancer, other chronic
disease domains receiving attention for more coordinated
European initiatives include diabetes, cardiovascular disease,
and chronic obstructive pulmonary disease. The need to increase
the availability and access to NCD data for both policy and
research uses has long been argued within Member State public
health institutes and by experts and stakeholders in the field.
However, important challenges remain before the provision of
accurate, comparable data on key aspects can be realized—even
of fundamental information such as the prevalence of diabetes,
cardiovascular disease, or chronic obstructive pulmonary
disease. Moreover, it would be particularly valuable to be able
to track and derive geographical and temporal trends of
epidemiological indicators (such as prevalence, incidence,
mortality, and survival) for all the major NCDs and any
comorbidities.

We argue that a paradigm shift with the potential for a
significant increase in efficiency is achievable if all the
superfluous external interfaces are removed. This could be
realized by creating a trusted registry space, for example, similar
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to trusted research environments (TREs) being established in
the United Kingdom for data-driven health research [27]. An
environment of this nature would create a secure and trusted
working space in which registries within a given disease domain
could operate across regional and national boundaries.

Pan-EU TREs

In TREs, researchers can only access the types of data agreed
upon within their data sharing agreements. They are also
prevented from downloading any record-level data and can only
access the data within the TRE. Creating such an EU-wide
environment on a registry domain basis would effectively
unleash the full potential of registry data for the benefit of all
citizens. Given that all registries have the same objectives, albeit
within their own specific geographic boundaries, and share the
same ethical principles, there is, in principle, no reason why
such a pan-EU space could not be set up, especially when
safeguarded by data sharing agreements. Moreover, the data
space would generally only require access to pseudonymized
data, consistent with the principles laid out by GDPR to reduce
the risks of patient identification. In any case, the fundamental
aim of population-based registries is to provide a monitoring
and surveillance function for a particular disease; identification
or reidentification of patients is not the purpose, and personal
identifiers are only used when it is necessary for linking data
to obtain the relevant information for selecting cohorts of
patients sharing the specific commonalities to which the
epidemiological research is addressed. Furthermore,

pseudonymized data need never leave the trusted registry space.
The processing would be performed entirely within the data
space, and only anonymized data would be made available
outside the space.

A means for formalizing the network is also needed such that
it is recognized as a legal entity. This could be achieved via an
administrative and technical entity within the network (and
operating in the space, thereby removing a further unnecessary
interface and dependence on an external organization) that could
manage the budgeting and financial aspects of the network. A
registry network with legal status would resolve various
difficulties that are becoming increasingly apparent, especially
regarding the interface with EHDS, which foresees data nodes
as legal entities either at the national level or formally
recognized European agencies or bodies (such as the European
Centre for Disease Prevention and Control, European Reference
Networks, and European Research Infrastructure Consortia). In
contrast, registry networks are informal networks of registries
that have no legal recognition even though each individual
member registry may be a legal entity in its own right. However,
with a legal entity status, the administrative entity of the registry
network could be formalized as the network’s contact office
and serve as the registry domain node in EHDS. Such a contact
office may also be able to rationalize the many current access
points vis-à-vis the national statistical offices and those offices
responsible for providing information to registries. Figure 3
illustrates the benefits of replacing the multiple access points
shown in Figure 2 with a single data access point.

Figure 3. A trusted registry environment or data space for a specific disease domain. The registries within the trusted data space are free to exchange
pseudonymized data on the condition that no data leave the space and that the purpose of the exchange is legally and ethically compliant. A single
interface point is provided by the coordination entity that works in coordination with all the registries in the data space.

Benefits of the Model

A trusted data space on a disease domain basis, in which
registries are able to share pseudonymized data, would transform
the current processes of working and considerably facilitate
supranational research (such as at the EU level) that can
currently only be performed with great difficulty and effort. It
would also accelerate the provision of statistical indicators by
removing many administrative and bureaucratic hurdles

impeding the processes for collating data. An additional potential
benefit is that it could provide a safe environment for the data,
because the data need never leave the trusted registry space, as
is the case in centralized collection points, and thereby motivate
the sharing of a rich data set with more variables than are
currently included in the minimum data set.

The legal status of the contact office forms a critical element in
the network’s business case, as funding for the activities of the
network could be provided via administrative and data

JMIR Public Health Surveill 2023 | vol. 9 | e34123 | p.124https://publichealth.jmir.org/2023/1/e34123
(page number not for citation purposes)

Nicholson et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


processing fees to ensure the long-term sustainability of the
network. Regarding this aspect, the benefits should be
emphasized on the positive feedback mechanism that secondary
data use is likely to provide on the quality of data. The more
the data are used, the more resources would be available to the
network to reinvest in developing more robust processes and
tools for verifying the quality of data and extending the set of
harmonized variables. Moreover, these resources could in turn
be used to support and improve the quality of the primary data
feed processes.

A further strength of the model would be to focus the access
point to the registry data on a single entity, not only helping to
ensure that the data requested from different registries within
the same domain are harmonized to the degree necessary for
secondary analyses but also allowing a shared view within the
community about the ethical aspects and appropriate use of
registry data in the incoming data requests. Individual registries
within the network would always retain the right to refuse the
use of their data in any specific study. Table 1 summarizes the
characteristics and advantages of the proposed model over those
of the current ENCR model for some of the main data processes.

Table 1. Characteristics and advantages of the proposed adapted model compared with the characteristics of the current ENCRa model for some of the
main data processes.

AdvantagesProposed adapted modelENCR modelProcess

Data remain federated but accessible
in data space

Centralized data collection pointData collection • All registries have access to other registries’ data
• Parallelization of centralized tasks, thus avoiding

serial data pipeline congestion
• Improved transparency and verification of data pro-

cessing
• Patients’ record-level data remain within the secure

data space

No interfaces between registries
(data sharing agreements are formal-
ized via initial set of contracts)

Multiple data interfaces between
the central data point and reg-
istries

Registry interface • Fast availability of data
• Few administrative processes
• More rapid derivation of statistical indicators
• Avoids the need for duplicating data sets and the

consequent data integrity issues

All registries can access other reg-
istries’ pseudonymized data

Only the central data point has
access to full set of
pseudonymized data

Data access • More extensive data use, which in turn improves
data quality

• Increased collaborative analyses between registries
• Deep data pool

All data variables are potentially
available

Data variables are limited to
those described in common data
set

Data variables • High-resolution analyses
• Facilitation of metadata harmonization (improved

visibility of nonstandardized metadata)

Single data interface between exter-
nal data users and registry network

Multiple data interfaces between
external data users and registry
sources

Users’ interface • Improved control over data collections and versions,
thus avoiding discrepancies in data analyses arising
from release of different collections or versions of
data

Interface with EHDS via legal entity
representative of the registry net-
work

No clear interface with EHDSEHDSb interface • Well-defined point for data query submissions
• Fast response times to data queries
• Improved coordination between registries for han-

dling external data requests

aENCR: European Network of Cancer Registries.
bEHDS: European Health Data Space.

There are other benefits that such spaces could bring to the
registries’ data feeding processes from the initiating sources,
whether from primary sources such as hospitals and clinics or
from linkage data (eg, from statistical offices). Registries spend
significant amounts of time ensuring consistency and
completeness of data [28], both of which are critical processes
to remove bias from the data. The time spent in ensuring these
particular dimensions of data quality is one of the major
contributors to the time delay associated with the provision of
validated registry data. Agreeing the common data sets and
metadata standards at the European level stand to influence
clinical data recording practices across EU to ensure that the

common variables are transferred consistently and accurately
and to lead to economies of scale by nurturing approaches
toward common data quality tools and methodologies. Having
1 point of access to the registry domain would itself facilitate
the transfer of death certificate information, which is a piece of
critical information required by registries for ensuring data
completeness. Therefore, the network could act as a type of
data-clearing house, providing a single interface between
national statistical offices rather than multiple interfaces that
exist currently.
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Within the EU at least, there are few reasons to argue against a
model that goes in the direction of a trusted data space in which
registries are free to exchange pseudonymized data under
appropriate and formalized safeguards. It is based on similar
arguments as those used to frame the development goals of
EHDS but with more justified reason given the very specific
aims. The model would provide registries with the autonomy
to agree the common data models, metadata, common data sets,
and data quality criteria. The latter is essential in any
cross-comparison of data and could easily be audited and graded
in such a common space, with important ramifications on the
trustability of the data in downstream analyses. The model is
adaptable to countries at either end of the country income
spectrum because it builds on the local registry infrastructure.
A study undertaken on the overall costs of CRs for 2010 [29]
revealed that costs per inhabitant ranged between €0.03 (US
$0.04) and €0.97 (US $1.35), with an average of €0.27 (US
$0.37) in comparison with cancer health care of €102 [US
$142.8] per EU citizen in 2009 [30]), whereas the costs per
registered cancer case ranged between €6 (US $8.4) and €213
(US $298.2), with an average of €50.71 (US $70.9). These
figures were comparable with those of registries in the United
States. Costs for registries covering large populations were less
than those for registries covering small populations, and
correspondingly, costs of national registries fared better than
regional registries. Increasing expenditure for CRs was
associated with the increasing economic wealth of the country,
with the greatest proportion of costs being spent on personnel.
In view of the health expenditure savings that registry data can
bring, the costs are not disproportionate to the total health care
costs—at least in the domain of cancer.

Practical Considerations

A framework allowing such seamless pooling and processing
of data, even if only pseudonymized data, would require
agreement of national authorities at the EU Member State level
despite the provisions laid out in GDPR for processing of
sensitive data for reasons relating to the public interest. This
would be the first major task to accomplish. However, several
aspects will also need to be addressed at a practical level. The
first aspect is to identify the means by which a network of legal
entities could itself become a legal entity in its own right; having
the network agree jointly on terms and implementation would
not be sufficient. The solution to this could perhaps be bound
together with the legal issues defining a trusted patient registry
domain data space. The second aspect relates to the technical
aspects of creating a secure EU data space accessible to
registries across EU, which may be more difficult to accomplish
than a trusted data space housed in and limited to a particular
country. The legal and technical aspects may further be
compounded by the distinction between EU Member States and
European non-EU countries, which are also members of patient
registry networks such as ENCR. The third aspect relates to the
need for funding, at least initially, before a patient registry
domain space could become self-sustaining. A more ambitious
endeavor could be to realize a single cross–disease domain
patient registry data space, in which resources could be
combined to realize a large synergistic technical facility for the

development of common processes and tools for data cleaning
and validation, without reinventing similar processes and tools
on a per patient registry domain basis. There is a risk that a
multiplicity of TREs without strong coordination can itself lead
to duplicated effort, monopolies on access, and obstructive
divergence around data curation [31].

Conclusions

To overcome the restrictions severely limiting the benefits to
public health that could otherwise be achieved by facilitating
interregistry integration, a new model is urgently required. The
urgency is precipitated by the introduction of GDPR that has
changed the context of the former model of collecting national
and regional registry data for EU-coordinated actions. A model
has been presented that promises to overcome many current
hurdles and provide an improved solution to unlock the full
potential of integrated registry data by allowing access to the
full set of data variables rather than a restricted set. The model
builds on the concept of ENCR that has proved to be a
successful and viable means for deriving harmonized cancer
indicators at the European level but introduces elements critical
to a more sustainable and generic framework that could be
applied to other NCD domains. The 2 elements that are
especially important in this regard are the provision of a trusted
data space to facilitate access to pseudonymized data in a secure
environment and the creation of a legal entity as an integral part
of the registry network serving as the formal single
representative of and interface to the network. Regarding the
legal entity acting as the interface to the registry network, there
is a certain degree of trust required by the registries that can be
ensured via appropriate contracts; it would also be critical to
ensure stringent technical measures against unauthorized access
to the data space and against any possibility of downloading
sensitive data. Although both these aspects would require
support and formalization at the national level and interregistry
contractual agreements regarding the sharing of pseudonymized
record-level data, there is, in principle, no reason why this
cannot be achieved given the similar aims of local or national
registries and explicit agreements at the EU level to tackle the
NCD burden.

However, regardless of the specificities of any particular model,
the fundamental requirements are to remove the inefficiencies
imposed by the various interfaces within the current registry
network models and allow a degree of autonomy within a
registry domain to provide timely, reliable, and accurate
indicators for steering policies to tackle the societal burden of
disease and improve the outcomes of patients. In particular,
accelerating the availability of data could save considerable
costs by feeding back the results of health care measures and
programs early in the implementation cycle. The arguments
presented are intended to show how a solution for unlocking
the resource-rich assets of interconnected patient registries is
within reach and how a single interface to these data can most
optimally be organized in supranational frameworks such as
those existing in Europe. This interface would also provide a
controlled means for ensuring access to the harmonized set of
European health data in a given disease domain and could serve
as an access node within EHDS.
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Abstract

The role of antibiotic overuse in intensifying selection pressures and contributing to the emergence of antimicrobial resistance is
well established. The Kumbh Mela, a religious festival that occurs in 4 Indian cities of spiritual significance, is the world’s largest
mass gathering, attracting over 80 million pilgrims in 2013. Digital syndromic surveillance from the 2013 and 2015 Melas
demonstrated a consistent pattern of antibiotic overuse, with an antibiotic prescribing rate of up to 31% for all patient encounters.
As preparations for the 2025 Kumbh Mela begin, task shifting, point-of-care diagnostic and digital tools, robust clinician training,
and community awareness can promote the restrained and evidence-based use of antibiotics, minimizing the potential for the
emergence of antimicrobial resistance at the world’s largest mass gathering.

(JMIR Public Health Surveill 2023;9:e45121)   doi:10.2196/45121
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Introduction

The World Health Organization’s global action plan on
antimicrobial resistance (AMR) recognizes that AMR “threatens
the very core of modern medicine and the sustainability of an
effective, global public health response to the enduring threat
of infectious diseases” [1]. The contribution of antimicrobial
use and overuse in intensifying selection pressures that lead to
the emergence of AMR is well established [2]. India has the
highest rate of human antibiotic use in the world and has a
substantial burden of antimicrobial-resistant organisms as well
[3]. Both the overuse of antimicrobial agents and the emergence

of resistant organisms are exacerbated during stressors to
population health, as seen during the COVID-19 pandemic
[4-6]. These phenomena are also seen in certain regularly
scheduled events like large mass gatherings where millions
congregate over several days and where wanton prescription of
antibiotics has been observed [7].

The Kumbh Mela is one such religious festival held periodically
in 4 cities of spiritual significance in India [8]. Millions from
across the country visit the weeks-long festival for a religious
“dip” in the holy river waters on the banks of which the Melas
are held. The Melas were last held in Allahabad in 2013, in
Nashik in 2015, in Ujjain in 2016, and in Haridwar in 2021.
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Our digital surveillance at 2 of these events in the past, including
at the 2013 Kumbh Mela (the world’s largest mass gathering
to date), shows that antibiotic stewardship at the publicly funded
health care facilities at these events is nearly nonexistent [9,10].

Planning for the Melas begins nearly 1 to 2 years in advance,
presenting a unique opportunity to strengthen public health
systems and improve antibiotic stewardship in time for the 2025
Kumbh Mela in Allahabad, which is again expected to set the
record for the largest mass gathering in history. In this
viewpoint, we argue for the restrained use of antibiotics; the
use of digital tools to monitor, nudge, and support
evidence-based prescribing; and for robust clinician training
and community awareness to modify expectations and change
practice in anticipation of, and during, the 2025 Kumbh Mela.

The 2013 and 2015 Kumbh Melas

Clinical encounters in the 2013 and 2015 Melas in Allahabad
and Nashik, respectively, were digitally documented via a
syndromic surveillance system deployed at both Melas [8-10].
Some of the authors (SB and AS) were directly involved in
extensively studying various aspects of public health
preparedness at these Melas and were responsible for the design
and implementation of the digital systems, the first of
cloud-based syndromic surveillance systems deployed at scale.
It is now well documented that significant resources are directed
toward public health preparedness and public safety at the
Melas, in response to cholera outbreaks and stampedes that have
marked previous iterations of the gathering [11]. At each
festival, the state and central governments cooperate to provide
a range of services for the visiting pilgrims, including temporary
shelters, free meals, subsidized transport, and health care.
Temporary health clinics are staffed by physicians seconded
from other government-run primary clinics across the host state.
The clinics are characterized by very high patient volumes,
where each provider may see hundreds of patients a day. The
doctor-patient encounter is cursory, and patients expect to be
prescribed medications for their ailments, in concordance with
known health-seeking behavior in India [12,13]. Protocols
established by the state health ministry allow the provision of
only a 3-day supply of antibiotics, recommending a follow-up
visit [9]. With some exceptions, the vast majority of pilgrims
only make a day trip to the Mela and return home.

The 2013 syndromic surveillance system was deployed at the
4 busiest of 13 clinics at the Allahabad Mela and at the larger
secondary care hospital on site [8,9]. The clinics provided free
services to the 80 million pilgrims who visited the Mela over a
55-day period. Roughly 280,000 patients were seen in the clinics
during the Mela, and data were captured from 49,131 of these
encounters [8,9]. We found that as the number of visitors rose
on certain auspicious days, clinic visits spiked with some sites

seeing over 2000 patients a day [9]. On February 9, the busiest
of all days at the 2013 Mela, over 30 million pilgrims visited
the festival. The median age in 49,131 patient encounters
recorded at the 5 study sites was 46 years, the majority being
men (70%) [9]. The most common recorded presenting
complaints were musculoskeletal pain (19%), fever (17%),
cough (17%), coryza (16%), and diarrhea (5%) [9]. A total of
91% of patients at the 4 sector clinics and nearly 70% at the
central hospital received at least 1 or more drug prescriptions.
Of all patient encounters, 31% received an antimicrobial agent
[9]. Of patients who presented with a complaint of subjective
fever (n=8490), nearly half received a 3-day prescription for
antibiotics, empirically, without any confirmatory tests [9].

The syndromic surveillance exercise was repeated 2 years later
at the Nashik Kumbh Mela, which was attended by nearly 30
million people [10]. Data were collected from over 40 clinics
servicing the visiting pilgrims in the host cities of Nashik and
Trimbakeshwar [10]. The clinics mainly ran on the most
auspicious days, totaling four 3-day runs of operation,
sometimes including both sites. A total of 33,305 unique patient
encounters were captured over 9 days. The most common
presenting complaints were upper respiratory tract symptoms
(n=10,866), joint pain (n=5730), and fever (n=4861).
Prescription data were available for 14,725 patient encounters
from a subgroup of randomly selected clinics. Within this group,
of the 2067 patients who presented with subjective fever, half
(n=1111, 53.7%) were prescribed antibiotics empirically (as
they were at the 2013 Mela). Among 3921 patients presenting
with upper respiratory tract symptoms, 2692 (68.7%) received
antibiotics. Of the 1429 patients with gastrointestinal complaints,
668 (46.7%) were prescribed antibiotics (Figure 1).

These findings are concerning for several reasons. Data from
these Melas show that antibiotic prescribing rates can be as high
as 31% for all encounters. Almost 69% of patients with upper
respiratory tract symptoms received antibiotics, an alarmingly
high rate, given the overwhelming evidence that the vast
majority of upper respiratory tract infections are caused by viral
pathogens [14]. These rates are concordant with previously
published estimates of antibiotic prescription rates from
undifferentiated outpatient settings in India, which range from
39% to 66% [15-17]. There is also substantial interprovider
variation in prescribing practices (Figure 2 and Multimedia
Appendices 1 and 2). When antibiotics are used, there is little
consistency or evidence-based practice to guide decision-making
when choosing antibiotics. Across all clinics at the 2015 Kumbh
Mela, the rate of fluoroquinolone prescription for patients with
upper respiratory tract symptoms ranged from 0% to over 50%,
with similar variation in the prescription of other antibiotics.
Such use of broad-spectrum antibiotics as empiric therapy is
consistent with other observations from India and indicates the
need for ongoing education for providers [18,19].
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Figure 1. Percentage of patients prescribed antibiotics based on their syndromic presentation.

Figure 2. Variation in antibiotic prescription practices across sites for patients presenting with upper respiratory tract symptoms at the 2015 Kumbh
Mela.

Policy Recommendations

While well intentioned, the provision of health services for
low-acuity illnesses at the Kumbh Mela needs urgent reform.
Preparation for the 2025 Allahabad Kumbh Mela commences
now as the state assembles its administrative team and various
contractors begin to reactivate their supply chains. The Mela
administration will have a dedicated team dealing with public
health preparedness and health services. Now is the time to
reimagine what these should look like in 2025, for what is likely
to become the world’s largest mass gathering.

Evidence from the prior 2 Melas we studied has shown the
following: the vast majority of presentations are of low acuity;
there are little to no diagnostics available except at the district
hospital; there is near universal overprescription of antibiotics;
and when prescribed, the choice and dosage of antibiotics chosen
appears arbitrary. Each of these observations warrants attention
as planning for the Kumbh begins.

Our recommendations to promote antimicrobial stewardship at
the Kumbh Mela are summarized in Table 1.
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Table 1. Recommendations to promote antimicrobial stewardship at the Kumbh Mela, the world’s largest mass gathering.

Impact on antimicrobial stewardshipIntervention

Clinically stable patients not requiring medications are discharged with symptomatic management
and patient education

Highly protocolized triage by mid-level providers
(task sharing)

Targeted, rapid diagnostics may prevent unwarranted prescriptions of antibiotics or help better
target therapy

Point-of-care diagnostics (technology)

Simple, user-centered clinical protocols can guide appropriate antibiotic prescriptionPhysician education (training)

Benchmarking of one’s antibiotic prescription rate against peers acts as a behavioral nudge that
rationalizes prescribing practice

Technological assistance (technology)

Patient-facing education initiatives address the patient expectations that drive the demand for an-
tibiotics in the Indian context

Patient education (training)

1. Task Sharing
All clinics are staffed by trained allopathic physicians. As
epidemiological data from these 70,000 patient encounters have
consistently shown, patients at the Mela often present with
low-acuity symptoms, many of which likely warrant no
diagnostics or therapeutics, and most likely do not need the
attention of a physician—especially one that has been drawn
away from a busy clinic elsewhere in the state in order to
participate in a fleeting patient encounter.

In recent years, the Ministry of Health and Family Welfare has
been promoting task sharing with mid-level practitioners and
with trained nonallopathic physicians. Given what is known
about the epidemiology of patient presentations at the Mela,
highly protocolized triage by mid-level providers, community
health workers, and senior medical students can identify patients
who do not require any intervention, as well as those that require
a detailed physician review. Patients who meet predefined
criteria for clinical stability can be discharged. Such task sharing
allows for a more effective allocation of limited physician
resources. Fewer patient encounters per physician may reduce
decision fatigue, which also contributes to antibiotic initiation
[20].

2. Point-of-Care Diagnostics
The proposed task shifting will enable richer doctor-patient
interactions for those who have been identified by first-line
providers as needing additional attention. Physicians at previous
Melas spent less than 3 minutes per patient encounter, often
prescribing antibiotics without examining the patient [9].
Previous Melas have also been characterized by a lack of
diagnostic capacity, with no laboratory or radiology services
outside of the central referral hospital [9]. As a result, only 0.3%
of patient encounters at the 2013 Mela used x-rays and almost
none received blood tests [9]. The absence or underutilization
of diagnostic testing may lead to well-intentioned but
inappropriate initiation of empirical antibiotic therapy. Many
diagnostic tests, including radiography and rapid antigen testing,
for example, can now be performed at the point of care. Such
diagnostics must be considered for an appropriately triaged
subset of patients in whom empiric therapy cannot be justified.

3. Regulating Antibiotic Prescription
Promoting the appropriate use of antibiotics remains a
significant challenge, and multiple approaches have been tried

around the world. A multipronged approach will be necessary
to promote antibiotic stewardship at the Kumbh Mela.

Physician Education
Sustained provider education, streamlined clinical decision
support systems, standardized treatment algorithms, and
behavioral nudges are core components of antimicrobial
stewardship programs [21]. The Kumbh Mela, which runs for
several weeks, provides unique access to large numbers of
physicians visiting from around the state. The education of
prescribers involved in antibiotic use is a core pillar of antibiotic
stewardship [21]. Training them in simple, user-centered clinical
treatment protocols with standardized thresholds for antibiotic
initiation in the weeks leading up to the Mela may help
streamline clinical decision-making and promote the rational
use of antimicrobial agents. Resources permitting, following a
cohort of these physicians over time as they return to their
hometowns may offer insights into the sustainability of these
interventions and their generalizability to antimicrobial
stewardship programs in India at large. Of note, the current
policy of providing a 3-day supply of antibiotics for ailments
diagnosed at the Mela should be reexamined, as it risks both
overtreating patients without bacterial infection and
undertreating those that do. In the case of pneumonia, for
example, society guidelines in India and abroad recommend at
least 5 days of antibiotic therapy [22,23].

Technological Assistance
The Mela provides an excellent opportunity to build on prior
successes with lightweight, mobile digital health tools to
promote sustainable antimicrobial use. An electronic medical
record, which has already been successfully deployed at previous
Melas in the form of a tablet-based app, will allow for
performance scores and quality metrics related to rates of
antibiotic prescribing. Anonymized benchmarking of providers
against their peers may serve as an effective behavioral nudge
to rationalize prescribing practice (Figure 3). The use of
electronic prescribing, as envisioned by the Ayushman Bharat
Digital Health Mission (ABDHM), and clinical decision support
tools embedded within the electronic medical record could
further support good prescribing practice [24]. These initiatives
can inform broader efforts to regulate antibiotic sales in India,
which is characterized by high levels of over-the-counter
dispensing of antimicrobial agents [25].
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Figure 3. Proposed end-of-the-day feedback to prescribers at the Kumbh Mela demonstrating their prescribing practices compared to their peers and
to a validated benchmark of expected antibiotic utilization, according to local epidemiology.

Patient Education
A particular challenge in the Indian context is that of patient
expectations that drive demand for antibiotics, and risk aversion
among providers, leading to inappropriate initiation of empiric
antibiotic therapy [26]. The Mela provides an ideal opportunity
for initiating a conversation about antibiotic use with the broader
public, as has been done with other themes at previous Melas
(eg, the 2015 Kumbh Mela was designated as an eco-friendly
“Harit Kumbh” [Green Kumbh], with a focus on sustainability
[27]). Awareness campaigns at congregation spaces and in the
vicinity of clinics are likely to be noticed.

Limitations and Ethical Considerations

Digital tools may facilitate responsible antibiotic prescribing
through education, monitoring, and surveillance, but they must
be combined with other core elements of antimicrobial
stewardship, including a strong commitment to stewardship by

local and national health authorities, as well as ongoing reporting
and feedback [21]. The proposed digital tools will work best as
part of the local and national commitment to antimicrobial
stewardship.

Ethical issues surrounding digital tools and data privacy in
health care records must be considered [28]. In India, there has
been a robust debate regarding the governance framework for
health data exchange in light of the ABDHM [28]. Similar
digital tools to the ones proposed above have been deployed at
previous iterations of the Mela without undermining individual
privacy [8-10]. Peer-based benchmarking of antibiotic
prescription rates will require anonymized and aggregated
prescribing data to allow for supportive and nonpunitive learning
opportunities [28]. Such anonymization is at least theoretically
possible within the digital architecture proposed by the
ABDHM.
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Future Directions

Despite the scale of the threat posed by AMR, stewardship
activities have been difficult to implement not just in India but
across the world. India continues to be the world’s largest
consumer of antibiotics, but there is limited evidence to guide
antimicrobial stewardship activities in the Indian context [3].
The government’s support for task shifting and focus on
technology and public angst over the state of health care in the
aftermath of the COVID-19 pandemic provide an impetus for

change. Given the tens of millions that are expected to converge
at the Kumbh Mela in Allahabad in 2025, bold measures to
combat antibiotic overuse and AMR are urgently required. The
Mela offers a unique opportunity to deploy and validate digital
interventions in an environment with multiple stressors and can
act as a catalyst for sustained, larger-scale interventions across
the Global South. Lessons learned from the Kumbh Mela may
also inform antimicrobial stewardship activities at other
organized mass gatherings, such as the Hajj in Saudi Arabia,
which face similar challenges related to antibiotic overuse
[29,30].
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Abstract

Waterpipe tobacco smoking (WTS) is a traditional tobacco use method that originated in the Eastern Mediterranean Region
(EMR) and has resurged in recent decades. WTS rates in the EMR are the highest worldwide, especially among youth, exceeding
cigarette-smoking rates in select jurisdictions. Despite its documented harm, the growing prevalence of WTS has been met with
a poor regulatory response globally. At the epicenter of the WTS epidemic, countries in the EMR are in urgent need of effective
tobacco control strategies that consider the particularities of WTS. A roundtable session, titled “Monitoring and Combating WTS
Through Taxation and the Global Tobacco Surveillance System (GTSS),” was held as part of the 7th Eastern Mediterranean
Public Health Network’s regional conference. The session provided an overview of evidence to date about WTS policy control,
the taxation of WTS, volumetric choice experiments for tobacco control research, and monitoring WTS patterns and control
policies among adults and youth through the GTSS. The session highlighted the need to update the regulation of WTS in the
current global tobacco control policy frameworks and the need for developing tailored, evidence-based, and WTS-specific
regulations to complement current tobacco control policy frameworks. Raising taxes to increase the price of tobacco products is
the single most effective tobacco control measure, and these taxes can fund expanded government health programs. The effectiveness
of taxation can be measured via volumetric choice experiments, which allow for the estimation of a complete set of own-price
and cross-price elasticities that are instrumental for fiscal policy simulations. Finally, the surveillance of WTS (for example,
through the GTSS) is critical to informing policy and decision makers. The Global Youth Tobacco Survey (GYTS) and Global
Adult Tobacco Survey (GATS) are 2 GTSS products that provide nationally representative data among students aged 13-15 years
and persons ≥15 years, respectively.

(JMIR Public Health Surveill 2023;9:e40177)   doi:10.2196/40177

KEYWORDS

waterpipe tobacco; smoking; tobacco taxation; Global Tobacco Surveillance System; GTSS; Eastern Mediterranean Region;
tobacco; public health; surveillance; taxation

Introduction

The Eastern Mediterranean Region (EMR) has the lowest
average prices of tobacco products among all World Health

Organization (WHO) regions [1] and is the only region in which
smoking prevalence has been projected to increase by 2025 [2].
However, there is little research on the economics of tobacco,
and the majority of demand elasticities estimates for tobacco
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products are for cigarettes [3]. In a recent report on the
performance of cigarette tax policies, the EMR as a whole had
the second lowest score [4].

Waterpipe tobacco smoking (WTS) is a traditional tobacco use
method that originated in the EMR [5], and its use continues to
increase globally, especially among youth and young adults
[6-8], exceeding cigarette-smoking rates [9]. Despite its
documented harm, including its link with lung cancer [9],
respiratory illnesses, periodontal diseases, and low birth weight
[10], the growing prevalence of WTS has been met with a poor
regulatory response globally [9]. At the epicenter of the WTS
epidemic, countries in the EMR need effective tobacco control
strategies that consider the specific particularities of WTS.

Article 6 of the WHO Framework Convention on Tobacco
Control (FCTC) supports taxation, and where appropriate,
pricing policies, to curb the use of tobacco products [11].
Additionally, the MPOWER policy package of effective tobacco
control policies stresses that raising the price of tobacco products
through taxation is the most effective way to reduce smoking
[12]. However, evidence to date has been largely limited to
cigarettes, and thus, evidence to support fiscal measures to curb
WTS is scarce. This evidence gap was acknowledged in a 2015
WHO advisory note and more recently in a National Cancer
Institute monograph on the economics of tobacco control [13].
A limited number of published studies exist on the economics
of tobacco control in the EMR. For the most part, these studies
have generally focused on examining cigarette smoking. Given
that WTS prevalence exceeds that of cigarette smoking among
certain populations in the region, there is a need for models that
more accurately capture WTS particularities. For example, the
WHO recommends considering scenarios where taxation is on
the individual user (at the consumer level) and possibly taxing
the waterpipe parts and accessories [14].

In addition to the importance of raising taxes on tobacco
products, the MPOWER policy package stresses the importance
of monitoring tobacco use, as it is a cross-cutting activity and
involves periodically collecting nationally representative
population-based youth and adult data on key indicators of
tobacco use [12]. To that end, and to assist countries in
establishing tobacco surveillance and control programs, the
WHO, US Centers for Disease Control and Prevention (CDC),
and Canadian Public Health Association initiated the Global
Tobacco Surveillance System (GTSS) [15]. The GTSS aims to
build the capacity of countries to plan, implement, monitor, and
evaluate tobacco control interventions, providing central targets
and indicators for the WHO FCTC and the WHO MPOWER
technical package, including exposure to mass media campaigns
and cost-related indicators [15]. Currently, the GTSS collects
data through the Global Youth Tobacco Survey (GYTS), the
Global School Personnel Survey, the Tobacco Questions for
Surveys (TQS), and the Tobacco Questions for Surveys of Youth
(TQS-Youth) [15]. With the Global Adult Tobacco Survey
(GATS) being the nationally representative household survey
among individuals 15 years of age or older [16], GTSS data can
be used to inform policy makers about the tobacco problem in
their country, leading to new policy decisions on tobacco
prevention and control.

This viewpoint aims to report on the learnings of a roundtable
session that focused on the various evidence-based WTS
policies; describe the methods used to assess the price elasticity
of demand for WTS and the cross-price elasticity between
cigarettes and WTS in Lebanon, Jordan, Palestine, and Egypt;
and explain how the GTSS can provide important data for the
EMR countries on WTS use and related WHO MPOWER policy
measures, including exposure to mass media campaigns and
cost-related indicators.

Roundtable Description

A roundtable session was held on November 17, 2021, as part
of the 7th Eastern Mediterranean Public Health Network’s
regional conference to discuss the most recent evidence on WTS
in the EMR, including monitoring and controlling demand
through taxation. The roundtable included oral presentations
and an interactive discussion of questions and comments from
participants. The following topics were presented to address
the roundtable objectives: WTS policy control, taxation of WTS,
volumetric choice experiments (VCEs) for tobacco control
research, and monitoring WTS and control policies among adults
and youth through the GTSS.

Waterpipe Tobacco Control Policy:
Evidence to Date

Mainly driven by youth uptake, WTS has increased over the
past 2 decades in many countries around the world, including
in the EMR [17]. Factors that may have contributed to the
increased use and prevalence of WTS include the introduction
of flavoring with reduced harshness, the misperception of it
being healthier than other tobacco products, its affordability,
the quick lit charcoal, the allure of WTS on social media, the
social acceptance of waterpipe cafes, the lack of
waterpipe-specific policies and regulations, and the immigration
patterns from countries with a high prevalence of use to
low-prevalence countries [17]. Some unique features of WTS
include the fact that it is a stationary and time-consuming
tobacco use method, with the usual duration of each session
lasting 30 minutes or more [18-20], often used in dedicated
cafes and restaurants; flavor is the main product focus; and
sharing it with others is a dominant product feature. WTS
involves several accessories, including charcoal, the hose, and
the device itself, and is self-assembled.

A systematic review of interventions for WTS concluded that
there is a lack of evidence of the effectiveness for most
waterpipe control interventions, with few showing promising
results, and recommended that higher-quality interventions are
needed [21].

The FCTC is an international health treaty adopted by the World
Health Assembly in 2003. The WHO FCTC is largely based on
evidence collected from cigarette policy effectiveness [22].
Although this framework may help in the regulation of other
tobacco products, the global rise in their prevalence, particularly
WTS [6], has introduced a number of issues [23]. The expansion
of producers, exporters, and manufacturers of waterpipe tobacco
and accessories poses a significant challenge to WTS legislation.

JMIR Public Health Surveill 2023 | vol. 9 | e40177 | p.139https://publichealth.jmir.org/2023/1/e40177
(page number not for citation purposes)

Saad et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


This is in stark contrast to the tobacco industry, which is
dominated by a few global corporations [24]. WTS also has
distinct characteristics from cigarette smoking, such as the use
of charcoal briquettes, a large apparatus and hose available in
a variety of sizes, and a diverse range of tobacco flavors and
packaging modes, all of which may necessitate an alternative
regulatory mechanism to supplement the current WHO
FCTC–recommended framework [25].

Existing regulations must be adapted to effectively address
WTS, in addition to the need for waterpipe-specific legislation
to meet these unique difficulties. For example, current tobacco
control policy frameworks in many jurisdictions do not define
whether health warning labels should be applied to waterpipe
apparatuses and other accessories, and if they do, there is no
guidance on how to use them in practice [26]. This is essential
because persons who smoke at waterpipe-serving establishments
are rarely exposed to waterpipe tobacco packages; instead, they
are only offered a waterpipe apparatus [26]. Despite this, the
health warning labels on present waterpipe tobacco packets
include a number of deceptive characteristics [27], including
incorrect ingredients labeling [28], and do not follow the WHO
FCTC’s guidelines [29]. The introduction of dangerous
waterpipe tobacco alternatives (called “herbal” or
“nontobacco”), which may be excluded from tobacco control
legislation but are sold and consumed alongside waterpipe
tobacco and may be indistinguishable from it, further
complicates matters [30].

There are regulatory gaps in place to regulate WTS across the
world, and these gaps could jeopardize existing tobacco control
strategies. There is a chance to assess current and prospective
policy alternatives for reducing WTS and use that information
to establish a new tobacco control policy framework. Tobacco
control researchers play a vital role in providing policy makers
with the necessary evidence to propose effective legislation.
The WHO FCTC secretariat should consider establishing a
scientific working group to explore WTS regulatory concerns
and propose a complementary framework to the WHO FCTC.
Countries that bear the brunt of the load of tobacco-related
diseases and have experience in regulating WTS should be
involved [31].

When it comes to reducing the uptake of smoking among young
people, tobacco product costs are an important aspect to consider
because decreasing affordability is the most effective strategy
[32]. To minimize tobacco consumption, the WHO FCTC
proposes that taxation policies consider the price elasticity of
demand, and that all tobacco products be taxed equally to avoid
unexpected consequences such as product substitution [2].

Taxation of WTS

There are direct costs associated with tobacco use, including
health care cost to treat tobacco-related diseases, and non–health
care costs, such as transportation to a clinic and the time of
family members providing care [33]. There are also indirect
costs of tobacco use, associated with the reduction in potential
economic productivity due to morbidity and premature mortality
[33,34]. Additionally, there are 3 types of societal costs:
external, internal, and indirect. External societal costs are the

costs that tobacco users impose on others such as through
secondhand smoking. Internal societal costs result from the
information failures in the market that can be thought of as
external costs. Indirect societal costs are costs paid by tobacco
users and their families, incurred as a result of tobacco (eg,
out-of-pocket costs for health care to treat diseases caused by
smoking) [33]. The latest estimates of the total worldwide
economic cost of tobacco smoking are above US $1.4 trillion
(2012), which is 1.8% of the world’s annual GDP [34]. Direct
health care costs alone are estimated at US $443 billion dollars,
whereas indirect costs, incurred due to the loss of productivity
as a result of morbidity and mortality, are estimated at US $357
billion and US $657 billion, respectively [34].

Taxation is an evidence-based tool for tobacco control. First,
taxation promotes public health. Depending on the tax structure,
taxation can have a higher impact on demand among vulnerable
individuals such as the young population, whose demand is
more elastic than the demand of older adults. This is also true
for less educated and low-income individuals who are
disproportionately affected by the burden of tobacco smoking.
Second, taxation is an efficient revenue generation strategy for
governments as smoking is relatively inelastic, where consumers
have a lower behavioral response when the price is raised
compared to products with higher elasticity [35]. Third, from
a societal perspective, taxation corrects for the external costs
of tobacco borne by members of society other than the smoker.

There is a substantial body of research over many decades and
from many countries, showing that significantly increasing the
excise tax and price of tobacco products to reduce their
affordability is the single most consistently effective tool for
reducing tobacco use [13]. There are a variety of tobacco taxes
used: some are based on sales taxes or value-added taxes; some
are in the form of customs duties on tobacco leaf and product
imports or exports; and some are implicit taxes when
governments monopolize production and distribution. There
are also excise taxes, which are of the most interest given their
specificity to the tobacco products. Excise taxes are of 2 types.
The first type is the specific tax, which is based on the weight
or volume of the tobacco used. The benefit of this type of tax
is that it reduces price gaps, deters tax avoidance, is easy to
administer, and stabilizes tax revenue. The second type of excise
tax is ad valorem, which is based on the commercial value of
the product. The benefits of the ad valorem tax are that it adjusts
with inflation and is progressive, imposing higher taxes on
higher-priced products (ie, taxes higher-income individuals).
However, it leads to greater price gaps and incentivizes tax
avoidance.

Early efforts to examine the price elasticity of demand for
noncigarette products have provided sufficient evidence of the
effectiveness of tax and price increase in decreasing demand.
A systematic review concluded that there is positive substitution
between cigarette and noncigarette products, suggesting that
tax and price increase should be simultaneous and comparable
across all tobacco products [36].

The Eastern Mediterranean Consortium on the Economics of
WTS is an ongoing project examining the economics of WTS.
This is a collaboration between the American University of
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Beirut, Jordan University of Science and Technology, Birzeit
University, and Ain Shams University and is funded by Cancer
Research UK and the International Development Research
Centre (IDRC). In its most recent study, the Consortium
examined the price elasticities of waterpipe tobacco products
and cigarette products [3]. The WHO FCTC recommends that
the price elasticity of demand be taken into account in taxation
policy to reduce tobacco use [2]. The price elasticity of a product
measures how sensitive the demand for it responds to a change
in its own price (own-price elasticity) or in the price of other
related products (cross-price elasticity) [37]. Overall, the price
elasticity observed for WTS and cigarette smoking varied by
product and across countries, with the demand for premium
cigarettes being price elastic (range −1.0 to −1.2) and that for
premium waterpipe tobacco being highly elastic in Lebanon
(−1.9), moderately elastic in Jordan (−0.6), and inelastic in
Palestine (0.2) [3].

VCEs for Tobacco Control Research

The methodology that was used to guide the research of the
Eastern Mediterranean Consortium on the Economics of WTS
includes VCEs for tobacco control research. All economic
problems are rooted in the issue of choices that need to be made
as resources are scare (opportunity cost). Choices reveal
information about preferences of consumers, which is
instrumental for understanding the costs and benefits attendant
to health policies and interventions. This informs how responsive
consumers would be reacting to changes in prices. The most
obvious avenue to observe choices, and thus preferences, is to
observe market choices, using the revealed preference methods.
The methods involve collecting market data and inferring
measures of demand and preference intensities mainly through
the vehicle of elasticities. The advantage of these methods is
that they have a high face validity as they rely on real-life data
[38]. However, in some situations, it is limited by the lack of
availability of products, that is, it cannot measure choice
preference for products that do not exist on the market.
Therefore, economists sometimes rely on observing hypothetical
choices by means of stated preference (SP) methods. These
methods present consumers with hypothetical products and
collect what they state they will buy at experimentally varied
prices [39]. However, these methods lack consequentiality, often
resulting in respondents inflating their willingness to purchase
and pay for the products under study (hypothetical bias) [39].

The most common SP approach used in marketing and economic
research is discrete choice experiments (DCEs), which are an
attribute-based, hypothetical, and survey-based tool for
measuring preference and value [40,41]. DCEs incorporate the
notion of opportunity cost and choice. DCEs can be
disadvantageous in the demand analysis of certain products
such as WTS. Therefore, VCEs were developed as an alternative
to the SP methods. DCEs force respondents to choose one and
only one option, which is often restrictive compared to real
market situations. VCEs, in contrast, accommodate simultaneous
choices of multiple options and accommodate “quantitative” or
“volumetric” choices (ie, the number of units selected). It does
this by simultaneously offering multiple distinct volumetric
choices across competing products. Data from Jordan, Palestine,

and Lebanon show the elasticity of demand for waterpipe
tobacco products and the existence of substitution between
tobacco products, which should be considered when formulating
tobacco taxation strategies [42]. Thus, VCEs allow for the
estimation of a complete set of own-price and cross-price
elasticities that are instrumental for the purpose of fiscal policy
simulations [3]. This technique is useful in forecasting how
consumers will respond to policies that increase the prices of
products such as tobacco and by how much such policies may
increase revenue to governments. This is illustrated in a study
where the elasticity estimates from the VCE were fed to a
simulation model that was adapted to forecast the effects of
taxation policies. Specifically, the model used country-specific
and market share–specific price and consumption data from the
WHO and United Nations (UN) Comtrade, in addition to the
VCE’s elasticity estimates obtained from nationally
representative surveys conducted in Lebanon, Jordan, and
Palestine. It then forecasted the effects of specific excise taxes,
which met a 35.9% tax burden on waterpipe tobacco in Lebanon
and Jordan (in line with the global average) and doubled
government revenues from excise duties in Palestine [43].

Monitoring WTS and Control Policies
Among Adults and Youth Through the
GTSS

As COVID-19 spread in the EMR, there was a renewed focus
on curbing smoking as 17 countries/sites temporarily banned
WTS in indoor and outdoor public places during the pandemic
[44]. Additionally, the CDC, in collaboration with the Eastern
Mediterranean Public Health Network and Vital Strategies,
launched the “United Against Tobacco and COVID” campaign
in Jordan, Egypt, Iraq, and Palestine. This project aimed to warn
on the harms of tobacco, in accordance with the MPOWER
policy package recommendations [12]. The project intended to
raise awareness of the harms of smoking, especially during the
COVID-19 pandemic, through media coverage. This project
used evidence-based information and data to develop
country-tailored and culturally appropriate messages to
disseminate, educate, and promote smoking cessation to reduce
COVID-19 morbidity and mortality.

This campaign, similar to all antitobacco interventions,
programs, and policies, relied on accurate measures of tobacco
use to determine the target audience as well as the target
messages that need to be addressed within each county. Indeed,
to plan any tobacco control strategy or intervention effectively,
counties need accurate data to inform implementation and
increase the likelihood of success.

One approach of obtaining such data is through globally
standardized surveys such as the GTSS, which systematically
monitors youth and adult tobacco use as well as key tobacco
control indicators (the WHO FCTC and MPOWER) [15]. It
also monitors and enhances the capacity to design, implement,
and evaluate tobacco control policies. The GYTS, a nationally
representative school-based survey of students aged 13-15 years,
is the largest public health surveillance system ever developed
and maintained [22]. The survey is self-administered in the
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classroom setting using a paper-and-pencil questionnaire [22].
It contains a core questionnaire with optional modules for
countries to add additional questions. Between 1999-2020, the
GYTS was implemented in 188 countries/sites [45]. This
standard, systematic, and consistent process generates
comparable data within and across countries. The GYTS Shisha
(or Waterpipe) module is an optional module that can be used
[46].

These collected surveillance data are helpful in designing,
guiding, monitoring, and evaluating tobacco control
interventions, programs, and policies at the country level. One
key goal for such data is to highlight the extent of the tobacco
epidemic in countries, including WTS, and thus generate interest
and support for tobacco control policy, and those for WTS,
among key policy makers and stakeholders. For example, if
policy makers are considering a smoke-free ban, data will serve
to educate stakeholders about the extent of exposure to
secondhand smoke within the country and thus support the ban.

Additionally, using surveillance data to understand the tobacco
market within a country is one of the strategies to ensure that
tobacco taxation, including taxation on WTS, is effective.
Surveys enable the identification of changes in consumption
patterns so that existing policies can be adjusted accordingly.
Authorities might ask for more information on certain aspects
such as consumption patterns and attitudes toward WTS among
youth. This information is crucial to assess the tobacco
industry’s marketing power and can inform discussions on
elasticities.

In the EMR, GYTS WTS data are available from 20
countries/sites from 2005 to 2016. Table 1 provides the
prevalence rates of current WTS among students aged 13-15
years in these 20 countries/sites. The overall prevalence rates
ranged from 34.8% in Lebanon (2011) to 3.8% in Morocco
(2016). The prevalence rates were significantly higher among
boys than girls in all but 2 countries/sites.

The GATS is a nationally representative household-based
face-to-face interview survey of individuals aged 15 years or
older, using a global standard protocol and electronic data
collection methodology [16]. It similarly includes a core

questionnaire with optional questions and options for countries
to add additional questions [16]. Since 2008, the GATS has
been implemented in 36 countries representing more than 70%
of the world’s adult population [22]. It contains WTS core
questions including Current WTS and Frequency of WTS, as
well as an optional WTS module [16].

In the EMR, GATS WTS data are available from 4 countries
from 2009 to 2019. Table 2 provides the prevalence rates of
current WTS among individuals aged 15 years and older in
these 4 countries. The prevalence rates were as follows: 6.7%
in Saudi Arabia in 2019 (9.7% males and 2.3% females); 3.4%
in Qatar in 2013 (4.9% males and 1.6% females); 3.3% in Egypt
in 2009 (6.2% males and 0.3% females); and 3.0% in Pakistan
in 2014 (4.7% males and 1.1% females).

Unfortunately, monitoring rates through standardized national
population-based surveillance surveys vary by country income
group, with better coverage achieved in higher-income countries.
As per the WHO’s most recent global report on trends in the
prevalence of tobacco use from 2000-2025, the lowest
population coverage by such surveys is in the EMR, with only
88% of the population living in 76% of the EMR having
sufficient available data to calculate tobacco use trends [2].

To that end, the TQS is beneficial. The TQS includes a subset
of 22 key questions from the GATS for adults [47], and the
TQS-Youth contains a subset of 21 key questions from the
GYTS for youth [48]. These questions are integrated into
ongoing surveys (health or otherwise, such as the WHO
Stepwise Approach to Surveillance surveys) for sustainable
monitoring and global consistency. Between 2008 and 2021,
100 countries completed surveys with TQS integration.

However, in addition to the data that are collected by the
standardized surveillance surveys, policy makers may require
data about the composition of tobacco and WTS products,
including flavors and their production and marketing costs by
brand. This additional information can provide a better
understanding of the market power, market share, and behavior
of the tobacco industry within a country. It can also inform
discussions on elasticities, including how consumers choose
specific brands or flavors.
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Table 1. Prevalence of current waterpipe smoking among students 13-15 years old, by sex—Global Youth Tobacco Survey, Eastern Mediterranean
Region countries/sites, 2005-2016.

Current waterpipe smokingCountry/site (year)

P value (boys vs girls)Girls (%)Boys (%)Overall (%)

.0331.039.334.8Lebanon (2011)

.00118.434.526.7Jordan (2014)

.0413.824.719.2Syria (2010)

.00110.226.118.3Bahrain (2015)

.00112.423.417.9Palestine—West Bank (2016)

.00110.124.617.1Qatar (2013)

.0111.122.016.2Palestine—Gaza Strip (2013)

.0019.317.114.1Yemen (2014)

.0019.019.513.9Kuwait (2016)

.0017.616.312.4United Arab Emirates (2005)

.2012.810.211.6Djibouti (2013)

.038.514.311.2Iran (2016)

.015.315.110.6Iraq (2014)

.015.413.09.9Sudan (2014)

.046.113.39.5Saudi Arabia (2010)

.033.711.67.4Oman (2016)

.094.17.25.9Egypt (2014)

.0012.110.15.8Tunisia (2010)

.0012.66.04.3Libya (2010)

.042.65.03.8Morocco (2016)

Table 2. Prevalence of current waterpipe smoking among individuals aged 15+ years, by sex—Global Adult Tobacco Survey, Eastern Mediterranean
Region countries, 2009-2019.

Current waterpipe smokingCountry (year)

P valuea (males vs females)Female (%)Male (%)Overall (%)

.0012.39.76.7Saudi Arabia (2019)

.0011.64.93.4Qatar (2013)

.0010.36.23.3Egypt (2009)

.0011.14.73.0Pakistan (2014)

aSignificance at P<.05

Conclusion

This paper provides an overview of WTS regulatory and
surveillance issues in the EMR and discusses examples of
success in taxation at the level of the consumer as well as the
methods used to assess the feasibility and effectiveness of
taxation on demand. The immense need to collect data on WTS
using the GTSS was also stressed, to enable policy makers to
make better informed decisions.

Recommendations and Key Areas for
Improvement

• There is a need to update the regulation of WTS in the
current global tobacco control policy frameworks.

• There is a need to develop tailored and evaluated
WTS-specific regulatory frameworks to complement current
tobacco control policy frameworks.

• Raising taxes to increase the price of tobacco products is
the single most effective tobacco control measure, and this
also applies to WTS.

• Increased taxes from WTS can fund expanded government
health programs.
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• VCEs allow for the estimation of a complete set of
own-price elasticities and cross-price elasticities for WTS
products, which is instrumental for the purpose of fiscal
policy simulations.

• Gaining political buy-in is key to adopting key tax reforms
relating to tobacco and WTS, and to this end, data from
standardized validated surveillance systems are crucial.

• Data collection on WTS through the GTSS is critical to
inform and sensitize policy makers and decision makers
from the EMR about the public health and socioeconomic
burdens caused by WTS, as well as the growing use among
females and youth.

• The GYTS and GATS can provide nationally representative
data among students aged 13-15 years and ≥15 years,

respectively, on WTS, and countries can include an optional
waterpipe module.

• As a cost-effective measure, and to ensure some data on
WTS are being collected, it is suggested to include the TQS
on WTS within other surveys that countries are already
implementing.

• Data on WTS that are generated from the GYTS and GATS
are the most valuable when disseminated in a way that will
gain the attention of key stakeholders, especially policy
makers and the media, as they are the most important
audience if these data are to cause a ripple effect. Effective
data dissemination is crucial, and so is engaging partners
to help translate important information to key decision
makers, who have the authority to change tobacco control
policy.
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Abstract

Background: The higher movement of people was one of the variables that contributed to the spread of the infectious agent
SARS-CoV-2 during the COVID-19 pandemic. Governments worldwide responded to the virus by implementing measures that
would restrict people’s movements, and consequently, the spread of the disease. During the onset of the pandemic, the technology
companies Apple, Google, and Meta used their infrastructure to anonymously gather mobility reports from their users.

Objective: This study aims to compare mobility data reports collected by Apple, Google, and Meta (formerly Facebook) during
the COVID-19 pandemic and a major winter storm in Texas in 2021. We aim to explore the hypothesis that different people
exhibit similar mobility trends during dramatic events and to emphasize the importance of this type of data for public health
measures. The study also aims to promote evidence for companies to continue releasing mobility trends data, given that all 3
companies have discontinued these services.

Methods: In this study, we collected mobility data spanning from 2020 to 2022 from 3 major tech companies: Apple, Google,
and Meta. Our analysis focused on 58 countries that are common to all 3 databases, enabling us to conduct a comprehensive
global-scale analysis. By using the winter storm that occurred in Texas in 20201 as a benchmark, we were able to assess the
robustness of the mobility data obtained from the 3 companies and ensure the integrity of our findings.

Results: Our study revealed convergence in the mobility trends observed across different companies during the onset of significant
disasters, such as the first year of the COVID-19 pandemic and the winter storm that impacted Texas in 2021. Specifically, we
observed strong positive correlations (r=0.96) in the mobility data collected from different tech companies during the first year
of the pandemic. Furthermore, our analysis of mobility data during the 2021 winter storm in Texas showed a similar convergence
of trends. Additionally, we found that periods of stay-at-home orders were reflected in the data, with record-low mobility and
record-high stay-at-home figures.

Conclusions: Our findings provide valuable insights into the ways in which major disruptive events can impact patterns of
human mobility; moreover, the convergence of data across distinct methodologies highlights the potential value of leveraging
mobility data from multiple sources for informing public health decision-making. Therefore, we conclude that the use of mobility
data is an asset for health authorities to consider during natural disasters, as we determined that the data sets from 3 companies
yielded convergent mobility patterns. Comparatively, data obtained from a single source would be limited, and therefore, more
difficult to interpret, requiring careful analysis.

(JMIR Public Health Surveill 2023;9:e44286)   doi:10.2196/44286

KEYWORDS

Google; Apple; Meta; COVID-19 mobility; COVID-19; mobility; data set; data; pattern; pandemic; mobile; operating system;
system; validation; tool; asset
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Introduction

The COVID-19 pandemic has affected people worldwide and
presented major public health challenges for authorities. Early
in 2020, shortly after the emergence of SARS-CoV-2, many
countries imposed restrictive measures to limit the movement
of populations, and consequently, limit the spread of
SARS-CoV-2 infections and the COVID-19 disease [1]. To aid
in evaluating the effect of restrictive measures, the tech industry
rapidly responded by offering tools to quantify the movement
of people using anonymized mobility data. In fact, higher
movement patterns have been directly associated with
COVID-19 transmission [2-4], rendering this measurement a
powerful tool for public health authorities to understand the
dynamics of populations when facing a disaster.

With the onset of COVID-19, tech companies, including Apple,
Google, and Meta, provided data sets throughout the pandemic,
with each company using different methodologies for obtaining
mobility data. Such data can be used by scientists and health
authorities to understand transmission patterns, identify hotspots,
and potentially effectively control outbreaks. The importance
of this data is seen as it provides a real-time snapshot of
population dynamics. For instance, it was suggested that the
early introduction of the B.1.1.529 (ie, Omicron) SARS-CoV-2
variant in Mexico was facilitated by higher movement observed
in the end-of-year celebrations [5]. Moreover, in Canada, a
so-called successful pandemic management was attributed to
the fact that the movement patterns of people were highly
reduced during the initial waves of SARS-CoV-2 [6]. Higher
transmission of SARS-CoV-2 in India was attributed to an urban
exodus of city dwellers that had to return to their villages after
lockdown policies were implemented [7]. Apart from
COVID-19, crisis management in other natural disasters can
benefit from mobility data. For example, in the aftermath of the
cyclone Gaja in south India (November 2018), mobility data
were used to visualize where displaced people were relocating,
so humanitarian efforts could be directed to those areas [8].
Importantly, the in- and outbound flow of people in particular
areas during significant events can be quantified by services
that capture mobility trends [9].

Comparing distinct data can provide a more comprehensive
understanding of mobility trends, which can be crucial for public
health measures. Data are commonly seen as abstractions of the
real world. For instance, in applications that benefit from data,
there is generally a need to promote validation with external
data [10]; this reality is widely explored in clinical settings [11],
genomic studies [12], among others. Consequently, a model
that can react similarly upon different inputs strengthens the
conclusions that are derived from such data.

This study aims to explore the hypothesis that different people
exhibit similar mobility trends during dramatic events, such as
the outbreak of an infectious disease or climatic disasters, and
that these trends can be captured by companies such as Apple,
Google, and Meta using distinct collection methodologies. To
test this hypothesis, the study will compare mobility data reports
collected by these companies during the first year of the
COVID-19 pandemic and a major winter storm that hit Texas

in 2021. Additionally, the study will observe mobility trends in
countries with varying shares of the mobile operating system
(MOS) penetration market. The ultimate goal of the study is to
emphasize the importance of these types of data for public health
measures and to provide evidence supporting the continued
release of mobility trends data by companies, given that all 3
companies have discontinued these services.

Methods

Apple Mobility Trends Reports
Apple collected daily data from January 13, 2020, until April
14, 2022, in 63 countries or regions [13]. The company obtained
the number of anonymous requests for directions (walking,
driving, or using public transportation) made to the Apple Maps
application, native to Apple’s MOS. The collected information
was then compared against itself to reflect a change in the
volume of people moving, in some cases including a minimum
threshold for directions made per day. As of today, the data are
not available any longer within the company website.

Google Community Mobility Reports
Google made use of insights obtained from processing data
from Google Maps, the company’s location service, to provide
a response to health authorities regarding COVID-19 [14]. The
data were collected from 15 February 15, 2020, to October 13,
2022. The mobility reports encompass data from 135 countries
or regions with major metropolitan areas also included. A
baseline was established using the data accumulated during the
5-week pre-pandemic period from January 3, 2020, to February
6, 2020. Whenever a user who chose to enable their location
services visited a categorized location on Google Maps on a
specific date, an anonymous record was assigned. The data were
split into the following 6 categories: grocery and pharmacy,
retail and recreation, parks, workplace, residential, and public
transportation. Even though the company is no longer releasing
updated data, their previously collected data set is publicly
available within the company’s website.

Movement Data From Meta
Non-public data were obtained from Meta [15] as part of an
agreement with Dalhousie University. Meta collected data from
198 countries and territories from February 22, 2020, until May
22, 2022. Major regions targeted by Meta were divided into

defined units (600 m2 600 m2). Whenever a user had location
services enabled and moved between 2 units, a movement record
was assigned. Regions with 300 or less qualifying users in a
24-hour period were disregarded. A pre-pandemic baseline was
established for each country; however, no details of the
individual calculation of the baseline are present in Meta’s
documentation.

2021 US Winter Storm
In 2021, a major winter storm struck North America. In the state
of Texas, which hardly ever records snowfall, weather stations
in the Dallas-Forth Worth airport recorded at least 139 hours
of freezing or below freezing temperatures, characterizing an
uncommon phenomena in the region [16]. During the storm,
officially, a death toll of 151 was reported. The estimated cost
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of the storm in Texas was around US $295 billion dollars. For
control purposes, we selected the state of Georgia as a
representative state that recorded no snowfall in the period of
February-March 2021. We inquired snowfall precipitation to
data collected from the National Center for Environmental
Information, which enables precipitation records of several
weather stations in the Southern United States.

MOS Penetration Data
We obtained data from the service StatCounter Global Stats
[17] to select the market penetration of the MOS for Apple’s
iOS and Google’s Android. The service is composed of bots
installed in over 1.5 million websites. The bots gather stats on
operating systems that are accessing a particular website. In this
work, we selected the month of April 2022 to analyze the market
share of different MOSs, which is when the first tech company
(ie, Apple) stopped their mobility data collection. A total of 58
countries were analyzed, which were the countries present in
all 3 mobility data sets. A breakdown of the countries is
available in Multimedia Appendix 1.

Data Processing and Statistical Analyses
Each one of the 3 companies provided their data in daily batches,
which we treated in 7-day periods. As the data from the 3
companies followed different magnitudes, a scaling process
was performed by using the scale function in R (version 4.1.2;
R Foundation for Statistical Computing). The function calculates
the mean and standard deviation of a vector then removes the
mean from each element and divides it by the standard deviation.
For comparison purposes, we selected the countries that were
shared between the 3 data sets.

The statistical analyses performed in this study included
Shapiro-Wilk test for data normality, Pearson correlation, as
well as t test and Wilcoxon rank test for mean comparison.
These analyses were performed using the R programming

language (version 4.1.2; R Core Team) under the package
rstatisx (version 0.7.0). All figures generated in this study were
created using the R package ggplot2 (version 3.3.6).

Ethical Considerations
The data collected from Apple, Google, and Meta users were
already sampled, anonymized, and depersonalized. Data sources
from Apple and Google are publicly obtainable; on the other
hand, data from Meta are not publicly available. We, as research
partners with Meta, have access only to data formatted to prevent
reidentification, which we obtained through a partnership
between Meta and author DJK (a licensee at Dalhousie
University). Moreover, as users, we commit to using these data
only for the purposes outlined in our agreement with Meta and
we ensure that any conclusions drawn from these data are based
on solely scientific practices.

Results

Mobility Data Well Represent the Initial Onset of the
SARS-COV-2 Pandemic
We used the data from the mobility reports of 58 countries
collected by Apple, Google, and Meta to perform a comparative
analysis to analyze people’s movements throughout the first
year of the pandemic (ie, 2020; Figure 1). First, we noted the
time series of each data collection methodology (ie, company)
following the same trend (Figure 1A). Next, we analyzed the
point at which each data set presented the lowest mobility score
in the first year of the pandemic (Figure 1B). In 2020, the lowest
mobility point for the 3 data sets (Figure 1A) occurred on March
29, 2020 (Figure 1B). Next, we performed a correlation analysis
on the 3 data sets to depict their convergence or disparity (Figure
1C; Figure 1D, and Figure 1E); we report positive correlations
for Apple versus Meta (r=0.76), Apple versus Google (r=0.95),
and Google versus Meta (r=0.87), when comparing the data.
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Figure 1. The 2020 mobility patterns from Apple, Google, and Meta across 58 countries. We selected the 58 countries that were present in the data
from Apple, Google, and Meta. (A) From these countries, the year 2020 was isolated, and a mobility score for each company was assigned and later
plotted. (B) The lowest mobility trend indicated in 2020 occurred in the same week for all 3 data sets, on March 29, 2020. (C) Next, we performed a
Pearson correlation analysis of the data from Apple versus Meta, (D) Apple versus Google, and (E) Google versus Meta.

The 2021 US Winter Storm Reflects in the Convergence
of Mobility Data
We analyzed the movement data from Apple, Google, and Meta
to determine the rate of individuals staying at home and not
moving during the 2021 winter storm in the state of Texas.
Figure 2A shows the period of the storm (depicted by the
red-dashed rectangle), indicating low records in movement
recorded by the 3 companies. We found the lowest mobility
point occurred with no more than a week between each data
set, specifically on February 21, 2021 (Apple), February 19,
2021 (Google), and February 14, 2021 (Meta). Additionally,
we determined stay-at-home data from Google residential and
Meta single tile users (represented by the grey dotted lines in
Figure 2); these data were not available for Apple. Both
companies noted record highs for stay-at-home data during the
same days when record-low mobility was recorded. For control
purposes, we selected the dates with the lowest mobility from

each data set and compared them with data from the state of
Georgia, which presented no snowfall precipitation during the
3 aforementioned days (Multimedia Appendix 2). In Figure 2B,
we show that Georgia, unlike Texas, did not record a downfall
in data on the dates of February 14, 19, and 21. Moreover, in
Table 1, through a 2-sampled statistical test comparing the
averages of mobility data from Apple, Google, and Meta over
Texas and Georgia, we found low P values (Apple and Google:
P<.001; Google and Meta: P=.005).

In Table 1, we present a comparison of the average movement
during the months of January and February 2021 in the states
of Texas and Georgia. The time series were found to be
predominantly normally distributed through Shapiro-Wilk tests
(Texas: P=.71 for Apple; P=.38 for Google; and P=.78 for Meta;
Georgia: P=.71 for Apple; P=.04 for Google; and P=.51 for
Meta). Moreover, the 2-sampled statistical comparison of the
averages achieved by a 1-tailed t test resulted in statistically
significant differences among all comparisons.
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Figure 2. Record-low mobility trends recorded during a major winter storm in Texas in 2021. (A) Mobility data in the US state of Texas during the
year of 2021. The negative area of the y-axis, indicating movement of data from 3 different tech companies—Apple (green solid line), Google (blue
solid line), and Meta (orange solid line)—is considered. The data have been scaled to accommodate different magnitudes. The positive area of the y-axis
indicates stay-at-home data, enabled only by Google (light dotted line) and Meta (dark dotted line). We also indicate the period in which a major winter
storm in Texas took place (red dashed rectangle), from February 13 to 17, 2021. (B) A control version of part A, for the US state of Georgia. The state
of Georgia presented no snow precipitation in the period from February 13 to 17, 2021.
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Table 1. Mean comparison of mobility trends during the Texas 2021 winter storm.

P valueMobility average (January to February 2021)Data sets for 2 US states

<.001Apple

215147Texas

135228Georgia

<.001Google

–497.4Texas

–250.8Georgia

.005Meta

–3.15Texas

–0.81Georgia

Countries With Varied Market Penetration of MOS
Have Convergent Mobility Data
To determine if the predominance of an MOS would affect how
mobility was recorded, we assessed the market share of mobile
users regarding iOS (Apple) and Android (Google) from 54
countries that were common in the mobility data of Apple,
Google, and Meta. We found that Android was the predominant
platform in India, Argentina, Indonesia, Colombia, and Brazil,
with greater than 90% of mobile internet access in April 2022,
whereas iOS (Apple’s MOS) was the most popular platform in
5 countries—Japan, Denmark, Norway, United States, and
Australia (67.6%, 60.3%, 59.3%, 57.8%, and 57.6%,
respectively). To assess convergence or disparity between data
collection methodologies, we individually correlated the 3 data
sets in each country. In Figure 3, we present the time series data
from the 5 iOS-predominant countries. The correlation table of
these countries’ data is found in Table 2. The lowest averaged

correlation was found in the United States (0.73, impacted by
reduced correlation in the data of Apple and Meta), while the
highest averaged correlation was found in Australia (80.66).

Also, in Figure 3, countries with Android predominance are
shown and their correlation is presented in Table 2. First, we
report an overall convergence in the mobility data collected by
Apple and Google (ie, 0.85 average correlation across all the
10 countries considered). Second, we report a higher
convergence between the data of Google and Meta (compared
to Apple and Meta) in Android-dominated markets (except for
Indonesia). This relationship may be attributed to the fact that
Facebook is a third-party app that runs on an MOS, which in
these countries is Android, thereby boosting the number of
devices from which Google collects data. Finally, data from
Apple was not as correlated with Meta as Google’s data in the
iOS-prevalent countries, potentially due to the still higher
proportion of Android devices being used in these countries.
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Figure 3. Comparison of mobility time series data from Apple, Google, and Meta in distinct countries. We selected the first 5 countries where Android
is the most predominant mobile operating system (alphabetically, Argentina, Brazil, Colombia, India, and Indonesia) and the first 5 countries where
iOS is the most predominant mobile operating system (alphabetically, Australia, Denmark, Japan, Norway, and the United States) according to data
obtained from StatCounter Global Stats [17].

Table 2. Correlation coefficients between data sets in different countries. To compare the time series between each data set, we performed Pearson
correlation analyses for the iOS-prevalent countries and Android-prevalent countries.

Mobile operating system predominanceComparisonCountry

Google vs MetaApple vs MetaApple vs Google

Android.84.77.91Argentina

Android.75.68.96Brazil

Android.86.81.91Colombia

Android.84.77.95India

Android.64.69.93Indonesia

iOS.88.76.78Australia

iOS.79.72.76Denmark

iOS.75.76.79Japan

iOS.87.68.84Norway

iOS.89.59.71United States

Discussion

Principal Findings
In our work, we depicted a convergent behavior in mobility
data gathered by distinct data collection methodologies

independently of the popularity of MOSs. First, we showed that
even over a longer 2-year time span, there is still a similar trend
in mobility patterns, as evidenced by the moderate-to-strong
correlation analyses in data collection from 3 distinct companies.
Moreover, we observed that the mobility data converged more
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during events that required people to change their movement
trends (ie, lockdowns, to avoid the spread of SARS-CoV-2; and
a major winter storm that forced people to stay at home),
granting this type of measure to be an asset for public health
decisions.

We attribute the fact that we observed an alike behavior on data
collected by different sources to 2 potential phenomena. First,
when people are affected by a catastrophic event, such as the
pandemic and the 2021 winter storm in Texas, their mobility
and lifestyle will drastically change [10,18]. Considering a large
number of people are experiencing the same stressor, the limited
ways they develop to cope with stressful events, such as
loneliness and social isolation, as reported by Hwang et al [19],
will eventually converge. Moreover, it was reported in India
and in the United Kingdom that a massive urban exodus took
place during the pandemic, forcing many city-working young
adults to have to return to their hometowns [20,21], despite
being from different backgrounds, their mobility patterns might
have converged once they were forced out of their workplaces.
In this viewpoint, we argue that this convergence results from
people developing ways to cope with their stress and will
eventually be reflected in people moving in similar patterns.
Next, users of distinct MOSs, whose data are being collected
by distinct companies, might not significantly differ in terms
of their movement patterns. In fact, behavioral similarities were
previously reported among Android and iOS users, adding
consistency to our analysis [22].

As a limitation of our study, we acknowledge that we did not
have access to general mobility data from periods outside the
pandemic, as these data were not being collected. Without these
data, it was challenging to establish a solid baseline for
comparison during and outside pandemic periods. It would have
allowed us to gain a better understanding of the extent to which
the observed behavior changes were driven by the pandemic
itself or if they represented more general changes in human
behavior over time. Furthermore, although smartphones have

become increasingly prevalent in recent years, they do not
represent the entire population. Therefore, we acknowledge that
our sample may not have been a representative of the entire
population. Specifically, individuals who do not own
smartphones or have limited access to the internet might have
different mobility patterns than those who do. Therefore, it is
essential to consider the limitations of our sample when
interpreting the results of our study. We believe these changes
would lead to more robust policy and decision-making in public
health.

The Data for Good portal [15], maintained by Meta with
infrastructure from the company, provides a valuable data source
for public health offices, as it collects data to support and inform
efforts to tackle humanitarian and environmental challenges.
As such, it is an asset for public health decision makers. For
example, the company has been actively releasing their data at
times of natural disasters to help inform decision makers,
including during the flooding in Samar Island, Eastern Visayas,
Philippines; the flooding in Southern California on January 5,
2023; the flooding in Makassar City, South Sulawesi, Indonesia;
and the wildfire in Viña del Mar, Valparaíso, Chile, among
others. As shown by our results, during these catastrophic
events, the behavior of people might converge. Thus, the
analysis of people’s movement might help answer important
questions of public interest to reduce the impact of these events
when they happen again.

Conclusions
In our study, we observed that movement data collected under
distinct methodologies by different tech companies presented
a convergent aspect in depicting catastrophic events in which
the movement of people was majorly impacted. The similar
behaviors exhibited by different people facing similar stressors
add reliability for these types of data, which would be an
important asset upon which public health measures could rely.
Thus, based on our results, we encourage Apple, Google, and
Meta to continue releasing these types of data.

 

Acknowledgments
The corresponding author, DJK, is the Canada Research Chair in Translational Vaccinology and Inflammation. We are grateful
to Dr Nikki Kelvin for her assistance with the editing of this manuscript.

Data Availability
The data sets generated and analyzed during this study are publicly available for Google [23] and Apple [24]. The Meta movement
patterns were included in a private data set and obtained as part of a private agreement between Meta and Dalhousie University.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Intersection of countries that are shared between Apple, Google, and Meta mobility data sets.
[PDF File (Adobe PDF File), 94 KB - publichealth_v9i1e44286_app1.pdf ]

Multimedia Appendix 2
The 2021 winter storm in southern United States.

JMIR Public Health Surveill 2023 | vol. 9 | e44286 | p.155https://publichealth.jmir.org/2023/1/e44286
(page number not for citation purposes)

Sganzerla Martinez & KelvinJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v9i1e44286_app1.pdf&filename=0e419aacae2f81257ce654d23d71e9a3.pdf
https://jmir.org/api/download?alt_name=publichealth_v9i1e44286_app1.pdf&filename=0e419aacae2f81257ce654d23d71e9a3.pdf
http://www.w3.org/Style/XSL
http://www.renderx.com/


[PNG File , 677 KB - publichealth_v9i1e44286_app2.png ]

References
1. Wilder-Smith A, Freedman DO. Isolation, quarantine, social distancing and community containment: pivotal role for

old-style public health measures in the novel coronavirus (2019-nCoV) outbreak. J Travel Med 2020 Mar 13;27(2):taaa020
[FREE Full text] [doi: 10.1093/jtm/taaa020] [Medline: 32052841]

2. Nouvellet P, Bhatia S, Cori A, Ainslie KEC, Baguelin M, Bhatt S, et al. Reduction in mobility and COVID-19 transmission.
Nat Commun 2021 Feb 17;12(1):1090 [FREE Full text] [doi: 10.1038/s41467-021-21358-2] [Medline: 33597546]

3. Her PH, Saeed S, Tram KH, Bhatnagar SR. Novel mobility index tracks COVID-19 transmission following stay-at-home
orders. Sci Rep 2022 May 10;12(1):7654 [FREE Full text] [doi: 10.1038/s41598-022-10941-2] [Medline: 35538129]

4. Hu T, Wang S, She B, Zhang M, Huang X, Cui Y, et al. Human mobility data in the COVID-19 pandemic: characteristics,
applications, and challenges. Int J Digit Earth 2021 Jul 14;14(9):1126-1147 [FREE Full text] [doi:
10.1080/17538947.2021.1952324]

5. Castelán-Sánchez HG, Martínez-Castilla LP, Sganzerla-Martínez G, Torres-Flores J, López-Leal G. Genome evolution
and early introductions of the SARS-CoV-2 omicron variant in Mexico. Virus Evol 2022;8(2):veac109 [FREE Full text]
[doi: 10.1093/ve/veac109] [Medline: 36582501]

6. Sganzerla Martinez G, Hewins B, LeBlanc JJ, Ndishimye P, Toloue Ostadgavahi A, Kelvin DJ. Evaluating the effectiveness
of lockdowns and restrictions during SARS-CoV-2 variant waves in the Canadian province of Nova Scotia. Front Public
Health 2023 Apr 27;11:1142602 [FREE Full text] [doi: 10.3389/fpubh.2023.1142602] [Medline: 37181684]

7. Pal SC, Saha A, Chowdhuri I, Roy P, Chakrabortty R, Shit M. Threats of unplanned movement of migrant workers for
sudden spurt of COVID-19 pandemic in India. Cities 2021 Feb;109:103035. [doi: 10.1016/j.cities.2020.103035]

8. Maas P. Proceedings of the 25th ACM SIGKDD International Conference on Knowledge Discovery & Data Mining. 2019
Presented at: KDD '19; August 4-8; Anchorage AK p. 3173. [doi: 10.1145/3292500.3340412]

9. Changruenngam S, Bicout DJ, Modchang C. How the individual human mobility spatio-temporally shapes the disease
transmission dynamics. Sci Rep 2020 Jul 09;10(1):11325 [FREE Full text] [doi: 10.1038/s41598-020-68230-9] [Medline:
32647225]

10. Rahman R, Ventz S, McDunn J, Louv B, Reyes-Rivera I, Polley MC, et al. Leveraging external data in the design and
analysis of clinical trials in neuro-oncology. The Lancet Oncology 2021 Oct;22(10):e456-e465. [doi:
10.1016/s1470-2045(21)00488-5]

11. Martinez G, Garduno A, Mahmud-Al-Rafat A, Ostadgavahi AT, Avery A, de Avila E Silva S, et al. An artificial neural
network classification method employing longitudinally monitored immune biomarkers to predict the clinical outcome of
critically ill COVID-19 patients. PeerJ 2022;10:e14487 [FREE Full text] [doi: 10.7717/peerj.14487] [Medline: 36530391]

12. Sganzerla Martinez G, Perez-Rueda E, Kumar A, Sarkar S, de Avila E Silva S. Explainable artificial intelligence as a
reliable annotator of archaeal promoter regions. Sci Rep 2023 Jan 31;13(1):1763 [FREE Full text] [doi:
10.1038/s41598-023-28571-7] [Medline: 36720898]

13. Apple. Mobility Trends Reports. 2022 Apr 14. URL: https://covid19.apple.com/mobility [accessed 2022-04-14]
14. See how your community moved differently due to COVID-19. 2022 Oct 15. URL: https://www.google.com/covid19/

mobility/ [accessed 2022-11-25]
15. Data for Good. Meta. 2022 May 22. URL: https://dataforgood.facebook.com/ [accessed 2022-06-01]
16. Donald J. Winter Storm Uri 2021. The economic impact of the storm. Fiscal Notes. A review of the Texas Economy. URL:

https://comptroller.texas.gov/economy/fiscal-notes/2021/oct/winter-storm-impact.php [accessed 2023-05-03]
17. Statcounter global stats. URL: https://gs.statcounter.com/os-market-share/mobile [accessed 2022-09-15]
18. de Palma A, Vosough S, Liao F. An overview of effects of COVID-19 on mobility and lifestyle: 18 months since the

outbreak. Transp Res Part A Policy Pract 2022 May;159:372-397 [FREE Full text] [doi: 10.1016/j.tra.2022.03.024] [Medline:
35350704]

19. Hwang T, Rabheru K, Peisah C, Reichman W, Ikeda M. Loneliness and social isolation during the COVID-19 pandemic.
Int Psychogeriatr 2020 Oct 26;32(10):1217-1220 [FREE Full text] [doi: 10.1017/S1041610220000988] [Medline: 32450943]

20. Pal SC, Saha A, Chowdhuri I, Roy P, Chakrabortty R, Shit M. Threats of unplanned movement of migrant workers for
sudden spurt of COVID-19 pandemic in India. Cities 2021 Feb;109:103035. [doi: 10.1016/j.cities.2020.103035]

21. Rowe F, Calafiore A, Arribas-Bel D, Samardzhiev K, Fleischmann M. Urban exodus? Understanding human mobility in
Britain during the COVID-19 pandemic using Meta-Facebook data. Popul Space Place 2023 Jan;29(1):e2637 [FREE Full
text] [doi: 10.1002/psp.2637] [Medline: 36718419]

22. Götz FM, Stieger S, Reips U. Users of the main smartphone operating systems (iOS, Android) differ only little in personality.
PLoS One 2017 May;12(5):e0176921 [FREE Full text] [doi: 10.1371/journal.pone.0176921] [Medline: 28467473]

23. COVID-19 community mobility reports. Google. URL: https://www.google.com/covid19/mobility/ [accessed 2023-06-14]
24. Gustavsganzerla / covid-in-ns. Github. URL: https://github.com/gustavsganzerla/covid-in-ns/blob/main/

applemobilitytrends-2022-02-13.csv [accessed 2023-06-14]

JMIR Public Health Surveill 2023 | vol. 9 | e44286 | p.156https://publichealth.jmir.org/2023/1/e44286
(page number not for citation purposes)

Sganzerla Martinez & KelvinJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v9i1e44286_app2.png&filename=10ad1443717b6b3063061699896bd272.png
https://jmir.org/api/download?alt_name=publichealth_v9i1e44286_app2.png&filename=10ad1443717b6b3063061699896bd272.png
https://europepmc.org/abstract/MED/32052841
http://dx.doi.org/10.1093/jtm/taaa020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32052841&dopt=Abstract
https://doi.org/10.1038/s41467-021-21358-2
http://dx.doi.org/10.1038/s41467-021-21358-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33597546&dopt=Abstract
https://doi.org/10.1038/s41598-022-10941-2
http://dx.doi.org/10.1038/s41598-022-10941-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35538129&dopt=Abstract
https://doi.org/10.1080/17538947.2021.1952324
http://dx.doi.org/10.1080/17538947.2021.1952324
https://europepmc.org/abstract/MED/36582501
http://dx.doi.org/10.1093/ve/veac109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36582501&dopt=Abstract
https://europepmc.org/abstract/MED/37181684
http://dx.doi.org/10.3389/fpubh.2023.1142602
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37181684&dopt=Abstract
http://dx.doi.org/10.1016/j.cities.2020.103035
http://dx.doi.org/10.1145/3292500.3340412
https://doi.org/10.1038/s41598-020-68230-9
http://dx.doi.org/10.1038/s41598-020-68230-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32647225&dopt=Abstract
http://dx.doi.org/10.1016/s1470-2045(21)00488-5
https://europepmc.org/abstract/MED/36530391
http://dx.doi.org/10.7717/peerj.14487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36530391&dopt=Abstract
https://doi.org/10.1038/s41598-023-28571-7
http://dx.doi.org/10.1038/s41598-023-28571-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36720898&dopt=Abstract
https://covid19.apple.com/mobility
https://www.google.com/covid19/mobility/
https://www.google.com/covid19/mobility/
https://dataforgood.facebook.com/
https://comptroller.texas.gov/economy/fiscal-notes/2021/oct/winter-storm-impact.php
https://gs.statcounter.com/os-market-share/mobile
https://europepmc.org/abstract/MED/35350704
http://dx.doi.org/10.1016/j.tra.2022.03.024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35350704&dopt=Abstract
https://europepmc.org/abstract/MED/32450943
http://dx.doi.org/10.1017/S1041610220000988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32450943&dopt=Abstract
http://dx.doi.org/10.1016/j.cities.2020.103035
https://europepmc.org/abstract/MED/36718419
https://europepmc.org/abstract/MED/36718419
http://dx.doi.org/10.1002/psp.2637
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36718419&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0176921
http://dx.doi.org/10.1371/journal.pone.0176921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28467473&dopt=Abstract
https://www.google.com/covid19/mobility/
https://github.com/gustavsganzerla/covid-in-ns/blob/main/applemobilitytrends-2022-02-13.csv
https://github.com/gustavsganzerla/covid-in-ns/blob/main/applemobilitytrends-2022-02-13.csv
http://www.w3.org/Style/XSL
http://www.renderx.com/


Abbreviations
MOS: mobile operating system

Edited by A Mavragani, T Sanchez; submitted 14.11.22; peer-reviewed by C Gissel, M Mileski; comments to author 20.12.22; revised
version received 09.02.23; accepted 26.05.23; published 22.06.23.

Please cite as:
Sganzerla Martinez G, Kelvin DJ
Convergence in Mobility Data Sets From Apple, Google, and Meta
JMIR Public Health Surveill 2023;9:e44286
URL: https://publichealth.jmir.org/2023/1/e44286 
doi:10.2196/44286
PMID:37347516

©Gustavo Sganzerla Martinez, David J Kelvin. Originally published in JMIR Public Health and Surveillance
(https://publichealth.jmir.org), 22.06.2023. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work, first published in JMIR Public Health and Surveillance, is properly cited. The complete
bibliographic information, a link to the original publication on https://publichealth.jmir.org, as well as this copyright and license
information must be included.

JMIR Public Health Surveill 2023 | vol. 9 | e44286 | p.157https://publichealth.jmir.org/2023/1/e44286
(page number not for citation purposes)

Sganzerla Martinez & KelvinJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://publichealth.jmir.org/2023/1/e44286
http://dx.doi.org/10.2196/44286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37347516&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Viewpoint

Implementing and Maintaining a SARS-CoV-2 Exposure
Notification Application for Mobile Phones:The Finnish Experience

Mika Pihlajamäki1, MSc; Sara Wickström1, MA; Kaija Puranen2, MSc; Otto Helve1, MD, PhD; Aleksi Yrttiaho1,

MSc; Lotta Siira1, PhD
1Finnish Institute for Health and Welfare, Helsinki, Finland
2Gofore Oyj, Tampere, Finland

Corresponding Author:
Lotta Siira, PhD
Finnish Institute for Health and Welfare
PO Box 30
Helsinki, 00271
Finland
Phone: 358 29 524 8755
Email: lotta.siira@thl.fi

Abstract

Exposure notification applications (ENAs) or digital proximity tracing apps were used in several countries during the COVID-19
pandemic. In this viewpoint, we share our experience of implementing and running the Finnish ENA (Koronavilkku), one of the
national ENAs with the highest proportion of users during the pandemic. With the aim of strengthening public trust and increasing
app uptake, there was a strong prioritization of privacy and data security for the end user throughout the ENA development. This,
in turn, limited the use of the app as a tool for health care professionals and deeper insight into its potential effectiveness. The
ENA was designed to supplement conventional contact tracing, rather than replace it, and to serve as an early warning system
and a trigger for action for the user in case of potential exposure. The predefined target of 40% uptake in the population was
achieved within 3 months of the ENA launch. We consider easy-to-understand information produced together with communication
experts crucial during the changing pandemic situation. This information educated people about the app as one component in
mitigating the pandemic. As the pandemic and its mitigation evolved, the ENA also needed adapting and updating. A few months
after its launch, Finland joined European interoperability, which allowed the ENA to share information with ENAs of other
countries. We added automatic token issuing to the ENA as of mid-2021. If added earlier and more comprehensively, automatization
could have more effectively saved resources in health care services and prevented overburdening contact tracing teams, while
also notifying potentially exposed individuals quicker and more reliably. In the spring of 2021, the number of active apps started
to gradually decline. Quarantine and testing practices for asymptomatic vaccinated individuals following exposure to the virus
were eased and home tests became more common, eventually replacing laboratory testing for much of the population. Taken
together, this led to decreased token issuance, which weakened the potential public health usefulness of the app. A self-service
option for token issuance would likely have prolonged the lifespan of the app. The ENA was discontinued in mid-2022. Regularly
conducted surveys would have helped gain timely knowledge on the use and effectiveness of the app for better responding to the
changing needs during the pandemic.

(JMIR Public Health Surveill 2023;9:e46563)   doi:10.2196/46563

KEYWORDS

digital proximity tracing; DPT; exposure notification application; ENA; COVID-19; Finland; digital health; mobile health;
mHealth; contact tracing; user; data privacy; effectiveness; mobile app; technology; public health

Introduction

Large-scale rollouts of digital proximity tracing (DPT) and
exposure notification apps (ENAs) were undertaken hastily in
several countries during the COVID-19 pandemic. It is important
to gather and document the lessons learned in the process for

possible similar situations in the future. In this viewpoint, we
share our experiences of implementing and running the Finnish
ENA (Koronavilkku). We base our account on the first-hand
experiences of developing and maintaining the national ENA
that were discussed at the final project workshop. We refer to
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feedback received from the public, health care professionals,
and decision makers during the app’s lifetime.

SARS-CoV-2 started to spread in the Finnish population at the
end of February 2020 [1]. Like in many countries, in mid-March
2020, the government declared a state of emergency and
introduced restrictions due to the coronavirus outbreak [2]. In
early April, the European Commission adopted a

recommendation on the use of mobile technology to control the
COVID-19 pandemic [3], and the Finnish government initiated
legislation work related to a national app later that month (Figure
1). The aim of the mobile app would be to promote public health
by empowering everyone to participate in breaking
SARS-CoV-2 transmission chains, as part of the government’s
strategy to combat the COVID-19 pandemic [4].

Figure 1. Timeline of key events in Finland during January 2020 to June 2022, related to the COVID-19 pandemic mitigation and the development
and use of the Finnish COVID-19 exposure notification application (ENA).

Defining the Aims and Functionality of the
ENA

According to the temporary law, the Finnish app would be
voluntary and free for the public to use [5]. These principles
are in line with findings in a review on best guidance for DPT
apps [6]. The national legislation and the European guidelines
defined the handling of personal data and directed the Finnish
app to use a decentralized model and the Google and Apple
Exposure Notification system without collecting location data
[5,7]. Privacy and data security concerns have been raised by
the public in studies on acceptability [8,9]. Local legislation is
needed to ensure suitable and specific safeguards for privacy
and data protection to gain public trust [10,11].

The Finnish app was divided into a mobile app and a backend
system [12]. The mobile app calculated the exposure risk based
on encounter duration, distance, and the presumed infectivity
of the case. If a defined risk threshold was exceeded, the app
notified the user of a potential exposure and provided further

instructions. This functionality for sending and retrieving
identifiers and matching them was similar in all decentralized
ENAs in the European Union (EU) [13].

Based on early simulated models on potential for infection
control [14,15], a high app download rate by the public was
deemed more important than making the app a tool for health
care professionals. In a simulation, a 56% app coverage would
end the pandemic in the modelled country [14]. At that time,
app coverage in other countries was up to 38% [16]. The project
steering committee set the objective to 40% of the population
in Finland, to have a concrete and realistic target coverage to
mitigate the pandemic.

The app was designed to supplement conventional contact
tracing, rather than replace it, and to serve as an early warning
system and a trigger for end user action. The aim was that upon
receiving an exposure notification, the user would change his
or her behavior according to the guidance given by the app, and
thus, break transmission chains (Figure 2). The instructions
were kept in synchronization with the national guidelines.
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Already in the planning stage, it was decided that we should
emphasize privacy and maximize app uptake, which imposed
limits on the development but gave a clear focus to the work.
After the launch, several independent data security
experts, including the National Cybersecurity Center, evaluated
the app against the privacy concerns that had been discussed in
the media [17,18]. We believe that the focus on privacy and
data security, as well as the open communication about this aim,

was instrumental in gaining public trust. The importance of
upholding public trust to increase app uptake is consistent with
other studies [19]. Distrust and a perceived lack of transparency
can increase the belief in inadequate design, and in turn,
decrease belief in app effectivity and app adoption [20]. Privacy
concerns among the public are understandable, as many
COVID-19–related apps required numerous rights, like access
to photos, location, or microphone [21].

Figure 2. The guidance shown to users of the Finnish COVID-19 exposure notification app upon receipt of an exposure notification during March 4,
2021, to June 16, 2021. The instructions were updated in line with the national guidelines.
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Development

In most EU countries, ENAs were developed in collaboration
between governmental institutions and private software
developers [13]. This was also true for Finland, where
establishing an ENA required several actors to join forces. The
project group consisted of some 2 dozen individuals from the
involved organizations. Because of the pandemic-related
recommendations to work remotely, meetings were web based,
and most team members met in person for the first time only at
the final project workshop. One of the key lessons learned was
the importance of seamless teamwork. Home organizations were
less visible in the web-based meetings and discussions were
informal yet structured. This fostered open communication, an
excellent team spirit, a low level of hierarchy, and avoided silos,
while also engaging project members and their home
organizations. In addition to the core project group, nearly 200
individuals worked intermittently on different aspects of the
app and related issues.

To support the project group, we set up an expert group of
communicable disease physicians representing different
municipalities and hospital districts. The group lacked
decision-making power, but it was an important organ for
keeping in touch with the health care services, where contact
tracing was conducted and app tokens issued. The group was
informed about the development and consulted on guidance and
the calculation of risk factor parameters. The aim was to keep
the parameters that defined possible exposure and
recommendations in the exposure notifications in line with the
national guidelines.

Communication and Deployment

From the start, communication experts planned how to share
easy-to-understand information about the ENA with the public.

As identified elsewhere, end user benefits of an app and
clarifications on how individual privacy will be protected are
important to communicate [22]. Communication efforts included
a series of public webinars during development and a marketing
campaign in connection with the launch, and communication
continued throughout the lifetime of the app. The responsibilities
of the national COVID-19 helpline were expanded to give advice
on the app and its use.

Finland approached advertising the app as part of a bigger
strategy against the pandemic and started informing the public
about the app at an early stage [13]. However, some other
European countries included the public in the development by
inviting feedback or carrying out public consultations to generate
trust and increase acceptance [13]. Because of time and resource
constraints, we were unable to accommodate similar public
consultations.

The Finnish ENA was published in late summer 2020 (Figure
1), simultaneously or later than that of many other countries
and states [13,23]. Probably largely due to the media attention
that the Finnish ENA gained, especially around the launch, the
app was downloaded by 1 million users within the first 24 hours.
This accounts for nearly a fifth of the Finnish population. In the
next 2 weeks, the app reached 2 million users, and the objective
of 40% uptake was achieved in early November 2020 (Figure
3) [24]. Over the next few months, the number of active users
continued to grow, and by spring 2021, the app had become
one of the national or state ENAs with the highest proportion
of users [13,25].

The ENA could be used in the 2 official languages of Finland,
Finnish and Swedish, and additionally in English. However,
some groups were not as frequent users of the app as the general
population [26], and making the app available in further
languages could have allowed it to have a wider and more
inclusive public health impact.
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Figure 3. Downloads or active app counts for the Finnish SARS-CoV-2 exposure notification application (ENA) in the period of August 31, 2020, to
May 10, 2022. The number of Finnish ENA downloads was collected from mobile app stores. After February 8, 2021, the number of downloaded apps
was not followed, as it no longer reflected the number of active apps. Active apps were defined as apps contacting the back end at least once per 24
hours.

Adaptation of the App in an Evolving
Pandemic

The ENA was developed on the premise that it would be a
short-term app requiring no further releases. In Finland, the
legal mandates of several control and mitigation measures
related to the COVID-19 pandemic were temporary. If needed,
the validity of these laws was extended; during the app’s
lifetime, its legal basis was extended twice. In the changing
pandemic situation, several changes were required in the app.

The project received numerous requests for minor changes and
ideas for implementation, and we needed an unbiased method
for prioritization and approval of them. Through the use of a
structured form, we identified which parts of the app, its backend
system or linked information, would be affected; the time and
effort required to implement the change; and the estimated
public health impact. This helped us reach informed decisions
on what to implement.

In the fall of 2020, the national recommendation on quarantine
duration was shortened from 14 days to 10 days. In line with
this, changes in the app were required, so the duration an
exposure notification was visible to the user corresponded with
the updated guidelines. Similar changes were implemented 3
times during the lifetime of the app. Other updates were also
made, such as a modification to exposure calculations to
consider all exposures over the course of a day and changes to
the interface to make it more user-friendly; these changes
included displaying the number of potential exposures and
adding a button to manually launch exposure checking. The
motivation for all these updates was to keep the ENA current,

attractive, and easy to use, thereby enabling its intended public
health impact.

Several European countries launched their own mobile proximity
contact tracing and warning apps, and an effort to explore
sharing exposure notifications across apps was pursued by the
European Commission and the member states [27]. In April
2020, a common approach for contact tracing apps was defined
[7], and the first European countries joined the interoperability
of apps in October 2020 [28]. Finland joined in early January
2021 (Figure 1) [13].

In accordance with increased laboratory testing capacity for
SARS-CoV-2 and an updated national testing strategy [29],
testing was extended to asymptomatic users who received an
exposure notification, if the local testing capacity allowed
(Figure 1). The web-based symptom assessment tool [30] that
was linked to the ENA was eventually available for 72% of the
population by August 2021. This enabled a majority of the users
to book a test using various digital systems or platforms
accessible through the internet.

Automatization of Token Issuance

Manual token issuance to laboratory-confirmed COVID-19
cases became an increasing burden on the contact tracing teams
in the health care services as the pandemic grew. From the
beginning, we recognized that automatization would have been
faster, cheaper, and less demanding on health care professionals.
Similar observations have also been made elsewhere [31]. We
considered automatization unfeasible to implement, due to the
decentralized health care and the multitude of information
management systems in use. Further, early in the pandemic,
there was fear and stigma surrounding contracting COVID-19
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[32], and talking to a health care professional was preferred to
an automatic text message communicating the positive result
of a SARS-CoV-2 test.

We routinely followed the average timespan or delay from
symptom onset until app token use, which seemed to depend
on the workload of laboratories and contact tracing teams and
increased when case numbers grew. This raised concerns about
the usefulness of the app in times when fast notification of
potential contacts would have been of most importance and
made us revisit automatization of token issuance.

Automatic token issuance was pursued as of early 2021 in
cooperation with 2 of the largest public health care operators,
City of Helsinki and the Helsinki and Uusimaa hospital region,
and it was taken into use in June and October 2021 (Figure 1).
Tokens could be automatically issued based on digital laboratory
results and patient contact information collected during the
booking of a laboratory test. This made the process of allowing
cases to notify potentially exposed individuals through the app
quicker and more reliable, while saving resources in the health
care services. Its public health impact would have been even
greater if it had started early on. Notifying contacts quickly after
exposure substantially affects the effect of quarantine or
self-quarantine as a control measure for the spread of
SARS-CoV-2 [15,33,34].

Shutdown

The use of the app slowly dwindled over the year 2021 (Figure
3); the likely reasons were many. Vaccinated individuals were
no longer required to observe full quarantine after exposure to
SARS-CoV-2 and were not automatically referred to testing if
asymptomatic [35]. To many vaccinated individuals, the ENA
may have seemed redundant, as the guidance also applied to
those who received an app exposure notification [36].

With new SARS-CoV-2 variants causing more transmission,
several municipalities and hospital regions stopped issuing app
tokens in late 2021 to reduce the workload of contact tracing
teams. Home tests for SARS-CoV-2 became more common and
gradually replaced laboratory testing for much of the population.
Positive home test results could not be registered in the app, as
tokens were only issued through health care providers.
Implementing a self-service option for token issuance was
discussed in Finland and elsewhere [37]. Although it was not
feasible for this ENA, self-service options should be considered
from the start for any future similar projects to safeguard the
longer-term public health use of the app.

We designed the Finnish ENA to gracefully retire by creating
a screen that thanked the users and informed them about the
shutdown (Figure 4). The ENA was discontinued on June 1,
2022 (Figure 1).
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Figure 4. The "Thank you" screen of the Finnish SARS-CoV-2 exposure notification application—Koronavilkku. This screen was shown to users after
Finland discontinued the use of the app.

Reflections and Recommendations

The development and launch of the Finnish ENA, Koronavilkku,
illustrates how a widely used public health app, requiring new
legislation, using new technology, and demanding new ways
of cooperation, could be successful within a strict time frame.
We consider the cornerstones of this success an excellent team
spirit, low level of hierarchy within the project, open
communication, avoiding silos, and a clearly defined goal. In
addition, it required commitment from the project members and
their home organizations.

The app was developed with a focus on the end users.
Communication and marketing throughout played a key role in
ensuring that potential users were familiar with the app, and we
believe it contributed to the high number of downloads. Despite
this, we received feedback that some health care professionals
were disappointed that the app did not provide information to
support their contact tracing work. In the literature, mobile apps
are considered valuable tools for citizens, health care

professionals, and decision makers [38], but there were
difficulties in measuring and communicating these potential
benefits clearly enough. In retrospect, more resources should
have been allocated in the run-up to the app launch to clarify
the goal to health care professionals and elaborate on the
envisioned role of the app in the larger effort to mitigate the
pandemic.

We believe that focusing on privacy and data security in
communication and implementation strengthened public trust
and, in turn, increased app uptake. However, compared to many
other countries, public trust in the national government and
public institutions is high in Finland [39]. Building on this trust,
it may have been possible to offer the public an ENA that would
have collected more information than the current interpretation
of the national legislation and EU guidance allowed. In line
with this, some user feedback indicated willingness to share
more information with the app in exchange for receiving more
information about potential exposures. This could have allowed
the development of an app using the persuasive design model
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rather than the control design model that relies on
self-monitoring. In another study [19], the persuasive design
model, which uses social learning, was found to increase user
intention to use the app. Enabling collection of data on exposures
could have also benefited health care but would have required
transparency and clear communication about the goals of data
collection and its intended use. For future similar apps, we
recommend enabling the collection of at least aggregated data
on the number of exposure notifications generated.

Only some countries have published outcomes on their ENAs
[40]. The difficulty of assessing the effectiveness of
privacy-preserving DPT apps has been previously raised [23]
and was also felt in relation to the Finnish ENA. The restrictions
on what information we could collect through the app limited
the insight into its potential effectiveness. Evidence of
effectiveness may have maintained the number of users for a
longer duration by swaying both health care professionals and
end users to continue supporting the app. For future similar
endeavors, we recommend investing in monitoring and

communicating the potential benefits early in the process. If
statutory limits constrain the collection of important data, regular
surveys can be considered as an alternative to gain some
knowledge on the use and effectiveness of such apps.

Other important lessons that we learned along the way include
the fact that we did not initially foresee how many updates the
app would require as the pandemic and mitigation efforts
evolved. Forced updates and feeding text through a dedicated
website into the app would have ensured that the guidance to
users remained up-to-date, thereby enhancing the potential
public health impact of the app. Another lesson learned is how
a self-service option or earlier and more comprehensive
automatization for token issuing for COVID-19 cases would
have eased the burden on contact tracing teams and prolonged
the useful lifespan of the app, while also notifying potentially
exposed persons quicker and more reliably. Even with lessons
learned and reflections on how the app could have been
improved, the wide use of the Finnish ENA gave it potential to
deliver public health and pandemic mitigation results.
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Abstract

The COVID-19 pandemic triggered unprecedented expansion of telemedicine, including in the delivery of opioid agonist treatment
(OAT) for people with opioid use disorder (OUD). However, many people with OUD lack the technological resources necessary
for remote care, have complex needs, and are underserved, with precarious access to mainstream services. To address the needs
of these individuals, we devised a unique program to deliver OAT via telemedicine with the support of community outreach
workers in Montreal (Quebec, Canada). The program was co-constructed by the service de médecine des toxicomanies of the
Centre hospitalier de l’Université de Montréal (CHUM-SMT)—a hospital-based addiction medicine service—and CACTUS
Montréal—a community-based harm reduction organization known and trusted by its clientele. All procedures were jointly
developed to enable flexible and rapid appointment scheduling. CACTUS Montréal workers promoted the program, facilitated
private on-site telemedicine connections to the CHUM-SMT, accompanied patients during web-based appointments if requested,
and provided ongoing holistic support and follow-up. The CHUM-SMT offered individualized OAT regimens and other health
services as needed. Overall, our experience as clinicians and community-based workers intimately involved in establishing and
running this initiative suggests that participants found it to be convenient, nonjudgmental, and responsive to their needs, and that
the implication of CACTUS Montréal was highly valued and integral to patient engagement and retention. Beyond the context
of the COVID-19 pandemic, similar programs may present a flexible and accessible means to deliver alternative treatment options
for people with OUD disengaged from traditional care, bridge gaps between communities and health providers, and improve
access to care in rural or remote settings.

(JMIR Public Health Surveill 2023;9:e39236)   doi:10.2196/39236
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Background

The field of telemedicine has a long-standing interest in
improving the accessibility and quality of health care for remote
and otherwise underresourced communities [1,2]. In response
to the COVID-19 pandemic and associated physical distancing
measures, the use of telemedicine modalities expanded
exponentially to facilitate clinical services for a wide spectrum
of health problems [3-5]. Continued integration into regular
clinical care is likely, particularly in high-income countries
[4,6,7], and could greatly improve service delivery for persons
whose circumstances render in-person visits inconvenient or
undesirable [7]. A lack of attention to the “digital divide” may,
however, exclude groups that have been historically
marginalized from experiencing these benefits and could even
exacerbate health inequities [7-12]. Additionally, engaging such
populations calls for approaches that reduce the social as well
as physical barriers to accessing health providers [13-16]. This
viewpoint paper describes how integrating a trusted community
service into the framework of a hospital-based telemedicine
service in Montreal (Quebec, Canada) created a program capable
of engaging and retaining vulnerable people with opioid use
disorder (OUD) in opioid agonist treatment (OAT) during the
COVID-19 pandemic. We recount the success of this program
as clinicians and community-based workers involved from its
inception and by drawing upon patient testimonials, with a view
to inform future service delivery for such populations.

People With OUD, the COVID-19
Pandemic, and OAT Delivery via
Telemedicine

People using illicit opioids experience a high burden of disease
[17,18] and may be disproportionately impacted by major
disruptive events such as a pandemic [19,20], particularly when
facing other challenges such as housing instability [21,22].
Apart from risks related to COVID-19 exposure [23], public
health responses to the pandemic directly impacted the risk
environment shaping drug-related harms [24]: many
low-threshold services that people with OUD rely on to meet
essential needs or reduce harms associated with drug
consumption, such as day shelters and supervised consumption
sites, were forced to temporarily close or reduce their capacity,
making already scarce resources even less accessible, while
pandemic-related prevention measures also affected people’s
ability to generate income, secure shelter, and obtain safe and
secure supplies of drugs [25-29]. In Canada, these combined
challenges were reflected in a 95% increase in opioid-related
deaths in the first year of the pandemic (April 2020 to March
2021) compared with the year before [30].

Treatment with opioid agonists such as methadone or
buprenorphine/naloxone is the first-line treatment for opioid
use disorder [31,32] and can be highly effective in reducing
illicit opioid use, preventing overdose, and improving multiple
other health and social outcomes [18]. Nevertheless, inadequate
treatment coverage and poor retention persist worldwide [18,33],
with evidence for suboptimal and restrictive delivery practices
(eg, inadequate medication dosing, poor access to unsupervised

or “take-home” doses, and frequent urine drug screening) in
many settings [34,35]. In Canada, as elsewhere, OAT is highly
regulated [36] and typically delivered within health institution
settings [37]. Prior to the pandemic, an estimated 66% of people
who inject drugs nationwide, and 44% of those in Quebec, were
receiving OAT [38]. People with OUD in Montreal had called
for greater service outreach in places in which they spend their
time, while emphasizing increased patient autonomy, flexible
scheduling, diversified treatment options, and the implication
of peer workers as ways to improve OAT services [39]. Indeed,
participants in our program often recounted unsatisfactory
experiences with conventional OAT services, describing a lack
of responsiveness to their needs and experiences, ineffective
communication, an absence of participatory decision-making,
and stigmatization, alongside difficulties with medications and
dosing, withdrawal symptoms and side effects, and rigid service
rules.

OAT delivery in Canada is bound by federal regulations under
the Controlled Drugs and Substances Act (CDSA), while
provincial and territorial governments regulate the scope of
practice for health professionals [40]. Following the declaration
of the COVID-19 pandemic in March 2020, federal health
authorities issued emergency legal exemptions to the CDSA,
enabling verbal prescription of controlled substances alongside
expanded authorizations for pharmacists to extend, renew, and
transfer such prescriptions [41]. Meanwhile, to support the
implementation of best practices, federal health authorities
commissioned the Canadian Research Initiative in Substance
Misuse (CRISM) to develop a series of national guidance
documents, including recommendations for the use of
telemedicine in addiction services [42] and prescribing of
psychoactive substances to support people with OUD who need
to self-isolate [43]. The medical regulatory authority of Quebec
rapidly updated their OUD treatment and telemedicine
guidelines to integrate these changes, relax restrictions on
unsupervised dosing of long-acting opioid agonists, and endorse
the use of telemedicine for OAT initiation and continuation
[44-46]. Quebec-specific expert recommendations for OAT
delivery, including guidance for “safer supply” prescriptions of
short-acting opioids, were subsequently released in October
2020 [47]. Together, these changes represent a seismic shift in
the regulatory structures and guidance shaping treatment for
people with OUD [48]. Evidence suggests a broad uptake of
telemedicine prescribing in Canada, with over half of OAT
clinics surveyed offering this service by June 2020 [49].

Recognizing a Need for Further
Adaptation

The Centre hospitalier de l’Université de Montréal (CHUM) is
an academic hospital in downtown Montreal, whose addiction
medicine service (Service de médecine des toxicomanies
[CHUM-SMT]) offers an integrated model of care for people
with substance use disorders and complex social and medical
needs. This model spans a wide range of interventions, from
harm reduction to specialized multidisciplinary medical and
psychiatric treatment, and includes a low-barrier OAT program.
From March 2020, OAT practices were rapidly amended in line
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with the aforementioned recommendations to shift outpatient
consultations to web-based or telephone visits and allow
initiation of new patients without requiring that they visit the
outpatient clinic. Like clinicians in other settings [50-52],
however, we noted that access to OAT remained inequitable
under a telemedicine model, particularly for individuals unable
to access a phone or computer or are otherwise unwilling to
access hospital-based services for fear of stigmatization [8,53].

Recognizing the need to actively reach out and build trust with
this population that has been socially marginalized, we created
a new partnership with a community-based harm reduction
organization, CACTUS Montréal. Located in the core of
downtown Montreal, CACTUS Montréal is home to one of
North America’s oldest needle-syringe programs and takes a
pragmatic and humanistic approach to serving people who use
drugs through prevention, education, and leisure activities. It
was also one of the few such services to remain open in
Montreal during the initial months of the COVID-19 pandemic.
Together, we co-designed a novel model of care premised on
offering easily accessible, high-quality telecare for people with
OUD with the support of the CACTUS Montréal community
workers they trust.

Procedures were developed jointly to enable a flexible and rapid
appointment scheduling system that would meet the needs of
this population while ensuring confidential flows of patient
information. CACTUS Montréal community workers informed
their clients of the program, facilitated initial eligibility
screening, and helped interested clients book an on-site
web-based appointment with the CHUM-SMT team, generally
within the same week. Participants thus remained physically
within the CACTUS Montréal facilities, where they could not
only access the technological resources and assistance necessary
to engage in care but also draw on the support of community
workers during and after their appointment. This enabled warm
hand off from a trusted person to the CHUM-SMT and equally
created an environment in which patients could easily pose
questions, reschedule appointments, and follow up with staff
about the program throughout their participation. Clinics ran
on Tuesday and Wednesday afternoons, allowing some walk-in
appointments as needed.

During the web-based appointments, the CHUM-SMT team
(comprising a physician and a nurse) evaluated each patient and
initiated an individualized treatment regimen. To foster
engagement in care, treatment was tailored to the participants’
particular needs and their prior experiences with OAT. An initial
regimen typically included a long-acting opioid (eg, methadone,
buprenorphine/naloxone, or extended-release morphine)
combined with a short-acting opioid (eg, hydromorphone) to
manage withdrawal, increase comfort, and reduce the risk of
illicit opioid use and overdose during initiation. Prescriptions
were sent by fax directly to the participant’s local pharmacy
and a follow-up appointment was immediately scheduled.
Importantly, the CHUM-SMT team could also assess and treat
patients’ other medical needs, with CACTUS Montréal nurses
available to draw blood samples (eg, for HIV or hepatitis C
testing) as necessary. Participant consent was obtained from
the outset to define the nature of information exchange between
CHUM-SMT and CACTUS Montréal, who communicated

frequently to schedule appointments based on the participants’
needs.

To support implementation, both partners entered a formal
collaboration agreement and devised a tool kit including a shared
appointment calendar, patient evaluation and referral forms,
user guides for connecting to various telemedicine tools, and
trainings in the web-based clinic and on OAT for CACTUS
Montréal staff. Patient flows were managed with assistance
from the CHUM Network Flow Optimization Center (Centre
d’optimisation des flux reseau), a service promoting accessibility
and continuity of care through various measures including
coordination of linkages to the broader health network and
telehealth services.

Successes, Challenges, and the
Importance of Building Institutional
Relationships

A major challenge at the time of implementation was to rapidly
organize the aforementioned trainings, tools, and procedures so
that CACTUS workers could appropriately support clients
initiating OAT through the service. This effort was facilitated
by a previously well-established working relationship and
institutional support from both partners, with our first patient
enrolled just 30 days after the first planning meeting and 45
days after declaration of the COVID-19 public health emergency
in Quebec.

The initiative was viewed as transformative by the staff and
enthusiastically received by the participants, who, we believe,
found the program convenient, flexible, and responsive to their
needs despite some reservations about the “impersonal” nature
of telemedicine. In our view, the implication of CACTUS
Montréal and its community workers was critical to creating an
environment of trust, confidence, and nonjudgment; maintaining
open lines of communication between appointments; and
enabling access to care within a setting that participants were
already frequenting. Many participants had long-standing ties
and positive relationships with CACTUS Montréal, which
contrasted starkly with testimonies of their unsatisfactory
experiences with mainstream health services. This appeared to
facilitate engagement and lend legitimacy to the program, with
telemedicine being a tool enabling us to quickly and easily reach
beyond the confines of the conventional health system. Unlike
programs delivering OAT through telemedicine alone, our
hybrid model also enabled easy access to laboratory testing and
subsequent initiation of care for other chronic health problems
(eg, HIV and hepatitis C virus) affecting this population.

Partnerships between institutional health services and
independent community organizations can be complex to
develop because the community approach to health, particularly
in the area of harm reduction and prevention of sexually
transmitted and blood-borne infections, has developed in
response to the inability of traditional services to reach and
maintain ties with groups that have been historically
marginalized. In this case, a history of constructive engagement
between the CHUM and CACTUS Montréal—also in the
context of various prior research initiatives—was the critical
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foundation that allowed us to respond quickly and positively to
the disruption caused by the COVID-19 pandemic. Our
telemedicine initiative has further strengthened these ties,
marking a significant step toward further innovations in service
delivery. Indeed, the program proved so popular, it has now
expanded to a second harm reduction organization in Montreal.
Mobilizing the technical and human resources needed to
establish new partnerships and meet client demand has been
taxing and confirms a need to develop longer-term plans and
infrastructure so that the model, once fully evaluated, can be
deployed more broadly.

Conclusion

Facilitated by the COVID-19 pandemic and the ensuing
amendments to federal and provincial regulations and
recommendations for best practices, our community-based
telemedicine program succeeded in bringing OAT to people
with OUD within a space where they feel comfortable and
accepted. The implication of CACTUS Montréal, an ally who
accompanies clients through difficulties at their own pace and
based on their own needs and priorities, was fundamental to
engaging our patients and responded to priorities previously
expressed by local people with OUD.

It is imperative that such initiatives and the emergency-led legal
and structural contexts underpinning them persist, evolve, and
expand well beyond the pandemic. Emerging evidence suggests
that both patients and providers support the continuation of
regulatory reforms and telemedicine delivery of OAT and
perceive these as facilitating individualized patient-centered
care [54,55]. More programs enabled by these innovations must
be quickly and thoroughly evaluated to build an evidence base
for their safety and effectiveness and guide further adaptation.
Investments must then allow the science to move alongside
implementation, scale-up, and formalization of such novel care
pathways toward a more agile and adaptive response to the
continually evolving overdose crisis [56,57]. The success of
vaccine development and scale-up initiatives amid the pressing
threat of the COVID-19 pandemic, as well as the rapid
deployment of telemedicine and other sweeping societal
interventions, has demonstrated our capacity to innovate and
implement simultaneously. Reducing overdoses among people
with OUD deserves the same sense of emergency and
commitment to innovative thinking. We firmly believe that
programs such as ours can reduce health inequalities and save
lives by meeting people “where they are,” bridging gaps to
institutional services and shifting patient-provider relationships
toward a place of mutual understanding and holistic engagement
[58].
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Abstract

Participatory surveillance (PS) has been defined as the bidirectional process of transmitting and receiving data for action by
directly engaging the target population. Often represented as self-reported symptoms directly from the public, PS can provide
evidence of an emerging disease or concentration of symptoms in certain areas, potentially identifying signs of an early outbreak.
The construction of sets of symptoms to represent various disease syndromes provides a mechanism for the early detection of
multiple health threats. Global Flu View (GFV) is the first-ever system that merges influenza-like illness (ILI) data from more
than 8 countries plus 1 region (Hong Kong) on 4 continents for global monitoring of this annual health threat. GFV provides a
digital ecosystem for spatial and temporal visualization of syndromic aggregates compatible with ILI from the various systems
currently participating in GFV in near real time, updated weekly. In 2018, the first prototype of a digital platform to combine
data from several ILI PS programs was created. At that time, the priority was to have a digital environment that brought together
different programs through an application program interface, providing a real time map of syndromic trends that could demonstrate
where and when ILI was spreading in various regions of the globe. After 2 years running as an experimental model and incorporating
feedback from partner programs, GFV was restructured to empower the community of public health practitioners, data scientists,
and researchers by providing an open data channel among these contributors for sharing experiences across the network. GFV
was redesigned to serve not only as a data hub but also as a dynamic knowledge network around participatory ILI surveillance
by providing knowledge exchange among programs. Connectivity between existing PS systems enables a network of cooperation
and collaboration with great potential for continuous public health impact. The exchange of knowledge within this network is
not limited only to health professionals and researchers but also provides an opportunity for the general public to have an active
voice in the collective construction of health settings. The focus on preparing the next generation of epidemiologists will be of
great importance to scale innovative approaches like PS. GFV provides a useful example of the value of globally integrated PS
data to help reduce the risks and damages of the next pandemic.

(JMIR Public Health Surveill 2023;9:e46644)   doi:10.2196/46644
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Overview

Digital epidemiology has expanded significantly in recent years
[1,2], encompassing not only passive digital disease detection
[3], but also active crowdsourcing programs known as
participatory surveillance (PS) [4-7]. PS has been defined as
the bidirectional process of transmitting and receiving data for
action by directly engaging the target population [8]. Often
represented as self-reported symptoms directly from the public,
PS can provide evidence of an emerging disease or concentration
of symptoms in certain areas, potentially identifying signs of
an early outbreak. The construction of sets of symptoms to
represent various disease syndromes provides a mechanism for
the early detection of multiple health threats [9-12]. In addition
to sets of syndromes, PS benefits from the acquisition of data
on nonsymptomatic individuals, providing some measure of a
denominator to make calculations on prevalence, incidence,
attack rate, among other metrics [13]. It is also possible to
include questions that act as proxies for the identification of
risk factors that may be associated with a health threat within
a community. For example, questions about seeking health care
after reporting symptoms may reveal the severity of the event
for those individuals [11-13]. Or asking if a participant reporting
into the system has recently traveled may indicate that symptoms
are from a disease acquired from another location. Inquiring
whether the reporter had recent contact with someone with
similar symptoms might reveal a possible contagion network
[13]. Additional questions about sociodemographics (eg, age,
gender, income, and occupation) or even vaccination status can
complement the syndromic information provided by users who
participate in such programs to help inform at-risk groups [14].
Another layer that may be emphasized around the benefits of
PS is its stability when something goes epidemic. While other
surveillance systems rely on the health care system and are not
scalable, web-based surveillance remain standing, even when
the health care system is flooded. It is very important to have
reasonable stable time trends to interpret what is going on.
Furthermore, not so much the exact questions of the surveillance
is important, but that the system is reasonably flexible including
different questions, and that you can survey whatever is
necessary, whether it is the uptake of a COVID-19–tracking
app or self-tests, or vaccine-sentiment.

By these evidences it seems that PS is an affordable and
effective proxy for public health departments to estimate, for
example, influenza-like illness (ILI) and COVID-19–like illness
numbers, despite the fact that clinical surveillance efforts are
receiving far less data.

After the H1N1 pandemic emerged in 2009, PS for ILI became
vital for monitoring this health challenge [6,15,16]. Since then,

several platforms have expanded around the world seeking to
use the participation of citizens in the systematic and periodic
collection of symptoms related to influenza [9,17-26]. The
numerous programs monitoring ILI have provided evidence
regarding the acceptability, reliability, promptness, accuracy,
and usefulness of this approach [6,20,22]. On the other hand,
the aspects of data integration and interoperability between these
systems for the purpose of comparing ILI activity across
countries and regions remain a challenge. While several
programs have similar objectives, the different governance and
data compliance procedures placed operational hurdles to
integrate and promote interoperability between the databases.
A solution to realize the value of PS in monitoring global ILI
activity was desperately needed.

In 2018, the first prototype of a digital platform to combine data
from several ILI PS programs was created [27]. At that time,
the priority was to have a digital environment that brought
together different programs through an application program
interface, providing a real-time map of syndromic trends that
could demonstrate where and when ILI was spreading in various
regions of the globe. After 2 years running as an experimental
model and incorporating feedback from partner programs,
Global Flu View (GFV) was restructured to empower the
community of public health practitioners, data scientists, and
researchers by providing an open data channel among these
contributors for sharing experiences across the network. GFV
[28] is redesigned to serve not only as a data hub, but also as a
dynamic knowledge network around participatory ILI
surveillance by providing knowledge exchange among programs
[28]. The goal of this study is to serve as a viewpoint
exploration, dissecting the challenges, solutions, and potential
of PS applied in digital ecosystems like GFV.

Connecting ILI Programs Across the
Globe in GFV

GFV is the first ever system that merges ILI data from more
than 8 countries plus 1 region (Hong Kong) on 4 continents for
global monitoring of this annual health threat. GFV provides a
digital ecosystem for spatial and temporal visualization of
syndromic aggregates compatible with ILI from the various
systems currently participating in GFV in near real time (Table
1), updated weekly. In addition, GFV presents a list of features
that support using PS as a data layer for enhanced ILI
surveillance (Table 2). It is important to emphasize, however,
that PS does not aim to replace traditional surveillance systems
but rather to complement the information obtained from such
systems and to generate actionable data.
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Table 1. List of programs that are participating in GFVa as of December 2022.

Host institutionOutcomesDescriptionYear of
foundation

Territory cover-
age

Program’s name

Boston Children’s Hospi-
tal—Harvard University

A system that allows its users
across North America to se-
curely and anonymously self-

report ILIb symptoms or to
report feeling healthy.

2011United States and
Canada

Outbreaks Near Me
(formerly Flu Near
You) [29]

• Since users generally
report before visiting a
health care provider,
trends on the spread of
ILI are often detected
before local and nation-
al public health agen-
cies do.

Hunter New England Local
Health District, Hunter
Medical Research Insti-
tute—The University of
Newcastle

A web-based community-
based acute respiratory illness
surveillance system that is not
biased by health seeking be-
havior, clinician testing prac-
tices, or differences in jurisdic-
tional surveillance method.

2006AustraliaFluTracking Australia
[30]

• To contribute to com-
munity-level acute res-
piratory illness surveil-
lance in Australia

• To provide consistent
surveillance of acute
respiratory illness at-
tack rates and testing
across all jurisdictions
and over time.

• Provide year-to-year
comparison of the tim-
ing, attack rates, and
seriousness of acute
respiratory illness in
the community.

School of Public
Health—the University of
Hong Kong

A web-based health surveil-
lance system used to detect
the potential spread of influen-
za and COVID-19.

2021Hong KongFluTracking Hong
Kong [31]

• To compare ILI syn-
drome proportions ac-
cording vaccination
status and seasonality,
providing consistent
monitoring of influenza
surveillance activity.

The Health Promotion
Foundation and Open dream

A network of digital volun-
teers who participate through
anonymous reporting of their
own health.

2020ThailandSickSense [32] • This system can identi-
fy early signs of an
emerging epidemic
threat, be an assistant
to find real time signs
of illness, and engage
through digital tools.

Influweb.org, Covidnet.fr,
Influmeter.dk, Infecier-
adar.nl

A web-based survey tool to
conduct syndromic surveil-
lance through self-reported
symptoms volunteered by
participants residing in the
InfluenzaNet countries.

2009Italy, France, the
Netherlands, and
Denmark

InfluenzaNetc [33] • The platforms collect
demographic and risk-
factor data from partic-
ipants upon enrollment,
capture weekly symp-
toms, and report ana-
lyzed surveillance re-
sults. This provides in-
sights about the ILI ac-
tivity.

aGFV: Global Flu View.
bILI: influenza-like illness.
cInfluenzaNet integration is still going on. This is a partial list of countries which enrolled in the platform.
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Table 2. Overview of functionalities and main features of GFV.a

AvailabilityTechnical specificationDescriptionFeature

Publicly available. For registered
partners, download of the line
listing data is also possible in
.CSV format.

Apex charts.JS is an open-source library for
AngularJS that enables a smooth user expe-
rience loading time-series charts.

Temporal distribution of participant’s reports

and ILIb proxy defined by each program. In

this feature,c it is also possible to filter by
specific symptoms, vaccination status, gen-
der, and age range.

Time-series report
(Figure 1)

Publicly available.For the use of clustering and heatmap view,
Mapbox has been used.

Spatial distribution of participant’s reports
and ILI proxy defined by each program. In
this view, it is possible to visualize in a (1)
cluster view, (2) disaggregated reports by the
minimum allowed level (eg, postcode cen-
troids), or (3) heatmap with ILI cases.

Map (Figure 2)

Publicly available.Automated scrapper that is connected with
PubMed database, looking for keywords
associated with PS. Before a paper is dis-
played on the resource page, a human input
is necessary to accept or decline the sugges-
tion. Once accepted, it populates a resource
section.

Library of recent peer-reviewed publications

about PS.d
Resources

Restricted to program partners
with approved access to this fea-
ture.

For the map data: Lat (number $double);
Lng (number ($double)); Report_count (in-
teger); ILI_count (integer); No_symp-
toms_count (integer); Some_symp-
toms_count; (integer); Postcode (string);
Country (string); ILI_percentage (integer);
No_symptoms_percentage (integer);
Some_symptoms_percentage (integer); For
the survey data: Match_count (integer);
Percentage_count (number); Total_count
(integer); Week (string)

The documentation for API requests of post-
processed data points in the platform. The
validation is based on a token generated by
each program partner and the authorization
is given by passing the key via header. The
available requests for postprocessed data are:
GET /api_map (returning data pinned to the
map); GET /map_dates (returning the dates
from the registered data); and GET /surveys
(returning chart data from Reports section).

APIe documentation
(Figure 3)

Restricted to program partners
with approved access to this fea-
ture.

Besides the title, description, and tags, one
can define the permission that the code has
as well as the language the snippet was
coded in.

Digital space for sharing codes, notes, and
snippets across the community of program
partners. In addition, this brings the possibil-
ity to specify the permission (whether cre-

ative commons or GPLf) and the language
used. The codes are visible for all program
partners that may use them for their projects
or data analysis pipelines.

Codelab (Figure 4)

aGFV: Global Flu View.
bILI: influenza-like illness.
cWhen available by the program partner.
dPS: participatory surveillance.
eAPI: application program interface.
fGPL: General Public License.
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Figure 1. Time-series reports view, showing the aggregated number of reports and proportion related to ILI reports. The filter functionality selects
specific countries or programs as well as vaccination status, age range, and gender of participants. ILI: influenza-like illness.

Figure 2. Screenshot from the map view. It shows three different views that are available for users: (A) clustering view (aggregated mode based on
the zoom level); (B) disaggregated view using the centroid of a zip or postal code; and (C) heatmap view for ILI reports from the filtered period. The
map view also provides visualization of clustering view, aggregating reports based on the zoom level. Disaggregated level view is supported if the
partner program has given permission. ILI: influenza-like illness.
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Figure 3. Documentation view of GFV API, providing program partners with all information needed to integrate GFV data into their systems, respecting
the governance of each program and data sharing agreement. API: application program interface; GFV: Global Flu View.

Figure 4. Codelab is the tool into GFV that allows program partners to share among themselves notes, scripts, and codes about techniques and methods
for PS data analysis. GFV: Global Flu View; PS: participatory surveillance.

Understanding the GFV Ecosystem

GFV may be best described as an ecosystem with three different
layers: (1) program partners, (2) community, and (3) outcomes.
PS programs for ILI were informed about the purpose of GFV,
and after accepting the data sharing agreement, became part of
the core layer by contributing to the availability of real-time

data. In the second layer, the “community” of potential
consumers of this data can be described in three categories: (1)
public health practitioners focused on disease surveillance, (2)
data consumers focused on the use and integration of the data
for third-party systems and platforms, and (3) researchers, who
may use the data for comparative, predictive, or characterization
of global epidemiological scenarios about ILI outbreaks as well
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as the development of forecasting and modeling techniques.
Finally, the outcomes layer demonstrates the impact that these
data can generate on the knowledge of the current and future
ILI landscapes; and the potential of information sharing for
constructing and strengthening of the ILI PS community.
Pooling data from different regions and integrating them into
GFV generates a pivotal tool for participatory surveillance. The
collaborative network formed from this international data
integration not only fosters shared learning but also strengthens
ties between researchers and public health practitioners globally.
This community aspect provides a robust response to ILI on an
international scale.

The global perspective offered by GFV is especially valuable
considering the nature of influenza epidemics. Tracking these
patterns across various geographical regions provides critical
insights into disease spread dynamics, contributing significantly
to our understanding of these epidemics. Further, the collective
data from diverse sources amplify the statistical power of
analyses conducted using this platform. With a larger, more

diverse data set at their disposal, researchers can draw more
robust conclusions and gain key insights into influenza trends
and variations across different settings. This enriched
perspective provides a significant contribution to the global
understanding and management of ILI.

The list of program partners is periodically updated, giving
opportunities for ILI programs from anywhere to be part of this
ecosystem. GFV is also open to the general public, who can use
the potential of this tool to understand the importance of their
contribution in reports to program partners in the collective
construction of information on global health. Figure 5 describes
the GFV’s workflow for a better understanding. We will further
delve into the intricacies of community building, interoperability
challenges, and data governance specific to participatory
surveillance in subsequent sections. These important aspects
help paint a comprehensive picture of our work and elucidate
the significant contribution of GFV to the field of public health
surveillance.

Figure 5. GFV’s workflow, describing the steps for data acquisition, API integration, data processing, data visualization, and knowledge sharing among
program partners. API: application program interface; AWS: Amazon Web Services; ETL: Extract, Transform and Load ; GFV: Global Flu View.

Community Building and Knowledge
Sharing

A community of PS enthusiasts can be connected with
knowledge sharing in several ways. First, this community can
provide a forum for practitioners to share their knowledge and
expertise with each other. This can take the form of discussions
and collaboration on specific projects or challenges, as well as
the sharing of resources, such as research papers, technical
manuals, and training materials. By sharing knowledge within
the community, practitioners can learn from each other's
experiences and can help to advance the field as a whole.
Additionally, a community of health technology practitioners
can also facilitate the sharing of knowledge with other
stakeholders, such as policy makers, health care organizations,
and the general public. For example, a community can organize
conferences, workshops, and seminars where practitioners can
present their research and findings to a broader audience. This
can help to raise awareness of the latest developments in health
technology and can encourage the dissemination of new ideas
and best practices.

The GFV ecosystem aims to strengthen the use of surveillance
data among professionals in various fields. Professionals such
as public health practitioners, epidemiologists, data scientists,
and software developers may use the GFV data in the routine
of disease surveillance. The platform encourages contribution
of data analysis techniques, methods, and processes to promote
knowledge sharing among partners and ensures that data are
used in a reproducible manner.

Interoperability Challenges: Overcoming
Hurdles Based on Data Standards

Interoperability for participatory disease surveillance data can
help to ensure that data from different systems can be easily
exchanged and integrated, leading to more effective and efficient
processes. However, several challenges must be considered to
achieve this goal, including the following: (1) lack of
standardization: different PS programs may collect different
types of data, at different granularities, use different data formats
and structures, which can make it difficult to exchange data.
Moreover, without standardized data definitions and formats,
it can be difficult to ensure that data from different PS programs
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are comparable; (2) complexity of data integration: integrating
data from diverse PS programs systems can be a complex and
time-consuming process, especially if the systems are not
designed to interoperate; (3) limited technical capacity: some
PS systems may not have the technical capacity or expertise to
integrate data from other systems; and (4) privacy and security
concerns: ensuring the privacy and security of sensitive health
or disease data is a key concern when integrating data from
distinct surveillance systems and are subject to different national
or international regulatory frameworks (eg, European Union
General Data Protection Regulation).

To overcome these challenges, it is necessary to adopt data
standards that provide a common framework for the exchange
and integration of data from different surveillance systems. Data
standards offer a set of rules and guidelines for defining data
elements and formats, which can help to ensure that data from
different systems are comparable and can be easily integrated.

In developing GFV, the number of global platforms that use
secondary epidemiologic data was considered. Documenting
the processes and end points for accessing data on the platform
is fundamental to the interoperability of this data with other
data streams to allow connections for integration with GFV.
Using an API to connect the various systems with GFV was
deemed the most efficient mechanism.

Data Governance: Getting Legal
Agreements for a Multicentric PS
Ecosystem

A data sharing agreement is required for any partner that
provides its data to GFV (except for those programs which make
the data publicly available). This agreement covers core
principles such as (1) preserving data privacy by sharing
deidentified data, (2) maintaining data integrity, and (3)
respecting the governance structure and compliance required
by each program partner.

Data governance is an essential aspect of PS systems to
safeguard the integrity, quality, and security of data collected.
It includes policies, processes, and practices for data collection,
management, and use, with defined roles and responsibilities
for data quality assurance and security. Clear and transparent
policies and practices can ensure that participants feel confident
that their data will be used responsibly.

Looking to the Future

Enabling PS for Digital Public Health Intelligence
The popularization of social media, added to the wave of “big
data,” creates the opportunity for crowdsourcing participatory
disease surveillance in GFV to expand the understanding of ILI
and its impact across the globe [19,20].

Several initiatives are integrating diverse data streams to
increasingly provide timely information to detect public health
events. Low- and middle-income countries, in particular, are
greatly benefited by these approaches. Examples of these
initiatives include the Integrated Disease Surveillance and

Response framework in sub-Saharan Africa. For 20 years it has
demonstrated the importance of improving the detection and
response of public health threats by combining data from diverse
systems and laboratories [34]. In China, another model
framework integrates multichannel surveillance, data analysis
for early warning, and a specific strategy for sustainability of
the surveillance system [35]. Within the scope of PS, it is
possible to see the integration of laboratory data for the
monitoring of SARS-CoV-2 antibodies seroconversion [36-38].
PS has historically also used data from social media to leverage
its sensitivity and detection capability [39,40]. In Netherlands,
a strategy to combine PS reports plus self-tests given free of
charge and centralized testing of nose or throat samples has
been performed, showing another angle of empowering public
health intelligence by these approaches [41]. The previous
examples show how different ecosystems across the globe are
ready to integrate diverse data streams, where GFV may be one
of these, enabling a feasible view for PS.

During the first years of the COVID-19 pandemic, the value of
other types of data, from wearables, wastewater, and mobility
through cellular data for early identification of risks, became
evident [42-45]. Approaches like this also show the ability of
omnichannel surveillance for other infectious diseases with
pandemic potential, such as a novel strain of influenza. Indeed,
challenges of integration and interoperability between these
data sources will exist and demand that the next generation of
epidemiologists be familiar with the format and structure of
each data source. The assessment for data standards for
collecting comparable data will be crucial to guarantee the unity
of such different systems.

Cross-Engagement
Cross-engagement is a term inherited from the marketing
industry, which describes the use of multiple marketing channels
to seamlessly leverage retention of a target audience [46].
Collaborative platforms can benefit from this concept, as the
retention and engagement of users in PS strategies has always
been a point of friction. Maintaining engagement and
participation in these programs can be challenging, as
individuals and communities may have other priorities or may
lose interest over time. With cross engagement, the user is
motivated on multiple fronts for multiple purposes. The GFV
platform provides cross-engagement as user data are seen at a
local or national level by the partner platform and at an
international level displaying trends for multicentric comparison
between countries and continents. The empirical evidence is
that people become further incentivized by the knowledge that
their data matter both locally and globally.

Programs for monitoring and combating chronic diseases [47]
can serve as valuable models for infectious disease PS programs,
particularly for influenza, which is a key focus of the GFV
platform. These programs can provide valuable insights and
lessons learned that can be applied to the design and
implementation of infectious disease surveillance programs,
helping to ensure that these programs are effective and efficient.
By leveraging the experience and expertise of chronic disease
surveillance programs, it is possible to learn how to improve
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the engagement and retention performance of participatory
infectious disease surveillance programs [48-50].

Smart Health Communities
Smart Health Communities has been another important trend
to consider in the future of disease surveillance [51]. The core
features of this approach are (1) empowering individuals to
proactively manage one’s own health and well-being, (2)
fostering a sense of community and belonging, (3) using digital
technologies and behavioral sciences, (4) using data for
substantial improvements in health outcomes, and (5) creating
innovative ecosystems [52].

In this scenario, studies demonstrate how these programs reach
the status of social contagion to achieve a collective good
[53-55]. This type of social influence can be one of the ways to
increase user participation in PS platforms, considerably
increasing the potential for using the data that circulates in this
environment [53,54]. The parallelism between geographic smart
health communities and digital smart health communities
enables the possibilities of using the metaverse for PS [55]. By
these examples, having a web-based hub that serve as stage for
smart health communities look at the data seems realistic and
needed. With the open access that GFV promotes through
temporal and spatial data, this becomes a concrete example for
future interactions in smart health communities.

Opportunities for the Next Generation of Digital
Epidemiologists
Given these perspectives, the importance of the next-generation
of digital epidemiologists actively participating in the ongoing
digital transformation of public health surveillance cannot be
overstated. Their role in this rapidly evolving landscape goes
beyond merely applying existing tools and systems; they must
also acquire a comprehensive understanding of this emerging
field. In order to cultivate a new breed of professionals capable
of steering this digital revolution, the inclusion of data science,
software engineering, mathematical modeling, and data design
in academic and technical training programs is vital. This
multidisciplinary approach equips future digital epidemiologists
with the broad spectrum of skills they require to be self-reliant
and innovative in their roles. While collaboration and
cross-pollination of ideas are indeed essential in this
multifaceted field, it is equally important for these professionals
to have the capability to make independent, informed decisions.
The interdependence inherent in such a diverse field should not
lead to an overreliance on others. These professionals will need
to be well-versed in all aspects of digital epidemiology, from
disease surveillance to the intricacies of digital public health.
GFV is pioneering in this educational journey by providing a
platform that fosters collaboration, knowledge exchange, and
the cultivation of skills. The GFV Codelab, for instance, is an
exemplary feature that demonstrates how digital platforms can

be harnessed as digital learning environments. As we navigate
this new digital landscape, it is incumbent upon us to ensure
that the next generation of professionals is well-equipped to
lead the field of digital epidemiology into the future.

Further, the endorsement of participatory surveillance strategies
by major health organizations, such as the World Health
Organization [56], underscores the pivotal role that this approach
plays in global health. It signals an expectation for the next
generation of digital epidemiologists to not only understand
these approaches but to implement them effectively and
innovatively.

Limitations

GFV has several limitations. First, the data in GFV are
dependent on the quality of its partners’data. Since PS programs
rely on the active involvement of individuals and communities,
GFV data are impacted by this reality that not all individuals
and communities may be willing or able to participate in these
programs. This can lead to incomplete or biased data, which
can impact the accuracy and usefulness of the information
collected through these programs. Second, data quality and
integrity are an issue due to the characteristics of self-reported
data, which can be subject to errors, biases, and inconsistencies.
Third, the various programs contributing data to GFV often
require significant resources, including funding, staff time, and
technology. These resources may be limited, which can impact
the ability of these programs to effectively collect data on an
ongoing basis and share it with GFV.

Conclusions

Connectivity between existing PS systems enables a network
of cooperation and collaboration with great potential for
continuous public health impact. Thus, it is crucial for
professionals engaged in ILI studies, educators, students, and
public health practitioners to engage with digital ecosystems.
It is an opportunity to make use of these open data channels and
contribute to knowledge, and help to enhance the depth and
breadth of ILI surveillance. Moreover, it offers a platform for
learning, interaction, and collaboration, fostering a more
integrated and proactive approach toward public health
challenges. The exchange of knowledge within this network is
not limited only to health professionals and researchers, but
also provides an opportunity for the general public to have an
active voice in the collective construction of health settings.
The focus on preparing the next generation of epidemiologists
will be of great importance to scale innovative approaches like
PS. GFV provides a useful example of the value of globally
integrated PS data to help reduce the risks and damages of the
next pandemic.
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Abstract

Monitoring of the mental health status of the population and assessment of its determinants are 2 of the most relevant pillars of
public mental health, and data from population health surveys could be instrumental to support them. Although these surveys
could be an important and suitable resource for these purposes, due to different limitations and challenges, they are often relegated
to the background behind other data sources, such as electronic health records. These limitations and challenges include those
related to measurement properties and cross-cultural validity of the tools used for the assessment of mental disorders, their degree
of representativeness, and possible difficulties in the linkage with other data sources. Successfully addressing these limitations
could significantly increase the potential of health surveys in the monitoring of mental disorders and ultimately maximize the
impact of the relevant policies to reduce their burden at the population level. The widespread use of data from population health
surveys, ideally linked to electronic health records data, would enhance the quality of the information available for research,
public mental health decision-making, and ultimately addressing the growing burden of mental disorders.

(JMIR Public Health Surveill 2023;9:e48138)   doi:10.2196/48138
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Introduction

In line with the motto of World Mental Health Day on October
10, 2022, “Make Mental Health and Well-Being for All a Global
Priority,” mental health has become a public health and research
priority in different countries worldwide. In the United States
and the United Kingdom, for example, the White House and
the UK Health Security Agency have included mental health
as one of its corporate priority areas on their health and research
strategies [1,2]. Such prioritization processes depend on the
availability of data and on the quality of the evidence for a
specific context and period. However, not all the data are
considered equally relevant for this prioritization, and the
evidence derived from population health surveys is often
considered to be of lower quality than the evidence from other
data sources, such as electronic health records (EHRs).

Population health surveys are observational studies designed
for research and public health purposes, aimed to obtain a
representation of the distribution of different health conditions
and the association of this distribution with sociodemographic,
lifestyle, and other factors in well-defined populations. Since
the second half of the previous century, these surveys have been
carried out in different countries worldwide (eg, the National
Health Interview Survey [NHIS] in the United States since 1957
[3] and the Health Survey for England in the United Kingdom
since 1991 [4]). Due to their population-based nature (ie, based
on representative as opposed to convenience sampling), data
from these surveys may constitute a helpful resource to
determine the burden of different mental health problems in the
community, to identify vulnerable populations or population
groups, and to inform the planning of health care resources and
the development of health policies and targeted preventive
measures [5]. Additionally, it must be highlighted that
individual-level data from multiple health surveys worldwide,
particularly from middle- and high-income countries, are
publicly available for researchers to access and use (eg, data
from the NHIS [3] or the National Health and Nutrition
Examination Survey in the United States [6] and data from the
European Health Interview Survey [EHIS] [7] or the European
Social survey in Europe [8]). Some examples of the use of data
from population health surveys for these purposes include the
use of the data from the World Mental Health Surveys as a
primary source to calculate the prevalence of major depression
internationally [9], the identification of differences in depression
among religious groups in Europe using data from the European
Social Survey [10], and monitoring of the mental health and
suicide prevention reforms in Australia [11]. While the use of
data from population health surveys has been successfully
implemented for these purposes, these data need to meet certain
requirements, including the use of valid and reliable measures
for the assessment of mental disorders and the selection of
representative samples.

In this context, we propose that extending the use of data from
population health surveys would have a considerable impact on
improving the evidence base of public mental health
decision-making and, hence, could be instrumental in reducing
the growing burden of mental disorders in the community.

Public Mental Health and the Use of
Population Health Surveys

Monitoring of the mental health status of the population and
assessment of its determinants (eg, sociodemographic factors,
lifestyle habits, and use of health services) are 2 of the pillars
of public mental health [12-14], and the use of harmonized data
from multiple sources could be instrumental to support them.

If the quality of the data could be guaranteed, the monitoring
of mental health at the population level should be based on all
the available data. For example, the Global Burden of Disease
study integrates data from several sources, including data from
more than 65,000 household health surveys and 87,000 medical
records [15]. Although this can be considered the ideal scenario
and there is growing interest on the data from population health
surveys, particularly due to their potential to reach different
population groups with low accessibility by using digital
surveys, these data have been used less frequently than data
from EHRs for monitoring and informing public mental health
decision-making [16,17]. This is the case in several countries,
such as Italy and the Netherlands, where EHRs have been used,
for example, to monitor the impact of the COVID-19 pandemic
on the mental health of the general population [18] and to
monitor mental health conditions in children [19], respectively.

One controversial aspect related to the use of data from
population health surveys for the monitoring of mental health
is the type of mental health measures included within them.
Population health surveys commonly include self-reported
measures (eg, the 8-item version of the Patient Health
Questionnaire) that are considered less valid and reliable than
clinical interviews. However, it must be highlighted that, in
contrast with other medical conditions, and because of the
subjective and self-reported nature of most of the symptoms of
mental disorders [20,21], self-reported tools (eg, the 8-item
version of the Patient Health Questionnaire) represent valid and
reliable measures at the population level (group or aggregate
level) and, hence, can be used for timely monitoring and
identification of (vulnerable) groups of interest.

Timely assessment and identification of factors related to mental
disorders is another strength of the data captured by population
health surveys. These surveys usually include within their
questionnaires very rich information about sociodemographic
and environmental determinants (eg, education and air pollution)
and lifestyle habits (eg, diet or physical activity), constituting
a valuable resource to assess their potential relationship with
mental health. One example of the use of data from population
health surveys to assess sociodemographic determinants of
mental health is the use of data from the second and third waves
of the EHIS (EHIS-2 and EHIS-3, respectively) to identify
differences by country in the prevalence of depression across
27 European countries (with a higher prevalence: 1.8 times
higher in Germany and 1.5 times higher in Luxembourg relative
to the rest of Europe) [22,23]. Additionally, some population
health surveys capture data about the use of mental health
services (eg, the number of primary care consultations during
a specific time), which is a potentially useful resource to inform
the planning of public mental health resources [13,24,25]. This

JMIR Public Health Surveill 2023 | vol. 9 | e48138 | p.190https://publichealth.jmir.org/2023/1/e48138
(page number not for citation purposes)

Arias de la Torre et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


information has been previously used to investigate the unmet
need of mental health care [9,24] and is particularly relevant
for assessing vulnerable population groups that usually have
higher rates of mental disorders, lower access to these services
or, due to their circumstances, do not use these services when
needed (eg, people experiencing homelessness) [26].

Synergistic Relevance of the Data From
Population Health Surveys and EHRs

While the use of population health surveys is suitable for
different public mental health purposes, in some cases, data
from EHRs could be a better option due to their potentially
higher completeness and representativeness, the inclusion of
richer relevant clinical data, and the possibility of following up
with their participants over time (Table 1).

Table 1. General characteristics of population health surveys and electronic health records (EHRs).

EHRsPopulation health surveys

Clinical populationGeneral populationPopulation included

Usually public providersHousehold samples to quota samplesRepresentativeness

LongitudinalUsually cross-sectionalType of design

Usually diagnostic codesUsually self-reportedAssessment of mental disorders

WideLimitedRange of mental disorders usually considered

Only clinical variablesSociodemographic factors, lifestyle habits, and
use of health services

Other relevant variables

HighLowCost

One advantage that EHRs have over population health surveys
is their potentially higher external validity. In contrast with
surveys, which are usually carried out in samples with different
degrees of representativeness, data from EHRs are more likely
to include entire populations, such as the Hospital Episodes
Statistics in England, in which more than 99% of attendees of
mental health services from the National Health Service of the
United Kingdom are captured [27]. Besides, data from EHRs
usually capture high-quality clinical information, such as
information about diagnostics (eg, International Classification
of Diseases [ICD] codes), treatments (eg, prescribed
medication), and other clinical aspects of care (eg, the number
of consultations in a specific service), positioning them as the
most suitable alternative for the assessment of the use of mental
health services and to inform their planning [16,17.24].
Paradoxically, it should be noted that despite the quality of the
data from EHRs (particularly to capture severe mental
disorders), medical records are not designed for research
purposes and focus on clinical populations (ie, not in the general
population), thus limiting their generalizability to the general
population and even more so to vulnerable population groups
less likely to access these services [26]. Additionally, data from
EHRs are limited by data capturing systems. However, given
the potential differences in codification systems (eg, mental
disorders codified using different ICD versions [21]) and across
studies, achieving semantic interoperability is a key aspect to
consider when leveraging data across multiple data sets [28].
As a consequence, certain relevant outcomes (eg, drug abuse)
may be poorly documented and need to be validated for research,
or they reach only public mental health service users, thus
limiting their generalizability to the growing population groups
using private health care services.

Another advantage of EHRs over population health surveys is
the possibility of long-term follow-up of participants. While

population health surveys are often cross-sectional and
anonymous (or anonymized) and participants cannot be followed
up over time, the inclusion within EHRs of variables that
facilitate the identification of participants and date variables
(eg, dates of admission or follow-up consultations) make it
possible to follow up with them over time. This is particularly
important for correct estimation of the incidence of different
health problems, the rates of recovery or relapse of some
disorders over time, or the impact on mental health over time
on different factors and the establishment inferences about
potential causal associations [29]. However, there is an
increasing interest in longitudinal surveys, in panel data with
repeated assessments of the same individuals over time (eg, the
British Cohort Study in the United Kingdom) [30,31], and in
the inclusion of variables within the survey questionnaires that
allow the follow-up of their participants over their life course
(eg, participant identification codes). Thus, while EHRs could
be considered currently more suitable for the timely assessment
of clinical aspects of mental disorders, complementing their
data with those from longitudinal surveys could enhance and
enrich such assessment [32,33].

Despite the abovementioned differences between the data from
population health surveys and those from EHRs for monitoring
of mental health, the complementary nature of these data sources
must be highlighted. One successful example of their
complementarity for the study of mental disorders has been
reported in Denmark [32], where a shared identification number
assigned to the individuals included in their information systems
allows the linkage between population health surveys and EHRs
[33]. The extensive linkage of individual data in the Danish
population (including population health surveys; national records
from hospitals, clinics, pharmacies, and death registries; and
various other public and private data sources) synergistically
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enhanced the data’s overall quality for the assessment and
monitoring of mental health conditions.

Moving Forward Toward the
Generalization of the Use of Population
Health Surveys in Public Mental Health

Given all the potential benefits and applications indicated herein,
widespread use of population health survey data (ideally linked
with data from high-quality EHRs) could be helpful both for
research purposes and to enhance decision-making in public
mental health. Their widespread use might be achieved through
not only the deployment of large, address-based
probability-sampled surveys, similar to the deployment of the
NHIS in the United States [3], but also encouraging individual
research groups to join forces and carry out large-scale
population health surveys or leverage the ones already
implemented. However, in order to guarantee adequate and
appropriate use of data from population health surveys, the
development of a common usage framework and enhance their
interoperability with other data sources remains essential.

The development of a common usage framework of data from
population health surveys must be in line with widely recognized
initiatives such as the GRADE (Grading of Recommendations
Assessment, Development and Evaluation) Evidence to Decision
(EtD) framework [34], and will need to include unified protocols
and guidelines for data collection, data analysis, and
interpretation. For data collection, guidelines must consider
both the tools used for monitoring of mental health and the
minimum set of general domains (eg, socioeconomic and health
service use) and specific factors (eg, educational level attained
and number of primary care consultations during the last year)
included within any population health survey.

It should be also mentioned that the data collection process and
the potential biases related to the representativeness of the data
and their quality are also key challenges. The use of multistage
sample designs and data verification techniques, for instance,
would enhance the validity of data from population health
surveys for both research and public mental health purposes.
Additionally, for the correct interpretation of their results, a set
of valid and reliable standard measures for the assessment of a
broad range of mental disorders needs to be established, and
their cross-cultural equivalence in different contexts should be
ensured [10]. Therefore, the development of a common usage

framework for the use of population health surveys for
monitoring mental health would improve the suitability of their
data for this purpose, enhance the comparability of their results
and, consequently, increase their impact on public mental health
decision-making.

Finally, given the complementing advantages of the data from
population health surveys and those from EHRs, another key
step forward is to promote the interoperability of these 2 sources.
However, to achieve interoperability, it will be necessary to
systematically include variables within their data sets, which
facilitate the identification and linkage of individuals across
them while also ensuring anonymity. This linkage will be helpful
to bring together their strengths and potentially improve the
accuracy and relevance of both EHRs and health surveys as
tools for monitoring mental health at the population level [35].
However, due to the substantial variation between countries in
data protection laws, systematically including these types of
variables could be challenging, particularly in the case of
international surveys, such as the World Mental Health Surveys
or EHIS. Hence, promoting the implementation of shared
international regulations about data linkage and anonymization
could be a helpful way to enhance the quality of administrative
health data for monitoring the health status of the population.

Opportunities and Implications of the Use
of Population Health Surveys

Monitoring of mental disorders at the population level,
identifying their determinants, and determining their association
with health care usage are key components for effective mental
health prevention. Balancing their advantages and limitations,
data from population health surveys are instrumental in
addressing these challenges. However, to guarantee the adequate
use of these data, there are different aspects that should be
considered, including their specific limitations and challenges,
the potential adoption of a common and shared framework for
their use, and their interoperability with other data sources, such
as EHRs, using shared identification variables. Promoting the
use of linked data from population health surveys, EHRs, and
other public and private data sources could enhance the quality
of the information available for public mental health
decision-making, particularly in middle- and high-income
countries and ultimately improve the planning of mental health
resources and maximize the impact of relevant policies to reduce
the burden of mental disorders.
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Abstract

Digital contact tracing and notification were initially hailed as promising strategies to combat SARS-CoV-2; however, in most
jurisdictions, they did not live up to their promise. To avert a given transmission event, both parties must have adopted the
technology, it must detect the contact, the primary case must be promptly diagnosed, notifications must be triggered, and the
secondary case must change their behavior to avoid the focal tertiary transmission event. If we approximate these as independent
events, achieving a 26% reduction in the effective reproduction number Rt would require an 80% success rate at each of these 6
points of failure. Here, we review the 6 failure rates experienced by a variety of digital contact tracing and contact notification
schemes, including Singapore’s TraceTogether, India’s Aarogya Setu, and leading implementations of the Google Apple Exposure
Notification system. This leads to a number of recommendations, for example, that the narrative be framed in terms of user
autonomy rather than user privacy, and that tracing/notification apps be multifunctional and integrated with testing, manual
contact tracing, and the gathering of critical scientific data.

(JMIR Public Health Surveill 2023;9:e49560)   doi:10.2196/49560
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COVID-19; SARS-CoV-2; pandemic preparedness; decentralized protocols; smartphone; mobile phone; contact tracing

Introduction

Contact tracing is a time-tested tool to fight an emerging
outbreak of infectious diseases such as COVID-19, caused by
the virus SARS-CoV-2. If x% of infections are identified and

y% of those in contact with a known case are traced in time and
persuaded to stay home, then in a well-mixed population, the
effective reproduction number Rt will decrease by a factor of
x×y. This seems sufficient to reach the level Rt<1 needed to
quash an outbreak of many emerging pathogens (which have
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not yet evolved a basic reproduction number R0>>1) before the
outbreak develops too far, especially in combination with modest
social distancing. However, SARS-CoV-2 proved to be a
particular challenge for contact tracing. With short incubation
periods and presymptomatic transmission making it difficult to
trace contacts in time, digital contact tracing held tremendous
promise, especially when leveraging smartphones that were
already in consumers’ hands. Here, we reflect on why digital
alternatives to traditional contact tracing instead had limited
impact on SARS-CoV-2 transmission. We do so with a focus
on Exposure Notification (EN) and related protocols, in part by
drawing on first-hand experiences from our various
involvements with this technology, including material that has
not previously been public as well as publicly available
documents that are not indexed for literature searches. Our intent
is to better inform those who might wish to prepare for and fight
a new pandemic with a similar technological approach, allowing
them to learn from what happened during the COVID-19
pandemic.

A Brief Note on Terminology

Some digital protocols make it impossible to identify pairs of
interacting individuals, even in cases where one transmitted
disease to the other—in this case, we refer to notification instead
of tracing. We refer to proximity versus presence notification
and tracing based on whether exposure is assessed on the basis
of proximity to an individual versus presence at a shared-air
venue. We reserve the term EN for the specific protocol
implemented by Apple and Google; this protocol is a form of
proximity notification. EN is one of several protocols used to
assess proximity based on signals sent and received between
pairs of devices using low-energy Bluetooth. Other protocols
may use ultra wideband or ultrasound for proximity detection,
or detect presence from other information such as QR code scan
histories, GPS coordinates, or logs of Wi-Fi access points. These
technologies can also be used to warn of future infection risk
[1], a use case that is beyond the scope of this study.

Overview of the Six Failure Points

To be effective in stemming a transmission, a notification must
navigate six potential points of failure (Figure 1):

1. The primary case must have the technology in place at the
time of transmission.

2. The secondary case must have the technology in place at
the time of transmission.

3. The exposure that resulted in transmission must be judged
to be high risk.

4. The primary case must obtain a positive diagnosis in a
timely manner.

5. Notifications stemming from the primary case must be
rapidly triggered following a positive diagnosis.

6. After receiving a notification, the secondary case must
change their behavior in a manner that prevents onward
transmission to tertiary cases.

If each of these steps were successful 80% of the time, and we
approximate the 6 steps as independent events, then transmission

(Rt) would be reduced by 0.86=26%. Although not
transformational on its own, this would be a significant
contribution to quashing an outbreak, and nonindependence
will make this figure somewhat higher. However, if each step
were successful a still-respectable 40% of the time, again
assuming independent events, Rt is reduced by only 0.4%.
Although this can make a valuable contribution to flattening a
curve [2] or reducing the stringency of indiscriminate social
distancing [3], it falls far short of containing a pandemic. Given
this simple mathematical consideration, if the aim is containment
such that life is relatively normal while waiting for a vaccine,
then we clearly need to achieve low failure rates at all of the 6
failure points.

Next, we discuss each of the failure points. We provide some
history of how they were handled, together with speculation
about how they might have been handled better.
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Figure 1. Chain of viral transmission from primary to secondary to tertiary case. Digital contact tracing and notification must succeed at all 6 critical
points to avert transmission to the tertiary case.

Failure Points 1 and 2: App Adoption

We jointly discuss the first 2 points of failure because they are
similar; both involve technology adoption among the population
destined to become infected. Following media coverage of the
model by Ferretti et al [4], more attention was paid to app
adoption than to other points of failure, with an odd obsession
with 60% adoption in the general population as a magic number
[5]. Note that the adoption rate that matters is not that of the
general population but that of the population likely to become
infected. For SARS-CoV-2, this meant that adoption among
essential workers was what mattered during stay-at-home
mandates; when staying at home was common but optional,
young adults constituted a disproportionate share of cases.
However, app adoption among the general population can serve
as a rough approximation.

The most straightforward way to achieve low failure rates at
points #1 and #2, while still maintaining user autonomy, is to
make the broadcasting and reception of appropriate signals
opt-out. Opt-in consent of the primary case would still be
required at failure point #5 and that of the secondary case at #6.
Apple and Google were the only entities with the power to
implement an opt-out protocol, with competitors such as Huawei
having little market share. Despite a secure EN design that
ensures that no information about Bluetooth signals sent or
received leaves the phone without subsequent user consent, they
chose to make Bluetooth broadcasting and receiving opt-in. We
note that Apple’s “Find my...” service uses Bluetooth in a similar
fashion and is at the time of writing opt-out rather than opt-in
[6].

An even lower failure rate could have been achieved by a
protocol proposed by one of us (JIMP) to use the Wi-Fi logs
already collected by Android and by Apple’s iOS operating
systems instead of an additional purpose-built Bluetooth layer.
Had Google and Apple chosen to allow an app post hoc access

to these logs or to build operating system functionality around
them, this would have completely eliminated failure point #1
for individuals who regularly carry smartphones. Individuals
would still need to have the technology switched on to bypass
failure point #2 to receive a notification. Similar to Bluetooth
solutions, those who do not regularly carry smartphones (mostly
young children and older adults) would need to be provided
with other devices that could record proximity or presence; in
Singapore, small digital tokens resembling keychain fobs
covered smartphone nonusers who would not otherwise have
been able to participate.

To understand why Apple and Google did not make the
technology opt-out or Wi-Fi based, it is important to consider
the incentive structure from Apple’s and Google’s point of view.
Cooperation requires time from their employees and has no
apparent commercial upside (beyond the economic gains to the
company should efforts succeed in containing a pandemic).
From their perspective, the primary consideration is the effect
of their actions on brand perception. The upside impact on their
brand is gained primarily from doing something (eg, working
together), but there is no proportionate impact from doing
something more rather than less effective. The potential for
downside impact is substantial and focused mostly on privacy
concerns, exacerbated by any ceding of control over the
technology and its marketing to public health authorities. They
are thus incentivized to do something, to carefully manage
perceptions of that something, and to avoid brand risk, but not
to increase effectiveness against disease transmission. In future,
if companies such as Apple and Google are to be gatekeepers
of such technology, governments should devote urgent attention
to aligning their incentive structures.

Achieving high opt-in adoption was difficult. Singapore’s
non-EN solution succeeded, with opt-in adoption >90% even
before the app became required for entry into public spaces [7].
In contrast, the highest EN adoption rates are of Germany’s
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Corona-Warn-App, used by approximately 34% of the
population [8], and the National Health Service (NHS)
COVID-19 app, with 17% to 25% of the population of England
and Wales having activated Bluetooth exchanges in 2020 and
2021 [9]. Lower rates were reported elsewhere: 8% in Canada,
13% in New Zealand, 10% to 16% in the Netherlands, and 19%
in Switzerland [10].

A positive caveat to this fairly bleak assessment of uptake is
that if one individual has adopted the app, it is more likely that
other members of their social network have also adopted it. In
other words, failures at points 1 and 2 are correlated, making
the probability of overall failure lower than it would be if each
failure were an independent event [11]. Both for this reason and
as part of good marketing practices [12], it can make sense to
look at adoption rates within smaller communities. Adoption
by 46% of the cases was achieved in a campus setting with an
intensive marketing push [13] and adoption by >33% of the
population was achieved in an island setting [14].

Key to the relatively high adoption of the NHS COVID-19 app
and the Corona-Warn-App were their additional functionalities.
When entering a venue, scanning a QR code with the NHS
COVID-19 app was offered as an alternative to writing down
contact details. Although subsequent presence tracing on the
basis of either form of information was conducted relatively
rarely (refer to Failure Point 5:Triggering Notifications section),
the requirement to check in to a venue did prompt app
installation [15], especially in the subset of the population most
likely to become infected through contact with strangers. The
NHS COVID-19 app was also useful for ordering tests, and
both it and the Corona-Warn-App offered a rapid and secure
system for receiving test results. Later, the integration of
European Union digital COVID-19 certificates (for vaccination,
recent negative test result, or recovery from infection) triggered
another wave of app adoption. Near-universal adoption in
Singapore was achieved only after the proximity tracing app
became the only means for compulsory venue check-in [16].
Similarly, adoption rates in India skyrocketed after the
government made the app mandatory for smartphone owners
to move freely in public areas. We believe that to achieve high
adoption, future pandemic apps need to seamlessly integrate
services that are useful and convenient for users.

In late 2020, Apple and Google launched the “Exposure
Notification Express” (ENX) system. In Androids, this is a
simple app that public health authorities can autogenerate from
a small set of choices. In Apple’s iOS, this is part of the Settings.
Apple claimed that placing the scheme in the Settings created
less friction for opt-in than was present for an app, and hence,
ENX should be preferred to a custom app. However, ENX never
reached use levels comparable with those of more successful
European EN apps. This is despite the fact that the phones of
residents of adopting US states were pinged to promote
activation and installation. Such pings were used to promote
ENX but not custom EN apps. When this situation was pointed
out, Google immediately offered the same adoption promotion
pings for custom apps as for ENX, whereas Apple declined to
do so.

A number of players, including but not limited to Apple, argued
that the key to persuading people to adopt lay in ensuring the
privacy of the system. Fortunately, decentralized protocol
designs offer powerful solutions to the privacy problem.
Centralized approaches send information about who went where
with whom to a central database. This breach of privacy,
although clearly facilitating contact tracing, also poses risks of
abuse as part of a mass surveillance state. Under a decentralized
protocol, information about a user is stored on that user’s device
and, to some degree, the devices with which it was in contact.
Users can be given autonomy over the use of data on their own
devices so that, for example, the data cannot be accessed without
consent and can be deleted at any time. Far from threatening
privacy, apps that use decentralized protocols are among the
safest apps on users’ smartphones.

Interestingly, privacy-invasive schemes, such as QR code
check-in presence tracing in Australia, were well accepted and
widely used (self-reports of 61.9% always checking in either
digitally or on paper, 26.3% mostly, 4.7% sometimes, 3.3%
occasionally, and 3.8% never [17]). This achieved acceptably
low failure rates far superior to any EN implementation, even
with enforcement left to the venue and peer pressure. Indeed,
supported by celebrity-driven public relations pushes, 40% had
downloaded or were willing to download even the ineffective
but convenient Luca QR code check-in app in Germany [18,19].
Perhaps, these much higher adoption rates for presence tracing
than for proximity notification are because what was recorded
was considered public information that a user was in a public
space, rather than also capturing who had interacted with whom
even in private. A simpler explanation is that the QR code
check-in system is easy to understand as equivalent to writing
down your name and number; decentralized privacy-preserving
schemes, by being harder for the public to understand, run the
paradoxical risk of decreasing rather than increasing trust and
hence adoption.

Trust in government predicts adoption more strongly and
consistently than privacy [15,20-23]. Although 20% to 25% of
respondents to cross-sectional surveys cited privacy concerns
as a reason for not installing a contact tracing app [23,24], a
longitudinal study found no causal relationship (although it did
for health concerns and social norming) [25], and a focus group
found that health concerns were more important than privacy
considerations [26].

High trust in the government in general [27] as well as in the
government’s response to the COVID-19 pandemic [28] was
critical to Singapore’s high adoption. When trust in governments
is low, it might help if more trusted entities, such as primary
care providers [29], were used to promote adoption. Singapore’s
explicit policy to relax certain pandemic restrictions once
adoption increased from 50% to 70% might also have helped
drive adoption, together with the scheme’s high profile as a
clear government priority.

Privacy is not the only aspect of trust salient to potential users;
many also wanted to know that an app was effective before they
downloaded it. Even if they decided to take a chance at first and
install it, they wanted subsequent reassurance that it had proved
effective to keep it active on their phones. Multifunctional apps,
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such as the NHS COVID-19 app and the Corona-Warn-App,
can also provide reassurance via interaction that there is a point
to maintaining the app on the user’s phone. Although it is clearly
important to hire good marketing and public relations
professionals to promote adoption, it is just as important that
scientists and engineers do not make product decisions in
isolation from their impact on marketing. This is because
achieving high adoption is part of the science of making these
apps effective.

Distinct from the scientific study of app effectiveness in
stemming transmission [30] is the study of viral transmission
itself to learn its incubation period, infectious period, and mode
of transmission [31]. An obstacle to such a study was that some
privacy-first rhetoric rejected making the study of SARS-CoV-2
transmission an aim of the scheme, even if the science could
be done in a manner that preserved privacy.

The only reliable way to learn about transmission to and from
humans is to observe it, either in human challenge trials (directly
observing incubation periods and also the infectious period if
the study includes transmission to cohoused animals) or in
natural circumstances (ie, via contact tracing). Given ethical
concerns about the former, an unacknowledged corollary of
rejecting the use of digital schemes to study transmission is that
studies must be performed via manual contact tracing (ie, in a
more privacy-invasive way) or not at all. Unfortunately, even
the more basic functions of manual contact tracing were quickly
overwhelmed, leaving little capacity for the more intensive
investigations required to study transmission dynamics. Not
using digital approaches to fill this void was a lost opportunity.
This left early manual contact tracing studies as the only source
for basic transmission parameters, even after the incubation
time and infectious period of SARS-CoV-2 were suspected to
have shifted because of viral evolution and immunity.

Even an app whose failure rates across the 6 points were too
high to substantially reduce transmission could have been
enough to generate valuable information about evolving
incubation periods and infectious periods in close to real time
[31]. Apps can also help with epidemiological surveillance; for
example, the Indian government combined location (with a
random error added for privacy; EN apps were banned from
accessing location) and symptom information to identify
emerging hot spots before seeing spikes in test positivity.
Singapore used the number of detected contacts per case to
inform changes in social distancing policies. Support for the
scheme, both from the public and from public health authorities,
might have been shored up by evidence that it was at least doing
good for science or disease surveillance, and this might have
created a virtuous circle of adoption.

A prevailing narrative described the technological choices in
terms of a trade-off between privacy and effectiveness, in which
any collection of more data can increase perceived privacy risk
and hence reduce public acceptance [30]. We believe that this
framing is harmful, especially when it comes to promoting app
adoption; for example, the public might conclude that because
the technology is private, it cannot be effective. Regarding
substantive risks beyond those of perception, with flexibility
and creativity, effectiveness can be achieved by a decentralized,

privacy-preserving design that does not risk expanding mass
surveillance. With sufficient ingenuity, there may be no need
for compromise at all, which makes the privacy versus
effectiveness trade-off narrative misleading. Privacy first should
therefore not be used as grounds to support the status quo to the
point of refusing to engage in ongoing dialog regarding how to
safely proceed with iterative improvements to effectiveness, its
measurement, and the gathering of broadly valuable scientific
or epidemiological surveillance data. Given that harms from
technology are not limited to privacy concerns [32], a
privacy-preserving design does not relieve governments of their
duty to monitor effectiveness [33].

Furthermore, privacy is merely a component and a means to
the more important end goals of autonomy and protection from
abuse. The latter need not be a serious issue because a
well-designed, decentralized solution can offer both
effectiveness and protection from abuse. However, trade-offs
between effectiveness and autonomy are real, that is, coercion
can increase effectiveness, whereas autonomy can weaken it.
The option to maintain privacy while extracting benefit from
the system is an important but not the only aspect of autonomy.

Although the privacy approach of EN provides excellent
protection from abuse, it actually limits autonomy by denying
users the right to share their data with public health authorities
if they wish to. This became clear when one of us (JIMP)
proposed a small change to the EN protocol that could convert
it from proximity notification to proximity tracing, without
significantly raising the danger of misuse. As described in the
Failure Point 3: Detecting and Evaluating Exposure section,
this modified protocol would allow certain users to share more
data with public health authorities. This would apply to users
who gave explicit consent to sharing after both receiving a
notification and testing positive. By helping manual contact
tracers do their job of pairing cases and identifying
superspreading events, this change would presumably have
generated more buy-in from public health authorities (discussed
in the Failure Point 5: Triggering Notifications section). More
buy-in from the local public health authorities responsible for
manual contact tracing could have set up a virtuous circle by
which they, in turn, promote adoption in the community. This
small modification was rejected by Apple as being a threat to
privacy, despite the fact that any privacy loss is triggered by
users exercising autonomy over the use of their data.
Contributing to this dynamic is the fact that privacy is part of
Apple’s brand, aligned with the broader deployment of
antitracking as a business strategy [34-36]. A preference for
privacy over autonomy, by disallowing the opt-in sharing of
more information with public health authorities, has also been
expressed by some academia-based protocol designers [37].

The slogan privacy first is an odd one. We believe that autonomy
and protection from abuse are better-framed goals than privacy.
Furthermore, the best way to put privacy first is self-evidently
to have no digital system at all, raising the possibility that
privacy first schemes were designed primarily to displace more
invasive options, with stemming transmission almost an
afterthought. For each proposed scheme, one should assess the
nature and scope of any vulnerabilities versus the anticipated
impact on disease transmission.
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Failure Point 3: Detecting and Evaluating
Exposure

Point of failure #3 concerns the need to record an interaction at
which viral transmission took place, but viewing it this way is
not sufficient. Total success could trivially be achieved by a
general stay-at-home order, which is equivalent to telling
everyone that they are potentially exposed. This illustrates the
importance of avoiding false positives, that is, alerts received
by people who are not infected. The primary purpose of
proximity or presence notification is best seen as identifying
and alerting people at a sufficiently high risk of infecting other
people such that they should change their behavior in response
to that information. This benefit applies only to secondary cases
who would not otherwise know of their exposure in a timely
manner, that is, it excludes household contacts and other social
networks that perform rapid do-it-yourself tracing. A major
advantage of digital schemes is their complementary ability to
notify strangers.

One aspect of this is to detect any contact at all. With core (ie,
regular) Bluetooth, iPhone-to-iPhone communication does not
work in the background. Apple’s cooperation in setting up EN
was needed to overcome this serious obstacle. Apple could have
chosen to enable iPhone-to-iPhone communication in the
background in the same way that they already allowed
background communication between iPhones and Androids,
which would have allowed app developers to implement their
own protocols. Indeed, India launched the Aarogya Setu app
using core Bluetooth rather than EN, given that iPhones are rare
in India compared with Androids. Singapore stuck to its own
BlueTrace protocol (based on core Bluetooth), given the
sacrifice of epidemiological utility that switching to EN would
have implied [38], eventually leveraging Android-iPhone
background communication into a gossip protocol that
effectively allowed iPhones to see each other in the background
whenever an app-using Android was also present [39]. Other
non-EN jurisdictions such as France pivoted away from
proximity notification and toward presence tracing. In Australia,
state-specific centralized presence tracing apps were the
dominant response, whereas a federal app based on
TraceTogether, despite a respectable early download rate,
languished once it became apparent that it failed at other steps.

The lack of interoperability among jurisdictions can also
interfere with contact detection. For example, if each person is
far from home for 5% of their interactions (eg, being away for
18 d/y), the corresponding contact detection failure rate will be
approximately 10%. Thus, when viewed quantitatively, the
considerable attention devoted to this issue seems
disproportionate relative to other sources of failure. As an
alternative to immediate global standardization, metropolitan
or other highly interconnected areas spanning multiple
jurisdictions (eg, Washington, District of Columbia combined
with adjacent counties in other US states or the Navajo Nation
spanning multiple US states) could choose to roll out a joint
product. Multiple apps need not interfere with each other,
making this an option for some commuters. A common server
was set up to enable communication among the EN

implementations of different US states and another common
server to communicate among implementations of different
European nations [40], but despite the attention to this issue,
global interoperability was never achieved. Perhaps the best
model for a new pandemic is to allow divergence in the early
stages as part of a process of innovation at the cost of
interoperability, to learn from the different experiments
performed by different jurisdictions, and then to use the desire
for interoperability as the catalyst for switching from
lower-performing systems to higher-performing systems through
app updates. An advantage of postponing interoperability is to
ensure that premature standardization does not suppress
innovation.

Beyond detecting exposure at all, doing a better job in assessing
the infection risk posed by a given exposure can be seen as an
ethical imperative, given the harms caused by unnecessary
quarantine [32]. Better risk analysis means more precise
resolution as to which individuals pose how much statistical
risk to others on a given day and using a risk threshold to trigger
notification. In other words, good risk analysis means improving
the receiver operating characteristic (ROC) curve with respect
to infection and then choosing a socially optimal point along
the ROC curve.

Under reasonable assumptions, the socially optimal approach
is to alert those who are significantly more likely to infect others
than is the average member of the population not already in
quarantine or isolation [3]; for the NHS COVID-19 app, notified
individuals were 2- to 20-fold more likely to subsequently report
a positive test [41]. Under the assumption that some form of
regulation maintains a geometric mean of approximately Rt=1
while waiting for a vaccine, the total value of both manual
contact tracing and digital notification schemes is highest at
low case prevalence [3] when fewer individuals need to
quarantine to achieve the same population benefit. Digital
contact tracing also becomes more important when social
restrictions are few, and interactions among strangers are thus
more common. Unfortunately, in many jurisdictions, attention
to all pandemic measures tended to rise and fall with case counts
rather than fluctuating between a focus on contact tracing during
lulls and on population-wide measures when case counts were
high. This interfered with effective planned implementation.

One obstacle to good risk analysis was public health guidance
that ignored evidence for airborne transmission in favor of the
droplet theory that physical distancing of 2 m (or 1.5 m or 6
feet) was effective protection. As a result, significant
technological research focused on calibrating EN Bluetooth
settings to a threshold of 2 m or similar [42-45]. A number of
unpublished analyses suggest close to superimposable ROC
curves, regardless of Bluetooth settings. Superior distance
assessment via Bluetooth could likely have been achieved using
all 3 Bluetooth channels instead of 1 or by using the median
attenuation instead of the mean (decisions made within the EN
application programming interface [API] and hence not available
to app developers). Ultra wideband or ultrasound would assess
the distance more precisely than Bluetooth. However, none of
these tweaks change the fact that distance only moderately
predicts infection risk, and proportionate effort was not invested
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in integration with predictors such as local carbon dioxide levels.
Nor were users provided with information such as the time or
location of exposure, although this information was present on
their phone. This prevented users from integrating information
about masking and ventilation into their personal assessment
of the risk of infection. Not allowing this, even with the
permission of the primary case, is another example of privacy
being put before autonomy.

After coming up with good enough Bluetooth settings, a better
approach would have been to deploy an app that collected data
both on the parameters of exposure and on whether it was
followed by infection. These data could have informed the risk
settings better than any experiment on Bluetooth-distance
relationships. We note that a protocol might flag an individual
as high risk on the basis of an exposure other than the one that
infected them; real-world calibration will include such cases,
potentially increasing impact beyond that of causal connections.

An ongoing process of data collection and risk calibration would
have taught us much about transmission, for example, any
changes to the timing of infectiousness as new strains appeared
and as individuals acquired prior immunity. This is important
because exposure dose, and hence infection risk, depends not
only on the physical characteristics and duration of an encounter
but also on how infectious the primary case is at that moment.
The main data used to assess this were the date of symptom
onset or, if asymptomatic, the date of the first positive test. The
infectiousness window was initially estimated to run from
approximately 2 days before to ≥5 days after symptom onset
[46]. Unfortunately, a bug in the code of the original analysis
concealed the earlier onset of infectiousness. Although this was
rapidly identified and corrected [47,48], public health guidelines,
describing the days for which the primary case should be
considered infectious for contact tracing purposes, did not
change accordingly. Nor did they modify the contact tracing
window following the emergence of new SARS-CoV-2 variants,
nor for reinfection or breakthrough cases. To re-estimate this
window, they would need to repeat the same type of intensive
manual contact tracing studies; this did not occur. Other
information about infectiousness could, in principle, come from
the Ct count (which was not reported in standard laboratory
SARS-CoV-2 polymerase chain reaction testing protocols) or
connection to a superspreading event, but neither was used in
practice.

EN version 1 allowed the app that is installed on the smartphone
of the primary case to assign 1 of 8 levels of infectiousness to
each day during which others might have been exposed. This
integer is the only metadata regarding the primary case that is
available to the exposed contact. EN version 2 enabled some
improvements to risk analysis by lifting the previous 30-minute
cap on exposure reported by the contact’s phone but reduced
the number of levels of infectiousness to 2 (although Germany
repurposed other bits of information to reclaim the use of 6
[49]). When asked to make the infectiousness metadata easier
to use for both risk analysis and scientific study, specifically to
propagate the timing of exposure relative to symptom onset or
test date, from the server to the exposed contact, Apple replied
that they could not do so because of a vulnerability whose details

had been worked out by Google but which they could not
remember.

Beyond EN, some jurisdictions acknowledged airborne
transmission to the point of performing not just proximity tracing
but also presence tracing. In corresponding presence tracing
schemes, people going to venues such as restaurants would
either write down their name and contact details or use an app
to check in by scanning a QR code. For Singapore’s SafeEntry,
they could also use a Bluetooth-based sensor (to detect a
TraceTogether app or token) or scan a barcode. With a low-risk
threshold, for example, a jurisdiction with a zero COVID-19
policy, all individuals who were present at the same venue as
an infectious individual could be alerted.

A better strategy for a higher risk threshold is to focus on cluster
busting, that is, prioritizing those venues at which at least 1
transmission event is already known to have occurred. These
generally correspond to gatherings at which the primary case
was highly infectious, ventilation was poor, and there were other
risk factors such as speaking, singing, and exercising and lack
of mask use. There are compelling arguments for the
effectiveness of such backward tracing for pathogens such as
SARS-CoV-2 [50-52]. This requires cases to be linked.

A decentralized protocol such as EN could have contributed to
cluster busting, had the app of a user who was first exposed
then tested positive been allowed to upload the cryptographic
key responsible for triggering the exposure. EN chose to keep
this key sequestered within the operating system, with no option
to notify the server. If a key associated with a transmission event
were uploaded, the infectiousness score of that key could then
be significantly upgraded on the server, triggering follow-up
notifications with stronger wording as well as additional
notifications following briefer exposures to the possible
superspreading event. If users were additionally given the option
of sharing their identity with public health authorities, paired
with the cryptographic key that served to link them, then both
members of the pair could be prioritized for interviews and the
location of the superspreading event identified to assist manual
contact tracers.

Failure Point 4: Test Access

No form of contact tracing, digital or manual, will work unless
we are able to identify who is likely infected and, thus, whose
contacts should be notified and traced. Although some countries
such as South Korea did better, in many countries, SARS-CoV-2
tests were slow to roll out, testing capacity was quickly
overwhelmed, test shortages persisted for a surprisingly long
time, and not all symptomatic individuals sought testing [53-55].
It is obviously critical to improve pandemic preparedness in
this regard, independent of its relationship with digital
notification or tracing.

Improving the allocation of scarce testing resources by
identifying which individuals were most likely to test positive
was a primary use case for India’s Aarogya Setu, with the
highest-risk individuals having positive predictive values >40%.
To achieve this, Aarogya Setu used a sophisticated risk
algorithm to trace not just direct contacts but also contacts of

JMIR Public Health Surveill 2023 | vol. 9 | e49560 | p.202https://publichealth.jmir.org/2023/1/e49560
(page number not for citation purposes)

Masel et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


contacts and so on (multiple-degree tracing) in a risk-consistent
manner, faster than testing could keep up [56]. In EN,
functionality for contacts of contacts was limited, relied on
self-reporting, and was never used. Another important factor
for allocating scarce testing resources is utility for onward
contact tracing and notification, for example, by abandoning
samples more than a certain number of days past symptom onset
to rapidly turn around tests whose results will be more
actionable.

For some pandemics, there may be one or more hallmark
symptoms (such as loss of taste and smell) that are sufficiently
distinctive to warrant presumptive diagnosis. In other cases, the
symptoms might be suggestive but less definitive. Strategies
for triggering notifications given contact with an unverified
case, in the absence of test results, overlap with the next point
of failure, namely, how to manage the verification of positive
test results.

The CoEpi app [57] attempted to launch on the basis of
symptoms alone using core Bluetooth (it was designed before
EN). It was rejected by the Apple Store on the basis of a lack
of public health authority involvement, with the suggestion to
seek public health authority support from a “city or county.”
Its resubmission with explicit support and endorsement from
the public health department of a county in Washington state
(from a different nonprofit account because Apple suspended
the primary developer’s account without explanation) was also
rejected. Apple representatives told developers that unwritten
and nonpublic rules stood in the way and that it was the desire
of Apple to not have “competing” approaches.

When test turnarounds take several days, but each day is critical,
it might be helpful to issue preliminary notifications on the basis
of exposure to an exposed, symptomatic individual awaiting
test results to be converted later to a confirmed exposure. The
same principle can be expanded deeper into a social network.
We note that recursive protocols can incidentally achieve some
of the functionality of backward contact tracing, showing up as
multiple social network paths via all attendees to the index case.

Failure Point 5: Triggering Notifications

Following a positive diagnosis for SARS-CoV-2 in a primary
case, speed is essential to notify secondary cases before they
transmit onward to others. The simplest option is to allow any
app user to self-attest that they are infected. An issue with this
is the potential for abuse. For example, before an election, a
coordinated set of individuals could intentionally socialize
widely in a setting that tends to vote in a particular way, for
example, a college campus, and then falsely report positive
diagnoses timed to trigger quarantine on the day of the election.
This was a specific concern for the US November 2020
elections. Disruption of essential workers at core infrastructure
might also be achieved through targeted attack.

In this light, and to ensure trust in the system, all EN
jurisdictions launched with systems that ensured that only
verified positive test results could be used to trigger
notifications. Many jurisdictions initially relied on manual
contact tracers to issue a time-sensitive secure code over the

phone to individuals who tested positive. This led to extremely
high failure rates, given that case investigation was
overwhelmed. EN imposed extra work on case investigators in
issuing verification codes but provided nothing back to them
in return, for example, by helping link cases into transmission
chains, as could be done by the protocol tweak described earlier.
Even when the code was successfully delivered and entered into
an app, it tended to occur with a significant delay. This defeated
much of the purpose of a digital scheme, whose motivation was
to make contact tracing faster [58]. Primary care can similarly
become overwhelmed, and in a controlled, nonoverwhelmed
setting, voluntary adherence even once a code is provided was
only 64% [14]. In contrast, Singapore’s solution was fully
integrated with both testing and manual contact tracing, speeding
up the latter from 4 days to <2 days [59] and switching to
primarily automated alerts only after case counts increased
during the Delta wave in late 2021.

Google and Apple insisted on having only 1 EN app per country
or, in the case of the United States, 1 per state. However, test
and trace programs are run by counties and tribal nations in the
United States, by provinces in Canada, by cantons in
Switzerland, and so on. This disconnect did not encourage
buy-in by the local public health authorities charged with
distributing secure codes; app design choices were made by a
different level of government than the level responsible for
implementing the test and trace policies.

Presumably, Google and Apple preferred to limit the number
of relationships they needed to maintain and of EN apps whose
code they needed to review. However, this could also have been
solved via a flexible global app (or an ecosystem of several at
least partially interoperable apps); Google and Apple would
only need to deal with 1 or several app developers, who in turn
would deal with the customizations requested by the various
jurisdictions. Such an ecosystem began to spontaneously appear
through players such as NearForm, PathCheck, and WeHealth.
A bottleneck in many US states was the slow process of
government procurement to pay such players. One reason many
US states opted for ENX was that because no payment was
required, it bypassed delays in the procurement process, despite
the fact that running ENX and associated verification code
distribution still generally required a state public health authority
to internally dedicate full-time staff. With the advent of ENX,
Google and Apple ended up needing to maintain more
relationships than they would have with private-sector
middlemen.

Given the difficulties in providing verification codes by phone,
most US implementations, beginning with the state of Colorado,
shifted to a system based on SMS text messages. Positive test
results reported to the state were collated, and cases were then,
in batches, each sent an SMS text message with a deep link that
acted as a verification code. Vague language and a few decoy
SMS text messages were used to comply with the Health
Insurance Portability and Accountability Act. There was still
some posttesting delay associated with reporting and collating,
some SMS text messages were caught by spam filters, some
were lost to the SMS delivery network during peak use periods,
and the system was confusing for recipients who had never
heard of EN. However, it was faster and had a higher success
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rate than having a manual contact tracer issue a code over the
phone. The ratio of #claims/#cases (measuring a combination
of failure points 1 and 5) went up, for example, from 1.8% to
9.6% in the state of Washington (with the caveat that both are
upper bounds on success because the total neglects delays in
receiving codes and includes codes claimed by individuals who
installed EN only after receiving the deep link) [60].

An alternative way to issue verification codes was to integrate
them with testing, that is, with the health care system rather
than the public health system. The best solution is to make the
app into a test result delivery system, that is, to link test samples
to QR codes, with the app knowing the ID of its user’s test and
checking a server for matches. This shortens the time from a
sample testing positive in the laboratory to notifications being
triggered. It still requires the user to check their notifications
for a positive test result and to consent to have their contacts
notified. In Singapore, the median time from SMS text message
notification of test results to consent to upload data was <30
minutes, with a consent rate of 70% to 80%. EN was eventually
modified to allow an even better preauthorization workflow,
whereby consent could be given at the time of testing, and
notifications were sent as soon as the app became aware of the
positive test result, with no further user input required. This
system was used in Germany. Germany also offered free
supervised antigen tests; the unvaccinated required a recently
verified negative result to permit access to some venues, and
positive results could be verified by the same system for use in
EN.

Integration with testing was easier for the NHS COVID-19 app
than for many others, given an already centralized system.
However, it was also possible elsewhere; Germany integrated
its app with >10,000 different test providers. The speed and
convenience of obtaining a polymerase chain reaction test result
back through the app helped prompt download, although some
users opted only to use this feature and not to trigger
notifications. It is important to investigate the cause of this
refusal, for example, did it stem from distrust regarding
anonymity, were people trying to avoid pushing friends and
family into uncompensated quarantine, or was it simply an
instinctive “no” under time pressure in a stressful situation, for
which a different workflow might have elicited a different
decision?

Two EN pilots at US universities explored integration with
campus testing programs, which provided rapid test turnaround
before adequate testing became available to the general public.
The University of Alabama linked test results to phone numbers
and then allowed individuals to use their phone number as their
verification code through the use of a 1-way hash. The
University of Arizona provided verification codes as part of the
web-based portal from which the test results were distributed,
with 25% of cases claiming a verification code [13]. As part of
an (abortive) expansion to the state at large, API integrations
were created not only with the state’s largest test providers
(LabCorp, SonoraQuest, and others) but also with Doximity,
an app believed to be used by 70% of the state’s physicians.
Surveys show higher trust in health care providers than in public
health authorities [29,61], making physicians’ involvement
potentially useful.

In retrospect, all these schemes were too complex to work
reliably from the outset, at least in most jurisdictions. Better
might have been to allow self-attestation of positive test results
or even self-attestation on the basis of symptoms alone at times
during which tests are in short supply (refer to the Failure Point
5: Triggering Notifications section). To avoid the potential for
malicious use, unverified reports could trigger notifications with
different messaging: not requiring quarantine, merely warning
the recipient, and including the fact that the person who exposed
them had self-attested to their infected or symptomatic status.
Once postexposure quarantine was relaxed and home testing
became the norm, many EN jurisdictions switched to
self-attestation.

All the same difficulties arise with presence tracing. Many QR
code check-in schemes required manual contact tracers to
identify locations of interest to trigger app notifications. Similar
to other forms of manual contact tracing, including
pen-and-paper check-in at venues, this process was often
overwhelmed. Although fully automated systems would have
been faster and more reliable, they were not permitted for apps
that also ran EN. New Zealand implemented this functionality
early on, that is, users who tested positive were able to upload
the set of QR codes they had scanned to public health
authorities. However, when the NHS COVID-19 app attempted
to follow suit, its app update was rejected [62], and New Zealand
was also forced to make changes. Google and Apple allowed
EN app users to store a local copy of their check-in history on
their phone and to read it over the phone to manual contact
tracers, but they did not allow an opt-in upload button, which
is again a rejection of user autonomy on the grounds of privacy.
They did permit an alternative automated QR code check-in
system in the German EN app that was designed to never be
linked to identities; however, because this system did not satisfy
laws in the many German states requiring the collection of
identity information, this limited its adoption.

Finally, many systems assumed that once an individual tested
positive, they would enter isolation such that only past contacts
and not future contacts would need to be notified. This turned
out to be overly optimistic. We recommend that future systems
anticipate nonadherence, with daily prompts of “Did you
succeed in isolating today?” leading to the option to upload new
data to anonymously notify that day’s contacts, in addition to
contacts from the initial upload.

Failure Point 6: Behavior Change

To stem transmission, notification needs to result in behavioral
change by secondary cases. Rates of quarantine can be low,
estimated at 28% for asymptomatic individuals in Norway
adhering for at least 1 day [63], and 11% in the United Kingdom
for quarantine adherence on all recommended days [64] (albeit
much higher in the app-using subset [65]). Quarantine adherence
was 40% among the app-using subpopulation in the Netherlands
[61]. Adherence increases with trust in the government’s
response to a pandemic [66].

Short of outright coercion, quarantine adherence might be
improved by paying people, whether paid directly by the
government or via employer mandates. Adherence might also
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be higher if, out of respect for their time, rigorous risk analysis
(including the use of negative tests) were used to reduce
quarantine duration to a minimum, with a risk threshold set on
a rational basis. Some European countries gave quarantine pay
to individuals traced by contact tracers but not those notified
by EN. It is important to make such choices rationally, that is,
to estimate the positive predictive value of an EN with given
characteristics and to treat individuals with the same risk of
infecting others similarly, regardless of the mode of risk
detection.

There can still be substantial utility to issuing low-exposure
warnings to individuals whose positive predictive value does
not warrant quarantine. Short of full quarantine, more modest
behavior changes also help stem transmission, for example,
testing and isolating if positive [67], being more alert for
symptoms and isolating if they appear, mask wearing, or
avoidance of large groups and individuals who are vulnerable
to severe disease. However, adherence to even these more
modest requests is also far from universal, for example, in the
state of Washington, only 40% of the subset of EN recipients
who responded to a survey intended to get tested and 67%
intended to watch for symptoms; rates were 58% and 84% on
the smaller subset that also replied to a follow-up survey about
actual behaviors [68]. With Paxlovid or other antivirals most
effective when taken early, we note that even if notification
fails to stem transmission, it can be of direct benefit to an
individual who makes no changes other than monitoring for
symptoms, then testing and treating if positive. Adoption rates
(points of failure 1 and 2) might be higher if this direct benefit
were stressed rather than relying on altruistic motives.

Even without complexities such as recommending quarantine
for some but not all exposures, effective communication of next
steps at a low reading grade level is surely important for
adherence. In contrast, some EN implementations launched
with quarantine recommendations that did not specify an end
date, leaving users to assume that it began with the date of
notification receipt rather than the unknown date of exposure.
Other recommendations gave the date of exposure and left the
user to perform the calculation of the quarantine end date.

Although the purpose of this piece is to present lessons learned,
the better to inform responses to the next airborne pandemic,
we note that the SARS-CoV-2 pandemic remains unpredictable
in its evolution and that EN has not yet been sunsetted in all
jurisdictions. In that light, we note that the end of quarantine
does not mean the end of EN. If notification caused individuals
to mask, avoid those most vulnerable to severe disease, or test
then isolate if positive, then the technology would still be doing
something useful, should sufficiently low rates of failure at
stages 1 to 5 be achieved.

Governance for Effectiveness

To contain a pandemic, that is, to achieve Rt<1 through digital
tracing and notification, an implementation must keep all 6
failure rates low, for example, <20%. This will require good
governance, for which it can be instructive to learn from the
best implementations thus far. The NHS and Germany had

among the best EN implementations, even though their failure
rates remained far higher than this benchmark. Singapore’s
non-EN implementation was more successful, with a failure
rate of <5% for failure points 1 and 2 and acceptably low failure
rates for 4 and 6. We hope that more scientific data might
eventually emerge from it.

It is notable that both the German and NHS COVID-19 app
projects engaged not only software developers, privacy experts,
and applied public health practitioners but also well-respected
academic epidemiologists with significant track records of
directly related research and that these epidemiologists had
substantial (but not sole) influence on decision-making. They
might be in the best position to balance ambition of scope (to
achieve Rt<1 not “we did something”) with realistic expectations
about how things will play out on the ground. This follows a
more general pattern during the COVID-19 pandemic in which
applied public health institutions such as the Centers for Disease
Control and Prevention performed poorly, but many universities
and research institutions such as the Robert Koch Institut
performed relatively well, as did biosecurity-run initiatives such
as Operation Warp Speed, and the pharmaceutical industry when
given a good incentive structure.

The fact that iPhone-to-iPhone low-energy Bluetooth
communication did not initially run in the background meant
that some response from Apple was needed for effective
Bluetooth-based proximity tracing and notification using
iPhones. Once that response took the form of EN, countries that
did not capitulate to Apple’s extensive conditions for access
often ended up focusing on presence tracing and notification
systems instead (eg, France and Australia), unless they used a
gossip protocol (Singapore) or issued alternative hardware
(Singapore) or had few iPhones in their country (India). Apple’s
ability to exert power over EN protocol design and over API
access substantially restricted the scope for innovation among
individual apps. Whatever the best form of governance is, few
would argue that it is best done behind the closed doors of a
technology company. Given that Apple exerted its power to
dictate terms and limit innovation, it is a tragedy that Apple did
not use its power to enact an opt-out system. For example, the
NHS COVID-19 app is estimated to have saved 10,000 lives
in its first year [41], and it is estimated that for every 1%
increase in uptake, it could have reduced cases by a further 1%
to 2% [2].

Future success will require the measurement of failure rates at
all 6 points and rapid on-the-fly adaptations to improve them.
Ideally, we would invest now in these technologies, perhaps
within island nations or other close-knit communities as test
cases, to iteratively improve systems as part of pandemic
preparedness while at the same time attempting to reduce
SARS-CoV-2 and potentially influenza transmission in the short
term. An iteratively improved technology is more likely to be
successfully deployed should a new pathogen begin transmitting
between humans, one that combines Severe Acute Respiratory
Syndrome–1 or influenza A virus subtype H5N1 mortality with
SARS-CoV-2 presymptomatic transmission. In the absence of
current investment, we hope that this document will help
kickstart the design of effective strategies at such a time.
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Abstract

The purpose of this article is to build upon prior work in social media research and ethics by highlighting an important and as yet
underdeveloped research consideration: how should we consider vulnerability when conducting public health research in the
social media environment? The use of social media in public health, both platforms and their data, has advanced the field
dramatically over the past 2 decades. Applied public health research in the social media space has led to more robust surveillance
tools and analytic strategies, more targeted recruitment activities, and more tailored health education. Ethical guidelines when
using social media for public health research must also expand alongside these increasing capabilities and uses. Privacy, consent,
and confidentiality have been hallmarks for ethical frameworks both in public health and social media research. To date, public
health ethics scholarship has focused largely on practical guidelines and considerations for writing and reviewing social media
research protocols. Such ethical guidelines have included collecting public data, reporting anonymized or aggregate results, and
obtaining informed consent virtually. Our pursuit of the question related to vulnerability and public health research in the social
media environment extends this foundational work in ethical guidelines and seeks to advance research in this field and to provide
a solid ethical footing on which future research can thrive.

(JMIR Public Health Surveill 2023;9:e49881)   doi:10.2196/49881

KEYWORDS

research ethics; social media; vulnerable populations; public health; ethical guidelines; algorithms; manipulation

Introduction

In October 2021, the Senate Subcommittee on Consumer
Protection, Product Safety, and Data Security convened a
hearing titled “Protecting kids online: testimony from a
Facebook whistleblower” [1]. While this hearing focused on
the protection of children, highlighting the amplification of

content related to eating disorders targeting teenagers as well
as the platform’s “blind eye” toward age verification, broader
takeaways included the platform’s ability to create and cultivate
a manipulative environment on social media. In part, this senate
hearing, which examined questions about the inner workings
of the social media ecosystem, was spurred by the 2016 election
scandals [2], the spread of misinformation during the COVID-19

JMIR Public Health Surveill 2023 | vol. 9 | e49881 | p.210https://publichealth.jmir.org/2023/1/e49881
(page number not for citation purposes)

Massey et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:pmassey@ucla.edu
http://dx.doi.org/10.2196/49881
http://www.w3.org/Style/XSL
http://www.renderx.com/


pandemic [3], and the mental health crisis that has most notably
affected our young people [4]. While public health efforts have
played a critical role in combatting misinformation on social
media as well as addressing the mental health crisis, little has
been done to examine the fundamental question that prompted
congress’ interest in social media: can social media create a
manipulative environment that makes us vulnerable to undue
influence? The short answer is yes, as documented by
congressional hearings [1,5-7], independent research [8-11],
and investigative journalism [12-15].

Algorithms and Vulnerability

The driver behind the discussion of social media manipulation
appears to hinge on one key idea: algorithms. While research
has examined how algorithms create an inescapable environment
and thus an extensive network primed for digital discrimination,
systematic bias, unethical targeting, and misinformation and
disinformation campaigns [16-18], we still do not know enough
about how algorithms function, what goals inform these
functions, or the impact of algorithms on public health research
and practice.

While algorithms and their ethical concerns have entered various
dialogues, from congressional hearings to investigative
journalism, little discussion has taken place in the field of public
health. To date, public health ethics has focused largely on
practical guidelines for writing and reviewing social media
research protocols. Such ethical guidelines have included
collecting public data, reporting anonymized or aggregate
results, and obtaining informed consent virtually, to name a
few. Susser [19] extends these considerations by discussing the
role of manipulation, autonomy, and bias for digitally targeted
public health interventions. Ethical considerations when using
social media for public health research must expand alongside
our increased understanding of how the social media
environment functions, specifically concerning the presence of
algorithms and how these may contribute to issues related to
vulnerability. Privacy, consent, and confidentiality are important
hallmarks for ethical frameworks in social media research [20],
but we must move beyond these foundational questions and
begin unpacking how our research and practice may or may not
contribute to and benefit from the manipulative environments
that many experience on social media.

The use of social media in public health has advanced the field
dramatically over the last 2 decades. Traditional public health
methods in surveillance and outbreak investigation [21],
approaches in health education and promotion [22], and
strategies in policy advocacy [23] and community organizing
[24] have all been applied, refined, and adapted for the social
media environment. Social media research, or the process of
using social media data to conduct quantitative or qualitative
research, ranging from observational data collection to
experimental designs, is an invaluable tool in public health
research and practice and continues to expand both in terms of
how it is conducted and where it takes place [20]. Decades of
applied public health research in the social media space have
led to more robust surveillance tools and analytic strategies,
more targeted recruitment activities, and more tailored health

education [21]. However, more must be done to advance our
understanding of algorithms and how they may ultimately
compromise data for public health research and practice.

The potential use of compromised information in public health
research is relevant to both observational and intervention
research on social media. For instance, when conducting
observational research that collects public data from individual
accounts related to a specific topic (eg, vaccine safety), how do
we disentangle the extent to which content was shared due to
behind-the-scenes platform manipulation (ie, due to algorithms
that place content in a user’s thread with the goal of increasing
interaction and engagement and with little regard to the content
itself)? Adding to this complexity is the presence of social media
bots, or automated programs, that artificially amplify or spread
content based on an array of goals (eg, to spread disinformation,
notify of emergencies, share advertisements, or aggregate news
articles) [25].

Similarly, for intervention research, do we know how interacting
with social media content produced for a research study may
influence the platform’s tailoring of future content for that same
individual (eg, joining a vaccine-related research study may
place the individual at greater risk of being exposed to future
highly engaging vaccine information, which is more often than
not misinformation)? Intervention research often takes place in
closed or “private” groups on social media, making it easier to
moderate and monitor the content directly administered by the
study; however, the closed group exists within the larger
ecosystem of the platform, and we do not yet know how
participation in a research study may impact content exposure
outside of that closed environment. Furthermore, when using
social media to recruit study participants, we must also consider
the potential collection and use of compromised information.
For example, how much do targeted recruitment ads rely on
interactions by users with content that was manipulated or
artificially placed in a user’s thread to solicit interaction? These
questions highlight very practical ways in which our seemingly
innocuous research activities (eg, public data collection or
targeted recruitment) may in fact be interacting with and relying
on compromised information, thus creating a scenario where
researchers are relying on information that is, to an
undetermined extent, artificially manipulated by opaque
algorithmic intervention, contributing to vulnerabilities that
have yet to be considered by public health research taking place
on social media.

Moving Forward

We wish to move the field of public health and social media
research forward by posing the following question: how should
we consider vulnerability when conducting public health
research in the social media environment? We pose this question
not to limit or stifle public health research in the social media
environment; in fact, quite the contrary—we pose this question
to activate our collective understanding and consciousness to
strengthen research in this environment in part due to the
ever-changing social media landscape. At its core, the primary
goal of the social media ecosystem is to keep users on the
platform, interacting and engaging with content, for as long as
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possible, often at any cost [16]. Our hope is that the issues raised
here will do the following: (1) contribute to frameworks that
more clearly describe how vulnerability, much like privacy,
consent, and confidentiality, is an essential concept for
conducting ethical social media research; and (2) establish the
need for partnerships with social media companies, supported
through federal resources, that will facilitate collaborative yet

independent research led by academic partners. While
algorithms themselves are not nefarious, it is the intent behind
the use of algorithms, and the goals and parameters set forth to
use the algorithms in particular ways, that evokes concerns
surrounding manipulation that may contribute to and enhance
various vulnerabilities.
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Abstract

Background: Influenza causes considerable disease burden each year, particularly in children. Monitoring school absenteeism
has long been proposed as a surveillance tool of influenza activity in the community, but the practice of school absenteeism could
be varying, and the potential of such usage remains unclear.

Objective: The aim of this paper is to determine the potential of monitoring school absenteeism as a surveillance tool of
influenza.

Methods: We conducted a systematic review of the published literature on the relationship between school absenteeism and
influenza activity in the community. We categorized the types of school absenteeism and influenza activity in the community to
determine the correlation between these data streams. We also extracted this correlation with different lags in community
surveillance to determine the potential of using school absenteeism as a leading indicator of influenza activity.

Results: Among the 35 identified studies, 22 (63%), 12 (34%), and 8 (23%) studies monitored all-cause, illness-specific, and
influenza-like illness (ILI)–specific absents, respectively, and 16 (46%) used quantitative approaches and provided 33 estimates
on the temporal correlation between school absenteeism and influenza activity in the community. The pooled estimate of correlation
between school absenteeism and community surveillance without lag, with 1-week lag, and with 2-week lag were 0.44 (95% CI
0.34, 0.53), 0.29 (95% CI 0.15, 0.42), and 0.21 (95% CI 0.11, 0.31), respectively. The correlation between influenza activity in
the community and ILI-specific absenteeism was higher than that between influenza activity in community all-cause absenteeism.
Among the 19 studies that used qualitative approaches, 15 (79%) concluded that school absenteeism was in concordance with,
coincided with, or was associated with community surveillance. Of the 35 identified studies, only 6 (17%) attempted to predict
influenza activity in the community from school absenteeism surveillance.

Conclusions: There was a moderate correlation between school absenteeism and influenza activity in the community. The
smaller correlation between school absenteeism and community surveillance with lag, compared to without lag, suggested that
careful application was required to use school absenteeism as a leading indicator of influenza epidemics. ILI-specific absenteeism
could monitor influenza activity more closely, but the required resource or school participation willingness may require careful
consideration to weight against the associated costs. Further development is required to use and optimize the use of school
absenteeism to predict influenza activity. In particular, the potential of using more advanced statistical models and validation of
the predictions should be explored.

(JMIR Public Health Surveill 2023;9:e41329)   doi:10.2196/41329
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Introduction

Influenza virus causes substantial morbidity and mortality in
humans each year on average [1,2]. Influenza activity and hence
infections decreased due to public health and social measures
of COVID-19 [3]. However, rebound of influenza virus activity
is expected [4,5], given the relaxation of public health and social
measures [6,7] and low population immunity of influenza [8].
Therefore, monitoring influenza activity is important in the
post–COVID-19 era. Common modes of surveillance for
influenza activity include the following: (1) sentinel
surveillance, in which the consultation rates or the number of
influenza-like illness (ILI) in outpatient and private medical
practitioner clinics is recorded and (2) laboratory surveillance,
in which respiratory specimens are collected and the proportion
of positive tests of the influenza virus are recorded.

Children are believed to be a major driver of influenza virus
transmission since they have more frequent person-to-person
close contacts with low preexisting immunity [9-11]. Therefore,
school is a high-risk setting for the transmission of influenza
and other respiratory viruses. Preventing transmission in schools
could block transmissions to family members and further reduce
community epidemics [12]. School surveillance offers an
opportunity for the early detection of these viruses [13]. In some
regions, student absenteeism surveillance could be in real time,
and hence it could have minimal reporting delay, with relative
low cost [14,15].

Some studies explore the potential use of school absenteeism
to monitoring the influenza activity in the community. In some
regions, school absenteeism has been integrated as a part of
routine disease surveillance, particularly for respiratory virus
infections [16-21], although there are also usages for other
diseases [22,23]. However, the component of school absenteeism
surveillance could be different, such as the use of all-cause and
illness-specific absenteeism. Moreover, their performances are
rarely assessed. Therefore, validating and optimizing the
performance of the use of school absenteeism on the surveillance
of influenza activity would be critical.

In this paper, we conducted a systematic review to collect
information on studies that described both school absenteeism
surveillance and community surveillance. We summarized the
types of school absenteeism surveillance and community
surveillance methods to assess the relationship between these
2 surveillances, and the potential use of school absenteeism
surveillance to predict influenza activity in the community.

Methods

Definition of School Absenteeism Surveillance and
Community Surveillance
School absenteeism surveillance was defined as the time series
recording the absent rate per day or week in a school.

Absenteeism could be all-cause, specific to ILI, or specific to
respiratory illness but not limited to ILI.

Community surveillance was defined as the time series
monitoring the influenza activity in a region. There were the
following two main types of surveillance: (1) ILI rate or count
per day or week and (2) the proportion of laboratory specimens
testing positive for influenza virus.

Search Strategy and Selection Criteria
This systematic review was conducted following the PRISMA
(Preferred Reporting Items for Systematic Review and
Meta-analysis) statement [24]. A standardized search was done
in PubMed, Embase, and Web of Science, using the search term
“((school AND (absent OR absence OR absenteeism) AND (flu
OR influenza))”. The search was done on May 12, 2022, with
no language restrictions. Additional relevant articles from the
reference sections were also reviewed.

Two authors (XH and YG) independently screened the titles
and extracted data from the included studies. Disagreements
were resolved by consensus with a third author (TKT). Studies
identified from different databases were deduplicated.

Eligible articles were those reporting daily or weekly student
absenteeism data and community ILI surveillance in the same
region. There was no restriction on the methods used for finding
the relationship between school absenteeism and influenza
surveillance in the community. Studies without both school
absenteeism and community surveillance data were excluded.
Articles that met the following were also excluded: (1) the study
summarized the findings published elsewhere; (2) the study
used data generated from simulation or prediction; (3) the study
analyzed the combination of data from studies published
elsewhere; or (4) the full text was not available.

Data were extracted from included studies using a standard
form, with the following information in following 3 major
components: school absenteeism, influenza surveillance in the
community, and comparison between school absenteeism and
influenza surveillance in community. Each mentioned variable
below was a column in the standard form. For school
absenteeism, the number of schools, the school size, the grade
of students, methods used for school absenteeism surveillance,
the types of absenteeism (all-cause, ILI-related, or
illness-specific), illness ascertainment methods for illness-related
absenteeism, and the treatment of holiday in the analysis were
extracted. For influenza surveillance in the community, the
extracted data included the types of surveillance (influenza-like
illness with or without laboratory test) and the information of
laboratory surveillance (influenza strain and the use of
test-positive number or proportion). For comparison between
school absenteeism and influenza surveillance in the community,
information included methods, period and lag time (day/week)
of comparison, and estimated correlation coefficients.
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Data Analysis
For studies reporting regression coefficients, we used the
approach by Rodgers and Nicewander [25] to transform them
to Pearson correlation coefficient. We conducted random effects
meta-analyses using the inverse variance method and restricted
maximum likelihood estimator for heterogeneity to obtain the
pooled correlation between school absenteeism and community

surveillance [26-29]. Cochran Q test and the I2 statistic were
used to identify and quantify heterogeneity among included

studies [30]. An I2 value of more than 75% indicated high
heterogeneity [31]. We conducted subgroup meta-analyses by
the types of school absenteeism surveillance (all-cause vs
ILI-related vs illness-specific), by the type of community
surveillance (ILI vs lab-confirmed), with or without considering
the delay effect of school absenteeism on community influenza.
Meta-analysis on subgroups was only performed when there
were at least 5 estimates. However, it should be noted that as

I2 could be biased in small studies, we only quoted the I2

estimate when the number of studies was at least 10 [32]. We
also conducted metaregressions to explore the impact of the
following factors: types of school absenteeism, types of
community surveillance, primary school or lower grade in school
absenteeism surveillance, use of count data in school
absenteeism surveillance, use of weekly data, and study type
(prospective vs retrospective) in the analysis.

For studies using qualitative methods, in which only plots or
tables of time series of school absenteeism and influenza activity
in the community were provided without using any statistical
comparison such as estimating correlations, a qualitative
description of the relationship between these 2 surveillance
systems was extracted. The used terms for the relationship in
those articles was summarized. For the studies attempting to
predict community surveillance by using school absenteeism,
the following information about prediction was extracted: the
types of data and its time period used for training for the models
for prediction, data type and prediction methods, the type of
data for validating the developed models and its time period,
and the evaluation method.

Results

Overview
In the systematic review, we identified 3579 studies in our
search, and 1144 duplicated articles were excluded (Figure 1).

After screening the titles and the abstracts of the remaining
articles, we identified 171 studies that may contain relevant
information for full-text screening. Among these, 35 articles
(Table S1 in Multimedia Appendix 1) met the inclusion criteria
and were included in this review [15-19,33-62], of which 9
[19,33,37,41,46,48,54,61,62] and 6 [17,18,40,42,51,53] were
prospective and retrospective studies, respectively. In terms of
school absenteeism surveillance, 22 [15,16,34-39,41,47-49,
51,53-57,59-62], 12 [15,17-19,35-37,44,45,50,54,61], and 8
[33,40,42,43,46,52,58,61] of the studies provided counts on
all-cause, ILI-related, and illness-specific absenteeism,
respectively. In terms of community surveillance, 25
[16-19,33-37,39-45,47,49-51,55,58-60,62] and 26
[15-17,19,33,34,36-43,46-49,52-54,56,57,59-61] studies
provided the number of ILI cases and laboratory-confirmed
cases, respectively. Moreover, 24 [15,17,19,33,35-38,40-45,
47-49,51,54,56-58,60,62] and 11 [16,18,34,39,46,50,52,
53,55,59,61] studies used weekly and daily scale of time series
for analysis, respectively. In total, 7060 (we excluded 5 studies
that did not provide this information) schools were included in
our study. Of these, 2 articles [16,56] did not provide any
comparison between school absenteeism and community
surveillance; 16 articles [17-19,33,37,40-42,46,48,
51,53-55,61,62] with 7703 school years performed quantitative
analysis by using statistical method to compute the correlation
between school absenteeism and community surveillance; and
19 articles [15,16,34-36,38,39,43-45,47,49,50,52,56-60] with
2123 school years performed qualitative analysis comparing
their trends visually by figures or plots. In addition, 6
[17,18,42,46,54,61], 5 [17,18,42,46,61], and 1 [37] articles
considered time lag and reported comparisons of school
absenteeism and community surveillance with 1-week, 2-week,
and 3-week lags, respectively. Moreover, 25 studies excluded
holidays in the comparison, while 10 studies did not provide
any information. Among the 25 studies that excluded holidays
in the comparison, 15 of them [16-18,33,37,45,48-53,55,61,62]
used weekly absolute count in school absenteeism surveillance,
which may not have accounted for the reduction in denominator
due to holidays within the week. Overall, among 16 and 19
studies using quantitative and qualitative analysis, 15 and 17
studies supported the association between school absenteeism
and community surveillance, respectively (Table 1).
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Figure 1. Process of systematic review. ILI: influenza-like illness.

Table 1. Summary of included studies for pooled analysis (n=35).

ReferenceStudies, nCharacteristics

Methods to assess correlation

N/Aa16Quantitative analysis

[33,41,51,62]4Regression

[17-19,37,40,42,46,48,53,54,61]11Correlation

[55]1Other measures

[15,16,34-36,38,39,43-45,47,49,50,52,56-60]19Qualitative analysis by comparing of trends in plots of time series

Time lag between school absent and surveillance

[17-19,33,40-42,46,48,51,53,54,61,62]140 week

[17,18,42,46,54,61]61 week

[37]1Others

Association between school absent and surveillance

By quantitative analysis

[17-19,33,40,46]6Significance for 0-week lag

[17,18]2Significance for 1-week lag

[17,18]2Significance for 2-week lag

[37]1Significance for 3-week lag

[41,42,51,53-55,61,62]8Unknown significance

[48]1No significant association

By quantitative analysis

[16,34-36,38,39,43-45,47,49,50,56-60]17With association

[15,52]2No detected association

aN/A: not applicable.
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Correlation Between School Absenteeism and
Community Surveillance
For quantitative analysis, all studies used regression coefficient
or Pearson or Spearman correlation coefficient for evaluating
the relationship between school absenteeism and community
surveillance, except 1 [63], which used receiver operating
characteristic to determine the accuracy of using school
absenteeism to predict the occurrence of influenza outbreak,
which was not included in our calculation of pooled correlation.
Overall, 14 studies [17-19,33,40-42,46,48,51,53,54] provided
33 correlation estimates (Figure 2 [17-19,33,40-42,
46,48,51,53,54,61,62] and Table S2 in Multimedia Appendix
1), and 30 estimates supported a positive correlation between
school absenteeism and community surveillance [18,42]. The
correlation (without lag) between school absences and
community surveillance was 0.44 (95% CI 0.34, 0.53), with
high heterogeneity (Figure 3). In terms of community
surveillance, the correlation between school absences and
community surveillance using laboratory-confirmed cases
(correlation: 0.45; 95% CI 0.33, 0.57) was higher than using
the number of ILI (correlation: 0.41; 95% CI 0.23, 0.59), which
was less specific. In terms of school absenteeism, the correlation
between community and ILI-specific absenteeism (correlation:

0.51; 95% CI 0.30, 0.73) and illness-specific absenteeism
(correlation: 0.43; 95% CI 0.30, 0.57) was higher than all-cause
absenteeism (correlation: 0.36; 95% CI 0.11, 0.62). While there
was a positive relationship between school absenteeism and the
community surveillance with 1-week (correlation: 0.29; 95%
CI 0.15, 0.42) and 2-week lag (correlation: 0.21; 95% CI 0.11,
0.31), the positive correlation was smaller compared with those
without lag.

In the metaregression (Table 2), we estimated that the correlation
between school absenteeism and the community surveillance
with 1-week and 2-week lag was 0.19 (95% CI 0.04, 0.34) and
0.26 (95% CI 0.10, 0.41) lower than without lag. We found that
the correlation between community surveillance and ILI-related
absenteeism was 0.25 (95% CI 0.04, 0.45) higher than that
between community surveillance and all-cause absenteeism.
The correlation between school absenteeism and
laboratory-confirmed community surveillance was 0.17 (95%
CI 0.04, 0.30) higher than that between school absenteeism and
ILI surveillance. We found that the correlation between school
absenteeism and community surveillance from prospective
studies was 0.19 (95% CI 0.05, 0.33) higher than from
retrospective studies.

Figure 2. The temporal correlation between school absenteeism and influenza activity in community from identified studies. ILI: influenza-like illness;
PCR: Polymerase Chain Reaction.
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Figure 3. The pooled estimate of temporal correlations between school absenteeism and influenza activity in the community by types of school
absenteeism surveillance and types of surveillance of influenza activity in community. ILI: influenza-like illness.
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Table 2. Factors affecting the correlation between school absenteeism and community surveillance by metaregression.

Overall (0- to 2-week lag; 95% CI)2-week lag (95% CI)1-week lag (95% CI)No lag (95% CI)Variables

School absence type

ReferenceReferenceReferenceReferenceAll-cause absenteeism

0.25 (0.04, 0.45)0.21 (–0.16, 0.57)0.39 (–0.11, 0.89)0.20 (–0.11, 0.50)ILIa-related absenteeism

0.12 (–0.07, 0.30)0.14 (–0.20, 0.47)0.16 (–0.32, 0.64)0.10 (–0.16, 0.35)Illness-specific absenteeism

Community surveillance type

ReferenceReferenceReferenceReferenceILI

0.17 (0.04, 0.30)0.23 (0.03, 0.43)0.30 (0.05, 0.54)0.08 (–0.14, 0.30)Laboratory confirmed

Study type

ReferenceReferenceReferenceReferenceRetrospective study

0.19 (0.05, 0.33)0.07 (–0.19, 0.33)0.12 (–0.20, 0.44)0.25 (0.04, 0.45)Prospective study

Lagb

ReferenceN/AN/AN/AcNo lag

–0.19 (–0.34, –0.04)N/AN/AN/A1-week lag

–0.26 (–0.41, –0.10)N/AN/AN/A2-week lag

–0.14 (–0.36, 0.08)–0.15 (–0.41, 0.11)–0.21 (–0.59, 0.16)–0.10 (–0.53, 0.34)Only primary school and lower grade in
school surveillance

0.01 (–0.16, 0.18)0.22 (–0.10, 0.54)–0.16 (–0.50, 0.18)0.03 (–0.23, 0.29)Using count in school absenteeism (Refer-
ence: using rate or proportion)

0.06 (–0.10, 0.22)–0.07 (–0.33, 0.19)0.09 (–0.22, 0.41)0.11 (–0.15, 0.38)Using weekly scale (Reference: daily scale)

aILI: influenza-like illness.
bNumber of weeks that school absenteeism data were leading community surveillance.
cN/A: not applicable.

Qualitative Analysis for the Relationship School
Absenteeism and Community Surveillance
In the qualitative analysis, there were 19 articles that reported
the relationship between school absenteeism and community
surveillance by presenting the time series of these surveillances
(Table 3). Of these 19 studies, 2 [16,56] did not compare the
relationship in plots of time series. Overall, a similar pattern
was reported within school absenteeism and community
surveillance in all studies (Table 3), except 2, which reported
no detected association [15,52]. Moreover, 6 studies

[35,36,43,47,49,50] compared the peak of school absent and
peak of epidemics. Among these, 4 [35,36,43,50], 1 [49], and
1 [47] studies found that school absenteeism peaked before, at
the same time, and after the peak of community surveillance,
respectively. In addition, 15 studies concluded that school
absenteeism was in concordance with, coincided with, or was
associated with community surveillance, using terms including
“trends are coincident” [34,47,59], “associated with”
[16,34,36,56,57,60], “concordance with” [38,43,58], “similar
trend” [39,44,50], or ‘’mirror” [45].
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Table 3. Summary of term count for qualitative results.

CountComparisonStudyTerm combined and term used

16School absenteeism is in concordance with, coincided with, or is associated with community ILIa

1All-cause absenteeism vs community
influenza isolates

Besculides [34], 2005Increases in absences coincided with community-wide ILI out-
breaks

1All-cause absenteeism vs laboratory
isolations

Schoub [47], 1994The second wave of school absenteeism coincided with the second
round of community ILI

1All-cause absenteeism vs community ILI
surveillance or virus-confirmed influenza

McCormick [59], 2010The drop in school absenteeism coincided with the epidemic

6School absenteeism is associated with community ILI

All-cause absenteeism vs community
influenza isolates

Besculides [34], 2005The extent of school absenteeism is associated with the extent
of community ILI peak

ILI-related absenteeism vs laboratory
isolations

Cheng [36], 2012School absenteeism is associated with community ILI

All-cause absenteeism vs laboratory-
confirmed influenza

Chin [57], 1974Influenza activity was reflected by the school absenteeism
rates

All-cause absenteeism vs community ILI
surveillance

Rubin [60], 1975Influenza activity was associated with or reflected by school
absenteeism

All-cause absenteeism vs laboratory-
confirmed influenza

Chu [16], 2013School absenteeism was less timely than laboratory data

All-cause absenteeism vs laboratory-
confirmed influenza

Olson [56], 1980Close temporal correlation between school absenteeism and
the isolation of strains of influenza virus

3School absenteeism is concordant with community ILI

All-cause absenteeism vs laboratory-
confirmed influenza

Jaeger [38], 2011

Illness-defined absenteeism vs communi-
ty ILI surveillance

Mook [43], 2007

ILI-related absenteeism vs community
ILI surveillance

Lenaway [58], 1995

3Similar trend

All-cause absenteeism vs community ILI
surveillance

Janusz [39], 2011

ILI-related absenteeism vs community
ILI surveillance

Nasrullah [44], 2012

ILI-related absenteeism vs community
ILI surveillance

Suzue [50], 2012

1Influenza-confirmed absenteeism vs
community virus–confirmed influenza

Read [45], 2021School absenteeism mirrored or corresponded to community ILI

6Comparison by peak time

1All-cause absenteeism vs laboratory
confirmed cases

Sigmundsdottir [49],
2010

Peak at the same time

4School absenteeism peak preceded or was ahead of the epidemic peak

All-cause absenteeism vs community ILI
surveillance

Bollaerts [35], 2010

ILI-related absenteeism vs laboratory
isolations

Cheng [36], 2012

Illness-defined absenteeism vs communi-
ty ILI surveillance or laboratory isola-
tions

Mook [43], 2007

ILI-related absenteeism vs community
ILI surveillance

Suzue [50], 2012
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CountComparisonStudyTerm combined and term used

1All-cause absenteeism vs laboratory
isolations

Schoub [47], 1994Virus isolation commence and peak before the school absenteeism

2No detected association

1ILI-related absenteeism vs laboratory-
confirmed cases

Tan [52], 2014No related outbreaks were detected, and no peaks were found

1ILI-related absenteeism or all-cause ab-
senteeism vs community virus–con-
firmed influenza

Quandelacy [15], 2021Within seasons, cases peaked in winter, whereas county-level ab-
sences varied throughout the year

aILI: influenza-like illness.

Prediction of Community Surveillance From School
Surveillance
Six studies attempted to predict community ILI from school
absenteeism (Table S3 in Multimedia Appendix 1), 3 of which
[15,41,62] predicted the influenza rate (case number), and 3
[18,53,55] predicted the occurrence of outbreaks. All the studies
agreed that school absenteeism surveillance was of good use
for influenza outbreak detection [15,18,41,53,62], except 1 using
all-cause absenteeism [55]. Among these, 4 studies [15,53,55,62]
and 2 studies [18,41] used the all-cause absenteeism and
ILI-related absenteeism for prediction, respectively. Moreover,
1 [18] and 5 [15,41,53,55,62] studies used mechanistic models
(SEIR) and statistical models, respectively, 3 of which
[41,53,62] considered the autocorrelation of the time series. In
term of evaluation, those studies that predicted the occurrence
of outbreaks used receiver operating characteristic curves
[18,55] and false-positive rate (1 minus sensitivity) [53]. For
those studies that predicted the number of cases, 1 used the
model fit [41], 1 used mean absolute error [15], and 1 used
Akaike Information Criterion value [62]. Two articles [15,53]
conducted out-sample testing to evaluate the performance.

Discussion

Principal Findings
In this study, we summarized the practice of school absenteeism
surveillance and their potential use on monitoring and predicting
influenza activity in the community. Studies could broadly be
classified as quantitative and qualitative. In quantitative studies,
most studies used temporal correlation to quantify the
relationship between school absenteeism and influenza activity
in the community. In qualitative studies, time series between
these 2 data streams were compared visually. Overall, we found
a moderate correlation between school absenteeism and
influenza activity in the community based on quantitative
studies. This suggested the potential to use school absenteeism
data to monitor or predict influenza activity in the community.

The measure of school absence could be classified to nonspecific
(all-cause absent) and specific (illness- or ILI-specific absence).
We found that ILI-specific absenteeism had a higher correlation
with the community surveillance, compared with all-cause
absenteeism, which was consistent with the findings from
another review [64]. While using specific measure of school
absenteeism could be slightly more accurate [54], the
implementation of using more specific absenteeism surveillance

in schools should be considered jointly with the associated costs.
Those specific measures may require more resources to obtain,
such as follow-up of the reasons of absence, which may also
jeopardize the timeliness of the school absence data. Moreover,
the willingness of school participation may be lower due to the
higher requirement of resource; hence the sample size may
decrease. Such factors should be considered when deciding the
use of all-cause absence or ILI-specific absence to monitor
influenza activity. The actual cost of implementation of using
more specific absenteeism surveillance in schools was likely
different by regions and countries; therefore, our studies could
not provide recommendation on this.

A number of studies proposed that one of the values of school
absenteeism surveillance was its lead on the traditional
surveillance [35,36,43,50]. However, we found that the
correlation between school absenteeism and community
surveillance without lag was the highest. In addition, the
correlation between school absenteeism and 1-week lag of
community surveillance was only marginally smaller than
community surveillance without lag. Hence, the school
absenteeism surveillance could at most lead influenza outbreaks
by 1 week. Therefore, despite the moderate correlation between
school absenteeism and community surveillance, the use of
school absenteeism as a surveillance tool may require further
exploration and development of methodology. In particular, we
found that the correlations between school absenteeism and
community surveillance from prospective studies were higher
than from retrospective studies, suggesting that prospective data
collection could improve the accuracy by carefully checking
the data with timely correction.

More than half of the studies only use qualitative approaches
to explore the relationship between school absenteeism and
influenza activity in the community, in which only figures of
time series of these 2 surveillances were compared visually.
Such approaches were relatively subjective, and further
quantitative comparison should be performed. Furthermore,
almost all quantitative comparisons were based on temporal
correlation, which required further steps to determine the
usefulness of school absenteeism for monitoring or predicting
influenza activity in the community, such as the development
of prediction or forecasting tools.

Only 6 out of 35 studies attempted to develop methods to use
the school absenteeism data to predicted influenza activity in
the community. However, those applied approaches were
suboptimal compared with other influenza-forecasting
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approaches [65,66]; particularly, the potential of more advanced
statistical approaches was less explored, as well as the lack of
validation. In terms of modeling fitting, only 2 out of 6 studies
conducted out-sample evaluation on their forecasting approach
to avoid overfitting. In terms of model evaluation, all studies
evaluated the point forecast, but none of them evaluated the
prediction intervals from those models. The evaluation of
interval forecast by some proper score rules would also be
important to use the prediction performance [66,67] and to
support the accuracy of the predictions. In future studies, using
school absenteeism data in more well-developed models should
be explored, including mechanistic models (ie, SIR-type)
[65,66], and statistical models, such as generalized additive
model and random forecast regression, which could particularly
handle nonlinear relationship [68].

Limitations
Our study may have some limitations. First, we did not
summarize the change of rule on the school attending in the
identified studies. For example, many regions may not allow
students to attend school when they have fever, particularly
during or after the 2009 pandemic influenza outbreaks.
Therefore, our study may not be able to evaluate this impact on
the relationship between school absenteeism and community
surveillance. Second, we did not stratify the analysis by type

of reported correlation coefficients (Pearson or Spearman).
However, we expected that the direction of correlation should
be the same. Third, most studies did not report information of
burden or costs of implementing school surveillance. Therefore,
it was impossible for us to determine the real-life impact or
cost-effectiveness of different types of surveillance. Finally, we
could not rule out other potential cofounders in the identified
relationship between school absenteeism and influenza activity
in the community. For example, information of school or class
size was not available.

Conclusion
We found there was a moderate correlation between school
absenteeism and influenza activity in the community. We found
that the correlation between influenza activity and ILI-specific
absenteeism was higher than all-cause absenteeism. However,
implementing more specific surveillance in school may require
careful consideration, since more resources may be required,
and it may have a negative impact on the willingness of school
participation. There was potential for using school absenteeism
as a surveillance and prediction tool of influenza activity. A
further development of methodology was required to use and
optimize such usage. In particular, more statistical models
should be explored, and the validation of prediction performance
is missed in most studies.
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Abstract

Background: After the rapid spread of the novel SARS-CoV-2, the short-term and long-term mental health impacts of the
pandemic on the public, in particular on susceptible individuals, have been reported worldwide. Although digital mental health
services expand accessibility while removing many barriers to in-person therapy, their usability, feasibility, acceptability, and
efficacy require continued monitoring during the initial phase of the pandemic and its aftermath.

Objective: In this study, we aimed to understand what mental health services are offered, whether they are practical or acceptable,
and to what extent digital mental health services are effective in response to the COVID-19 pandemic across high-income and
low- and middle-income countries.

Methods: This study followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines
and the PRISMA Extension for Scoping Reviews (PRISMA-ScR) guideline. We implemented searches in PubMed (MEDLINE),
Embase, PsycINFO, and Cochrane databases for studies that were published between December 2019 and November 2021 and
that involved the use of digital mental health services. Two review authors screened, assessed, and extracted studies independently.
The protocol was registered on the International Prospective Register of Systematic Reviews.

Results: This review identified 7506 articles through database searching. In total, 65 (0.9%) studies from 18 countries with
67,884 participants were eligible for the scoping review. Of the 65 studies, 16 (24.6%) were included in the meta-analysis. A
total of 15 (23.1%) studies measured the usability; 31 (47.7%) studies evaluated the feasibility; 29 (44.6%) studies assessed the
acceptability; and 51 (78.5%) studies assessed the efficacy. Web-based programs (21/65, 32.3%), videoconferencing platforms
(16/65, 24.6%), smartphone apps (14/65, 21.5%), and SMS text messaging (5/65, 7.7%) were the main techniques. Psychotherapy
(44/65, 67.7%) followed by psychoeducation (6/65, 9.2%) and psychological support (5/65, 7.7%) were commonly used. The
results of the meta-analysis showed that digital mental health interventions were associated with a small reduction in depressive
symptoms (standardized mean difference=−0.49; 95% CI −0.74 to −0.24; P<.001) and a moderate reduction in anxiety symptoms
(standardized mean difference=−0.66; 95% CI −1.23 to −1.0; P=.02) significantly.

Conclusions: The findings suggest that digital mental health interventions may be practical and helpful for the general population,
at-risk individuals, and patients with preexisting mental disorders across high-income and middle-income countries. An expanded
research agenda is needed to apply different strategies for addressing diverse psychological needs and develop integrated mental
health services in the post–COVID-19 era.

Trial Registration: PROSPERO CRD42022307695; https://tinyurl.com/2jcuwjym

(JMIR Public Health Surveill 2023;9:e43730)   doi:10.2196/43730
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Introduction

Background
As of October 5, 2022, there were 624.4 million confirmed
cases of COVID-19 spread over 228 countries and territories,
and COVID-19 has claimed the lives of 6.6 million individuals
[1]. After the rapid spread of the novel SARS-CoV-2, known
risk factors for mental health impacts have been reported
worldwide. Fear of the virus and containment strategies might
challenge psychological well-being [2]. Social isolation,
loneliness, unemployment, and loss of income after the
incidence of COVID-19 have become common. These risk
factors might result in mental health problems, such as anxiety,
depression, and insomnia, particularly in susceptible populations
that include patients with COVID-19, first-line health
professionals, and older adults [3]. In a cross-sectional study
by Lai et al in China [4], 50% (634/1257) of health care workers
reported experiencing depressive symptoms; 45% (560/1257)
had anxiety; and 34% (427/1257) reported experiencing
insomnia. Increased symptoms of mental health disorders and
limited access to mental health care services and social support
have also been reported in people with preexisting mental health
disorders [5]. Furthermore, emerging reports suggested the
possibility of the long-term effects of pandemics on
psychological well-being [6,7].

Although most evidence has been on the negative mental health
impacts of COVID-19, a parallel area of research interest has
explored how mental health services change when exposed to
such stressors [8]. Web-based digital mental health services
expand accessibility while removing many barriers to in-person
therapy; thus, digital mental health services might be a solution
in response to the challenge. Recent efforts in implementing
digital mental health services have shown promising applications
based on efficacy results from randomized controlled trials
(RCTs). In a systematic review [9], internet-based cognitive
behavioral therapy (CBT) was linked to a higher reduction in
depressive symptoms at posttreatment than treatment as usual
and the waiting list. Usability, feasibility, acceptability, and
efficacy results at the time of pandemics, however, require
continued monitoring. Knowing what mental health care service
is available, whether it is feasible and acceptable, and to what
extent digital mental health services take effect is crucial to
inform policy decisions, such as the delivery, implementation,
and target areas for applying mental health resources during the
pandemic and its aftermath.

Objective
Against this background, the objective of this scoping review
and systematic review was to qualify and quantify the usability,
feasibility, acceptability, and efficacy of digital mental health
interventions applied for infectious disease outbreaks in the
initial phase of the pandemic. We focused on the assessment of
whether each of the applied techniques was usable, feasible,
acceptable, and effective. We also separately synthesized data
from high-income countries and low- and middle-income

countries (LMICs). As there is no standard definition of
usability, feasibility, acceptability, and efficacy, we considered
comprehensive and broad definitions of these terms. We defined
usability as program use, user engagement, and the ease of use
of the services being tested, as followed in prior research
[10,11]. We measured feasibility by attrition, attendance,
adherence, retention, and qualitative feedback. We defined
acceptability as user satisfaction, intent to continue use, and the
perceived appropriateness of the intervention [12]. We defined
efficacy as the intended effects and effect size estimation of the
services [12].

Methods

Overview
This report includes a scoping review of studies on digital
mental health interventions applied for infectious disease
outbreaks and a systematic review of studies assessing
commonly reported mental distresses identified in the scoping
review. We followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines
and the PRISMA Extension for Scoping Reviews
(PRISMA-ScR) guideline when appropriate (Multimedia
Appendix 1).

Data Search
We sought to include original studies focusing on digital mental
health services applied during or in response to COVID-19. We
implemented searches in PubMed (MEDLINE), Embase,
PsycINFO, and Cochrane between December 2019 and
November 2021 using a combination of search terms relating
to both digital mental health services and COVID-19. The
complete search strategy is provided in Multimedia Appendix
2. We performed a manual search of the reference lists of
relevant reviews, eligible studies, and relevant conference
abstracts.

Study Selection
We removed duplicate citations across electronic databases
before the screening. Initially, pairs of 2 review authors (SZ,
XY, ZP, and YF) independently screened the titles and abstracts
for eligibility. We referred to full texts if titles and abstracts did
not provide information for eligibility based on the inclusion
and exclusion criteria. The full texts of the potentially included
studies were screened by 1 review author and checked by
another author for agreement. In case of disagreements, the
opinion of a third reviewer was sought, and a consensus was
reached through discussion.

We included qualitative, quantitative, and mixed methods studies
that involved the use of digital mental health services. Eligible
interventions included health education, evaluation, consulting,
helplines, psychological interventions, and telemedicine. The
intervention was delivered by any means of digital technology,
including SMS text messaging, smartphones, websites, social
media, videoconferencing, wearable devices, or mobile apps.
We excluded comments, protocol papers, systematic reviews,

JMIR Public Health Surveill 2023 | vol. 9 | e43730 | p.229https://publichealth.jmir.org/2023/1/e43730
(page number not for citation purposes)

Zhong et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


preprints, conference papers, and studies that did not provide
any qualitative or quantitative data for defined outcomes. We
excluded studies that were conducted before December 2019.
There was no exclusion for age, gender, ethnicity,
socioeconomic status, professions (health workers or not), or
any type of mental disorder (clinical or nonclinical). For the
meta-analysis, we included parallel RCTs and crossover RCTs
that provided adequate data for analyses, using the same
aforementioned criteria.

Data Extraction
We developed a data extraction form that could be used by all
review authors, as recommended by the Joanna Briggs Institute
Scoping Review methodological guidance [13]. The data
extraction form included information on study characteristics
(authors, publication year, study design, study period,
geographic regions, and study aim), participant characteristics
(age, gender, sample size, and type of mental illness), digital
mental health services characteristics (types of techniques and
type of mental health services), and outcome characteristics
(type of outcomes and their measurements). Owing to the
diverse outcomes identified across eligible studies, we extracted
the study results in 2 phases. In phase 1, we extracted the key
findings for all reported outcomes. For effectiveness data, we
extracted the results for significant differences between digital
mental health services and comparison groups or trends between
postintervention and preintervention outcome measurements
for digital mental health services. In phase 2, we identified RCTs
that reported similar digital mental health services and outcomes
for the systematic review and meta-analysis. Here, effectiveness
data from the comparison groups and intervention arms were
retrieved using separate extraction forms. The data were
extracted by 2 reviewers (XY and ZP) independently.
Disagreements were resolved by discussion. A third reviewer
(SZ) was involved when necessary.

Risk of Bias Assessment
Two reviewers (XY and ZP) independently assessed the risk of
bias using the Cochrane Risk of Bias (RoB 2) tool for all
included RCTs. Disagreements were resolved by discussions.
In case of uncertainties, a third reviewer (SZ) was consulted.
The 5 domains included bias owing to the assignment of
intervention, adherence to the intervention, missing outcome
data, outcome measurement, and selection of reported outcome
that were measured. Studies were rated as “low” risk, “some
concerns,” or “high” risk.

Data Synthesis
Owing to the nature of the research question and the
heterogeneity of the studies, we synthesized qualitative and
quantitative results separately. For the scoping review, we
descriptively summarized the included studies with a narrative
synthesis of individual studies. We summarized the overall
number of included studies, the total number of study

populations and their basic characteristics, countries, study
design, type of digital mental health services, and the objectives
and findings of the included studies. We clustered the studies
by the type of techniques used and location (high-income
countries vs LMICs). For each type of technique, the findings
on usability, feasibility, acceptability, and effectiveness data
were narratively synthesized by a textual approach.

For meta-analyses, we synthesized findings on similar efficacy
outcomes that were measured by >3 RCTs. Outcomes, such as
loneliness, burnout, or psychological well-being, that were
measured by 1 or 2 RCTs were not synthesized. We pooled
continuous outcomes as standardized mean differences (SMD)
with 95% of CIs using a random-effects meta-analysis. The
values of 0.2, 0.5, and 0.8 in SMDs denote minor, medium, and

large effects, respectively [14]. Cochran Q and the I2 statistic

were used to assess heterogeneity. An I2 value of ≥60% can be
considered a substantial level of inconsistency across studies
[15]. The analyses were stratified according to the reported
outcomes. For each of these, we pooled the evidence from all
eligible RCTs, regardless of the techniques applied,
measurements used, and population studied. We conducted
subgroup analyses to examine whether there were differences
in outcomes on the basis of sample size (as a dichotomous
variable), measurement of the outcome, location, duration of
follow-up, and duration of intervention. We also performed
meta-regression analyses to explore the effect size by sample
size (as a continuous variable), age, and proportion of females
in the population studied. We used funnel plots and ran the
Egger test to look for asymmetry to detect publication bias that
might impair the validity of our findings. We performed all
analyses with R statistical software (version 4.2.2; R Foundation
for Statistical Computing) [16].

Results

Study Selection
The PRISMA flowchart shows the study selection process
(Figure 1). This review identified 7506 articles that were
identified through database searching. After removing duplicate
records, we screened 5118 (68.19%) records and identified 65
(1.27%) eligible studies for the scoping review, and the results
were synthesized narratively. Of the 19 RCTs, 17 (89%) studies
reported depressive symptoms and 18 (95%) studies reported
anxiety symptoms as the outcome. In total, 3 (16%) studies
were not included in the meta-analyses; 2 (67%) studies [17,18]
that reported on depression and anxiety disorders did not provide
adequate data, and 1 (33%) study that reported anxiety scores
using state anxiety was with a very large estimate [19].
Accordingly, of the total 65 eligible studies, 16 (25%) studies
that reported depressive symptoms or anxiety symptoms were
included in the meta-analysis.
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Figure 1. Flowchart of study selection.

Study Characteristics
Table 1 presents the characteristics of participants and studies
included in the review. The 65 included studies were conducted
in the following 18 different countries: 24 (37%) studies from
the United States (participants: 54,245/67,884, 79.9%), 8 (12%)
studies from China (1114/67,884, 1.6%), 6 (9%) studies from
Canada (5490/67,884, 8.1%), 5 (8%) studies from Italy
(315/67,884, 0.5%), 3 (5%) studies from Australia (1004/67,884,
1.5%), 3 (5%) studies from France (2235/67,884, 3.3%), 2 (3%)
studies from India (654/67,884, 1%), 2 (3%) studies from
Malaysia (123/67,884, 0.2%), 2 (3%) studies from Greece
(164/67,884, 0.2%), 2 (3%) studies from Turkey (121/67,884,
0.2%), and further 9 (14%) studies were conducted in other
countries (ie, Dominican Republic, Israel, Japan, Oman, South
Africa, Spain, Sweden, and the United Kingdom). Of these, 49
(75%) studies were from high-income countries, and 16 (25%)
studies were conducted in middle-income countries. None of
the included studies reported data from low-income countries.

The participant pool consisted of 67,884 participants; most
(44,125/67,884, 65%) were female. There were 2663 (3.9%)
people with a mental illness or mental distress, 713 (1.1%)
people with or suspected of COVID-19, and 748 (1.1%) hospital
workers.

Of the 65 studies, a total of 15 (23.1%) studies measured
usability; 31 (47.7%) evaluated feasibility; 29 (44.6%) assessed
acceptability; and 51 (78.5%) assessed efficacy.

Web-based programs (21/65, 32.3%), videoconferencing
platforms (16/65, 24.6%), smartphone apps (14/65, 21.5%), and
SMS text messaging (5/65, 7.7%) were the main techniques
applied. There were other studies that used social media (3/65,
4.6%), hotlines (3/65, 4.6%), a chatbot (1/65, 1.5%), virtual
reality (VR; 1/65, 1.5%), and robotic telemedicine (1/65, 1.5%).
Most studies provided psychotherapy (44/65, 67.7%), followed
by psychoeducation (6/65, 9.2%), psychological support (5/65,
7.7%), psychological assessments (4, 6.1%), and psychiatric
clinical services (4/65, 6.1%).
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Table 1. Characteristics of participants and studies included in the qualitative systematic review.

Intervention vs control groupFemale, %Age (years), mean

(SD)a
Sample size, nDesign and study typeAuthor and year

A texting intervention (StayWell at
Home)

7833.3 (11.0)303Pre- and postintervention
evaluation; quantitative

Aguilera et al
[20]

Text4Hope subscribers who received
once-daily supportive SMS text mes-

8876.7% were aged be-
tween 26 and 60

2767Pre- and postintervention
evaluation; quantitative

Agyapong et al
[21]

sages vs Text4Hope subscribers who did
not receive messages

Therapist-guided web-based therapy vs
newsletter received via email containing

7828.51 (8.7)46RCTb; quantitativeAl-Alawi et al
[18]

self-help information and tips to cope
with distress

Smartphone intervention (Serene) vs
waiting list

78.825.24 (8.74)165RCT; quantitativeAl-Refae et al
[22]

A web-based group CBTc intervention85.422.2 (4.9)175Pre and postintervention
evaluation; quantitative

Bantjes et al [23]

Smartphone app (CORE) vs waiting list83.837.89 (11.64)315RCT; quantitativeBen-Zeev et al
[24]

Web-based positive psychology interven-
tion (“Staying Home—Feeling Positive”)
vs no intervention

7833.07 (9.55)82Pre- and postintervention
evaluation; quantitative

Brouzos et al [25]

Written exposure therapy delivered via
telehealth

73.339.52 (13.57)15Pre- and postintervention
evaluation; mixed methods

Casas [26]

Mental health support telecounseling37.249.57 (15.23)643Pre- and postintervention
evaluation; mixed methods

Chandra et al
[27]

Daily coping toolkit intervention7545.33 (9.6)28Pre- and postintervention
evaluation; quantitative

Coifman et al
[28]

iCALM Telehealth Program vs waiting
list

Children:
72.5; parents:
75

Children=6.2 (1.8);
parents=38.39 (4.5)

40RCT; quantitativeComer et al [29]

AFFIRM online group vs waiting list17.722.3 (4.1)96Pre- and postintervention
evaluation; mixed methods

Craig et al [30]

The PATH program53.244 (15.2)2484Pre- and postintervention
evaluation; quantitative

Detweiler Guari-
no et al [31]

Received emotional freedom techniques
vs stayed comfortable in a calm and
tranquil environment

88.933.46 (9.6)72RCT; quantitativeDincer and
Inangil [32]

WhatsApp-based physical activity inter-
vention

Chil-
dren=42.9;
parents=64.2

Children=12.07; par-
ents=51.4

14Pre- and postintervention
evaluation; mixed methods

Esentürk and
Yarımkaya [33]

PsyCovidApp vs a general control app83.241.37 (10.4)482RCT; quantitativeFiol-DeRoque et
al [34]

Healthy-coping intervention via chatbot6820.6 (2.4)71Pre- and postintervention
evaluation; mixed methods

Gabrielli et al
[35]

Covid-Psy hotline8632.7 (11.0)149Postintervention evaluation;Geoffroy et al
[36]

A guided imagery mobile app8651.4 (14.7)99Pre- and postintervention
evaluation; mixed methods

Gordon et al [37]

Telehealth psychological interventionsPatient=56.3;
parents=92.9

Patients=22.5 (6.9);
parents=37 (6.3)

30Pre- and postintervention
evaluation; quantitative

Graziano et al
[38]

VA CONNECT1554.2 (11.95)20Pre- and postintervention
evaluation; mixed methods

Gromatsky et al
[39]
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Intervention vs control groupFemale, %Age (years), mean

(SD)a
Sample size, nDesign and study typeAuthor and year

Self-compassion writing induction con-
dition vs a writing control condition (to
think about a negative event)

28.418.63 (0.75)95RCT; quantitativeGuan et al [19]

Web-based education program vs no in-
tervention

84.1Intervention=47.0 (4.3),
control=46.6 (4.2)

508Pre- and postintervention
evaluation; quantitative

Guo et al [40]

Intensive cognitive processing thera-
py–based program

0—d2Pre- and postintervention
evaluation; mixed methods

Held et al [41]

Virtual partial hospital program52.239.04 (16.15)23Postintervention evaluation;
mixed methods

Hom et al [42]

Mindfulness-based intervention vs wait-
ing list

55.133.06 (6.02)49RCT; quantitativeHosseinzadeh Asl
[43]

WeChat-based psychological interven-
tions vs conventional nursing

54.242.6 (15.8)48Pilot RCT; quantitativeHu et al [44]

Virtual group exercise67.463.4143Pre- and postintervention
evaluation; quantitative

Ibrahim et al [45]

COVID coach——49,287Postintervention evaluation;
quantitative

Jaworski et al
[46]

Receive calls vs no calls7969.1 (12.1)240RCT; quantitativeKahlon et al [47]

Web-based intervention group vs onsite
intervention

—44.5 (10.6)82RCT; quantitativeKaragiozi et al
[48]

Teleacupressure self-practice group vs
web-based communication group

56.2541.7 (13.8)80RCT; quantitativeKim [49]

Virtual reality——13 patients
and 11 staff

Postintervention evaluation;
mixed methods

Kolbe et al [50]

Eye movement desensitization and repro-
cessing intervention group

84Between 13 and 2450Pre- and postintervention
evaluation; quantitative

Lazzaroni et al
[51]

Robotic telemedicineHealthy volun-
teers=50; old-
er adults and
people with
dementia=0

Healthy volunteers=21-
59; older adults and
people with demen-
tia=not mentioned

Healthy volun-
teers=10; old-
er adults and
people with
dementia=1

Postintervention evaluation;
mixed methods

Lima et al [52]

Online intervention group82.544.1 (13)40Pre- and postintervention
evaluation; quantitative

Maldonado [53]

Mental health–informed lifestyle inter-
vention

8264.4 (4.3)11Pre- and postintervention
evaluation; quantitative

McKeon et al
[54]

Web-based CBT group4036.2 (9.5)5Pre- and postintervention
evaluation; quantitative

Nauphal et al
[55]

Texting intervention group70.146.9 (16.8)383Pre- and postintervention
evaluation; mixed methods

Ortiz et al [56]

Italia Ti Ascolto intervention group8633.20 (10.61)134Pre- and postintervention
evaluation; mixed methods

Parolin et al [57]

KANOPEE group65.143.52 (13.94)2069Pre- and postintervention
evaluation; quantitative

Philip et al [58]

Adult Transitions Program teletherapy
group

8636.6 (13.4)76Pre- and postintervention
evaluation; quantitative

Puspitasari et al
[59]

Brief CBT for suicide prevention0—1Pre- and postintervention
evaluation; mixed methods

Rojas et al [60]

Text4Hope intervention group8844.58 (13.45)2032Postintervention evaluation;
quantitative

Shalaby et al [61]

A short-term digital group vs a waitlist
control group

—72 (5.63)82Pilot RCT; quantitativeShapira et al [62]
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Intervention vs control groupFemale, %Age (years), mean

(SD)a
Sample size, nDesign and study typeAuthor and year

iCBTe group during COVID-19 vs iCBT
group before COVID-19

67.137.83 (12.64)904Pre- and postintervention
evaluation; quantitative

Sharrock et al
[63]

Mobile internet CBT group vs a waitlist
control group

6934.64 (9.11)129Pre- and postintervention
evaluation; quantitative

Song et al [64]

COVID-19 helpline group7332497Postintervention evaluation;
quantitative

Sosa Lovera et al
[65]

Ajivar activities intervention + routine
mental wellness instruction group vs
group that received routine mental well-
ness instruction

6919.9 (1.94)99Pre- and postintervention
evaluation; quantitative

Sturgill et al [66]

MoST-MHf Intervention vs enhanced
usual care group

86.518.7 (0.46)52Pilot RCT; quantitativeSuffoletto et al
[67]

Gro Health app users59.349.6 (9.24)273Pre- and postintervention
evaluation; quantitative

Summers, Wu,
and Taylor [68]

Mindfulness-based mHealthg group vs
social support–based mHealth group

73.722.21 (2.67)114Pilot RCT; mixed methodsSun et al [69]

Eye Movement Desensitization and Re-
processing intervention group

10033.2 (4.10)17Pre- and postintervention
evaluation; quantitative

Tarquinio et al
[70]

18 therapists and 12 parents of children

with ASDh
——30Postintervention evaluation;

quantitative
Vallefuoco et al
[71]

Internet-based group mental health inter-
vention

6638.67 (13.06)89Pre- and postintervention
evaluation; quantitative

van Agteren et al
[72]

ASD-PEDS intervention group23Children=27.54 months
(5.36 months)

Children: 204;
clinicians: 9

Postintervention evaluation;
mixed methods

Wagner [73]

Web-based psychological intervention
vs waiting list

81.646 (13.50)670RCT; mixed methodsWahlund et al
[74]

COMET intervention72.9931.04 (8.91)189Pre- and postintervention
evaluation; quantitative

Wasil et al [75]

An internet-based integrated intervention
vs support care

38.544.65 (12.09)26RCT; quantitativeWei et al [17]

Group teletherapy—26.9 (4.8)7Postintervention evaluation;
mixed methods

Wood et al [76]

iCBT group68.573.39 (7.37)137Pre- and postintervention
evaluation; quantitative

Ying et al [77]

iCOPE679.5627Pre- and postintervention
evaluation; mixed methods

Zepeda et al [78]

WeChat-based psychological interven-
tions vs waitlist group

47.150.12 (6.79)57Pilot RCT; quantitativeZhang et al [79]

Telehealth program vs partial in-person
program before the COVID-19 outbreak

67.537.1 (14)480Postintervention evaluation;
quantitative

Zimmerman et al
[80]

Web-based CBT + treatment as usual vs
treatment as usual

10031.8 (4.40)403RCT; quantitativeVan Lieshout et
al [81]

aWhere mean (SD) was not available in the original study, mean or ranges were used where applicable.
bRCT: randomized controlled trial.
cCBT: cognitive behavioral therapy.
dNot applicable.
eiCBT: internet-based congnitive behavioral therapy.
fMoST-MH: Mobile Support Tool for Mental Health.
gmHealth: mobile health.
hASD: autism spectrum disorder.
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Qualitative Synthesis of Results

Overview
This section summarizes the findings from 65 studies that
reported the feasibility, acceptability, and effectiveness of digital
mental health services during the COVID-19 pandemic. The
synthesis was organized according to the type of digital

technique used. Table 2 presents a summary of usability,
feasibility, acceptability, and efficacy by the types of techniques
in high-income countries and LMICs. Table S1 (Multimedia
Appendix 3 [17-81]) presents summaries of individual studies
on mental health interventions and major findings and their
measurements.
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Table 2. Summaries of usability, feasibility, acceptability, and efficacy by type of techniques in high-income countries (HICs) and low- and middle-income
countries (LMICs).

EfficacyAcceptabilityFeasibilityUsabilityTechniques and
groups

Videoconferencing platforms

—aHICs
(n=11)

• Nine studies reported psychother-
apy improved depressive levels
and 5 studies found improved

• Five studies reported high
levels of overall satisfac-
tion.

• Three studies reported
a completion rate be-
tween 92% and 100%.

anxiety symptoms.• Three studies reported
qualitative feedback of • One study found no effects on

decreasing anxiety symptoms.highly perceived bene-
fits.

• Three studies reported
technology-related
challenges.

—LMICs
(n=5)

• Three studies reported improve-
ments in depressive symptoms
or negative effects.

• One study reported high
levels of satisfaction.

• Two studies reported
the mean attendance
ranges from 6.4 (SD
2.8) to 10.26 (SD • Two studies reported no effects

on decreasing depression levels.7.02).

Web-based programs

HICs
(n=17)

• Eight studies reported improve-
ment in anxiety symptoms and
anxiety-related social impair-

• Five studies reported high
satisfaction.

• Five studies reported
the completed rate
ranged from 30.5% to

• Two studies reported a
significant increase in
registered users. • One study reported that

acceptability scores were ment neither with nor without85%.• One study reported a
high rating in usability. controls.significantly better than• Three studies reported

retention rate, which average. • Two studies indicated no effects
on reducing anxiety.ranged from 30.5% to • Three studies reported

high acceptability and rat-85%. • Five studies indicated improve-
ment in depression symptomsed the interventions as ac-• One study reported

high attrition rate of ceptable, helpful, appropri- and depression severity.
ate, and positive.13%. • One study reported no difference

in depressive symptoms when• One study reported
strong attendance. compared with onsite groups.

• Three studies reported improved
stress-related symptoms.

• Two studies reported
that retentions were
strong. • Two studies reported reductions

in COVID-19–related worry.• Two studies reported
high ratings of feasibil- • One study indicated improve-

ments in insomnia.ity, and one study re-
ported technical diffi-
culty.

LMICs
(n=4)

• Four studies indicated improve-
ment in anxiety symptoms nei-
ther with no controls nor control

• One study reported high
ratings of acceptability
and the other a high level

• One study reported a
completion rate of
87.4%.

• One study reported the
mean time spent was
35.63 (SD 25.41) min.

groups.of satisfaction.• One study reported
high attendance and • Two studies reported improve-

ment in depressive symptomshigh retention rates
(91.2%). with no controls.

• One study reported a reduction
in stress and burnout.

Smartphone apps

HICs
(n=11)

• Four studies reported reduced
depressive symptoms compared
with the preintervention and

• Two studies rated the inter-
vention as acceptable, and
2 studies rated the interven-

• One study reported the
number of days re-
tained was 42.44 (SD

• Two studies reported
high usability scores.
Two studies reported

waitlist groups.tion as satisfied.44.40).user engagement. The
time ranged from 36.7 • Five studies reported similar

improvements in anxiety symp-
•• One rated the intervention

as good.
Three studies reported
a retention rate thatmin over 12 weeks to

1424 min over 14 toms compared with the preinter-ranged from 28.3% to • One rated the intervention
as helpful.85.7%.weeks. vention, waitlist group, and a

control app with limited access
to psychoeducational content.
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EfficacyAcceptabilityFeasibilityUsabilityTechniques and
groups

• Two studies reported improve-
ments in depressive symptoms,
insomnia, psychological flexibil-
ity, and self-compassion, either
with no controls or in compari-
son with the waitlist group.

• One study indicated high
satisfaction and would
recommend the service.
One study reported helpful
and enjoyable.

——LMICs
(n=3)

Texting

• Four studies reported an im-
proved mood rating was ob-
served at posttreatment assess-
ment either with or without the
control group.

• One study reported a high
level of overall satisfac-
tion.

• Two studies reported a
completion rate of 16%
and 78%, respectively.

• One study reported
high usability.

HICs (n=5)

————LMICs
(n=0)

Social media

• One study reported an effect on
psychological distress, quality
of life, functioning, loneliness,
and physical activity without a
control group.

• One study reported high
acceptability.

• One study reported
high retention.

—HICs (n=1)

• Two studies reported improve-
ments in anxiety and depressive
symptoms when compared with
either the usual care or the wait-
list group.

——• One study reported an
average user time of
18.7 hours.

LMICs
(n=2)

Hotline and telephone calls

• One study reported improve-
ments in loneliness, depression,
anxiety, and general mental
health.

—• One study reported a
dropout rate of 7.5%.

• One study reported
5.73 (SD 3.22)
calls/day.

HICs (n=2)

—• One study reported high
satisfaction, and the partic-
ipants would use again,
and would recommend it
to others.

——LMICs
(n=1)

Robotic telemedicine and VRb

• One study reported a decrease
in anxiety symptoms and stress
symptoms.

• One study reported high
satisfaction.

• One reported a comple-
tion rate of 58%.

• One study reported an
average of 78 (SD
24.8) times.

HICs (n=2)

——• One study reported the
need to adjust some
features.

• One study reported an
overall positive impres-
sion of the multimodal
robotic system.

LMICs
(n=1)

aNo evidence found.
bVR: virtual reality.

Web-Based Programs
Overall, 21 (32.3%; 5480/67,884, 8.1% out of total participants)
out of the 65 studies included in this scoping review used
web-based programs. In 17 studies that were conducted in
high-income countries, a significant increase in registered users

(n=2) and a high rating in usability (n=1) were reported. The
completion rate ranged from 30.5% to 85% (n=5); the retention
rate ranged from 30.5% to 85% (n=3); and the attrition rate was
13% (n=1). Quality checks of feasibility reported strong
attendance (n=1), strong retentions (n=2), and high ratings of
feasibility (n=2). Studies presented preliminary support for the

JMIR Public Health Surveill 2023 | vol. 9 | e43730 | p.237https://publichealth.jmir.org/2023/1/e43730
(page number not for citation purposes)

Zhong et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


feasibility of web-based programs yet with possible technical
difficulty (n=1). In terms of acceptability, there was high
satisfaction (n=5); the interventions were perceived to be
acceptable, helpful, appropriate, and positive (n=3); and the
acceptability scores were significantly better than average (n=1).
Most studies, either when no control group is involved or when
compared with the control group, reported improvements in
anxiety symptoms and anxiety-related social impairment (n=8),
while no effects on reducing anxiety were reported as well (n=2).
The same patterns were found in outcomes measuring
depression. Most studies reported improvements in depressive
symptoms and depression severity (n=5), and there was no
difference in depressive symptoms when the intervention group
was compared with onsite groups (n=1). Improvements in
stress-related symptoms (n=3), COVID-19–related worry (n=2),
and insomnia (n=1) were identified.

In 4 studies conducted in LMICs, the mean time spent was 35.6
(SD 25.4) minutes (n=1) and the completion rate was 87.4%
(n=1). High attendance and high retention rates (91.2%) were
reported (n=1). With regard to acceptability, high ratings of
acceptability and a high level of satisfaction (n=2) were reported.
Studies, either when no control group is involved or when
compared with the waitlist group, reported improvements in
anxiety symptoms (n=4); some studies reported improvements
in depressive symptoms (n=2), and 1 study reported reduction
in stress and burnout.

Videoconferencing Platforms
Among the 65 studies, 16 (24.6%; participants: 1973/67,884,
2.9%) used teleconferencing platforms, including Zoom
[30,39,49,55,59,60,62,72,73,81], Skype [25], Microsoft Teams
[1,49], Google Meet [45], Tencent Meeting [19], and other
platforms [41,42]. In 11 studies that were conducted in
high-income countries, a completion rate between 92% and
100% (n=3), qualitative feedback of high perceived benefits
(n=3), and technology-related challenges (n=3) were reported
in terms of feasibility. High levels of satisfaction were reported
(n=5). Studies reported improvements in depressive levels (n=9)
and anxiety symptoms (n=5). No effects on decreasing anxiety
symptoms were reported in one study. In 5 studies conducted
in LMICs, the mean attendance ranged from 6.4 (SD 2.8) to
10.26 (SD 7.02; n=2). High levels of satisfaction (n=1) were
reported. There were improvements in depressive symptoms
and negative affect (n=3), yet no effects on decreasing
depression levels were identified (n=2). No evidence was found
in usability for LMICs or high-income countries.

Smartphone Apps
Of the 65 studies, 14 (21.5%; participants: 53,786/67,884;
79.2%) developed smartphone apps to deliver mental health
services. In 11 studies conducted in high-income countries,
studies reported high usability scores (n=2), and user
engagement time ranged from 36.7 minutes over 12 weeks to
1424 minutes over 14 weeks (n=2). Feasibility was reported in
terms of the average number of days retained (mean 42.4, SD
44.4; n=1), and the retention rate ranged from 28.3% to 85.7%
(n=3). In terms of acceptability, the interventions were rated as
“acceptable” (n=2), “satisfied” (n=2), “good” (n=1), and
“helpful” (n=1). Studies reported a reduction in depressive

symptoms compared with the preintervention and waitlist group
(n=4). Similar improvements were reported in anxiety symptoms
compared with preintervention, waitlist group, and a control
app with limited access to psychoeducational contents (n=5).
In 4 studies in LMICs, no evidence was found for usability and
feasibility. Acceptability was reported as high satisfaction (n=1)
and helpful and enjoyable (n=1). There were improvements in
depressive symptoms, insomnia, psychological flexibility, and
self-compassion, either when no control group is involved or
when compared with the waitlist group (n=2).

SMS Text Messaging
Of the 65 studies, 5 (7.7%; participants: 5537/67,884, 8.1%)
used the SMS text messaging technique. All studies were
conducted in high-income countries. Studies reported high
usability of ecological momentary intervention (n=1), and the
completion rate ranged from 16% to 78%. An overall high
satisfaction was reported (n=1). Studies suggested that an
improved mood rating was observed at posttreatment
assessments either with or without the control group (n=4). No
evidence was found of studies conducted in LMICs for the
technique of SMS text messaging.

Social Media
The use of social media as a technique to deliver mental health
services was described in 3 (4.6%; participants: 116/67,884,
0.2%) out of 65 studies [44,54,79]. In one study conducted in
high-income countries, high retention, high acceptability, and
an effect on multiple outcomes (psychological distress, quality
of life, functioning, loneliness, and physical activity) were
reported (n=1). In the 2 studies conducted in LMICs, an average
user time of 18.7 hours (n=1) was reported. Evidence suggested
improvements in anxiety and depressive symptoms when
compared with either usual care or the waitlist group (n=2). No
evidence was found for other outcomes.

Hotline and Telephone Calls
Of the 65 studies, 3 (4.6%; participants: 886/67,884, 1.3%)
reported using hotlines and telephone calls to deliver mental
health services during the COVID-19 pandemic [36,47,65]. In
2 studies conducted in high-income countries, an average of
5.73 (SD 3.22) calls per day was reported (n=1). A dropout rate
of 7.5% was reported (n=1), and there were improvements in
loneliness, depression, anxiety, and general mental health, as
reported in the same study (n=1). In one study that was
conducted in LMICs, participants reported high satisfaction and
mentioned that they would use the service again and would
recommend it to others (n=1). No evidence was found in terms
of usability, feasibility, or efficacy for the techniques of hotline
and telephone calls by the studies conducted in LMICs.

Robotic Telemedicine and VR
Of the 65 studies, 3 (4.6%; participants: 106,67,884, 0.2%) used
robotic telemedicine and VR. Two studies conducted in
high-income countries reported an average use of 78 (SD 24.8)
times (n=1) and a completion rate of 58% (n=1). High
satisfaction was reported (n=1). Evidence suggested a decrease
in anxiety symptoms and stress symptoms for all participants
after the intervention (n=1). In 1 study conducted in LMICs, an
overall positive impression of the multimodal robotic system

JMIR Public Health Surveill 2023 | vol. 9 | e43730 | p.238https://publichealth.jmir.org/2023/1/e43730
(page number not for citation purposes)

Zhong et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


was reported (n=1), yet the need to adjust some features was
suggested (n=1). No evidence for acceptability or efficacy was
found by studies conducted in LMICs.

Meta-analyses
Of the 65 studies, 15 (23.1%) that reported depressive symptoms
were included in the meta-analysis. Digital mental health
interventions were associated with a small significant reduction
in depressive symptoms (SMD −0.49, 95% CI −.74 to −.24;

P<.001; Figure 2) with substantial heterogeneity (I2=87%, 95%
CI 80%-91%; Q=107.57; P<.001).

The effectiveness of digital mental health interventions on
anxiety symptoms was reported in 15 RCTs. The pooled SMD
showed a moderate and significant effect of these interventions
in reducing anxiety symptoms (SMD=−0.66, 95% CI −1.23 to

−.10; P=.02; Figure 3) with substantial heterogeneity (I2=93%,
95% CI 90%-95%; Q=207.22; P<.001).

We examined the sources of heterogeneity by studying
covariates across studies (Tables 3 and 4). Subgroup analyses
revealed that reduced depressive symptoms were associated
with the measurement of depression (using Depression Anxiety
Stress Scales-21: SMD=−0.13, 95% CI −0.31 to 0.06 vs other
measurements: SMD=−0.61, 95% CI −0.91 to −0.30; Q=7.04;
P=.008). Reduced anxiety symptoms were not associated with
sample size, location, measurement of anxiety, duration of
follow-up, or the duration of intervention.

Meta-regression analyses are reported in Multimedia Appendix
4. There was no significant association between SMDs of
depression and sample size, age, and proportion of females in
the study population. Meta-regression analyses did not reveal
differences in the SMDs of anxiety depending on sample size,
age, and proportion of females in the study population.

For the main analyses of depression and anxiety, we observed
evidence of funnel plot asymmetry, which could suggest no
publication bias (Egger test: P=.57 and P=.50, respectively;
Multimedia Appendix 5).

Figure 2. Effectiveness of digital mental health interventions in reducing depressive symptoms. BDI-II: Beck Depression Inventory-II; BSI: Brief
Symptom Inventory; CCAPS: College Counseling Center Assessment of Psychological Symptoms; DASS-21: Depression Anxiety Stress Scales-21;
EPDS: Edinburgh Postnatal Depression Scale; HAMD: Hamilton Rating Scale for Depression; MADRS-S: Montgomery Åsberg Depression Rating
Scale-Self rated; PHQ: Patient Health Questionnaire; and SDS: Self-rating Depression Scale; SMD: standardized mean difference.

Figure 3. Effectiveness of digital mental health interventions in reducing anxiety symptoms. BDI-II: Beck Depression Inventory-II; BSI: Brief Symptom
Inventory; CBCL: Child Behavior Checklist; CCAPS: College Counseling Center Assessment of Psychological Symptoms; DASS-21: Depression
Anxiety Stress Scales-21; GAD-7: Generalized Anxiety Disorder-7; HAMA: Hamilton Anxiety Rating Scale; SAS: Self-rating Anxiety Scale; SMD:
standardized mean difference; and STAI: State-Trait Anxiety Inventory.

JMIR Public Health Surveill 2023 | vol. 9 | e43730 | p.239https://publichealth.jmir.org/2023/1/e43730
(page number not for citation purposes)

Zhong et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 3. Effect size of digital mental health services for reducing depressive symptoms during the COVID-19 pandemic according to study characteristics.

P valueQSMDa (95% CI)Studies, nGroup

.860.03Sample size

−0.51 (−0.86 to −0.16)8≥81

−0.46 (−0.84 to −0.09)7<81

.0087.04Measurement of depression

−0.13 (−0.31 to 0.06)4DASS-21b

−0.61 (−0.91 to −0.30)11Other measurementsc

.520.41Location

−0.53 (−0.83 to −0.24)11High-income countries

−0.35 (−0.82 to 0.10)4Low- and middle-income countries

.271.23Duration of follow-up

−0.55 (−0.84 to −0.26)12Short-term

−0.28 (−0.66 to −0.09)3Long-term

.360.84Duration of intervention

−0.56 (−0.90 to −0.23)10≥4 weeks

−0.34 (−0.68 to −0.02)5<4 weeks

aSMD: standardized mean difference.
bDASS−21: Depression Anxiety Stress Scales-21.
cOther measurements include Beck Depression Inventory-II, Brief Symptom Inventory, College Counseling Center Assessment of Psychological
Symptoms, Edinburgh Postnatal Depression Scale, Hamilton Rating Scale for Depression, Montgomery Åsberg Depression Rating Scale—Self rated,
Patient Health Questionnaire, and Self-rating Depression Scale.
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Table 4. Effect size of digital mental health services for reducing anxiety symptoms during the COVID-19 pandemic according to study characteristics.

P valueQSMDa (95% CI)Studies, nGroup

.620.24Sample size

−0.54 (−1.01 to −0.07)7≥81

−0.85 (−1.99 to 0.29)8<81

.480.49Location

−0.49 (−0.66 to −0.13)10High-income countries

−1.17 (−3.02 to 0.68)5LMICsb

.950Measurement of anxiety1

−0.68 (−1.31 to −0.04)5GAD-7c

−0.71 (−1.61 to 0.19)10Other measurementsd

.152.06Measurement of anxiety2

−0.23 (−0.38 to −0.08)4DASS-21e

−0.85 (−1.68 to −0.02)11Other measurements

.291.14Duration of follow-up

−0.80 (−1.55 to −0.06)12Short-term

−0.29 (−0.86 to 0.29)3Long-term

.450.58Duration of intervention

−0.47 (−0.91 to −0.04)9≥4 weeks

−1.07 (−2.56 to 0.41)6<4 weeks

a SMD: standardized mean difference.
bLMICs: low- and middle-income countries.
cGAD-7: Generalized Anxiety Disorder-7.
dOther measurements including Beck Anxiety Inventory, Brief Symptom Inventory, Child Behavior Checklist, College Counseling Center Assessment
of Psychological Symptoms, Hamilton Anxiety Rating Scale, Self-rating Anxiety Scale, and State-Trait Anxiety Inventory.
eDASS−21: Depression Anxiety Stress Scales-21.

Risk of Bias Assessments
For the meta-analysis, we evaluated the risk of bias for the
included RCTs, and the results are presented in Multimedia
Appendix 6 [22,24,29,32,34,43,44,47-49,62,67,69,74,79,81].
Overall, the included studies showed low risk of bias. Of the
16 RCTs included, 6 (38%) studies were rated “low” risk; 7
(44%) studies were rated “some concerns”; and 3 (19%) studies
were rated “high” risk. Owing to the absence of previously
published analysis plans, bias in reporting was assessed as “some
concerns” for all 16 studies.

Discussion

Principal Findings
To our knowledge, this is the most comprehensive review of
the evidence examining the feasibility, acceptability, and
efficacy of digital mental health services during the COVID-19
pandemic. The 65 studies identified in the scoping review
reported using videoconferencing platforms, web-based
programs, smartphone apps, SMS text messaging, social media,
hotline, robotic telemedicine, and VR to deliver mental health
services among 67,884 participants across 18 countries.
Psychotherapy, psychoeducation, and psychological support

were among the most common mental health services delivered
during the infectious disease outbreak. Overall, digital mental
health services delivered during the initial phase of COVID-19
were usable, feasible, and acceptable and improved
psychological well-being in participants across the included
studies in high-income countries and LMICs. Sixteen RCTs
that reported comparable outcomes, including for depression
or anxiety, were systematically reviewed and meta-analyzed.
The results indicated that digital mental health interventions
were significantly associated with a small reduction in
depressive symptoms and a moderate reduction in anxiety
symptoms. The significance and effect sizes of the interventions
differed among the measurements of the depression.

Our study suggested that the feasibility, acceptability, and
effectiveness of digital mental health services during the
pandemic were similar to those before the pandemic [82,83],
indicating the potential for digital intervention to respond to the
mental health needs of the people during the pandemic. These
needs include addressing mental health problems among people
experiencing COVID-19–related symptoms of anxiety,
depression, and stress; patients with suspected or confirmed
COVID-19; health workers; and patients with preexisting mental
disorders. The advantages of digital mental health services in

JMIR Public Health Surveill 2023 | vol. 9 | e43730 | p.241https://publichealth.jmir.org/2023/1/e43730
(page number not for citation purposes)

Zhong et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


promoting psychological well-being depend on the ability to
overcome the physical distance between people with mental
health needs and providers and increasing the accessibility of
mental health services. Although the use of digital mental health
services has long been advocated, it has not yet been widely
adopted because of a lack of support from both service users
and health care professionals. In most nations, the situation has
changed after the COVID-19 pandemic [84]. In China, for
example, increased use of web-based mental health assessments,
psychoeducation, and psychological counseling were observed
during the COVID-19 pandemic [85].

Different strategies should be used for applying suitable
techniques to digital mental health services. In our review, we
found that smartphone app outreach was used by most service
users (79.2%). Individuals with mild to moderate mental health
symptoms, which may be addressed by psychosocial support
and psychological interventions based on a stepped-care
approach, are the target populations for the expanded use of
smartphone apps to improve the delivery of mental health
services. The technology with broad reach could also be used
for psychoeducation [46], which is necessary for the support
and prevention of mental disorders. Previous research has found
that using apps or other web-based treatments for the older adult
population can be challenging. Our study found that older adults
have positive attitudes toward and may benefit from the
electronic device–based mental health services, including
videoconferencing platforms [45,62], social media [54], and
web-based programs [77]. We suggest that smartphone apps
and other web-based interventions should be considered for the
older age population if technical assistance could be provided
for people with difficulties with these devices. Telephone calls
that are easy to use should also be considered for older adults
[47].

The use of digital mental health services was reported across
high-income countries and middle-income countries, but there
were no studies from low-income countries. Digital mental
health services have great potential in LMICs because of the
limited availability of mental health services to cover the
population needs [86] along with diminished health system
capacity during the pandemic. Promising findings were reported
for digital mental health services (videoconferencing platforms,
web-based programs, and smartphone apps) in most high-income
countries and some middle-income countries. However, these
techniques rely on the internet and may be difficult to replicate
in low-income areas. In addition, limited studies have examined
the use of SMS text messaging and telephone calls in
middle-income countries. Techniques that do not rely on the
internet are a priority in low-resource areas. For instance, owing
to their great accessibility and low cost of use, SMS text
messaging and hotline might be considered for use in
resource-limited or isolated locations. The benefits of delivering
digital mental health services in remote and low-resource areas,
in terms of potential impact and resource savings, must be
considered alongside the feasibility of achieving high coverage
of mental health services.

The finding that digital mental health services are associated
with the amelioration of anxiety and depressive symptoms is
consistent with previous evidence examining their effects [9,87].

Subgroup and meta-regression analyses allowed us to identify
the effects of the study and population characteristics. For
instance, there was no evidence of differences in SMD based
on sample size. We found that depression measures contributed
to heterogeneity. The posttreatment effects of digital mental
health interventions differed from Depression Anxiety Stress
Scales-21 (DASS-21) and other measurements. Although the
current evidence supports the short-term effectiveness of most
digital mental health services, a few studies have evaluated
long-term outcomes after the interventions [43,69,79]. The
long-term benefits of receiving digital mental health services
should be assessed through practical evaluations. Along with
the viability of reaching high coverage, it is important to weigh
the potential impacts and resource savings of providing digital
mental health care in rural and underresourced regions.

Our review sheds light on future research. First, further efforts
should be focused on how digital mental health services can be
integrated with existing traditional treatment modalities to form
a complementary and integrated service model. In particular,
the integration of medication and digital services remains to be
further validated for safety and feasibility. Second, most studies
included in our review were digital psychotherapy interventions,
suggesting that digital technologies may have facilitated the
accessibility of psychotherapy during the pandemic. We found
evidence supporting the efficacious delivery of psychotherapies,
either guided [62,77] or self-help therapy [31,34,64,74]. In a
study by Al-Alawi et al [18], therapist-guided web-based therapy
was associated with greater effectiveness than self-help therapy
for people with anxiety and depressive symptoms during the
COVID-19 pandemic. Future studies should focus on
determining whether people require a guided web-based
psychotherapy approach and promote individualized treatment
to ensure the optimal allocation of treatment resources. Third,
despite the diversity of mental disorders, only a few are covered
in this review. Depression and anxiety were the most common
outcomes measured. Thus, the role of digital services for many
severe mental illnesses, including schizophrenia and bipolar
disorder, needs to be further examined.

Our study has implications for policy development in health
care. During a pandemic, digital mental health technology can
be used as a backup to address psychological demands and
broaden service coverage. We urge policy makers to create
future industry regulatory laws so that the digital health sector
can grow in a way that provides security and effectiveness
testing. The development of digital health infrastructure,
including information transmission facilities and technical
testing methods for data security issues, is also a crucial
prerequisite for the future development of digital mental health.
If digital mental health services are to continue, there is a need
to specify the minimum level of privacy and security that is
acceptable. For example, in the United States, digital mental
health services have rapidly made changes in response to
policies and regulations concerning confidentiality and privacy
to promote telehealth delivery of care [88].

Limitations
Our study has several limitations that should be noted. First,
owing to the nature of our research question, the scoping review
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demonstrated substantial heterogeneity. In the pool of included
studies, there was a high heterogeneity in terms of study design,
type of techniques, type of mental health services, intervention
components, target conditions, populations, and outcomes. Most
studies did not have comparisons, and their effectiveness
remains to be examined in future studies. For meta-analyses,
we found only a few factors that contribute to heterogeneity
between studies. The subgroup analyses were based on outcomes
and limited by the variations in the type of techniques and type
of mental health services. As a result, the findings should be
interpreted with caution and read in terms of implications for
future research.

Second, most participants in our scoping review were from
high-income nations, primarily the United States and European
countries. There is an urgent need for more independent research
that examines the viability, acceptability, and efficacy of digital
mental health as a response to pandemics in LMICs, particularly
in low-income countries.

Third, although the current evidence supports the short-term
effectiveness of most digital mental health services, only 2
studies have evaluated the long-term outcomes. A practical
evaluation of the long-term benefits of digital mental health
services should be undertaken, particularly in urban contexts.

Fourth, this study did not include preprint servers in the search,
which may lead to the overestimation of our findings. However,
a methodological research study of systematic reviews and
meta-analyses revealed that including unpublished data (such
as preprints) may add new sources of bias, although it does not

change the results of reviews [89]. In addition, there is a
possibility that the findings in preprints will be changed further,
which leads to the results of the review being amended as well.

Finally, the target of this study was to evaluate the usability,
feasibility, acceptability, and initial efficacy of digital mental
health services in the initial phase of the pandemic. Therefore,
we limited the data search to the first 2 years of the pandemic.
We recommend that future studies should assess whether these
services will remain the same or be further refined during other
phases of the pandemic.

Conclusions
In summary, we have reported a range of digital mental health
services delivered during the initial phase of the COVID-19
pandemic. We found that digital mental health services were
usable, feasible, acceptable, and effective in response to mental
health needs in the initial phase of pandemic across high-income
countries and middle-income countries. Our findings also
highlight the amelioration of depressive and anxiety symptoms
based on the pooled results of the RCTs. To date, the strategies
to lessen the COVID-19 pandemic’s negative impacts on mental
health remain a subject of much debate. We suggest that policy
makers develop, implement, and assess different strategies for
addressing the long-term mental health needs of the pandemic
and its aftermath. Digital mental health services as novel
strategies for promoting psychological well-being can
purposively address physical barriers and provide a promising
element for future integrated mental health service models in
the post–COVID-19 era.
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Abstract

Background: In the context of the digital transformation of all areas of society, health care providers are also under pressure
to change. New technologies and a change in patients’ self-perception and health awareness require rethinking the provision of
health care services. New technologies and the extensive use of data can change provision processes, optimize them, or replace
them with new services. The inpatient sector, which accounts for a particularly large share of health care spending, plays a major
role in this regard.

Objective: This study examined the influences of current trends in digitization on inpatient service delivery.

Methods: We conducted a scoping review. This was applied to identify the international trends in digital transformation as they
relate to hospitals. Future trends were considered from different perspectives. Using the defined inclusion criteria, international
peer-reviewed articles published between 2016 and 2021 were selected. The extracted core trends were then contextualized for
the German hospital sector with 12 experts.

Results: We included 44 articles in the literature analysis. From these, 8 core trends could be deduced. A heuristic impact model
of the trends was derived from the data obtained and the experts’ assessments. This model provides a development corridor for
the interaction of the trends with regard to technological intensity and supply quality. Trend accelerators and barriers were
identified.

Conclusions: The impact analysis showed the dependencies of a successful digital transformation in the hospital sector. Although
data interoperability is of particular importance for technological intensity, the changed self-image of patients was shown to be
decisive with regard to the quality of care. We show that hospitals must find their role in new digitally driven ecosystems, adapt
their business models to customer expectations, and use up-to-date information and communications technologies.

(JMIR Public Health Surveill 2023;9:e40622)   doi:10.2196/40622

KEYWORDS

digital transformation; digitization; health care provision; hospital; trends

Introduction

Background
Digital transformation is permeating all areas of society [1,2].
Scientific circles also refer to it as the Fourth Industrial
Revolution [3]. On the basis of the latest advancements in
medicine and in the context of general technological progress,
digital trends also influence the provision of services in health
care [4-7]. Health systems have become the focus of political

and social debates in industrialized Western countries for a
number of reasons [8,9]. Demographic developments have led
to an increase in life expectancy [10]. This increase in life
expectancy is primarily due to the medical-technical progress
in the past as well as the comprehensive access to health care
services in most high-income Western countries [11]. The result
is an expansion in the use of services with an upward trend [12].
Furthermore, high life expectancy and the associated decline in
the birth rate have led to a shift in the overall population
structure in recent decades [10,11]. Fewer younger people have
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to care for a growing proportion of older people. This is already
resulting in numerous bottlenecks [13]. Certain constraints
include the financing of increasing health and nursing care
services, the provision of comprehensive care even in less
populated regions, and the staffing of health and nursing care
facilities [14,15]. Owing to the personnel intensity of health
services, many industrialized Western countries are already
dependent on immigration for medical professionals. The use
of new technologies and digital applications can reduce the
financial and personnel burden on health care systems, especially
on inpatient care [4-6,16].

On the one hand, there are numerous current trends resulting
from digital transformation [17]. Artificial intelligence (AI),
data analytics, further automation and robotization, and cloud
computing or the Internet of Things (IoT) are driving digital
permeation in society and the economy [17-20]. This is also
accompanied by visionary technologies such as digital twins
for use in virtual worlds such as the metaverse [18,21]. These
trends are also creating a greater need for cybersecurity.

In contrast, general trends related to population health are
leading to changing framework conditions [12,13]. Leap
innovations in medicine and technological change, the
aforementioned aging population with a need for healthy aging,
the empowerment of the population, changing lifestyles, and
healthy nutrition are influencing current developments in health
care [22-24]. Environmental influences such as air pollution
and climate change are also creating pressure for action in some
health care fields [25-27]. As a result of these trends, various
questions are being asked to better assess and control future
developments. We make a special reference to German health
care delivery as the German hospital and health care system can
definitely be seen as a reference model for many other European
and international health care settings [28,29]. This study
considered the emerging trends for the future provision of care
in hospitals and beyond in a patient-centered or
outcome-oriented health care system that incorporates digital
technologies [30-32]. Figure 1 shows the relationships between
the general trends that have developed, with the purpose of
deriving the research question.

Figure 1. Derivation of the research objective. AI: artificial intelligence.

Objectives
Our central research question addressed how current trends in
digitization influence inpatient service delivery. We approached
this question in 3 steps. First, we identified the international
trends in digitization that have an impact on the hospital sector.
Second, we addressed the adaptation of these trends with regard
to the German hospital sector. Finally, we derived drivers and
barriers and concluded which developments result from these
trends.

Methods

Overview
We conducted a sequential study. Our mixed methods approach
consisted of a scoping review and a qualitative survey. Our

research design was based on 5 steps, as shown in Figure 2. The
first step involved fundamental data collection. This resulted
in the inclusion of studies, which was the starting point of our
analysis. In the second step, data extraction took place. The
available studies were compared, suitable classification features
were determined, and their contents were exploited. The third
step was data analysis and synthesis using a narrative approach,
resulting in core trends. In the fourth step, a classification,
verification, and discussion of the selected trends took place.
The data obtained were subjected to a deductive content
analysis. In the fifth step, a higher-level synthesis of both data
collection points was performed. A heuristic logic model was
used as an instrument.
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Figure 2. Research methodology.

Scoping Review

Search Strategy
The scoping review is reported according to the PRISMA
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guidelines [33]. Accordingly, the following
work stages were fulfilled: (1) definition of the research
question, (2) systematic search, (3) selection of relevant studies,
(4) data extraction, (5) data analysis and synthesis, and (6)
interpretation of the results. We conducted our scoping review
based on the extended current recommendations [34,35] and
presented the results of our search strategy in a flowchart (Figure
3). Between October 2020 and February 2021, we conducted a
systematic search of the following databases: PubMed,
MEDLINE, EconLit, EconBiz, and ScienceDirect. An initial
search was conducted in September 2020 to select an appropriate
search strategy. Our search was limited in time to the last 5
years. Papers published between 2016 and 2021 were included.
The inclusion of earlier papers would lead to bias in the results
as the consideration of trends is only meaningful over a
manageable period in the past [36,37]. The language was
restricted to English. After screening the titles and abstracts, all
articles dealing with future trends as well as those dealing with

inpatient care or the service provision of the health care system
and digitalization were included in the full-text search. In total,
2 reviewers performed the full-text screening according to these
inclusion and exclusion criteria. Disagreements were discussed
between the 2 reviewers to reach a consensus. In the case of a
possible disagreement, a third author was appointed.

Our scoping review referred to current and future trends related
to digital transformation on the one hand and service delivery
in hospitals on the other. The words “forecast” and “foresight”
were searched in combination with other terms (eg, “digital
transformation,” “digitization,” and “hospital”). The search
terms used in the various databases are shown in Multimedia
Appendix 1. In a further step, the reference lists were searched
backward for other relevant publications not listed in the
aforementioned databases. In our review, we also included
manuscripts that were recommended by authors or experts.
Some search terms were discarded in the process of developing
a search strategy. For example, the search terms “trend” or
“future” were not included as they were too nonspecific and
triggered too many irrelevant hits. The concept of service
provision also had to be differentiated more precisely. The
search strategy was ultimately refined to focus on hospitals.
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Figure 3. Flowchart of literature search strategy.

Inclusion Criteria
Articles were included if the following 3 factors applied: a
reference was made to the future or trends, a reference was made
to the terms “digital” or “technology,” and a reference was made
to inpatient service provision or hospitals. The documentation
is shown in Multimedia Appendix 2 [20,38-80]. Articles were
excluded if the terms “trend” or “future” were used to refer to
a possible new treatment or diagnostic procedure; the prediction
of the spread of disease; or specific developments in the fields
of brain, genetic, or biotechnology research. Very frequently,
the overall search showed the use of AI and machine learning
(117 studies); IoT, wearables, and mobile health apps (86
studies); or big data (70 studies). Publications from a medical
discipline or on medical indications were not included. The
most common indications were related to cardiovascular disease
(79 studies); oncology (96 studies); or imaging, particularly
radiology (89 studies). However, of these, 1 study was included
that was related to the organization of radiology departments
in hospitals. Psychiatric indications and mental health were also
not included in the study. Case studies and feasibility studies
related to individual countries or organizations were also
excluded, as were studies on trends in education and training
in clinical settings (eg, the future of medical staff training).
Publications related to the COVID-19 pandemic were not
included. In total, the search provided 77 studies linked to
COVID-19. The particular use of technology, such as blockchain
or cybersecurity, was only included when there was genuinely
a direct link to inpatient care. This occurred in only 1 case.

Study Inclusion
The identified articles from all databases were uploaded to the
EndNote software (Clarivate Analytics), and duplicates were
removed. In total, 2 researchers independently performed the
first step of the screening process based on titles and abstracts,
as reported in Multimedia Appendix 3. In the second step, 2
independent researchers carefully read the articles with available

full texts to decide which would ultimately be included in the
systematic review. Articles that met the eligibility criteria were
selected for inclusion in the systematic review. The reasons for
the exclusion of full-text articles were recorded and included
in the PRISMA flow diagram [33]. The reference lists of the
included articles were carefully searched by hand to identify
other appropriate articles. In total, 2 researchers independently
extracted the following data from each article: (1) study
identification (study author and year of publication), (2) main
trend of the study (technology, innovation, or process), and (3)
key statements of the study (fields of application, opportunities,
risks, and recommendations for action).

Any discrepancies that arose during the data extraction process
were clarified through discussion among the authors.
Subsequently, the extracted contextual factors were labeled
according to their topic, and the studies were summed up so as
to show the respective factors. In addition, the studies were
classified using 2D scales. The first dimension described the
inclusion of the user within the trend. The second dimension
related to the intersectoral component. Furthermore, the trend
factors were grouped into the 3 application fields: planning and
steering, core clinical processes, and communication and data
connection. For each of these areas, individual trend factors
were described as having an impact on inpatient care. Each
factor was double-checked by the 2 researchers, and
incongruities were resolved through discussion. We used a
narrative approach to synthesize the data [81]. Finally, the results
of the synthesis were presented in a trend chart to contextualize
the trends’ influences on other trends and illustrate the factors
affecting each trend. In addition, barriers that contributed to the
deceleration of the trends were extracted from the studies.

Expert Interviews
The identified trends were further processed for in-depth
analysis and verification. The transfer of the trends that were
extracted based on international scientific literature resulted in
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a qualitative survey of experts [82]. In this methodological
component of our study, we focused on the German setting.
Later, we will put these results back into a generalizable context
so that the findings can also be applied to a broad spectrum of
other countries. The expert interviews were conducted in the
form of semistructured, guide-based interviews [83]. The
interview guide was largely based on the identified core trends.
The experts were selected based on the 2 decisive criteria of
digitization experience in the health care sector and experience
in or knowledge of the area of service provision.

Experts from 4 specific groups were interviewed in equal
numbers: first, the group of inpatient care suppliers; second,
the group of digital service providers in the health care industry;
third, overarching institutions in the health care sector; and
fourth, the group of relevant scientists. The number of interviews
that needed to be conducted was not determined in advance.
After 12 interviews, information saturation was reached [84].
The guide was tested for suitability in advance in a pretest with
3 participants and adjusted before final use. The data generated
over the course of the interviews were analyzed deductively
[85,86] in a sense-reconstructive, interpretative manner. The
statements to be analyzed were compiled using the MAXQDA
software (VERBI GmbH). The data analysis was performed by
2 independent researchers following a theory-driven definition
of structuring dimensions to form the main categories and
subcategories. An iterative process was used to establish
definitions, identify anchor examples, and generate coding rules.
The generated codes were subjected to a reliability test in several
steps until the summary test of all the quality criteria was
completed.

Data Synthesis
The extracted data from the literature and the obtained research
data from the interviews were synthesized into a heuristic logic
model [87,88]. Heuristic logic models are used in designing
systematic review questions and collecting research results and
as analytical tools [89]. Analytical logic models demonstrate a
logical chain between inputs and outcomes. When the influences
of the overarching relationship are demonstrated, it may not be
necessary to examine all the individual components and their
connections. We show a logical sequence of effects, including
possible adverse effects, that influence inpatient care in a chain
of identified trend characteristics. The model was used to
illustrate the authoritative impact of the core trends on inpatient
service delivery. This enabled the sketching of a trend
development corridor and a more detailed description of the
impact relationships [90]. Finally, the decelerating factors were
also shown based on the data material.

Ethical Considerations, Informed Consent, and
Participation
The study did not meet the need for ethical review as it did not
involve special categories of personal data. All procedures
performed in this study were in accordance with the ethical
conducts of the General Data Protection Regulation and
Bundesdatenschutzgesetz (German implementation of European
Union regulations). Email invitations were sent to prospective
candidates. The invitation included an overview of the project
and the research scope. The voluntary nature and anonymity of

participation were pointed out, together with complete
information on the European Union General Data Protection
Regulation. We requested written informed consent from all
participants to record the interviews and use the information
provided in our research.

Results

Results of the Scoping Review
The search strategy identified 1344 articles from the 5 databases,
as shown in detail in Figure 3. After duplicates were removed,
76.64% (1030/1344) of the articles were retained for title and
abstract screening. A total of 74 articulated full-text articles
were read. After screening, 59% (44/74) of the studies
[20,38-80] met the eligibility criteria for this systematic review.

The main characteristics of the included studies are listed in
Multimedia Appendix 4 [20,38-80]. The classification into the
topic field was performed to categorize a rough content
assignment of the article. The core statements reflected the main
contribution of the article and were later used to categorize the
trends. The topic of AI and machine learning was addressed in
14% (6/44) of the studies [47,49,57,58,61,69] in different
contexts. A total of 30% (13/44) of the studies
[42,43,48,51,52,60,64,66,67,72,76,79,80] were originally related
to data-driven topics (eg, data-driven resource use). The change
in processes used by digitization was the subject of 25% (11/44)
of the studies [40,44,46,50,55,63,68,70,74,75,78]. Among other
things, processes in inpatient care that use electronic health
records played a role. Mobile apps and IoT were the subject of
14% (6/44) of the studies [20,39,41,59,62,71]. These studies
also showed close connections to data use and process redesign.
The use of robots in clinical settings was addressed in 7% (3/44)
of the studies [38,45,54]. The establishment of platforms or the
development of a digitally connected ecosystem was considered
more closely in 9% (4/44) of the studies [53,65,73,77]. A total
of 2% (1/44) of the studies dealt explicitly with personalized
medicine [56]. However, this topic was also addressed in
numerous other studies (eg, with the use of AI or IoT). In all
the studies, trends were described, and future developments
were derived from them. In addition, they identified problem
areas that will be compared at a later stage in this paper as
internal and external trend barriers. In some cases,
recommendations for action were derived or inferred from the
barriers.

From the included studies, 8 trends were identified that affect
hospitals as a result of digital transformations. For this purpose,
44 studies [20,38-80] were analyzed, the core topics were
classified, the most important technologies were pinpointed,
and the fields of application and hurdles were extracted, as
reported in Multimedia Appendix 5 [20,38-80] (Textbox 1).

The core trends are presented in Table 1. In addition to naming
the trends, the essence of each trend is described, as well as the
most important and relevant technologies and the affected
application fields within the hospital setting.

To illustrate the interrelationships between the individual trends,
we presented the connecting factors in a matrix according to
the number of times they were mentioned in the studies. Figure
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4 illustrates which trends have a close linkage and shows the
intensity with increasing red coloring. The closest links are
between trends 3 and 4, with 15 common factors. Dense
relationships were also evident between trends 4 and 7. Trend

1, in contrast, shows the fewest connections with other trends.
The matrix represents an initial basis for further processing in
the synthesis of the results, which will later also include the
results of the interviews.

Textbox 1. Trends identified from the systematic review.

Trend 1—changing the patient role

• Patients are taking on a new role in the entire care process from prevention to diagnosis and therapy. They participate in decision-making, generate
and use data, and have transparent information on diseases and available health care services. The most important technologies are the internet,
smart devices, and mobile health apps.

Trend 2—connected, integrated delivery of care

• Connected technologies and cross-provider data exchanges promote intersectoral collaboration. Providers exchange and share data across the
care process. Important technologies include electronic health records, the Internet of Things (IoT), and e-prescriptions.

Trend 3—data-driven resource allocation

• A data-based allocation of resources by means of predictive models enables the precise planning and control of care capacities. As a result,
available resources are better allocated and used across an organization. Consequently, waiting times can be reduced, and patient throughput can
be optimized. The most important technologies are data mining, machine learning, and predictive analytics.

Trend 4—performance optimization in primary processes

• The performance of core clinical processes in diagnostics and therapy is optimized. This involves using available data in real time to deploy
equipment, rooms, or personnel efficiently. Relieving systems are used for the staff. In addition, services are patient-centric to meet the individual
needs of patients within an institution. The most important technologies are electronic health records, machine learning, and assistive robots.

Trend 5—new information and communications media

• Emerging information and communications technologies are transforming the interactions between all stakeholders in the care process. They
promote information transfer and facilitate the understanding of complex interventions through visual media. The most important technologies
are avatars, mobile health, and IoT.

Trend 6—increased technological intensity

• The intensity of technology is increasing rapidly at all levels. The hospital is becoming a high-technology digital institution. Intensive data use
leads to intensified collaboration with digital service providers and the extensive use of software or algorithms. The most important technologies
are smart devices, robots, and cloud services.

Trend 7—outcome improvement and personalized treatments

• The quality of outcomes is rising in the context of increasing data use and the associated optimization of treatment procedures focusing on
predictive forecasting models for the early detection of diseases. The perspective of personalized diagnostics and therapy is at the heart of the
treatment process. The most important technologies are data analytics, machine learning, and predictive medicine.

Trend 8—emergence of new ecosystems

• Digital networking is leading to new providers and new business areas so that health care is evolving into an ecosystem in which established
service providers have to maintain their competitive position and find their role in providing care. Platforms for exchanging data and mediating
health care services play an important role in these ecosystems. The most important technologies are mobile health, machine learning, and
predictive analytics.
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Table 1. Identified trends in the scoping review.

Fields of applicationKey technologiesDescriptionCore trendTrend num-
ber

1 • Decision support [78]• Internet, smart devices,
and mobile health

• Patients have an active role
in the entire care process.

• Changing the patient role
• Increase in patient compli-

ance [63,71]They participate in decision-
making processes and have • Integration into the thera-

py and monitoring processcomprehensive transparency
in their own data and avail- [68]
able services.

2 • Integrated data exchange
between providers [77]

• EHRsa, smart devices,

IoTb, and e-prescrip-

• Service providers collaborate
without sector barriers. They
are connected to each other

• Connected and integrated de-
livery of care

• Full use of the EHR [46]
tionsand provide all necessary di- • Transmission of upstream

and downstream treatmentagnostic and therapeutic infor-
mation to one another. information [51,66]

3 • Process optimization
[42,48]

• Big data, machine
learning, data mining,

• The capacities of service
providers are optimally used.

• Data-driven resource alloca-
tion

EHR, HISsc, and pre-They analyze real-time data
and make decisions based on

• Planning and control of
resources by data-drivendictive analytics

currently available resources decision models
beyond their own institution. [44,48,52,55]

• Predictive forecasting for
capacity planning and the
identification of bottle-
necks and potential risks
[48,52,69,80]

4 • Development of personal-
ized treatment pathways

• EHRs, robotics, IoT,
machine learning, and

• Hospitals manage their inter-
nal processes efficiently and

• Performance optimization in
primary processes

[42,44]data platformsin a patient-centric manner.
They use technology to sup- • Optimization of diagnos-

tics and outcomes acrossport staff in diagnostics and
therapy decisions. the care continuum

[50,58,76,79]
• Robotics in several clini-

cal areas [38,45,54]

5 • Transfer media for data
exchange between

• Avatars, virtual reality,
augmented reality,

• Service providers are broad-
ening the range of informa-

• New information and commu-
nications media

providers and patientsEHRs, mobile health,tion and communications
[41,77]and IoTchannels. They create shared

and low-threshold ways to • Enhancing patient engage-
ment [68,78]convey information and meet

patients’ communication • Creation of new barrier-
free communication chan-needs.
nels [63]

6 • Expansion of the invento-
ry of hardware and techni-

• Smart devices, IoT,
robotics, machine

• Hospitals are deploying an
increasing number of techno-

• Increased technological inten-
sity

cal equipment [38,54]learning, and cloudlogical solutions. They are
servicesexploiting the potential of in- • Building partnerships with

digital service providersnovative technical applica-
tions and raising the level of [39,77]
technological complexity. • Connection to external

systems for permanent da-
ta exchange in real time
[48,57,77]
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Fields of applicationKey technologiesDescriptionCore trendTrend num-
ber

• Evaluation of incoming
monitoring data from pa-
tients [20,50,62]

• Connection to databases
and data platforms for the

training of AId [58,61,79]
• Individual therapies

[53,65,76]

• Big data, machine
learning, predictive an-
alytics, personalized
medicine, and 3D
printing

• The outcomes of patient care
are steadily improving. Early
detection and disease predic-
tion systems enable an opti-
mal treatment sequence ac-
cording to the personalized
needs of the patient.

• Outcome improvement and
personalized treatments

7

• Appointment management
[66]

• Reduction in waiting
times [46,79]

• Assignment of appropriate
experts [65,69]

• Distribution of available
materials [69,73]

• Switching on of suitable
gatekeepers [56,70]

• Digital platforms, mo-
bile health, machine
learning, and predictive
analytics

• Service providers are linked
together in an ecosystem to
provide care. They use plat-
forms to exchange data and
optimally allocate services to
the right place at the right
time.

• Emergence of new ecosys-
tems

8

aEHR: electronic health record.
bIoT: Internet of Things.
cHIS: health information system.
dAI: artificial intelligence.

Figure 4. Connections between the trends.

Results of the Expert Interviews
The qualitative approach to analyzing the impacts of trends
brought to light additional aspects aside from the findings from
the literature. On the basis of the core trends shown, Table 2
presents the positive and negative trend effects, conditions for

trend realization, and trend drivers. This made it possible to
describe additional characteristics for each individual trend,
enabling a holistic approach to the impact mechanisms of the
trends resulting from the digitization of inpatient care.

The changed patient role leads to an increase in transparency,
more patient autonomy, better opportunities for participation
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in the treatment process, and an expansion of self-competence.
However, in the case of an overload of information, this can
also lead to excessive demands or the communication of
incorrect information. Therefore, the decisive conditions are to
strengthen trust in acting institutions and make information
available through public authorities. The driving factors are
good health literacy and a high level of digital competence.
Connected and integrated cooperation between providers leads
to better access to health care services and faster data exchange
between them. However, this may lead to increased competitive
pressure, resulting in the exit of market players. The key
conditions for this trend are incentives to cooperate so that
individual providers are not disadvantaged. To achieve this,
compensation systems must be adapted so that
network-integrated collaboration is worthwhile and the
necessary interfaces for data exchange are available. Driving
factors include easy market access and existing supply gaps.
Data-driven resource allocation leads to increased efficiency,
a better use of capacity, and offsetting of skill shortages.
However, there are strong dependencies among service providers
regarding the extent to which they are willing to collaborate
and share information. The intensive exchange of data at various
levels between institutions can lead to data protection and data
security risks. The governing conditions include the availability
of data, interfaces, and technical expertise. The driving factors
include scarce capacities, high data density, and public data
platforms.

The performance optimization of core clinical processes leads
to higher productivity, increases in quality, and higher patient
and employee satisfaction. In contrast, there is a high internal
dependency on a wide range of factors and the need for a
continuous process of adaptation and optimization. The decisive
conditions are investments in new systems and the associated
qualifications of the workforce. Acceptance and openness are
essential for success. The driving factors are medical progress,
falling costs of innovations, and new job profiles. New
information and communications technologies are accompanied
by a change in patients’ need to interact with providers. They

lower communication barriers and lead to better information
delivery. For clinics, the wide range of media may result in
higher costs for their operation, and additional qualifications
may be necessary. The key conditions are an understanding of
communication needs and an acceptance of media use by all
stakeholders. The driving factors are the digital competencies
of all stakeholders and the current general societal trends in
media preferences. Increasing technology intensity ensures
higher productivity and compensates for a lack of skilled
workers. This is accompanied by greater complexity and the
associated requirements for cybersecurity and employee
qualifications. Comprehensive long-term investments and the
acquisition of new knowledge are required as decisive
conditions. The driving factors are technological progress and
rising patient expectations. The application of personalized
medicine leads to an improvement in outcomes as well as the
possibility of specialization and the opening up of new fields
of treatment. In contrast, there is an adjustment of care-oriented
business models, which, among other things, also include
prevention to a greater extent. The key conditions are high data
quality and availability, the market maturity of innovative
technologies, and confidence in new treatment procedures. The
driving factors are medical and technical progress as well as
the service offerings of competitors.

The emergence of new ecosystems has led to new
customer-centric health care services, an exploitation of the
potential of the platform economy, and the associated
opportunities to increase customer value. This creates new
competitive situations that can put pressure on providers and
lead to inappropriate power relationships among individual
market participants. The decisive conditions are an
understanding of digital ecosystems also on the part of the
legislator, transparency, and fair conditions on platforms for all
service providers. The driving factors are low barriers to market
entry, little regulation, and a strong focus on customer needs.
Figure 5 shows the trend correlations in a heuristic impact
model.
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Table 2. Trend characteristics from expert interviews in Germany.

Trend driversPrerequisitesNegative effectsPositive effectsCore trendTrend num-
ber

1 ••••• Health literacyTrust in institutionsRisk of disinforma-
tion

Increasing transparen-
cy

Changing the patient
role •• Digital competen-

cies
Public provision of
information•• Overwhelming me-

dia diversity
Growing patient au-
tonomy •• Information accessComprehensive edu-

cation• Better participation
opportunities

• Growth of self-compe-
tence

2 ••••• Easy market ac-
cess

Performance incen-
tives

Additional competi-
tive pressure be-
tween providers

Better access to ser-
vices

Connected and inte-
grated delivery of
care ••• Existing supply

gaps
Adjustment of reim-
bursement systems

Faster data exchange
• Reduction in inter-

face problems •• Integrated plan-
ning tools

Data exchange inter-
faces

3 ••••• Scarce resourcesData availabilityDependence on ser-
vice providers

Increasing efficiencyData-driven resource
allocation ••• High data densityInterface availabili-

ty
Optimal use of re-
sources • Data protection

risks
• Public data plat-

forms•• Specialist availabili-
ty

Compensation for the
shortages of skilled
workers

• Increasing complex-
ity

4 ••••• Medical progressInvestments in new
systems

Dependencies of
many factors

Efficient provisioningPerformance optimiza-
tion in primary pro-
cesses

•• Decreasing costsIncreasing quality
•• Acceptance of new

processes
Constant change
process

• •Higher satisfaction
(patients and staff)

New professions

• Permanent qualifica-
tion

5 ••••• Digital skills (pa-
tients and staff)

Acceptance of the
parties involved

High expenditure
for the maintenance
and provision of the
media

Meeting the needs of
patients

New information and
communications me-
dia ••• Demand for con-

temporary media
from everyday so-
cial life

Knowing and under-
standing needs

Reduction in commu-
nication barriers

••• Quality assuranceAdditional need for
qualification

Improving the avail-
ability of information

• Higher satisfaction

6 ••••• Technical progressExtensive invest-
ments

High effort for cy-
bersecurity

Achieving advances
in productivity

Increased technologi-
cal intensity • Patient expecta-

tions••• Comprehensive
qualification

Increasing complex-
ity

Compensation for the
lack of skilled work-
ers •• Acquisition of new

areas of knowledge
Need for technical
knowledge• Relief of the work-

force

7 ••••• Medical progressData quality and
availability

Adjustment of the
business model

Increasing outcomesOutcome improve-
ment and personal-
ized treatments

•• Technical progressDevelopment of new
service areas • Market maturity of

technologies
• Competitors’ of-

fers• Opportunities for
specialization • Confidence in new

treatment proce-
dures

8 ••••• Low barriers to
market entry

Understanding digi-
tally controlled
ecosystems

Highly competitive
pressure

Creation of customer-
centric proposals

Emergence of new
ecosystems

••• Minimal regula-
tion

Inappropriate mar-
ket power of some
players

Exploiting the poten-
tial of the platform
economy

• Transparency of the
service offering • High customer in-

terest and demand•• •Inadequate regula-
tion

Increasing customer
value

Fair conditions on
platforms
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Figure 5. Heuristic impact model of digital transformation trends in hospitals.

Results of the Data Synthesis
The interrelationships between the trends are very complex and
require an adequate form of representation to be able to
understand the trend effects. We show these relationships in a
heuristic impact model in Figure 5. The 8 core trends are plotted
on the outer level. They form the starting point of the interaction.
At the next level inward, the first-degree effects are derived.
The links there are underpinned with the help of the extracted
factors from the literature and the expert interviews. At the next
level, in medium blue, the second-degree effects are shown.
The characteristics of additional patient value, meeting patient
needs and expectations, and patient integration and participation
emerge. At the last level, the third-degree effect is derived,
which provides patient-centric care. This representation
illustrates the positive foresight of future development predicted
in the literature and in the expert interviews. The data synthesis
shows that, as a result of the digital transformation, the value
of care for patients will increase considerably. The nodes
highlighted in red show a concentration of related parameters.
They are based on the trend correlations shown in Figure 4 and
the qualitative responses from the interviews.

For a more intuitive illustration of the trend development
perspective, we placed the value of care as a result of digital
transformation in a temporal context. Figure 6 shows the
development horizon with increasing digital transformation

progress and the associated added value. On the one hand, this
is driven by technological intensification [38,39,41,45,54,59,71].
The primary manifestation of this is the use of digitally
controlled and networked devices as well as software and
algorithms. In contrast, a rise in the quality of care is to be
expected [20,43,44,67,72,76]. The availability of large amounts
of data enables better predictability of diseases and possible
therapies and better control of the care itself. Machine learning
leads to a continuous improvement in outcomes and
decision-making [47,57,58,61,69].

The convergence of personalized medicine as a result of better
diagnostics and individualized therapy decisions, incorporating
the spectrum of technological innovations of today and the
future, results in an adapted range of care offered by hospitals
[56,58,61]. Thus, hospitals are increasingly becoming players
on a health care platform on which various providers offer health
care services depending on their competencies [53,65,73,77].
The schematic diagram illustrates the successive stages and
draws 2 elementary trend lines along which the progress runs.
Within this is the trend corridor. Along the time axis, both lines
contribute to a higher value of care, with the contribution of
technologies being lower than the value contribution of data.
This is because technologies can provide additional benefits on
their own. However, the higher overall benefit comes from the
networked use of the data.
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Figure 6. Schematic trend development perspective. EHR: electronic health record; IoT: Internet of Things; RFID: radio frequency identification.

Detected Trend Decelerators and Barriers
The analyses described numerous blockades and barriers that
slow down the trends. Textbox 2 classifies these decelerators
according to internal and external hurdles. External hurdles are
defined as factors that are not under the hospitals’ control and
usually have to be removed by a higher-level institution. This
primarily refers to state institutions or self-governance. These
aspects include the regulatory framework for health care services
[60,65] or data protection regulations [40,46]; access to and the
interoperability of data [41,46,49,55]; and an insufficient
investment in hospital infrastructure [68,70,74], especially in
technical equipment.

Internal hurdles are factors that occur within the hospital setting
and can largely be solved there. The most frequently cited
obstacle is a lack of knowledge of the use of digital applications
[41,50,68,74]. The changes resulting from digital transformation
are also accompanied by a shift in tasks and processes, some of
which are not widely accepted by the workforce
[44,63,67,75,76]. Furthermore, ensuring cybersecurity to avoid
risks is an elementary component that clinics must accommodate
to an increasing extent [20,42]. Finally, there is often a lack of
perspective on how hospitals can position themselves in a new
digital ecosystem of service providers as part of the digital
transformation and how they can develop new business models
and exploit the potential of digital provision [56,65,79].

Textbox 2. Type of hurdle and description of the results.

External hurdles

• Regulation of service delivery [60,74]

• Data protection regulations [40,46]

• Uniformity of data structures [41,46,49,55,75]

• Lack of interfaces for data exchange [50,71,76]

• Insufficient investment in technical infrastructure [68,70,74]

• Lack of political understanding of appropriate frameworks [64,74]

Internal hurdles

• Inadequately qualified personnel [41,50,68]

• Low acceptance of substantially changing processes [44,63,67,75]

• Unwillingness to make large investments [38,55,63,68]

• Failure to ensure cybersecurity [20,42]

• Continuous training needs [49,55,59,71]

• Availability of suitable business models [56,65,79]
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Discussion

Principal Findings
We included 44 studies in our analysis, drawing a picture of
hospital trends. Subsequently, the trends in the German hospital
care setting were discussed, validated, and refined through
expert interviews. A wide range of aspects were considered,
covering the use of new technologies, the implementation of
process innovations, and behavior changes or role shifts among
patients and hospital staff. The trends shown provide a
framework for better assessing current and future developments
from the perspective of clinics and other health care
stakeholders. This allows for a snapshot of one’s own point of
view or an assessment by higher-level authorities as to which
changes in the framework conditions can accelerate or slow
down the trends. For this purpose, trend barriers and
developmental hurdles were also extracted from the studies.
These can be used to derive policy options.

The trends described were not examined in terms of their
positive or negative impact. Nevertheless, a positive trend is
discernible in the development horizon, which is improving
inpatient care and steering it in a patient-centered direction.
Therefore, it is conceivable that not all trends will lead to a
positive development for all stakeholders involved. The
increased use of technology, automation, and AI systems will
in some cases entail job losses or a restructuring of work [91].
Therefore, for hospital staff (employee representatives or trade
unions), change through digital transformation is not necessarily
associated with improvements. These aspects must also be
considered. In contrast, digitization leads to the extensive
aggregation of data, which can restrict people’s freedom of data
self-determination. In addition, one-sided power positions of
companies that have very large amounts of data at their disposal
can lead to imbalances [92]. This can also preclude better patient
care or unfair competition in the market [93]. The constant
change in the course of the digital transformation of hospitals
will in the future involve staff and decision makers in the
qualification and further development of the range of services
as the speed of change is increasing and the demands on service
providers are continually rising [94]. The positive aspects of
digital transformation should also be emphasized as they have
the potential to prevent illnesses in the future, improve
outcomes, and relieve staff of nonmedical tasks. In view of the
impending shortage of skilled workers in health care professions
around the hospital and beyond, this can unleash tied-up
resources. Technical systems and algorithms can take over
assisting tasks and, thus, optimize internal clinical processes as
well as improve the entire spectrum of care from prevention to
individualized therapy [95]. We are already seeing how technical
innovations and digital applications are changing the professions
in hospitals [96-98]. With the help of these tools, the high future
demand for skilled workers can be partially compensated or
substituted. In addition, dealing with innovations can lead to a
higher attractiveness of the professions. The included studies
tended to show a positive overall picture in which the
opportunities dominate over the risks. The trend development
was partly based on specific findings from Germany. However,
overall, the trend perspectives can also be applied to other

countries. In Europe, there are countries such as Switzerland,
Austria, and the Netherlands, among others, that have similar
health care system conditions. The analogs of the perspectives
of digitally controlled hospital care can also be transferred to
almost all other countries.

Implications for Public Health and Future Medicine
Our study shows that there is enormous potential for public
health to make care in hospitals more patient-centric as a result
of digital transformation. This means that diseases can be
detected and treated earlier. At the end of a successful
transformation, there is a healthier population that takes
advantage of the opportunities offered by preventative and
precautionary health care. Clinics contribute to realizing this
goal and must be prepared by decision makers for their changed
role. As a result, comprehensive savings are possible, which
can relieve the pressure on the health care system [99]. Strained
health care systems such as those in Germany and other
European countries could be relieved as a result. The shortage
of specialists in inpatient care can be slowed down. For medical
professions, this transformation means, on the one hand, relief
through new technologies or support in diagnostics and therapy.
Therefore, more time can be spent on advising and caring for
patients, and the quality of care can be improved. In contrast,
increasing digitization requires the learning of new skills and
a change in working methods from physical to technical or
technology-supporting activities. In the continuing education
of physicians, it is essential that these competencies are
sharpened. The increased interaction of patients, who, in the
future, will collect their own data, monitor the progress of their
illnesses with data support, and use mobile devices to contact
hospitals, requires a high level of health literacy and digital
competencies. School education should prepare children for
this and also offer programs for older people to acquire the
necessary knowledge. A low-threshold access to information
and guidance should also be established.

Limitations
The included studies already cover a comprehensive range of
current and future trends. Nevertheless, the individual aspects
may not have been considered. The analysis was primarily
conducted from the perspective of inpatient service provision.
The patient, as an important participant in the care process, was
not explicitly examined. For example, sociological trends with
regard to the use of digital applications could lead to findings
that were not reflected [100]. These include the acceptance of
new technologies and the willingness to use them. This aspect
can also be extended to personnel in clinics. The distinction
between trends, future forecasts, and expectations is not entirely
clear-cut. Trends comprise medium-term developments in a
relatively delimited subject area. We tried to apply this reference
position as best as possible in our study. Some developments
also refer to a longer time horizon as the initial situation varies
greatly among countries. Thus, this study only showed the
general developments that are possible in the next 5 to 10 years.
The extent to which these developments can be realized or which
other influencing factors accelerate or slow down individual
aspects must be assessed individually for each health care system
[49]. Therefore, a generalization to all health care systems is
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not conceivable. The German perspective could lead to minor
distortions here in some cases. However, Germany’s reference
role in many respects supports our argument. The reference
period of the past 5 years covers a relatively short time horizon.
We decided to carry out our study in this way as, in our view,
studies conducted before 2016 with data from previous years
are not informative about future trends [36,37]. The screening
of databases also revealed that most studies on trends in the
digitization of health care were published in the past 3 years
(2018 to 2020) in particular. Owing to the COVID-19 pandemic,
there may have been additional trends in 2020 that we did not
explicitly include in our analysis [101]. As little, or at best
rudimentary, research was available in the fall of 2020 when
we conducted our database search, we excluded this option from
our analysis. Nonetheless, we cannot rule out that new trends

for clinics may have emerged as a result of the pandemic that
have not yet been adequately considered in this work.

Conclusions
In our study, we showed the influence of digital transformation
on inpatient care. In the process, the high complexity of the
interacting players became clear. We extracted 8 core trends
from the international literature and validated them with experts
in relation to the change in hospital care provision in Germany.
We presented the interrelationships in a heuristic impact model.
Our study highlights the barriers to successful transformation
based on internal and external factors. We provide
recommendations for action for decision makers on how public
health can be improved by a digitally transformed hospital
landscape and which hurdles need to be overcome.
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Abstract

Background: Population-based esophageal cancer (EC) screening trials and programs have been conducted in China for decades;
however, screening strategies have been adopted in different regions and screening profiles are unclear.

Objective: We performed a meta-analysis to profile EC screening in China by positivity rate, compliance rate, and endoscopy
findings, aiming to provide explicit evidence and recommendations for EC screening programs.

Methods: English (PubMed, Embase) and Chinese (China National Knowledge Infrastructure, Wanfang) language databases
were systematically searched for population-based EC screening studies in the Chinese population until December 31, 2022. A
meta-analysis was performed by standard methodology using a random-effects model. Pooled prevalence rates were calculated
for three groups: high-risk areas with a universal endoscopy strategy, rural China with a risk-stratified endoscopic screening
(RSES) strategy, and urban China with an RSES strategy. Positive cases included lesions of severe dysplasia, carcinoma in situ,
intramucosal carcinoma, submucosal carcinoma, and invasive carcinoma.

Results: The pooled positivity rate of the high-risk population was higher in rural China (44.12%) than in urban China (23.11%).
The compliance rate of endoscopic examinations was the highest in rural China (52.40%), followed by high-risk areas (50.11%),
and was the lowest in urban China (23.67%). The pooled detection rate of positive cases decreased from 1.03% (95% CI
0.82%-1.30%) in high-risk areas to 0.48% (95% CI 0.25%-0.93%) in rural China and 0.12% (95% CI 0.07%-0.21%) in urban
China. The pooled detection rate of low-grade intraepithelial neoplasia (LGIN) was also in the same order, being the highest in
high-risk areas (3.99%, 95% CI 2.78%-5.69%), followed by rural China (2.55%, 95% CI 1.03%-6.19%) and urban China (0.34%,
95% CI 0.14%-0.81%). Higher detection rates of positive cases and LGIN were observed among males than among females and
at older ages. The pooled early detection rate was 81.90% (95% CI 75.58%-86.88%), which was similar to the rates in high-risk
areas (82.09%), in rural China (80.76%), and in urban China (80.08%).

Conclusions: Under the current screening framework, a higher screening benefit was observed in high-risk areas than in other
regions. To promote EC screening and reduce the current inequality of screening in China, more focus should be given to optimizing
strategies of high-risk individual assessment and surveillance management to improve compliance with endoscopic examination.

Trial Registration: PROSPERO CRD42022375720; https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=375720

(JMIR Public Health Surveill 2023;9:e45360)   doi:10.2196/45360
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Introduction

Esophageal cancer (EC) represents a global public health burden,
with the primary pathological type being esophageal squamous
cell carcinoma (ESCC) [1]. More than 50% of global ESCC
cases occur in China, causing severe disease and an economic
burden for the country [2,3]. A series of prevention and control
strategies for EC have been implemented in China since the
1960s, especially in well-known high-risk areas such as Linzhou
of Henan Province, where the incidence and mortality of EC
were estimated to be approximately five times higher than the
national average levels [4]. These strategies and actions have
brought success, contributing to an average 4.5% reduction in
the incidence and mortality of EC in China since 2000 [5]. In
addition, the results of a screening program in high-risk areas
in China demonstrated the effectiveness of EC screening with
endoscopy examination in reducing EC incidence and mortality
[6], which provided high-quality evidence and strong application
recommendations for international EC screening and early
detection and treatment.

Three organized screening programs have been launched based
on the National Key Public Health Project since 2005 to conduct
population-based EC screening in the high-risk areas of Huaihe
River and urban China [7]. The primary aim of these programs
is to reduce the incidence and mortality of EC and to explore a
suitable and feasible EC screening strategy. In practice, two
main EC screening strategies have been adopted and
implemented in China. One is the universal endoscopy screening
strategy, which is used in high-risk areas. The other is the
risk-stratified endoscopic screening (RSES) strategy, which
provides endoscopies for a limited group of individuals at high
risk of EC and is currently widely implemented in nonhigh-risk
areas [7]. These programs and other population-based ESCC
screening studies have covered more than 150 counties or cities
in China [7], providing and accumulating a great deal of
experience and real-world data for ESCC prevention and control
in China and internationally.

Clear and comprehensive knowledge of the profile of EC
screening, including the positivity rate of high-risk individuals
for EC, compliance with endoscopy screening, and endoscopy
findings in real-world EC screening programs, has potential
public health value. For instance, such knowledge would help
health policy makers understand the actual acceptability of EC
screening, direct benefits from EC screening, and burden of
surveillance endoscopy. In addition, this crucial real-world
evidence would promote the further implementation of EC
screening programs in China and other countries that face a
high EC burden. To the best of our knowledge, EC screening
profiles in China are unclear based on existing studies and the
literature. To obtain a comprehensive profile of EC screening
in China, we performed this systematic review and meta-analysis
to estimate the positivity rate of EC among high-risk individuals,
compliance with endoscopy screening, and endoscopy findings
by high-risk and nonhigh-risk areas (rural China and urban
China). By summarizing these indices, we hope to provide more

explicit evidence and recommendations for Chinese EC
prevention and control and to promote further EC screening in
other countries facing the threat of a high EC burden, which
has great importance for public health.

Methods

Design
The protocol for this systematic review was published in the
International Prospective Register of Systematic Reviews
(PROSPERO; registration number CRD42022375720) and the
review was designed following the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines 2020 [8].

Data Sources and Search Strategy
The English-language (PubMed, Embase) and Chinese (China
National Knowledge Infrastructure, Wanfang) databases were
systematically searched for population-based EC screening
studies in the Chinese population until December 31, 2022, in
any language. The following relevant Medical Subject Heading
(MeSH) terms and key words were used for the search:
esophageal neoplasms, screening, and China (see Table S1 in
Multimedia Appendix 1 for the full search strategy). Two
researchers (HL, YT) performed the literature search
independently and discrepancies were resolved by consultation
with a third researcher (XY).

Study Selection

Inclusion Criteria
Studies were selected based on the following inclusion criteria:
(1) studies that reported compliance with endoscopy examination
and/or endoscopy findings from population-based EC screening
in the Chinese population without restrictions on age; and (2)
cross-sectional studies, cohort studies, and randomized
controlled trials that reported baseline findings.

Exclusion Criteria
Studies were excluded if they (1) were nonpopulation-based
screening studies, (2) lacked information on compliance rates
with endoscopy exam and endoscopy findings of positive cases
or low-grade intraepithelial neoplasia (LGIN), and (3) were
studies with duplicated data for all outcomes of interest
published elsewhere or parts of another study from the same
geographical location.

Data Extraction and Quality Assessment
For each included study, two reviewers (HL, YT) independently
assessed the studies and extracted the data for analysis. The
extracted information included the first author and year of
publication, study periods, study region, number of study
centers, screening strategy (universal endoscopy
screening/RSES), sex (proportion of males), age, available data
of sex-specific and age-specific subgroups, and available data
of early detection among patients with positive screening results.
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The study quality and risk of bias were assessed using an
instrument developed by Hoy and colleagues [9] for
population-based prevalence studies. The tool has 10 questions,
and a score of 1 (yes) or 0 (no) was assigned for each item (see
Table S2 in Multimedia Appendix 1). Scores were summed
across items to generate an overall quality score that ranged
from 0 to 10, and studies were then classified as having a low
(scores≥8), moderate (scores of 6-7), or high (scores≤5) risk of
bias. This method has been used in previous systematic reviews.
This assessment tool was tested in previous studies; it is easy
to use and deals with risk of bias well.

Outcomes Assessed
The pooled outcomes assessed included the positivity rate of
high-risk individuals for EC/upper gastrointestinal (UGI) cancer,
compliance rates to endoscopy examinations, prevalence of
endoscopy findings (positive cases, LGIN, and negative
endoscopy), and early detection rate. The definition of each
index is described in Table S3 of Multimedia Appendix 1.
Positive cases included lesions of severe dysplasia, carcinoma
in situ, intramucosal carcinoma, submucosal carcinoma, and
invasive carcinoma. LGIN included lesions of mild dysplasia
and moderate dysplasia. Negative endoscopy findings were
defined as a baseline endoscopic examination that did not reveal
any of the dysplasia lesions mentioned above.

Statistical Analysis
We used meta-analysis techniques with logit transformation to
calculate the pooled proportions along with the corresponding
95% CIs under a random-effects model. We calculated the
pooled prevalence in three populations with different screening
strategies: (1) high-risk areas with a universal endoscopy
strategy, (2) rural China with an RSES strategy, and (3) urban
China with an RSES strategy. Analyses of the pooled prevalence
of endoscopy findings by sex and age group (40-49, 50-59, and

60-69 years) were also performed. We performed sensitivity
analyses by publication year, sample size, and the number of
study centers to evaluate the robustness of the study.

Heterogeneity between studies was assessed with the I² statistic,
which estimates the percentage of the total variation across
studies due to true between-study differences. Generally,
I²values greater than 60%-70% indicate the presence of
substantial heterogeneity. Publication bias was inspected visually
on a funnel plot and by the Egger test; P<.05 was considered
statistically significant. All meta-analyses were carried out using
R software (version 4.1.0; R Foundation for Statistical
Computing, Vienna, Austria).

Ethical Considerations
This is a meta-analysis of published studies and data, and did
not involve active human participants and/or animals. The
present study used only publicly available summary-level
statistics and did not involve individual information. Therefore,
formal consent, informed consent, institutional review board
approval, and ethics approval are not applicable and/or not
needed.

Results

Search Results
A schematic diagram of study selection is provided in Figure
1. The initial search identified 3527 records, and 2703 titles and
abstracts were screened after removing duplicates. A total of
215 full-length articles were evaluated in detail and 66 studies
were included in the final analysis. Among these studies, 22
studies only reported the compliance of EC screening with
endoscopy, 35 studies only reported the findings of endoscopy
examinations, and 9 studies reported both outcomes.
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Figure 1. Flowchart presenting the selection of studies for inclusion in the systematic review and meta-analysis. CNKI: China National Knowledge
Infrastructure; EC: esophageal cancer.

Study Characteristics and Quality Assessment
The characteristics of the 66 included studies are outlined in
Table S4 of Multimedia Appendix 1, and the summary
characteristics about reporting compliance with endoscopy
examinations and endoscopy findings are summarized in Table
1 and Table 2, respectively. Eligible ages for EC screening were
40-69 years in all studies conducted in high-risk areas and rural
China, except for one study performed in Hua County with an
age range of 25-65 years [10]. Eligibility ages in urban China
were primarily 40-74 years, and the remaining studies
recommended 40-69 years.

A total of 2,472,920 asymptomatic individuals were included
in 31 studies that reported compliance with endoscopy
examinations, one of which reported data from both rural and
urban China [11]. Therefore, 2,006,235 individuals were from
high-risk areas during 1999-2017 (n=12) [6,10,12-21], 125,473
individuals were from rural China during 2010-2017 (n=2)
[11,22], and 341,212 individuals were from urban China during
2012-2019 (n=18) [11,23-39], as shown in Table 1 and Table
S4 of Multimedia Appendix 1. The details of the high-risk
assessment strategy to select targets to undergo further

endoscopy screening are summarized in Table S5 of Multimedia
Appendix 1.

A total of 997,004 individuals had reports of endoscopy findings
in 44 studies, among which one study reported endoscopy
findings in high-risk areas, rural China, and urban China [11].
Therefore, a total of 876,170 individuals aged 40-69 years (n=36
studies) [6,11,12,14-17,40-68] from high-risk areas underwent
endoscopic examinations, where a universal endoscopy strategy
was adopted. A total of 102,413 individuals with a high risk of
EC (n=4 studies) [11,69-71] aged 40-69 years in rural China
and 18,421 individuals with a high risk of EC/UGI cancer (n=6
studies) [11,29,33,72-74] aged 40-74 years in urban China
underwent endoscopic examinations where the RSES strategy
was adopted (Table 2). The number of individual study samples
ranged from 1151 [74] to 116,630 [67] across all included
studies. Study participants were enrolled from 1999 to 2019 in
high-risk areas, followed by 2007 to 2017 in rural China and
2015 to 2019 in urban China. Study regions also presented
disparities: study regions in high-risk areas mainly consisted of
north China (22%) and southwest China (22%), followed by
eastern China (19%), central China (17%), and northwest China
(11%). Study regions in rural China were mostly concentrated
in east China (50%) and central China (25%). Study regions in
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urban China were relatively evenly distributed across the
country, except in central and northeast China (Table 2, Table
S4 in Multimedia Appendix 1).

Of the 31 studies reporting compliance with EC screening using
endoscopy, 12 (39%) and 19 (61%) were classified as having

a low and moderate risk of bias, respectively (Table S6 of
Multimedia Appendix 1). Of the 44 studies that reported findings
of endoscopy examinations, 39 (89%) and 5 (11%) were
classified as having a low and moderate risk of bias, respectively
(Table S7 in Multimedia Appendix 1).

Table 1. Main characteristics of the 31 included studies that reported compliance with endoscopy exams in population-based esophageal cancer screening
in China by region.

Urban ChinaRural ChinaHigh-risk areasCharacteristics

40-74b40-6940-69aAge range (years)

Risk-stratified endoscopy
screening

Risk-stratified endoscopy
screening

Universal endoscopy screeningScreening strategy

Risk assessmentRisk assessmentNoInitial screening

Endoscopy with pathologyEndoscopy with pathologyEndoscopy with pathologyExamination technique

18212Number of studiesc

2012-20192010-20171999-2017Year of enrollment

2016-20212020-20212003-2021Year of publication

341,212125,4732,006,235Number of participants

Representativeness, n (%)

12 (66.67)0 (0.00)10 (83.33)Single center

5 (27.78)0 (0.00)0 (0.00)Multiple centers within one province

1 (5.55)2 (100.00)2 (16.67)Multiple centers across two provinces or more

Regions, n (%)

3 (16.67)0 (0.00)1 (8.33)Central China

6 (33.32)0 (0.00)1 (8.33)East China

2 (11.11)0 (0.00)4 (33.33)North China

2 (11.11)0 (0.00)0 (0.00)South China

1 (5.56)0 (0.00)0 (0.00)Northeast China

1 (5.56)0 (0.00)3 (25.00)Southwest China

2 (11.11)0 (0.00)1 (8.33)Northwest China

1 (5.56)2 (100.00)2 (16.68)Multiple regions

aThe age of eligibility of one study in high-risk areas was 25-65 years and that of the others was 40-69 years.
bThe age of eligibility of one study in urban China was >35 years and that of the others was 40-69 years.
cOne study reported compliance with endoscopy examinations in both rural China and urban China.
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Table 2. Main characteristics of the 44 included studies that reported endoscopy findings in population-based esophageal cancer screening in China
by region.

Urban ChinaRural ChinaHigh-risk areasCharacteristics

6436Number of studiesa

2015-20192007-20171999-2019Year of enrollment

2017-20212019-20202003-2022Year of publication

18,421102,413876,170Number of participants

40-7440-6940-69bAge range (years)

Representativeness, n (%)

3 (50.00)0 (0.00)20 (55.56)Single center

2 (33.33)3 (75.00)13 (36.11)Multiple centers within one province

1 (16.67)1 (25.00)3 (8.33)Multiple centers across two provinces or above

Regions, n (%)

0 (0.00)1 (25.00)6 (16.67)Central China

1 (16.67)2 (50.00)7 (19.44)East China

1 (16.67)0 (0.00)8 (22.22)North China

1 (16.67)0 (0.00)0 (0.00)South China

0 (0.00)0 (0.00)0 (0.00)Northeast China

1 (16.67)0 (0.00)8 (22.22)Southwest China

1 (16.67)0 (0.00)4 (11.11)Northwest China

1 (16.67)1 (25.00)3 (8.34)Multiple regions

aOne study reported endoscopy findings in high-risk areas, rural China, and urban China.
bThe age of eligibility of one study in high-risk areas was 25-65 years and that of the others was 40-69 years.

Pooled Outcomes

Pooled Positivity Rates of the High-Risk Population and
Compliance With Endoscopic Examinations
All pooled results are summarized in Table 3. A total of 373,516
(in rural China) and 1,449,536 (in urban China) individuals of
the asymptomatic population completed individualized risk
assessment by professional staff from EC screening programs

or trials. The pooled positivity rate of the high-risk population
in rural China was higher than that in urban China; the details
are shown in Figure S1 of Multimedia Appendix 1. The overall
compliance rate with endoscopic examinations among the 31
included studies was 35.39% (95% CI 27.96%-42.82%),
covering 2,472,920 eligible individuals for endoscopic
examinations. The compliance rate was the highest in rural
China, followed by high-risk areas, and was the lowest in urban
China, as shown in Figure 2 and Table 3.
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Table 3. Summary of pooled positivity rates of high-risk individuals, compliance rates of endoscopy examinations, and prevalence of endoscopy
findings in population-based esophageal cancer (EC) screening in China by region.

Urban ChinaRural ChinaHigh-risk areasAssessed metrics in population-
based EC screening

I 2Pooled rate, % (95% CI)I 2Pooled rate, % (95% CI)I 2Pooled rate, % (95% CI)

100%23.11 (19.52-27.13)100%44.12 (28.76-60.69)——aPositivity rates of high-risk indi-
viduals in EC screening

100%23.67 (18.24-29.10)100%52.40 (44.58-60.22）100%50.11 (36.65-63.58)Compliance rates of endoscopy
examinations

Endoscopy findings

82%99.41 (99.07-99.62)99%96.93 (92.99-98.68)100%94.72 (92.82-96.14)Negative endoscopy find-
ings

84%0.34 (0.14-0.81)99%2.55 (1.03-6.19)100%3.99 (2.78-5.69)LGINb

46%0.12 (0.07-0.21)98%0.48 (0.25-0.93)98%1.03 (0.82-1.30)Positive cases

85%80.08 (27.21-97.74)93%80.76 (69.24-88.68)93%82.09 (74.85-87.59)Early detection rates

aNot applicable.
bLGIN: low-grade intraepithelial neoplasia.

Figure 2. Pooled compliance rates of endoscopy examinations in population-based esophageal cancer screening by region (high-risk areas, rural China,
and urban China).
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Pooled Rates of Endoscopy Findings
The prevalence of endoscopy findings varied widely by region.
Specifically, the pooled detection rates of positive cases
decreased from high-risk areas to rural China and urban China
(Table 3, Figure S2 in Multimedia Appendix 1). The pooled
detection rate of LGIN was also in the same order, being the
highest in high-risk areas, followed by rural China and urban
China, as shown in Table 3 and Figure S3 in Multimedia
Appendix 1. Consequently, the detection rates of negative
endoscopy findings increased from high-risk areas to rural China
and urban China (Table 3, Figure S4 in Multimedia Appendix
1).

Pooled Rates of Early Detection Among Positive Cases
A total of 34 of the 44 included studies reported early detection
cases, covering 8445 patients diagnosed with positive cases at
endoscopy screening (Figure S5 in Multimedia Appendix 1).
The pooled early detection rate was approximately 81.90%

(95% CI 75.58%-86.88%), which was similar to the rates in
high-risk areas, rural China, and urban China (Table 3).

Pooled Detection Rates of Endoscopy Findings by
Subgroups
Table 4 summarizes the pooled rates of endoscopy findings of
sex-specific and age-specific subgroup analyses. Overall, males
had higher detection rates of positive cases (1.65% vs 0.82%)
and LGIN (5.71% vs 3.66%) and a lower detection rate of
negative endoscopy findings (92.33% vs 95.38%) than females.
The detection rates of positive cases and LGIN increased with
age group, as the rates of positive cases were 0.52% in the 40-49
years group, 1.26% in the 50-59 years group, and 2.73% in the
60-69 years group, and the corresponding rates of LGIN were
2.62%, 4.24%, and 7.13%, respectively. The sex-specific and
age-group detection rates of endoscopy screening in the three
specific areas are also shown in Table 4, demonstrating the
highest detection rates of positive cases and LGIN in high-risk
areas, followed by rural China and urban China in each
subgroup.
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Table 4. Prevalence of negative endoscopy findings, low-grade intraepithelial neoplasia (LGIN), and positive cases in different subgroups in
population-based esophageal cancer screening in China.

Positive casesLGINNegative endoscopy findingsStudy par-
ticipants, n

Studies,
n

Characteristics

I 2Pooled prevalence
rate, % (95% CI)

I 2Pooled prevalence
rate, % (95% CI)

I 2Pooled prevalence rate,
% (95% CI)

All

Sex

97%1.65 (1.22-2.24)99%5.71 (3.71-8.69)100%92.33 (89.03-94.69)165,52217Male

97%0.82 (0.55-1.20)100%3.66 (2.22-5.98)100%95.38 (92.82-97.06)214,18017Female

Age group (years)

100%0.52 (0.22-1.23)99%2.62 (1.42-4.79)100%96.57 (93.33-98.26)104,2221240-49

98%1.26 (0.71-2.21)100%4.24 (2.17-8.11)100%94.04 (89.40-96.72)105,0331250-59

99%2.73 (1.57-4.71)99%7.13 (4.00-12.40)100%89.10 (82.14-93.56)90,4131260-69

High-risk areas

Sex

96%1.99 (1.46-2.71)100%6.60 (4.08-10.49)100%91.04 (86.81-94.00)124,77413Male

97%0.95 (0.64-1.42)100%4.39 (2.56-7.41)100%94.40 (91.13-96.51)157,32613Female

Age group (years)

100%0.80 (0.26-2.48)99%3.80 (1.92-7.40)100%94.79 (88.78-97.66)73,745840-49

98%2.05 (1.19-3.50)100%5.46 (2.41-11.89)100%91.81 (84.34-95.89)68,611850-59

99%4.30 (2.50-7.30)100%9.17 (4.62-17.40)100%84.81 (75.09-91.18)59,762860-69

Rural China

Sex

97%0.92 (0.56-1.50)96%5.42 (4.58-6.42)98%93.63 (92.09-94.88)58,9433Male

98%0.45 (0.24-0.83)95%3.47 (2.96-4.06)98%96.05 (95.10-96.82)81,6943Female

Age group (years)

74%0.21 (0.15-0.32)47%1.86 (1.69-2.04)63%97.93 (97.70-98.14)46,472340-49

95%0.50 (0.29-0.85)74%4.26 (3.93-4.61)92%95.22 (94.54-95.81)52,811350-59

98%1.24 (0.71-2.15)98%6.69 (5.34-8.36)99%92.02 (89.52-93.96)41,339360-69

Urban China

Sex

—0.63 (0.20-1.92)—0.63 (0.20-1.92)—a98.75 (97.24-99.44)4791Male

—0.15 (0.02-1.05)—0.15 (0.02-1.05)—99.70 (98.82-99.93)6721Female

Age group (years)

—0.29 (0.04-2.02)—0—99.71 (97.98-99.96)347140-49

—0.25 (0.04-1.78)—0.25 (0.04-1.78)—99.49 (97.99-99.87)394150-59

—0.49 (0.12-1.93)—0.73 (0.24-2.25)—98.78 (97.10-99.49)409160-69

aNot applicable.

Validation of the Meta-analysis Results

Sensitivity Analysis
To assess whether publication year, sample size, and the number
of study centers had a dominant effect on the meta-analysis, we
additionally analyzed their effect on the detection of positive

cases (see Table S8 of Multimedia Appendix 1). The findings
in this analysis showed that studies with publication years before
2009 and sample sizes less than 5000 had a significantly higher
detection rate of positive cases in high-risk areas. In addition,
multicenter studies presented lower heterogeneity in urban
China.
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Heterogeneity

High heterogeneity (I2) among studies was observed for all
estimated indices, and these findings remained unchanged in
the subgroups (Table 4; Table S8 in Multimedia Appendix 1).

Publication Bias
Publication bias assessment was performed based on the
prevalence of positive cases. Visual inspection of the funnel
plots (Figure S6 in Multimedia Appendix 1) and the two-tailed
Egger test (P=.10) demonstrated no evidence of publication
bias.

Discussion

Based on this systematic review and meta-analysis of 66 studies
covering over 2 million asymptomatic Chinese populations
participating in population-based EC screening, we summarized
a series of crucial indices to profile the status of EC screening
in China. Under the current EC screening practice, the positivity
rates of the high-risk population and compliance rates with
endoscopic examinations, yields from EC screening, and burden
of surveillance endoscopy varied greatly in populations from
high-risk areas and other nonhigh-risk areas (rural China and
urban China). These findings not only show the actual situation
of current population-based ESCC screening in China but also
reflect corresponding challenges and potential future directions
in scientific research and policy-making to promote EC
prevention in China.

Identifying high-risk individuals for EC to undergo further
endoscopic examinations has been one of the most critical
factors for the success of ESCC screening programs. Selection
of assessment items and the threshold to define endoscopic
examination eligibility are essential but troublesome tasks in
this field [75]. In nonhigh-risk areas of EC where the RSES
strategy was adopted, the pooled positivity rate of high-risk
individuals for endoscopic examinations in the rural Chinese
population was approximately twice that in the urban Chinese
population (44.12% vs 23.11%), fully reflecting the rural-urban
inequality of exposure to EC risk factors. However, the existing
individualized assessment tool in EC screening programs or
trials in China differed in the assessment items, thresholds, and
definition of outcomes (EC or UGI cancer), as summarized in
Table S5 of Multimedia Appendix 1. Few assessment tools have
estimated the accuracy and effectiveness of EC screening. In
addition, all the existing prediction models for EC presented a
high risk of bias and none of these models was estimated in
diverse populations, which limited the implementation values
in large-scale population-based EC screening programs or even
the national EC screening program [75]. Before implementing
the national EC screening program, development of a specific
high-risk assessment strategy to define eligible individuals for
endoscopy screening should be prioritized. Through
comprehensive estimation and validation in diverse populations
with national representatives, updated individualized EC risk
assessment strategies could be developed in the future, serving
EC screening in China and other countries.

Optimal compliance for endoscopic examinations in eligible
asymptomatic individuals is essential to confer benefits from

EC screening, as shown in cohort and modeling studies
[6,76,77]. However, the overall compliance of endoscopy
screening in existing population-based EC screening programs
or trials in China was found to be suboptimal, especially in the
urban Chinese population, with a compliance rate of less than
24%. Therefore, improving the endoscopic compliance rate by
adopting comprehensive strategies is an urgent need for EC
screening programs. Several available measures could be taken
in the future. First, from the aspect of providers of EC screening
programs, there is an urgent need to conduct multifaceted actions
to promote and improve the core knowledge of cancer
prevention and control in Chinese residents and help them
correctly understand cancer and prevent it [78]. A previous EC
screening study among 28,543 high-risk individuals for EC
showed a positive association between cancer prevention
awareness and compliance with endoscopic examinations [79].
This highlights the importance and feasibility of raising eligible
individuals’ awareness of cancer prevention in improving
compliance rates in population-based EC screening programs.
Second, for community servers in population-based EC
screening, more attention and interventions should be paid to
several vulnerable populations in health literacy to improve
their compliance rate with endoscopic examinations. These
populations included males, cigarette smokers, and those with
low socioeconomic status, who had a higher risk of developing
EC but lower compliance rates of endoscopic examinations, as
observed in previous population-based EC screening studies
[31,33,79]. In addition, optimization of the screening procedure,
such as shortening the waiting time for endoscopic examinations,
may be considered another effective measure to improve
compliance, as indicated in population-based cancer screening
programs [80].

The endoscopy findings exhibited apparent disparities among
studies, mainly due to the heterogeneous study populations in
the disease burden of EC, different EC screening strategies, and
varying compliance rate for endoscopic examination, which
were mentioned above. Specifically, a higher screening benefit
was obtained in high-risk areas, followed by rural China and
urban China, with pooled prevalence rates of positive cases
being 1.03%, 0.48%, and 0.12%, respectively. In addition, early
detection among positive cases was more than 80% in all studies,
which emphasizes the importance of EC screening in improving
survival and quality of life. In terms of the surveillance
endoscopy burden, a higher burden of LGIN was also observed
in high-risk areas, followed by rural China and urban China,
with pooled rates of 3.99%, 2.55%, and 0.34%, respectively. A
much larger fraction of the baseline endoscopy screening
population comprised those diagnosed with negative endoscopy
findings, with prevalence higher than 90% in all previous
reports. These results will help policy makers grasp the profile
of population-based EC screening under the framework of
current strategies in different regions and provide essential
benchmarks for health economic evaluation models or other
studies. Moreover, there is a considerable need for managing
the vast population identified with negative endoscopy findings
and LGIN [7]. The current Chinese guidelines for EC screening
recommend surveillance intervals of 1-3 years for patients with
LGIN and 5 years for individuals with negative endoscopy
findings [81]. However, these recommendations were developed
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based on limited studies with different findings on observational
or modeling studies from ESCC high-risk areas in China
[76,77,82-84]. More high-quality studies are urgently needed
to estimate and update these recommendations.

To the best of our knowledge, this is the first study to provide
a comprehensive profile of the available research on
population-based EC screening in the Chinese population, which
offers comprehensive and objective evidence for policy makers.
Findings in this study have important implications for better
conducting EC screening in the future. First, development of
high-risk assessment criteria for selecting eligible individuals
for endoscopic examinations for diverse populations should be
prioritized. Second, multidimensional attempts are urgently
needed to improve compliance with endoscopic examinations,
including improving residents’ cancer literacy and optimizing
and simplifying screening procedures. Third, more robust and
high-quality cohort and modeling studies are urgently needed
to estimate or optimize the current surveillance strategy, which
will essentially compensate for the limited evidence in the
Chinese population.

Our study also has several limitations. First, significant
heterogeneity was observed in all pooled indices.
Understandably, high heterogeneity is unavoidable given that
study-related factors (screening strategy and population-based
disease burden of EC) and individual-related factors
(individualized risk of EC, compliance with endoscopic
examinations, age, and sex) could not be controlled for in all
studies. In this meta-analysis, we performed several subgroup
analyses with consideration of these significant factors
contributing to heterogeneity. Second, a detailed comparison
of exposure factors related to developing EC and determinations

of compliance with endoscopic examinations in rural-urban
Chinese populations were not performed due to data limitations
in the existing studies. Third, subgroup analysis of endoscopy
findings was limited to sex-specific and age-specific findings.
Other potential essential factors, including individual-related
(such as smoking status, family history of cancer, and disease
history of the digestive system) and procedure-related (such as
endoscopist and pathologist performance and quality of
endoscopic examinations) factors, were limited due to the lack
of data. In addition, available studies and data under different
EC screening strategies need to be more balanced. Data on
endoscopy findings in high-risk areas were sufficient; however,
data to profile EC screening in nonhigh-risk areas were limited.
There were only four studies in rural China that reported
compliance with endoscopy, and only 18,421 individuals with
endoscopy screening were reported in the urban Chinese
population. These limited data could not comprehensively
profile actual population-based EC screening in this population,
and an updated meta-analysis will be performed when more
evidence is available.

In summary, in this meta-analysis, the current profile of
population-based EC screening in China and potential challenges
were summarized with a series of indices in screening
procedures (positivity rates of high-risk individuals, compliance
rates, and endoscopic findings) by different regions. Under the
current screening framework, a higher screening benefit was
observed in high-risk areas than in other regions. To promote
EC screening and reduce the current inequality of screening in
China, more focus should be given to optimizing strategies of
high-risk individual assessment and surveillance management
to improve compliance with endoscopic examination.
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Abstract

Background: Contact tracing (CT) represented one of the core activities for the prevention and control of COVID-19 in the
early phase of the pandemic. Several guidance documents were developed by international public health agencies and national
authorities on the organization of COVID-19 CT activities. While most research on CT focused on the use digital tools or relied
on modelling techniques to estimate the efficacy of interventions, poor evidence is available on the real-world implementation
of CT strategies and on the organizational models adopted during the initial phase of the emergency to set up CT activities.

Objective: We aimed to provide a comprehensive picture of the organizational aspects of CT activities during the first wave
of the pandemic through the systematic identification and description of CT strategies used in different settings during the period
from March to June 2020.

Methods: A systematic review of published studies describing organizational models of COVID-19 CT strategies developed
in real-world settings was conducted in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) statement. PubMed, Embase, and Cochrane Library were searched. Studies not providing a description of the
organizational aspects of CT strategies and studies reporting or modelling theoretical strategies or focusing on the description of
digital technologies’properties were excluded. Quality of reporting was assessed by using the Template for Intervention Description
and Replication Checklist for Population Health and Policy. We developed a narrative synthesis, using a conceptual framework
to map the extracted studies broken down by target population.

Results: We retrieved a total of 1638 studies, of which 17 were included in the narrative synthesis; 7 studies targeted the general
population and 10 studies described CT activities carried out in specific population subgroups. Our review identified some common
elements across studies used to develop CT activities, including decentralization of CT activities, involvement of trained nonpublic
health resources (eg, university students or civil servants), use of informatics tools for CT management, interagency collaboration,
and community engagement. CT strategies implemented in the workplace envisaged a strong collaboration with occupational
health services. Outreach activities were shown to increase CT efficiency in susceptible groups, such as people experiencing
homelessness. Data on the effectiveness of CT strategies are scarce, with only few studies reporting on key performance indicators.

Conclusions: Despite the lack of systematically collected data on CT effectiveness, our findings can provide some indication
for the future planning and development of CT strategies for infectious disease control, mainly in terms of coordination mechanisms
and the use of human and technical resources needed for the rapid development of CT activities. Further research on the
organizational models of CT strategies during the COVID-19 pandemic would be required to contribute to a more robust
evidence-making process.
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Introduction

Background
Contact tracing (CT) has historically been one of the key public
health response actions to control the outbreak of a novel virus,
particularly in the absence of a vaccine [1]. As with other
person-to-person infectious diseases, early case detection,
identification, and management of contacts through CT was
one of the top priorities for interrupting the chain of infection
and controlling the spread of SARS-CoV-2 [2,3]. Before
effective vaccines against SARS-CoV-2 became available in
December 2020, CT was one of the few tools globally applied
to prevent the spread of infection, combined with physical
isolation of infected persons and their close contacts (the
so-called quarantine), social distancing, and the use of protective
devices in public places.

Several guidance documents were produced and disseminated
by international public health agencies and national authorities
on the organization of CT activities for COVID-19 control,
including indications on the type of human and technical
resources needed for the different steps of CT (case notification,
contact identification, information, management, and
surveillance of contacts) [3-10]. Reports on CT activities
implemented in several countries suggest marked differences
in the organizational models adopted in different settings based
on the characteristics of the local health systems and structures,
as well as the diagnostic and tracking capabilities [8,11].
Although adapting CT strategies according to the local
epidemiological situation and available resources has been
emphasized [1,12-14], little evidence is available on the actual
implementation of CT activities in real-world settings. In fact,
most published studies on CT for COVID-19 have focused on
the combination of traditional CT and digital technologies and
on cost-effectiveness, ethical concerns, and governance issues
related to the use of digital tools [15-20]. Several studies,
including systematic reviews, were aimed at estimating the
effectiveness of CT strategies for SARS-CoV-2 control, but
they mainly relied on modeling techniques [15,21], given the
difficulties in measuring real-world effectiveness [22].

Aim of the Study
Further understanding the real-world implementation of CT
strategies under different conditions, including measures adopted
to scale-up activities, would be relevant to support future
planning of CT activities for infectious disease control.
Therefore, we conducted a systematic review of the literature
to provide a comprehensive picture of the organizational aspects
of CT activities during the first wave of the pandemic through
the systematic identification and description of CT strategies
used in different settings from March to June 2020. We decided
to focus on the first wave of the pandemic, when CT represented
one of the core public health activities for COVID-19

containment, to describe actions taken for the rapid set up of
CT strategies and scale up of resources.

Methods

Study Protocol
We conducted a systematic review of studies describing
organizational models of CT strategies for the surveillance and
control of SARS-CoV-2 infection. This systematic review was
registered in PROSPERO (International Prospective Register
of Systematic Reviews; CRD42021279172). The review was
conducted in accordance with the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) statement
[23] and the Template for Intervention Description and
Replication Checklist for Population Health and Policy
(TIDieR-PHP) [24].

Literature Search Strategy
A preliminary exploratory search was carried out restricting the
research field to systematic reviews and meta-analyses only,
which did not return any noteworthy results. Subsequently, a
more specific research strategy was developed to identify
primary studies, adapted for each database, using both Medical
Subject Headings (MeSH) terms and free text keywords in the
title and abstract fields. We searched relevant databases
including PubMed, Embase and Cochrane Library from January
1, 2020, to July 31, 2021, for published studies in Italian and
English with the terms “contact tracing,” “contact investigation,”
“case finding,” “case detect*,” “contact examin*,” “contact
screen*,” “COVID-19,” “coronavirus,” and “SARS-COV-2,”
with no limitations on study design. The complete search
strategy is detailed in Multimedia Appendix 1.

Inclusion and Exclusion Criteria
Studies were included if they provided a description of the
organizational aspects of real-world CT strategies (eg, resources
involved and activities conducted in each step of the CT process)
applied during the first pandemic wave, with no restrictions on
study type, setting, or population. The eligibility criteria
(Textbox 1) for this review are described according to the
PICOS (Population or Problem, Intervention, Comparison,
Outcome, and Study Type) framework. Studies that did not
provide a description of the organizational aspects of CT
strategies or reported or modeled theoretical CT strategies were
excluded. Comments, opinions, editorials, and news reports in
which no original information was reported were excluded. In
the initial screening phase, we classified studies describing CT
strategies focusing on digital application tools such as exposure
notification, Bluetooth, GPS, or big data management
technologies. Because of their peculiarity, studies focusing on
the description of the technological features of digital
applications were evaluated separately and were therefore
excluded from this review.
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Textbox 1. Inclusion criteria for this review.

Population or problem

• Organization of contact tracing (CT) activities in populations hit by COVID-19 during the first pandemic wave.

Intervention

• Any real-world CT strategies for the control of COVID-19 during first wave not centered on exposure notification, Bluetooth, GPS, or big data
management technologies.

Comparison

• Either no or any type of real-world CT strategy for the control of COVID-19, depending on whether comparative analyses are available in the
included studies.

Outcome

• Identification of the main elements characterizing the organization of CT activities for COVID-19 control.

• Description of the main types of CT strategies for COVID-19 control.

Study type

• All types of studies.

• Papers published in peer-reviewed journals, in Italian or English, available in full-text.

Data Extraction and Study Quality
Search results were imported into a reference management
database (EndNote 7.8 [Clarivate Plc]). Duplicate articles were
removed, and the titles and abstracts of all the collected records
were screened by 2 reviewers (AMVA and AR). Studies that
clearly did not meet the inclusion criteria were excluded. Full
texts of potentially relevant articles were retrieved and
independently examined by the 2 researchers. The reference
lists of retrieved articles were also searched to identify other
potentially relevant studies. All excluded articles and reasons
for exclusion were recorded (Multimedia Appendix 2) and any
disputes between the 2 researchers were resolved through
discussion.

A standardized data extraction file was developed, including
the following information: main author, year of publication,
country, study design, study period, epidemic phase, type of
CT program (institutional level or local level), study population,
study setting, activities carried out during the various steps of
the CT process (case notification, contact identification,
information, management, and surveillance), human and
technical resources used, main features of the CT model, and
quantitative results.

The quality of reporting was assessed by 2 reviewers (AMVA
and AR) using the TIDieR-PHP checklist [24]. The checklist
enables clear and comprehensive reporting of population health
and policy interventions, providing 11 items to capture pertinent
features of these interventions. Adherence to these 11 items was
assessed in each of the included studies.

We developed a narrative synthesis using a conceptual
framework to map the extracted studies broken down by the
target population.

Results

Overview
We retrieved a total of 1638 studies. After duplicate removal
and title abstract selection, 130 full texts were assessed, and 17
of them were included in the narrative synthesis [25-41] (Figure
1).

Studies focusing on the organizational models of CT apps and
other digital tools were not included in this study and will be
addressed in a different review. The main features of the
included studies are summarized in Table 1.

All included papers were descriptive accounts of CT strategies
implemented in various settings, except for a qualitative study
[25]. A total of 8 studies were conducted in the United States
[26,27,29-32,36,41], 3 in Asia [34,35,39], 3 in Europe
[33,37,40], 2 in Africa [25,28], and 1 in Australia [38].

One study reported information on implemented CT strategies
disaggregated for the first and second waves [33], and 1 study
did not clearly report the timing when the CT model was
implemented [35]. A total of 10 studies described organizational
models implemented by national or local governments or public
health agencies [25,26,28,29,31,37-41]. The remaining studies
described strategies implemented locally in specific contexts
[27,30,32-36]. In addition, 7 studies targeted the general
population [25-31], and the remaining 10 studies described CT
activities carried out in specific population subgroups (workers,
travelers, and vulnerable populations) [32-41]. Further details
are provided in Table S1 in Multimedia Appendix 3 [25-41].

Quantitative results of CT activities were seldom reported, and
the available data were not comparable across the studies (Table
S2 in Multimedia Appendix 3).

The results of the assessment of reporting quality are included
in Multimedia Appendix 4 [25-41].
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram of included studies [23]. CT: contact tracing.
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Table 1. Characteristics of included studies.

Institutional levelSettingTargetEpidemiological
scenario

CountryStudy

GovernmentRegional territoryGeneral populationFirst waveAfrica–Ghana
(Greater Accra Re-
gion)

Asiimwe et al [25], 2021

Specific contextHospital (Mayo Clinic)Health care workers
and patients

First waveUnited States–Min-
nesota, Florida, and
Arizona

Breeher et al [32], 2020

GovernmentPrisonDetaineesFirst waveEurope–IrelandClarke et al [40], 2020

GovernmentWorking environment
(Creil Air Base–MS-

FACa)

WorkersFirst waveEurope–Francede Laval et al [37], 2021

GovernmentAirports, ports, and com-
munities

Travelers entering
Australia and gener-
al population

First waveAustralia–Northern
Territory

Draper et al [38], 2021

GovernmentCounty territory and ac-
commodation for PEH

General population

and PEHb
First waveUnited States–Utah

(Salt Lake County)
Fields et al [41], 2021

Specific contextWork environment (US
Navy Medicine, the Bu-

Workers and their
external contacts

First waveUnited States–Vir-
ginia

Hall et al [36], 2021

reau of Medicine and
Surgery, Falls Church)

Specific contextMarburg University Hos-
pital

Patients, employees,
and health care
workers

First and second
wave

Europe–GermanyZirbes et al [33], 2021

GovernmentCounty territoryGeneral populationFirst waveUnited States–Coun-
ty in Maryland

Kalyanaraman and Fraser
[26], 2021

Specific contextTerritory of the regionGeneral population,

with CTd starting

First waveUnited States–Cen-
tral Pennsylvania

Koetter et al [27], 2021c

from hospital-diag-
nosed cases—Penn
State College of
Medicine

Specific contextDepartment of Ophthal-
mology—United Chris-
tian Hospital Hong Kong

PatientsNot clearly statedChina–Hong KongMak et al [35], 2021

GovernmentTerritory of 5 subareas
with the highest number
of cases

General populationFirst waveAfrica–Lagos StateMueller et al [28], 2020

GovernmentCity territory and univer-
sity (Yale University)

General population
and university com-
munity

First waveUnited States–Con-
necticut (New
Haven)

Niccolai [29], 2020

Specific contextTerritory of the regionGeneral population,
with CT starting

First waveUnited States–cen-
tral Pennsylvania

Pelton et al [30], 2021c

from hospital-diag-
nosed cases—Penn
State College of
Medicine

GovernmentFlightTravelers entering
Vietnam

First waveVietnam–HanoiQuach et al [39], 2021

GovernmentCity territoryGeneral populationFirst waveUnited States–City
of San Francisco

Reid et al [31], 2021

Specific contextQueen Elizabeth HospitalPatients and health
care workers

First waveChina–Hong KongWong et al [34], 2020

aMSFAC: Military Support Facility.
bPEH: people experiencing homelessness.
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cThe articles refer to the same study but with 2 different focuses: Koetter et al [27] described the organizational model of contact tracing (CT), whereas
Pelton et al [30] focused on key performance indicators.
dCT: contact tracing.

General Population
All studies targeting the general population have described CT
models implemented at the local level (regional territories,
counties or cities). Two studies focused on cases diagnosed
within a university hospital, the Penn State College of Medicine
[27,30], while 1 study described CT activities carried out within
Yale University’s community, in addition to those targeting the
city of New Haven’s general population [29].

Not all studies provided details on case notifications. Where
described, case notification envisaged the communication of
new COVID-19 cases from test laboratories or test centers to
CT teams [27,28,30] or the use of infectious disease notification
systems, either with automatic notification [26] or through an
active search of new cases conducted by an epidemiologist [29].

All studies reported the identification of close contacts by
telephone interviews with cases, except for the model described
by Mueller et al [28] in the Lagos area, where contacts were
line-listed for possible follow-up at the point of sample
collection. A total of 3 studies specified that the interviews with
cases were conducted using defined questionnaires or forms
[25,27,29] developed by epidemiologists. In all cases, the
contact list was entered into an electronic database or software.

Contacts were notified of their exposure to a COVID-19 case
via telephone in all models. In 2 cases [26,31], the phone call
was accompanied by a letter, email, or SMS text messaging
notifying the exposure. Koetter et al [27] reported that the CT
team from the Penn State College of Medicine used a premade
phone script designed with assistance from epidemiologists
treating infectious diseases to provide information on exposure
and quarantine.

The management and monitoring of contacts during quarantine
(14 days in all studies) was carried out mainly using telephone
[25-28]. As an alternative to telephone monitoring, the model
implemented in the Lagos area also provides home visits by
nurses to assess symptoms and take swabs of symptomatic
contacts [28]. The students of Penn State College of Medicine
[27,30] monitored the symptoms of the cases contacted through
a questionnaire sent by email from the CT management software
(REDCap [Research Electronic Data Capture], Vanderbilt
University) with automatic feedback to the CT team. In the
model described by Reid et al [31], screening of symptoms
during quarantine occurred via SMS text messaging sent
automatically from the COVID-19 tracking application
CommCare (Dimagi Inc) and subsequent feedback to the CT
team.

The CT models retrieved from the literature used different types
of human resources. In some cases, only health workers were
involved [25,26], providing different roles depending on their
professional background. In the model implemented in the Accra
Region [25], clinicians based at the regional level informed
contacts of exposure and supervised the work of community
nurses engaged in contact monitoring, whereas case

investigations were conducted by epidemiologists and disease
control officers at the local level. The model described by
Kalyanaraman et al [26] involved CT teams composed of nurses
responsible for investigating cases and informing contacts, as
well as health assistants and runners responsible for monitoring
contacts, under the supervision of an epidemiologist. Some
studies have reported the involvement of medical and health
profession students in CT activities. At the Penn State College
of Medicine, medical students were involved in the CT of cases
diagnosed within the hospital, being employed either in the
management of cases (case teams) or contacts (contact teams)
[27]. Yale University health care professional students were
involved on a voluntary basis in a CT program aimed at both
campus and off-campus populations in collaboration with the
local health department, which provided web-based training for
volunteers [29]. The University of California San Francisco
also involved medical students in a CT program developed with
the San Francisco Department of Public Health, and public
health experts from the 2 bodies coordinated the activities and
trained the CT team, which also included retired doctors,
librarians, and other civil servants [31].

All the models described used software or web platforms for
case and contact management. Most studies used open-source
platforms (eg, Surveillance Outbreak Response Management
and Analysis System, SORMAS Foundation [25], and Open
Data Kit, Jekyll and Minimal Mistakes [28]) or relied on existing
platforms such as such as RedCap (Vanderblit University)
[27,30] or Veoci Inc (Virtual Emergency Operations Center
Software) [29]. The CT model developed by the students of
University of California San Francisco and the experts from
San Francisco Department of Health was initially partnered
with Dimagi Inc to make use of their web-based COVID-19
tracking application, CommCare, and then transitioned to the
digital platform, CalConnnect, to align San Francisco with most
other jurisdictions in California [31].

Only 2 models provided the development of indicators that
allowed for the measurement of the effectiveness of the
interventions [30,31]. In both cases, the development of a CT
model based on the rapid mobilization of human resources
(including university students), team organization, and the use
of digital platforms led to a reduction in the time required to
complete CT activities. The study conducted at the Penn State
College of Medicine showed a reduction in the test turnaround
time from 21.8 to 2.3 days, also due to improvements in the
testing capacity [30]. The study by Reid et al [31] showed a
reduction in the time between contact registration and the first
attempted contact from 5 days to 1 day over a 2-month period.

Special Populations
Studies describing CT models not addressed in the general
population targeted the following population groups: workers,
including health care workers (HCWs), military workers, and
civilians working in military areas [32-37]; travelers [38,39];
and vulnerable populations, including inmates and homeless
people [40,41]
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Workers
Among studies carried out on workers, 4 studies focused on CT
models developed in the health care setting [32-35] and 2 studies
reported CT strategies addressed to civilians and military
workers.

HCWs and Patients

Studies describing CT models addressing HCWs also reported
CT activities in patients and contacts; 1 study focused on
hospital patients only [35]. One study was carried out in the
Mayo Clinic campuses, United States [32]; 1 was carried out
in the University Hospital of Marburg, Germany [33]; and all
the other studies were conducted in Hong Kong public health
service hospitals.

Where indicated, the structure responsible for notifying cases
among HCWs was the Occupational Health Services (OHS)
[32] or the Infection Control and Prevention (ICP) service [33].
The procedure for case notification was not described in all
studies. In the model described by Wong et al [34], a positive
health worker was notified by the hospital’s in-house laboratory,
while in the model described by Breeher et al [32], case
notification was made by multiple parties (infectious disease
control teams, public health bodies, or self-reporting).

Contacts identification was carried out mainly by hospital
internal teams: in the model described by Breeher et al [32] it
was carried out by a designated exposure triage provider (ETP)
composed of doctor and nurses, in collaboration with the OHS
[32], while in other models, contact identification was conducted
by the ICP service [33,35], sometimes in collaboration with the
local health department [35]. Different approaches have been
described for contact listing: some models relied on cases filling
standard forms available on the web on the hospital intranet
[32,33] and telephone interviews [32]; other models relied on
information provided by the ward manager [34] or collected
through a hospital software tracking the movement of patients
within the hospital (UQ Web) [35]. Patients’ contacts were
identified through different digital information systems (the
electronic medical record, EMR [32]; health information systems
[33]; patient administration CT systems [34]; and UQ Web
software [35]. All studies classified contacts according to the
levels of exposure, risk, and subsequent definition of isolation
measures.

Information on contacts was managed internally in all models
as well: it was carried out either by hospital staff (eg, by the
ETP, the exposure investigation team, and the nursing exposure
investigation team in the model described by Breeher et al [32]
or by the ICP in the model described by Zirbes et al [33]) or
directly by cases using an intranet platform [33].

In the Mayo Clinic model, cases self-filled an internet form and
were then interviewed by telephone to assess the level of risk,
define isolation measures and prescribe diagnostic tests [32].
In the Marburg Hospital model, the ICP automatically notified
HCWs identified as close contacts to define work restrictions
and patients to begin isolation through the intranet platform.
HCWs were sent to the clinic’s testing centers, and results were
available on the intranet, while the patients were cared by the
local health authorities [33]. In the Hong Kong model described

by Wong et al [34], quarantine for close contacts was arranged
at a designated camp (staff) or in isolation rooms for patients
with airway-transmitted infections, whereas casual contacts
were subjected to medical surveillance.

Management of contacts included monitoring of symptoms, in
some cases self-reported by the HCWs [32], and testing.
Surveillance of symptoms duration ranged from 14 [33] to 28
[34] days from the last contact with the index case. The Marburg
University Hospital model envisaged repeating antigenic tests
(for health professionals) and polymerase chain reaction (PCR)
tests (for patients) 3 times every 48 hours since the last contact
with the index case [33], while Wong et al [34] reported that
all contacts were monitored daily for temperature and symptoms
for a 28 days (including the quarantine of 14 days).

The human resources used and their functions were not always
clearly reported. The Mayo Clinic model detailed the inclusion
of different professionals at the central level in Richmond and
at the local campuses: at the central level, nurses and
doctors—as part of the ETP—conducted case investigation, the
exposure investigation team (composed of clinicians reallocated
from other departments) conducted contacts’ risk assessment,
and administrative or relocated laboratory staff supported data
collection; at the local level, nurses exposure investigation team
established work restrictions and arranged testing for
symptomatic cases [32]. In the model described by Zirbes et al
[33], the ICP worker was the key figure in all the CT workflow
(in December 2020, 3 ICP workers managed to monitor up to
1201 contacts).

Data on cases and contacts were collected and managed using
ad hoc software [32,33,35]. In addition, software solutions were
used to track cases and’ movement of contacts within the
hospital [35] or to allow cases and contacts to fill in standard
forms, for contact listing, collecting information on exposure
and symptoms [32,33].

Military Area Workers

Two studies addressing CT in the workplace described activities
conducted in military areas: 1 at the headquarters of the US
Navy Medicine in Virginia [36] and the other at the Creil Air
Base in France [37]. Both the studies describe CT activities
implemented further to notification of a COVID-19 case within
the workplace: in the model described by Hall et al [36], the
hospitalized index case self-notified SARS-CoV-2 infection to
the office manager, whereas in the French study, the index cases
(whose number is not reported) were diagnosed within the
military base. In both studies, cases were notified to the local
health authorities.

Military personnel [37] or the public health officer (PHO)
embedded within the US Navy Medicine headquarters [36] were
responsible for investigating the contact, drawing up the contact
list, and identifying the possible source of infection. The local
health department investigated contacts outside the workplace
[36].

Information to contacts was based on their risk level [36,37].
In the study by de Laval [37], all personnel at the air base were
classified as close contacts and the model focused on prompt
testing of all new symptomatic people. In the US Navy study,

JMIR Public Health Surveill 2023 | vol. 9 | e42678 | p.291https://publichealth.jmir.org/2023/1/e42678
(page number not for citation purposes)

Amicosante et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


the PHO sent information to contacts via mass email with
confirmation of receipt, prescribing self-observation, or home
quarantine for 14 days for low- and medium-risk contacts,
respectively [36]. All personnel were instructed to contact the
base health center [37] or their doctor upon onset of symptoms
[36]. In the study performed by de Laval et al [37], tests were
carried out directly in the base, in a specially set up
field-sampling unit.

Surveillance of all identified contacts was performed daily via
telephone [36,37], and in case of development of symptoms,
PCR testing was required [37].

Human resources used were not specified in the study by de
Laval et al [37]. In the US Navy Medicine model, all CT
activities within the office were conducted by the PHO, who
arranged and coordinated workspace sanitation and was
responsible for investigating the case, informing and monitoring
contacts, and for campaigning internal information.
Administrative staff were responsible for the internal
information campaign and infection control policies.

In all studies, CT activities were conducted via telephone, email,
and interviews with standardized questionnaires; the PHO also
made use of invitation lists, meeting attendance, and carpooling
data [36].

Travelers
Two studies described CT strategies used for travelers: one
focused on an index case identified on a cruise ship arriving in
the Northern Territory of Australia [38] and the second focused
on a CT of a flight arriving in Vietnam [39].

In both studies, the index cases were confirmed by a PCR test,
but the notification procedure was not described.

In the case of a confirmed positive traveler, the identification
of contacts started from the passenger list of the same flight or
cruise. In the study performed by Draper et al [38], the passenger
list was provided by the airline or the Australian Government
Department of Health National Incident Room. In Vietnam, the
passenger list was provided by the immigration office and the
Civil Aviation Administration to the competent Provincial
Center for Disease Control. At the provincial level, local health
personnel worked with local authorities, social security
departments, and local volunteers to contact passengers and
identify their contacts [39].

Draper et al [38] specified that information to contacts was
provided via telephone using a standard questionnaire by the
contact tracer team (CTT), which also collected data on the
time, place, and duration of contact and on COVID-19
symptoms [38]. In the study performed by Quach et al [39],
local health personnel interviewed, tracked, tested, and arranged
quarantine (for 14 days) in centralized structures for primary
and secondary contacts or suggested self-quarantine at home
[39].

Contact monitoring was performed randomly by compliance
officers by sending daily SMS text messages to monitor the
development of fever or respiratory symptoms and compliance
with quarantine measures [38]. Contacts in centralized
quarantine had their symptoms and temperature checked twice

daily; swabs were collected after 3 to 5 days and on day 13
before exiting quarantine [39]. Accommodation, meals, and
basic hygiene needs were provided by the Ministry of Health.
Any contact who tested positive during centralized or home
quarantine was transferred to a referral hospital for isolation
and monitoring [39]. Both studies did not provide information
on the composition of the CT teams.

Tools used for CT included the Telstra Integrated Messaging
platform [39] for sending SMS text messages and a web-based
epidemiology database (NetEpi) to collect information on close
contacts [38].

Vulnerable Populations
Two studies described CT strategies in vulnerable populations.
One study addressed CT of inmates within the Irish prison
system [40], and the study performed by Fields et al [41]
described CT strategies of people experiencing homelessness
(PEH) hosted in quarantine or isolation facilities in Salt Lake
County.

The notification of index cases was only described in the prison
context, where prison staff notified the internal CTT of positive
cases or symptomatic (experiencing cough and fever) inmates
[40].

Contacts were identified through interviews with notified
inmates and analysis of closed-circuit television footage [40].
For PEH, case investigations were conducted by dedicated staff
visiting isolation and quarantine facilities using a standard form,
initially in person and later using prepaid mobile phones or
walkie talkies at the facilities.

Only Clarke et al [40] reported details on information to
contacts. In the prison system model, the CTT informed inmates’
contacts, arranged for their isolation, provided indications on
home self-quarantine to family members and staff, and informed
the public health agency.

Inmates’ contacts quarantined inside prisons received clinical
monitoring daily, whereas prison staff’s contacts in home
quarantine were monitored by the community contact
management program; however, casual contacts were instructed
to self-monitor in case of any COVID-19 symptoms [40]. The
PEH were monitored by nurses who filled out a spreadsheet
with medical and epidemiological information for each person
housed in quarantine or isolation facilities [41].

The human resources involved in CT were described in the
prison model. Each prison had a CTT made up of at least 4
people, including security chiefs, assistant chief officers, prison
officers, psychologists, or clerical staff, whereas doctors and
nurses were responsible for informing positive results and for
clinical monitoring. The involved staff followed a training
program developed by the National Infection Control Team,
public health agency, and National Quality Improvement team
[40]. In PHE facilities, nurses were responsible for collecting
information on cases and contacts and for monitoring symptoms,
and no information was provided on the profile of contact tracers
[41].

All models envisaged the collection of case and contact
information in local and sometimes centralized databases. Irish
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prisons collected information on cases and contacts using an
Excel (Microsoft Corporation) spreadsheet and saved data in
the penitentiary’s IT system, which was then sent by secure
email to the National Infection Control Team and the public
health agency to be archived in the Health Service Executive
central database [40]. Information on PEH was collected using
the existing Utah National Electronic Disease Surveillance
System or EpiTrax software [41].

Discussion

Principal Findings
A systematic review of the published literature on the
organizational models of CT implemented during the first wave
of the COVID-19 pandemic identified a limited number of
studies. Despite the fact that published literature on the topic is
scarce, some elements characterizing the setup of different CT
programs and some recommendations to increase the efficacy
of CT activities can be drawn.

A common feature of all studies was the decentralization of CT
activities at the local level: CT was delegated to regions,
counties, metropolitan areas, or specific settings such as
hospitals, prisons, and communities, with the involvement of
local call centers or human resources, as opposed to a centralized
approach where CT is usually conducted in a national or central
center [11]. However, in most models all steps of CT (case
identification, identification, and monitoring of contacts) were
implemented locally; in others, the identification of contacts
and the overall management of CT activities took place at a
central level [25,32,40]. Centrally managed models were mainly
described in specific settings characterized by an internal CT
tracing system (eg, the Mayo Clinic model in the study by
Breeher et al [32] and the Irish Penitentiary Institutes model
described by Clarke et al [40]). The model described by
Asiimwe et al [25], implemented in the Great Accra Region of
Ghana, followed the structure of the country’s health system,
with activities carried out in 3 tiers: national, regional, and
district tiers with a strong focus on community care [42].
Evidence from European case studies suggests that the
governance and organization of CT systems follow the structure
of health systems, with a greater decentralization of activities
in countries with regional management of health services [8].
According to the European Centre for Disease Control and
Prevention (ECDC), the decentralization of CT systems
represents a challenge for the collection of comprehensive and
harmonized data on the volume and effectiveness of the
interventions carried out that need to be addressed [8].

Several studies have described the involvement of human
resources not belonging to public health agencies as contact
tracers, such as university students from health faculties
[27,29-31], hospital health workers, staff of CT programs
implemented within health facilities [32], or representatives of
other organizations, such as United Nations agencies (eg, study
conducted by Mueller et [28] in Nigeria, with the involvement
of the WHO [World Health Organization] and UNFPA [United
Nations Population Fund] staff). As the number of cases
increased, the main international public health agencies (Centers
for Disease Control and Prevention [CDC], ECDC, and WHO)

recommended the mobilization of nonpublic health staff, such
as students, community health workers, volunteers, and civil
servants, provided that they are adequately trained and
supervised by public health bodies responsible for epidemic
control [3,4,43,44]. Many of the documented experiences
complied with this recommendation, showing its effectiveness
in reducing the time needed to complete CT activities and in
increasing the number of people contacted [27-32].

A common element emerging from all studies is the need to use
IT software to support CT activities, as the number of cases and
contacts to be monitored increased. The use of digital technology
can overcome challenges related to incomplete contact
identification, delays in the identification and isolation of cases,
and notification and quarantine of contacts. Available evidence
has been synthetized in some reviews, suggesting the
effectiveness of digital technologies in supporting the control
of the epidemic, but also underlying several normative,
technical, and acceptance barriers to be addressed [45-47]. The
WHO stressed the need to integrate such tools into
comprehensive and adequately resourced CT strategies [4].

Different CT models were based on multiagency collaboration,
with partnerships between public health agencies and other
actors (eg, universities, United Nations agencies, community
organizations, companies, and other institutions). Collaboration
across different actors was not only aimed at the mobilization
of human resources but also at the exchange of information; in
the CT models aimed at travelers [38,39], collaboration between
public health bodies and airline companies, port or airport
management, and flight control bodies was essential to help
trace persons who may have been exposed to SARS-CoV-2
during flights, as also recommended by international guidelines
[48].

Three studies reported the use of outreach strategies to carry
CT activities through home visits to closed settings (eg, prisons,
shelters for PHE) [25,38,41]. This approach was used to address
susceptible communities, which are difficult to reach through
usual communication channels (telephone, email). The outreach
approach was also used to reach out to the general population
in the 2 models developed in African Countries (Ghana and
Nigeria), where community worker programs are widely
implemented [25,38]. The positive role of outreach activities
conducted by community health workers in improving the
effectiveness of CT interventions was previously highlighted
in a systematic review conducted in the context of tuberculosis
control [43]. The review indicated the potential value of outreach
and community health workers in conducting case investigations
in specific populations, such as drug addicts or homeless people.
For these populations, it also indicated that location-based
strategies of CT might lead to identification of an increased
number of contacts, as also described in the model developed
by Fields et al [41] for PHE.

CT programs aimed at health care professionals were
characterized by the direct involvement of in-hospital OHS [32]
and ICPs in CT activities [32,33]. In the Marburg University
Hospital model described by Zirbes et al [33], ICP workers were
the pivot of the CT process, accessing all information related
to cases and contacts through a web-based platform. As also
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suggested by ECDC guidance on infection prevention and
control and preparedness for COVID-19 in health care settings,
potential mitigation measures, including CT, need to be
addressed in collaboration with the existing OHS or health and
safety committees [49]. As stressed by Breeher et al [32], CT
in hospital settings may be extremely resource intensive. The
use of electronic tools and organization into functional teams
were shown to have improved efficiency and integration of
standardized processes and made CT scale up feasible.

The 2 studies describing CT in the workplace, both conducted
in the military setting, were based on an integration of the work
conducted by public health agencies and staff responsible for
occupational health and safety (in the US Navy model described
by Hall et al [36]), with the presence of PHOs embedded in the
workplace. CT activities in the workplace and collaboration
between the different bodies responsible for safety at work, also
by virtue of the existing legislation in various countries, are
strongly recommended to limit the spread of the SARS-CoV-2,
helping to reduce the need for close work activities [50-52].
International bodies also recommend promptly testing
symptomatic workers and providing for their isolation, as
described in the strategy developed by de Laval et al [37].

Finally, attention was paid to some of the models for the
development of strategies aimed at promoting community
engagement, which is recognized as an essential element for
the success of CT programs [53]. Two studies have emphasized
the importance of addressing the social needs of individuals
placed in isolation and quarantine (eg, food, drugs, and
connection to other services), also to increase compliance with
isolation measures [26,27]. Another element facilitating
community engagement was the involvement of contact tracers
speaking other languages to ensure compliance of linguistic
minorities with isolation and quarantine [27,31].

In general, one of the main findings of our literature review was
the scarcity of published studies specifically aimed at describing
the organizational aspects of CT activities. This could be
because of difficulties in measuring and describing the
effectiveness of CT interventions, making the topic of little
interest in the scientific community [15]. Conducting a proper
evaluation of the effectiveness of CT, testing, and isolation
interventions is a complex task, as the type of evidence required
is difficult to obtain (ie, randomization of interventions is not
ethically acceptable); hence, available evidence is mainly based
on modeling techniques or proxy data [2,22,54]. Most published
studies on CT have focused on the development of mathematical
models aimed at describing the factors determining the
effectiveness of CT [55]. Though these studies can be useful in
estimating the effectiveness of CT under different assumptions,
they cannot provide indications on the organizational aspects
of CT activities. Disseminating information on how CT
strategies have been developed in different contexts, including
data on human and technical resources, organization,
coordination, and governance of activities, could provide useful
elements for future planning and contribute to “evidence
making” in this field. The absence of empirical data during the
COVID-19 pandemic has challenged the traditional
evidence-based approach, requiring other ways of generating
and synthesizing evidence, where narrative studies on CT

organizational models represent examples of evidence-making
interventions [56,57].

Limitations
Only a few studies included in our review attempted to provide
data on the effectiveness of the intervention, by identifying and
calculating some key performance indicators to detect
improvements in the effectiveness of CT interventions (mainly
measured by a reduction in the time needed to complete CT
activities or an increase in the number of cases and contacts
reached) following some adjustments in the organization of
activities (eg, increase in human resources and adoption of a
digital tool). As also suggested in recent systematic reviews on
the effectiveness of CT strategies for infectious disease control,
more evidence is needed to understand how to optimize the
effectiveness of CT across a range of settings and contexts,
including large-scale comparative studies [15], informing “how,
where, and when” to deploy CT most effectively [15]. Few data
collected were not fully comparable across different studies. As
suggested by Vogt et al [22], a universally agreed set of
indicators is needed to allow for cross-system comparisons and
to improve the performance of CT systems.

The main limitation of this systematic review was the focus on
the first phase of the epidemic (first wave, March to June 2020)
only. Our primary aim was to describe how CT strategies were
first developed in different settings to respond to a novel virus
outbreak. Nevertheless, collecting and synthesizing information
on how CT strategies were adapted to changes in the
epidemiological situation would be relevant to support the future
planning of CT activities in response to viruses characterized
by different modes of transmission, incubation time, and
virulence. Furthermore, we did not consider changes that
occurred with the availability of COVID-19 vaccines at the end
of 2020, when most public health efforts were directed toward
the organization of vaccination campaigns, and research mainly
focused on measuring vaccine effectiveness.

Therefore, further evidence is needed to evaluate the adaptation
of CT models to the different phases of the epidemic, including
strategies adopted to scale up interventions, integration of
traditional and digital methods, and adjustments of CT with
regard to vaccination status.

Conclusions
In conclusion, our systematic review provides some preliminary
evidence on organizational models of CT developed across
various settings and contexts during the first wave of the
COVID-19 pandemic. We identified some common elements
in all strategies that allowed for the effective development of
CT activities in the early phase of a novel virus epidemic,
including decentralization of activities (case notification,
identification, and management of contacts), involvement of
nonpublic health trained resources, use of digital tools for CT
management, interagency collaboration, adoption of strategies
to increase community engagement, and aspects peculiar to
each setting (eg, outreach, involvement of OHS and ICPs).
Despite the lack of data on CT effectiveness, these findings can
provide some indications for future planning and development
of CT strategies for infectious disease control. Further research
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on the organizational models of CT strategies during the
COVID-19 pandemic, including data on real-world effectiveness
and on strategies developed during the following phases of the

epidemic, would be needed to contribute to a more robust
evidence-making process.
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Abstract

Background: HIV-1 infection continues to affect global health. Although antiretrovirals can reduce the viral load or prevent
HIV-1 infection, current drugs require daily oral use with a high adherence level. Long-acting antiretrovirals (LA-ARVs)
significantly improve medication adherence and are essential for HIV-1 prophylaxis and therapy.

Objective: This study aimed to investigate the safety and efficacy of long-acting cabotegravir (CAB-LA) and long-acting
rilpivirine (RPV-LA) in the prevention and treatment of HIV-1 infection.

Methods: PubMed, Embase, and the Cochrane Library were searched for studies from database inception to November 12,
2022. We included studies that reported efficacy and safety data on LA-ARV intervention in people living with HIV and excluded
reviews, animal studies, and articles with missing or duplicate data. Virological suppression was defined as plasma viral load
<50 copies/mL 6 months after antiviral therapy initiation. We extracted outcomes for analysis and expressed dichotomous data
as risk ratios (RRs) and continuous data as mean differences. Depending on the heterogeneity assessment, a fixed- or random-effects
model was used for data synthesis. We performed subgroup analyses of the partial safety and efficacy outcomes of
CAB-LA+RPV-LA. The protocol was registered with the Open Science Framework.

Results: We included 12 trials comprising 10,957 individuals, of which 7 were prevention trials and 5 were treatment trials.
CAB-LA and RPV-LA demonstrated safety profiles comparable with those of the placebo in terms of adverse event–related
withdrawal. Moreover, the efficacy data showed that CAB-LA had a better effect on HIV-1 prevention than tenofovir disoproxil

fumarate–emtricitabine (17/5161, 0.33% vs 75/5129, 1.46%; RR 0.21, 95% CI 0.07-0.61; I2=70%). Although CAB-LA+RPV-LA

had more drug-related adverse events (556/681, 81.6% vs 37/598, 6.2%; RR 12.50, 95% CI 3.98-39.23; I2=85%), a mild or
moderate injection site reaction was the most common reaction, and its frequency decreased over time. The efficacy of
CAB-LA+RPV-LA was comparable with that of daily oral drugs at 48 and 96 weeks (1302/1424, 91.43% vs 915/993, 92.2%;

RR 0.99, 95% CI 0.97-1.02; I2=0%), and a high level of virological suppression of 80.9% (186/230) was maintained even after
5 years of LA-ARV use. Similar efficacy outcomes were observed in both treatment-naive and treatment-experienced patients

(849/911, 93.2% vs 615/654, 94%; RR 0.99, 95% CI 0.96-1.02; I2=0%). According to the questionnaires, more than 85% of
people living with HIV favored LA-ARVs.

Conclusions: LA-ARVs showed favorable safety profiles for both the prevention and treatment of HIV-1 infection and were
well tolerated. CAB-LA has more satisfactory efficacy than tenofovir disoproxil fumarate–emtricitabine, significantly reducing
the rate of HIV-1 infection. CAB-LA+RPV-LA maintains virological suppression for a long time and may be a viable switching
strategy with enhanced public health benefits by reducing transmission. However, further trials are required to confirm the efficacy
of these drugs.
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Introduction

Background
HIV-1 infection continues to affect global human health, with
an estimated 38.4 million individuals living with HIV-1 by the
end of 2021 and 28.7 million accessing antiretroviral therapy
(ART) by the end of December 2021 [1]. Despite the enormous
progress made in ART, over 5000 people are newly infected
with HIV-1 worldwide every day [2]. Studies have shown that
ART has demonstrated significant efficacy in limiting HIV-1
viral replication, reducing plasma viral load (VL), and
strengthening the immune system. This provides people living
with HIV with long-lasting virological suppression [3,4]. The
use of ART has the potential to considerably reduce HIV-related
morbidity and death, thereby improving the overall health status
of people living with HIV and prolonging their life expectancy
[5]. Pre-exposure prophylaxis (PrEP) with ART before HIV-1
exposure is a major HIV-1 prevention innovation that can
effectively reduce HIV-1 infection rates and provide benefits
to populations at high risk for HIV-1 infection [6]. Oral regimens
comprising tenofovir disoproxil fumarate–emtricitabine
(TDF-FTC) have proven to be effective in preventing HIV-1
infection in high-risk individuals in several clinical trials of
HIV-1 PrEP [7,8].

Although antiretrovirals can control the symptoms of people
living with HIV, there is no cure for HIV-1 infections. Currently,
ART requires lifelong administration, and most antiretrovirals
must be taken daily to suppress HIV-1 infection [9,10], which
requires a high level of adherence to ART by users [11,12].
people living with HIV or people at high risk of HIV-1 infection
face considerable challenges in maintaining the efficacy of ART
in the face of the pressure to take daily drugs. In addition,
prolonged daily oral medications can lead to treatment fatigue
[13,14] coupled with changes in daily lifestyle, stigma associated
with long-term medication use, burden of drug use, and multiple
social factors [15], all of which can lead to suboptimal adherence
and reduce the efficacy of medications or even lead to the
emergence of drug-resistant viral variants. Long-acting
antiretrovirals (LA-ARVs) have the potential to increase ART
adherence, reduce HIV-1 transmission, and achieve public health
benefits by decreasing the number of new HIV-1 infections.

The advent of LA-ARVs may overcome several problems
associated with the daily use of oral pills and privacy of patients
taking drugs. They are used once a month or every 2 months,
greatly reducing the frequency and burden of daily medication,
eliminating the need to take daily pills [16,17] and improving
the convenience of taking medicine while protecting patients’
privacy and reducing the social stigma associated with HIV-1,
which is important for people living with HIV and those at high
risk of HIV-1 infection. Cabotegravir is a novel integrase
inhibitor with acceptable safety and tolerability when
administered orally once daily [18]. The nonnucleoside reverse

transcriptase inhibitor rilpivirine is administered orally once
daily for HIV-1 treatment. LA-ARVs have currently been
approved for the treatment and prevention of HIV-1 infection
in several countries. In March 2020, ViiV Healthcare announced
that Health Canada approved Cabenuva (cabotegravir and
rilpivirine extended-release injectable suspensions) for the
market. This was the first global approval of Cabenuva as an
alternative to existing antiviral regimens for virologically
suppressed people living with HIV [19]. The United States Food
and Drug Administration has approved Cabenuva as a complete
regimen for the treatment of HIV-1 infection in adults with
virological suppression on a stable antiretroviral regimen [19]
and Apretude (cabotegravir extended-release injectable
suspension) for HIV-1 PrEP in high-risk adults and adolescents
weighing at least 35 kg [20]. Apretude is also approved as a
prophylactic drug in Europe [21], Australia, South Africa [22],
Zimbabwe [23], and other countries. In light of the benefits
associated with LA-ARVs, there is a growing interest in their
development, as well as concerns regarding their potential
adverse effects, safety, and efficacy.

Objectives
Therefore, this meta-analysis aimed to summarize existing trials
on LA-ARVs, particularly long-acting cabotegravir (CAB-LA),
long-acting rilpivirine (RPV-LA), and CAB-LA+RPV-LA;
assess their safety and efficacy; and provide evidence for their
widespread use.

Methods

Overview
We conducted a meta-analysis using version 6.2 of the Cochrane
Handbook for Systematic Reviews of Intervention [24]. We
followed the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines were followed [25]
(Multimedia Appendix 1). The protocol was deposited and
registered in the Open Science Framework [26].

Search Strategy
We thoroughly searched the PubMed, Embase, and Cochrane
Library databases for eligible articles published from their
inception to November 12, 2022. Only articles published in
English were included in this study. Search terms included
“HIV,” “AIDS,” “long-acting formulations,” “cabotegravir,”
“gsk1265744,” and “rilpivirine” (Multimedia Appendix 2).
After deleting duplicates, 2 writers independently screened the
titles, abstracts, and full-text papers. Disagreements were
resolved through dialogue and reaching a consensus.

Study Eligibility Criteria
The inclusion criteria were as follows: (1) study design,
randomized trials; (2) study population, adults aged ≥18 years;
(3) intervention, LA-ARVs; and (4) end points, which included
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safety and efficacy data. For the exclusion criteria, we excluded
pregnant or lactating women. We excluded reviews, conference
abstracts, case reports, letters, animal studies, irretrievable
full-text articles, and studies that shared the same data set. We
only included the latest or most detailed data when repeated
data were encountered.

Currently, different guidelines have different definitions of
HIV-1 virological suppression. According to the World Health
Organization guideline [27], we defined virological suppression
as a plasma VL <50 copies/mL 6 months after the start of ART.

Drug-related adverse event (AE) and AE-related withdrawals
were the primary safety outcomes. The major efficacy outcomes
were confirmed with HIV-1 infection for prevention and the
percentage of individuals with plasma HIV-1 RNA <50
copies/mL for treatment. Secondary safety outcomes included
the proportion of individuals with (1) any AE, (2) AE of grade
3 or higher, (3) injection site reaction (ISR), (4) serious AE
(SAE), and (5) death, whereas secondary efficacy outcomes of

treatment included (1) changes in CD4+T cell counts from
baseline, (2) the incidence of confirmed virological failure (VF),
and (3) the proportion of resistance-associated mutations
(RAMs) in patients who acquired HIV-1 infection or with
confirmed virologic failure.

Data Extraction and Risk of Bias Assessment
A Microsoft Excel spreadsheet was used to extract data from
each study. We extracted all relevant data: (1) general
information, including the name of the first author and trial,
trial number, publication year, and the number of patients; (2)
study parameters, including interventions, controls, and study
design; and (3) participant characteristics, including age and
the proportion of the male population; and (4) outcomes,
including safety and efficacy data.

As a means of assessing bias risk, the Cochrane risk-of-bias
tool was used to analyze the 5 domains of random sequence
generation, allocation concealment, blinding of participants and
personnel and outcome assessors, incomplete outcome data,
and selective outcome reporting. Findings were classified as
low, unclear, or high bias. The 2 reviewers worked separately
to extract the data and assess the possibility of bias. Multimedia
Appendix 3 [28-42] shows details of the risk of bias assessment.

Statistical Analysis
RevMan statistical software (version 5.3; The Cochrane
Collaboration) was used for statistical analyses and Adobe
Illustrator (Adobe) was used for graphical editing and

presentation. We used proportion and risk ratio (RR) values to
express dichotomous data, whereas for continuous data, we used
mean differences. A forest plot was used to estimate cumulative

effects. The I2 test revealed statistically significant heterogeneity.
Four degrees of heterogeneity were distinguished: 0% to 40%,
presumably insignificant; 30% to 60%, medium; 50% to 90%,
substantial; and 75% to 100%, high [24]. Subgroup analysis
was used to investigate the potential heterogeneity. If applicable,
leave-one-out sensitivity analysis was performed to investigate
the consistency of the results. If sufficient publications were
available, publication bias was investigated using funnel plots
and the Egger test.

Results

Study Selection and Characteristics
We obtained 5662 records through an initial literature search,
including 1321 in PubMed, 3857 in Embase, and 484 in the
Cochrane Library. After removal of duplicates, 4108 studies
remained. A total of 72 publications remained after screening
the titles and abstracts for full-text inspection. Furthermore, 15
papers comprising 10,957 individuals were ultimately enrolled
for data analysis, which contained 12 trials, including 7 trials
for prevention (5 on CAB-LA [28-32], 2 on RPV-LA [33,34]),
and 5 trials on CAB-LA+RPV-LA [35-42] for treatment. The
LATTE-2, ATLAS, and FLAIR treatment trials included one
maintenance phase and one extension phase study. Figure 1
illustrates the procedure for conducting the literature search.

CAB-LA was injected intramuscularly and subcutaneously at
intervals between 4 and 12 weeks, at dosages ranging from 100
to 800 mg. RPV-LA was injected intramuscularly at doses
between 300 and 1200 mg every 4 to 8 weeks. Two doses of
CAB-LAs and RPV-LAs were administered intramuscularly.
In one case, 400 mg CAB-LA and 600 mg RPV-LA were
administered every 4 weeks; in the other case, 600 mg CAB-LA
and 900 mg RPV-LA were administered every 8 weeks. Only
one CAB-LA trial used both injection methods (intramuscular
and subcutaneous). Only intramuscular injection was selected
for combined analysis of the data. Table 1 summarizes the
characteristics of the included studies.

The bias risk assessment showed that 8 studies
[28,29,31-34,36,40] had a low bias risk, whereas 7 open-label
trials [30,35,37-39,41,42] with unclear allocation concealment
had a high risk of bias (Figures S1 and S2 in Multimedia
Appendix 3).
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Figure 1. Diagram flow illustrating literature search process. *We searched the database until November 12, 2022.
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Table 1. Characteristics of included studies.

Male, n (%)Age

(years)a
Sample size, nDesignPopulation charac-

teristics
LocationMaskingPhaseStudy (author, year [trial

name; NCT ID or Clinical-
trials.gov identifier])

Prophylaxis

29 (33)31 (24-37)89 (69If,

20Cg)

CABb-LAc

IMd 600 mg

Q8We vs
placebo

Participants were
HIV uninfected at
screening and at
low risk for HIV
infection

MulticenterDouble-
blind

ⅡaLandovitz et al [28],
2018 (HPTN 077;
NCT02178800)

38 (35)33 (25-42)110 (82I, 28C)CAB-LA IM
800 mg

Participants were
HIV uninfected at

MulticenterDouble-
blind

ⅡaLandovitz et al [28],
2018 (HPTN 077;
NCT02178800) Q12Wh vs

placebo

screening and at
low risk for HIV
infection

127 (100)31 (20-61)127 (106I,
21C)

CAB-LA IM
800 mg
Q12W vs
placebo

Participants were
male at birth, HIV
uninfected, and re-
ported having at
least one casual se

MulticenterDouble-
blind

ⅡaMarkowitz et al [29],
2017 (ECLAIR;
NCT02076178)

partner in the past
24 mo

39 (54.2)35.1 (10.4)72 (58I, 14C)CAB-LA IM
100, 200,

Healthy volunteersSingle-centerOpen-labelⅠSpreen et al [30],
2014 (NCT01756131)

200×2, 400,
400×2 mg
single-dose
vs placebo

3992 (87.4)26 (22-32)4570 (2283I,
2287C)

CAB-LA IM
600 mg Q8w
with

Adults had a nega-
tive HIV serologi-
cal test at enroll-

MulticenterDouble-
blind

Ⅱb-ⅢLandovitz et al [31],
2021 (HPTN 083;
NCT02720094)

TDFi-FTCjment and had an
undetectable blood

placebo QDk
HIV RNA viral

vs TDF-FTCload within 14
QD withdays before trial

entry CAB-LA
placebo IM
Q8w

0 (0)25 (22-30)3224 (1614I,
1610C)

CAB-LA IM
600 mg Q8w
with TDF-

Female reported at
least 2 episodes of
vaginal intercourse

MulticenterDouble-
blind

ⅢDelany-Moretlwe et
al [32], 2022 (HPTN
084; NCT03164564)

FTC placeboin the previous 30
QD vs TDF-days were at risk of
FTC QDHIV infection
with CAB-based on an HIV

risk score LA placebo
IM Q8w

6 (31.6)47 (31-58);
47 (31-58)

11; 8 (6I, 2C)RPV-LA IM
300,600 mg
single-dose;

Healthy volunteersSingle-centerOpen-la-
bel; dou-
ble-blind

ⅠVerloes et al [33]
2015,
(NCT01031589)

RPV-LA IM
1200 and
600 and 600

mg Q4wm vs
placebo

0 (0)31 (25-38)136 (91I, 45C)RPVl-LA IM
1200 mg

Healthy, sexually
active, low-risk,
HIV-uninfected
women

MulticenterDouble-
blind

ⅡBekker et al [34],
2020 (HPTN 076;
NTC02165202) Q8W vs

placebo

Treatment
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Male, n (%)Age

(years)a
Sample size, nDesignPopulation charac-

teristics
LocationMaskingPhaseStudy (author, year [trial

name; NCT ID or Clinical-
trials.gov identifier])

262 (92)35 (19-64)286
(115I,115I,
56C)

CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W or
CAB-LA IM
600
mg+RPV-
LA IM 900
mg Q8W vs
CAB PO 30
mg + ABC
PO 600 mg
+ 3TC PO
300 mg QD

Treatment-naive
adults with HIV-1
who were given ei-
ther CAB 30 mg

POn+ABCo/3TCp

600/300 mg PO
QD for 20 weeks
and who had a

VLq<50 copies/mL

MulticenterOpen-labelⅡbMargolis et al [35]
2017, (LATTE-2;
NCT02120352)

109 (95);
107 (93); 8
(80); 28 (82)

36 (19-62);
34 (20-64);
41 (21-56);
36 (19-56)

115; 115; 10;
34

CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W;
CAB-LA IM
600
mg+RPV-
LA IM 900
mg Q8W.
Optimized
loading dose
(100 weeks)
followed by
CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W;
Optimized
loading dose
(100 weeks
and 104
weeks) fol-
lowed by
CAB-LA IM
600
mg+RPV-
LA IM 900
mg Q8W

Adults completing
96 weeks of LAT-
TE-2 enter an ex-
tension phase

MulticenterOpen-labelⅡbSmith et al [36], 2021
(LATTE-2 extension
phase;
NCT02120352)
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Male, n (%)Age

(years)a
Sample size, nDesignPopulation charac-

teristics
LocationMaskingPhaseStudy (author, year [trial

name; NCT ID or Clinical-
trials.gov identifier])

439 (78)34 (29-43)566 (283I,
283C)

CAB PO 30
mg+RPV
PO 25 mg
QD for 4
weeks, fol-
lowed by
CAB-LA;
IM 600
mg+RPV-
LA IM 900
mg, then
CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W for
100 weeks
vs DTG PO
50 mg +
ABC PO
600 mg +
3TC PO 300
mg QD for
100 weeks

Treatment-naive
adults with HIV-1
who were given

DTGq/ABC/3TC
PO 50/600/300 mg
QD for 20 weeks
and who had a
VL<50 copies/mL

MulticenterOpen-labelⅢOrkin et al [37], 2021
(FLAIR;
NCT02938520)

24 (22); 27
(22); 63 (22)

36 (30-45);
38 (31-46);
34 (29-42)

111; 121; 283Switched
from CAB
30 mg+RPV
25 mg QD to
CAB-
LA+RPV-
LA (direct-
to-injection
group);
switched
from CAB
30 mg+RPV
25 mg QD to
CAB-
LA+RPV-
LA (oral
lead-in
group); con-
tinued the
long-acting
regimen

Adults completing
100 weeks of AT-
LAS enter an exten-
sion phase

MulticenterOpen-labelⅢOrkin et al [38], 2021
(FLAIR extension
phase;
NCT02938520)
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Male, n (%)Age

(years)a
Sample size, nDesignPopulation charac-

teristics
LocationMaskingPhaseStudy (author, year [trial

name; NCT ID or Clinical-
trials.gov identifier])

413 (67)42 (18-82)616 (308I,
308C)

CAB 30
mg+RPV 25
mg QD for 4
weeks, fol-
lowed by
CAB-LA IM
600
mg+RPV-
LA IM 900
mg, then
CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W for
52 weeks vs
PI-, NNRTI-
, or INSTI-
based QD
for 52 weeks

Adults with HIV-1
and had a VL<50
copies/mL for ≧6
months while tak-
ing PI-, NNRTI-,
or INSTI-based
regimen with a
two-NRTI back-
bone

MulticenterOpen-labelⅢSwindells et al [39],
2020 (ATLAS;
NCT02951052)

——r52 (23, 29)CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W vs
switched
from CAB
30 mg+RPV
25 mg QD to
CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W

Adults completing
52 weeks of AT-
LAS enter an exten-
sion phase

MulticenterOpen-labelⅢSwindells et al [40],
2022 (ATLAS exten-
sion phase;
NCT02951052)

765 (73)42 (34-50)523; 522CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W;
CAB-LA IM
600
mg+RPV-
LA IM 900
mg Q8W

Parents from AT-
LAS with a VL<50
copies/mL at
screening and addi-
tional adults with
HIV-1 and a
VL<50 copies/mL
for ≥6 months
while taking stan-
dard oral ART

MulticenterOpen-labelⅢbJaeger et al [41], 2021
(ATLAS-2M;
NCT03299049)
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Male, n (%)Age

(years)a
Sample size, nDesignPopulation charac-

teristics
LocationMaskingPhaseStudy (author, year [trial

name; NCT ID or Clinical-
trials.gov identifier])

92 (94.8)41 (25-63)97 (90I, 7C)CAB-LA IM
600
mg+RPV-
LA IM 900
mg Q8W for
48 weeks vs
DTG PO 50
mg + RPV
PO 25 mg
QD for 48
weeks

Adults with HIV-1
who had a VL<50
copies/mL and
completed at least
300 weeks of the
LATTE study

MulticenterOpen-labelⅡbMills et al [42], 2021
(POLAR;
NCT03639311)

aUnless otherwise stated, age is presented as mean (SD) or median (IQR).
bCAB: cabotegravir.
cLA: long-acting.
dIM: intramuscular.
eQ8W: every 8 weeks.
fI: intervention group.
gC: control group.
hQ12W: every 12 weeks.
iTDF: tenofovir.
jFTC: emtricitabine.
kQD: daily.
lRPV: rilpivirine.
mQ4W: every 4 week.
nPO: per os.
qDTG: dolutegravir.
oABC: abacavir.
p3TC: lamivudine.
qVL: viral load.
rNot available.

PrEP Medication

Safety
For CAB-LA, 3 of the 5 trials were placebo controls and 2 were
TDF-FTC controls. Compared with the placebo, the frequency
of AE-related withdrawals (14/228, 6.1% vs 1/64, 2%; RR 2.77,

95% CI 0.55-14.09; I2=32%; Figure 2A) was similar, as was
any AE or SAE (Figures S1A and S1B in Multimedia Appendix
4 [28-40,42]). In contrast, there was high heterogeneity for ISR
(165/268, 61.6% vs 15/72, 21%; RR 3.38, 95% CI 0.79-14.44;

I2=80%; Figure S1C in Multimedia Appendix 4). Because of
the lack of studies, we could not determine the origin of
heterogeneity.

Compared with daily oral TDF-FTC, there was no apparent
difference in AE of grade 3 or higher (1003/3894, 25.76% vs

1047/3892, 26.9%; RR 0.96, 95% CI 0.89-1.03; I2=0%; Figure
S1D in Multimedia Appendix 4) and SAE (153/3894, 3.93%

vs 154/3892, 3.96%; RR 0.99, 95% CI 0.80-1.24; I2=0%; Figure
S1E in Multimedia Appendix 4). In comparison, CAB-LA had
more ISRs (2301/3799, 60.57% vs 815/3798, 21.46%; RR 3.03,

95% CI 2.27-4.04; I2=91%; Figure S1F in Multimedia Appendix
4) than TDF-FTC. Although ISR was more frequent in the
intervention group, the most frequently reported side effect was
injection site pain. ISR is often mild to moderate in severity and
its frequency gradually diminishes.

Similarly, RPV-LA was well tolerated. For the primary outcome,
the occurrence of AE-related withdrawal (7/97, 7% vs 2/44,

5%; RR 1.31, 95% CI 0.34-5.12; I2=0%; Figure 2B) did not
differ between the 2 groups. Analyses of the SAE and ISR
(Figures S1G and S1H in Multimedia Appendix 4) showed no
obvious differences.
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Figure 2. Meta-analyses on safety and efficacy profiles of CAB-LA and RPV-LA: (A) AE-related withdrawals: CAB-LA versus placebo [28,29], (B)
AE-related withdrawal: RPV-LA versus placebo [33,34], and (C) confirmed HIV-1 infection: CAB-LA versus TDF-FTC [31,32]. AE: adverse event;
CAB-LA: long-acting cabotegravir; RPV-LA: long-acting rilpivirine; TDF-FTC: tenofovir disoproxil fumarate–emtricitabine.

Efficacy
The ECLAIR trial [29] revealed 1 proven HIV-1 infection in
the cabotegravir group throughout the follow-up period and 1
confirmed HIV-1 infection in the placebo group within the
injection phase. In addition to TDF-FTC’s reduction in HIV-1
infection by TDF-FTC, CAB-LA also reduced the rate by 76%
(17/5161, 0.33% vs 75/5129, 1.46%; RR 0.21, 95% CI

0.07-0.61; I2=70%; Figure 2C). One of the 13 participants who
acquired HIV-1 infection after enrollment in the CAB-LA group
of the HIV Prevention Trials Network (HPTN) 083 trial [31]
was reclassified as having a baseline infection. Only 4 infections
occurred with regular CAB-LA injections and 2 had
drug-resistant mutations.

In HPTN 083 trial [31], 86% of the TDF-FTC group participants
maintained plasma concentrations over the lower limit of
quantification (0.31 ng/mL), which showed high adherence to
oral drugs. In the HPTN 084 trial [32], 2 of the 4 patients with
infections in the CAB-LA group had undetectable plasma
cabotegravir concentrations, one had delayed cabotegravir
injections, and one had baseline infection. None of the infections
occurred with on-time injections. The TDF-FTC group
documented poor or nonadherence in 35 of the 36 infections,
and TDF concentrations greater than 0.31 ng per mL were
observed in 55.91% (1084/1939) of participants.

For RPV-LA, the HPTN 076 trial [34] reported that one placebo
participant developed HIV-1 infection during the injection
period. A total of 67.9% (76/112) of the participants strongly

agreed to use RPV-LA at the time of their last injection visit,
and 88% stated that they would use it in the future. The efficacy
and safety results of the prophylactic drugs are detailed in
Multimedia Appendix 5 [28-34]. The RAMs in the people living
with HIV are detailed in Multimedia Appendix 6 [28-42].

Treatment

Safety
Table 2 presents the results for the CAB-LA+RPV-LA. Data
analysis revealed that the AE rate of CAB-LA+RPV-LA was
higher than that of the daily oral drugs. The incidence of
drug-related AE (556/681, 81.6% vs 37/598, 6.2%; RR 12.50,

95% CI 3.98-39.23; I2=85%; Figure 3A) at 48 weeks in
CAB-LA+RPV-LA group was higher than that in the daily oral
group, so were the AE-related withdrawal (48/1194, 4.02% vs

14/937, 1.5%; RR 2.65, 95% CI 1.48-4.74; I2=0%; Figure 3B)
at 48 weeks and 96 weeks, any AE (647/681, 95% vs 448/598,

74.9%; RR 1.27, 95% CI 1.12-1.44; I2=74%; Figure S2A in
Multimedia Appendix 4), and AE of grade 3 or higher (75/681,

11% vs 34/598, 5.7%; RR 1.93, 95% CI 1.30-2.87; I2=5%;
Figure S2B in Multimedia Appendix 4).

When ISR was excluded, drug-related AE after excluding ISR
(167/591, 28.3% vs 36/591, 6.1%; RR 5.41, 95% CI 1.35-21.64;

I2=91%; Figure S2C in Multimedia Appendix 4) and AE of
grade 3 or higher after excluding ISR (47/591, 8% vs 34/591,

5.8%; RR 1.38, 95% CI 0.90-2.12; I2=45%; Figure S2D in
Multimedia Appendix 4) were reanalyzed. There was no obvious
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difference in the SAE (Figure S2E in Multimedia Appendix 4).
No deaths occurred because of the drugs used.

When patients in the LATTE-2, ATLAS, and FLAIR trials
entered the extension phase [31,32,35], people on daily oral
medication switched to CAB-LA+RPV-LA, and the long-acting
group continued their previous treatment. No statistically
significant differences were observed between the groups. The
incidence of AE-related withdrawal (14/513, 2.7% vs 5/276,

1.8%; RR 0.76, 95% CI 0.24-2.41; I2=19%; Figure 3C), any
AE (506/513, 98.6% vs 246/276, 89.1%; RR 1.06, 95% CI

0.89-1.25; I2=97%; Figure S3A in Multimedia Appendix 4),
and SAE (39/513, 7.6% vs 16/276, 5.8%; RR 0.82, 95% CI

0.46-1.47; I2=0%; Figure S3B in Multimedia Appendix 4) in
extension phase did not differ significantly between the
long-acting arm and the switch arm.
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Table 2. Safety and efficacy results of CABa-LAb+RPVc-LA (all results are expressed in terms of frequency (n/N) unless otherwise stated).

EfficacySafetyDesignTrial name

Confirmed

VFg
Median
change from
baseline in

CD4+ lym-
phocyte
count-per

mm3 (n)

HIV-1
RNA lev-
el<50
copies/mL

DeathAE with-
drawal

ISRfSAEeAE of
grade 3 or
higher

Drug-re-
lated AE

Any AEd

0; 2/115;
1/56

226 (IQR
145 to 393)
(100); 239

100/115;
108/115;
47/56

N/A8/115;
2/115; 1/56

112/115;
110/115

11/115;
11/115;
7/56

N/AN/AN/AoCAB-LA

IMh 400
mg+RPV-

LATTE-2
(96 weeks)

(IQR 111 toLA IM 600
359) (109);

mg Q4Wi; 317 (IQR
CAB-LA IM 214 to 505)

(47)600
mg+RPV-
LA IM 900

mg Q8Wj;

CAB POk 30

mg+ABCl

PO 600 mg

+ 3TCm PO

300 mg QDn

NR396 (SD
294) (85);

85/115;
101/115;
9/10; 32/34

3/115;
0; 0; 0

20/115;
3/115;
1/10; 1/34

N/A27/115;
25/115;
1/10;
6/34

38/115;
39/115;
3/10; 7/34

NRp115/115;
115/115;
10/10;
34/34

CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W;

LATTE-2
extension
phase (256
weeks)

326 (SD
218) (102);
211 (SD
318) (9);CAB-LA IM
−14 (SD
319) (32)

600
mg+RPV-
LA IM 900
mg Q8W;
Optimized
loading dose
(100 weeks)
followed by
CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W;
Optimized
loading dose
(100 weeks
and 104
weeks) fol-
lowed by
CAB-LA IM
600
mg+RPV-
LA IM 900
mg Q8W
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EfficacySafetyDesignTrial name

Confirmed

VFg
Median
change from
baseline in

CD4+ lym-
phocyte
count-per

mm3 (n)

HIV-1
RNA lev-
el<50
copies/mL

DeathAE with-
drawal

ISRfSAEeAE of
grade 3 or
higher

Drug-re-
lated AE

Any AEd

4/283;
3/283

NR265/283;
264/283

0; 09/283;
4/283

N/A18/283;
12/283

31/283;
11/283

236/283;
28/283

267/283;
225/283

CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W;

DTGq PO 50
mg + ABC
PO 600 mg
+ 3TC PO
300 mg QD

FLAIR (48
weeks)

4/283;
4/283

57 (IQR −43
to 181)
(246); 109.5
(IQR 18 to
228) (254)

245/283;
253/283

0; 014/283;
4/283

N/A24/283;
22/283

40/283;
16/283

246/283;
33/283

274/283;
242/283

CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W;
DTG PO 50
mg + ABC
PO 600 mg
+ 3TC PO
300 mg QD

FLAIR (96
weeks)

N/ANR110/111;
113/121;
227/283

0; 0; 01/111;
2/121;
15/283

NR4/111;
5/121;
33/283

5/111;
9/121;
49/283

86/111;
79/121;
248/283

102/111;
100/121;
276/283

DTI group
(after 24
weeks of
CAB+RPV);
OLI group
(after 24
weeks of
CAB+RPV);
Randomly
assigned
long-acting
arm (after
124 weeks
of
CAB+RPV)

FLAIR
(124
weeks)

3/308;
4/308

4.0 (IQR
−536 to 801)
(308); 13.5
(IQR −1043
to 521) (308)

285/308;
294/308

0;
1/308

14/308;
5/308

N/A13/308;
14/308

35/308;
23/308

255/308;
8/308

294/308;
220/308

CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W;
PI-, NNRTI-
, or INSTI-
based QD

ATLAS
(48 weeks)
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EfficacySafetyDesignTrial name

Confirmed

VFg
Median
change from
baseline in

CD4+ lym-
phocyte
count-per

mm3 (n)

HIV-1
RNA lev-
el<50
copies/mL

DeathAE with-
drawal

ISRfSAEeAE of
grade 3 or
higher

Drug-re-
lated AE

Any AEd

0; 0−5.7 (SD
167.6) (23);
−33.6 (SD
145.3) (29)

23/23;
28/29

0; 0N/AN/AN/AN/AN/AN/ACAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W;
Switched
from CAB
30 mg+RPV
25 mg QD to
CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W

ATLAS
(96 weeks)

2/523;
9/522

NR472/523;
475/522

1/523;
1/522

19/523;
18/522

400/517;
412/516

28/523;
33/522

NR413/523;
415/522

499/523;
488/522

CAB-LA IM
400
mg+RPV-
LA IM 600
mg Q4W;
CAB-LA IM
600
mg+RPV-
LA IM 900
mg Q8W

ATLAS-
2M (96
weeks)

0; 0−12.5 (IQR
−138 to 71)
(90); −68
(IQR −152
to 152) (7)

88/90; 7/7NR1/90; 0/7N/A5/90;
1/7

9/90; 0/765/90;
1/7

86/90;
3/7

CAB-LA IM
600
mg+RPV-
LA IM 900
mg Q8W;
DTG PO 50
mg + RPV
PO 25 mg
QD

POLAR
(52 weeks)

aCAB: cabotegravir.
bLA: long-acting.
cRPV: rilpivirine.
dAE: adverse event.
eSAE: serious adverse event.
fISR: injection-site reaction.
gVF: virological failure.
hIM: intramuscular.
iQ4W: every 4 weeks.
jQ8W: every 8 weeks.
kPO: per os.
lABC: abacavir.
m3TC: lamivudine.
nQD: daily.
oN/A: not available.
pNR: not reported.
qDTG: dolutegravir.
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Figure 3. Meta-analyses on safety profiles of CAB-LA+RPV-LA: (A) drug-related AE: CAB-LA+RPV-LA versus daily oral drugs [37,39,42], (B)
AE-related withdrawal: CAB-LA+RPV-LA versus daily oral drugs [35,37,39,42], and (C) AE-related withdrawal: long-acting arm versus switch arm
[36,38]. AE: adverse event; CAB-LA: long-acting cabotegravir; RPV-LA: long-acting rilpivirine.

Efficacy
In terms of efficacy, we performed a subgroup analysis of the
percentage of individuals with plasma HIV-1 RNA levels <50
copies/mL (1302/1424, 91.43% vs 915/993, 92.2%; RR 0.99,

95% CI 0.97-1.02; I2=0%; Figure 4A) and the incidence of
confirmed VF (13/1104, 1.18% vs 12/930, 1.3%; RR 0.93, 95%

CI 0.43-2.04; I2=0%; Figure S2F in Multimedia Appendix 4)
at 48 weeks and 96 weeks. Similarly, when we grouped the
treatment-naive patients in the study with treatment-experienced
patients (849/911, 93.2% vs 615/654, 94%; RR 0.99, 95% CI

0.96-1.02; I2=0%; Figure 4B), there were no statistically
significant differences in the efficacy outcomes.

We summarized and analyzed the results of RAMs in patients
with VF during treatment. The results showed no statistical
difference between the CAB-LA+RPV-LA group and the daily
oral drug group in terms of RAMs associated with integrase
inhibitors (6/9, 67% vs 0/9, 0%; RR 4.64, 95% CI 1.00-21.62;

I2=0%; Figure S1A in Multimedia Appendix 6) or nonnucleoside

reverse transcriptase inhibitors (7/9, 78% vs 3/9, 34%; RR 2.12,

95% CI 0.90-4.97; I2=0%; Figure S2B in Multimedia Appendix
6). In addition, a bar chart of the number of RAMs occurring
between groups is presented in Figure S3 in Multimedia
Appendix 6.

For patients in the extension phase, there was no significant
difference in the percentage of infected people with plasma
HIV-1 RNA less than 50 copies/mL (436/536, 81.3% vs

292/305, 95.7%; RR 0.90, 95% CI 0.79-1.03; I2=85%; Figure
4C) between those who continued LA-ARVs and those who
switched to LA-ARVs. This was the change from the baseline

in CD4+ T cell counts (Figure S3C in Multimedia Appendix 4).
Only one participant in the switch arm reported confirmed VF
during the extension phase of the FLAIR trial. The 96-week
results of the ATLAS-2M [41] corroborated that 90.62%
(947/1045) of individuals maintained plasma HIV-1 RNA levels
of less than 50 copies/mL. Compared with daily oral ART,
patient satisfaction levels with CAB-LA+RPV-LA were high.
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Most participants preferred the long-acting regimen; after all
injections, 99% (206/208) of the long-acting group in the
LATTE-2 trial [35] expressed satisfaction with their current
ongoing therapy. In the ATLAS and POLAR trials [39,42],
97.4% (266/273) and 87.5% (77/88) of respondents in the
long-acting group, who filled out the questionnaires, said they

were inclined to use CAB-LA+RPV-LA instead of daily oral
drugs. In the FLAIR extension phase [38], we found that 4
people living with HIV using CAB-LA+RPV-LA for 124 weeks
had RAMs, 3 of which had been detected at 96 weeks of the
FLAIR trial. The detailed resistance data are provided in
Multimedia Appendix 6.

Figure 4. Meta-analyses on efficacy profiles of CAB-LA+RPV-LA: (A) plasma HIV-1 RNA less than 50 copies/mL: CAB-LA+RPV-LA versus daily
oral drugs [35,37,39,42], (B) plasma HIV-1 RNA less than 50 copies/mL: CAB-LA+RPV-LA versus daily oral drugs [35,37,39,42], and (C) plasma
HIV-1 RNA less than 50 copies/mL: long-acting arm versus switch arm [36,38,40]. CAB-LA: long-acting cabotegravir; RPV-LA: long-acting rilpivirine.
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Discussion

Principal Findings
To the best of our knowledge, this meta-analysis is the first to
assess the safety and efficacy of LA-ARVs in people living with
HIV, as well as the advantages of LA-ARVs as a switching
strategy. We found a previously published article on LA-ARVs
that focused on exploring the safety and pharmacokinetic
profiles of 2 drugs, CAB-LA and RPV-LA, for use as PrEP in
the prevention of HIV-1 infection [43]. We added newly updated
articles on this premise, including data from the HPTN 083 [31]
and HPTN 084 [32] trials. The CAB-LA was examined and
described in greater detail. In addition, we not only focused on
prophylactic drugs but also compared the existing daily
antiretrovirals with all existing trials of the combination of
LA-ARVs for treating HIV-1 infection. We collected study data
with a long follow-up period, and in addition to the results from
the maintenance phase of treatment, we collected data within
the extension phase for CAB-LA+RPV-LA, providing
information on the efficacy beyond 96 weeks and even up to 5
years. To provide more comprehensive evidence for the use of
LA-ARVs, we extracted and analyzed the safety and efficacy
data, adherence, and patient satisfaction. The availability of
LA-ARVs is important for HIV-1 prevention and treatment and
for reducing HIV-1 transmission. LA-ARVs with longer dose
intervals significantly improve medication adherence by
reducing the burden of daily dosing [44], protecting patient
privacy, and reducing the stigma associated with HIV-1
infection.

This analysis suggests that participants have a favorable safety
profile for LA-ARVs in terms of either prevention or treatment.
LA-ARVs have also shown better efficacy than daily oral drugs;
however, fewer trials and more studies are required to validate
their efficacy. First of all, all participants tolerated the
prophylactic drugs, CAB-LA and RPV-LA. Although we
observed differences in drug-related AE between the 2 groups
in the ECLAIR trial [29], the majority were classified as grade
1 or 2, had little effect on the participant, and were not
life-threatening. CAB-LA had more ISRs than oral TDF-FTC
owing to the injection of CAB-LA placebo in the control group,
which had less of an effect on the organism. Most ISRs in the
long-acting group were mild or moderate with a low frequency,
and a few patients dropped out of the trial due to ISR. Therefore,
CAB-LAs have a good safety profile as a prophylactic agent.
CAB-LA is more effective than TDF-FTC in preventing HIV-1
infection and can effectively lower the incidence of HIV-1
infection. Adherence has been shown to have a substantial effect
on drug efficacy. The efficacy results from the HPTN 084 trial
were comparable with those of the HPTN 083 trial; however,
participants in the HPTN 084 trial had lower adherence to the
drug, resulting in a higher infection rate in the oral drug group.
Second, most infections that occurred in the CAB-LA group in
both trials [31,32] were due to low or undetectable plasma
concentrations, which were the result of participants not
injecting the dose on time or the infection was occurring during
the oral induction phase. A combined analysis of the efficacy
results from the 2 trials revealed a high degree of heterogeneity,
which may be attributable to the variance in the enrolled

populations. The statistically significant difference in efficacy
in the HPTN 083 trial also demonstrated the superiority of
CAB-LA over TDF-FTC. Therefore, cabotegravir is superior
to TDF-FTC in preventing HIV-1 infection and has adherence
advantages.

However, we observed 4 breakthrough infections in the
CAB-LA group in the HPTN 083 trial. Researchers believe that
this could be due to several factors, such as low concentrations
of cabotegravir in the plasma or rectal tissue, delayed detection
of HIV-1 infection, and drug resistance [45]. As mentioned in
the package inserts of Apretude, drugs that might significantly
reduce cabotegravir’s plasma concentration should be avoided.
Therefore, to conduct a more thorough investigation of the
efficacy of CAB-LA as PrEP, additional data, including
pharmacokinetics and other characteristics, are needed, and in
the future, additional trials will be done in multiple enrollment
populations.

CAB-LA+RPV-LA also had a better safety profile in treating
people living with HIV, although patients experienced more
AEs (any AE, drug-related AE, AE-related withdrawals, and
AE of grade 3 or higher) at the primary end point time of 48 or
96 weeks than those on daily oral drugs. Firstly, similar to
CAB-LA, ISR was the most prevalent AE, predominantly mild
or moderate, and its frequency decreased as the study
progressed. A few patients dropped out of the trials because of
ISR, and most participants generally accepted the overall ISR.
We reanalyzed the results of drug-related AE and AE of grade
≥3 after excluding ISR. The results demonstrated no statistically
significant difference between the 2 groups in terms of AE of
grade 3 or higher after excluding ISR. In contrast, most
drug-related AEs, excluding ISR, were fever, which is a
subjective symptom of patients and may affect the experimental
results. In addition, we observed a lower incidence of ISR in
the extension phase than in the maintenance phase, which could
be attributed to tolerance to long-term injections.

Second, most control groups might have continued their current
daily oral drugs, whereas the intervention groups underwent
the oral induction phase or switching therapy, which could have
led to more AE in the long-acting group. This possibility was
consistent with the findings of a previous switch study [46] that
the consequences of starting a new treatment instead of
continuing the same treatment may lead to an increase in AE.
Although patients who received LA-ARVs experienced more
AEs, cabotegravir plus rilpivirine was the most popular regimen.
Even in participants who switched from daily oral drugs to
CAB+RPV, the safety results were not significantly different
from those who used CAB-LA+RPV-LA for a long time. Most
participants preferred the cabotegravir plus rilpivirine therapy
and presented higher levels of satisfaction.

There was no significant difference between CAB-LA+RPV-LA
and daily oral drugs in terms of the primary efficacy end point,
and CAB-LA+RPV-LA maintained virological suppression in
patients well, even in the extension phase, with the advantage
of a long injection interval, which proved that
CAB-LA+RPV-LA was superior to daily oral agents. In
addition, analysis of data from patients treated with
CAB-LA+RPV-LA for more than 2 years revealed that the
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HIV-1 viral suppression rate was maintained at a high level,
even in patients who received LA-ARVs for 5 years [36],
indicating that CAB-LA+RPV-LA had the capacity to suppress
VL for a long time. This finding lays the foundation for the
long-lasting effects of LA-ARVs. However, subgroup analysis
of the efficacy outcomes of treatment-naive and
treatment-experienced patients who participated in the study
revealed heterogeneity between subgroups, indicating that
variances in the enrolled population may have influenced the
trial results. We observed that the enrolled studies maintained
virological suppression before receiving LA-ARVs or after the
oral induction phase. According to the guidelines [47], if patients
achieve virological suppression of their current ART, arbitrary
regimen adjustments are not recommended but may be
considered in certain specific situations, such as simplifying
the regimen by reducing the number of pills and frequency of
administration to facilitate a smooth drug switch. In these trials
[36,38,40], patients who smoothly switched from daily oral
drugs to LA-ARVs were able to maintain high levels of
virological suppression, with no statistically significant
differences in efficacy compared with patients on LA-ARVs,
which provides support for individuals who are currently
receiving oral therapy and wish to switch to LA-ARVs. If
LA-ARVs are popularized in the future, CAB-LA + RPV-LA
may be a good switching strategy for individuals who use daily
oral drugs for long periods and maintain virological suppression.

We observed VFs in both the long-acting arm and daily oral
drug arm and analyzed their RAMs. There were no statistically
significant differences between the groups; however, because
of the limited number of studies and participants, no definitive
conclusions could be drawn. Most patients in the long-acting
group continued to receive LA-ARVs and had a higher
predilection for LA-ARVs than daily oral drugs. Thus,
CAB-LA+RPV-LA, which greatly improved patient adherence,
provided a more convenient dosing regimen and optimized the
daily oral regimen in people living with HIV, who achieved
and effectively maintained virological suppression. It performed
well in terms of safety and tolerance of drug use in infected
patients and could be an effective and promising treatment or
switching strategy. However, additional trials are required to
confirm the results of our study.

Our study is significant for the promotion of LA-ARVs. The
emergence of LA-ARVs has made the prevention and treatment
of AIDS easier. It reduces the burden on people living with HIV
of different genders, avoids stigmatization associated with daily
oral drug treatment, and improves the correct use and
compliance of doses. This is particularly important to ensure
the effectiveness of pre-exposure prevention measures.
Improving the prevention and treatment of HIV-1 will reduce
its transmission and contribute to reducing the prevalence of
new HIV-1 infections. The United Nations Programme on
HIV/AIDS has called for these life-changing injectable drugs

to be quickly available, affordable, and fairly distributed to
those who need them the most worldwide [48]. This requires
more regional and national regulators to quickly approve and
adopt a series of measures to reduce sales prices. National HIV-1
prevention programs need to develop LA-ARVs promotion
plans and help health systems and communities to prepare for
the use of this new drug.

Limitations
This review had several limitations. First, because the results
are presented in several formats, it is impossible to integrate
data for analysis such as the median form. Second, owing to
the relatively low number of trials, we could not perform a
publication bias analysis, and the lack of trials on RPV-LA and
efficacy data may lead to potential bias. Third, so far, LA-ARVs
have been studied mainly in high-income countries, and the
cost of cabotegravir and rilpivirine may also be a major obstacle
to their supply in low- and middle-income countries. Therefore,
more research is needed to determine the efficacy, acceptability,
and economic burden of LA-ARVs in different income groups,
particularly in low-income and middle-income countries.
Finally, we retained only the original articles and trials,
discarded conferences, and the resulting data that appeared at
the conference. This could have led to the omission of valid
data and weakened the persuasiveness of the results.

Conclusions
In conclusion, our findings support the safety and efficacy of
CAB-LA, RPV-LA, and CAB-LA+RPV-LA, which are effective
and well-tolerated monthly or bimonthly injections that can
provide PrEP to people at risk of HIV-1 infection, reduce the
rate of HIV-1 infection, and provide a more convenient
treatment option for people living with HIV. CAB-LA+RPV-LA
maintained virological suppression of HIV-1 for approximately
2 years, with good efficacy even after 5 years of treatment.
Similarly, effective virological suppression was maintained
after switching from daily oral drugs to LA-ARVs in people
living with HIV who successfully achieved virological
suppression. In summary, LA-ARVs have shown good safety
and tolerability in dosing, can effectively improve patient
adherence, protect patient privacy, and can be a promising
treatment or an alternative to oral ART. Currently, multiple
LA-ARVs have been evaluated in clinical trials, including
injectables, rings, and implants, such as PrEP and subcutaneous
injections, for treating HIV-1 infection [49]. For example, a
phase 2/3 CAPELLA study on lenacapavir confirmed a high
rate of virological suppression in patients with multidrug
resistance [50], and islatravir has also been confirmed for drug
safety in a phase I trial [51]. Therefore, research and
development of LA-ARVs is tremendously advantageous for
HIV-1 prevention and treatment. Given the lack of such studies,
further investigation of the efficacy of RPV-LAs is required.
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Abstract

Background: Screening adherence is important in reducing colorectal cancer (CRC) incidence and mortality. Disparity in CRC
screening adherence was observed in populations of different socioeconomic status (SES), but the direction and strength of the
association remained unclear.

Objective: We aimed to systematically review all the observational studies that have analyzed the association between SES
and adherence to organized CRC screening based on fecal occult blood tests.

Methods: We systematically reviewed the studies in PubMed, Embase, and Web of Science and reference lists of relevant
reviews from the inception of the database up until June 7, 2023. Individual SES, neighborhood SES, and small-area SES were
included, while any SES aggregated by geographic areas larger than neighbors were excluded. Studies assessing SES with any
index or score combining indicators of income, education, deprivation, poverty, occupation, employment, marital status,
cohabitation, and others were included. A random effect model meta-analysis was carried out for pooled odds ratios (ORs) and
relative risks for adherence related to SES.

Results: Overall, 10 studies, with a total of 3,542,379 participants and an overall adherence rate of 64.9%, were included.
Compared with low SES, high SES was associated with higher adherence (unadjusted OR 1.73, 95% CI 1.42-2.10; adjusted OR
1.53, 95% CI 1.28-1.82). In the subgroup of nonindividual-level SES, the adjusted association was significant (OR 1.57, 95% CI
1.26-1.95). However, the adjusted association was insignificant in the subgroup of individual-level SES (OR 1.46, 95% CI
0.98-2.17). As for subgroups of the year of print, not only was the unadjusted association significantly stronger in the subgroup
of early studies (OR 1.97, 95% CI 1.59-2.44) than in the subgroup of late studies (OR 1.43, 95% CI 1.31-1.56), but also the
adjusted one was significantly stronger in the early group (OR 1.86, 95% CI 1.43-2.42) than in the late group (OR 1.26, 95% CI
1.14-1.39), which was consistent and robust. Despite being statistically insignificant, the strength of the association seemed lower
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in studies that did not adjust for race and ethnicity (OR 1.31, 95% CI 1.21-1.43) than the overall estimate (OR 1.53, 95% CI
1.28-1.82).

Conclusions: The higher-SES population had higher adherence to fecal occult blood test–based organized CRC screening.
Neighborhood SES, or small-area SES, was more competent than individual SES to be used to assess the association between
SES and adherence. The disparity in adherence between the high SES and the low SES narrowed along with the development of
interventions and the improvement of organized programs. Race and ethnicity were probably important confounding factors for
the association.

(JMIR Public Health Surveill 2023;9:e48150)   doi:10.2196/48150

KEYWORDS

adherence; colorectal cancer; fecal occult blood test; screening; socioeconomic status

Introduction

Worldwide, colorectal cancer (CRC) ranks third in cancer
incidence and second in cancer mortality [1]. It has been
confirmed that screening with fecal occult blood tests (FOBT)
is effective in lowering CRC mortality in randomized controlled
trials [2-4] and in the real world [5-7]. Unlike opportunistic
screening programs, organized projects actively invite all
individuals within a given age range in a specific geographic
area to participate in protocol-based screening programs [8,9].
International academic organizations highly recommend the
implementation of organized screening programs to reduce the
burden of CRC [10-13].

The benefits of screening depend highly on screening
compliance [14]. What is more, extensive research showed that
the lower–socioeconomic status (SES) population had a higher
incidence of CRC and even higher mortality due to poorer
treatment [15-18], which meant there was a greater need for
high screening adherence in the low SES to reduce health
inequity. Although previous evidence suggested that inequities
of income observed in opportunistic programs could largely be
eliminated in organized programs [19], the association between
SES and organized CRC screening adherence was inconsistent
across studies [9].

A review conducted by de Klerk et al [9] qualitatively assessed
the association of SES and individuals’ adherence to
FOBT-based organized CRC screening programs. This review
found that among 11 programs, 90% (28/31) of publications
reported lower adherence in the lower socioeconomic
population. However, there were distinct differences in how
SES was measured. Most used some types of indexes of
deprivation, while some studies used more than one indicator
to assess SES [9]. Currently, there were no data on the direction
and strength of the association between SES and FOBT-based
organized CRC screening adherence. In addition, although
differences in adherence by SES and race and ethnicity had
received much attention and racial disparities were partially
explained by differences in SES [20], the role of race in the
association of SES with adherence was controversial [21-23].

What is more, with socioeconomic disparity coming under the
spotlight, efforts should be made to narrow it, and its changing
trend deserves continued attention [9].

There is no conclusive evidence on the association between
SES and adherence in FOBT-based organized screening. It is
warranted to examine the association between SES and
adherence, contributing to the improvement of screening
adherence and equity to promote health equity in screening
programs. Thus, the study aimed to perform a meta-analysis
focusing on the association between SES and FOBT-based
organized CRC screening adherence.

Methods

Search Strategy and Selection
We conducted the systematic review and meta-analysis under
the direction of the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) statement [24]. We
searched PubMed, Embase, and Web of Science from the
inception date to June 7, 2023, using the search strategy:
(socioeconomic OR “socioeconomic status” OR SES OR income
OR education OR occupation OR insurance OR “social status”)
AND (colorecta* OR bowel) AND cancer* AND (screen* OR
“early diagnosis” OR “early detection”) AND (organized OR
program*) AND (uptake OR adherence OR nonadherence OR
compliance OR noncompliance OR participation OR
participating OR nonparticipation OR attendance OR
nonattendance OR engagement OR determine* OR factor* OR
associate*). The integrated search strategy is shown in Table
S1 in Multimedia Appendix 1, and references cited in review
articles that were on similar topics were also checked.

Inclusion and Exclusion Criteria
First, titles and abstracts, and then full-text articles, were
screened for inclusion by 2 investigators (ZL and CW)
independently. We included studies that measure the association
between SES and adherence to organized CRC screening
programs. Inclusion and exclusion criteria are shown in Textbox
1.
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Textbox 1. Inclusion and exclusion criteria of studies.

Inclusion criteria

• Original articles

• Observational studies conducted in organized colorectal cancer (CRC) screening programs

• Used fecal occult blood tests (FOBT) as the only primary screening test

• Average-risk population

• Assessed socioeconomic status (SES), including individual SES, neighborhood SES, and small-area SES

• Assessed SES with any index or score combining indicators of income, education, deprivation, poverty, occupation, employment, marital status,
cohabitation, and others, and the SES index or score was defined as categorical variables

• Provided data to obtain related either unadjusted effect sizes (including odds ratios and relative risks) or adjusted ones

• Assessed adherence or nonadherence to FOBT-based CRC screening, which was objectively recorded

• Assessed adherence rate with the percentage of individuals invited to participate in screening that participate

• English language

Exclusion criteria

• Lacked enough data to calculate either unadjusted or adjusted effect sizes, including qualitative studies, reviews, commentaries, letters, and
guidelines

• Conference abstracts that did not contain enough information for quality assessment

• Assessed adherence to colonoscopy or other screening tests

• Focused on only low-SES population or high-SES population, for example, focusing on only low-income population

• If several studies were conducted in the same program, participants should be counted only once. Duplicated samples were excluded, and the
study with the biggest sample that offered the most information was included.

• Assessed country-level SES, province-level SES, or any SES aggregated by geographic areas larger than neighbors

• Assessed self-reported adherence

• Any language other than English

Data Extraction and Statistical Analysis
Sample data were extracted by 2 investigators (ZL and CW)
independently, with disagreements solved by discussion and
consensus. The standardized form consists of (1) the first author;
(2) publication year; (3) study design; (4) country; (5) program
name; (6) sample size; (7) adherence rate; (8) name of the SES
index or score; (9) SES measures involved; (10) focusing on
SES or not; (11) SES level; (12) original adjusted effect size;
(13) available unadjusted and adjusted effect sizes (relative risks
were transformed into odds ratios [ORs]) [25]; (14) covariates
of adjusted effect sizes; (15) single-level or multilevel
multivariate model; and (16) age range of screening. If effect
sizes of an SES index or score with more than 2 levels were
reported (usually), the effect sizes between the 2 extremes were
extracted (eg, most vs least deprivation). The lowest SES was
used as the reference group, and if the highest SES was used as
the reference group, the reference group of the OR would be
converted. When the unadjusted effect sizes were absent, they
were calculated with the present cross-table data.

The Newcastle-Ottawa Quality Assessment Scale (NOS) for
cohort studies and the Agency for Healthcare Research and
Quality (AHRQ) methodology checklist were separately used
to assess the quality of cohort and cross-sectional studies, which
categorized the studies as high, middle, and low-quality [26-28].
The pair of investigators rated the quality independently, and

discrepancies were solved through discussion and consensus.
The Kappa coefficient was used to evaluate the consistency of
the results.

Data Synthesis
ORs with corresponding 95% CIs were used for analysis, and
an inverse variance method was used. We used Stata (version
17.0; StataCorp) to analyze data. The “flocci” command was
used to convert the reference group of original estimates.
“mean,” “meta bias,” and “meaning” were used to perform

analysis. The Cochrane Q statistics and I2 estimations were used
to assess study heterogeneity. With considerable heterogeneity,
a random effect model using the Daimonian and Laird method
was used to conduct the meta-analysis.

We first assessed the unadjusted bivariate correlations between
SES and adherence. Then we used the effect sizes of multivariate
models with the most adjustment factors to assess the adjusted
association. Tables and forest plots were used to display the
results.

We examined heterogeneity using the Cochrane Q statistic and

the I2 statistic. Subgroup analysis was conducted to probe the
potential source of heterogeneity across studies according to
some characteristics of the studies: year of print (before or after
the median year of print of the studies), adherence rate (lower
or higher than 45%, which was the acceptable threshold set by
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the European guidelines [14]), SES focus (whether focusing on
SES or other factors), SES level (individual level or
nonindividual level, which includes neighborhood and
small-area SES), and adjustment (adjusting for race and ethnicity
or not, only for adjusted effect sizes) with at least 3 studies in
a group. Publication bias was assessed using Egger and Begg
tests [29,30]. Sensitivity analysis investigated the influence of
each study (including the only cross-sectional study) on the
overall meta-analysis summary estimate through a random effect
model using the method of Daimonian and Laird.

Results

Systematic Review
The initial search yielded 1819 articles, and 9 articles were
identified from reference lists. Of the 1819 articles, 910
remained after removing 909 duplicates by EndNote X8.1
(Thompson Reuters) automatically (Figure 1) [24,31]. In total,
102 full-text articles were assessed, and 10 met the inclusion
and exclusion criteria.

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) diagram. CRC: colorectal cancer; FOBT: fecal occult
blood test; SES: socioeconomic status.

Table 1 shows an overview of the included studies, and Table
S2 in Multimedia Appendix 1 lists other characteristics. A total
of 9 of them were cohort studies, while 1 (515,388 participants)
was cross-sectional. All studies included were carried out in
developed European countries. All of the studies were of high
quality, and the consistency of the literature quality evaluation
results was 1.00 (Tables S3 and S4 in Multimedia Appendix 1).
There was no uniform adjustment, and the potential confounders,

including age, sex, race, ethnicity, cohabitation, marriage, and
employment, were included and adjusted in different ways.
Surprisingly, all ORs included were significantly larger than
1.00; in other words, all the studies agreed that SES was
positively associated with adherence. Therefore, the results of
the comparison of unadjusted and adjusted pooled estimates
between subgroups were more important.
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Table 1. Overview of the studies included in the meta-analysis.

Multivariate
model

SES levelSES fo-

cusb
SES measures involvedSESa index or scoreProgramCountryReference

MultilevelNonindividualNoEmployment, car ownership,
home ownership, and over-
crowded housing units

Townsend Index—cFrancePoncet et al
(2013) [32]

MultilevelNonindividualYesEmployment, car ownership,
home ownership, and over-
crowded housing units

Townsend Index—FrancePornet et al
(2010) [33]

Single-levelIndividualNoEducation, occupation, and
employment

Deprivation IndexBowel Cancer
Screening Pro-
gramme of the
Basque Country

SpainSolís-Ibina-
gagoitia et
al (2020)
[34]

—NonindividualYesEducation, income, employ-
ment, housing, health, and
access to facilities

Scottish Index of
Multiple Depriva-
tion

—United King-
dom

Steele et al
(2010) [35]

Single-levelIndividualNoEmployment, car ownership,
overcrowding, and social
class

The Carstairs Index
of Deprivation

English Bowel Can-
cer Screening Pilot

United King-
dom

Szczepura
et al (2008)
[36]

Single-levelNonindividualYesEducation, income, and em-
ployment

SES scores based on
income, education,
and employment

Dutch national

CRCd screening
programme

Netherlandsvan der
Meulen et
al (2022)
[37]

—NonindividualNoIncome, education, employ-
ment, and position on the
labor market

SES scores based on
income, education,
and employment

—Netherlandsvan der
Vlugt et al
(2017) [38]

Single-levelNonindividualNoEducation, income, and em-
ployment

Index of Relative
Social Disadvantage

National Bowel
Cancer Screening
Program

AustraliaWard et al
(2011) [39]

Single-levelNonindividualNoEducation, income, employ-
ment, health and disability,
barriers to housing and ser-
vices, crime, and living envi-
ronment

Index of Multiple
Deprivation

UK Colorectal Can-
cer Screening Pilot

United King-
dom

Weller et al
(2007) [40]

Single-levelIndividualYesEducation, occupation, and
employment

Medea Deprivation
Index

Barcelona colorectal
cancer screening
programme

SpainBuron et al
(2017) [41]

aSES: socioeconomic status.
bSES focus: whether focusing on socioeconomic status or other factors.
cNot available.
dCRC: colorectal cancer.

Meta-Analysis With Unadjusted and Adjusted Effect
Sizes
A total of 9 studies provided unadjusted effect sizes, with
1,927,075 (63.7%) participants in 3,026,991 targeted individuals.
And 8 studies reported adjusted effect sizes, involving 3,220,822
targeted individuals and 2,117,839 (65.8%) participants.

A positive and strong association was observed between SES
and adherence (unadjusted OR 1.73, 95% CI 1.42-2.10; adjusted
OR 1.53, 95% CI 1.28-1.82). The forest plots are shown in
Figures 2 [32,33,35-41] and 3 [32-34,36,37,39-41]. There was
no evidence of publication bias. Sensitivity analysis showed
robust results (Figures S1 and S2 in Multimedia Appendix 1).
A fair degree of heterogeneity was found.
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Figure 2. Forest plot of total unadjusted effect sizes for the association between socioeconomic status and adherence. OR: odds ratio.

Figure 3. Forest plot of total adjusted effect sizes for the association between socioeconomic status and adherence. OR: odds ratio.
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Subgroup Analyses With Unadjusted and Adjusted
Effect Sizes
The positive association between SES and adherence remained
significant in all feasible subgroup analyses (with at least three
studies in a group), except for the adjusted association in the

subgroup of individual-level SES (adjusted OR 1.46, 95% CI
0.98-2.17; Figures 4 and 5; Figure S3 in Multimedia Appendix
1). On the contrary, in subgroups of nonindividual-level SES,
the adjusted association was significant. In other words, high
nonindividual SES increased adherence, but individual SES did
not influence adherence.

Figure 4. Forest plot of subgroup analysis using unadjusted effect sizes. There were only 2 studies in the subgroup of individual-level socioeconomic
status (SES), which were not included in the subgroup analysis. P values less than .05 were considered statistically significant. OR: odds ratio; SES
focus: whether focusing on socioeconomic status or other factors.
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Figure 5. Forest plot of subgroup analysis using adjusted effect sizes. There were only 2 studies that adjusted for race and ethnicity, which were not
included in the subgroup analysis. OR: odds ratio; SES focus: whether focusing on socioeconomic status or other factors.

As for subgroups of the year of print, not only was the
unadjusted association significantly stronger in the subgroup
of early studies (OR 1.97, 95% CI 1.59-2.44) than in late studies
(OR 1.43, 95% CI 1.31-1.56; Figure S4 in Multimedia Appendix
1), but also the adjusted one was significantly stronger in the
early group (OR 1.86, 95% CI 1.43-2.42) than the late group
(OR 1.26, 95% CI 1.14-1.39; Figure S5 in Multimedia Appendix
1), which was consistent and robust. In addition, the overall
adherence rate of the late studies was higher than the early ones,
which were 67.2% versus 52.1% in unadjusted associations and
68.1% versus 50.1% in adjusted associations.

The other results were not statistically significant, but they
provided some insights. For multivariate analysis, the pooled
estimate of the subgroup of studies that did not adjust for race
and ethnicity (OR 1.31, 95% CI 1.21-1.43) seemed smaller than
the overall pooled estimate (OR 1.53, 95% CI 1.28-1.82). The
adjustment for race and ethnicity better showed a positive
association. In addition, the strength of the association between
SES and adherence seemed lower when the adherence rate was
low or when SES was the focus of the studies (unadjusted OR
1.53, 95% CI 1.15-2.03; adjusted OR 1.32, 95% CI 1.18-1.48)
than not (unadjusted OR 1.91, 95% CI 1.37-2.65; adjusted OR
1.65, 95% CI 1.18-1.48).

Discussion

Meta-Analytic Findings
To our knowledge, this is the first systematic review and
meta-analysis assessing the strength of the association between
SES and FOBT-based organized CRC screening adherence. It
indicated considerably higher adherence among the highest SES
compared with the lowest. The positive association was
significant in both unadjusted and adjusted analyses, while being
consistent across most possible sets of pooled estimates and all
possible subgroup analyses, including the year of print,
adherence rate, SES focus, SES level, and adjustment for race
and ethnicity.

The association between high SES and high adherence was
similar to those reported in 4 previous reviews investigating the
participation of multiple modalities of CRC screening in both
organized and opportunistic screening programs [42-45].
Furthermore, the disparity in adherence would lead to disparity
in CRC incidence and mortality. In a modeling study estimating
the disparity between African American and White individuals
in the United States, the disparities in uptake of screening were
able to account for 42% of the disparity in incidence and 19%
of the disparity in mortality [46]. It thus seemed urgent to
decrease the disparity in adherence to reduce health inequity
driven by SES.
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Differences in Subgroup Analysis
Subgroup analysis of different SES levels indicated that
individual-level SES was not associated with adherence, which
suggested that different SES levels could be the source of
heterogeneity between studies. A systematic review by
Mosquera et al [47] indicated that different indicators of
individual SES showed various associations with adherence,
separately. While individual educational level was positively
associated with screening participation and higher deprivation
was associated with lower participation, studies differed in the
results of the association between individual income and
participation [47]. In this meta-analysis that assessed SES index
and scores rather than single indicators, individual SES was not
associated with adherence after adjustment.

Nevertheless, country-level SES, which was not involved in
this meta-analysis, was confirmed to not be associated with
adherence either. In 2009, Pruitt et al [48] conducted a
systematic review of the association between area SES and
adherence. They found that 3 of 5 studies had at least one
positive association and noted that country-level SES variables
were not associated with any type of CRC screening adherence.
Therefore, adherence might be associated with neighborhood
or small area–level SES rather than individual- or country-level
[48].

Due to the difficulty and trouble of collecting individual-level
data, commonly used measures of SES were based on
geography, at different levels of aggregation from countries to
neighborhoods [49]. And it was proven that the agreement
between area- and individual-level SES was low [50]. As a
result, neighborhood SES or small-area SES was more
competent to be used to assess the association between SES and
adherence, and in this case, SES was significantly associated
with adherence.

Although socioeconomic and racial and ethnic disparities in
organized CRC screening were noted [9,51], the effect of race
and ethnicity on the association has not been concluded yet.
Another important finding of this analysis was that race and
ethnicity might be important confounding factors for the
association between SES and adherence. In accordance with
the present results, a previous study in the United States using
income level as the measure of SES reported that in the
hierarchical analysis by race and ethnicity, there was no
significant association between SES and adherence among the
non-White population. Especially for adherence to a screening
colonoscopy, a significant interaction between race and ethnicity
and income level was identified [52]. Although O’Malley et al
[21] declared that racial differences in adherence could be fully
explained by differences in SES, most studies of other conditions
found independent associations with both SES and race and
ethnicity [22,23]. Consequently, in order to improve adherence
and address inequity, future research should consider strategies
to improve the adherence of the low-SES population regarding
ethnic composition.

The results of this meta-analysis showed that the disparity
between the high and low-SES populations in adherence
decreased. Since the adherence rate of the subgroup with a later
year of print was higher than that of the other subgroup, a

probable explanation was that adherence of the low-SES
population increased more than the high as organizational
screening programs developed with more and more interventions
to promote adherence. Actually, a large-sample randomized
controlled trial proved that certain interventions could not only
improve overall participation but also particularly enhance the
adherence of the low-SES population [53]. In this context, future
studies should focus on cost-effective strategies that are suitable
to be integrated into large-scale organized programs and further
address the disparity in the near future. Our ideal goal is not
equal adherence but to eliminate the health inequity of the CRC.

Strengths and Limitations
This is the first meta-analysis assessing the association between
SES and adherence, especially with the first focus on
FOBT-based organized CRC screening adherence. Previous
reviews merely focused on the qualitative association between
SES and adherence and did not deal with the influence of
confounding factors. However, this study confirmed, quantified,
and further explored the positive association between SES and
adherence by performing meta-analysis and subgroup analysis
and comprehensively interpreting the results of both the
unadjusted association and the adjusted one.

A few limitations should be considered when interpreting the
results. First, considerable heterogeneity existed and although
we performed subgroup analysis and sensitivity analysis, it
remained. The probable explanation of the heterogeneity was
that in the absence of a widely recognized SES index, we
observed different kinds of indexes and scores, which combined
different indicators at different levels and used different weights
to indicate SES. However, most indexes and scores incorporate
the 3 SES indicators of income, education, and employment.
The different start ages and stop ages used by the different
programs resulted in differences in the mean age of the
population, leading to differences in sample characteristics.
Second, we recognized that all the studies included were carried
out in the high-income setting even though we did not make a
restriction on the inclusion criteria and actively supplement the
literature collection from the reference lists. It might be caused
by a limited number of studies that quantitatively assessed the
association between SES and adherence to organized screening
programs, especially in low-income countries where organized
screening was not widespread. Therefore, whether the results
can be generalized to low- and middle-income countries remains
unknown. Finally, different adjustments might cause residual
confounders in the included studies. To minimize this effect,
we took both unadjusted and adjusted effect sizes into account
and were more confident to draw a conclusion when the results
of them were consistent.

Conclusions
To conclude, we found the high-SES population had higher
adherence to FOBT-based organized CRC screening.
Neighborhood SES or small-area SES was more competent than
individual- and country-level SES to be used to assess the
association between SES and adherence. Race and ethnicity
were probably important confounding factors for the association.
The good news was that the disparity of adherence between the
high SES and the low SES narrowed with the development of
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interventions and the improvement of organized programs.
Future research should focus on digging into the causation of
the association and creating targeted interventions and strategies

to improve the adherence of the low-SES population, which
aims at overcoming the inequality in the chances of benefiting
from organized screening programs.
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Abstract

Background: Culturally and linguistically diverse groups are often underrepresented in population-based research and surveillance
efforts, leading to biased study results and limited generalizability. These groups, often termed “hard-to-reach,” commonly
encounter language barriers in the public health (PH) outreach material and information campaigns, reducing their involvement
with the information. As a result, these groups are challenged by 2 effects: the medical and health knowledge is less tailored to
their needs, and at the same time, it is less accessible for to them. Modern machine translation (MT) tools might offer a cost-effective
solution to PH material language accessibility problems.

Objective: This scoping review aims to systematically investigate current use cases of MT specific to the fields of PH and
epidemiology, with a particular interest in its use for population-based recruitment methods.

Methods: PubMed, PubMed Central, Scopus, ACM Digital Library, and IEEE Xplore were searched to identify articles reporting
on the use of MT in PH and epidemiological research for this PRISMA-ScR (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses extension for Scoping Reviews)–compliant scoping review. Information on communication scenarios, study
designs and the principal findings of each article were mapped according to a settings approach, the World Health Organization
monitoring and evaluation framework and the service readiness level framework, respectively.

Results: Of the 7186 articles identified, 46 (0.64%) were included in this review, with the earliest study dating from 2009. Most
of the studies (17/46, 37%) discussed the application of MT to existing PH materials, limited to one-way communication between
PH officials and addressed audiences. No specific article investigated the use of MT for recruiting linguistically diverse participants
to population-based studies. Regarding study designs, nearly three-quarters (34/46, 74%) of the articles provided technical
assessments of MT from 1 language (mainly English) to a few others (eg, Spanish, Chinese, or French). Only a few (12/46, 26%)
explored end-user attitudes (mainly of PH employees), whereas none examined the legal or ethical implications of using MT.
The experiments primarily involved PH experts with language proficiencies. Overall, more than half (38/70, 54% statements) of
the summarizing results presented mixed and inconclusive views on the technical readiness of MT for PH information.

Conclusions: Using MT in epidemiology and PH can enhance outreach to linguistically diverse populations. The translation
quality of current commercial MT solutions (eg, Google Translate and DeepL Translator) is sufficient if postediting is a mandatory
step in the translation workflow. Postediting of legally or ethically sensitive material requires staff with adequate content knowledge
in addition to sufficient language skills. Unsupervised MT is generally not recommended. Research on whether machine-translated
texts are received differently by addressees is lacking, as well as research on MT in communication scenarios that warrant a
response from the addressees.

(JMIR Public Health Surveill 2023;9:e50814)   doi:10.2196/50814
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Introduction

Background
Public health (PH) and epidemiology are increasingly challenged
by decreasing response proportions, in general, and an
underrepresentation of culturally and linguistically diverse
(CALD) communities, in particular [1]. Such
underrepresentation increases the risk of biased estimates and,
therefore, might limit the generalizability of findings in
population-based research [2-7]. Ultimately, it might hinder the
inclusion and involvement of these communities in disease
prevention, surveillance efforts, and emergency response. In
PH outreach and information campaigns, reaching CALD
populations often poses greater difficulties than reaching other
groups. As a result, these groups are challenged by 2 effects:
the medical and health knowledge is less tailored to their needs,
and at the same time, it is less accessible to them. These effects
will only increase in importance as migration owing to
globalization, global conflict, and economic inequalities
increasingly shapes our societies toward multiculturality.

Using personalized recruitment material is an effective approach
to engage individuals from CALD groups in population-based
studies [8]. The choice of language matters because language
barriers often result in their disengagement with PH initiatives
[9-11]. If recipients are not able to comprehend transmitted
information in the first place, they cannot react to it or provide
an informed response [12]. Inclusive outreach approaches in
PH study material, such as simplifying technical language or
using multilingual cover letters, have been proven to improve
access to information, foster meaningful participation, and
reduce study nonresponse [13-15].

PH officials and researchers often struggle to effectively reach
and engage all target audiences evenly. Although sufficient
knowledge about the cultural composition of the target
populations may be available (ie, the necessity to use particular
languages), budget limitations usually restrict how many
professional translations can be prepared and used for PH
communication and outreach efforts to start with. A further
complication with printed outreach material is that the number
of different language versions that can be sent out in a single
letter is physically limited, but the preferred language of an
individual often is not known; therefore, it is difficult to conduct
targeted outreach with specific language versions tailored to
each recipient.

The use of machine translation (MT) technology poses a
potential solution to overcome language hurdles in multilingual
populations and improve effective material dissemination. As
a computerized system, MT is able to automatically translate
text or speech from 1 source language to multiple output
languages [16]. In clinical settings, the technology has already
been used to lower language barriers and facilitate services
independently of the spoken language of the physician [17]. In
the context of PH and epidemiology, MT could also be used to

increase outreach by providing cross-lingual access to
information and supporting PH staff to optimize material
translation workflows.

Prior Work
To our knowledge, there are 4 recent systematic reviews that
cover aspects of the use of translation technologies in medical
and clinical settings. In 2018, Dew et al [18] published a review
on how the development of MT technology could be useful to
assist one-way communication among individual stakeholders.
In 2020, Frampton et al [19] systematically mapped digital tools
for the recruitment and retention of participants in randomized
controlled trials. Although the authors did not specifically
address MT or similar language technologies, one of their main
takeaways was that few studies address its use to support
underserved groups. A year later, Thonon et al [20] published
a review on the use of mobile apps to facilitate dialogue between
health care professionals and CALD individuals with low
language proficiency levels. In 2022, Vieira [21] published a
review with a focus on the use of MT in medical and legal
settings as 2 separate cases of translations of highly specialized
vocabulary. The paragraphs devoted to medical settings mostly
focused on one-to-one communication examples, mainly
corroborating the findings of Dew et al [18].

In addition to these systematic reviews, other studies have
assessed the use of MT in different health settings. Panayiotou
et al [22] provided a methodical evaluation of 15 Apple
iPad-compatible language translation apps to facilitate
conversations between health care providers and patients in
Australia; aside from its geographically bounded context, the
study centers on native mobile apps for one-to-one
communication. Nurminen and Koponen [23] outlined several
applications of MT for increasing information accessibility in
humanitarian settings (eg, an armed conflict, a natural disaster,
or an epidemic), including a paragraph devoted to discussing
community-based health, as well as safety and security
information. Although relevant to PH, the overview neither
specifically reviews other contexts nor identifies patterns in the
literature regarding the state of readiness of MT for PH settings.

These earlier publications are mostly confined to reporting
literature on the use of MT for real-time bilingual
person-to-person communication. The technology is mainly
studied as an on-premise solution to support medical service
provision in spoken interactions between specific groups of
patients (eg, tourists, refugees, or expatriates) and health care
staff (eg, general practitioners, caregivers, or paramedics)
[24-28]. Only a few of the articles explore the use of
multilingual translation tools for disseminating PH information
to specific target audiences [29] or for population-wide health
initiatives [30].

The Goal of This Study
The objective of this scoping review was to systematically map
the use of MT for conducting PH outreach, with a particular
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focus on population-based recruitment methods. As a first step,
we identify the information exchange scenarios in which MT
technology is used to facilitate essential PH operations in
different health and care settings. Second, we provide an
overview of the types of study designs and research instruments
for monitoring and evaluating the use of MT in these cases.
Third and last, we synthesize the reported findings, benefits,
and risks in relation to technical, socioeconomic, and ethicolegal
technology readiness levels.

Methods

Search Strategy and Selection Criteria
This scoping review was preregistered on the Open Science
Framework on February 11, 2022 [31], and conducted in
accordance with the updated guidance on scoping reviews of
the JBI Manual for Evidence Synthesis [32] as well as the
PRISMA-ScR (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses extension for Scoping Reviews)
checklist (Multimedia Appendix 1 [33]) [34,35].

This scoping review exclusively includes peer-reviewed original
research describing and assessing the use and suitability of MT
for written texts for the purpose of improving collective outreach
as well as the response and involvement of participants in the
fields of epidemiology and PH, regardless of the specific target
interventions or health areas involved. Given the technical nature
of the research topic, peer-reviewed conference papers were
also included. In addition, articles reporting guidelines or
consensus statements concerning the use of MT in PH settings
were included. The scoping review considers only studies
written in English and published from 2007 onward, a year after
the launch of the first fully web-based MT system and the
publication of the first reference framework for MT quality
assurance (the EN15038 standard) [36]. Studies of individual
care or counseling settings (eg, practitioner and patient) were
excluded because, in these settings, MT is used for spoken
two-way communication. Textbox 1 presents the eligibility
criteria.

Textbox 1. Eligibility criteria for the scoping review.

Inclusion criteria

• Article type

• Peer-reviewed original research

• Peer-reviewed conference papers

• Consensus statements concerning the use of machine translation in public health settings

• Language

• Studies published in English

• Time span

• Studies published after January 2007

• Study design

• Empirical studies

Exclusion criteria

• Article type

• Non–peer-reviewed research or gray literature

• Language

• Studies not published in English

• Time span

• Studies published before 2007

• Study design

• Nonempirical studies

• Studies of individual care or counseling settings
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Search Strategy
Searches were conducted in PubMed (MEDLINE), PubMed
Central, Scopus, ACM Digital Library, and IEEE Xplore.

As recommended by JBI, the search string was constructed
according to the population or participants, concept, and context
(PPC) framework [32]. No specific restrictions were used to
define the study populations. The concept was defined by terms
related to automatic translation technology and the context by
defining settings for population-based communication in PH,
epidemiology, and community-based health care (Multimedia
Appendix 2).

Initially, the search string was created to query the PubMed
search engine and thereafter adapted to PubMed Central, Scopus,
IEEE Xplore, and ACM Digital Library (the search terms are
listed in Multimedia Appendix 2). Where available,
database-specific index terms were added (eg, Medical Subject
Headings [MeSH] terms for PubMed). The search was restricted
to abstracts and titles. The search strategy was refined with the
assistance of a professional librarian. All searches were executed
on January 31, 2022, and updated on March 3, 2023.

After deduplication and the application of the exclusion criteria
(ie, language not English, publication before 2007, and
non–peer-reviewed articles), both authors (PSH-E and SR)
independently screened the titles and abstracts of all remaining
records using the R packages revtools [37] and metagear [38],
which provide tools for semiautomatic deduplication and title
or abstract screening. Disagreements were discussed and
resolved by reaching a consensus. If necessary, full texts were
consulted.

Data Extraction, Synthesis, and Analysis
Data extraction was conducted using a standardized data
extraction template to extract bibliographic characteristics,
health information exchange scenarios, research objectives and
corresponding study designs, and technical characteristics of
the MT tools used, as well as to identify the principal findings
in the selected articles.

Health information exchange scenarios were assessed using a
settings approach to health promotion [39]. We extracted and
classified data regarding the (1) transmitters and recipients of
translated materials, (2) types of translated materials, (3) types

of MT systems and the source and target languages studied, and
(4) nature of the use of MT in PH procedures as unsupervised
(ie, without editing efforts) or supervised (ie, combined with
editing efforts).

Research objectives were assessed according to the World
Health Organization (WHO) monitoring and evaluation (M&E)
framework [40], which is useful to map the research and
development of digital health technologies according to their
stage in the innovation maturity life cycle. We then classified
the articles as either monitoring studies or evaluation studies.
We considered monitoring studies to be those involving research
on the technical quality and stability of MT (eg, technology
assessments and comparative experiments) and evaluation
studies to be those reporting on the appraisals of the
technology-based interventions over time (eg, usability,
affordability, and economic cost-effectiveness studies), as well
as implementation research for integrating developed systems
within broader PH workflows.

To assess the principal findings, we extracted sentences
reporting quantitative and qualitative outcomes from the results
sections. Following the service readiness level framework of
evidence proposed by Hughes et al [41], we organized the
statements as concerning technical, socioeconomic, or
ethicolegal readiness levels of MT technology. On the basis of
a manual sentiment analysis, we then detected the tonality of
each text and classified them as positive, negative, or neutral.

Results

Search Outcomes
Conducted on January 31, 2022, and updated on March 3, 2023,
the search yielded a total of 7186 records, of which 2934
(40.83%) were removed (1596/2934, 54.4% duplicates and
1338/2934, 45.6% not meeting the eligibility criteria). A review
of the titles and abstracts of the remaining 4252 records resulted
in 56 (1.32%) being selected for a full-text screening. From
these 56 articles, 10 (18%) were removed for not meeting the
study design criteria, not specifically addressing the research
question, or for providing duplicate information from another
included paper (Multimedia Appendix 3), and 46 (82%) were
included in the systematic scoping review (Figure 1; Multimedia
Appendix 4 [29,42-86]).
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Figure 1. Flow diagram of the search and study selection process following the PRISMA-ScR (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses extension for Scoping Reviews) guidelines.

The records were published between 2009 and 2023 as either
conference papers (12/46, 26%) [48,53,55,60,61,63,65,
71,78,80,82,84] or articles in traditional journals (34/46, 74%)
[29,42-47,49-52,54,56-59,62,64,66-70,72-77,79,81,83,85,86]
(Multimedia Appendix 4).

PH Information Exchange Scenarios
Four types of information transmitters (ie, the end users of MT)
could be identified: PH departments and research institutions
(21/46, 46%) [29,49,50,52-54,56,59,60,62,63,65,70,73-78,
80,86]; clinical and hospital staff (15/46, 33%)
[44-47,51,58,61,66,68,69,71,72,79,81,85]; international and
national health organizations, such as the WHO, the US Centers
for Disease Control and Prevention, and the UK National Health
Service (8/46, 17%) [42,43,55,57,64,82-84]; and developers of
web-based health information platforms (eg, Cochrane) or social
media outlets (eg, Facebook; 2/46, 4%) [48,67].

The types of PH materials translated with MT fell into 6 broad
categories: official guidelines and educational resources (11/46,

24%) [42,43,53,62,67,70,75,79,80,82,83], simplified medical
in fo rma t ion  and  l ex i ca  (11 /46 ,  24%)
[48,54,55,61,63,68,69,71,81,85,86], PH promotional material
(10/46, 22%) [29,49,50,59,60,64,65,76-78], instruction handouts
(6/46, 13%) [51,52,57,58,66,72], academic research (6/46, 13%)
[44-47,73,84], and survey instruments (2/46, 4%) [56,74].

The information receivers (ie, the end users of translated
material) could be categorized into 5 types: the wider population
as targets of PH material offline (18/46, 39%)
[29,48,51,53,55,58,59,62,64,65,67,68,74,76-78,80,86] or on
the world wide web (7/46, 15%) [42,43,49,70,75,79,82], patient
groups or communities (10/46, 22%) [50,52,57,61,
63,66,69,72,81,85], clinical and hospital staff (7/46, 15%)
[44-47,54,71,83], and PH professionals (4/46, 9%)
[56,60,73,84].

Figure 2 provides a Sankey diagram visualizing PH information
exchanges supported with the use of MT technology between
groups of transmitters and receivers across the selected articles
(Multimedia Appendix 5 [29,42-86]).
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Figure 2. Public health information exchange scenarios: transmitters and receivers of public health information and the types of public health materials.

Overall, the most frequent use case of MT for collective
communication in a PH setting is between PH staff and the
public receiving paper-based health information (ie, offline;
14/46, 30%) [29,53,56,59,60,62,65,73,74,76-78,80,86] such as
health promotion material (6/14, 43%) [29,59,65,76-78] or
educational resources (3/14, 21%) [53,62,80]. The second most
frequent use cases were exchanges involving clinical and
hospital staff (10/46, 22%) [51,58,61,66,68,69,72,79,81,85]
such as nurses or emergency wards disseminating simplified
medical information (5/10, 50%) [61,68,69,81,85] or preparing
instruction handouts for targeted audiences (4/10, 40%)
[51,58,66,72].

M o s t  o f  t h e  a r t i c l e s  ( 4 0 / 4 6 ,  8 7 % )
[29,42-48,50-63,66-69,71-74,77,79-86] specified the type of
procedure for the use of MT as either unsupervised (30/40, 75%)
[42-48,50-52,54-58,63,67-69,71-73,79-85] or supervised (10/39,
26%) [29,53,59-62,66,74,77,86] (Multimedia Appendix 5).

Unsupervised MT was used for enabling translation plug-ins
on PH websites (9/30, 30%) [42,43,48,67,69,79,81-83],
translating PH material via web-based MT services (8/30, 27%)
[50-52,56-58,68,72], and translating English content into the
researchers’ language (7/30, 23%) [44-47,73,80,84], as well as
to investigate the risks of mistranslation and translation quality
(5/30, 17%) [54,55,63,71,85]. Supervised MT procedures
included postediting (6/10, 60%) [29,53,59,60,77,86] or
pre-editing of source language (2/10, 20%) [61,62], as well as
back translations (2/10, 20%) [66,74] of sample texts on the
web and paper-based material.

The tested MT software tools were either freely available on
the web from commercial technology vendors or were in-house
built systems created by the research teams themselves
(Multimedia Appendix 5). Regarding commercial vendors,
Google Translate was the most used translation engine (28/46,
61%) [29,43-45,48,50-52,54-59,62,63,66,69,72,74,76-83,86],

JMIR Public Health Surveill 2023 | vol. 9 | e50814 | p.340https://publichealth.jmir.org/2023/1/e50814
(page number not for citation purposes)

Herrera-Espejel & RachJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


followed by Microsoft Bing (5/46, 11%) [44,47,61,69,79] and
DeepL Translator (2/46, 4%) [73,86], among others. All these
systems were used as domain-agnostic systems and not
pretrained on specific language corpora. All articles regarding
in-house built systems (9/46, 20%) [61,63,69,71,76,79,80,82,84]
presented a prototype demonstration of domain-specific MT
systems specifically trained on PH-related and medical
vocabulary. The studies comparing these systems against each
other (4/9, 44%) [71,79,80,84] advocate for using in-house built
systems for shorter text with medical terminologies in long-term
projects, whereas off-the-shelf systems may be used for more
general information. In relation to each other, the evidence does
not clearly favor 1 translation engine over another. Instead, it
suggests that the choice among systems depends on the language
pairs and the vocabulary domain used in the material. Provided
that the texts are not exclusively reliant on specific
terminologies, domain-agnostic solutions are equally suited for
handling short-text translations.

Of the 46 articles, 40 (87%) [29,42-48,50-63,
66-69,71-74,77,79-86] studied the use of MT to translate from
1 source language into 1 or several target languages (Multimedia
Appendix 5). Of these 40 articles, 37 (93%)
[29,42-45,48,50-63,66-69,71-74,77,79-85] specified the source
language, whereas 35 (88%) [29,42-45,48,50-52,54-63,
66,67,69,71-74,77,79-86] specified the target language. Of the
12 source languages, English was the most commonly evaluated
(32/37, 86%) [29,42-45,48,50-60,62,66-68,71,72,74,77,79-85],
followed by French (4/37, 11%) [48,69,79,80,84], German
(3/37, 8%) [69,79,80], and Spanish (3/37, 8%) [79,80,84]. MT
was tested in translating texts from English into at least 44 other

languages, with Spanish (17/35, 49%) [29,48,50-52,
57-60,66,72,74,79,80,83-85], Chinese (13/35, 37%)
[50-52,56,58,62,72,74,77,81-83,85], and French (7/35, 20%)
[52,71,74,79,80,83,84] being the most frequent target languages.
Within this subset of 35 articles, 25 (71%)
[29,42-45,50-52,54,56,57,59-63,66,69,72-74,77,79,80,85]
conducted studies in specific geographies targeting populations
and communities with limited language proficiency. Of these
25 articles, 19 (76%) [29,50-52,56,57,59-63,66,69,
72,74,77,79,80,85] targeted individuals with limited English
proficiency, mainly residing in the United States (17/19, 89%)
[29,50-52,56,57,59-61,63,66,69,72,77,79,80,85].

Study Designs According to the WHO M&E
Framework
In accordance with the WHO M&E framework [40], we
identified 6 types of research designs across the selected articles
(Table 1; Multimedia Appendix 6 [29,42-86]): MT technology
assessments (study type 1; 23/46, 50%) [29,43-46,48,
50-52,54-59,62,68,72-74,77,85,86], technology stability
standards (study type 2; 3/46, 7%) [66,71,81], prototype
demonstrations (study type 3; 8/46, 17%)
[61,63,69,79,80,82-84], usability studies (study type 4; 4/46,
9%) [42,47,64,65], economic evaluations (study type 5; 4/46,
9%) [49,70,75,78], and implementation research (study type 6;
4/46, 9%) [53,60,67,76]. Nearly three-quarters (34/46, 74%) of
the articles [43-46,48,50-52,54-59,61-63,66,68,69,71-74,
76,79-86] conducted monitoring studies (ie, study types 1, 2,
and 3), whereas more than a quarter (12/46, 26%)
[42,47,49,53,60,64,65,67,70,75,76,78] conducted evaluation
studies (ie, study types 4, 5, and 6).

Table 1. Categorization of studies according to the World Health Organization monitoring and evaluation framework (n=46).

Studies, n (%)Study type and research design

Monitoring studies: functionality and stability of MTa at predefined levels of quality

23 (50)1. MT technology assessments: studies assessing MT quality, functionality, and performance

3 (7)2. Technology stability standards: studies proposing standards or criteria for MT quality assurance

8 (17)3. Prototype demonstrations: studies reporting on the development and design of an in-house built MT-based system

Evaluation studies: MT technology in health-related settings

4 (9)4. Usability studies: studies addressing end-user attitudes, perceptions, and responses when using the prototype system and
assessing how easily end users can interact with the system

4 (9)5. Economic evaluations: studies addressing accessibility, availability, or affordability of the system

4 (9)6. Implementation research: studies around the implementation of MT technology within a broader (public) health system
architecture

aMT: machine translation.

The monitoring studies adopted standard MT evaluation methods
to measure the quality of MT output across various samples of
health information material. Most of these studies focused on
studying MT quality in terms of structural accuracy (28/34,
82%) [29,43,45,46,48,50-52,54-58,61,63,68,69,72-74,77,79-84,
86] and fluency in unsupervised MT procedures (17/34, 50%)
[44-46,50,51,54,56,57,59,62,66,71,72,77,80,81,85]. A quarter
(8/28, 29%) of the articles [61,62,69,71,79,80,82,84] assessing
structural accuracy supplemented their findings with standard
automatic evaluation methods to verify the quality of MT output

in comparison with the output of professional human translators.
Flesch-Kincaid grade level scores and content analysis
techniques were used to measure the readability levels and
meaning preservation of the translated sentences. In a few of
the articles (6/34, 18%) [50,51,57,58,66,72], MT was also
evaluated in terms of the risk severity of mistranslation (ie, the
degree of negative impact on the patient’s health outcome
because of a wrong translation). Studies investigating postediting
(4/34, 12%) [29,59,77,86] or back translation (2/34, 6%) [66,74]
focused on identifying error patterns or measuring the amount
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of time saved, whereas pre-editing (2/34, 6%) [61,62] was
investigated to understand the ability of MT to handle PH jargon
and medical terminologies.

In their experiments, some of the studies (4/34, 12%)
[29,43,59,81] extracted sentences from global PH (2/4, 50%)
[43,81] and local PH promotion documents (2/4, 50%) [29,59].
Others (7/34, 21%) [48,51,58,61,66,68,72] carried out their
experiments with general patient care instructions (2/7, 29%)
[66,68], with side effects lists and directions for the use of
prescribed drugs (3/7, 43%) [48,51,61], and from free-text or
commonly used sentences in discharge instructions (2/7, 29%)
[58,72]. A few of the articles (5/34, 15%) [44-47,54] used
sentences from nursing abstracts (4/5, 80%) [44-47] and
technical glossaries and dictionaries (1/5, 20%) [54]. Most of
these experiments (27/34, 79%) [29,43-46,48,50-52,
54-59,61,63,66,68,74,77,80-82,85,86] recruited participants
among PH professionals and certified translators with high
proficiency in target and source languages or some experience
with PH vocabulary. In general, discussions on ethical issues
and quality inefficiencies across different languages did not
address the impact of MT on possible information divides.

The evaluation studies deployed qualitative research instruments
to understand how different types of end users view the adoption
of MT technology in their information communication
processes. Along with semistructured interviews, cognitive
workflow analyses were used to understand current practices
and the actual use of MT for multilingual document production
workflows by PH departments. In addition, many of the studies
(8/12, 67%) [42,47,49,53,64,65,67,78] used structured
questionnaires and semistructured interviews to assess the
perceived usefulness of MT (4/8, 50%) [42,47,64,67] and
attitudes toward its adoption (4/8, 50%) [49,53,65,78] in such
cases. Some of the articles (3/12, 25%) [53,60,76] sought to

determine the practicality of implementing MT in combination
with postediting efforts into local PH department workflows by
timing and measuring the translation error rate of different
translation procedures. Of the 12 studies, 4 (33%) [47,60,65,78]
interviewed PH personnel and experts, and 2 (17%) [49,70]
analyzed the availability of languages in PH web pages. Only
1 (8%) [42] of the 12 studies surveyed individuals in a
real-world setting (ie, Facebook posts) to understand
intelligibility or comprehension problems produced by MT in
daily life situations on the web.

Technical, Socioeconomic, and Ethicolegal Readiness
Levels
A total of 70 statements were identified as principal findings in
the discussion and conclusions sections within the 46 articles
(Multimedia Appendix 7 [29,42-86]). The majority (36/46,
78%) of the articles under review [29,42-46,48,
50-52,54-59,61-63,66,68,69,71-74,76,77,79-84,86] drew
conclusions regarding the level of technical readiness of MT,
nearly half (21/46, 46%) [29,42,44-47,49,53,59,60,
64,65,67,70,75-78,80,83,85] considered MT’s socioeconomic
readiness, and more than a quarter (13/46, 28%)
[50-52,57,58,64,66,68,72,76,83,85,86] discussed the ethicolegal
readiness of the translation outcomes for PH operations. Overall,
one-fifth (16/70, 23%) of the statements within the articles
expressed optimism about the use of MT for PH purposes
[29,42,47,53,58,59,61,65,66,71,73,75,78,83,85], whereas
another one-fifth (16/70, 23%) was pessimistic
[43,51,52,55,58,63,64,66,68,70,72,76,85], and the remainder
(38/70, 54%) presented mixed or inconclusive results
[29,42,44-52,54,56,57,60,62,67-69,72,74,76,77,79-84,86].
Optimistic, pessimistic, and neutral statements are accounted
for by green, red, and yellow circles, respectively, in Figure 3
[29,42-86].
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Figure 3. Appraisal of study results. (A) Positive, negative, and mixed findings on the use of machine translation (MT) in public health settings by
type of study and technology readiness dimensions. (B) Aggregate of final statements (N=70) by technological readiness levels across the 46 selected
articles. IMP: implementation research; ELR: ethicolegal readiness; SER: socioeconomic readiness; TR: technical readiness; TSS: technology stability
standards.

Concerning final statements on the technical readiness of MT,
three-quarters (25/36, 69%) [29,42,44-46,48,50-52,54,56,
57,62,68,69,72,74,77,79-84,86] of the articles were inconclusive
and expressed cautionary optimism for translating PH material.
Some of these articles (5/25, 20%) [29,62,74,77,86]
recommended using a combination of MT and postediting efforts
to improve translation quality and productivity. Of the 25
articles, 2 (8%) [61,62] also recommended using pre-editing
efforts, such as controlled language and vocabularies, to reduce
the need for postediting efforts. Articles addressing the
socioeconomic readiness of automatic translations (21/46, 46%)
[29,42,44-47,49,53,59,60,64,65,67,70,75-78,80,83,85]
concluded either with optimistic (10/21, 48%)
[29,42,47,53,59,65,75,78,83,85] or mixed results (9/21, 43%)
[44-46,49,60,67,76,77,80], whereas a couple presented
pessimistic results (2/21, 10%) [64,70]. On the one hand, these
articles confirmed the enthusiasm of PH workers to adopt MT
to increase cost-effectiveness as well as provide diverse material
to wider audiences. On the other hand, they also stressed the
importance of preparing the workforce to use the technology
and ensuring that standard processes are created in light of PH
equity goals. Regarding ethical and legal readiness, none of the
articles mentioning the topics (n=13) concluded with optimistic
statements; the findings were mostly negative (9/13, 69%)
[51,52,58,64,66,68,72,76,85] and a few were mixed (4/13, 31%)
[50,57,83,86]. In general, the articles stressed that the technology
represents noteworthy communication risks, namely owing to
a varying translation accuracy across languages. A few studies
(4/13, 31%) [52,66,72,86] also pointed out that the commercial
vendors’ algorithms are not verifiable by the researchers or

staff, resulting in a loss of control when not combined with
editing efforts.

Discussion

Principal Findings
In our scoping review, we sought to systematically identify and
map existing peer-reviewed literature on the use of MT for
population-based outreach, with a particular interest in its use
for recruiting participants for PH and epidemiological research.
None of the included articles (n=46), published between 2009
and 2023, tested MT for recruiting participants to
population-based studies or in scenarios where a response from
addressees is expected. Research on the use of MT for PH
activities is still in its early stages, primarily concentrating on
assessing the technical readiness for one-way written
communication between PH officials and addressed audiences.
The majority of information transmitters (ie, the end users of
MT) were PH professionals in PH departments and research,
clinical and hospital staff, or staff at international and national
health organizations. PH materials translated with MT were
predominantly official guidelines and educational resources,
simplified medical information, or PH promotional material.
The intended target audiences (ie, the receivers of translated
material) were the wider population (both offline and seeking
information on the world wide web), patient groups, or
professionals in PH and clinical settings. Nearly three-quarters
(34/46, 74%) of the articles reported monitoring studies, with
the remaining quarter (12/46, 26%) reporting evaluation studies.
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Research on the Use of MT for PH Activities Is Still
Nascent
The current focus of research is mostly concentrated on
understanding the extent to which machine-translated output is
reliable and stable enough for translating specific sample texts,
while placing less emphasis on the feasibility of its use in
real-world settings. Published study types mostly provided
technical maturity assessments of MT (eg, in exploratory
research, experimental proofs of concept, and implementation
research studies).

The majority of the studies (28/46, 61%)
[29,43,45,46,48,50-52,54-58,61,63,68,69,72-74,77,79-84,86]
solely focused on MT accuracy errors and how to drive error
rates down. Most of the articles (23/46, 50%)
[29,43-46,48,50-52,54-59,62,68,72-74,77,85,86] provided
technical assessments, and in most of the cases (14/23, 61%)
[29,43-46,48,54-56,59,62,73,74,77], they studied neither the
reliability of the technology for specific target audiences nor
the potential risks of mistranslation. Although articles often
specified the type of MT algorithm as either statistical MT or
neural MT (Multimedia Appendix 5), none systematically
compared the algorithms or reported on specific advantages or
disadvantages. Therefore, it is not clear whether the type of
algorithm has any relevance for using MT in PH scenarios.

A handful of studies (9/46, 20%) [61,63,69,71,76,79,80,82,84]
reported ongoing research in the development of in-house
software, pretrained on specific vocabulary. These systems were
reported to outperform off-the-shelf models (eg, Google
Translate and DeepL Translator), namely when translating
shorter text with specialized terminologies, such as those used
in medical guidelines or prescriptions. The fact that the
technology is evolving and can now be trained in PH and
biomedical vocabulary sheds light on future possibilities to meet
the needs of staff working with more complex PH material.
However, the current state of evaluations on the advantages and
disadvantages of the off-the-shelf systems over internally
developed models does not yet allow PH researchers to model
the best use of both systems during specific stages of material
production. Provided that PH material does not heavily rely on
domain-specific vocabulary, off-the-shelf MT solutions are
sufficiently reliable in terms of translating shorter text. Given
that these systems are predominantly free to use and easily
adaptable to a translation workflow, proprietary models are
relatively costly to develop and maintain, as well as scale to
new vocabularies.

The literature tends to focus on evaluating the accuracy of
supervised translations from the language of the working staff
or researchers (typically English) to 1 or a few languages (in
most cases, Spanish, Chinese, or French). The observed
inclination to study English as a source can be attributed to the
origin of the selected articles in this review. For most of the
studies (19/46, 41%) [29,50-52,56,57,59-63,66,69,72,74,
77,79,80,85], the target audiences of interest were large
linguistically diverse communities residing in predominantly
English-speaking countries (eg, the United States, the United
Kingdom, and Australia). Future studies could also aim to cover
underrepresented languages beyond that of the largest

linguistically diverse groups and continue exploring cases to
support linguistically diverse PH staff. For now, a few of these
studies (6/46, 13%) [29,59,66,74,77,86] tested MT in light of
postediting efforts. As user-friendly MT applications become
more accessible to the public and professionals, we can
reasonably assume that the focus of MT research in PH might
shift from generating texts with MT to generating texts that are
optimized for MT, that is, the emphasis might shift from
technical accuracy and postediting efforts to pre-editing of texts.

A limited number of articles (21/46, 46%)
[29,42,44-47,49,53,59,60,64,65,67,70,75-78,80,83,85]
investigated the societal acceptance of MT, mainly by surveying
the attitudes of PH staff toward its adoption, formulating new
concepts, and studying current practices and standards. The
selected studies point to the conclusion that PH staff are
enthusiastic and open to adopting MT in their workflows.
Almost half (10/21, 48%) of the studies held positive attitudes
toward the potential cost-effectiveness of using MT to increase
public access to PH information. However, the technology has
not been routinely adopted by PH departments owing to safety
concerns, the loss of control over content, and the unquantified
variability of the quality of translation between languages. There
is a need to further identify relevant stakeholders for
implementing and deploying MT, as well as to test proposed
solutions in controlled environments with the end users of
translated material.

Most of the experiments (31/46, 67%) were based on expert
focus groups and surveying PH professionals, whereas only a
few (3/46, 7%) explored end-user interactions, preferences, and
perspectives in real-world settings. However, without real-world
studies conducted outside laboratory settings and in field
experiments, the user experience of the technology remains
largely unknown. Only a few studies (8/46, 17%)
[42,47,49,53,64,65,67,78] tested the usability and acceptability
of MT in community settings. Future studies could explore, for
example, end-user interactions with machine-translated text in
daily life settings, while also continuing to survey PH
professionals in digital environments and capturing their
attitudes toward use and adoption, as well as measuring the
actual information uptake by groups targeted with
machine-translated materials compared with nontranslated
materials alone.

Moreover, no article focused solely on the legal or ethical
aspects of the use of MT for PH purposes. However, some of
the studies (13/46, 28%) [50-52,57,58,64,66,68,72,76,83,85,86]
did provide a generic consideration of ethical compliance aspects
as part of their discussions. To the extent that these concerns
were addressed, 2 (4%) of the 46 studies called attention to the
fact that the commercial vendors’algorithms are not transparent
to researchers and staff. Investigating MT from an ethical
perspective, such as its impact on the digital divide, and
establishing standards for its adoption also remain pending in
light of PH equity goals and the risk of harmful errors.

No Current Research on MT in Two-Way
Communication Scenarios
None of the reviewed studies specifically tested MT for the
recruitment of participants in population-based research. The

JMIR Public Health Surveill 2023 | vol. 9 | e50814 | p.344https://publichealth.jmir.org/2023/1/e50814
(page number not for citation purposes)

Herrera-Espejel & RachJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


literature only covers the use of MT for communicating in PH
settings that do not warrant a response from addressees. Most
of the studies (27/46, 59%) [29,42,43,49-53,57-60,
62,64-67,70,72,75-80,82,83] focused on the use of MT for
translating simple text in flyers, instructions, and general
information sheets from 1 language into a selected few. Hardly
any of the articles (44/46, 96%) [29,42-74,80-86] discussed
cases where the technology was used to communicate with
several linguistically diverse populations at once. Only 2 (4%)
[75,79] of the 46 studies introduced the use of MT for
emergency preparedness and outreach prompted by the
COVID-19 pandemic. These cases remain examples of
unidirectional communication between PH staff and addressed
audiences who are not expected to provide a response in return.

One possible reason why MT has not been used for recruitment
in population-based research may be that there is limited utility
in providing translations of PH material into languages that are
not spoken or read by researchers or field staff or in recruiting
participants who cannot interact with the languages in which
the study is offered. On the contrary, if studies are offered in
multiple languages, they are usually prepared with research
instruments and personnel pre-equipped with the skills to meet
the language diversity of the study population. It is therefore
rather unlikely that MT would be necessary for translating
recruitment materials in the first place.

However, there are scenarios in which MT may prove beneficial
in population-based recruitment; for example, in studies on
children and adolescents, the actual study participants often
speak the language of the country fluently, but their legal
guardians, who have to consent to their children’s participation,
might not be proficient in the language. Providing them with
study information and consent forms in their preferred language
might help them to understand what is asked from them and
their children and, therefore, increase the probability that they
will provide consent. However, for such purposes, ensuring a
certain translation quality is crucial to meet ethical and legal
requirements, but, as mentioned before, this review did not find
much evidence of research regarding this problem.

Furthermore, providing multilingual invitations could also help
PH employees to understand the demand for different languages
at the population level. If addressees could be enabled to report
their preferred languages back to PH staff, the collected data
might be used to adapt ongoing or future studies to provide
additional language support. Alternatively, addressees could be
informed that participation is possible, contingent on being
accompanied by a translator.

Finally, even if it is not possible to add each language preferred
by potential study participants, using MT tools for PH study
invitations would ensure that more addressees understand the
content of the invitation letters, which, given their official
appearance, might otherwise leave them uncertain regarding
missing out on something important or even undermine trust in
PH departments and reduce participation in future studies or
initiatives.

Limitations
Our findings should be considered with limitations. First, this
review is limited to publications addressing the use of MT either
as part of the research question or as a key point of discussion
in the publications. It cannot be ruled out that MT might already
be used as a routine tool, and therefore, its use is not reported
in peer-reviewed papers. Second, we used an interpretative
sentiment analysis to classify the principal findings for each
article based on the extraction of selected statements. This
exercise, although systematic and with the intention of
objectivity, is prone to the authors’ interpretation of enthusiasm
regarding the specific dimensions of digital technology maturity.
Finally, the search was limited to articles published only in
English, which might bias the results toward studies examining
MT from or into English. There is also a possibility that articles
published before 2007 could contain information relevant to
the research question. However, because the technology has
evolved exponentially in the last 2 decades, prior information
is likely to be outdated and no longer applicable to current
standards.

Conclusions
Using MT in epidemiology and PH can enhance outreach to
linguistically diverse populations. The translation quality of
current off-the-shelf systems, such as Google Translate or DeepL
Translator, is sufficient if postediting is a mandatory step in the
translation workflow. Postediting of legally or ethically sensitive
material requires staff with adequate content knowledge in
addition to sufficient language skills. When preparing texts for
translation, it is advisable to use shorter sentences and
specifically mark domain-specific vocabulary for possible
postediting. Unsupervised MT is generally not recommended.
Research on whether machine-translated texts are received
differently by addressees is lacking, as well as research on MT
in communication scenarios that warrant a response from the
addressees.
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Abstract

Background: The global burden of lung cancer (LC) is increasing. Quantitative projections of the future LC burden in different
world regions could help optimize the allocation of resources and provide a benchmark for evaluating LC prevention and control
interventions.

Objective: We aimed to predict the future incidence of LC in 40 countries by 2035, with an emphasis on country- and sex-specific
disparities.

Methods: Data on LC incidence from 1978 to 2012 were extracted from 126 cancer registries of 40 countries in Cancer Incidence
in Five Continents Volumes V-XI and used for the projection. Age-standardized incidence rates (ASRs) per 100,000 person-years
and the number of incident cases were predicted through 2035, using the NORDPRED age-period-cohort model.

Results: Global ASRs of the 40 studied countries were predicted to decrease by 23% (8.2/35.8) among males, from 35.8 per
100,000 person-years in 2010 to 27.6 in 2035, and increase by 2% (0.3/16.8) among females, from 16.8 in 2010 to 17.1 in 2035.
The ASRs of LC among females are projected to continue increasing dramatically in most countries by 2035, with peaks after
the 2020s in most European, Eastern Asian, and Oceanian countries, whereas the ASRs among males will continue to decline in
almost all countries. The ASRs among females are predicted to almost reach those among males in Ireland, Norway, the United
Kingdom, the Netherlands, Canada, the United States, and New Zealand in 2025 and in Slovenia in 2035 and even surpass those
among males in Denmark in 2020 and in Brazil and Colombia in 2025. In 2035, the highest ASRs are projected to occur among
males in Belarus (49.3) and among females in Denmark (36.8). The number of new cases in 40 countries is predicted to increase
by 65.32% (858,000/1,314,000), from 1.31 million in 2010 to 2.17 million in 2035. China will have the largest number of new
cases.

Conclusions: LC incidence is expected to continue to increase through 2035 in most countries, making LC a major public health
challenge worldwide. The ongoing transition in the epidemiology of LC highlights the need for resource redistribution and
improved LC control measures to reduce future LC burden worldwide.
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Introduction

Background
Globally, lung cancer (LC) represents the first and third most
commonly diagnosed cancer among males and females in 2020,
respectively [1]. In 2020, an estimated 2.2 million new LC cases
occurred worldwide, representing 14.3% (1.4 million) and 8.4%
(0.8 million) of all new cancer diagnoses among males and
females, respectively [1]. LC incidence rates have been steadily
decreasing among males in most high-income countries (eg,
European and Oceanian countries) in recent decades, whereas
they have been rapidly increasing among females [2-4].

Research Significance
However, the global LC burden continues to increase owing to
population growth, population aging, and changes in the
prevalence of risk factors (eg, smoking and air pollution), which
will further exert tremendous strain on populations and health
systems worldwide [2-4]. Quantitative projections of the future
LC burden in different world regions, in terms of expected
number of new cases and incidence rates in both absolute size
and trends, can help optimize the allocation of resources for
screening, diagnosis, and therapy and provide a benchmark for
evaluating LC prevention and control interventions worldwide,
with the aim of reducing the LC burden and promoting health
equity [5].

Objective
Historical LC incidence trends have been comprehensively
evaluated worldwide [2-4,6]. However, to our knowledge, no
previous study has predicted the future burden of LC incidence
on a global scale. We aimed to quantify the future LC incidence
in 40 countries by 2035 using long-standing and high-quality
population-based data, with an emphasis on country- and
sex-specific disparities.

Methods

Data Sources
Data on LC incidence (International Classification of Diseases
10th Revision C33-34) stratified by a 5-year period of diagnosis
(1978-1982, ... , 2008-2012), sex, and 5-year age group were
extracted from national and regional population-based cancer
registries available in Cancer Incidence in Five Continents
volumes V to XI [7,8]. The specific requirements for the
inclusion of a registry were at least 15 consecutive years of data
and compilation in the latest volume (XI) of the Cancer
Incidence in Five Continents series [2,9,10]. These criteria are
indicative of each registry’s data quality over time, given that
the editorial process involves a detailed assessment of the
comparability, completeness, and validity of the incidence data
[2,9,10]. A total of 126 cancer registries from 40 countries in
10 world regions (Northern Europe, Western Europe, Southern
Europe, Central and Eastern Europe, North America, Central

and South America, Eastern Asia, Southeastern Asia,
Southwestern Asia, and Oceania) were included. Of these, 19
countries contributed national data for the analysis (Denmark,
Estonia, Iceland, Ireland, Lithuania, Norway, Austria, the
Netherlands, Croatia, Cyprus, Malta, Slovenia, Belarus,
Bulgaria, the Czech Republic, Slovakia, Costa Rica, Israel, and
New Zealand). For the remaining 21 countries (the United
Kingdom, France, Germany, Switzerland, Italy, Spain, Poland,
Canada, the United States, Brazil, Chile, Colombia, Ecuador,
China, Japan, Republic of Korea, Philippines, Thailand, India,
Turkey, and Australia), data from multiple regional registries
in a given country were aggregated to obtain a proxy for the
national incidence. Population predictions (medium-fertility
variant) were obtained from the United Nations World
Population Prospects 2022 Revision up to 2035 by country,
year, sex, and age [11].

Statistical Analysis
Incidence rates per 5-year period of diagnosis and 5-year age
group by sex were calculated based on the corresponding
incident cases and population data from population-based cancer
registries. Age-standardized incidence rates (ASRs) per 100,000
person-years were calculated based on the world standard
population [12]. The number of cases by age group at the
national scale were estimated by applying regional age-specific
incidence rates to the national populations [9,10]. Lifetime
cumulative risks were calculated for those aged 0 to 74 years
and are expressed as percentages, which can be interpreted as
the probability that an individual will develop LC before the
age of 75 years in the absence of competing causes of death
[13].

In this study, the well-known NORDPRED age-period-cohort
model [9,10,14,15] was used to predict the number of new LC
cases and incidence rates from 2013 to 2017 to 2033 to 2037
by country, sex, and age. Let us assume that, conditional on
rates, the number of incident LC cases follows a Poisson
distribution:

Where yap and nap represent the number of incident cases and
person-years at risk, respectively, in the age group a=0−4, ... ,
85+ and in the period P=1978-1982, ... , 2008-2012.

Then, the NORDPRED age-period-cohort model using a
power-5 link function is defined as follows:

In this expression, Aa is the age component of age group a; D
is the common linear drift parameter of both calendar period p
and birth cohort c; is the nonlinear period component of period
; and is the nonlinear cohort component of cohort c. Birth cohort
c was extracted by subtracting the midpoint of the 5-year age
group a from the corresponding midpoint of the 5-year calendar
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period P [2]. The 3 to 7 recent 5-year observed periods
(depending on data availability) were extrapolated using a
power-5 link function to level off growth, with a projection of
drift parameter D that was attenuated by 25%, 50%, 75%, and
75% in the second, third, fourth, and fifth prediction periods,
respectively [14]. Furthermore, we assessed the prediction
performance of the NORDPRED age-period-cohort model, with
detailed information and the corresponding findings presented
in Multimedia Appendix 1 [15-20].

The projected number of new cases in 2035 were calculated by
applying the predicted age-specific rates for 2033 to 2037 to
the United Nations national population forecasts for 2035 for
each country [14]. Mean annual differences in the number of
predicted cases in 2035 (the midpoint of calendar period
2033-2037) relative to 2010 (the midpoint of calendar period
2008-2012) are partitioned into changes in risk (rates) and
changes in demographics (population size and age structure)
[15]; the detailed information is presented in Multimedia
Appendix 1. The number of predicted cases and ASR in 2035
are presented and compared with those in 2010. A percentage
change of ≥5% was defined as an increase or decrease;
otherwise, the number and rates were considered stable [21].
Throughout the paper, the number of cases has been rounded
to avoid spurious precision. In some cases, this creates small
discrepancies with the displayed totals and percentages, which
are based on the data before rounding.

Data management and modeling analyses were performed using
R software (version 4.0.2; R Foundation for Statistical
Computing) [22] and the NORDPRED package.

Ethical Considerations
This study does not involve human participants and animal
subjects. Ethics approval was not required for this study as the
study used existing nonidentifiable data that were aggregated
and population level.

Results

Changes in LC Incidence Rates: 2010 to 2035
Global ASRs of the 40 studied countries are predicted to
decrease by 23% (8.2/35.8) among males, from 35.8 per 100,000
person-years in 2010 to 27.6 in 2035, and increase by 2%
(0.3/16.8) among females, from 16.8 in 2010 to 17.1 in 2035.
Among the 40 studied countries, the ASRs are predicted to
decline among males in 37 countries and among females in 17
countries between 2010 and 2035 (Figures 1-3; Multimedia
Appendices 2 and 3). The largest decreases in ASRs are
projected in the Philippines (−21.5/36.9, −58%; ASR 36.9 per
100,000 person-years in 2010 vs 15.4 in 2035), Colombia
(−7.7/13.9, −55%; 13.9 vs 6.2), and Slovenia (−25.3/48.2, −53%;
48.2 vs 22.9) among males and in the Philippines (−5.3/12.2,
−44%; 12.2 vs 6.9), Israel (−5/11.4, −43%; 11.4 vs 6.4), and
Turkey (−3.3/8.1, −40%; 8.1 vs 4.8) among females. For each
region, the largest reductions in ASRs are projected in Estonia
(−26.3/57, −46%; ASR 57.0 per 100,000 person-years in 2010
vs 30.7 in 2035) for males and in Iceland (−9.2/33.0, −28%;
33.0 vs 23.8) for females in Northern Europe; in Switzerland
for both sexes (−13.5/37.2, −36%; 37.2 vs 23.7 for males;

−2.4/20.4, −12%; 20.4 vs 18.0 for females) in Western Europe;
in Slovenia (−25.3/48.2, −53%; 48.2 vs 22.9) for males in
Southern Europe; in the Czech Republic (−25.7/51.2, −50%;
51.2 vs 25.5) for males and in Poland (−2.7/13.4, −20%; 13.4
vs 10.7) for females in Central and Eastern Europe; in the United
States for both males (−13.7/39.4, −35% 39.4 vs 25.7) and
females (−10.6/30.2, −35%; 30.2 vs 19.6) in North America; in
Colombia (−7.7/13.9, −55%; 13.9 vs 6.2) for males and in Costa
Rica (−1.0/4.3, −24%; 4.3 vs 3.3) for females in Central and
South America; in the Republic of Korea (−8.0/42.8, −19%;
42.8 vs 34.8) for males in Eastern Asia; in the Philippines for
both sexes (−21.5/36.9, −58%; 36.9 vs 15.4 for males; −5.3/12.2,
−44%; 12.2 vs 6.9 for females) in Southeastern Asia; in Turkey
(−33.0/69.3, −48%; 69.3 vs 36.3) for males and in Israel
(−5.0/11.4, −43%; 11.4 vs 6.4) for females in Southwestern
Asia; and in New Zealand for both sexes (−6.8/29.5, −23%;
29.5 vs 22.7 for males; −3.4/24.2, −14%; 24.2 vs 20.8 for
females) in Oceania.

However, the ASRs will increase in 2 countries for males and
in 20 countries for females from 2010 to 2035.

Among males, percentage increases in ASRs are predicted in
Cyprus (14.6/33.4, 44%; ASR 33.4 per 100,000 person-years
in 2010 vs 48.0 in 2035) and Ecuador (0.7/8.0, 9%; 8.0 vs 8.7).
among females, the largest increases in ASRs were predicted
in Estonia (7.3/10.7, 68%; ASR 10.7 per 100,000 person-years
in 2010 vs 18.0 in 2035), Malta (6.5/10.9, 60%; 10.9 vs 17.4),
and Cyprus (4.8/8.7, 54%; 8.7 vs 13.5). As for each region, the
steepest increases in ASRs are predicted in Estonia (7.3/10.7,
68%; ASR 10.7 per 100,000 person-years in 2010 vs 18.0 in
2035) in Northern Europe; France (3.3/15.8, 20%; 15.8 vs 19.1)
in Western Europe; Malta (6.5/10.9, 60%; 10.9 vs 17.4) in
Southern Europe; Slovakia (4.8/13.1, 37%; 13.1 vs 17.9) in
Central and Eastern Europe; Chile (1.6/4.7, 33%; 4.7 vs 6.3) in
Central and South America; Japan (6.5/16.8, 38%; 16.8 vs 23.3)
in Eastern Asia; and India (0.8/4.1, 19%; 4.1 vs 4.9) in
Southwestern Asia. The ASRs among females are predicted to
peak after the 2020s in 27 countries (most European, Eastern
Asian, and Oceanian countries), whereas those among males
have already peaked in the historical period in almost all
countries (except for Cyprus, Ecuador, and Japan).

Although the ASRs among males have been historically higher
than those among females in all countries (except for Iceland),
the sex gaps are gradually narrowing (Figures 4 and 5). The
male to female ASR ratios are projected to decline in 33
countries from 2010 to 2035. The largest reductions in male to
female ratios are predicted for Estonia (−3.6/5.3, −68%; sex
ratio 5.3 in 2010 vs 1.7 in 2035), Brazil (−1.1/1.8, −62%; 1.8
vs 0.7), Slovenia (−1.6/2.8, −58%; 2.8 vs 1.2), Spain (−2.2/4.4,
−50%; 4.4 vs 2.2), and Slovakia (−2.0/4.1, 48%; 4.1 vs 2.1).
ASRs among females are predicted to almost reach those among
males in Ireland, Norway, the United Kingdom, the Netherlands,
Canada, the United States, and New Zealand in 2025; in
Slovenia in 2035; and even surpass those among males in
Denmark in 2020 and in Brazil and Colombia in 2025.

In 2035, LC incidence is projected to vary 8-fold among males
and 10-fold among females across countries (Figure 3;
Multimedia Appendices 2 and 3). The highest ASRs were
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projected in Belarus (49.3 per 100,000 person-years), Cyprus
(48.0), Japan (45.3), France (42.0), and Bulgaria (40.1) among
males and in Denmark (32.9), the Netherlands (28.7), the United

Kingdom (28.0), Ireland (27.1), and China (24.7) among
females. The male to female ratio is projected to vary 11-fold
across countries, ranging from 0.7 in Brazil to 7.5 in Turkey.

Figure 1. Trends in age-standardized (world) incidence rates of lung cancer in European countries, 1980 to 2035: observed rates (solid line) and
projected rates (dashed line). The blue line stands for males, and the red line stands for females. Age-standardized (world) rates per 100,000 person-years.

JMIR Public Health Surveill 2023 | vol. 9 | e43651 | p.355https://publichealth.jmir.org/2023/1/e43651
(page number not for citation purposes)

Luo et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Trends in age-standardized (world) incidence rates of lung cancer in American, Asian, and Oceanian countries, 1980 to 2035: observed rates
(solid line) and projected rates (dashed line). The blue line stands for males, and the red line stands for females. Age-standardized (world) rates per
100,000 person-years.
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Figure 3. Lung cancer age-standardized incidence rates in 2010 and projected rates in 2035 in 40 countries. Rates for 2010 and 2035 represent average
rates for the 5-year period centered on the respective year. Blue color stands for males, and red color stands for females. Age-standardized (world) rates
per 100,000 person-years.
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Figure 4. Trends in the male to female age-standardized (world) incidence rate ratios of lung cancer in European countries, 1980 to 2035: observed
rate ratios (solid line) and projected rate ratios (dashed line).

Figure 5. Trends in the male to female age-standardized (world) incidence rate ratios of lung cancer in American, Asian, and Oceanian countries, 1980
to 2035: observed rate ratios (solid line) and projected rate ratios (dashed line).
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Changes in the Number of New LC Cases: 2010 to 2035
Overall, the number of new cases in the 40 included countries
is predicted to increase by 50.19% (429,000/854,000), from
approximately 0.85 million in 2010 to approximately 1.28 in
2035, among males and is set to nearly double, from
approximately 0.46 million to approximately 0.89, among
females (Multimedia Appendices 2 and 3). When stratified by
geographic region, the most rapid increases were predicted in
Eastern Asia (342,000/433,000, 79.00% for males and
303,000/216,000, 140.05% for females).

When analyzed by country, the number of new cases is expected
to increase in 32 countries among males and in all 40 countries

among females between 2010 and 2035 (Multimedia Appendices
2 and 3). The predicted increases among males in most of these
32 countries are mainly due to population growth and aging,
regardless of marked decreases in LC risk, whereas those among
females in most countries in Southern, Western, and Central
and Eastern Europe are largely due to marked increases in LC
risk (Figures 6 and 7). The most rapid increases were predicted
in Cyprus (459/257, 178.3%) among males and Chile (1253/620,
202.2%) among females (Multimedia Appendices 2 and 3). In
2035, the largest number of new cases was projected in China
(655,000), Japan (112,000), and the United States (105,000)
among males and China (451,000), the United States (95,000),
and Japan (61,000) among females.

Figure 6. Projected changes in the number of new lung cancer cases between 2010 and 2035 in 40 countries among males, partitioned into population
and risk change. Numbers for 2010 and 2035 represent average numbers for the 5-year period centered on the respective year. Due to population change:
projected change in the number of cases due to population growth and aging. Due to risk change: projected change in the number of cases due to changes
in incidence rates. Blue color stands for population change, and red color stands for risk change.
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Figure 7. Projected changes in the number of new lung cancer cases between 2010 and 2035 in 40 countries among females, partitioned into population
and risk change. Numbers for 2010 and 2035 represent average numbers for the 5-year period centered on the respective year. Due to population change:
projected change in the number of cases due to population growth and aging. Due to risk change: projected change in the number of cases due to changes
in incidence rates. Blue color stands for population change, and red color stands for risk change.

Cumulative Risk of LC Incidence in 2035
The cumulative risks among males are expected to decrease in
almost all countries (except Cyprus and Ecuador) between 2010
and 2035, whereas those among females are expected to increase
in 20 countries (especially in Eastern Asian and Southern
European countries; Figure 8; Multimedia Appendices 2 and
3). In 2035, the highest cumulative risk among males is expected

in Belarus (6.2/100, 6.2%), Cyprus (5.4/100, 5.4%), Bulgaria
(5/100, 5%), Croatia (5/100, 5%), and Japan (4.9/100, 4.9%),
which indicates that approximately 5 to 6 of 100 males will be
diagnosed with LC before the age of 75 years in the
aforementioned countries. Among females, the highest
cumulative risks are expected in Denmark (4/100, 4%), the
Netherlands (3.5/100, 3.5%), the United Kingdom (3.3/100,
3.3%), Ireland (3.2/100, 3.2%), and China (3/100, 3%).
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Figure 8. Cumulative risk (in percent, ages 0-74 years) of lung cancer in 2010 and 2035 in 40 countries. Blue color stands for males, and red color
stands for females.

Discussion

Principal Findings
In our study, the ASRs of LC among females are predicted to
increase in half of the countries between 2010 and 2035, while
those among males are expected to decrease in almost all studied
countries. The ASRs among females are expected to peak after
the 2020s in most European, Eastern Asian, and Oceanian
countries and will reach and surpass those among males in 11
countries after the 2020s. In 2035, high rates are predicted to
mainly occur among males in Central and Eastern European
countries and among females in Northern European countries.
The largest increases in the number of new cases in both sexes
between 2010 and 2035 are predicted in Eastern Asia. China
will have the largest number of new cases in both sexes by 2035.

Interpretation of Changes in LC Incidence Rates
Tobacco smoking is the leading risk factor for LC, with 76.2%
(74.6 to 77.8) of LC-related deaths among males and 38.9%
(36.7 to 40.9) of LC-related deaths among females attributed
to smoking in 2019 [3]. Temporal trends in LC incidence are
largely affected by smoking patterns in the past 30 to 40 years
[23,24], and the future LC burden will depend on historic
smoking patterns at the population level [25]. Smoking
prevalence among males in most European countries (eg, the
United Kingdom and Spain) peaked during the 1950s and 1960s,
whereas that among females peaked in the 1980s and 1990s
[23,26-32]. For example, the smoking prevalence among
Spanish females increased from 5.8% in 1970 to 26.5% in 1990
and then decreased after the 2000s [23,30]; this could largely
explain the predicted increase in the LC incidence rate and the
peak LC rate in 2025 among females. Similarly, the lag duration

of 30 to 40 years combined with the maximum smoking
prevalence during the 1980s and 1990s [26,27,31,32] could
indicate that LC incidence rates among females will peak after
the 2020s in many European countries. In addition, a recent
study showed that the smoking-attributable fractions of LC
mortality among males are predicted to decline in Denmark and
the Netherlands from 2009 to 2050, whereas those among
females will increase until it peaks in 2028 in Denmark and
2033 in the Netherlands [33], similar to our projections of
changes in LC rates from 2010 to 2035. Notably, smoking
patterns in younger birth cohorts may directly indicate future
LC incidence rates [32,34,35]. The predicted increase in LC
incidence rates among females in most European countries could
be largely explained by the cohort effect because of the
increased smoking prevalence in cohorts born after the 1950s
[32,36]. The predicted decreases in LC incidence rates in the
United States in both sexes might largely result from changes
in smoking habits in cohorts born after the 1940s, who mainly
smoked low-tar and filter-tipped cigarettes [2,37,38].

Interpretation of the Discrepancy of Changes in LC
Incidence Rates Between Sexes
The convergence of decreasing male and increasing female
incidence rates of LC in our study could be largely explained
by the changes in smoking prevalence. Globally, females started
smoking later than males (the 1950s), but the smoking
prevalence increased rapidly until the 1990s and then remained
relatively stable [23,26-32,39]. For example, in France, tobacco
smoking increased from 0.4 daily smoked cigarettes per woman
in 1953 to 3.7 in 1991 and thereafter remained stable, whereas
males smoked approximately 8.6 cigarettes per day in 1953
until a peak in 1980 (9.6 cigarettes per day) and declined steadily
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(5.2 cigarettes per day in 2003) [39]. Notably, smoking behavior
and smoking prevalence among males and females have become
increasingly similar in the younger generation worldwide
[40,41], indicating the convergence of decreasing male and
increasing female incidence rates of LC.

Interpretation of Geographic Distributions in Predicted
LC Incidence Rates and Cumulative Risks
In 2035, the incidence rates of LC are projected to vary
significantly across regions for both sexes. The highest predicted
rate and cumulative risk among males in Central and Eastern
European countries could be largely attributable to the
historically higher smoking prevalence than that of Western
countries and delays in the implementation of smoking
prevention and cessation measures [42-44]. LC mortality rates
attributable to smoking were also estimated to be the highest in
Central and Eastern European countries in 2019 [3]. Among
females, the highest predicted LC rate and cumulative risk in
Northern European countries could be largely explained by the
historically high LC rate and the fact that smoking prevalence
among females only began to decrease after the late 1980s
[31,32].

Interpretation of Changes in New LC Cases
Worldwide, the reduction in LC risk among males will only
partially offset the expected increase in the number of new LC
cases because of population growth and aging. However, the
increasing future LC burden among females will be driven by
increasing LC risks, and thus mainly tobacco smoking patterns
and trends, in most countries in Southern, Western, and Central
and Eastern Europe. In addition, the largest number of new LC
cases is predicted in China, accounting for nearly half (45%)
of the total number of new cases among all studied countries
in 2035, and more than half (60%) of the total increase in the
number of new cases between 2010 and 2035. A recent study
showed that the LC mortality rates attributed to smoking and
ambient particulate matter pollution in China were estimated
to be 80.8% and 20.8% among males and 23.4% and 19.7%
among females in 2017, respectively [45]. China has the largest
smoking population in the world, with an estimated 301 million
smokers, and the smoking proportions of males and females in
the Chinese population are 52.9% and 2.4% in 2010 [46]. More
than half of the LC cases attributed to exposure to ambient
particulate matter pollution have been reported in China and
other East Asian countries [47,48]. In addition, China has
experienced rapid population growth and a transition to an aging
society in recent decades [49]. Thus, the substantial future
burden of LC in China might largely result from the large
smoking population, deteriorating air pollution, and changing
demographics, and will, to some extent, hinder the realization
of global noncommunicable disease control goals with a
reduction of one-third in premature mortality from
noncommunicable diseases by 2030 [50]. Tobacco control
programs and clean air legislation should be strengthened and
additional resources should be allocated to reduce the LC burden
in China.

Comparison With Prior Work
The Global Cancer Observatory of the International Agency for
Research on Cancer provides the future LC incidence worldwide
by 2040, based on demographic projections estimated by the
United Nations Development Programme and scenarios of stable
rates from the baseline year 2020 [51]. However, projections
of future LC incidence by 2040 in the Global Cancer
Observatory did not consider changes in the incidence rates of
LC. Our predictions have accounted for historical changes in
LC incidence rates using the NORDPRED age-period-cohort
model, which could largely reflect the real situation of LC
incidence. To the best of our knowledge, this is the first study
to predict the future burden of LC incidence from a global
perspective based on incidence data from high-quality
population-based cancer registries, enabling direct comparisons
of findings between countries. The well-known modern method
based on the NORDPRED age-period-cohort model was applied
to provide estimates of future LC burden in our study.

Limitations
However, this study has some limitations. First, the trend-based
predictions in our study might have a certain degree of
uncertainty because we assumed that the historical trends in LC
incidence will continue into the future in the model [5].
However, when comparing our predicted ASRs with those
already observed in, for example, Australia, Norway, and the
Netherlands, these figures seem fairly close (eg, observed ASR
30.7 in Australian males in 2015 [52] vs 30.9 predicted in 2015,
21.8 in Australian females [52] vs 22.4; observed ASR 31.3 in
Norwegian males in 2015 [53] vs 33.6 predicted in 2015, 28.0
in Norwegian females [53] vs 27.6; and observed ASR 38.6 in
Dutch males in 2019 [54] vs 41.4 predicted in 2020, 33.1 in
Dutch females [54] vs 35.7); these might largely indicate the
accuracy of our projections. Second, for lower-risk and small
populations (eg, Malta and Cyprus), random variation might
exist. Third, we were unable to predict the future LC burden in
many countries in Africa, Latin America, and Asia because of
the lack of high-quality data. Fourth, the aggregated data from
multiple regional registries in a given country might not fully
represent the national level, although this method has been
applied to cover the largest geographic area in many previously
published papers [2,55,56]. Figures from regional cancer
registries with limited resources could be underestimated and
those from registries with abundant resources could be
overestimated. Caution should be exercised when interpreting
these findings.

Conclusions
The LC incidence rates among females are predicted to continue
increasing dramatically in most countries by 2035, with peaks
after the 2020s in most European, Eastern Asian, and Oceanian
countries, whereas incidence rates among males are predicted
to continue declining in almost all countries. The sex difference
in the worldwide incidence of LC will further narrow down in
the future. Geographic variations in LC incidence rates will
remain high, with the highest rate in Central and Eastern Europe
among males and in Northern Europe among females. The
number of new LC cases are expected to continue to increase
through 2035 in most countries because of population aging
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and growth, as well as changes in the prevalence of risk factors,
making LC a major challenge to public health worldwide. These
ongoing transitions in LC epidemiology are highly relevant to
future cancer control and clinical practice. Clinicians can expect
to observe more cases of LC in the future. The findings highlight

the need for the redistribution of resources and improved LC
control measures (eg, smoking prevention and cessation
programs and air quality management programs) to reduce the
future LC burden worldwide.
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Abstract

Background: Over 90% of patients with cancer experience 1 or more symptoms caused directly by cancer or its treatment.
These symptoms negatively impact on the completion of planned treatment as well as patients’ health-related quality of life
(HRQoL). It often results in serious complications and even life-threatening outcomes. Thus, it has been recommended that
surveillance of symptom burden should be performed and managed during cancer treatment. However, differences in symptom
profiles in various patients with cancer have not been fully elucidated for use in performing surveillance in the real world.

Objective: This study aims to evaluate the burden of symptoms in patients with various types of cancers during chemotherapy
or radiation therapy using the PRO-CTCAE (Patient-Reported Outcome Version of the Common Terminology Criteria for Adverse
Events) and its impact on quality of life.

Methods: We performed a cross-sectional study of patients undergoing outpatient-based chemotherapy, radiation therapy, or
both at the National Cancer Center at Goyang or at the Samsung Medical Center in Seoul, Korea between December 2017 and
January 2018. To evaluate cancer-specific symptom burden, we developed 10 subsets for using the PRO-CTCAE-Korean. To
measure HRQoL, we used the European Organization for Research and Treatment of Cancer Core Quality of Life Questionnaire
Core 30 (EORTC QLQ-C30). Participants answered questions prior to their clinic appointments on tablets. Multivariable linear
regression was used to analyze symptoms based on cancer type and to evaluate the association between the PRO-CTCAE items
and the EORTC QLQ-C30 summary score.

Results: The mean age (SD) of the patients was 55.0 (11.9) years, and 39.94% (540/1352) were male. Overall, symptoms in
the gastrointestinal category were the most dominant in all cancers. Fatigue (1034/1352, 76.48%), decreased appetite (884/1352,
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65.38%), and numbness and tingling (778/1352, 57.54%) were the most frequently reported. Patients reported more local symptoms
caused by a specific cancer. In terms of nonsite-specific symptoms, patients commonly reported concentration (587/1352, 43.42%),
anxiety (647/1352, 47.86%), and general pain (605/1352, 44.75%). More than 50% of patients with colorectal (69/127, 54.3%),
gynecologic (63/112, 56.3%), breast (252/411, 61.3%), and lung cancers (121/234, 51.7%) experienced decreased libido, whereas
67/112 (59.8%) patients with gynecologic cancer and lymphoma/myeloma reported pain during sexual intercourse. Patients with
breast, gastric, and liver cancers were more likely to have the hand-foot syndrome. Worsening PRO-CTCAE scores were associated
with poor HRQoL (eg, fatigue: coefficient –8.15; 95% CI –9.32 to –6.97), difficulty in achieving and maintaining erection
(coefficient –8.07; 95% CI –14.52 to –1.61), poor concentration (coefficient –7.54; 95% CI –9.06 to –6.01), and dizziness
(coefficient –7.24; 95% CI –8.92 to –5.55).

Conclusions: The frequency and severity of symptoms differed by cancer types. Higher symptom burden was associated with
poor HRQoL, which suggests the importance of appropriate surveillance of PRO symptoms during cancer treatment. Considering
patients had comprehensive symptoms, it is necessary to include a holistic approach in the symptom monitoring and management
strategies based on comprehensive patient-reported outcome measurements.

(JMIR Public Health Surveill 2023;9:e44105)   doi:10.2196/44105
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Introduction

Over 90% of patients with cancer experience 1 or more
symptoms caused directly by cancer or its treatment [1,2]. These
symptoms negatively impact on the completion of planned
treatment as well as their health-related quality of life (HRQoL).
It often results in serious complications and even life-threatening
outcomes [3]. Thus, it has been recommended that surveillance
of symptom burden should be performed and managed during
cancer treatment [4].

However, barriers to symptom monitoring are medical jargon
and lack of trust [5]. In addition, there have been only few
reliable and valid tools for this purpose [5]. Thus, there have
been growing calls for developing and implementing
standardized patient-reported outcome measurements for
symptom surveillance in patients with cancers for both clinical
care and research purposes [6]. A major advancement in this
direction is the US National Cancer Institute’s PRO-CTCAE
(Patient-Reported Outcome Version of the Common
Terminology Criteria for Adverse Events), which comprises
124 items of 15 categories, based on 78 CTCAE toxicities
considered appropriate for patient reporting [7,8]. According
to a qualitative study [5], although many participants appreciated
the personalized approach with symptom monitoring, they do
not want to use a symptom checker that asks too many questions
or that takes too long to complete. As frequent administration
of the complete library of the PRO-CTCAE is impractical and
burdensome, the Food and Drug Administration recommends
selecting a relevant item set that can provide insights into the
most important toxicities for the treatments being evaluated [9].

So far, most guidelines developed for selecting symptom
measures were designed for clinical trials, and there is a lack
of guidance for practitioners and for performing surveillance
in the real-world clinical setting [10]. In fact, when the adverse
events (AEs) were collected from the real world, new side
effects related to the medication use not listed on the drug label
have been reported [11]. Although a subset for practice was
recently suggested based on a Delphi study with stakeholder
panels [12,13], they only covered common cancers in Western

countries, such as breast, lung, and colorectal cancers; further,
the guidelines are limited to uncommon cancers, such as
lymphoma, stomach, or liver cancers. In addition, differences
in symptom profiles among various patients with cancer have
not been fully elucidated for use in performing surveillance in
the real world [14]. Therefore, we aimed to evaluate the burden
of symptoms in patients with various types of cancers during
chemotherapy or radiation therapy using the PRO-CTCAE in
the real world and its impact on quality of life.

Methods

Study Population
We performed a cross-sectional study of patients undergoing
outpatient-based chemotherapy, radiation therapy, or both at
the National Cancer Center (NCC) at Goyang or at the Samsung
Medical Center (SMC) in Seoul, Korea between December 2017
and January 2018. Eligible participants were (1) older than age
18; (2) diagnosed with cancer; (3) currently receiving
chemotherapy or radiation therapy or both; and (4) those who
can read, speak, and comprehend Korean. To include a more
diverse sample of patients with cancer who have relatively little
information about symptom burden, we aimed to recruit at least
50 patients with lymphoma, gastric, gynecologic, head and neck,
and liver cancers. To simultaneously evaluate the measurement
properties of all items of the PRO-CTCAE-Korean (n=124)
within a single study, we aimed to recruit 1300 patients with
cancer. Based on the site investigator’s assessment, patients
with clinically significant cognitive impairment were excluded
from the study. The sampling frame was monitored to ensure
that a minimum of 15% of participants had an impaired
performance status (PS), defined as an Eastern Cooperative
Oncology Group (ECOG) PS of 2 or higher [7].

Participants answered questions prior to their clinic
appointments on tablets without assistance but could request
technical assistance from the study staff if required.
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Measures
For cancer-specific symptom burden surveillance, we developed
10 subsets of the PRO-CTCAE-Korean (9 for specific cancers
and 1 for general purpose). The PRO-CTCAE item library has
been previously translated and validated in Korean [15,16]. The
PRO-CTCAE-Korean instrument has been linguistically
validated for use in Korean-speaking populations [15]. In
addition, the instrument has shown high construct validity
(correlation [r] for all items >0.30 with the anchor items) and
high test-retest reliability (range of intraclass correlation
coefficient 0.33-0.83) [16]. To generate a subset for each type
of cancer, we included common symptomatic AEs recommended
by the National Cancer Institute based on their high prevalence
across different cancer treatment types [17]. In addition, we
included symptomatic AEs that were prevalent in specific
subgroups for different cancer sites based on a literature review
and recommendation by a panel of 15 medical and radiation
oncologists. We performed a Delphi survey 2 times by providing
the panel with the entire list of the PRO-CTCAE-Korean
instrument and then asking them to choose prevalent and
important symptoms to generate subsets for each cancer type.
The subsets contained a minimum of 28 to a maximum of 58
symptomatic AEs.

To measure HRQoL, we used the European Organization for
Research and Treatment of Cancer Core Quality of Life
Questionnaire Core 30 (EORTC QLQ-C30), previously
validated in Korean [18], and scored the QLQ-C30 summary
score according to the scoring manual [19]. Higher scores on
these indicate better function. Further, demographic information
was gathered by self-reporting, and clinical variables were
obtained from electronic health records.

Statistical Analysis
A composite-grade scoring algorithm was used to obtain single
numerical grades for AEs based on multiple PRO-CTCAE items
[20]. Following the composite grading algorithm, a single
composite grade was given to the PRO-CTCAE item
combinations within the range of 0-3. A higher composite grade
indicates the worse symptom experience. One rule of thumb
for interpreting the difference in PRO scores is 10% of the
instrument range [21]. As the score ranged between 0 and 3,
we considered that differences of 0.4 points (ie, 10% of the
score range) were clinically meaningful.

The symptom prevalence by composite grades of the
PRO-CTCAE items is shown using a tree map. The size of the
rectangles in the tree map indicates the proportion of patients
with symptoms, with the darker colors indicating a higher
prevalence of patients who reported symptoms as severe. Linear
regression was used to analyze symptoms based on cancer type.
Covariates adjusted were patient’s age, sex, ECOG, and
treatment types. Linear regression was also performed to
evaluate the association between the PRO-CTCAE items and
the EORTC QLQ-C30 summary score [22].

All analyses were performed using STATA version 16
(StataCorp LP) and R 3.6.1 (R Foundation for Statistical
Computing). P values <.05 were considered statistically
significant.

Ethical Considerations
Study participants provided written informed consent. We gave
the participants a US $5 gift card to thank them for their
participation. The Institutional Review Board of the Samsung
Medical Center (SMC 2020-04-157) and the National Cancer
Center (NCC2017-0249) approved this study. All the research
data were encrypted.

Results

A total of 1352 patients (breast, n=411; colorectal, n=127;
gastric, n=123; gynecologic, n=112; head and neck, n=56; liver,
n=67; lung, n=234; lymphoma, n=112; prostate, n=57; and
others, n=53) participated in this study. The mean age (SD) of
the patients was 55.0 (11.9) years; 39.94% (540/1352) were
male and 79.29% (1072/1352) received chemotherapy (Table
1).

Gastrointestinal cancer (purple) was the most dominant among
all cancers (Figure 1). Patients commonly reported decreased
appetite (884/1352, 65.38%), taste change (764/1352, 56.51%),
nausea (588/1352, 43.49%), constipation (607/1352, 44.90%),
and diarrhea (459/1352, 33.95%; Figure 1 and Multimedia
Appendix 1). Fatigue (1034/1352, 76.48%) was the most
frequently reported symptom followed by decreased appetite
(884/1352, 65.38%), numbness and tingling (778/1352, 57.54%),
insomnia (773/1352, 57.17%), taste change (764/1352, 56.51%),
and hair loss (691/1352, 51.11%; Multimedia Appendix 1).

When we compared the symptoms across different types of
cancer, patients reported more local symptoms caused by a
specific cancer (Multimedia Appendix 1). After adjusting for
age, sex, ECOG status, and treatment type, patients with gastric
cancer were more likely to have taste changes, decreased
appetite, vomiting, diarrhea, and abdominal pain compared with
those with other types of cancer. Patients with head and neck
cancer had more dry mouth and difficulty in swallowing
compared with those with other types of cancer (Multimedia
Appendix 2).

In terms of nonsite-specific symptoms, patients commonly
reported concentration (587/1352, 43.42%), anxiety (647/1352,
47.86%), sadness (638/1352, 47.19%), and general pain
(605/1352, 44.75%; Multimedia Appendix 1). After adjusting
for confounders, patients with liver cancer experienced relatively
more fatigue and anxiety than those with other types of cancer
(Multimedia Appendix 2).

More than 50% of patients with colorectal, gynecologic, breast,
and lung cancers and lymphoma/myeloma experienced sexual
symptoms, such as decreased libido or pain during sexual
intercourse (Multimedia Appendix 1). For example, 49.6%
(63/127) of patients with colorectal cancer reported problems
in achieving and maintaining erection and 51.7% (121/234) of
patients with lung cancer reported decreased libido. Patients
with breast (265/411, 64.4%), colorectal (63/127, 49.6%), gastric
(68/123, 55.3%), gynecologic (65/112, 58.0%), and lung cancers
(103/234, 44.0%) and lymphoma (52/112, 46.4%) more
frequently reported skin dryness (Multimedia Appendix 1).
Patients with breast (coefficient 0.19; 95% CI 0.09 to 0.28),
gastric (coefficient 0.17; 95% CI 0.04 to 0.30), and liver
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(coefficient 0.21; 95% CI 0.04 to 0.38) cancers were more likely
to have the hand-foot syndrome even after adjusting for potential
confounders (Multimedia Appendix 2).

We observed a significant decrease in the mean QLQ-C30
summary scores across worsening PRO-CTCAE scores

(Multimedia Appendix 3). In particular, memory, all the
symptoms in the mood category, fatigue, difficulty in achieving
and maintaining erection, body odor, concentration, and
dizziness were associated with decreasing of QLQ-C30 summary
scores (Multimedia Appendix 3).

Table 1. Characteristics of study participants (N=1352).

P valueOthers
(n=53)

Prostate
(n=57)

Lym-
phoma
(n=112)

Lung
(n=234)

Liver
(n=67)

Head and
neck
(n=56)

Gyneco-
logic
(n=112)

Gastric
(n=123)

Colorectal
(n=127)

Breast
(n=411)

Characteristics

<.0155.9
(13.2)

67.8
(10.2)

52.9
(16.5)

61
(9.4)

59.7
(9.4)

58.9
(11.3)

52.8
(11)

56
(11.4)

56.4 (9.6)49.1
(9.4)

Age group, mean (SD)

<.01Gender, n (%)

21
(39.6)

8 (14.0)40
(35.7)

82
(35.0)

23
(34.3)

18 (32.1)112
(100)

40
(32.5)

59 (46.5)409
(99.5)

Female

32
(60.4)

49
(86.0)

72
(64.3)

152
(65.0)

44
(65.7)

38 (67.9)0 (0)83
(67.5)

68 (53.5)2 (0.5)Male

<.01Education, n (%)

9
(17.0)

19
(33.3)

22
(19.6)

79
(33.8)

16
(23.8)

17 (30.4)22
(19.6)

28
(22.8)

27 (21.3)36 (8.8)Less than middle school

19
(35.8)

19
(33.3)

46
(41.1)

102
(43.6)

27
(40.3)

16 (28.6)51
(45.5)

51
(41.5)

51 (40.2)170
(41.4)

High school

25
(47.2)

19
(33.3)

44
(39.3)

53
(22.6)

24
(35.8)

23 (41.1)39
(34.8)

44
(35.8)

49 (38.6)205
(49.9)

More than college

<.01Employment status, n (%)

15
(28.3)

8 (14.0)37
(33.0)

58
(24.8)

15
(22.4)

15 (26.8)11 (9.8)44
(35.8)

40 (31.5)110
(26.8)

Employed

38
(71.7)

49
(86.0)

75
(67.0)

176
(75.2)

52
(77.6)

41 (73.2)101
(90.2)

79
(64.2)

87 (68.5)301
(73.2)

Unemployed

<.01Monthly family income, n (%)

9
(17.0)

27
(47.4)

29
(25.9)

84
(35.9)

24
(35.8)

14 (25.0)27
(24.1)

44
(35.8)

28 (22.0)75
(18.2)

<US $1990

26
(49.1)

21
(36.8)

41
(36.6)

97
(41.5)

26
(38.8)

26 (46.4)55
(49.1)

45
(36.6)

62 (48.8)153
(37.2)

US $2000-US $3990

18
(34.0)

9 (15.8)42
(37.5)

53
(22.6)

17
(25.4)

16 (28.6)30
(26.8)

34
(27.6)

37 (29.1)183
(44.5)

≥US $4000

.01ECOGa performance status at
the first visit, n (%)

42
(79.2)

50
(87.7)

89
(79.5)

190
(81.2)

57
(85.1)

47 (83.9)84
(75.0)

87
(70.7)

111 (87.4)347
(84.4)

0-1

11
(20.8)

7 (12.3)23
(20.5)

44
(18.8)

10
(14.9)

9 (16.1)28
(25.0)

36
(29.3)

16 (12.6)64
(15.6)

2-4

<.01Current treatment, n (%)

36
(67.9)

32
(56.1)

109
(97.3)

182
(77.8)

60
(89.6)

25 (44.6)94
(83.9)

123
(100)

105 (82.7)306
(74.5)

Chemotherapy

15
(28.3)

19
(33.3)

1 (0.9)13
(5.6)

4 (6.0)15 (26.8)6 (5.4)0 (0)3 (2.4)81
(19.7)

Radiation

2 (3.8)6 (10.5)2 (1.8)39
(16.7)

3 (4.5)16 (28.6)12
(10.7)

0 (0)19 (15)24 (5.8)Both

aECOG: Eastern Cooperative Oncology Group.
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Figure 1. Tree map representing symptom severity and prevalence by type of cancer. Colors indicate the symptom summary score. Sizes of squares
are proportion. Thus, the darker the color and greater the size of a square, the more severe and more prevalent the symptom.

Discussion

In this large real-world surveillance study of burden of
symptoms among patients with various types of cancers
undergoing chemoradiation therapy, frequency and severity of
symptoms differed by cancer types. A higher symptom burden
score was associated with poor quality of life, suggesting the
importance of appropriate surveillance of PRO symptoms during
cancer treatment.

Symptoms in the gastrointestinal category were most commonly
reported among patients with different cancer types than those
in other categories, and this finding is consistent with the results
of a previous study [23]. Gastrointestinal cancer symptoms
reportedly plagued many patients regardless of their cancer
types [23] because chemotherapy can damage healthy cells in
the lining of the digestive system from the mouth to the anus
[24]. Therefore, chemotherapy can affect these areas and cause
vomiting, diarrhea, constipation, and mouth sores. The most
common side effects of chemotherapy associated with the
gastrointestinal tract are taste changes, chemotherapy-induced
nausea and vomiting, constipation, and diarrhea [25]. The
prevention of chemotherapy-induced nausea and vomiting has
been revolutionized over the past few years. Vomiting can be
prevented in most cases [25]. However, other factors such as
advanced age, decreased mobility, dietary errors, psychological
alterations, and cancer-related complications may increase its
occurrence [26]. In clinical practice, the implementation of
nonpharmacological strategies plays an important role as an
adjunct to pharmacological agents in alleviating
chemotherapy-induced gastrointestinal symptoms.

In this study, we found that patients experienced more frequent
and more severe symptoms caused by a specific cancer. For
example, head and neck as well as lung and prostate cancers

had relatively more oral, respiratory, and urinary tract symptoms,
respectively, compared with other types of cancer. Our study
findings are somewhat similar to the results of previous studies
which reported that most patients (>80%) experienced symptoms
related to their cancer site [27]. Although chemotherapy and
related treatment regimens affect the whole body, the origin site
of cancer seems to have a greater impact on patient’s symptom
burden. As the different types of cancer had different symptoms
even when patients received the same treatment, it is necessary
to provide specific care to manage the complexity of the
symptoms by the cancer type [28]. Therefore, it is important to
develop and use a specific subset of the assessment when
evaluating chemotherapy- or radiation-induced symptoms for
patients with different types of cancers or undergoing treatment
options.

Using the PRO-CTCAE will help detect symptoms that were
often underreported by health professionals [29], as we have
shown in this study, where many patients reported problems
with sexual dysfunction, which was not often assessed in
previous studies [17]. In our study, more than 50% of patients
with colorectal (69/127, 54.3%), gynecologic (63/112, 56.3%),
breast (252/411, 61.3%), and lung cancers (121/234, 51.7%)
experienced decreased libido, whereas 67/112 (59.8%) patients
with gynecologic cancer and lymphoma/myeloma reported pain
during sexual intercourse. However, these sexual dysfunctions
are often overlooked in evaluating patients with cancers [30].
The causes of sexual dysfunction are psychological distress and
endocrine dysfunction caused by the cancer itself or side effects
of anticancer treatments such as surgery, radiotherapy,
chemotherapy, and hormonal therapy. For example, among
patients with colorectal cancer, the rates of sexual dysfunction
can be even higher given the physiological changes that can
result from surgery, chemotherapy, and radiation therapy [31].
Similarly, surgery for lung cancer may adversely affect the
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psychogenic status and sexual function in patients with lung
cancer due to its invasive nature [32]. As cancer treatments and
the emotional suffering from a cancer diagnosis can affect all
aspects of sexuality [33], sexuality should be a routine
assessment, and communication should begin early on [34].

The PRO-CTCAE includes 6 symptoms of cutaneous toxicity,
which were frequently reported by our patients with
lymphoma/myeloma, colorectal, gynecologic, gastric, breast,
and lung cancers. Although cutaneous toxicities are the common
side effects reported by patients with cancer receiving
chemotherapy [35], they are often considered minor complaints
compared with other side effects such as nausea or vomiting
[36]. However, cutaneous toxicity is strongly associated with
psychological well-being and HRQoL. Most patients with cancer
reported that the impact of chemotherapy on skin irritation and
dry skin was worse than they had anticipated [37]. More than
two-thirds of patients that developed cutaneous side effects due
to chemotherapy were significantly distressed by their altered
appearance [38]. It disturbs their daily activities and personal
relationships and negatively impacts their HRQoL [39].
Considering the burden of cutaneous symptoms on patients’
daily activities and HRQoL [40], a multidisciplinary cancer
care team, including dermatologists, oncologists, and nurses,
should perform regular surveillance and appropriate
interventions. Furthermore, cutaneous toxicity needs to be
monitored more actively in patients with targeted agents, as
dermatological toxicities are among the most common
complications of targeted agents [41].

Regarding the impact of symptoms burden on HRQoL, most
symptoms were associated with lower HRQoL. In particular,
memory, mood, fatigue, erection, body odor, concentration, and
dizziness were associated with clinically noticeable declines in
HRQoL. As these symptoms were associated with daily life,
they might have a greater impact on HRQoL due to their burden.
In particular, fatigue was reported as one of the most common
side effects of cancer that was associated with poor HRQoL,
which is similar to the finding reported in a previous study [42].
Fatigue negatively impacts work, social relationships, mood,
and daily activities and causes significant impairment in the
overall HRQoL during and after treatment [42]. Regarding
mood, all patients with cancer had a certain level of anxiety,
which could be related to the fear of treatment or fear of cancer
recurrence. Considering that anxiety as a symptom is dynamic
and can change over time in response to cancer-related events
[43], surveillance and treatment planning should incorporate
factors contributing to anxiety and patient preference for
psychiatric care [43]. Pain is also a frequent, nonsite-specific
symptom in all patients. A more active approach may be
necessary to manage pain, as it could affect many other

symptoms. Patients experienced loss of confidence and
restriction in physical and social activities due to chronic
dizziness [44]. The burden of shortness of breath might be
further compounded by fatigue, anxiety, and depression,
resulting in functional limitations and compromised HRQoL
[45]. Patients with cancer reported more distress when they
experienced a symptom they did not anticipate [37]. Therefore,
it is important to provide pretreatment information, counseling,
and management resources concerning possible treatment-related
side effects in these patients.

There are several limitations to our study. First, the reporting
of the symptom scores was voluntary. Thus, the receipt of
symptom screening may itself bias the estimates of symptom
burden because the routine collection of PROs is associated
with improved clinical outcomes and increased patient
satisfaction. In addition, patient factors, including male sex and
advanced age, were associated with lower rates of PRO-CTCAE
reporting, which could reflect differential rates of participation
among patient subgroups. Second, as symptom assessments are
only recorded at outpatient visits, we did not capture the
symptoms of patients who are admitted to the hospital or
hospice, or who are otherwise too unwell to visit clinics and
may probably be the most symptomatic. In addition, because
of the heterogeneity in our cohort, we did not assess the
influence of treatment modalities, which will differ substantially
among stages, on symptom burden. Finally, although we
compared symptom burden based on disease site groups, we
did not describe the symptoms of unique cancers, which may
mask heterogeneity in the symptom profiles of distinct cancers
within larger categories, such as lymphoma/myeloma, colorectal,
head and neck/esophageal, prostate/bladder, and gynecologic
cancers. Despite these limitations, this study provides guidance
on symptoms that should be asked about to patients in the
real-world clinical setting. This study also illustrated the
feasibility of linking routinely collected PROs to large
population-based health care databases.

In conclusion, the frequency and severity of symptoms differed
according to the type of cancer, and the symptoms were
associated with poor HRQoL. Recently, there has been an
emphasis on the appropriate assessment of PRO symptoms
during cancer treatment [5,46]. Considering that patients would
have various symptoms at different periods, and that symptoms
could affect not only disease but also HRQoL, it is necessary
to take a holistic approach when implementing a symptom
monitoring and management strategy. The results of this study
would help physicians to improve their understanding of the
variations in cancer treatment–related symptoms and to use
proper symptoms list by types of cancer in routine care for
developing management plans and guidelines.
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Abstract

Background: Homicide is one of the 5 leading causes of death in the United States for persons aged 1 to 44 years. In 2019,
75% of US homicides were by gun. Chicago has a gun-homicide rate 4 times the national average, and 90% of all homicides are
by gun. The public health approach to violence prevention calls for a 4-step process, beginning with defining and monitoring the
problem. Insight into the characteristics of gun-homicide decedents can help frame next steps, including identifying risk and
protective factors, developing prevention and intervention strategies, and scaling effective responses. Although much is known
about gun homicide because it is a long-standing, entrenched public health problem, it is useful to monitor trends to update
ongoing prevention efforts.

Objective: This study aimed to use public health surveillance data and methods to describe changes in the race/ethnicity, sex,
and age of Chicago gun-homicide decedents from 2015-2021, in the context of year-to-year variation and an overall increase in
the city’s gun-homicide rate.

Methods: We calculated the distribution of gun-related homicide deaths by 6 race/ethnicity and sex groups (non-Hispanic Black
female, non-Hispanic White female, Hispanic female, non-Hispanic Black male, non-Hispanic White male, and Hispanic male),
age in years, and age by age group. We used counts, percentages, and rates per 100,000 persons to describe the distribution of
deaths among these demographic groups. Comparisons of means and column proportions with tests of significance set at P≤.05
were used to describe changes in the distribution of gun-homicide decedents over time by race-ethnicity-sex and age groups. The
comparison of mean age by race-ethnicity-sex group is done using 1-way ANOVA with significance set at P≤.05.

Results: The distribution of gun-homicide decedents in Chicago by race/ethnicity and sex groups had been relatively stable
from 2015 to 2021 with 2 notable exceptions: a more than doubling of the proportion of gun-homicide decedents who were
non-Hispanic Black female (3.6% in 2015 to 8.2% in 2021) and an increase of 3.27 years in the mean age of gun-homicide
decedents. The increase in mean age coincided with a decrease in the proportion of non-Hispanic Black male gun-homicide
decedents between the ages of 15-19 and 20-24 years and, conversely, an increase in the proportion of non-Hispanic Black male
gun-homicide decedents aged 25-34 years<strong>.</strong>

Conclusions: The annual gun-homicide rate in Chicago had been increasing since 2015 with year-to-year variation. Continued
monitoring of trends in the demographic makeup of gun-homicide decedents is necessary to provide the most relevant and timely
information to help shape violence prevention efforts. We detected several changes that suggest a need for increased outreach
and engagement marketed toward non-Hispanic Black female and non-Hispanic Black male individuals between the ages of
25-34 years.

(JMIR Public Health Surveill 2023;9:e43723)   doi:10.2196/43723
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Introduction

The United States is an outlier among the world’s 28 most
populous high-income countries, with a homicide by gun rate
11.4 times that of all these countries combined [1]. Within the
United States, gun homicides constitute 75% of all homicides
[2] and is one of the 5 leading causes of death for persons aged
1 to 44 years [3]. The US gun homicide rate increased by 34%
from 2019 to 2020 [4]. In 2020, Chicago, the third largest US
city, had a gun homicide rate of 22.65 per 100,000 persons,
nearly 4 times the overall US rate of 5.9 per 100,000 persons
[2].

The public health approach to violence prevention calls for a
4-step process, beginning with defining and monitoring the
problem [5]. Insight into the characteristics of gun-homicide
decedents can help frame next steps, including identifying risk
and protective factors, developing prevention and intervention
strategies, and scaling effective responses. Although much is
known about gun homicide because it is a long-standing,
entrenched public health problem, it is useful to monitor trends
to update ongoing prevention efforts.

In Chicago, as is the case nationally, the risk for gun-related
homicide is not evenly distributed. Adolescents and young
adults, males, and Black persons have elevated gun-related
homicide rates compared to other population segments [6-8].
Historically, persons between the ages of 15 and 24 years have
had the highest gun-related homicide rates [7].

Chicago’s annual rate of gun-related homicides has varied year
to year [5,8], but the overall trend has increased since 2015 [9].
In 2021, the number of gun-related homicides in Chicago hit a
40-year high, surpassing the most recent high in 2020 [9]. We
wondered if the distribution of gun-homicide decedent
demographic characteristics in Chicago had changed with
year-to-year variation in Chicago’s gun-homicide rates and in
the context of the overall increase in gun-homicide rates.

Understanding changes in decedent characteristics can help
advance knowledge of drivers of increases in gun-homicide
rates and inform prevention and intervention efforts, including
the allocation of resources to prevent future gun homicides.
Since prevention settings and content are usually based on intent
to reach the populations most at risk, knowledge of changes in
the demographics of at-risk populations may help shape more
efficacious responses. Consideration of demographic factors
such as age and sex in relationship to race/ethnicity is paramount
because, as Feld and Bauldry [10] note, gun homicides are
unevenly distributed by race/ethnicity and overall summary
conclusions may obfuscate important variations.

Our objective was to use public health surveillance data and
methods to describe changes in the race/ethnicity, sex, and age
of Chicago gun-homicide decedents from 2015-2021, in the
context of year-to-year variation and an overall increase in the
city’s gun-homicide rate.

Methods

Ethical Considerations
This study was determined to be exempt from institutional
review board review by the Northwestern University institutional
review board because research involving deceased persons is
not considered human subjects research, and the data are
publicly available and deidentified. The study data source was
deidentified retrospective case-level surveillance data from the
Cook County Medical Examiner Case Archive [9]. These data
were collected after death was declared; therefore, no informed
consent was possible or required. To protect against possible
identification of individuals in the data set, we suppress counts
for cells with fewer than 5 in table presentations.

Data Sources
Gun-homicide decedent data were from Cook County Medical
Examiner Case Archive data [9]. The archive includes data on
decedent characteristics and fatal incident date and location.
Population data came from American Community Survey [11].

Inclusion Criteria
This study included all homicides in which the fatal injury
occurred in the city of Chicago with the death occurring between
January 1, 2015, and December 31, 2021, where the manner of
death was ruled “homicide” and the “gun-related” variable was
endorsed by the Cook County Coroner’s Office. The start date
is January 1, 2015, because that is the first year that electronic
surveillance of these deaths had complete case ascertainment.

For our analyses, we used a continuous variable for age in years,
as well as a categorical variable where we collapsed the decedent
age in years into the following age groups: <15, 15-19, 20-24,
25-34, 35-44, 45-54, 55-64, and 65+ years. Age groups were
based on standard age groups generated from the US Census.
We also created a race-ethnicity-sex group variable by assigning
decedents into 1 of the following 6 race/ethnicity and sex
groups: non-Hispanic Black female, non-Hispanic White female,
Hispanic female, non-Hispanic Black male, non-Hispanic White
male, and Hispanic male. We did not include data on Asian,
Native Hawaiian or Other Pacific Islander, or American Indian
or Alaska Native racial groups due to the low numbers of
decedents, which makes comparisons of distributions unreliable.

Statistical Analysis
We calculate the overall Chicago annual gun-homicide rate per
100,000 persons as the annual number of gun-homicides divided
by the 2020 Chicago population. For analyses, we assigned
decedents to 1 of 6 race-ethnicity-sex groups (non-Hispanic
Black female, non-Hispanic White female, Hispanic female,
non-Hispanic Black male, non-Hispanic White male, and
Hispanic male). We graphed the mean age of gun homicide
decedents by the year of death and used Pearson r to evaluate
the association between mean age and the year of death. We
described the proportion of decedents by race-ethnicity-sex and
age groups over time and tested for statistically significant

JMIR Public Health Surveill 2023 | vol. 9 | e43723 | p.378https://publichealth.jmir.org/2023/1/e43723
(page number not for citation purposes)

Mason et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


change over time using comparisons of column proportions
with significance set at P≤.05. The comparison of mean age by
race-ethnicity-sex group was done using 1-way ANOVA with
significance set at P≤.05. We also examined changes in annual
gun-homicide rates per 100,000 persons by age group using the
annual number of gun-homicide deaths by age group divided
by the annual Chicago population for that age. Analyses were
done in IBM Statistics 27. We used graphing procedures in
Microsoft Excel 2016, IBM Statistics 27, and Tableau
(Salesforce Inc) for data visualizations.

Results

Between 2015 and 2021, there were 3723 gun-homicides among
Chicago residents recorded by the Cook County Medical
Examiner’s Office. Decedents were 92% (n=3425/3723) male,
82% (n=3054/3723) Black, and 15.2% (n=566/3723) Hispanic
with a mean age of 28.99 (SD 11.18) years. The overall Chicago
gun homicide rate increased 58% from 14.46 to 22.92 per
100,000 persons during this time frame (see Figure 1).

Table 1 reports the annual percentage of gun-homicide deaths
by 6 race-ethnicity-sex group combinations. Each row represents
the proportion of gun-homicide decedents by race-ethnicity-sex
group. Across all years, non-Hispanic Black male individuals
consistently made up the largest proportion of gun-homicide
decedents in Chicago (≥72.5%). The proportion of gun-homicide
deaths among non-Hispanic Black female individuals had more
than doubled from 2015 (n=14/391, 3.6%) to 2021 (n=56/685,
8.2%); however, this increase was not statistically significant
(P>.05).

From 2015 to 2021, the mean age of gun-related homicide
decedents increased by 3.27 years (Figure 2). The largest
increase (+1.94 years) occurred between 2017 and 2018.

The mean age among Chicago gun-homicide decedents differed
by race-ethnicity-sex group (F5=9.39; P<.001; Table 2).
Non-Hispanic White male and female groups had higher mean
ages compared to other groups.

Figure 1. Chicago gun-homicide rate per 100,000 persons: 2015-2021.
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Table 1. Proportion of Chicago gun-homicide deaths by race-ethnicity-sex groups from 2015-2021.

Year of death and the proportion of gun-homicide deathaRace-ethnicity-sex group

2021, n (%)2020, n (%)2019, n (%)2018, n (%)2017, n (%)2016, n (%)2015, n (%)

56 (8.2)45 (7.3)33 (8)30 (6.9)33 (6)27 (4.4)14 (3.6)Non-Hispanic Black female

<5 (0.6)<5 (0.3)<5 (0.7)<5 (0.7)<5 (0.4)<5 (0.5)0 (0)Non-Hispanic White female

10 (1.5)<5 (0.6)6 (1.5)6 (1.4)6 (1.1)<5 (1)<5 (0.8)Hispanic female

521 (76.1)448 (72.5)308 (75.1)336 (77.6)409 (74.4)467 (75.9)313 (80.1)Non-Hispanic Black male

11 (1.6)16 (2.6)9 (2.2)10 (2.3)11 (2)14 (2.3)8 (2)Non-Hispanic White male

83 (12.1)103 (16.7)51 (12.4)48 (11.1)89 (16.2)98 (15.9)53 (13.6)Hispanic male

aDenominators are not reported due to the suppression of cell counts to protect against possible identification of individuals.

Figure 2. Chicago gun-homicide decedent mean age by year of death: 2015-2021.

Table 2. Chicago gun-homicide decedents’ mean age in years by race-ethnicity-sex group from 2015-2021.

Year of death and mean age (years)Race-ethnicity-sex group

2021202020192018201720162015

31272838242827Non-Hispanic Black female

373148286053—aNon-Hispanic White female

28243428242229Hispanic female

31302929282828Non-Hispanic Black male

39303441343431Non-Hispanic White male

30302927272727Hispanic male

aNot applicable.

We also examined the annual distribution of decedents by age
group across each of the 6 race-ethnicity-sex groups using tests

of column proportions to evaluate statistical significance of
differences (data not shown). Only 2 of the 6 race-ethnicity-sex
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groups examined had statistically significant changes in the
annual distribution of decedents. The non-Hispanic Black female
group had a statistically significant decrease in the proportion
of gun-homicide deaths among those aged 65+ years, dropping
from 16.7% (n=5/30) of gun-homicide deaths among
non-Hispanic Black female individuals in 2018 to 2.2% (n<5/45)
in 2020 (P=.02). However, the total number of non-Hispanic
Black female deaths among those aged 65+ years during the
study period was low (n=6/3702).

Among the non-Hispanic Black male group, there were
statistically significant drops in the proportion of 15–19-year
old gun-homicide decedents from 2016 (n=94/615, 20.1%) to
2020 (n=53/618, 11.8%; P=.01), from 2016 (n=94/615, 20.1%)
to 2021 (n=54/685, 10.4%; P<.001), and from 2017 (n=78/550,
19.1%) to 2021 (n=54/685, 10.4%; P=.003). Among the
non-Hispanic Black male group, there were statistically
significant drops in the proportion of 20–24-year-old

gun-homicide decedents from 2015 (n=95/391, 30.4%) to 2020
(n=81/618, 18.1%; P=.002), from 2015 (n=95/391, 30.4%) to
2021 (n=104/685, 20%; P=.01), and from 2016 (n=125/615,
26.8%) to 2020 (n=81/618, 18.1%; P=.04). Meanwhile, there
were statistically significant increases in the proportion of
25–34-year-old non-Hispanic Black male gun-homicide
decedents from 2015 (n=99/391, 31.6%) to 2020 (n=191/618,
42.6%; P=.04) and from 2016 (n=146/615, 31.3%) to 2020
(n=191/618, 42.6%; P=.008).

We also examined gun-homicide rates per 100,000 persons for
each age group (see Figure 3). Rates offer important information
about the relative risk to groups based on their proportion of
the total population. The highest gun-homicide rates were
consistently among the 15-19, 20-24, and 25-34 years age
groups. From 2020 to 2021, the 15-19 and 35-44 years age
groups saw slight declines. Most other groups increased,
although the magnitude of increase differed by age group.

Figure 3. Chicago gun-homicide rate by age group from 2015-2021.

Discussion

Principal Findings
The annual distribution of gun-homicide decedents by
race-ethnicity-sex group had been relatively stable over time,
even in the context of year-to-year changes in gun-homicide
rates and the 2015-2021 increase in gun-homicide rates in
Chicago. There was a large but nonstatistically significant
increase in the proportion of non-Hispanic Black female
gun-homicide decedents from 2015 (3.6%) to 2021 (8.2%). The
lack of statistical significance may be due to a relatively small
(238/3723, 6.4%) number of non-Hispanic Black female
individuals among gun-homicide decedents. The mean age of

Chicago gun-homicide decedents increased by 3.27 years from
2015-2021. This increase in mean age coincided with a decrease
in the proportion of non-Hispanic Black male gun-homicide
decedents between the ages of 15-19 and 20-24 years and,
conversely, an increase in the proportion of non-Hispanic Black
male gun-homicide decedents between the ages of 25-34 years.

Although there is much discussion of firearm violence in
Chicago in news publications [12] and, less often, research
literature [13,14], there is little detailed information available
on the demographics of gun-homicide decedents in the face of
changes in violence other than to note broad populations at the
highest risk at one point in time. This study examined the
intersection of race/ethnicity, sex, and age among of Chicago
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gun-homicide decedents over a 7-year period in which there
were year-to-year changes in overall gun-homicide rates. It
provides key information on group representation in gun
homicide during periods of escalation and periods of retraction.
The changes in the makeup of gun-homicide decedents we
detected signal a need for expanded prevention outreach and
intervention engagement marketed toward non-Hispanic Black
female individuals of all ages and non-Hispanic Black male
individuals between the ages of 25-34 years, while at the same
time, efforts are needed to expand outreach to and engagement
of younger non-Hispanic Black male individuals, who
consistently have the highest gun-homicide rates in Chicago.

This study has several strengths and limitations. In terms of
strengths, the study incorporated very recent and reliable
surveillance data from the Cook County Medical Examiner’s
Office, a nonpartisan office led by an appointed chief medical
examiner. However, it is well known that death certificate
reporting of race and ethnicity underreports certain subgroups
[15], and so, it is likely that certain race/ethnicity groups,
especially Alaska Native or American Indian individuals, those
with more than one race/ethnicity affiliation, and Hispanic
individuals may be underreported in the Medical Examiner data
used in this study. Regarding other limitations, our reliance on

US Census age groups as denominators for calculating homicide
rates prevents a more nuanced analysis of single-year age risks.
Further, although we report on demographics of gun-homicide
decedents, ideally, more information on the circumstances
surrounding these gun-related homicide deaths is needed to
inform intervention approaches.

Conclusions
The findings from this modest study provide a basis for
informing firearm violence prevention and intervention
strategies and can inform a research agenda going forward.
Further research could address the following questions: Will
this shift toward increased non-Hispanic Black female and
non-Hispanic Black male gun-homicide decedents between the
ages of 25-34 year endure over time? What are the drivers
associated with this increase in the proportion of non-Hispanic
Black female gun-homicide decedents? and Are these age and
gender shifts accompanied by changes in the precipitators and
features of gun-homicide events? Because gun-homicide is a
leading public health problem in the United States and, even
more so, locally in Chicago, understanding the stability of and
changes within decedent demographic subgroups is part of a
required first step to inform targeted prevention responses.
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Abstract

Background: The COVID-19 pandemic has challenged public health efforts globally. Timely population-based surveillance
is crucial to support public health programs and policies to limit the spread of COVID-19. The South Carolina (SC) Sampling
and Testing Representative Outreach for Novel Coronavirus Guidance (SC STRONG) statewide initiative was established to
estimate population-level prevalence and immunity and characterize the transmission dynamics of SARS-CoV-2 using community
testing and online surveys.

Objective: This paper aimed to leverage the survey data collected as part of the initiative to understand risk perceptions, testing
practices, and preventive behaviors and identify risk factors for COVID-19 test positivity in SC over time.

Methods: Probability proportionate to size cluster random sampling was used to select SC residents to participate in testing for
COVID-19 infection and antibodies and to complete an online survey. This paper focuses on data from the online surveys
completed between November 2020 and June 2021. Descriptive statistics were used to describe risk perceptions, attitudes and
behaviors, and associated changes over time. Univariate and multivariate logistic regression models were used to identify factors
associated with self-reported COVID-19 test positivity.

Results: Among the 7170 online survey respondents, 58.7% (4213/7170) self-reported ever testing for COVID-19. The most
commonly cited barriers to testing were inconvenient dates, time, and location, as well as discomfort. Overall, 18.7% (790/7170)
of respondents reported a history of COVID-19 test positivity. Multivariate logistic regression results indicated that individuals
who were aged 50 years or older, self-identified as Black/African American, were obese, and were employed as frontline health
care workers or nursing home staff were more likely to self-report COVID-19 test positivity. By contrast, there was a decreased
likelihood of test positivity among respondents who were concerned about the burden of COVID-19 in their community and
about being infected.

Conclusions: Strategies to remove testing barriers should be implemented to improve access. Our findings provide insights on
statewide testing patterns, adoption of prevention behaviors, and risk factors for infection and may inform public health strategies
to curb transmission.
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Introduction

The year 2020 brought new public health challenges and
highlighted the need for data to inform ongoing public health
response efforts. In South Carolina (SC), the first case of
COVID-19 was detected on March 4, 2020 [1]. As of July 2021,
the cumulative numbers of confirmed COVID-19 cases and
associated deaths in SC were over 700,000 and 11,500,
respectively [1]. Mitigation measures in the state have included
face mask ordinances, closure of nonessential businesses,
isolation of COVID-19 cases, tracing and quarantining of close
contacts of cases, and promotion of personal protective
behaviors, such as routine testing, face coverings, hand hygiene,
and social distancing. These measures were implemented to
reduce disease spread and remain crucial to prevent
overcrowding hospitals and emergency rooms with patients
with severe disease during local outbreaks [2]. Even as
COVID-19 vaccines are rolled out, preventive behaviors remain
crucial components in the arsenal to address the pandemic. To
effectively minimize COVID-19 transmission risk and prevent
the loss of life, achieving and sustaining high uptake of
preventive behaviors needs to be prioritized [3,4].

The adoption of preventive behaviors in part depends on the
perceived severity of disease, perceived susceptibility to disease,
benefits of compliance, and removal of barriers to the adoption
of protective behaviors [5]. Knowledge and attitudes partially
influence the adoption of these behaviors [6]. While several
studies have assessed COVID-19 attitudes and behaviors, most
were at the national scale or based on convenience sampling
[7-11]. Some of these studies discuss the role of information
exposure and knowledge in health behavior, and national-level
estimates are likely to differ from state-level estimates. There
is a paucity of research at the state level, particularly in SC, a
state primarily defined by conservative ideology; thus, a
description of the population’s perceptions is warranted for a
locally tailored public health response [12-14]. Given the
continuing incidence of COVID-19, the overwhelming public
health burden, and the rapidly changing epidemiology of
COVID-19, there is an urgent need for timely population-based
surveillance data to support state-specific, targeted policies and
public health efforts to address the pandemic.

The objectives of this analysis were 2-fold: first, to understand
SC respondents’ testing patterns, risk perceptions, and
preventive behaviors and associated temporal changes and
second, to identify risk factors for COVID-19 test positivity to
inform public health policies and programs in SC. Understanding
the population’s perceived risk allows for the targeting of public
health interventions to reduce the burden of COVID-19 while
addressing health inequities [15]. This paper reports on results
from 3 rounds of surveys conducted from November 2020 to
June 2021 among 7170 SC residents participating in the SC
Sampling and Testing Representative Outreach for Novel

Coronavirus Guidance (SC STRONG) project. The SC
STRONG project was established in October 2020 across all 4
public health regions in the state with the goal of estimating
population-level seropositivity and immunity and characterizing
population-specific transmission dynamics [16]. This ongoing
initiative is led by the SC Department of Health and
Environmental Control (SC DHEC) together with
multidisciplinary academic collaborators, local health clinics,
and health care providers across the state. The project consists
of multi-round cross-sectional community testing and surveys,
and to date, 3 rounds of community testing and surveys have
been completed. The project complements reportable disease
surveillance for COVID-19 by characterizing attitudes and
behaviors toward public health measures to limit COVID-19
transmission among a large random sample of SC residents.

Methods

Setting and Study Design
SC has a population of approximately 4.86 million inhabitants
aged 5 years and older [17]. The state has 46 counties distributed
across 4 public health regions, all of which were included in
the SC STRONG project. A description of the SC STRONG
project has been published elsewhere [18]. Briefly, a direct
mailer marketing list with 2,172,687 unique physical addresses
was purchased from Mailers Haven and used to establish a
sampling frame (Figure 1). Multi-stage cluster sampling with
probability proportionate to size was used to select clusters and
30 residents from each selected cluster. Invitation letters to
participate in testing for active COVID-19 infection and
antibodies and to complete an online survey were mailed to
selected residents. The invitation letters included an explanation
of the project, instructions on how to participate in free
community testing, and a QR code and URL for the online
electronic survey. The number of invitations mailed each round
varied depending on the anticipated response rate. To improve
response rates, at least two reminders were sent to selected
residents. Additionally, to accommodate participants with no
internet access and allow them to complete the online survey,
the testing site provided the option to fill out the survey on site.

The online survey was administered via REDCap (Research
Electronic Data Capture) and hosted by Health Sciences South
Carolina. REDCap is a secure web-based software platform
designed to support data capture for research studies [19]. A
standardized survey questionnaire available in English and
Spanish was used to collect data on sociodemographic
characteristics, testing behaviors, daily behaviors, and risk
perceptions. The questionnaire consisted of questions from
existing COVID-19 surveys and new questions developed by
the SC STRONG team [20]. Additional survey questions
regarding acceptance, motivations, and barriers to getting the
COVID-19 vaccine were added in January 2021.
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Figure 1. Flow diagram of study participation.

Statistical Analysis
Descriptive statistics and visualizations were used to describe
the sample population and chi-square statistics were used to
compare sociodemographic characteristics of the SC general
population, survey respondents, and respondents who reported
ever testing for COVID-19. Data on the SC general population
were obtained from the 2019 American Community Survey
[17]. Testing behaviors and barriers, attitudes and barriers
toward the vaccine, and uptake of preventive behaviors were
summarized. The preventive behaviors considered included
practicing social distancing, wearing a mask, and self-isolation
or quarantining. Respondents were considered adherent to
preventive behaviors if they reported practicing these behaviors
“sometimes,” “most of the time,” or “all the time” during the
previous 2 weeks. Univariate logistic regression models with
“week” as an independent variable were used to assess temporal
changes in behaviors and attitudes. Changes in behaviors and
attitudes per week were expressed as maximum likelihood
estimates with 95% CIs.

History of testing was derived from 2 survey questions: “Have
you ever been tested for active coronavirus infection (nasal or
saliva test)?” and “Have you ever been tested for coronavirus
antibodies (blood test)?” As the goal was to identify risk factors
for a positive COVID-19 test among those with history of
testing, individuals with no prior testing for active coronavirus
infection or antibodies were excluded from this analysis. The
outcome of interest was based on self-reported diagnosis of
coronavirus antibodies or active coronavirus infection derived
from the following survey questions: “Have you ever tested
positive for active coronavirus infection?” and “Have you ever
tested positive for coronavirus antibodies?” Respondents who
answered yes to either question were categorized as having ever
tested positive for COVID-19. The likelihood of COVID-19
test positivity was assessed with univariate multivariable logistic

regression. Explanatory variables of interest were selected based
on previous studies assessing risk factors for COVID-19. To
account for likely racial inequalities, “Black” and “Hispanic”
were added as indicator variables. Household income was added
as a proxy for socioeconomic status. Other explanatory variables
considered were preexisting medical conditions, number of
household members, living or working in congregate settings,
testing behaviors, risk perceptions, and knowledge of COVID-19
preventive measures. To account for differences in risk of
COVID-19 over time, models adjusted for time in weeks since
recruitment for SC STRONG began. In addition to age, gender,
income, and race or ethnicity, which were specified a priori,
variables with a P value less than 0.1 in the univariate logistic
regression models were included in the initial multivariable
regression model. A stepwise backwards elimination procedure
was used to obtain the final multivariable model. Crude and
adjusted odds ratios (aORs) from the logistic regression analyses
are reported. Checks for multicollinearity were performed using
variance inflation factors (VIFs). Covariates with a VIF greater
than 8 were dropped. A P value less than .05 was considered
statistically significant. Analyses were conducted using
STATA/SE (version 16.1; StataCorp) and SAS Studio (version
3.8; SAS Institute).

Ethical Considerations
Human-subjects ethics approval was sought for the SC
STRONG project. The institutional review boards at the
University of South Carolina and the SC DHEC both determined
that SC STRONG project activities did not constitute
human-subjects research under the auspices of public health
surveillance (102072). Participation in testing and survey
completion was voluntary.
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Results

Overview
From October 26, 2020, to June 16, 2021, 3 rounds of data
collection were conducted, and 450,063 invitation letters were
mailed out (Figure 1). The first round of data collection took
place from October 26, 2020, to January 22, 2021, and 32,500
invitation letters were mailed. This round coincided with the
second wave, when daily COVID-19 cases peaked to over 5500
(Figure 2). The second round of data collection took place from
January 25, 2021, to March 31, 2021, and 117,563 letters were
mailed (Figure 1). This round was toward the end of the second
wave of COVID-19, when the daily number of cases fell to less
than 1200 per day and COVID-19 vaccines became available
under phase 1b to populations living and working in shared
settings with increased risk and to frontline essential workers
(Figure 2). The third round of data collection ran from April 2,
2021, to June 16, 2021, and 300,000 letters were mailed (Figure
1). At the time of this round, COVID-19 vaccines were available
to individuals aged 16 years or older (Figure 3).

A total of 8200 surveys were attempted across the 3 rounds,
and 1030 surveys were excluded due to incomplete or
inconsistent responses; therefore, a total of 7170 completed
surveys was used for the present analysis (Figure 1). The
response rate for all 3 rounds was 1.6% (7170/450,063). The

response rate decreased with each round, from 5.4%
(1755/32,500) in the first round to 0.8% (2384/300,000) in the
third round. There was also variation in the percentage of
responses by county of residence (Figure 3). More survey
respondents lived in the upstate region (eg, Greenville County
at 950/7091, 13.4%), in coastal areas (eg, Charleston County
at 726/7091, 10.3%, and Horry County at 639/7091, 9%), and
in areas surrounding the capital city (eg, Lexington County at
500/7091, 7.1%, and Richland County at 667/7091, 9.4%).

Most survey respondents were aged 60 years or older
(4087/7170, 57%), female (4151/7170, 57.9%), and Caucasian
(6087/7170, 84.9%; Table 1). Survey respondents were fairly
representative of the general SC population in terms of gender
and income. However, Hispanic/Latino Americans and African
Americans were underrepresented in the survey. Whereas 5.8%
and 26.3% of the general SC population are Hispanic/Latino
Americans and African Americans, only 2.2% (158/7170) and
8.9% (683/7170) of survey respondents identified as
Hispanic/Latino Americans and African Americans,
respectively. Moreover, older age groups were overrepresented
in the study population. There were also differences among
survey respondents by COVID-19 testing status. Respondents
who were previously tested for COVID-19 tended to be younger,
female, and have higher income than the overall sample of
survey respondents (Table 1).

Figure 2. Trends in number of COVID-19 cases and deaths in South Carolina, public health measures, and data collection rounds. SC: South Carolina.
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Figure 3. Percentage of responses by county.
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Table 1. Sociodemographic characteristics of survey respondents (n=7170) and respondents ever tested for COVID-19 (n=4197).

P valuecEver tested for COVID-19
(n=4197), n (%)

P valuebSurvey respondents
(n=7170), n (%)

General South Carolina popu-

lationa (N=5,148,714), %

Characteristics

<.001<.001Age (years)

0 (0)122 (1.7)21.6<18

201 (4.8)194 (2.7)15.918-29

290 (6.9)445 (6.2)12.630-39

546 (13)882 (12.3)1240-49

894 (21.3)1441 (20.1)1350-59

1267 (30.2)2251 (31.4)12.660-69

999 (23.8)1836 (25.6)12.3≥70

<.001.40Gender

2514 (59.9)4151 (57.9)51.7Female

1683 (40.1)2976 (41.5)48.3Male

0 (0)43 (0.6)0Other

.007Race/ethnicityd

.8092 (2.2)158 (2.2)5.8Hispanic/Latino American

.10436 (10.4)638 (8.9)26.3African American

.303542 (84.4)6087 (84.9)63.6Caucasian

<.00155 (1.3)129 (1.8)1.7Asian

.9029 (0.7)50 (0.7)0.3Native American

.2025 (0.6)222 (3.1)0.2Other/prefer not to answer

<.001.20Income (US $)

109 (2.6)208 (2.9)11.5≤14,999

327 (7.8)595 (8.3)19.115,000-34,999

378 (9)638 (8.9)13.935,000-49,999

646 (15.4)1097 (15.3)18.250,000-74,999

571 (13.6)939 (13.1)12.675,000-99,999

638 (15.2)1111 (15.5)13.6100,000-149,000

613 (14.6)968 (13.5)11≥150,000

aData obtained from South Carolina Department of Health and Environmental Control [16].
bP values (chi square test) for differences between the South Carolina general population and the survey respondents.
cP values (chi square test) for differences between those ever tested for COVID-19 and those with no history of testing.
dPercentages may add to more than 100%, as survey respondents could give multiple answers.

Impact of the Pandemic
The COVID-19 pandemic impacted the lives of SC residents
in multiple ways. In terms of employment, 3.8% (271/7170)
reported becoming unemployed during the pandemic, 10.6%
(760/7170) reported reductions in income or pay, and 7.8%
(562/7170) reported working fewer hours than normal (Table
2). In terms of mental and emotional health, 72.1% (5173/7170)
reported often feeling stressed, nervous, or on the edge, 56.7%

(4063/7170) reported often feeling sad or depressed in the
previous 2 weeks, and 19% (1365/7170) reported having
physical reactions when thinking about the pandemic. However,
only 2.6% (191/7170) reported being diagnosed with anxiety
or depression during the pandemic. In terms of food security,
very few respondents reported experiencing lack of food
(73/7170, 1%) or going without eating (282/7170, 4%) in the
previous 2 weeks due to lack of money or resources.
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Table 2. Trends in behaviors and attitudes among South Carolina residents toward testing, vaccination, and preventive measures for the COVID-19
pandemic (n=7170).

P valueChange per weekaRespondents, n (%)Behaviors and attitudes

<.0010.034213 (58.7)Ever been tested

<.0010.033988 (94.6)Active infectionb

<.0010.02862 (20.5)Antibodiesb

<.0010.03790 (18.8)Ever tested positiveb

<.001Reasons for testingb,c

<.0010.021397 (33.2)Close contact tested positive

<.0010.011314 (31.2)Coronavirus-like symptoms

<.0010.02789 (18.7)Concerned about high number of cases in community

<.0010.02834 (19.7)Medical, travel, or employment requirement

<.0010.02721 (17.1)Curiosity

<.001Testing locationb

<.0010.01943 (22.3)Doctor’s office

<.0010.022746 (65.2)Drive through or community pop-up

Frequency of COVID–19 testingb

<.001–0.031841 (43.7)1 time

<.0010.022167 (51.4)2-5 times

<.0010.03205 (4.9)6 or more times

Barriers to testingc,d

.002–0.03149 (20.3)Inconvenient dates and times

<.001–0.03141 (19.2)Discomfort of the test

<.001–0.07118 (16.1)Did not know where to go

.007–0.0398 (13.4)Economic

.01–0.0387 (11.9)Inconvenient location

Attitudes toward vaccinesc

<.0010.202498 (45.8)Vaccinated

<.0010.023982 (72.9)Think vaccines are safe

<.001–0.162270 (41.6)Plan to get vaccinated

N/Ae516 (9.5)No plan to get vaccinated

Barriers to vaccinationc

.9–f24 (4.2)Fear of needles

.06–f282 (49.4)Uncomfortable being one of the first vaccinated

Practice of preventive behaviors

<.001–0.17068 (98.6)Social distancing

<.001–0.077035 (98.1)Mask wearing

<.001–0.04676 (9.4)Self–isolation/quarantine

Impact of pandemic on work

<.001–0.06271 (3.8)Became unemployed

<.001–0.07760 (10.6)Pay was reduced

<.001–0.07455 (6.3)Worked with children at home
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P valueChange per weekaRespondents, n (%)Behaviors and attitudes

<.001–0.08562 (7.8)Worked less hours

<.001–0.081469 (20.5)Worked from home more

Impact of pandemic on mental health

<.001–0.024063 (56.7)Being sad/depressed in the past 2 weeks

N/Ae191 (2.6)Being diagnosed with depression or anxiety

<.001–0.021365 (19)Having felt physical reactions when thinking about the pandemic in the
past 2 weeks

<.001–0.035173 (72.1)Having felt some level of stress, anxiety, or being on the edge in the past
2 weeks

Impact of pandemic on food insecurity

.1–f73 (1)Lack of food in the past 2 weeks

<.001–0.02282 (4)Gone without eating in the past 2 weeks

aAdjusted logistic regressions including time (in weeks) as a predictor to assess for trends over time.
bPercentages represent percentages of those ever tested.
cPercentage may add more to than 100%, as survey respondents could give multiple answers.
dPercentage of those with no history of testing (n=593).
eN/A: not applicable, as the variable violated the assumption for logistic regression.
fPoint estimate for the change per week was smaller than 0.001; the – symbol indicates the direction of the change (ie, negative).

COVID-19 Testing Practices and Barriers
Of the 7170 survey respondents, 58.7% (4213/7170) reported
ever testing for COVID-19 active infection or antibodies, and
there was a 3% increased likelihood of testing for COVID-19
with every week that passed (Table 2). The most common
barriers to testing were inconvenient times and dates (143/593,
20.3%), the discomfort of the test (141/593, 19.2%), and lack
of knowledge of where to go to be tested (118/593, 16.1%).
Nevertheless, the likelihood of citing these testing barriers
decreased with time. On the other hand, the most common
reasons for getting tested were having a close contact who had
tested positive (1397/4213, 33.2%); having coronavirus-like
symptoms (1314/4213, 31.2%); medical, travel, or employment
requirements (834/4213, 19.8%); and being concerned about
the high number of COVID-19 cases in the community
(789/4213, 18.7%). A less common reason for testing was
curiosity (721/4213, 17.1%). More than half of respondents
received testing at a drive-through or community pop-up testing
site (2746/4213, 65.2%) and reported being tested more than
once (2372/4213, 56.3%). Over time, respondents were more
likely to get tested and reported getting tested in a drive-through
or community pop-up testing site. Of those who had ever been
tested, 18.8% (790/4213) reported testing positive for antibodies
or active infection at some point.

COVID-19 Preventive Behaviors
Most respondents reported social distancing (7068/7170, 98.6%)
and wearing face masks (7035/7170, 98.1%) in the previous 2
weeks, and fewer reported self-isolation (676/7170, 9.4%) or
quarantining (Table 2). The likelihood of engaging in these
practices decreased with time (P<.001). Overall, 45.8%
(2498/5460) of respondents reported being vaccinated against
COVID-19. An assessment of attitudes toward the vaccine

indicated that 72.9% (3982/5460) of respondents thought the
COVID-19 vaccines were safe, and 41.6% (2270/5460) planned
to get vaccinated at some point. Among those who reported not
planning to get the vaccine, the main reason was discomfort
with being one of the first to be vaccinated (282/571, 49.4%).
Overall, there was an increased likelihood of vaccination (20%)
and positive attitudes toward the vaccines per week.

Factors Associated With COVID-19 Test Positivity
In the multivariable logistic regression analysis, several factors
were significantly associated with COVID-19 test positivity
(Table 2). The likelihood of COVID-19 test positivity was
increased among individuals who identified as Black/African
American, were employed in a nursing home or as a frontline
health care worker, were obese, and reported testing at the
doctor’s office. Furthermore, the aOR of a positive COVID-19
test was highest for individuals who decided to test because of
coronavirus-like symptoms (aOR 7.37, 95% CI 6.08-8.94) and
those with a family member or close friend who currently or
previously had COVID-19 (aOR 4.61, 95% CI 3.41-6.24). On
the other hand, the likelihood of COVID-19 test positivity was
decreased among individuals who expressed concern about
being infected (aOR 0.38, aOR 0.30-0.47) and who chose to
test out of concern for the perceived high burden of COVID-19
in the community (aOR 0.28, 95% CI 0.20-0.40). There was no
statistically significant difference in the likelihood of test
positivity by gender or income.

Discussion

Principal Findings
Using serial population-based surveys conducted between
November 2020 and June 2021, this paper sought to describe
COVID-19 risk perceptions, testing patterns, and preventive
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behaviors and identify factors associated with test positivity
among a large random sample of SC residents. Overall, 58.7%
(4213/7170) of respondents reported ever testing for COVID-19,
and over time, there was a decrease in barriers to testing. This
finding is consistent with the increased availability of testing
locations across the state over time. Moreover, our results
suggested an increased likelihood of testing over time, an
increased likelihood of positivity based on symptoms and
exposure, and a decreased likelihood of positivity based on
individual concern. Despite increased testing, there were
decreases in practicing preventive behaviors such as
mask-wearing and social distancing, indicating fatigue. Previous
research has shown that states with no mask policy and low
mask adherence reported high COVID-19 infection rates, while
states with high mask adherence and strict mask-wearing
policies showed decreased infection rates [21]. It is important
to note that politics has had a drastic effect on COVID-19
epidemiology, and there has been contradictory messaging
regarding infection information and uptake of mitigation
policies. This is reflected in misinformation driven by aligned
political beliefs that conflicts with the scientific evidence and
recommendations from public health agencies [22].

Comparison With Prior Work
In this paper, 18.7% (790/7170) of respondents self-reported
ever testing positive for COVID-19, which is comparable to the
estimated seroprevalence of 16.4% for SC residents aged 5 years
or older [18]. Our estimate could be influenced by self-selection,
as our data for ever having tested positive were based on
self-reports. Moreover, availability of the vaccine began in
mid-January for individuals aged 70 or older, which likely also
impacted testing demand. At the time of the survey, 58.7%
(4213/7170) of respondents had ever been tested for COVID-19,
whereas it has previously been reported that 66.7% received
the vaccine, suggesting the possibility that a number of
respondents did not actively seek testing due to fear of exposure
[23]. Our results show the likelihood of test positivity was
highest among Black/African Americans and older individuals
(aged ≥50 years). Although the state does not report race or
ethnicity data for testing, count data for COVID-19 deaths in
SC indicate that Black/African Americans and older people are
more likely to be unvaccinated, to be hospitalized for severe
disease, and to die from COVID-19 [18]. The likelihood of test
positivity decreased 38% in individuals who expressed concern
about becoming infected, which aligns with the findings of
Yildirim and Güler [24], who highlighted the direct association
between perceived risk and positivity. When developing
strategies to increase the adoption of preventive behaviors,
understanding perceived individual risk is essential. Moreover,
testing sites are often inconveniently located or open during

times that are less available for people living in deep poverty
due to the low flexibility of low-wage jobs and difficulty
obtaining transportation. Therefore, considerable improvements
should be made to accommodate the lowest socioeconomic
strata, which cannot appropriately use these public health
services.

Limitations
The findings presented in this paper should be interpreted in
light of several limitations. First, given the cross-sectional
survey design, the temporal relationship between outcome and
exposures cannot be ascertained and causality cannot be
determined. Second, the representativeness of the sample is
limited due to the low response rate; the lack of partner clinics
in some areas of the state may have hindered participation in
the community testing and online survey. Third, the sampling
frame was based on a purchased marketing listserve that may
not be up-to-date. Fourth, COVID-19 test positivity was based
on self-reports, which are prone to bias. Fifth, comparison of
sociodemographic characteristics by history of testing indicated
that the respondents who sought testing were more likely to be
older, female, Caucasian, and have a higher income than the
general population, potentially limiting the generalizability of
our results. Lastly, although an electronic survey was selected
to ensure respondent safety and minimize costs of survey
implementation, only about 81.8% of households in SC have
access to the internet [25]. Staff were available to assist with
completion of the survey online, and paper surveys were also
available at the pop-up events. The analysis was restricted to
responses included in the survey; this approach did not represent
nonrespondents and did not capture several socioeconomic and
education variables that were not included in the survey.
Similarly, the results need to be considered cautiously, as the
distribution of respondents might only represent individuals
with broadband internet access, which would underrepresent
those populations that commonly suffer health disparities and
inequities related to socioeconomic, educational, and racial
background.

Conclusions
Population-based surveys are useful tools in understanding
attitudes, behaviors, and practices and can inform public health
responses and the adaptation of strategies to reach high-risk
populations. Despite its limitations, the SC STRONG initiative
represents a statewide outreach and partnership program with
local clinics and health care providers. The findings presented
here provide insights to understand risk perceptions and testing
behaviors and have important implications given that Southern
states have historically struggled with compliance and
implementation of preventive public health measures.
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Abstract

Background: Longitudinal studies characterizing the epidemic trend of respiratory syncytial virus (RSV) in Hubei Province
are scarce.

Objective: We aimed to depict the dynamics of the RSV epidemic among hospitalized children with acute respiratory tract
infections (ARTIs) during 2014 to 2022 in the Maternal and Child Health Hospital of Hubei Province and investigate the influence
of the 2-child policy and the COVID-19 pandemic on RSV prevalence.

Methods: The medical records and testing results of hospitalized children with ARTI from January 2014 to June 2022 were
extracted. Nasopharyngeal samples were tested with direct immunofluorescence assay. Detection rates of RSV were categorized
according to the diagnosis of patients: (1) overall, (2) upper respiratory tract infection (URTI), and (3) lower respiratory tract
infection (LRTI). Poisson regression models were used to investigate the association between RSV detection rate and age, gender,
or diagnosis. The detection rates of RSV before and after the implementation of the universal 2-child policy were compared using
a Poisson regression model. Multiple comparisons of RSV detection rates were conducted among 3 stages of the COVID-19
pandemic using chi-square tests. Seasonal autoregressive integrated moving average was performed to predict RSV behaviors
from February 2020 to June 2020 under the assumption of a non-COVID-19 scenario.

Results: Among 75,128 hospitalized children with ARTI, 11.1% (8336/75,128) were RSV-positive. Children aged <1 year had
higher detection rates than older children (4204/26,498, 15.9% vs 74/5504, 1.3%; P<.001), and children with LRTI had higher
detection rates than children with URTI (7733/53,145, 14.6% vs 603/21,983, 2.7%; P<.001). Among all the children, a clear
seasonal pattern of the RSV epidemic was observed before 2021. Most of the highest detection rates were concentrated between
December and February. The yearly detection rate of RSV remained at a relatively low level (about 8%) from 2014 to 2017, then
increased to 12% and above from 2018. The highest monthly detection rate was in December 2018 (539/1493, 36.1%), and the
highest yearly rate was in 2021 (1372/9328, 14.7%). There was a moderate increase in the RSV detection rate after the 2-child
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policy was implemented (before: 860/10,446, 8.2% vs after: 4920/43,916, 11.2%; P<.001). The largest increase, by 5.83%,
occurred in children aged <1 year. The RSV epidemic level decreased sharply in the short term after the COVID-19 outbreak
(detection rate before: 1600/17,010, 9.4% vs after: 32/1135, 2.8%; P<.001). The largest decrease, by 12.0%, occurred in children
aged <1 year, but a rebounding epidemic occurred after 2020 (680/5744, 11.8%; P<.001).

Conclusions: Children have been experiencing increased prevalence of RSV since 2018 based on surveillance from a hospital
in Hubei Province with a large sample size. The 2-child policy might have increased the RSV prevalence, and the COVID-19
epidemic had a temporary inhibitory effect on RSV transmission. Vaccines against RSV are urgently needed.

(JMIR Public Health Surveill 2023;9:e43941)   doi:10.2196/43941
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respiratory syncytial virus; acute respiratory tract infection; epidemiological characteristics; China; COVID-19

Introduction

Respiratory syncytial virus (RSV) is an enveloped,
single-stranded, negative-strand RNA virus belonging to the
genus Orthopneumovirus within the family Pneumoviridae [1].
RSV is one of the most common pathogens leading to acute
lower respiratory tract infections (LRTIs) among infants [2]. It
has been reported that approximately 70% of children are
infected in the first year after birth, and almost 100% are
infected in their first 2 years [3]. In adults and older children,
RSV usually causes mild clinical cold-like signs and symptoms
such as congested or runny nose, cough, fever, sore throat,
sneezing, and headache, which can disappear in 1 week to 2
weeks [4]. In contrast, RSV can cause much more severe
outcomes including pneumonia, bronchiolitis, and even death
in young children, especially in infants with underlying diseases
or a weak immune system [4]. Recent research estimated that
33.0 million episodes, 3.6 million hospital admissions, 26,300
in-hospital deaths, and 101,400 overall deaths were attributed
to RSV-associated acute LRTI in children under 5 years old in
2019 globally [5], and more than 95% of episodes and 97% of
deaths happened in low and middle-income countries.
RSV-attributable deaths were responsible for 1 in 50 and 1 in
28 deaths in children aged under 5 years old and children aged
28 days to 6 months, respectively. In addition, RSV infection
in early life can cause an increased risk of multiple long-term
adverse effects including asthma and decreased lung function
[6]. RSV infection can also lower immunity and contribute to
the risk of COVID-19 and the severity of COVID-19 illnesses
[4]. Nevertheless, no drug has been successfully developed to
specifically treat RSV-related illnesses to date.

Similar to other respiratory viruses, RSV is spread easily on
infected respiratory droplets by air to people’s eyes, noses, and
mouths if people with RSV cough or sneeze near susceptible
individuals. Common measures to prevent RSV infection include
washing hands frequently, limiting children’s contact with
people who have cold-like symptoms, keeping a hygienic
environment, and not sharing drinking glasses with others [4].
Dozens of promising vaccine candidates against RSV based on
multiple technologies are being developed; however, no
candidate has yet completed a phase 3 trial [1]. Some of these
vaccine candidates may receive regulatory approval in the near
future [1].

Previous studies revealed that the RSV epidemic has obvious
seasonal patterns worldwide [7-9]. In the northern hemisphere,

it usually occurs from October/November to April/May, while
it occurs from May to September in the southern hemisphere
[10]. In light of the regionality and seasonality of the epidemic,
investigation of conducting continuous surveillance of RSV
activities widely in different regions is warranted, especially in
metropolitan cities with larger population movement, to enable
early warning and medical preparations. During the early stage
of the COVID-19 pandemic, marked decreases in
non-COVID-19 respiratory infections including RSV that were
observed in previous epidemic seasons as multiple mitigation
measures were adopted to cope with COVID-19 [11-17]. The
strictest nonpharmaceutical interventions (NPIs) including city
lockdown, social distancing, nucleic acid testing, wearing masks,
and suspension of work and school were implemented in Wuhan
to contain the COVID-19 outbreak in the first half of 2020.
After the control of the first wave of COVID-19, most NPIs
were lifted or relaxed, and nucleic acid testing was regarded as
the leading component of measures to control COVID-19. It
was a typical example of assessing the impact of interventions
against COVID-19 on the epidemic regularity of RSV. In
addition, the universal 2-child policy was implemented in Hubei
Province in 2016 and lifted the 1-child limit and allowed all
couples, regardless of residence in urban or rural areas and
regions and ethnic groups, to have 2 children. The potential
increased number of newborns in Hubei Province after the policy
shift might have influenced the epidemiological characteristics
of diseases in young children. Based on data from the largest
maternal and child health hospital in Hubei Province of China
from 2014 to 2022, we aimed to depict the dynamics of the RSV
epidemic in the past 8 years and investigate the influence of the
2-child policy and the COVID-19 pandemic on RSV prevalence.

Methods

Design, Setting, and Population
This study retrospectively reviewed RSV detection results
among hospitalized children with acute respiratory tract infection
(ARTI) from January 2014 to June 2022 in the Maternal and
Child Health Hospital of Hubei Province. The Maternal and
Child Health Hospital of Hubei Province is the largest tertiary
hospital specializing in maternal and child health service and
academic research in Hubei Province, with 1900 inpatient beds
and more than 2.77 million outpatient visits in 2019 [18].
Hospitalized children were included if they met the following
criteria: (1) diagnosed with ARTI and (2) aged less than 18
years. Specifically, ARTI consisted of upper respiratory tract
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infection (URTI) and LRTI. LRTI included bronchiolitis and
pneumonia [19]. Children were divided into 4 age groups: <1
year, 1-2 years, 3-5 years, and 3-17 years. Basic information
about the patients including demographics, symptoms, diagnosis,
and examination results was extracted from the hospital case
information database.

Samples and Laboratory Testing
Respiratory tract samples were collected within 24 hours after
admission using nasopharyngeal swabs, which were stored in
centrifuge tubes containing 3 mL saline. RSV was detected

through direct immunofluorescence assay with a D3 Ultra DFA
Respiratory Virus Screening and ID Kit (Diagnostic Hybrids
Inc). Detailed laboratory operations under the guidance of the
kit instructions were as follows: (1) fluid containing samples
was blended fully using a vortex oscillator; (2) tubes were
centrifuged at 500×g for 10 minutes, then only 150 μL
supernatant and sediment were kept; (3) supernatant and
sediment were mixed for cell suspension, and 150 μL cell
suspension was added to a glass slide, dried, immersed in cold
acetone solution for 10 minutes, and dried again; (4) a drop of
fluorescein isothiocyanate–labeled monoclonal antibody (about
25 μL) was added to the glass slide to cover the sample and
incubated for 30 minutes in a wet box at 37 °C and rinsed and
covered by a glass cover; (5) the glass slide containing samples
was observed under a fluorescent microscope (Olympus BX53).
A sample was regarded as positive for RSV when at least 2
positive cells with apple green fluorescence were observed in
the field of view at a 200-fold magnification of the microscope.

Statistical Analysis
The detection rate was calculated as the number of RSV-positive
samples divided by the total number of samples, with the 95%
CI of the detection rate determined using the Clopper-Pearson
method. In all analyses, detection rates are presented in 3
categories according to the diagnosis of patients: overall, URTI,
and LRTI. In each category, detection rates were further
described according to age group and gender. An adjusted risk
ratio (RR) and 95% CI were obtained using a Poisson regression
model to show the relative risk of getting RSV at 1 level
compared with the reference level in 1 variable, after adjusting
for the other 2 variables. For example, the risk of RSV infection
in male children versus female children was assessed by
adjusting the impact of age and diagnosis. Line plots and bar
plots were generated to delineate the detection rate and the
number of samples, respectively. A heat map was generated to
compare the seasonal distribution of the RSV epidemic across
different years, in which a detection rate of 8% was assumed
to be an RSV epidemic. Considering the 2-child policy was
implemented in 2016 in Hubei Province, the difference in the

pooled RSV detection rates between the 2014-2015 and
2017-2019 periods was illustrated by calculating an adjusted
RR in the Poisson regression model. These statistical
comparisons were considered significant at P<.05. According
to the COVID-19 status in Hubei Province, 3 stages were
determined: stage 1 (prior to the COVID-19 pandemic: February
to June in each year from 2017 to 2019), stage 2 (early
COVID-19 outbreak: February 2020 to June 2020), and stage
3 (COVID-19 normalization period: February to June in each
year from 2021 and 2022). The change in the RSV epidemic in
the 2 periods after the COVID-19 outbreak in contrast to the
period prior to COVID-19 was investigated. The chi-square test
was used in multiple comparisons with statistical significance
set at P<.025 in the Bonferroni method. Seasonal autoregressive
integrated moving average (SARIMA) was used to present the
difference between the predicted epidemic level of RSV from
February 2020 to June 2020 in a non-COVID-19 scenario and
the true detection rate of RSV in Hubei Province. Time series
data of URTI cases were not analyzed with a SARIMA model
as they were not stationary in the unit root test. Microsoft Excel,
Stata 17 (StataCorp), and R 4.1.2 (R Core Team) were used for
data processing and visualization.

Ethical Considerations
This study was approved by the clinical research ethics
committee of the Maternal and Child Health Hospital of Hubei
Province (2022IEC052). Informed consent was exempted due
to the retrospective nature of our study. Data used in this study
were anonymized and deidentified.

Results

Basic Characteristics of the Overall Sample
A total of 75,128 children from January 2014 to June 2022 met
the inclusion criteria of this study (Table 1). These participants
primarily consisted of children aged <2 years (50,417/75,128,
67.1%), who were male (44,959/75,128, 59.8%), and who were
diagnosed with LRTI (53,145/75,128, 70.7%). Among all the
children, 11.1% (8336/75,128) were RSV-positive. The children
aged <1 year had the highest RSV detection rate (4204/26,498,
15.9%), followed by children aged 1 year to 2 years
(2777/23,919, 11.6%), and rates in both age groups were
significantly higher than that for older children (P<.001). No
significant difference in the RSV detection rate existed between
male children and female children (P=.54). In addition, the
children with LRTI were more likely to be RSV-positive than
those with URTI (7773/53,145, 14.6% vs 603/21,983, 2.7%;
adjusted RR 4.88, 95% CI 4.50-5.30; P<.001). Among 986
children requiring care in the intensive care unit, 256 (26.0%)
were positive for RSV.
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Table 1. Basic characteristics of the overall sample (n=75,128).

P valueAdjusted RRa (95% CI)Detection rate, % (95% CI)Tests, nPositive tests, nVariables

——b11.1 (10.9-11.3)75,1288336Overall

Age (years)

<.001c9.84 (7.83-12.36)15.9 (15.4-16.3)26,4984204<1

<.001c8.15 (6.48-10.25)11.6 (11.2–12.0)23,91927771-2

<.001c4.61 (3.65-5.82)6.7 (6.3-7.0)19,20712813-5

Reference1.3 (1.1-1.7)5504746-17

.54dGender

0.99 (0.95-1.03)11.4 (11.1-11.7)44,9595123Male

Reference10.7 (10.3-11.0)30,1693213Female

<.001eDiagnosis

Reference2.7 (2.5-3.0)21,983603URTIf

4.88 (4.50-5.30)14.6 (14.3-14.9)53,1457733LRTIg

aRR: risk ratio.
bNot calculable in the overall population.
cAdjusted for gender and diagnosis.
dAdjusted for age and diagnosis.
eAdjusted for age and gender.
fURTI: upper respiratory tract infection.
gLRTI: lower respiratory tract infection.

Time Trend and Seasonal Pattern of RSV
Among all the children, a clear seasonal pattern of the RSV
epidemic was observed before 2021. Most top detection rates
were concentrated between December and February, except for
March in 2018 (Figure 1). The yearly detection rate of RSV
remained at a relatively low level (about 8%) from 2014 to
2017, then increased to 12% and above from 2018. The highest
monthly detection rate was in December 2018 (539/1493,
36.1%), and the highest yearly rate was in 2021 (1372/9328,
14.7%). Notably, from May to September in the years before
2021, the RSV detection rate was maintained at an extremely
low level, close to zero, while a wave of a moderate epidemic
(about 10%) arose in the same period in 2021. From the
perspective of age, obvious differences in the RSV detection
rate across 3 age groups were seen. Younger children had a
higher RSV detection rate. However, RSV detection rates were
hard to distinguish between children <1 year old and children
1 year to 2 years old after January 2021. The detection rates
between the male and female children almost coincided.

Among the children with URTI, a seasonal peak also existed
in December or January (Figure 2). Monthly detection rates of
more than 10% were only seen in 2021 and 2022. From 2015
to 2021, the yearly RSV detection rate in URTI cases increased
continuously from 0.5% (8/1521) to 5.6% (220/3929). Children
aged 1 year to 2 years had a higher positive RSV detection rate
than those aged 6 years to 17 years (258/8017, 3.2% vs 26/2136,
1.2%, P<.001; Table S1 in Multimedia Appendix 1). No

significant difference in RSV detection rate was found between
genders (P=.37). Among the children with LRTI, the trend and
seasonal pattern of RSV detection rate were similar to that in
all the children (Figure 3). The monthly RSV detection rate
peaked in December 2018 (521/1294, 40.3%), and the yearly
detection rate peaked in 2021 (1152/5399, 21.3%). Children
aged <1 year (4055//20,849, 19.5%) or 1 year to 2 years
(2519/15,902, 15.8%) had obviously higher RSV-positive rates
than the oldest age group (48/3368, 1.4%; all P<.001; Table S2
in Multimedia Appendix 1). No difference was observed
between genders (P=.57).

The heat maps show the beginning and end weeks of the RSV
epidemic in each year (Figure 4 and Multimedia Appendix 2).
A similar distribution of the RSV epidemic was observed
between all the children and those with LRTI. The earliest
beginning of the epidemic (about the 40th week) happened in
2017 and 2021, and the latest end of the epidemic (the 15th and
20th weeks) happened in 2018 and 2021, respectively.
Particularly in 2021, RSV had the longest epidemic period
lasting 40 weeks (about 77% of the whole year). In contrast,
the shortest epidemic period of only 15 weeks occurred in 2020.
Things were quite different in children with URTI. The RSV
epidemic lasted a short number of weeks (<5 weeks) in the years
before 2020. However, a long RSV epidemic period occurred
in 2021 (16 weeks). Heat maps of the 2 younger age groups and
the 2 genders did not provide different information from that
of all the children. A much shorter epidemic period was seen
for children aged 3 years to 5 years or 6 years to 17 years.

JMIR Public Health Surveill 2023 | vol. 9 | e43941 | p.398https://publichealth.jmir.org/2023/1/e43941
(page number not for citation purposes)

Hu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. Monthly distribution of tests for (bars) and detection rate of (lines) respiratory syncytial virus from 75,128 hospitalized children with acute
respiratory tract infection during 2014 to 2022: (A) overall sample, (B) by age group, (C) by gender.
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Figure 2. Monthly distribution of tests for (bars) and detection rates of (lines) respiratory syncytial virus from 21,983 hospitalized children with acute
upper respiratory tract infection during 2014 to 2022: (A) overall sample, (B) by age group, (C) by gender.
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Figure 3. Monthly distribution of tests for (bars) and detection rate of (lines) respiratory syncytial virus from 53,145 hospitalized children with acute
lower respiratory tract infection during 2014 to 2022: (A) overall sample, (B) by age group, (C) by gender.

Figure 4. Heat maps of the respiratory syncytial virus detection rate by week during 2014 to 2022: (A) overall sample, (B) in those with upper respiratory
tract infection, (C) in those with lower respiratory tract infection, (D) in those <1 year old, (E) in those 1 year to 2 years old, (F) in those 3 years to 5
years old, (G) in those 6 years to 17 years old, (H) in male children, (I) in female children.

JMIR Public Health Surveill 2023 | vol. 9 | e43941 | p.401https://publichealth.jmir.org/2023/1/e43941
(page number not for citation purposes)

Hu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Impact of the 2-Child Policy on the RSV Epidemic
Among all the children, there was a moderate increase in the
RSV detection rate in most subgroups, except for children aged
6 years to 17 years, after the 2-child policy was implemented
(all P<.001; Table 2). The largest increase, by 5.83%, occurred
in children aged <1 year. Children aged 6 years to 17 years had
the highest risk of being infected after the implementation of

the policy (adjusted RR 2.80, 95% CI 0.88-8.90). Similar results
were found with children with LRTI. Among the children with
URTI, the increased RSV detection rates in only the entire group
of children and female children were significant (P=.001 and
P=.002, respectively). Though female children had a high risk
of RSV infection after the implementation of the 2-child policy
(adjusted RR 3.12, 95% CI 1.52-6.39), the prevalence of RSV
increased slightly from 0.7% (8/1133) to 2.3% (107/4658).
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Table 2. Comparison of the detection rate of respiratory syncytial virus before and after the implementation of the universal 2-child policy.

P valueAdjusted RRa

(95% CI)

After (2017-2019)Before (2014-2015)Group

Detection rate, %
(95% CI)

Number
of tests

Positive
tests

Detection rate, %
(95% CI)

Number of
tests

Positive
tests

<.001b1.52 (1.42-1.63)11.20 (10.91-11.50)43,91649208.23 (7.71-8.78)10,446860Total population

Total population

Age (years)

<.001c1.50 (1.38-1.63)17.05 (16.45-17.66)14,977255411.22 (10.37-12.12)5105573<1

<.001c1.41 (1.24-1.60)11.41 (10.89-11.95)14,24816267.84 (6.9-8.87)29842341-2

<.001c2.26 (1.70-2.99)6.09 (5.66-6.55)11,2246832.70 (2.05-3.54)1850503-5

.08c2.80 (0.88-8.90)1.64 (1.27-2.12)3467570.59 (0.20-1.72)50736-17

Gender

<.001d1.41 (1.30-1.53)11.33 (10.95-11.72)26,18329669.15 (8.46-9.88)6436589Male

<.001d1.77 (1.57-1.99)11.02 (10.56-11.49)17,73319546.76 (6-7.58)4010271Female

.001f1.88 (1.28-2.76)2.08 (1.83-2.36)11,3402361.08 (0.72-1.54)269129URTIe

URTI

Age (years)

.17g1.62 (0.82-3.21)1.62 (1.18-2.17)2713441.00 (0.48-1.83)100110<1

.06g1.75 (0.98-3.11)2.38 (1.94-2.89)4164991.36 (0.73-2.31)956131-2

.06g2.36 (0.96-5.81)2.19 (1.74-2.75)3282720.93 (0.40-2.16)53653-5

.22g3.53 (0.48-25.80)1.78 (1.17-2.71)1181210.51 (0.09-2.81)19816-17

Gender

.15h1.41 (0.89-2.23)1.93 (1.61-2.29)66821291.35 (0.84–2.05)155821Male

.002h3.12 (1.52-6.39)2.30 (1.89-2.77)46581070.71 (0.31–1.39)11338Female

<.001f1.51 (1.41-1.62)14.38 (14-14.76)32,576468410.72 (10.04-11.43)7755831LRTIi

LRTI

Age (years)

<.001g1.49 (1.37-1.63)20.47 (19.76-21.19)12,264251013.72 (12.68-14.81)4104563<1

<.001g1.39 (1.22-1.59)15.14 (14.45-15.86)10,084152710.90 (9.57-12.34)20282211-2

<.001g2.24 (1.67-3.02)7.69 (7.12-8.30)79426113.42 (2.57-4.55)1314453-5

.22g2.43 (0.59-10.04)1.57 (1.14-2.17)2286360.65 (0.18-2.33)30926-17

Gender

<.001h1.41 (1.30-1.53)14.55 (14.06-15.05)19,501283711.64 (10.76-12.58)4878568Male

<.001h1.72 (1.52-1.95)14.13 (13.53-14.74)13,07518479.14 (8.11-10.25)2877263Female

aRR: rate ratio.
bAdjusted for age, gender, and diagnosis.
cAdjusted for gender and diagnosis.
dAdjusted for age and diagnosis.
eURTI: upper respiratory tract infection.
fAdjusted for age and gender.
gAdjusted for gender.
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hAdjusted for age.
iLRTI: lower respiratory tract infection.

Impact of the COVID-19 Outbreak on the RSV
Epidemic
Among all the children, compared with the pooled levels from
February to June in each year from 2017 to 2019, all the
stratifications except for the 2 older groups achieved significant
reductions in the RSV detection rate during the earliest months
of the COVID-19 pandemic (February 2020 to June 2020; Figure
5, Multimedia Appendix 3, and Table S3 in Multimedia
Appendix 1). Of these, the sharpest decline, by 12.0%, occurred
in children aged <1 year. Among the children with URTI, only
the overall sample and male children showed declines of
statistical significance. Among the children with LRTI, only
the children aged 1 year to 2 years, 3 years to 5 years, or 6 years
to 17 years did not have significantly decreased RSV detection
rates. The largest decrease (13.8%) was observed in children
aged <1 year.

Among all the children, compared with the pooled levels during
February to June in each of 2017 to 2019, the overall RSV
detection rate increased from 9.4% (1600/17,010) to 11.8%
(680/5744) during the same periods in 2021 and 2022 (Figure

5, Multimedia Appendix 3, and Table S3 in Multimedia
Appendix 1). All the stratifications, except for children aged
<1 year and female children, had significant increases in the
RSV detection rate. Of these, children aged 1 year to 2 years
had the largest increase, by 4.7%. Among the children with
URTI, all the stratifications, except for children aged 6 years
to 17 years, had significant increases. The children aged 1 year
to 2 years had the largest increase, by 4.3%. Among the children
with LRTI, all the stratifications, except for children aged 6
years to 17 years, had significant increases, with the largest
increase in children aged 1 year to 2 years, by 7.7%.

Multimedia Appendix 4 compares the observed rates with the
predicted rates of RSV detection from February 2020 to June
2020 based on the SARIMA model. Among all the children,
the forecasted RSV detection rates were much higher than the
actual values. The largest decrease, by 28.5%, in the RSV
detection rate happened in March 2020, denoting the most
significant impact of the COVID-19 outbreak. In all the stratified
analyses, the observed rates were significantly lower than the
lower limit of the 95% CI of the forecasted rates representing
the counterfactual scenario without COVID-19.

Figure 5. Comparison of the respiratory syncytial virus detection rate among periods according to COVID-19 epidemic status (stage 1: February to
June in each of 2017, 2018, and 2019; stage 2: February 2020 to June 2020; stage 3: February to June in each of 2021 and 2022): (A) overall sample,
(B) those with upper respiratory tract infection, (C) those with lower respiratory tract infection, (D) in those <1 year old, (E) in those 1 year to 2 years
old, (F) in those 3 years to 5 years old, (G) in those 6 years to 17 years old, (H) in male children, (I) in female children. *P<.05.
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Discussion

In this study, more than 8 years of RSV surveillance including
75,128 hospitalized children with ARTI was carried out to better
understand the epidemiological characteristics of RSV based
on a sentinel hospital in Hubei Province. Yearly RSV epidemic
peaks concentrated in the period from December to February
were observed before 2021. The RSV detection rate in 2018
and later was significantly higher than that in 2017 and before.
RSV was more likely to be detected among younger children
and children with an LRTI. The 2-child policy implemented in
2016 was related to an increased RSV detection rate in the
following 3 years. The RSV epidemic level decreased sharply
from February 2020 to June 2020, but a rebounding epidemic
peak in the subsequent winters and increased epidemic levels
in the summer of 2021 occurred. The results about the influence
of the 2-child policy and COVID-19–related NPIs on the RSV
epidemic were obtained using lengthy surveillance data from
the Maternal and Child Health Hospital of Hubei Province and
will need more multicenter data to further confirm.

RSV was the most frequently detected in the winter and the
least frequently detected in the summer in our study, which was
similar to the seasonal pattern in some temperate countries [20].
The area in which the Maternal and Child Health Hospital of
Hubei Province is located is in a subtropical monsoon climate,
with a high temperature in the summer and a low temperature
and high relative humidity in the winter. A low temperature is
likely to cause vasoconstriction of the nasal mucosa and weakens
the immunity of the respiratory tract against viruses [21,22]. In
winter, more frequent gathering indoors and a lack of air
circulation can also contribute to the transmission of RSV. In
addition, relative humidity plays an essential role in respiratory
virus transmission. It has been reported that RSV epidemics
tend to occur in the rainy season. Wet conditions may increase
the number of viruses deposited on surfaces, promote the
survival of viruses in droplets on surfaces, and, in turn,
encourage the contact transmission of RSV [20,23]. Therefore,
prior to rainy or cold weather, knowledge about prevention
measures against RSV such as hand hygiene, environmental
cleaning, and indoor ventilation should be conveyed to the
public, in particular to families with young children.

Limited literature has focused on the longitudinal trends of the
RSV epidemic over the past decade in Hubei Province. Most
studies devoted to the epidemiological characteristics of RSV
in China analyzed the positive rate of RSV among ARTI cases
collected during 1 or more years in a cross-sectional manner.
A study including pediatric and adult patients with ARTI from
2011 to 2016 in Guangdong Province reported a less clear and
unstable seasonal pattern of RSV with epidemics almost
year-round [24]. The highest detection rates of RSV usually
appeared from March to May and ranged from 15% to 30% in
that study. The highest detection rates in that period in our study
were similar to those reported in other studies, but RSV broke
out earlier. Research conducted in Beijing reported that the peak
months of the RSV epidemic were November to January [25].
The results of these studies suggest that earlier RSV epidemics
happen with increased latitude and decreased annual average
temperatures. Another surveillance study that enrolled 19,898

hospitalized children with ARTI showed an annual RSV
detection rate in the range of 5.4% to 7.0% from 2014 to 2018
in China, which was significantly lower than that in our study
[26]. Considering the limited sample size and representativeness
in that study, we were unable to conclude that the RSV epidemic
in our study was more severe than the average countrywide
level. More efforts should be taken to improve the surveillance
and analyses of the RSV epidemic in different areas in China
to formulate tailored prevention measures. Additionally, RSV
rates and time trends are totally different across countries. Our
study documented an increased RSV detection rate starting in
2018 according to hospital data. In contrast, the RSV infection
rate in children with LRTI remained stable, at around 50%,
during 2014 to 2018 in the València region in Spain [27,28].
Compared with our results, Germany witnessed similar RSV
positivity rates for children aged 0 to 4 years from 2011 to 2021,
but the yearly epidemic level was more stable [29]. RSV
positivity rates of children fluctuated from 7.5% to 23% during
2007 to 2016 in the Philippines [30]. However, RSV in
southwest Finland (2008-2012) and Russia (2013-2018) was
rarely detected, with positivity rates of 6% and 4.4%,
respectively [31,32]. In general, the area served by the hospital
in our study is facing higher pressure from RSV infections in
recent years.

The significant increase in the RSV-positive rate since 2018
among young children in our study might be caused by multiple
reasons. A potential factor associated with the RSV epidemic
among young children was the implementation of the 2-child
policy in 2016 in Hubei Province. Since the beginning of the
policy, the total number of births rose moderately, while the
number of second child births significantly increased [33]. On
one hand, the increased number of susceptible infants would
contribute to a higher RSV epidemic size. This is in line with
a study revealing that there was a sharp increase in inpatient
admission rates for infants after China’s universal 2-child policy
[34]. In contrast, a modeling study showed that the 1-child
policy would lower the average annual influenza attack rate in
China [35]. On the other hand, the younger, second child in a
family could be infected by other family members, especially
their elder siblings. A study in Shanghai elucidated that elder
siblings might be the main route of hand, foot, and mouth
disease transmission to neonates [36]. Keeping young children
from people with flu-like symptoms is a key measure to protect
them from RSV infection when a vaccine against RSV is
unavailable. In addition, we noted that, although children aged
3 years or older were not directly influenced by the change of
the policy after 2017, the RSV epidemic in this age group also
increased. There might be 2 reasons. First, RSV is a
communicable virus, and the increased scope of RSV infection
in infants can also lead to more infections in elder children than
before. Second, in addition to the impact of the policy shift,
other factors including climate change and more spread of
viruses from other provinces could cause an increase in RSV
infection in elder children. However, the impact of other factors
needs further investigation.

It is universally acknowledged that the COVID-19 pandemic
effectively decreased the occurrence of an RSV epidemic due
to various measures against the transmission of respiratory
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viruses [17,37-43]. This phenomenon was even more obvious
in the several months under the strictest interventions after the
COVID-19 outbreak in our study. However, RSV rebounded
to a higher level in the years after strict NPIs were loosened. A
delayed outbreak or a severe rebound of RSV was also found
in multiple countries [44-48]. NPIs in the context of COVID-19
could prevent the transmission of respiratory viruses but also
lead to a greater number of susceptible persons, which might
have resulted in larger outbreaks once the transmission routes
were reopened [46]. Children aged 1 year to 2 years had a larger
rebound than the other age groups in our study. That might be
due to the relatively weak immune system and the expanded
social activities in this age group. Additionally, the continuous
increase in the RSV detection rate among young children with
URTI should be noted. Though URTI symptoms are mild, a
URTI caused by RSV could progress to LRTI, which has a
much higher disease burden [49].

There were some limitations in this study. First, though we used
data from a large sample size from the largest maternal and
child health hospital in Hubei Province, the conclusions drawn
from only 1 hospital might not represent the overall situation
at the provincial level. More surveillance studies of RSV from
multiple sites are needed to better clarify the epidemiological
characteristics of RSV in Hubei Province and perform
comparisons among different cities. Genotyping of RSV was
not performed; thus, we were unable to elucidate the detailed
epidemiological characteristics of different genotypes.
Moreover, missing medical records existing for several months
in 2016 potentially caused an unprecise estimate of indicators

of interest. Nevertheless, despite the limited sample size in
February 2016, an epidemic peak was seen, which reflected the
stable seasonal pattern of RSV. Only hospitalized children were
included in our study, and our findings might overestimate the
general level of the RSV epidemic among children. We could
only identify the longitudinal trend of RSV and compare the
relative levels across different years and different populations.
Additionally, preterm birth is a known risk factor for RSV
infection [50]. However, due to the lack of this variable in this
study, we were unable to further confirm this association or
manage the potential confounding effect of preterm birth in the
models.

In summary, RSV was frequently detected among hospitalized
children with ARTI based on surveillance of data from a large
sample size at a hospital in Hubei Province. RSV positivity was
more likely to happen in young children, cases diagnosed as
LRTI, and wet and low-temperature seasons. Early warning of
the risk of RSV infection among high-risk populations and
seasons should be considered in local public health practices.
A sudden rise in the RSV epidemic after 2018 might be affected
by the 2-child policy implementation in 2016. Observed in our
study, the RSV epidemic significantly decreased in the short
term after the COVID-19 outbreak, followed by a sharp rebound
in the years that followed. This implies that healthy lifestyle
habits to prevent respiratory viruses should be maintained even
though the COVID-19 situation has eased. A specific vaccine
against RSV is urgently needed to lower the disease burden
attributable to RSV.
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Abstract

Background: The incidence of oropharyngeal squamous cell carcinomas (OPSCC) has increased in recent decades, and human
papillomavirus (HPV) infection is the main cause of OPSCC. The data regarding causes of death (CODs) are vitally important
in informing follow-up strategies and revising treatment strategies to deal with any possible preventable treatment-related COD.
However, limited studies have assessed the competing COD by HPV status in patients with OPSCC.

Objective: We aimed to analyze the distribution of the competing COD according to HPV status in OPSCC.

Methods: We retrospectively included stage I-IVB patients with OPSCC from the Surveillance, Epidemiology, and End Results
database between 2010 and 2015. The association between HPV status and head and neck cancer–specific mortality (HNCSM),
second primary cancer mortality (SPCM), and noncancer-caused mortality (NCCM) were analyzed. The chi-square test,
Kaplan-Meier analysis, and Fine and Gray model were used for statistical analysis.

Results: We included 5852 patients in this study and 73.2% (n=4283) of them had HPV-related tumors. A total of 1537 (26.3%)
patients died, including 789 (51.3%), 333 (21.7%), and 415 (27%) patients who died from head and neck cancer, second cancer,
and noncancer causes, respectively. The 5-year HNCSM, SPCM, NCCM, and overall mortality were 14.7%, 6.5%, 7.7%, and
26.4%, respectively. Those with HPV-positive disease had a lower cumulative incidence of HNCSM (subdistribution hazard ratio
[sHR] 0.362, 95% CI 0.315-0.417; P<.001), SPCM (sHR 0.400, 95% CI 0.321-0.496; P<.001), and NCCM (sHR 0.460, 95% CI
0.378-0.560; P<.001) than those with HPV-negative disease. The 5-year risk of HNCSM was 26.9% and 10.7% in those with
HPV-negative and HPV-positive disease, respectively (P<.001). The 5-year risk of SPCM was 12.4% and 4.6% in those with
HPV-negative and HPV-positive disease, respectively (P<.001). The 5-year risk of NCCM of death was 13.7% and 5.8% in those
with HPV-negative and HPV-positive disease, respectively (P<.001). Using the Fine and Gray competing-risks model, our results
show that those with HPV-negative tumors had a significantly higher risk of HNCSM (P<.001), SPCM (P<.001), and NCCM
(P<.001) than those with HPV-negative tumors.

Conclusions: HPV-positive OPSCC has a lower NCSM, SPCM, and NCCM as compared to those with HPV-negative OPSCC.
HPV positivity is a favorable prognostic factor in the context of overcoming cancer as well as in terms of reducing the risk of
other CODs in OPSCC. Our finding supports the need to tailor patient follow-up based on the HPV status of patients with OPSCC.

(JMIR Public Health Surveill 2023;9:e47579)   doi:10.2196/47579
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Introduction

Human papillomavirus (HPV) is the most prevalent sexually
transmitted infection globally and is associated with both
anogenital and oropharyngeal cancers. It is estimated that over
80% of individuals will be affected by HPV at some point in
their lifetime [1]. Like other types of head and neck squamous
cell carcinomas (HNSCCs), oropharyngeal squamous cell
carcinoma (OPSCC) has been historically associated with
alcohol and tobacco consumption. However, infection with
carcinogenic HPV infection has emerged as an important risk
factor that has driven an increase in the incidence of OPSCC.
In recent decades, OPSCC has been one of the malignant tumors
with rapidly rising incidences in Western countries [2-5]. In
Italy, the incidence of HPV-related OPSCC increased from
16.7% in 2000-2006 to 46.1% in 2013-2018 [6]. Moreover,
HPV now accounts for 71% and 51.8% of all OPSCCs in the
United States and the United Kingdom, respectively [7-9]. The
etiological relation with OPSCC by HPV status was also found
in the Asian population [10,11]. The existing evidence shows
that HPV status impacts the prognosis and treatment
decision-making of OPSCC [12,13]. Patients with HPV-positive
disease had a significantly better prognosis than those with
HPV-negative disease [12,13]. Moreover, several studies also
explored the treatment de-escalation for HPV-positive OPSCC
[14,15]. These differences have a direct effect on clinical trials
that will determine treatment therapeutic standards in the future
clinical practice of OPSCC.

As survivorship from OPSCC continues to increase in recent
decades [16-18], the main participants in the medical field
should identify the patients with OPSCC with the highest risk
of dying as well as the risk of their specific cause of death
(COD). In addition to HPV, smoking and alcohol use are also
closely related to the development of OPSCC, which may cause
competing mortality in this population. In 2 studies from the
Netherlands and the US cancer registry showed that the survival
outcomes of head and neck cancer (HNC) were inferior to that
of a healthy population of similar gender and age [19,20].
Smoking and alcohol use are the causative factors for
cardiopulmonary diseases and second primary tumors. A
previous Surveillance, Epidemiology, and End Result (SEER)
study showed that life expectancy for patients with HNC was
significantly shorter than expected after excluding the COD
related to HNC [21]. The other COD may contribute to the
differences in the survival of patients with HNC [22,23]. This
information is vitally important in informing follow-up strategies
and revising treatment strategies to deal with any possible
preventable treatment-related COD.

Because HPV-positive patients with OPSCC are usually younger
and consume less alcohol and tobacco, the risk of
cardiopulmonary disease and secondary primary tumor in this
population may be lower [24,25]. The differences in survival
rates for patients with HNSCC can primarily be attributed to
an unequal burden of comorbidities associated with tobacco
and alcohol use, treatment-related sequelae, and a high risk for
the development of second primary cancer. Moreover, the
surveillance for HPV-related tumors is similar to HPV-negative
tumors in the current guidelines. Given the rapid rise in the
incidence of potentially HPV-related OPSCC, it is crucial to
provide a more comprehensive description of the COD in
OPSCC. Understanding the COD by different HPV status in
OPSCC could bring even more positive impact on public health,
potentially impacting the follow-up strategies and revising
treatment strategies while reducing treatment-related morbidity.
However, limited studies have assessed the competing COD by
HPV status in patients with OPSCC [26]. The objective of this
study was to analyze the differences in the competing COD
depending on HPV status in OPSCC.

Methods

Patient Selection
The National Cancer Institute SEER database collects
population-level data on approximately 28% of the US
population from 18 registries with the morbidity, mortality, and
disease status of millions of patients with cancer [27]. We used
the SEER databases to study patients diagnosed with OPSCC
between 2010 and 2015 (International Classification of Disease
for Oncology ICD-O C019, C090, C091, C098-C104, C108,
C109, C142; histology codes 8073-8079 and 8083-8084).
Registrars for the SEER database were required to enter HPV
status beginning in 2010 and we have obtained HPV-related
variables through the use of a data user agreement. The data of
the retrospective cohort in the present study were obtained from
the SEER HPV database, which includes the demographic data,
clinicopathological characteristics, treatment, HPV status, and
follow-up of patients with HNSCC [27]. We included patients
who met the following criterion: (1) diagnosed between 2010
and 2015; (2) diagnosed with stage I-IVB OPSCC according
to the 7th American Joint Committee on Cancer (AJCC) staging
system; (3) available data regarding HPV status, race, tumor
grade, AJCC staging, tumor stage, nodal stage, and metastatic
stage; and (4) available data on surgery, radiotherapy, and
chemotherapy. Patients with unknown HPV status, second or
more malignant tumors, distant stage, and treated with
radioactive implants or radioisotopes were excluded. The patient
selection flowchart is listed in Figure 1.
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Figure 1. Flow diagram of this study’s cohort. HPV: human papillomavirus; M: metastatic stage; N: nodal stage; NOS: not otherwise specified; NX:
unknown nodal stage; RT: radiotherapy; T: tumor stage; TX: unknown tumor stage.

Ethics Approval
The SEER database is a public database, and we have obtained
permission to access the database (approval number
18275-Nov2021). The present study did not require ethical
approval by the institutional review board of the Zhongshan
Hospital, Xiamen University, because of the nonidentifying
information in the SEER database. The requirement for informed
consent was waived because all data used in this study were
deidentified.

Data Collection
The following variables were included: age, gender, race, tumor
grade, HPV status, AJCC 7th staging, and the receipt of
treatment. HPV status was determined by p16
immunohistochemistry, tissue polymerase chain reaction, in
situ hybridization, real-time polymerase chain reaction for E6/7
RNA, or in situ hybridization for E6/7 RNA [28]. The primary
outcomes were HNC-specific mortality (HNCSM), second
primary cancer mortality (SPCM), and noncancer-caused
mortality (NCCM). Any COD due to HNC was encoded as
HNCSM. Events for SPCM were death from the second primary
cancer. Events for NCCM were death from noncancer diseases.
Our secondary outcome was overall mortality (OM). OM was
defined as death from all causes.

Statistical Analysis
Categorical variables were represented as absolute values with
percentages, and the chi-square test was performed for the
comparison between patients who were HPV-negative and
HPV-positive. Kaplan-Meier analysis was used to generate the
survival curves to compare differences in survival between
groups over time, and the equality of these curves was compared
by the log-rank test. Due to the competitive relationship among
multiple outcomes in clinical survival data, the traditional
Kaplan-Meier analysis will misjudge the cumulative mortality
rate [29]. Therefore, competing-risks analyses using the Fine
and Gray model were used to estimate the effects of covariates
on HNCSM, SPCM, and NCCM. We conducted stratum-specific
analyses to estimate the effects of HPV status on HNCSM,
SPCM, and NCCM in accordance with gender, age, race, AJCC
staging, grade, surgery, radiotherapy, and chemotherapy. All
statistical analyses were conducted using SPSS (version 22.0;
IBM Corp) and Stata/SE (version 14; StataCorp). A P value
<.05 was considered statistically significant.
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Results

Patient Baseline Characteristics
From 2010 to 2015, there were 14,688 cases of HNC recorded
with the HPV status in the SEER HPV database; 9496 of these
cases were oropharyngeal cancer and 5852 of these cases were
stage I-IVB OPSCC and had treatment data available. In this

cohort (n=5852; Table 1), 4283 patients (73.2%) had
HPV-positive OPSCC and 1569 patients (26.8%) had
HPV-negative OPSCC. Of these patients, 84.1% (n=4922),
89.2% (n=5220), and 69.9% (n=4088) were male, White, and
had stage T4 disease, respectively. Regarding treatment, 89.1%
(n=5216), 71.3% (n=4174), and 55% (n=2626) of patients
received radiotherapy, chemotherapy, and surgery, respectively.
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Table 1. Patient baseline characteristics.

P valueHPV-positive, n (%)HPVa-negative, n (%)Patients, nVariables

<.001Gender

3709 (86.6)1213 (77.3)4922Male

574 (13.4)356 (22.7)930Female

<.001Age (years)

633 (14.8)207 (13.2)840<50

2578 (60.2)847 (54)342550-64

1072 (25)515 (32.8)1587≥65

<.001Race

3932 (91.8)1288 (82.1)5220White

202 (4.7)212 (13.5)414Black

149 (3.5)69 (4.4)218Other

<.001Grade

120 (2.8)113 (7.2)233Well differentiated

486 (34.7)754 (48.1)2240Moderately differentiated

2677 (62.5)702 (44.7)3379Poorly or undifferentiated

<.001AJCCb stage

125 (2.9)93 (5.9)218I

276 (6.4)108 (6.9)384II

820 (19.1)342 (21.8)1162III

3062 (71.5)1026 (65.4)4088IVA and IVB

<.001Tc stage

1270 (29.7)360 (22.9)1630T1

1795 (41.9)527 (33.6)2322T2

715 (16.7)342 (21.8)1057T3

503 (11.7)340 (21.7)843T4

<.001Nd stage

597 (13.9)338 (21.5)935N0

770 (18)326 (20.8)1096N1

2726 (63.6)836 (53.3)3562N2

190 (4.4)69 (4.4)259N3

<.001Surgery

2262 (52.8)964 (61.4)3226No

2021 (47.2)605 (38.6)2626Yes

<.001Radiotherapy

408 (9.5)228 (14.5)636No

3875 (90.5)1341 (85.5)5216Yes

.02Chemotherapy

1191 (27.8)487 (31)1678No

3092 (72.2)1082 (69)4174Yes

.50Causes of death (N=1537)

411 (50.2)378（52.6）789Head and neck cancer
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P valueHPV-positive, n (%)HPVa-negative, n (%)Patients, nVariables

177 (21.6)156 (21.7)333Second cancer

231 (28.2)184 (25.6)415Noncancer cause disease

aHPV: human papillomavirus.
bAJCC: American Joint Committee on Cancer.
cT: tumor stage.
dN: nodal stage.

Patients with HPV-positive disease were more likely to be male,
aged 50-64 years, White, have higher tumor grade, have early
tumor stage, have advanced nodal stage, and have stage IV
disease (all P<.001). Moreover, those with HPV-positive disease

were more likely to receive surgery (P<.001) and radiotherapy
(P=.015; Table 1). Similar distributions in HNCSM (P=.36),
SPCM (P=.96), and NCCM (P=.26) were found according to
HPV status (Figure 2).

Figure 2. The distributions in (A) head and neck cancer–specific mortality, (B) second primary cancer mortality, and (C) noncancer-caused mortality
according to human papillomavirus status. HPV: human papillomavirus.

Survival
With a median follow-up time of 52 months (range, 0-107
months), a total of 1537 (26.3%) patients died. There were 789
(51.3%), 333 (21.7%), and 415 (27%) patients who died from

HNC, second cancer, and noncancer causes, respectively. The
survival curves have been listed in Figure 3. The 5-year
HNCSM, SPCM, NCCM, and OM were 14.7%, 6.5%, 7.7%,
and 26.4%, respectively.
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Figure 3. The curves of (A) head and neck cancer–specific mortality, (B) second primary cancer mortality, (C) noncancer-caused mortality, and (D)
overall mortality in the entire cohort. HNCSM: head and neck cancer–specific mortality; NCCM: noncancer-caused mortality; OM: overall mortality;
SPCM: second primary cancer mortality.

Competing Mortality
The cumulative incidence of competing CODs based on HPV
status regarding HNCSM, SPCM, and NCCM are listed in
Figure 4. Those with HPV-positive disease had a lower
cumulative incidence of HNCSM (subdistribution hazard ratio
[sHR] 0.362, 95% CI 0.315-0.417; P<.001; Figure 4A), SPCM
(sHR 0.400; 95% CI 0.321-0.496; P<.001; Figure 4B), and
NCCM (sHR 0.460; 95% CI 0.378-0.560; P<.001; Figure 4C)
than those with HPV-negative disease. Using Kaplan-Meier
analysis, the results showed that patients who were

HPV-negative were more likely to gain experience from second
cancer and noncancer causes. The 5-year risk of HNCSM was
26.9% and 10.7% in those with HPV-negative and HPV-positive
disease, respectively (P<.001, Figure 5A). The 5-year risk of
SPCM was 12.4% and 4.6% in those with HPV-negative and
HPV-positive disease, respectively (P<.001, Figure 5B). The
5-year risk of NCCM of death was 13.7% and 5.8% in those
with HPV-negative and HPV-positive disease, respectively
(P<.001, Figure 5C). The 5-year OM was 26.1% and 10.7% in
those with HPV-negative and HPV-positive, respectively
(P<.001; Figure 5D).
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Figure 4. The cumulative incidence of (A) head and neck cancer–specific mortality, (B) second primary cancer mortality, and (C) noncancer-caused
mortality by human papillomavirus status using competing-risks regression. HNCSM: head and neck cancer–specific mortality; HPV: human
papillomavirus; NCCM: noncancer-caused mortality; SPCM: second primary cancer mortality.
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Figure 5. The effect of human papillomavirus status on (A) head and neck cancer–specific survival, (B) overall survival, (C) second primary cancer
survival, and (D) noncancer-caused survival. HNCSM: head and neck cancer–specific mortality; HPV: human papillomavirus; NCCM: noncancer-caused
mortality; OM: overall mortality; SPCM: second primary cancer mortality.

Fine and Gray Competing-Risks Model
Table 2 shows the sHR and 95% CI for selected covariates using
competing-risks regression for different COD. The results of
the multivariate analysis showed that the variables related to
HNCSM were female, older age, Black, advanced stage,
HPV-negative, receipt of surgery, and receipt of radiotherapy
(all P<.05). Advanced stage, HPV-negative, receipt of surgery,
and receipt of radiotherapy were the independent risk factors

associated with SPCM (all P<.05). Older age, Black race,
HPV-negative, receipt of surgery, and receipt of chemotherapy
were the independent risk factors associated with NCCM (all
P<.05). Stratum-specific analyses also showed that patients
with HPV-positive tumor had lower HNCSM, SPCM, and
NCCM than those with HPV-negative tumors after stratification
by different demographic, clinicopathologic, and treatment
characteristics (Table S1 in Multimedia Appendix 1).
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Table 2. Multivariate prognostic analyses using the competing-risks model.

Noncancer-caused mortalitySecond primary cancer mortalityHNCa-specific mortalityVariables

P value95% CIsHRP value95% CIsHRP value95% CIsHRb

Gender

N/AN/A1N/AN/A1N/AN/Ac1Male (reference)

.960.771-1.2790.993.050.528-1.0050.729.041.012-1.4671.218Female

Age (years)

N/AN/A1N/AN/A1N/AN/A1<50 (reference)

.240.861-1.8191.251.240.872-1.7371.231.0021.160-1.9321.49750-64

<.0012.164-4.5543.139.220.868-1.8301.26<.0011.665-2.8442.176≥65

Race

N/AN/A1N/AN/A1N/AN/A1White (reference)

.0061.131-2.1201.548.410.811-1.6771.167<.0011.215-1.9131.525Black

.330.787-2.0551.272.810.523-1.6580.931.080.721-1.5251.049Other

AJCCd stage

N/AN/A1N/AN/A1N/AN/A1I (reference)

.960.575-1.6910.986.810.435-2.9011.124.021.117-4.1262.147II

.660.545-1.4690.895.420.615-3.2010.403<.0011.637-5.3842.969III

.590.542-1.4120.875.021.168-5.7132.583<.0012.534-8.0434.515IVA and IVB

Grade

N/AN/A1N/AN/A1N/AN/A1Well differentiated (reference)

.810.669-1.6761.059.770.638-1.8391.083.160.581-1.0940.797Moderately differentiated

.490.532-1.3510.847.450.480-1.3810.814.0010.430-0.8100.590Poorly or undifferentiated

HPVe status

N/AN/A1N/AN/A1N/AN/A1Negative (reference)

<.0010.472-0.7210.584<.0010.349-0.5470.437<.0010.378-0.5080.439Positive

Surgery

N/AN/A1N/AN/A1N/AN/A1No (reference)

<.0010.456-0.7160.572<.0010.400-0.6890.524<.0010.389-0.5520.463Yes

Radiotherapy

N/AN/A1N/AN/A1N/AN/A1No (reference)

.680.666-1.3040.932<.0010.267-0.5610.387<.0010.318-0.5240.407Yes

Chemotherapy

N/AN/A1N/AN/A1N/AN/A1No (reference)

.0030.525-0.8770.688.390.834-1.5921.152.900.801-1.2150.987Yes

aHNC: head and neck cancer.
bsHR: subdistribution hazard ratio.
cN/A: not applicable.
dAJCC: American Joint Committee on Cancer.
eHPV: human papillomavirus.
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Discussion

Principal Findings
In this study, we investigated the competing mortality in OPSCC
by HPV status using a large cohort. Our results indicated that
patients with HPV-negative tumors had a significantly higher
risk of HNCSM, SPCM, and NCCM than those with
HPV-positive tumors. The main finding of our study was that
HPV-positive disease was an independent factor for better
survival outcomes across all COD.

HPV status has been confirmed to be an important prognostic
and predictive biomarker in OPSCC [12,13]. In recent years,
several studies also have explored the relationship between HPV
status and the second tumor in OPSCC. Gorphe et al [30]
analyzed 888 patients with OPSCC between 2011 and 2020,
they found that the 5-year competing risks of a second cancer
were 16.1% and 49.9% in those patients who were HPV-positive
and HPV-negative, respectively (P<.001). In addition, a study
from Bosshart et al [31] that included 91 patients also found
that HPV-positive had a lower risk of second cancer than those
with HPV-negative tumors (14% vs 38.2%). Since the time of
COD was only recorded in the SEER database, we could not
obtain the exact time of diagnosis of the second primary tumor.
However, Culié et al [32] included 340 patients with OPSCC
from 14 French hospitals, and they found that patients who were
HPV-positive developed low second tumors than patients who
were HPV-negative (3.3% vs 11.7%, P=.02). However, the
COD was similar in the 2 groups.

In our study, we found HNC-related death was the main COD
in OPSCC (14.7%), followed by noncancer causes (7.7%), and
second cancer (6.5%). Alcohol and tobacco use have been
confirmed as risk factors for HNSCC. HPV-related OPSCC
cannot be considered in the same field of cancerization as
HPV-negative OPSCC and other HNSCCs [2-5]. However, we
observed a quite similar distribution of CODs between the 2
groups, with primary cancer as the major COD. Our study
suggested that the overall survival pattern of patients with
OPSCC depends not only on their clinicopathological
characteristics, but also significantly varies based on their age
and the presence of comorbidities.

Several previous studies have assessed CODs in patients with
HNSCC. They found that age, gender, race or ethnicity, presence
of comorbidities, BMI, or type of treatment were the risk factors
in the competing COD in patients with HNSCC [22,33-37]. In
our study, we analyzed whether the HPV status would influence
the COD of patients with OPSCC. A population-based cohort
from Denmark was the first to investigate COD by HPV status
in 1521 patients with OPSCC [26]. There were 54.3% of patients
were HPV-positive and they found that HPV-positive was
associated with better survival across all CODs [26]. Lop et al
[38] included 423 patients with OPSCC and 12.5% were
HPV-positive. They found that patients with HPV-positive
disease had better OPSCC-specific survival (P<.001) and second
primary cancer survival (P<.001) than those with HPV-negative
tumors. However, noncancer-related causes survival was similar
between the 2 groups (P=.13). The difference in patient
characteristics may affect the distribution of CODs in the

previous studies. Those with HPV-positive disease had a
significantly lower cumulative incidence of death from all CODs
than those with HPV-negative disease. Therefore, the inferior
survival in patients with HPV-negative tumors was reflected in
the higher risk of HNCSM, SPCM, and NCCM. Patients with
HPV-negative OPSCC may benefit from screening for the risk
to die of noncancer death or early detection of second cancers.
Our study suggests that OPSCC should undergo more different
effective therapies, more prevention methods to avoid noncancer
deaths, and more screening tools for early detection of the
second tumor according to different HPV status. They may
benefit from increased research funding.

There were several studies indicating that those with
HPV-positive OPSCC have a favorable survival than those with
HPV-negative disease regardless of the treatment received
[39,40]. In our study, 89.8% of patients were locally
advanced-stage OPSCC, we also found that the receipt of
treatment was associated with all CODs. The probability of
treatment compliance was not recorded in the SEER database.
Hess et al [41] found that treatment compliance in patients who
were HPV-negative was significantly lower than in those with
patients who were HPV-positive. Therefore, treatment
compliance by HPV status might also have a negative effect on
cancer-specific survival in OPSCC.

Screening for secondary cancer has an important effect in
reducing mortality, especially for the HPV-negative population
with a higher level of tobacco use [42]. Our data indicate that
there were 51.3% and 21.7% patients who died from HNC and
second cancer. Therefore, more frequent follow-ups should be
performed to increase the detection of recurrence and secondary
cancers. Moreover, our study shows an increased risk of SPCM,
and NCCM in patients who were HPV-positive than in those
with HPV-negative tumors. Our finding is important because
it adds to the current knowledge regarding the differences in
CODs among HPV status and supports the need to individualize
follow-ups according to the HPV status.

In our study, 415 patients died of noncancer-related diseases,
and 127 (30.6%) died from heart disease. In our study, patients
with HPV-positive OPSCC tend to be younger, White, and male.
Previous studies also showed that women of the Black race had
a higher risk of cardiovascular disease in the general population
and were cancer survivors [43,44]. According to the differences
regarding epidemiological characteristics by HPV status may
affect the burden of comorbidity, thus affecting the NCCM.

HPV-related tumors have a significant burden on health
insurance [45]. While the HPV vaccination has been shown to
prevent cervical cancer, HPV vaccination also has the potential
to prevent a significant proportion of HPV-related OPSCC. We
should note that 84.1% of patients in our study were male, and
85.6% were aged 50 years or older. The vaccine only prevents
new HPV infections and does not treat existing infections [46].
HPV vaccination is generally not recommended for those older
than age 26 years who are unvaccinated, recent guidelines have
a permissive recommendation for HPV vaccination in
unvaccinated adults aged 27-45 years [46]. Additionally, 47.7%
of patients continued to smoke after their OPSCC diagnosis
[47]. Therefore, current smoking status should be monitored
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throughout the treatment course of OPSCC, and
smoking-cessation assistance should be provided as necessary,
especially for patients with negative HPV status and a history
of smoking. Therefore, further studies are needed to verify the
efficacy of HPV vaccination in reducing the incidence of
OPSCC and to investigate the effect of smoking cessation on
various COD in patients with OPSCC.

We acknowledge certain limitations in our study. First,
retrospective studies have inherent weaknesses of selection bias.
Second, the lack of data regarding other sexually transmitted
infections limits the interpretation of our data because behaviors
that put people at risk for HPV also increase their risk for other
sexually transmitted infections. Third, the lack of comorbidity
data also limits the interpretation of our data. Of note, HNCSM,
SPCM, and NCCM data were available and were used in this
study. Fourth, the consumption of smoking and alcohol was not
recorded in the SEER database. The high rates of HPV-positive
OPSCC in our study could potentially be attributed to the low
prevalence of smoking habits and differences in sexual behavior
when compared with other geographic regions with a low
incidence of HPV-positive OPSCC [37,48]. This difference in
the incidence of HPV-positive tumors could limit the
generalization of our findings to regions with a low incidence
of HPV-positive tumors and high levels of tobacco and alcohol

use. Moreover, the median follow-up time was 52 months in
our study and second cancer or noncancer death is likely to
develop after this delay. Finally, the SEER does not have
specific records on HPV status detection methods. However, a
previous study showed that the overall HPV status (positive or
negative) had high degrees of accuracy in the SEER database
[49]. Further research addressing these limitations could provide
a more comprehensive understanding of the relationship between
HPV status and competing mortality in patients with OPSCC.

Conclusions
In conclusion, our study suggests that HPV-positive OPSCC
has a lower NCSM, SPCM, and NCCM as compared to those
with HPV-negative OPSCC. HPV positivity is a favorable
prognostic factor in the context of overcoming cancer as well
as in terms of reducing the risk of other CODs in OPSCC. These
disparities have direct implications on clinical trials aiming to
define future therapeutic standards in clinical practice, including
treatment intensification or de-escalation according to response
rates, investigation of adjuvant treatment after complete
response, or follow-up strategies involving imaging modalities
and duration. Moreover, medical interventions tailored to the
intercurrent CODs may independently provide survival benefits
in addition to cancer treatments.
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Abstract

Background: Avian influenza (AI) virus detections occurred frequently in 2022 and continue to pose a health, economic, and
food security risk. The most recent global analysis of official reports of animal outbreaks and human infections with all reportable
AI viruses was published almost a decade ago. Increased or renewed reports of AI viruses, especially high pathogenicity H5N8
and H5N1 in birds and H5N1, H5N8, and H5N6 in humans globally, have established the need for a comprehensive review of
current global AI virus surveillance data to assess the pandemic risk of AI viruses.

Objective: This study aims to provide an analysis of global AI animal outbreak and human case surveillance information from
the last decade by describing the circulating virus subtypes, regions and temporal trends in reporting, and country characteristics
associated with AI virus outbreak reporting in animals; surveillance and reporting gaps for animals and humans are identified.

Methods: We analyzed AI virus infection reports among animals and humans submitted to animal and public health authorities
from January 2013 to June 2022 and compared them with reports from January 2005 to December 2012. A multivariable regression
analysis was used to evaluate associations between variables of interest and reported AI virus animal outbreaks.

Results: From 2013 to 2022, 52.2% (95/182) of World Organisation for Animal Health (WOAH) Member Countries identified
34 AI virus subtypes during 21,249 outbreaks. The most frequently reported subtypes were high pathogenicity AI H5N1
(10,079/21,249, 47.43%) and H5N8 (6722/21,249, 31.63%). A total of 10 high pathogenicity AI and 6 low pathogenicity AI virus
subtypes were reported to the WOAH for the first time during 2013-2022. AI outbreaks in animals occurred in 26 more Member
Countries than reported in the previous 8 years. Decreasing World Bank income classification was significantly associated with
decreases in reported AI outbreaks (P<.001-.02). Between January 2013 and June 2022, 17/194 (8.8%) World Health Organization
(WHO) Member States reported 2000 human AI virus infections of 10 virus subtypes. H7N9 (1568/2000, 78.40%) and H5N1
(254/2000, 12.70%) viruses accounted for the most human infections. As many as 8 of these 17 Member States did not report a
human case prior to 2013. Of 1953 human cases with available information, 74.81% (n=1461) had a known animal exposure
before onset of illness. The median time from illness onset to the notification posted on the WHO event information site was 15
days (IQR 9-30 days; mean 24 days). Seasonality patterns of animal outbreaks and human infections with AI viruses were very
similar, occurred year-round, and peaked during November through May.
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Conclusions: Our analysis suggests that AI outbreaks are more frequently reported and geographically widespread than in the
past. Global surveillance gaps include inconsistent reporting from all regions and human infection reporting delays. Continued
monitoring for AI virus outbreaks in animals and human infections with AI viruses is crucial for pandemic preparedness.

(JMIR Public Health Surveill 2023;9:e46383)   doi:10.2196/46383
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Introduction

Avian influenza (AI) viruses are a health, economic, and food
security risk. While substantial H5, H7, and H9 virus detections
in birds have occurred during the past several years, little is
known about whether these detections are occurring more
frequently or threatening a greater proportion of the world’s
poultry, wild birds (especially threatened species), and human
populations than in previous years.

AI viruses primarily affect avian species and are grouped as
low pathogenicity AI (LPAI) or high pathogenicity AI (HPAI).
The difference is based on the ability of the virus to cause
mortality and morbidity in poultry or as assessed through genetic
sequencing [1]. LPAI causes mild morbidity in poultry but
lowers production and may circulate undetected in poultry
populations. However, the virus can mutate (specifically H5
and H7 viruses) and become HPAI, which can cause severe
disease and mortality in poultry [2]. Migration patterns of
asymptomatic reservoirs such as wild waterfowl and shorebirds
can lead to the transmission of AI virus to other wild birds and
poultry, ultimately contributing to the global spread of AI
viruses [3]. Global movement of poultry through trade can
further lead to increased AI virus spread [2,4].

AI outbreaks in birds, especially HPAI in poultry, can have
large economic implications. A World Bank report from 2008
estimated that global costs attributable to HPAI outbreaks could
be as high as 0.7% of global gross domestic product, if AI
viruses were to become enzootic throughout the world [5]. Even
with control measures, outbreaks of AI viruses continue to occur
globally, leading to millions of dead and culled birds, as well
as increased chances of virus reassortment events in birds and
nonhuman mammals such as pigs and mink [6-8]. HPAI
outbreaks can lead to trade restrictions, expensive poultry
products, food insecurity, and loss of livelihood [9].

Zoonotically transmitted AI viruses can cause high mortality
and may recombine with human influenza A viruses to become
more transmissible between humans [10,11]. Efficient and
sustained transmission among humans could result in an
influenza pandemic with high rates of illness and death [10].
Since 1997, there have been thousands of reports of AI virus
infections in humans, most of which have been associated with
the H5, H7, and H9 virus lineages [12-14].

A comprehensive review of current global AI virus surveillance
information is key to assessing the pandemic risk of AI viruses.
This includes reviewing the subtypes of AI viruses circulating
during the past decade, their locations, what species are hosting
them, and to determine if and why they are increasing in number
and spread [15]. The most recent global analysis of official

reports of AI outbreaks in birds and human infections with AI
viruses was almost a decade ago [16]. In this investigation,
contemporary AI virus reports were analyzed among animals
and humans from January 2013 to June 2022 and compared
with those from 2005 to 2012. AI outbreaks in animals and
human AI virus infections were described, detailing the
circulating virus subtypes, regions, and temporal trends in
reporting animal outbreaks and human cases, and Member
Country/Nation characteristics associated with animal AI
outbreak reporting; additionally, surveillance and reporting gaps
for animals and humans were identified.

Methods

Annual and Weekly Records of AI Outbreaks Among
Animals
The World Organisation for Animal Health (WOAH) is
responsible for improving animal health worldwide. During our
timeframe of interest, the WOAH’s Terrestrial Animal Health
Code required Member Countries to submit outbreak
notifications of all HPAI viruses detected in domestic and wild
birds and unusual species (such as mammals), all LPAI viruses
of subtypes H5 and H7 detected in poultry, and unusual
mortality events among wild birds [1]. The WOAH defines an
outbreak as an occurrence of 1 or more cases in a group of
animals with a defined epidemiologic relationship, such as a
shared environment or common management practices. Each
Member Country is responsible for reporting outbreaks to the
WOAH. Immediate WOAH notification is not necessary for AI
virus subtypes that Member Countries judge endemic [1]. The
Food and Agriculture Organization of the United Nations (FAO)
publishes monthly reports on all AI virus subtypes including
outbreak information for HPAI H5N1 in endemic Member
Nations and all LPAI H7N9 viruses [17].

The US Centers for Disease Control and Prevention (CDC) has
monitored reports of AI virus outbreaks in animals since 2005.
Information about animal outbreaks (in all nonhuman species)
reported to the WOAH, FAO, and other official sources (eg,
publications and local government websites) was compiled into
an AI virus outbreak database that included the number of new
outbreaks, by subtype, reported by each Member Country/Nation
by report publication year. Starting in 2016, the weekly (based
on report publication date) number of newly reported outbreaks,
by subtype, from each Member Country/Nation and all animal
categories in which that subtype had been reported since 2005
were also included. Animal categories were defined as wild
birds (including aquatic and terrestrial waterfowl and
shorebirds), zoo/captive birds (including exotic birds), birds in
live bird markets, backyard/village birds (poultry such as
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chickens, ducks, turkeys, and geese), farm/commercial birds
(poultry), and nonhuman mammals. All outbreak data are based
on the number of outbreak events reported and not on the
quantity of animals affected.

Outbreak data from January 1, 2013, to June 30, 2022, were
used to determine annual totals for reported outbreaks; the
number of Member Countries reporting, by subtype; and the
predominant subtype. Subtypes that accounted for the most
global outbreaks each year were considered the yearly
predominant subtype. Weekly data from January 1, 2016, to
June 30, 2022, were used to calculate the total number of
outbreaks per subtype per month, as well as the number of newly
reported animal categories. A new animal category was defined
as a specific animal category, per subtype, reported by a Member
Country for the first time since 2005. Results were compared
with database information from 2005 to 2012. World Bank data
were used to assign region categorization and income
classifications to maintain consistency between animal and
human health authorities [18]. WOAH data were used to assign
the number of individual birds infected and culled [19]. The
FAOSTAT was used to assign each Member Nation the percent
of global poultry production and total number of annual live-bird
imports [20]. The Wetlands International global flyway map
was used to determine the number of major migratory flyways
passing through each Member Country/Nation [21].

SAS (version 9.4; SAS Institute) was used to conduct univariate
analyses of the relationship between independent variables of
interest (World Bank income classification, yearly poultry
production, total number of flyways through WOAH Member
Countries, and total live-bird imports by Member Nations) and
the dependent variables of interest (reported animal outbreaks).
The regression analysis was restricted to 2013-2020, the years
for which FAOSTAT poultry production data were available.
Outbreaks from subtypes reported as endemic by a Member
Country were excluded from the regression analyses. Variables
of interest were assessed in the univariate model and covariates
significant at an α level of .10 were included in the multivariable
regression model. Relative rates were calculated using a Poisson
regression and human population offset. A generalized
estimating equation was used to account for correlations within
Member Countries during the evaluation period. The final
multivariable model was adjusted for World Bank income
classification, yearly poultry production, total number of
flyways, outbreak year, and total live-bird imports by WOAH
Member Countries. Significance for the final model was
assigned at P≤.05.

AI Virus Infections Among Humans
The International Health Regulations (IHR) 2005 require
Member States to report events of international public health
importance to the World Health Organization (WHO) [22].
Human infections with influenza A viruses caused by subtypes

that do not circulate in humans (novel) are notifiable [23]. The
CDC maintains a line list of human infections caused by novel
influenza virus subtypes as reported by the WHO per the IHR
(2005) or other official sources (eg, ministries of health, FAO,
publications); data were collected by weekly checks of these
sources and include Member State of residence or diagnosis,
symptom onset and report dates, outcome, exposure information,
and reported human-to-human transmission (HTHT, which is
defined as infection reported to have been caused by, or to have
caused, an infection in another person). We analyzed all human
AI virus infection notifications from January 1, 2013 to June
30, 2022.

The number of human cases was calculated by subtype,
geographic location, animal exposure, age, reported HTHT, and
reported case fatality proportion (rCFP). HTHT ratios (number
of cases associated with HTHT divided by all reported
infections) and rCFP (deaths noted at report time or in
subsequent notifications divided by all reported infections) were
calculated by subtype. Reporting lag was calculated as the
difference in reported onset date and report date by the WHO
in the event information site or other official source. United
Nations data were used for population size calculations [24].

Ethical Considerations
This study was reviewed by the CDC and is consistent with
federal law and CDC policy. The study was determined exempt
from Institutional Review Board and Institutional Animal Care
and Use Committee approval as it uses deidentified data.

Results

Annual AI Outbreaks Among Animals
Between 2013 and 2022, 95 of 182 WOAH Member Countries
(52.2%), which currently produce 87.1% of the world’s poultry
[20], reported 21,249 AI virus outbreaks among animals
associated with 34 AI virus subtypes (15 HPAI and 19 LPAI);
HPAI accounted for 93.39% (n=19,844) of the reported
outbreaks (Figure 1 and Table 1); 66% (39/59) of high-income
and 31% (9/29) of low-income Member Countries reported an
AI virus outbreak during 2013-2022 (Table 2). On average, 42
Member Countries reported AI virus outbreaks each year (65
in 2017 to 20 in 2013); 1 in 4 (26/95) Member Countries first
reported AI virus outbreaks among animals in 2013-2022
(Figure 2). All but 6 reporting Member Countries were in the
northern hemisphere (Table 2). High-income Member Countries
reported the greatest proportion of outbreaks (14,336/21,249,
67.47%; Table 2). Overall, the European and Central Asian
regions reported the greatest number of outbreaks
(10,550/21,249, 49.65%), whereas Latin American and the
Caribbean region reported the fewest number of outbreaks
(188/21,249, 0.88%; Table 2 and Figure 2).
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Figure 1. Global animal outbreaks (A) and human infections (B) with avian influenza (AI) virus by subtype, January 2013-June 2022.
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Table 1. Global avian influenza A virus subtypes reported in animal outbreaks from January 2013 to June 2022.

Subtype reported in animals (N=21,249), n (%)Subtype

19,844 (93.39)High pathogenicity avian influenza

10,079 (47.43)H5N1

1341 (6.31)H5N2

41 (0.19)H5N3

10 (0.05)H5N4

179 (0.84)H5N5

926 (4.36)H5N6

6722 (31.63)H5N8

25 (0.12)H5N9

333 (1.57)H5Nx

1 (0.00)H7N1

2 (0.01)H7N2

137 (0.64)H7N3

15 (0.07)H7N7

1 (0.00)H7N8

32 (0.15)H7N9

1405 (6.61)Low pathogenicity avian influenza

74 (0.35)H3N1

34 (0.16)H5N1

211 (0.99)H5N2

54 (0.25)H5N3

1 (0.00)H5N5

5 (0.02)H5N6

2 (0.01)H5N8

6 (0.03)H5N9

23 (0.11)H5Nx

1 (0.00)H6Nx

11 (0.05)H7N1

4 (0.02)H7N2

25 (0.12)H7N3

3 (0.01)H7N4

7 (0.03)H7N6

32 (0.15)H7N7

8 (0.04)H7N8

865 (4.07)H7N9

39 (0.18)H7Nx
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Table 2. WOAHa Member Countries reporting avian influenza outbreaks by region and income classification from January 2013 to June 2022.

Reported outbreaks
(n=21,249)

Distribution of reporting

Member Countriesd

(n=95)

Proportion of all WOAH Member

Countries reporting outbreaksc

(n=95)

All WOAH Member

Countriesb (n=182)

Region

Hemisphere, n (%)

20,680 (97.3)89 (93.7)89 (57.8)154 (84.6)Northern

569 (2.7)6 (6.3)6 (21.4)28 (15.4)Southern

World Bank region, n (%)

5815 (27.4)13 (13.7)13 (54.2)24 (13.2)East Asia and Pacific

10,550 (49.6)40 (42.1)40 (78.4)51 (28.0)Europe and Central Asia

188 (0.9)4 (4.2)4 (13.8)29 (15.9)Latin America and the
Caribbean

1484 (7.0)10 (10.5)10 (50.0)20 (11.0)Middle East and North
Africa

1057 (5.0)2 (2.1)2 (100.0)2 (1.1)North America

537 (2.5)6 (6.3)6 (75.0)8 (4.4)South Asia

1618 (7.6)20 (21.1)20 (41.7)48 (26.4)Sub-Saharan Africa

World Bank income classification, n (%)

14,336 (67.5)39 (41.1)39 (66.1)59 (32.4)High income

3564 (16.8)23 (24.2)23 (48.9)47 (25.8)Upper middle

3233 (15.2)24 (25.3)24 (51.1)47 (25.8)Lower middle

116 (0.5)9 (9.5)9 (31.0)29 (15.9)Low income

N/AN/Af87.199.9Poultry productione,%

N/AN/A6,452,817,271 (83.0)7,770,202,146Populationg

aWOAH: World Organisation for Animal Health.
bDenominator is all WOAH Member Countries.
cDenominator is all WOAH Member Countries in that hemisphere/region/income classification.
dDenominator is all WOAH Member Countries that reported an outbreak.
eProportion of world poultry production based on most recently reported data from FAOSTAT for 2020.
fN/A: not applicable.
gBased on most recently reported data from 2021, Republic of Niue and Cook Islands are excluded from human population totals as data were not
available.
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Figure 2. World Organisation for Animal Health Member Countries reporting an animal avian influenza (AI) outbreak from January 2005 to December
2012 (A) and January 2013 to June 2022 (B) and World Health Organization Member States that reported human AI virus infections from January 2005
to December 2012 (C) and January 2013 to June 2022 (D).

A total of 10 HPAI and 6 LPAI virus subtypes were reported
for the first time during 2013-2022. As many as 4 HPAI virus
subtypes accounted for nearly 90% (n=19,068) of reported
animal outbreaks: H5N1 (10,079/21,249, 47.43%), H5N8
(6722/21,249, 31.63%), H5N2 (1341/21,249, 6.31%), and H5N6
(926/21,249, 4.36%); 2 LPAI virus subtypes accounted for 5%
(n=1076) of outbreaks: H7N9 (865/21,249, 4.07%) and H5N2
(211/21,249, 0.99%; Table 1). The predominant virus subtype
shifted from H5N1 (767/1659, 46.23%, in 2016 to 480/3439,
13.96%, in 2017) to H5N8 (686/1659, 41.35%, in 2016 to
1924/3439, 55.95%, in 2017; Figure 1). H5N8 continued to be
the predominant virus subtype in animal outbreaks each year
since 2017, except during 2019 and 2022 (Figure 1). Overall,
there were approximately 79,709,668 AI virus infections in
birds and 323,884,584 birds were culled from 2013 to 2022 per
the WOAH.

Results from the multivariable analysis for WOAH Member
Countries (Table 3) that reported at least one outbreak from
2013 to 2022 indicated that decreased AI virus outbreak
reporting among animals was associated with decreasing country
income classification. Compared with high-income Member
Countries, on average, upper-middle income countries reported
56% (adjusted relative rate 0.44, 95% CI 0.21-0.90) fewer
animal outbreaks, lower-middle income countries reported 82%
(adjusted relative rate 0.18, 95% CI 0.09-0.36) fewer animal
outbreaks, and low-income countries reported 87% (adjusted
relative rate 0.13, 95% CI 0.04-0.43) fewer animal outbreaks.
Between January 2013 and June 2022, for every annual poultry
production increase of 50 million head, there was a 2% decrease
in reported AI outbreaks.
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Table 3. Multivariable regression modela results for variables of interest associated with reported animal avian influenza outbreaks, January 2013-June
2022.

P value95% CIAdjusted relative
rate

P value95% CICrude relative
rate

Independent variable

World Bank income classification

ReferenceReferenceReferenceReferenceReferenceReferencebHigh income

.020.21-0.900.44<.0010.12-0.450.24Upper-middle income

<.0010.09-0.360.18<.0010.06-0.230.12Lower-middle income

.0010.04-0.430.13<.0010.03-0.240.08Low income

.230.85-1.040.94.0541.00-1.181.09Annual poultry import (per 50 million head)

<.0010.98-0.990.98<.0010.97-0.990.98Annual poultry production (per 50 million head)

Flyways

ReferenceReferenceReferenceReferenceReferenceReference1

.360.72-2.511.34.360.35-1.470.722

.280.32-1.380.67<.0010.09-0.360.18≥3

aPoisson distribution with a generalized estimating equation and human population offset adjusted for outbreak year.
bNo data to be presented here because this is the reference group for the variable.

Weekly Reports of AI Outbreaks Among Animals
The WOAH received 2485 weekly reports from 2016 to 2022,
comprising 15,240 AI virus outbreaks among animals from 91
Member Countries. On average, a median of 13 reports were
submitted per week. Taiwan (208/2485, 8.37%) and Germany
(176/2485, 7.08%) submitted the most weekly reports. The
greatest number of reported animal outbreaks occurred during
November 2021-June 2022 (6032/15,240, 39.58%) followed
by November 2016-June 2017 (3423/15,240, 22.46%). While
outbreaks occurred throughout the year, 87.17% (13,285/15,240)
began during November-May (13,024/14,755, 88.27%, in the
northern hemisphere Member Countries and 261/485, 53.8%,
in the southern hemisphere Member Countries), and onset
peaked in January and April in the northern hemisphere and
January and November in the southern hemisphere Member
Countries (Multimedia Appendix 1). The mean percentage of
all outbreaks reported each month that are in a new animal
category, for any given member-state, was 14% (range
0%-62%). Of the reports in new animal categories, wild bird

(162/439, 36.9%), farm/commercial bird (112/439, 25.5%), and
backyard/village bird (105/439, 23.9%) categories comprised
most reports. Nonhuman mammals made up the least number
of new reports at 1.6% (7/439) of new animal category reports.

AI Virus Infections Among Humans
During 2013-2022, 17 of WHO’s 194 Member States, which
contain more than one-half (4,469,153,194/7,890,000,000,
56.64%) of the world’s population, reported 2000 AI virus
infections in humans, which were associated with 10 AI virus
subtypes (Figure 1). Both North American region Member States
and 40% (4/10) of South Asian region Member States reported
a human AI virus infection during 2013-2022 (Table 4). On
average, 4 Member States reported human AI virus infections
each year (range 2 in 2018 to 7 in 2014). Oman is the only
Member State, with a reported human infection, that has never
reported an AI outbreak among animals; 8/17 (47%) Member
States first reported a human AI virus infection in 2013-2022
(Figure 2).
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Table 4. WHOa Member States reporting human infection with avian influenza virus by region and income classification (period: January 2013-June
2022).

Reported infections
(n=2000)

Distribution of reporting

Member Statesd (n=17)

Proportion of all WHO Member

States reporting infectionsc (n=17)

All WHO Member

Statesb (n=194)

Region and income classifica-
tion

Hemisphere, n (%)

17 (100)17 (100)17 (10.4)163 (84.0)Northern

0 (0)0 (0)0 (0)31 (16.0)Southern

World Bank region, n (%)

1786 (89.3)6 (35.3)6 (18.8)32 (16.5)East Asia and Pacific

1 (0.1)1 (5.9)1 (2.0)50 (25.8)Europe and Central Asia

0 (0)0 (0)0 (0)33 (17.0)Latin America and the
Caribbean

195 (9.8)2 (11.8)2 (10.5)20 (10.3)Middle East and North
Africa

6 (0.3)2 (11.8)2 (100.0)2 (1.0)North America

8 (0.4)4 (23.5)4 (50.0)9 (4.6)South Asia

4 (0.2)2 (11.8)2 (4.2)48 (24.7)Sub-Saharan Africa

World Bank income classification, n (%)

9 (0.5)4 (23.5)4 (6.6)61 (31.4)High income

1743 (87.2)3 (17.6)3 (10.3)29 (14.9)Upper middle

248 (12.4)10 (58.8)10 (20.4)50 (25.8)Lower middle

0 (0)0 (0)0 (0)55 (28.4)Low income

N/AN/Af67.896.9Poultry productione, %

N/AN/A4,469,153,1947,853,022,689Populationg, n

aWHO: World Health Organization.
bDenominator is all WHO Member States.
cDenominator is all WHO Member States in that hemisphere/region/income classification.
dDenominator is all WHO Member States that reported an infection.
eBased on most recently reported data from 2020.
fN/A: not applicable.
gBased on most recently reported data from 2021, Republic of Niue and Cook Islands are excluded from human population totals as data were not
available.

H7N9 (1568/2000, 78.40%) and H5N1 (254/2000, 12.70%)
viruses accounted for the most human infections (Table 5).
China reported the most H7N9 virus infections (1565/1568,
99.81%). Egypt reported the majority of non-H7N9 human AI
virus infection cases (194/432, 44.9%), followed by China
(170/432, 39.4%). The remaining 15 Member States were
responsible for 15.7% (68/432) of cases (Figure 2). Overall, the

East Asia and Pacific region reported the greatest number of
human cases (1786/2000, 89.30%), followed by the Middle East
and North Africa region (195/2000, 9.75%; Table 4). All
Member States that reported human infections were in the
northern hemisphere; 24% (4/17) were classified as high income
and none were classified as low income (Table 4).
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Table 5. Reported case fatality proportion and known animal exposure for human infections with avian influenza virus (January 2013-June 2022).

Known animal exposureb (n=1461),
n (%)

Reported case fatality proportiona,
(%)

Deaths reported (n=446), n
(%)

Cases reported (n=2000), n
(%)Subtype

2 (100)00 (0)2 (0.1)H3N8

219 (86.2)35.089 (20.0)254 (12.7)H5N1

70 (87.5)33.827 (6.1)80 (4.0)H5N6

3 (100.0)00 (0)3 (0.2)H5Nx

0 (0)00 (0)2 (0.1)H7N2

1 (100.0)00 (0)1 (0.1)H7N4

1106 (70.5)20.8326 (73.1)1568 (78.4)H7N9

58 (67.4)2.32 (0.4)86 (4.3)H9N2

0 (0)00 (0)1 (0.1)H10N3

2 (66.7)66.72 (0.4)3 (0.2)H10N8

aDeaths noted at report time or in subsequent notifications divided by all reported infections.
bA total of 438 cases had a missing value for the animal exposure variable.

While human AI virus infections occurred throughout the year,
89.65% (1793/2000) had illness onset dates during
December-May, with the frequency of onset typically peaking
in January (Multimedia Appendix 1). Of the 1953 human
infections with available exposure information, 1461 (74.81%)
had a known animal exposure prior to illness onset and 101
(5.17%) had no known animal exposure (Table 5). Age and sex
information was available for 1989/2000 cases (99.45%);
64.30% (1286/2000) of cases were in males. Most cases were
in persons aged 18-64 years (1253/2000, 62.7%). The rCFP
varied by virus subtype from 0% (H3N8; 0/2) to 67% (H10N8;
2/3). The overall rCFP was 22.30% (446/2000; Table 5). There
were 58/2000 reports of confirmed or possible HTHT (2.90%).
The median time from illness onset to the notification posted
on the IHR (2005) event information site or other official source
was 15 (IQR 9-31; mean 24) days.

Discussion

Principal Results and Comparison With Prior Work
Between 2013 and 2022, more AI virus outbreaks in animals
were reported by WOAH Member Countries than in the previous
8 years, with 26 Member Countries reporting their first animal
AI virus outbreak. From January 2013 to June 2022, there were
reports of more than 21,000 AI virus outbreaks in animals and
2000 human infections with AI viruses globally. As many as
10 new HPAI virus subtypes (new hemagglutinin/neuraminidase
[HA/NA] combinations) were identified in animals, representing
an almost 2-fold increase in the number of subtypes identified
during our study period compared with the previous 8 years.
This likely reflects broadened viral diversity, increased
reporting, and enhanced surveillance. Although there were 34
subtypes reported, only 4 accounted for 89.74% (19,068/21,249)
of animal outbreaks; all 4 were of the HPAI H5 lineage. During
the study period, the predominant subtype causing animal
outbreaks changed from H5N1 to H5N8, for all years but 1.
However, in 2022, H5N1 reemerged as the predominant subtype.
From 2016 to 2022, about 14% of outbreaks each month
occurred in a new animal category with wild birds representing

the highest percentage (36.9%, 162/439). This finding suggests
that in addition to spreading geographically, AI viruses are also
moving into more animal categories. Increases in geographic
and animal category reporting could be attributed to increased
poultry production and commercial trade [25], increased
exposure to wild birds through repeated annual migrations of
infected birds, changes in migration patterns because of climate
change or land conversion to agricultural production [4,26,27],
viral genetic evolution, and improved AI virus awareness and
surveillance capacity [28].

Seasonality patterns of animal AI virus outbreaks and human
infections with AI viruses were very similar and occurred
year-round; the frequency of both peaked during November
through May. This finding likely reflects the dominance of
reporting from the northern hemisphere countries. The seasonal
concurrence of animal and human infections indicates the
potential for animal-to-human transmission of AI and highlights
the importance of improved monitoring of AI virus subtypes in
humans and animals. Animal outbreaks might rise during periods
when commercial bird distribution surges in preparation for the
winter holidays and lunar new year [16]. This is consistent with
our quantitative results which suggest that the risk of human
infection increased for those with a known exposure to animals.
These epidemic patterns suggest that animal and human health
authorities might consider intensifying AI virus infection
prevention and control measures immediately before the onset
of the November-May increase in AI animal outbreaks [16].

While AI virus outbreaks among animals and human AI virus
infections had similar epidemic periods, less than one-half
(921/2000, 46.1%) of human cases occurred during years when
the same HPAI virus subtype was reported among animals in
the same country. In our data set, H9N2 was the third most
reported AI virus infection in humans. However, LPAI H9
subtypes are not required to be reported to the WOAH. As
human surveillance complements animal surveillance, AI virus
detections in humans may serve as signals of AI virus activity
among animals. The IHR (2005) stipulates reporting of human
AI virus infection within 48-72 hours of identification. Although
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the time from laboratory detection to reporting was not evaluated
(laboratory confirmation date was not routinely reported), the
median time of onset to IHR (2005) notification was 15 days
with about 26.1% (517/1976) of reports lagging by 30 or more
days. Delayed reporting is especially concerning for AI viruses
that become capable of efficient HTHT, as significant
community transmission may occur by the time of reporting.
Timely identification and notification of novel influenza viruses
are vital for global pandemic influenza preparedness. The most
effective AI virus surveillance would include comprehensive
surveillance, inclusive of all subtypes, and timely reporting in
domestic and wild birds, humans and, ideally, nonhuman
mammals especially swine, as pigs can play a crucial role in
novel influenza virus reassortment [6,28].

In our analysis, Member Countries with World Bank income
classifications other than high income were less likely to report
animal AI virus outbreaks. Latin America and the Caribbean
region reported the fewest number of outbreaks. There are
published reports of AI virus outbreaks in the Americas,
especially Latin America [29]; however, these outbreaks were
not reported to the WOAH, and therefore, global surveillance
systems that rely on the WOAH reporting mechanism did not
capture these outbreaks. A 2022 report from the WOAH noted
that HPAI is nationally notifiable in only 73.4% of Member
Countries and only 67.5% of Member Countries report having
surveillance in place [30]. The lack of established surveillance
systems or lack of reporting from these and other Member
Countries exposes a gap in global AI virus surveillance.
Additionally, the WOAH does not require Member Countries
to report enzootic AI [1]. This can lead to routine undercounting
of AI virus activity in those Member Countries and shows that
while surveillance and reporting may have improved since 2012,
there is still room for improvement.

Limitations
Our study is subject to at least four limitations. First, not all
Member Countries/States report AI virus outbreaks among
animals or human infections with AI viruses to the WOAH or
WHO, respectively, because of inadequate surveillance systems
or political and economic concerns about the impact of reporting
on poultry trade [28,31]. Further, our multisource data
acquisition process may not have identified all cases. Therefore,

these reports are likely underestimates. Second, sequencing and
clade data were not consistently reported or recorded for animal
outbreaks; therefore, genetic relatedness of virus subtypes was
not available for this analysis. Third, data collection for the
yearly and weekly outbreak and human infection databases
occurred manually over the years and is therefore subject to
human error. Finally, observed increases in outbreak numbers
and reporting Member States/Countries may be an artifact of
enhanced surveillance and not necessarily wholly because of
an increase in outbreak frequency over time.

Conclusions
AI virus surveillance from 2013 to 2022 identified 10 new
HA/NA combinations of HPAI virus, AI virus in novel animal
categories, and 26 more Member Countries reporting animal
outbreaks than in the preceding 8 years. Although we are unable
to fully quantify the magnitude of each animal outbreak from
our data, outbreaks from January 2013 to June 2022 have
resulted in the cumulative loss of over 325 million birds.
Zoonotic viral transmission from animals to humans poses a
continued public health threat because efficient, sustained
transmission of AI viruses in humans could trigger the next
pandemic [10]. Public and animal health leaders should
encourage Member Countries to adhere to international
standards put forth by the WOAH and report AI virus events
as indicated [1]. Timely notifications from all Member
States/Countries of novel influenza virus infections in humans
and AI virus outbreaks in animals are central to pandemic
preparedness and prevention. It is essential for global AI virus
surveillance that WHO Member State and WOAH Member
Country health officials ensure that AI virus reports are
submitted within the required timeline by international
standards. Commonly reported AI virus subtypes in humans
were not required to be reported in animals, making One Health
collaboration between animal and human surveillance systems
even more crucial. Further research to explore causes for AI
virus increases in animals might prove beneficial, including
evaluation of commercial poultry and swine farm biosecurity,
mechanisms of domestic poultry and swine exposure to wild
migratory bird populations, laboratory studies to investigate
phenotypic characteristics of currently circulating viruses, and
the effects of climate and ecological degradation on migration
patterns.
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Abstract

Background: With population aging, the prevalence of both cancer and atrial fibrillation (AF) have increased. However, there
is scarce epidemiological data concerning the comorbid state of cancer and AF in low- and middle-income countries, including
China.

Objective: We aimed to evaluate the site-, sex-, and age-specific profiles of cancer and AF comorbidities in Chinese populations.

Methods: Data from the Shanghai Municipal Health Commission database between 2015 and 2020 were screened, covering
all medical records of Shanghai residents with medical insurance. Site-specific cancer profiles were evaluated for the population
with AF relative to the age- and sex-adjusted population of residents without AF. The sex distribution and peak age of cancer
diagnosis were also assessed.

Results: A total of 25,964,447 adult patients were screened. Among them, 22,185 patients presented cancers comorbid with
AF (median 77, IQR 67-82 years of age; men: n=13,631, 61.44%), while 839,864 presented cancers without AF (median 67, IQR
57-72 years of age; men: n=419,020, 49.89%), thus yielding a higher cancer prevalence among residents with AF (8.27%) than
among those without AF (6.05%; P<.001). In the population with AF, the most prevalent cancer type was lung cancer, followed
by colorectal, male genital organ, stomach, breast, liver, bladder, thyroid, leukemia, and esophageal cancers. AF was associated
with an average of nearly 1.4-fold (prevalence ratio [PR] 1.37, 95% CI 1.35-1.38) increased prevalence of cancer after adjusting
for age and sex. For site-specific analyses, an increased prevalence of cancer in the population with AF was observed in 20 of
21 cancer sites. This increased prevalence was most prominent for nonsolid tumors, including multiple myeloma (PR 2.56, 95%
CI 2.28-2.87), leukemia (PR 1.73, 95% CI 1.57-1.90), and non-Hodgkin lymphoma (PR 1.59, 95% CI 1.43-1.77); intrathoracic
malignancies, including mediastinum (PR 2.34, 95% CI 1.89-2.90), lung (PR 1.64, 95% CI 1.59-1.69), and esophageal cancers
(PR 1.41, 95% CI 1.28-1.56); bone and soft tissue neoplasms (PR 1.56, 95% CI 1.37-1.77); and kidney cancer (PR 1.53, 95% CI
1.36-1.72). Cancer prevalence in the population with AF relative to that in the population without AF was higher in men than in
women in 14 of 18 cancer sites, and female predominance was only observed for thyroid cancer. The peak age of index cancer
diagnosis was lower in the population with AF (age group: 70-74 years) than in that without AF (age group: 75-79 years), especially
for specific cancer types, including thyroid, central nervous system, mediastinum, esophageal, bladder, and biliary cancers.
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Conclusions: Patients with AF are associated with increased prevalence, heightened male predominance, and younger peak
age of cancer. Further studies are needed to determine whether early screening of specific cancers is cost-effective and beneficial
for patients with AF.

(JMIR Public Health Surveill 2023;9:e40149)   doi:10.2196/40149
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Introduction

Atrial fibrillation (AF) is the most prevalent arrhythmia and
affects approximately 1% of the general population [1,2].
Besides its relation to cardiovascular complications and
mortality, increased risk of various noncardiovascular diseases,
including cancers, was evident in a population with AF [3].
Cancer is the leading cause of noncardiovascular deaths and is
associated with increased major bleeding, intracranial
hemorrhage, and arguably thromboembolic events in patients
with AF [4-6]. On the other hand, new-onset AF was related to
a poorer prognosis in patients with cancer [7-9]. With rapid
population aging and improved survival of both diseases, AF
and cancer comorbidities are becoming increasingly clinically
important and prevalent and should gain more attention from
both cardiologists and oncologists.

Due to the asymptomatic nature of early-stage cancer and the
intermittent onset of paroxysmal AF, diagnoses of both cancer
and AF may experience years of latency, especially in low- and
middle-income countries (LMICs) [10,11]. Wearable devices
and mobile health might largely improve the screening
efficiency and early detection of both cancer and AF but are
not widely adopted currently [12-14]. Consequently, the time
of diagnosis of AF and cancer does not reflect the true onset
time of either disease, and preclinical stages, which may involve
carcinoma in situ or atrial high-rate episodes, can last years. In
addition, common risk factors (eg, smoking, obesity, and aging)
and related molecular pathways (eg, chronic inflammation and
autonomous dysregulation) might also contribute to the causality
of the co-occurrence of AF and cancer [15]. Taken together,
index diagnosis of AF in patients with cancer or cancer in
patients with AF based on the temporal relationship between
the two disorders might contain nonnegligible selection or
lead-time bias [3,5,7,8]. Such potential bias was indicated by
the fact that the highest diagnosis rate of new-onset AF occurred
in the first 60 days after cancer diagnosis [9]. This was
attributed, at least partially, to the intensive cardiovascular
examinations of newly diagnosed patients with cancer.

The prevalence of both AF and cancer, as well as site-specific
cancer types, varied across different regions, races, and
ethnicities [16]. Consequently, the prevalence of AF-cancer
comorbidities should also present with regional, racial, and
ethnic differences. There is scarce epidemiological data
concerning the comorbid state of cancer and AF, especially in
LMICs, including China. Taking advantage of the
government-issued database containing all sources of medical
records from 25 million Shanghai citizens [1], this study
investigated the site-, sex-, and age-specific profiles of comorbid
cancer in the population with AF in Shanghai, thus providing

insights regarding cancer and AF comorbidities in the Chinese
population.

Methods

Database and Study Population
Data were retrieved from the Shanghai Municipal Health
Commission database from 2015 to 2020 [1]. The database was
administered by the Shanghai municipal government and
covered all sources of medical records in Shanghai from 2346
medical institutions, including information on inpatient and
outpatient visits at all hospitals and clinics and routine primary
and family care. With health insurance coverage of over 96%,
the local population with medical insurance largely represents
the residents of Shanghai [1]. The government-instituted
universal health insurance included the Urban Residents’ Basic
Medical Insurance scheme, the Urban Employee Basic Medical
Insurance scheme, and the New Rural Cooperative Medical
scheme. Patients without local medical insurance were excluded
to avoid the inclusion of nonlocal patients who sought temporary
medical services in Shanghai. Pediatric patients were also
excluded. Adult patients (aged ≥20 years) in the database were
screened for cancer and AF. Patients with cancer and AF
comorbidities were defined as the patients with index diagnoses
of cancer and AF between 2015 and 2020, regardless of the
temporal order of the index date between the two diagnoses.

Diagnoses were recorded using the International Statistical
Classification of Diseases, Tenth Revision (ICD-10). AF was
identified by ICD-10 codes I48.01-03 and O99.418. Cancers in
general (ICD-10 codes: C00-C97) and of individual systems
were screened in patients with and without AF. A total of 21
types of cancer were listed as follows: esophageal cancer (C15),
stomach cancer (C16), colorectal cancer (C18 to C21), liver
cancer (C22), biliary cancer (C23 and C24), pancreatic cancer
(C25), head and neck cancer (C00 to C14 and C30 to C32), lung
cancer (C34), malignant neoplasm of mediastinum (C37 and
C38), malignant neoplasm of bone and soft tissue (C40, C41,
and C45 to C49), melanoma (C43), breast cancer (C50),
gynecologic cancer (C51 to C58), male genital cancer (C60 to
C63), renal cancer (C64), bladder cancer (C67), central nervous
system (CNS) cancer (C69 to C72), thyroid cancer (C73),
non-Hodgkin lymphoma (C82 to C85), multiple myeloma (C90),
and leukemia (C91 to C95). Carcinoma in situ (D00 to D09)
and borderline tumors (D37 to D48) were not included. The
detailed ICD-10 codes are listed in Table S1 in Multimedia
Appendix 1. For analyses of sex disparities, gynecologic, breast,
and male genital organ cancers were not included. China has
released a nationwide regulation for cancer registration, which
requires health care systems to report cancer cases since 2015
[17]. Therefore, cancer diagnosis data in this study was assumed
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to be reliable because the Chinese government provides financial
support for patients with cancer-related ICD-10 codes on the
basis of clinical pathologic assessments.

Statistical Analysis
Data are presented as median (IQR) or as absolute values and
percentages. The prevalence of comorbid cancer in the
population with AF was calculated from the number of patients
with cancer and AF divided by the total number of patients with
AF. Due to different age and sex distributions between
populations with and without AF, standardization was conducted
for patients without AF according to the age and sex
distributions of patients with AF (the numbers of patients before
and after the adjustment are shown in Table S2 in Multimedia
Appendix 1). The prevalence of cancer in patients without AF
was subsequently calculated from the number of sex- and
age-adjusted patients without AF who had cancer divided by
the total number of sex- and age-adjusted patients without AF.
The sex-specific cancer prevalence in patients with and without
AF was also analyzed and compared. Pearson chi-square tests
or Fisher precision probability tests were used to analyze the
differences in the prevalence of various cancer types between
populations with and without AF. The relative prevalence of
cancer was presented as the prevalence ratio (PR) and 95% CI.
P<.05 was considered statistically significant. All analyses were
performed with SPSS 22.0 (IBM Corp).

Ethical Considerations
This study was reviewed and approved by the ethics committee
of Xinhua Hospital, School of Medicine, Shanghai Jiao Tong
University (XHEC-D-2022-043). Informed consent was
exempted due to the retrospective design and the anonymized
and deidentified patient records.

Results

Baseline Characteristics
A total of 25,964,447 adult patients (median 47, IQR 32-62
years of age; men: n=12,649,586, 48.72%) were included in the
analyses (Table S3 in Multimedia Appendix 1). Among them,
22,185 patients presented with comorbid AF and cancer (median
77, IQR 67-82 years of age; men: n=13,631, 61.44%). Cancers
were found in 839,864 individuals without AF (median 67, IQR
57-72 years of age; men: n=419,020, 49.89%), while AF was
observed in 246,216 patients without cancer (median 77, IQR
67-87 years of age; men: n=118,063, 47.95%). As shown in
Table 1, despite a uniformly higher prevalence of cancer in
patients with AF, the top 10 cancers in the populations with and
without AF were essentially identical, with the exceptions of
leukemia in the population with AF and pancreatic cancer in
the population without AF. The most prevalent cancer in the
population with AF was lung cancer, followed by colorectal,
male genital organ, stomach, breast, liver, bladder, thyroid,
leukemia, and esophageal cancers.

Table 1. Prevalence of different cancers in patients with and without atrial fibrillation (AF).

Patients without AF (n=3,954,796a), n (%)Patients with AF (n=268,401), n (%)Cancer site

41,168 (1.04)4572 (1.70)Lung

27,976 (0.71)2389 (0.89)Colorectum

21,093 (0.53)1588 (0.59)Male genital organs

17,982 (0.45)1529 (0.57)Stomach

12,427 (0.31)1032 (0.38)Breast

8247 (0.21)774 (0.29)Liver

7313 (0.18)593 (0.22)Bladder

6927 (0.18)565 (0.21)Thyroid

4037 (0.10)473 (0.18)Leukemia

4570 (0.12)438 (0.16)Esophagus

5359 (0.14)424 (0.16)Pancreas

aData from patients without AF were age- and sex-adjusted.

Increased Prevalence of Cancer in Patients With AF
As shown in Table 2, the prevalence of cancer in patients with
AF (8.27% in total; 10.35% in men and 6.26% in women) was
higher than that in patients without AF (6.05% in total; 7.21%
in men and 4.89% in women; P<.001 for all comparisons). AF
was associated with a nearly 1.4-fold higher prevalence of
cancer after adjusting for age and sex (PR 1.37, 95% CI

1.35-1.38; Figure 1). A consistently increased prevalence of
comorbidity with AF was observed in 20 of 21 cancer sites,
with the only exception being CNS cancers (PR 0.94, 95% CI
0.71-1.25). The strongest association was observed in multiple
myeloma (PR 2.56, 95% CI 2.28-2.87), followed by
mediastinum cancer, leukemia, lung cancer, bone and soft tissue
neoplasms, kidney cancer, and esophageal cancer.
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Table 2. Prevalence of different cancers in men and women with and without atrial fibrillation (AF).

WomenMenAll patientsCancer
site

P valueChi-
square

Without
AF, %

With AF,
%

P valueChi-
square

Without
AF, %

With AF,
%

P valuebChi-
square

Without

AFa, %

With AF,
%

<.001506.754.896.26<.0011785.117.2110.35<.0012118.276.058.27All sites

.063.530.120.14.0086.990.280.32.00110.210.200.23Head and
neck

.0048.270.080.10<.00142.320.150.23<.00148.150.120.16Esopha-
gus

.00111.070.310.36<.00166.450.600.78<.00172.260.450.57Stomach

<.00117.760.600.69<.001114.960.821.10<.001117.520.710.89Colorec-
tum

.00116.010.150.20<.00161.960.270.38<.00175.170.210.29Liver

.0087.150.100.12.0029.430.090.11.00116.390.090.12Biliary
tract

.0038.920.130.16.152.040.140.16.0029.280.140.16Pancreas

<.001138.100.811.10<.0011010.041.282.33<.0011029.571.041.70Lung

<.00118.550.010.03<.00147.380.020.05<.00164.440.020.04Medi-
astinum

<.00117.450.050.08<.00129.220.070.11<.00145.430.060.09Bone and
soft tissue

.161.990.020.03.016.080.020.03.0077.390.020.03Skin

<.00158.820.570.73<.00117.510.050.02<.00139.070.310.38Breast

.00114.610.050.07<.00138.950.100.16<.00152.260.080.12Kidney

.810.060.090.09<.00122.260.290.36<.00117.460.180.22Bladder

<.00125.160.210.28N/AN/AN/AN/Ac<.00125.160.100.14Gynecolo-
gy

N/AN/AN/AN/A<.00140.541.021.21.00115.990.530.59Male gen-
ital or-
gans

<.00116.550.240.29.142.230.110.13<.00117.740.180.21Thyroid

<.00132.930.070.12<.00144.940.110.17<.00176.720.090.14Non-
Hodgkin
lym-
phoma

<.00182.890.040.09<.001202.110.060.16<.001277.420.050.13Multiple
myeloma

<.00145.900.080.14<.00184.640.120.21<.001129.550.100.18Leukemia

.102.730.020.01.321.000.020.03.670.180.020.02CNSd

aData from patients without AF were age-adjusted.
bP<.05 was considered statistically significant.
cN/A: not applicable.
dCNS: central nervous system.
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Figure 1. Increased cancer prevalence in patients with AF. Plot showing relative prevalence of site-specific cancers in patients with and without AF,
ordered from largest to smallest relative prevalence. AF: atrial fibrillation; CNS: central nervous system; PR: prevalence ratio.

Sex Disparities in Cancer Prevalence
The increased prevalence of various cancer types in the
population with AF was further analyzed regarding sex. As
shown in Table 3, the strongest association between AF and
cancer was found in multiple myeloma (in men: PR 2.73, 95%
CI 2.36-3.16; in women: PR 2.32, 95% CI 1.93-2.80) and

mediastinum cancer (in men: PR 2.50, 95% CI 1.91-3.28; in
women: PR 2.12, 95% CI 1.49-3.01) for both sexes. The
increased AF prevalence in patients with lung cancer ranked
third in men and seventh in women. The increased AF
prevalence in patients with gynecologic cancer ranked eighth
in women.
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Table 3. Atrial fibrillation (AF)–related cancer prevalence in men and women.

WomenMenCancer site

P valuePR (95% CI)P valuePRa (95% CI)

<.0012.32 (1.93-2.80)<.0012.73 (2.36-3.16)Multiple myeloma

<.0012.12 (1.49-3.01)<.0012.50 (1.91-3.28)Mediastinum

<.0011.37 (1.30-1.44)<.0011.81 (1.75-1.88)Lung

<.0011.66 (1.43-1.93)<.0011.77 (1.57-2.00)Leukemia

<.0011.60 (1.36-1.88)<.0011.59 (1.39-1.83)Non-Hodgkin lymphoma

<.0011.53 (1.25-1.87)<.0011.59 (1.34-1.88)Bone and soft tissue

<.0011.49 (1.21-1.83)<.0011.56 (1.36-1.80)Kidney

.0041.29 (1.08-1.53)<.0011.48 (1.31-1.67)Esophagus

.161.26 (0.91-1.73).011.47 (1.08-1.99)Skin

<.0011.29 (1.14-1.46)<.0011.44 (1.31-1.57)Liver

aPR: prevalence ratio.

As shown in Figure 2, cancer prevalence showed a male
predominance in the population without AF (PR 1.47, 95% CI
1.46-1.49), which was further strengthened in the population
with AF (PR 1.65, 95% CI 1.61-1.70). In the population with
AF, the prevalence of cancer was higher in men than in women
at 14 of 18 cancer sites (gynecologic, breast, and male genital

organ cancers were excluded). Among them, a male
predominance of over a 2:1 male to female ratio was found in
bladder, CNS, head and neck, esophageal, kidney, stomach, and
lung cancers. Cancer risk in the population with AF was similar
for skin, pancreas, and biliary cancers between sexes, while a
female predominance was found in thyroid cancer.
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Figure 2. Sex disparities in cancer prevalence among different cancer types in patients with and without AF. Plot showing relative prevalence of
site-specific cancers comparing men to women among patients with (red) and without (blue) AF. The cancer types are ranked from largest to smallest
relative risk in patients with AF. A total of 18 cancer sites were analyzed. Gynecologic cancer, breast cancer, and cancer of male genital organs (mainly
prostate cancer) were not included in the analyses for sex disparities. AF: atrial fibrillation; CNS: central nervous system; PR: prevalence ratio.

Peak Age of Cancer Diagnosis in Patients With AF
Overall, there was a younger peak age of cancer diagnosis in
the population with AF (range 70-74 years) than in that without
AF (range 75-79 years; Figure 3A). For specific cancer types,
a younger peak age of cancer diagnosis was observed in the
population with AF than in that without AF, including thyroid

(with AF: range 40-49 years; without AF: range 50-59 years),
CNS (with AF: range 40-49 years; without AF: range 60-69
years), mediastinum (with AF: range 50-59 years; without AF:
range 60-69 years), esophageal (with AF: range 60-69 years;
without AF: range 80-89 years), bladder (with AF: range 70-79
years; without AF: range 80-89 years), and biliary (with AF:
range 70-79 years; without AF: range 80-89 years) cancers
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(Figure 3B). In other types of cancers, the peak age of cancer
diagnosis was similar between the populations with and without

AF (Figure S1 in Multimedia Appendix 1).

Figure 3. Peak age of cancer in general (A) and specific cancer types (B) in patients with and without AF. AF: atrial fibrillation; CNS: central nervous
system.

Discussion

Main Findings
In this whole population–based medical insurance database
study, we reported the prevalence of the AF-cancer comorbid
state in Shanghai, the largest city in China. The main findings
were as follows: (1) the most prevalent cancer types were
essentially identical between the populations with and without
AF; (2) cancer prevalence was higher in 20 of 21 cancer types
in patients with AF compared to those without AF; (3)
prevalence of nonsolid tumors, intrathoracic malignancies, bone
and soft tissue cancers, and kidney cancer were ≥1.4-fold higher
in the population with AF; (4) male predominance of cancer
was more prominent in the population with AF; and (5) a
younger peak age of the index cancer diagnosis was observed
in the population with AF, especially for esophageal,
mediastinum, thyroid, bladder, biliary, and CNS cancers.

Increased Prevalence of Cancer With Comorbid AF
Increasingly, AF has been recognized as an important
comorbidity in cancer. Previous studies reported that patients
with cancer have an increased risk of new-onset AF compared
with the general population or individuals without cancer
[7,8,18]. In addition, patients with cancer and AF showed
increased risks of thromboembolism, bleeding, heart failure,
and mortality, which highlighted the importance of detecting
and managing AF in patients with cancer [19,20]. Notably,
elevated breast cancer risk was reported in patients with

pre-existing AF [3,9]; however, it remained unknown if the
results of these studies could be extended to other cancer types
among patients with AF. This study has contributed to filling
in this knowledge gap, especially in the Chinese population.
Significantly increased cancer prevalence was found in the
population with AF, most prominently for hematological tumors
(including multiple myeloma, leukemia, and non-Hodgkin
lymphoma), intrathoracic malignancies (including mediastinum,
lung, and esophageal cancers), and bone, soft tissue, and kidney
cancers. It is important to note that the prominent association
between AF and CNS cancer, which was previously reported
[8], was not observed in our study. The reason for this disparity
was not clear. It is possible that the previously reported
new-onset AF after CNS cancer diagnosis was mainly attributed
to cardiotoxicity following cancer treatment, rather than the
common pathway between oncogenesis and arrhythmogenesis.

Challenges in Establishing Temporal Relationships
Between AF and Cancer
In this study, the temporal relationship between the two diseases
was not differentiated for 4 reasons. First, the diagnoses of both
AF and cancer commonly present latency following the
development of the disease [10,11]. Years of delay in AF
diagnoses have been noticed in more than 30% of patients with
prior cryptogenic stroke, even under frequent
electrocardiographic screening [10]. Likewise, early diagnosis
of cancer relies on screening at its asymptomatic stage, which
is more challenging in LMICs due to weaker health care and
economic infrastructure [21]. Therefore, it would be challenging
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to determine the temporal order of the index diagnoses of AF
and cancer.

Second, both diseases at their preclinical stage may already
predispose similar pathological effects prior to their clinical
stage. Atrial high-rate episodes, the precursor to AF associated
with subsequent clinically documented AF, could already
present AF-prone thromboembolic, cardiovascular, and mortality
risks [22]. Carcinoma in situ, the precursor to invasive cancer,
may have already created a tumorous microenvironment and
triggered a systemic immune response during its transition [23].
Therefore, the index diagnoses might be unable to determine
the potential interconnection of the two entities at their
subclinical stages.

Third, various common risk factors suggested that temporal
sequencing did not necessarily imply causation. Common risk
factors included aging, hypertension, diabetes, obesity, smoking,
consumption of alcohol, air pollution, mental and physical stress,
sleep disturbances, and westernized diet and lifestyle, among
others. These risk factors led to pathological processes that
precipitated both diseases, such as chronic inflammation,
oxidative stress, electrolyte-handling abnormalities, and
autonomous dysregulation [15]. Therefore, the AF-cancer
comorbid state may comprehensively reflect the true nature of
the development of the two diseases.

Finally, the temporal association may result in selection bias
and lead-time bias [3,5,7,8]. The highest rate of new-onset AF
in the first 60 or 90 days after cancer diagnosis may partially
be attributed to frequent clinical visits, electrophysiological
monitoring, and comprehensive cardiovascular evaluation that
may affect cancer therapy [3,9]. On the other hand, the initiation
of anticoagulation after AF diagnosis may reveal occult cancers
by the alerting sign of bleeding, especially at gastrointestinal
and genitourinary sites [24]. Nevertheless, a definite timeline
between the onset of cancer and AF did exist in several
circumstances; these conditions were commonly correlated with
antineoplastic therapies, including chemotherapy, targeted
therapy, surgery, and radiation, as well as cancer-related pain
and stress [25]. However, the effects of arrhythmogenic
cardiotoxicity differed among individuals. Those with
proarrhythmic atrial substrate may be more vulnerable to AF
during cancer therapy.

Heightened Male Predominance of Cancer Among
Patients With AF
Robust sex differences exist in almost all aspects of cancer and
AF, including epidemiology, progression, treatment response,
and survival [26-28]. A striking male predominance in cancers
was found in the general population from over 60 countries
[26]. Similarly, a 3:2 male to female ratio in AF prevalence was
also present, despite a female predominance in the older
population [27]. Due to the higher prevalence of both cancer
and AF in men, it seemed reasonable to expect higher rates of
the comorbid conditions in men than in women. Our results in
the population without AF demonstrated a male predominance
of cancer at 15 of 18 sites, which was consistent with a previous
study [26]. Of note, the male to female ratio in cancer was
further intensified in the population with AF. The extents to
which sex differences among cancer types were strengthened

by AF were not uniform among the different cancer types and
were most prominent in lung and colorectal cancers. The varied
extents suggested that mechanisms other than simple pile-up
effects were at play. The response of sex differentiated
cardiotoxicity to cancer therapy may also contribute to a
heightened sex disparity in AF development [28].

Importance of Cancer Screening in Patients With AF
As one of the most important topics in oncology, cancer
screening aims to achieve early cancer detection, improve
clinical outcomes, and reduce the burden of health economics.
The benefits of screening for a particular cancer must outweigh
the associated costs and risks of screening. The success of a
screening program also depends on the disease burden, the
reliability of the test, population participation, adequate
resources, and staffing. Therefore, selection of the high-risk
population and the cut-off age is of high importance in cancer
screening, especially in LMICs compared to countries with
ample resources [29]. The current cancer screening guidelines
highlighted several high-risk conditions that benefited from
early screening and intensive precursor surveillance for specific
cancers, such as smoking for lung cancer, human papillomavirus
infection for cervix cancer, family history of malignancies, and
so on [30]. The results of our study suggest not only a higher
prevalence but also a younger peak age of cancer diagnosis in
the population with AF. Specifically, nonsolid tumors (including
multiple myeloma, leukemia, and non-Hodgkin lymphoma) and
intrathoracic malignancies (including lung, esophageal, and
mediastinum cancers) were characterized by higher absolute
prevalence, younger peak age, and stronger associations with
AF than other cancer types. Therefore, early screening of
nonsolid and intrathoracic cancers via methods such as complete
blood count, endoscopy, and chest computed tomography may
be beneficial for patients with AF. Accordingly, more intensive
heart rhythm monitoring for potential AF should also be
considered in these types of cancers to optimize the risk
assessment and standardize anticoagulation management.

Limitations
First, only adult patients were included in this study. AF is rare
in children, and pediatric malignancies may need to be seen as
a distinct subset from adult cancers due to different cancer
genetics, distributions, risk factors, comorbidities, and
consequently, pathophysiological mechanisms. Second, the
generalizability of our findings may be limited with regard to
population and time, despite the large volume of data. The
profiles of both cancer and AF were undergoing a transition in
China due to the constantly changing demographic structure
and health economic background and were affected by other
diseases and different lifestyles [31]. Shanghai, as the most
industrialized region in China with the oldest population [32],
may have heavier burdens of both cancer and AF than other
regions in China and other LMICs [16,33]. However, the
epidemiological features, medical resources, and disease
management provisions in Shanghai may share a mixture of
characteristics with those in LMICs and high-income countries.
This may represent a future trend in other parts of China and
other LMICs around the world. Third, asymptomatic AF may
have gone underdiagnosed. However, thanks to the popularity
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of contracted family doctor services, residents in Shanghai
undergo routine cardiac auscultation and intermittent handheld
electrocardiogram recording, which may have largely unveiled
silent AF during the 6-year inclusion period. Lastly, endogeneity
bias might exist since other diseases and lifestyles also
participate in the AF-cancer association.

Conclusions
This large medical insurance database study demonstrates that
the comorbid state of AF and cancer is substantial in Shanghai,
China. Patients with AF face increased prevalence, heightened
male predominance, and a younger peak age of cancer.
Physicians and patients should be aware of the cancer risks

when AF is diagnosed. Screening for AF-associated cancers,
such as by complete blood count for hematological tumors or
thoracic computer tomography for intrathoracic malignancies,
might be considered in patients with AF after a consultation
with a cardio-oncologist. Likewise, more intensive heart rhythm
monitoring for potential AF might be performed in specific
cancers to optimize the prognosis, assessment, and prevention
of cardiovascular complications. Further studies are needed to
determine whether early screening of specific cancers in patients
with AF is cost-effective and beneficial. Investigations regarding
the value of wearable devices and mobile health in the screening
and early detection of AF-cancer comorbidity are also warranted.
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Abstract

Background: COVID-19 had a greater impact in the Deep South compared with other regions in the United States. While
vaccination remains a top priority for all eligible individuals, data regarding the progress of booster coverage in the Deep South
and how the coverage varies by county and age are sparse. Despite existing evidence of racial and ethnic disparities in COVID-19
vaccinations at the individual level, there is an urgent need for evidence at the population level. Such information could highlight
vulnerable communities and guide future health care policy-making and resource allocation.

Objective: We aimed to evaluate county-level COVID-19 booster coverage by age group in the Deep South and explore its
association with residential segregation.

Methods: An ecological study was conducted at the population level by integrating COVID-19 vaccine surveillance data,
residential segregation index, and county-level factors across the 418 counties of 5 Deep South states from December 15, 2021,
to October 19, 2022. We analyzed the cumulative percentages of county-level COVID-19 booster uptake by age group (eg, 12
to 17 years, 18 to 64 years, and at least 65 years) by the end of the study period. The longitudinal relationships were examined
between residential segregation, the interaction of time and residential segregation, and COVID-19 booster coverage using the
Poisson model.

Results: As of October 19, 2022, among the 418 counties, the median of booster uptake was 40% (IQR 37.8%-43%). Compared
with older adults (ie, at least 65 years; median 63.1%, IQR 59.5%-66.5%), youth (ie, 12 to 17 years; median 14.1%, IQR
11.3%-17.4%) and adults (ie, 18 to 64 years; median 33.4%, IQR 30.5%-36.5%) had lower percentages of booster uptake. There
was geospatial heterogeneity in the county-level COVID-19 booster coverage. We found that higher segregated counties had
lower percentages of booster coverage. Such relationships attenuated as time increased. The findings were consistent across the
age groups.

Conclusions: The progress of county-level COVID-19 booster coverage in the Deep South was slow and varied by age group.
Residential segregation precluded the county-level COVID-19 booster coverage across age groups. Future efforts regarding
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vaccination strategies should focus on youth and adults. Health care facilities and resources are needed in racial and ethnic minority
communities.

(JMIR Public Health Surveill 2023;9:e44257)   doi:10.2196/44257

KEYWORDS

Deep South; COVID-19; vaccine; booster; residential segregation

Introduction

Following its approval in September 2021, the booster dose has
contributed to more effective prevention and lower mortality
for COVID-19 [1,2]. In the United States, the first COVID-19
booster was initially recommended to be administered at least
6 months after the completion of the primary series for
individuals aged 18 years and older [2-4]. This guidance later
expanded to individuals aged between 16 and 17 years [2-4].
By January 2022, the US Food and Drug Administration [5,6]
extended the booster recommendation to those aged 12 to 15
years and shortened the interval to 5 months after the primary
vaccination. Despite the encouraging evidence on the efficacy
of the COVID-19 vaccine, as of October 19, 2022, only 50.7%
of Americans aged 12 years and older had both completed the
primary series and received a booster [7,8]. In the Deep South,
which includes Alabama, Georgia, Louisiana, Mississippi, and
South Carolina, this percentage was even lower (40%-44%)
[7,8]. Although around 75% of the individuals aged 12 years
and older in the United States (and approximately 63% in the
Deep South) are fully vaccinated, the relatively low percentage
of booster uptake is concerning as a booster dose can effectively
decrease the risk of infection and severe illness [7,8]. Given
that the Deep South experienced a disproportionately more
severe impact from COVID-19 compared with other regions,
vaccination remains a top priority for all eligible individuals
[9-11]. However, there are limited data delineating booster
coverage in the Deep South and how this rate varied by county
and age, which is of critical importance for future vaccine
planning, especially for vaccination of updated booster dose.

Racial and ethnic minority communities, including Black and
Hispanic communities, are vulnerable to COVID-19 but lack a
variety of health care resources. In the prevaccination period of
the pandemic, these communities displayed higher incidences
of infections, hospitalizations, and unfavorable treatment
outcomes [9,12-14]. In the postvaccination period, both Black
and Hispanic communities had a lower percentage of completing
at least 1 COVID-19 vaccine dose when compared to their White
counterparts [15]. This racial and ethnic disparity is also evident
among children and adolescents. While the child and adolescent
COVID-19 vaccination rates were low overall, Black and
Hispanic children and adolescents (aged 5 to 17 years) had lower
COVID-19 vaccination rates than their White and Asian peers
[16]. One of the major barriers is residential segregation that
restricts access to health care resources in minority communities
[17]. Empirical research demonstrated that more segregated
counties had more pronounced differences in COVID-19 vaccine
coverage between Black and White residents [18,19]. However,
the vast majority of evidence regarding racial and ethnic
disparities in COVID-19 vaccination was generated from the

studies at the individual level with limited population-level
analyses. Of the few population-based studies, most were
cross-sectional designs and did not examine the difference in
COVID-19 vaccination by age groups [18,19]. Knowledge
gleaned from these age-specific disparities can illuminate the
progress of vaccination in racial and ethnic minority
communities and facilitate the process of health care
policy-making.

Well-designed ecological studies hold the potential to yield
compelling evidence on racial and ethnic disparities in
vaccination at the population level. Such insights can facilitate
the identification of vulnerable communities and guide the
optimal allocation of resources for disease control and
prevention. A notable strength of ecological studies is their
ability to harness comprehensive surveillance data [20,21].
Compared with individual patient data that often require rigorous
ethical approvals, surveillance data are publicly accessible.
Moreover, by examining racial and ethnic disparities in
vaccination at aggregate levels such as communities or counties,
ecological studies generate findings that are more generalizable
[21]. This is a remarkable strength compared with results
generated from analyses that focused on limited individuals and
small geographic areas.

In this study, we evaluated the COVID-19 booster coverage by
age group among the 418 counties from the 5 Deep South states
and examined its relationship with racial and ethnic residential
segregation using an ecological design, vaccine surveillance
data, and spatiotemporal analysis.

Methods

Design, Setting, and Study Period
We conducted an ecological study at the population level by
integrating COVID-19 vaccine surveillance data, residential
segregation index, and county-level factors from multiple public
data sets across the 418 counties of 5 Deep South states (ie,
Alabama, Georgia, Louisiana, Mississippi, and South Carolina)
from December 15, 2021, to October 19, 2022.

County-Level COVID-19 Booster Coverage
We retrieved variables regarding vaccine uptake from the
Centers for Disease Control and Prevention (CDC) [22]
COVID-19 vaccine surveillance data. This data set is
representative as it reflects all vaccine partners including
jurisdictional partner clinics, retail pharmacies, long-term care
facilities, dialysis centers, Federal Emergency Management
Agency and Health Resources and Services Administration
partner sites, and federal entity facilities. The data regarding
the percentage of adults who completed a primary series and
have received a booster within a county (henceforth,
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“county-level booster coverage”) were released on December
15, 2021. The CDC also reported county-level booster coverage
for people aged at least 12 years since January 27, 2022. The
CDC vaccine surveillance data were updated daily until June
29, 2022, and were then updated weekly.

We retrieved the biweekly cumulative county-level booster
uptake for people aged at least 18 years and those aged at least
65 years between December 15, 2021, and October 19, 2022.
A total of 23 time points were included in the analyses. Since
there was no existing variable for people aged between 18 and
64 years, we manually calculated the biweekly cumulative
county-level booster uptake for this group by subtracting the
booster uptake of people aged at least 65 years from the overall
adults for each county.

For people aged between 12 and 17 years, we retrieved the
biweekly cumulative booster uptake for people aged at least 12
years and at least 18 years from January 27 to October 19, 2022.
A total of 20 time points were included in the analyses. We used
the same method to calculate the biweekly booster uptake for
this group in each county.

Residential Segregation
We defined residential segregation using the index of
concentration that measures the relative amount of physical
space occupied by minority groups [23,24]. Minority groups of
the same relative size occupying less space were considered
more concentrated and thus more segregated [23,24]. Since
there is a large proportion of the Black population in the Deep
South, we considered it as the main minority group and
calculated the residential segregation for each county using
equation (1):

where n is the number of tracts in a county, xi is the size of the
Black population in tract i, X is the size of the Black population
in a county, ai is the land area of tract i, and A is the total land
area in a county [24]. The residential segregation ranged from
0 to 1, with a higher value indicating a higher degree of
segregation. In each county, the higher the residential
segregation score, the fewer spaces the Black population of the
same relative size occupy.

Potential Confounders
Given the ecological design at the county level, we identified
a list of potential county-level confounders based on prevailing
literature addressing the structural and social determinants of
racial and ethnic disparities of the COVID-19 pandemic in the
United States [25]. Thakur et al [25] underscored that racism,
social class, and social stratification shaped the risk of exposure
to COVID-19 and the access to health care resources through
(1) income and occupation, (2) housing and crowding, and (3)
health insurance and resource distribution. Therefore, we
organized the potential county-level confounders into four
dimensions: (1) regional socioeconomic status (ie, the Gini
index, the proportion of households with public assistance
income [%], the proportion of people in low working class [%],
the proportion of people with low education [%], and the

proportion of noncitizen [%]); (2) housing and neighborhood
environment (ie, household size); (3) health care access and
susceptibility (ie, primary care provider rate [per 100,000
people] and proportion of adults who report fair or poor health
[%]); and (4) transportation accessibility (ie, proportion of
occupied housing units without car access [%]). These variables
were validated in prior research to reflect the structural barriers
to health care access and delivery [26,27]. We retrieved these
variables from multiple public data sets and linked to the county
level. Multimedia Appendix 1 shows the definitions and sources
of all potential county-level confounders by each dimension.

Statistical Analysis
Using the geospatial mapping technique, we mapped the
cumulative percentages of county-level COVID-19 booster
uptake for all ages, people between 12 and 17 years, at least 18
years, between 18 and 64 years, and at least 65 years,
respectively. The county-level residential segregation was also
mapped. We described the median and IQR for the cumulative
percentages of COVID-19 booster coverage at the county level
for each of the 5 Deep South states on October 19, 2022.

We used generalized estimating equation with Poisson
distribution to examine the relationship between residential
segregation and COVID-19 booster coverage rate, adjusting for
the repeated measures in each county and potential confounders.
Since the US Food and Drug Administration [5,6] advises the
first COVID-19 booster dose be administered 5 months after
the completion of the primary vaccination series, to generate a
robust estimate of the county-level booster coverage rate, we
used the 7-day moving average of the total individuals who
completed the primary series 5 months before each study time
point as an offset in the Poisson model. The model can be
presented using equation (2):

where µijt = E(yijt|Xij, Vijt, t) is the marginal mean at time t given
the covariates, and yijt denotes the total number of patients who
took a booster at jth county within ith state during time t. The
response (county-level COVID-19 booster coverage rate at time
t) is assumed to be independent across the state but correlated
within each county over time. β is a vector of regression
coefficients, Xij denotes the vector of county-level variables
including residential segregation and other county-level
covariates, γ denotes the coefficient of time, and Vijt is the 7-day
moving average of the total number of people who completed
the primary series of COVID-19 vaccine at county j within state
i at time t.

To avoid collinearity, county-level factors were standardized
into the same scale with a mean of 0 and an SD of 1 before the
analysis. First, we tested the main effects of time and residential
segregation on the cumulative percentage of COVID-19 booster
coverage. Second, given the temporal trend of COVID-19
vaccination in empirical research, we also examined the
interaction between time and residential segregation and sought
to understand whether the impact of residential segregation on
booster coverage rate changes over time [28]. We used simple
slope analysis to interpret interaction [29]. The analysis was
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replicated for the overall population and by age group. Finally,
besides using 5 months as the interval between the primary
vaccination series and booster dose as suggested by the US
Food and Drug Administration, we did the sensitivity analyses,
in which 6-month was used as a cutoff to calculate the offset
for the Poisson model. All analyses were conducted using SAS
(version 9.4; SAS Institute, Inc).

Ethical Considerations
The institutional review boards at the University of South
Carolina approved the study protocol (PRO00100854). This
study was an ecological analysis based on the CDC vaccine
surveillance data and multiple public access data sets. No
personal identification information was involved in this analysis.

Results

Overview
A total of 418 counties across 5 Deep South states were included
in this study. There were 67, 159, 64, 82, and 46 counties in
Alabama, Georgia, Louisiana, Mississippi, and South Carolina,
respectively.

As of October 19, 2022, among the 418 counties, the median
of booster uptake was 40% (IQR 37.8%-43%). In the individual
states, the median of county-level booster uptake ranged from
38.4% (IQR 36.2%-40.1%) in Alabama to 43.4% (IQR
40.5%-45.4%) in South Carolina (Table 1).
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Table 1. Cumulative percentages of county-level COVID-19 booster uptake for the overall sample and by age group across the 5 Deep South states,
as of October 19, 2022.

Values (%), median (IQR)States and age groups

Deep South (N=418)

40 (37.8-43)Overall population

14.1 (11.3-17.4)12 to 17 yearsa

Overall adults

42.2 (39.8-45.1)≥18 years

33.4 (30.5-36.5)18 to 64 years

63.1 (59.5-66.5)At least 65 years

Alabama (n=67)

38.4 (36.2-40.1)Overall population

13 (10.5-15.6)12 to 17 yearsa

Overall adults

40 (37.8-41.8)≥18 years

30.2 (28.1-33.8)18 to 64 years

59.5 (57.5-61.7)At least 65 years

Georgia (n=159)

40.2 (37.5-43.2)Overall population

14.9 (11.8-17.8)12 to 17 yearsa

Overall adults

42 (39.6-45.4)≥18 years

33.8 (31.2-36.6)18 to 64 years

61.6 (58.3-64.8)At least 65 years

Louisiana (n=64)

40.7 (38.5-43.6)Overall population

13.5 (11.2-16.8)12 to 17 yearsa

Overall adults

42.7 (40.5-45.9)≥18 years

33.3 (30.3-36.1)18 to 64 years

67.4 (63.4-71.8)At least 65 years

Mississippi (n=82)

39.9 (37.7-41.1)Overall population

12.6 (10.6-16)12 to 17 yearsa

Overall adults

42.2 (39.9-44.1)≥18 years

32.5 (30.4-35.7)18 to 64 years

64 (61.1-67.3)At least 65 years

South Carolina (n=46)

43.4 (40.5-45.4)Overall population

16.9 (14-20.3)12 to 17 yearsa

Overall adults

46 (43.2-47.9)≥18 years
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Values (%), median (IQR)States and age groups

36.2 (33.9-37.6)18 to 64 years

66.4 (64.4-69.4)At least 65 years

aThe first record for the group of 12 to 17 years was available on January 27, 2022. For other groups, the first record was available on December 15,
2021.

The percentage of booster uptake for people aged at least 65
years was high with a median value of 63.1% (IQR
59.5%-66.5%) across the 418 counties. The percentage of
booster uptake for people aged between 12 and 17 years was
low with a median value of 14.1% (IQR 11.3%-17.4%). For
people aged between 18 and 64 years, the percentage of booster
coverage was 33.4% (IQR 30.5%-36.5%). Table 1 depicts the
cumulative county-level percentage of COVID-19 booster
uptake by age group across the 5 Deep South states, as of
October 19, 2022.

Geospatial Heterogeneities in Residential Segregation
and County-Level Booster Coverage
Figures 1 and 2 show the distribution of county-level residential
segregation score and booster uptake, respectively. In Figure
1, counties in dark blue had higher residential segregation scores
than those in light blue. There are some geospatial clusters with
high levels of residential segregation within each state. For
instance, Louisiana had more counties in dark blue than the
other 4 states, indicating that counties in Louisiana were more
segregated. These counties had high levels of residential
segregation and were mainly located in the southwestern areas.
In South Carolina, counties located in the northwestern and
southeastern regions are more segregated compared with others.

Figure 1. County-level residential segregation in the 5 Deep South states. From left to right, the states were Louisiana, Mississippi, Alabama, Georgia,
and South Carolina, respectively.

In Figure 2, counties in dark red had higher percentages of
booster uptake than those in light red. In general, the percentage
of completing primary series with 1 booster among people aged
at least 65 years was higher than that in other age groups. In
each individual state, there were some counties with low booster

uptake. These counties were mainly located in southern
Alabama, southeastern Georgia, southwestern and central
Louisiana, southwestern and central Mississippi, and northern
South Carolina. Figure 2 also shows the county-level booster
uptake for other age groups.
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Figure 2. County-level COVID-19 booster coverage for the overall sample and by age group in the 5 Deep South states on October 19, 2022. From
left to right, the states were Louisiana, Mississippi, Alabama, Georgia, and South Carolina, respectively.

Taken Figures 1 and 2 together, there were some counties in
which there was high residential segregation but low booster
uptake. Some of these counties were Franklin and Coffee in
Alabama, Bacon and Colquitt in Georgia, Vernon and Acadia
in Louisiana, Hancock and Lauderdale in Mississippi, and
Cherokee and Dorchester in South Carolina.

Relationship Between Residential Segregation and
County-Level Booster Coverage
In general, as time increased, the change rate of county-level
booster coverage decreased for people aged at least 18 years
(β=–.051. 95% CI –0.072 to –0.031), between 18 and 64 years
(β=–.053, 95% CI –0.079 to –0.027), and at least 65 years
(β=–.028, 95% CI –0.044 to –0.012). For people aged between
12 and 17 years, with time increased, the change rate increased
(β=.055, 95% CI 0.037 to 0.074).

Residential segregation was negatively associated with the
county-level booster coverage in people aged at least 18 years
(β=–.067, 95% CI –0.088 to –0.047), between 18 and 64 years

(β=–.074, 95% CI –0.099 to –0.049), and at least 65 years
(β=–.044, 95% CI –0.060 to –0.028). However, this negative
association was not found in the analysis in people aged between
12 and 17 years (β=–.009, 95% CI –0.039 to 0.020).

In the analyses that examined the interaction between time and
residential segregation on the county-level booster coverage,
we consistently found a significant interaction for the overall
sample (β=.054, 95% CI 0.040 to 0.069) and by age group
(between 12 and 17 years: β=.031, 95% CI 0.018 to 0.044; at
least 18 years: β=.057, 95% CI 0.042 to 0.072; between 18 and
64 years: β=.065, 95% CI 0.049 to 0.082; and at least 65 years:
β=.047, 95% CI 0.032 to 0.062; Table 2). Simple slope analyses
indicated that at a given time point, counties characterized by
residential segregation above the mean (high residential
segregation) experienced lower COVID-19 county-level booster
coverage compared to counties where residential segregation
was at or below the mean (low residential segregation).
However, such difference attenuated as time increased (Figure
3).
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Table 2. Residential segregation and COVID-19 booster coverage for the overall sample and by age group in the 418 counties across the 5 Deep South

states from December 15, 2021, to October 19, 2022a.

≥65 years, β (95% CI)18-64 years, β (95%
CI)

≥18 years, β (95%
CI)

12-17 yearsc, β
(95% CI)

Overallb, β (95% CI)Model and variable

Model 1: main effectsd

–.028 (–0.044 to

–0.012)e
–.053 (–0.079 to

–0.027)e
–.051 (–0.072 to

–0.031)e
.055 (0.037 to

0.074)e
–.058 (–0.078 to

–0.038)e
Time

–.044 (–0.060 to

–0.028)e
–.074 (–0.099 to

–0.049)e
–.067 (–0.088 to

–0.047)e
–.009 (–0.039 to
0.020)

–.066 (–0.086 to

–0.045)e
Residential segregation

Model 2: main effects and interactiond

–.051 (–0.068 to

–0.034)e
–.080 (–0.102 to

–0.058)e
–.077 (–0.095 to

–0.058)e
.044 (0.026 to

0.061)e
–.082 (–0.100 to

–0.064)e
Time

–.049 (–0.065 to

–0.032)e
–.083 (–0.109 to

–0.058)e
–.075 (–0.096 to

–0.053)e
–.016 (–0.046 to
0.014)

–.073 (–0.094 to

–0.052)e
Residential segregation

.047 (0.032 to 0.062)e.065 (0.049 to

0.082)e
.057 (0.042 to

0.072)e
.031 (0.018 to

0.044)e
.054 (0.040 to

0.069)e
Time×residential segrega-
tion

aUnless otherwise noted, the study period was from December 15, 2021, to October 19, 2022.
bFrom December 15, 2021 to January 26, 2022, the overall population referred to people aged at least 18 years. Since January 27, 2022, it referred to
people aged at least 12 years.
cThe first record for the group of 12 to 17 years was available on January 27, 2022. For other groups, the first record was available on December 15,
2021.
dConfounders: Gini index, proportion of households with public assistance income, proportion of people in low working class, proportion of people
with low education, proportion of noncitizen, household size, primary care provider rate, proportion of adults who report fair or poor health, proportion
of occupied housing units without access to a vehicle.
eP≤.05.
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Figure 3. Simple slope plots for interaction between time and residential segregation for the overall sample and by age group.

The sensitivity analyses using 6 months as a cutoff to derive
the offset in Poisson model found that the regression coefficients
for the overall population and specific age groups closely aligned
with those from the primary analyses (Multimedia Appendix
2). Residential segregation was not significantly associated with
county-level COVID-19 booster coverage in the subgroup
analysis for people aged 12 to 17 years. The sensitivity analyses
corroborated our main findings and did not change the
interpretation.

Discussion

Principal Findings
In a longitudinal analysis across the 418 counties in the Deep
South, we found county-level COVID-19 booster coverage was
generally low and exhibited variations across different age
groups. Compared with the older adult population, booster
uptake was lower in youth (ie, 12 to 17 years) and adults (ie,
18 to 64 years). There was a geospatial heterogeneity in the
county-level COVID-19 booster coverage, which was negatively
associated with residential segregation. Specifically, counties
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with higher levels of segregation experienced lower booster
coverage. However, this disparity decreased over time. This
study was innovative as we evaluated the county-level booster
coverage by age group from a longitudinal perspective, which
was rare in previous research. Our findings were in line with
those from the analyses at the individual level and CDC reports,
which found that vaccination varied by age and racial and ethnic
groups [8,22,30].

The progress of county-level COVID-19 booster coverage in
the Deep South was slow and insufficient to curb the
transmission of new COVID-19 variants from person to person.
This slow progress was found in youth and adults. While the
slow progress in these 2 age groups might be due to the low
percentage of people who were fully vaccinated and eligible
for a booster dose, it might also be due to the fear of long-term
effects and serious side effects among the parents and the adults
themselves [31,32]. Additionally, some young adults hesitated
to get vaccinated against COVID-19 because they did not think
it is necessary or beneficial [31,32]. Denford et al [31] found
that people were unvaccinated because they considered
themselves to be young, healthy, and at low risk of getting sick.
However, to effectively control the pandemic in the United
States, at least 70% of the population needs to get vaccinated
although it is challenging.

Our findings indicated that residential segregation reflects racial
and ethnic disparities at the county level and negatively impacts
on the COVID-19 booster coverage, which was consistent across
all age groups. Defined as the relative amount of physical space
occupied by the Black population, the residential segregation
in this study had consistent distributions with data from the
National Institute on Minority Health and Health Disparities,
demonstrating the validity of our residential segregation index
[33]. There are more and more research conducted at the
population level that examine the association of residential
segregation with health outcomes [18,19]. Our findings add
value to the existing literature by reinforcing the validity of
county-level residential segregation as an indicator of racial and
ethnic disparities. The negative impact of residential segregation
on COVID-19 booster coverage was consistent with the
empirical findings [17-19]. Racial and ethnic minority
communities often experienced a scarcity of vaccine distribution
sites and vaccine doses, resulting in low vaccination rates in
these areas [17]. Additionally, the unequal distribution of
educational resources and opportunities in highly segregated
communities may preclude health education regarding the safety
and effectiveness of the COVID-19 vaccine and serve as a
roadblock to county-level booster coverage [34].

Our findings provide critical insights into the design of vaccine
surveillance studies and the development of public health
interventions to enhance booster coverage. From the research
perspective, our findings demonstrated the strength of ecological
study and confirmed that well-designed ecological research can
yield consistent results with analyses based on individual patient
data. Importantly, our conclusions had strong external validity
and can be generalized to racial and ethnic minority communities
in other parts of the United States. From a public health

perspective, there is a pressing need to enhance vaccination
initiatives in the Deep South, with a particular focus on youth,
parents, and adults. Community-based health education
campaigns should emphasize the safety and effectiveness of the
COVID-19 vaccine. Given the disparities in health care access
within racial and ethnic minority communities, to promote
booster coverage, there is an urgent need to prioritize the
allocation of health care facilities and resources in these areas.

Limitations
There are several limitations in this study. First, this was an
ecological study focusing on county-level COVID-19 booster
coverage and its contextual factors. Our findings might suffer
from the ecological fallacy [20]. Caution may be needed when
interpreting our findings at the individual level. Second,
residential segregation was calculated based on the Black
population, given the large proportion of the Black population
in the Deep South. Consequently, our findings only reveal the
relationship between residential segregation and booster
coverage in Black communities. Third, although our analysis
adjusted for a list of important county-level confounders that
were selected based on a strong conceptual model and validated
in prior research, other unadjusted confounders, such as political
ideology and religious culture, might attenuate or enlarge the
effect of residential segregation on booster coverage [15,25].
Our findings may be affected by residual confounding. We
recommended future studies examine our findings with the
consideration of more validated confounders. Fourth, given the
nature of ecological design at the county level, we did not
include individual factors in this study. Future studies
incorporating both county- and individual-level factors can
explore the interactions between them in predicting booster
coverage. Finally, we used a proxy number of people who
completed the primary series 5-month before each selected time
point as an offset to model the booster coverage rate in the
Poisson model, since this study was based on vaccine
surveillance data, and no personal identifiers were involved.
We did not have the information regarding vaccine types (eg,
Pfizer-BioNTech, Moderna, and Johnson & Johnson) and the
actual time interval between primary series and booster for each
individual, which precluded us to model booster coverage uptake
precisely. To counteract this limitation, we used the 7-day
moving average of individuals who completed the primary series
in our analyses. We also did sensitivity analyses using 6 months
as an interval. The results were consistent with those from the
analyses using 5 months. We suggest that future studies use
health care administrative data to further validate our findings.

Conclusions
The progress of county-level COVID-19 booster coverage in
the Deep South was slow and varied by age group. The progress
was even slower in youths and adults as compared with older
adults. The residential segregation precluded booster coverage
across the age groups. Future efforts regarding vaccine planning
and implementation should focus on the youths and adults.
Health care facilities and resources are needed in racial and
ethnic minority communities.
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Abstract

Background: General obesity and abdominal obesity, typically measured by BMI and waist circumference (WC), respectively,
are associated with an increased risk of type 2 diabetes mellitus (T2DM). However, the magnitude of the association of these two
obesity indicators and their joint association with the onset of T2DM remain controversial.

Objective: The aim of this study was to investigate the associations between these two obesity indicators and T2DM among
the Chinese population to contribute scientific evidence for appropriate T2DM interventions.

Methods: A cohort of 3001 eligible participants was selected from the Ningbo Adult Chronic Disease Surveillance Project
running since 2015. Based on BMI, individuals were categorized into groups of underweight or normal, overweight, and obesity.
Based on WC, individuals were categorized in groups of normal, precentral obesity, and central obesity. Follow-up was performed
by linking data of the baseline data set with the diabetes registry data set and the vital registry data set (both from the Ningbo
Municipal Integrated Noncommunicable Disease Collaborative Management System), mainly using the participants’ identity
numbers. Follow-up was completed when a participant was diagnosed with T2DM. The associations were estimated with
multivariate Cox proportional hazard regression.

Results: In the cohort, 90 of 3001 participants developed T2DM (incidence density: 6.483/1000 person-years) with a median
4.72 years of follow-up. After controlling for age, sex, hypertension, dyslipidemia, smoking status, and family history of diabetes,
the multivariate adjusted hazard ratios (HRs) across underweight/normal, overweight, and obesity BMI categories were 1.000,
1.653 (95% CI 1.030-2.654), and 2.375 (95% CI 1.261-4.473), respectively. The multivariate adjusted HRs across the normal,
precentral obesity, and central obesity WC categories were 1.000, 1.215 (95% CI 0.689-2.142), and 1.663 (95% CI 1.016-2.723),
respectively. Compared with the reference group (normal WC with an underweight/normal BMI), the multivariate adjusted HR
for participants with both central obesity according to WC and obesity according to BMI was 2.489 (95% CI 1.284-4.825).

Conclusions: Both elevated BMI and WC at baseline increased the risk of T2DM. Compared with WC, BMI as an obesity
indicator was more strongly associated with the onset of T2DM.

( 2023;9:e39459)   doi:10.2196/39459
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Introduction

Diabetes mellitus is a group of metabolic disorders characterized
by elevated blood glucose levels, which can lead to various
health problems and severe complications with disease
progression [1]. A nationwide survey in 2015-2017 reported
that the prevalence of diabetes was 12.8% in China [2]. Obesity
is as an important modifiable risk factor for type 2 diabetes
mellitus (T2DM), and the prevalence of overweight, obesity,
and abdominal obesity among the Chinese population was
estimated at 28.1%, 5.2%, and 29.1%, respectively, in
2012-2015 [3,4].

BMI and waist circumference (WC) are two of the key indicators
used to measure general obesity and abdominal obesity,
respectively. Some studies found that compared with that of
people without T2DM, the proportion of body fat distributed
in the abdominal area was higher among patients who were not
classified as obese according to BMI criteria, whereas some
people with obesity were metabolically healthy [5,6]. Since
BMI does not take the exact fat mass into account, especially
the visceral adipose tissue, this indicator has a limitation in
reflecting the body fat distribution [7]. It has been reported that
WC might better reflect visceral obesity than BMI [8]. Recently,
a growing body of studies indicated that WC was strongly
associated with T2DM and is a better predictor for the onset of
T2DM than BMI [9-11].

Although both general obesity and abdominal obesity have been
confirmed to be associated with the risk of T2DM, the
magnitude of these two obesity indicators and their joint
association with T2DM remain controversial [12,13]. Moreover,
the number of prospective studies addressing this issue is limited
for the Chinese population. Therefore, we performed this
prospective data-linkage study to investigate the independent
and joint associations of these two obesity indicators with the
risk of T2DM to provide better scientific evidence for T2DM
interventions in Ningbo, China.

Methods

Study Design and Participants

Baseline Survey
We conducted the baseline survey (the Ningbo Adult Chronic
Disease Surveillance Project) on October 26 and December 31,
2015. This was a population-based project with the aims of
understanding the prevalence, awareness, treatment, and control
situation, and to explore the relevant behavior risk factors of
major chronic diseases (hypertension, diabetes mellitus, and
dyslipidemia) among Chinese adult residents aged 15-79 years
in Ningbo city.

A total of 5280 residents were selected using a multistage cluster
random sampling method covering 11 districts and counties in
Ningbo. In the first stage, three towns or streets were selected
from each county or district using a proportionate-to-population
size sampling scheme. In the second stage, two administrative
villages or neighborhood communities were selected from each
town or street using the same method as used in the first stage.

In the third stage, one village containing at least 105 households
was selected from each neighborhood community or
administrative village. In the final stage, 105 randomly selected
households from each village and one resident aged 15-74 years
in each household whose date of birth was closest to the 15th
was selected as the survey participant. Finally, a total of 5160
residents completed the survey with a response rate of 97.73%
(5160/5280).

Inclusion and Exclusion Criteria for Baseline
Participants
Inclusion criteria were as follows: (1) aged ≥40 years, (2) living
in the current district or county for at least 6 months, and (3)
capable of communicating in Mandarin or local dialects with
reading skills. The exclusion criterion was having been
diagnosed with diabetes by clinicians in hospitals or community
health service centers at the time of the baseline survey. A total
of 3001 eligible participants aged above 40 years were selected
from the pool of 5160 participants. All participants signed the
written informed consent form.

Ethics Approval
The research protocol was approved by the ethics committee
of Ningbo Center for Disease Control and Prevention (approval
number 201702).

Data Collection
The data collection methods included a questionnaire survey,
physical measurements, and laboratory tests. The questionnaire
consisted of five components, including physical activities,
environment and facilities, signs and symptoms, dietary and
drinking habits, and demographic characteristics. All
questionnaires were filled in face-to-face by trained staff. The
completeness and accuracy of the questionnaire were
double-checked by quality control personnel following the
quality control requirements. We measured the height, weight,
WC, blood pressure, fasting plasma glucose (FPG), glycated
hemoglobin (HbA1c), total cholesterol (TC), triglycerides (TG),
high-density lipoprotein cholesterol (HDL-C), and low-density
lipoprotein cholesterol (LDL-C) for all participants. The physical
examinations were carried out by the investigators using uniform
devices and methods. Participants fasted the night before
measurements were taken. The height, weight, and WC were
measured while the participant was wearing light clothing
(shorts and T-shirt) and without shoes. The participants were
required to avoid vigorous exercises, eating, and drinking
beverages (especially caffeinated drinks) within 30 minutes
before measuring blood pressure and to rest quietly for 5 minutes
before the first measurement. The blood pressure was tested
three times and the average was taken. Five milliliters of the
fasting venous blood was collected from the participants to
detect FPG, HbA1c, TC, TG, HDL-C, and LDL-C.

Follow-up by Data Linkage
The data sources for the follow-up were obtained from the
Ningbo Municipal Integrated Noncommunicable Disease
Collaborative Management System (NCDCMS), which has
continuously collected surveillance data since 2009 and covered
the whole population of Ningbo. This system, which has been

2023 | vol. 9 | e39459 | p.466https://publichealth.jmir.org/2023/1/e39459
(page number not for citation purposes)

Li et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


proven to obtain high-quality data and to have a low rate of
underreporting (<5%), collects four types of noncommunicable
disease data (diabetes mellitus, ischemic heart disease and
cardiac arrest, cerebrovascular disease, malignant neoplasms)
and cause of death data in a real-time manner [14]. We obtained
the data from the diabetes registry with a diagnosis date from
October 26, 2015, to July 15, 2020; the data of vital registration
were collected according to a death date from October 26, 2015,
to July 15, 2020. A total of 130,469 cases of T2DM and 189,694
cases of death were obtained from NCDCMS. The follow-up
was completed by linking data of the baseline data set with the

diabetes registry data set and the vital registration data set using
the personal identification (ID) number. The participants who
failed to link with these two data sets by ID number were linked
via three combinations of identifiers in turn (ie, name+sex+date
of birth+county/district; name+sex+date of birth;
name+sex+county/district). A double check was performed to
confirm whether the participants who successfully linked with
two data sets via three identifiers were correct. Finally, 90 cases
of T2DM and 23 deaths were linked to the participants at
baseline through the data-linkage procedure. The flowchart of
data linkage is provided in Figure 1.

Figure 1. Flowchart of data linkage. T2DM: type 2 diabetes mellitus.

Definition of Outcome (Endpoint of Follow-up)
The endpoint of follow-up was a diagnosis of T2DM. The
participants who failed to be linked with the diabetes registry
data set were regarded as censored. According to the Chinese
Type 2 Diabetes Prevention and Control 2017 Guidelines,
T2DM was defined as typical clinical manifestations (thirst,
frequent urination, overeating and unexplained weight loss),
and (1) random plasma glucose≥11.1 mmol/L (200 mg/dL), (2)
FPG≥7.0 mmol/L (126 mg/dL), or (3) oral glucose tolerance
test 2-hour plasma glucose≥11.1 mmol/L (200 mg/dL) [15].

Follow-up Time Calculation
The follow-up time was calculated as the date of diagnosis
minus the start date of the baseline survey (October 26, 2015)

for participants who linked with the diabetes registry data set,
as the date of death minus the start date of the baseline survey
(October 26, 2015) for participants who linked with the vital
registration data set, and as the set end time of follow-up (July
15, 2020) minus the start date of the baseline survey (October
26, 2015) for participants who failed to link with these two data
sets.

Exposure
According to the 2013 Health Industry Standards of the People’s
Republic of China “Criteria of Weight for Adults” and the World
Health Organization report of WC and waist-to-hip ratio (WHR),

BMI was categorized as underweight or normal (≤23.9 kg/m2),

overweight (24-27.9 kg/m2), and obesity (≥28 kg/m2). WC was
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divided into three groups as follows: (1) normal: WC<85 cm
for men and WC<80 cm for women; (2) precentral obesity: WC
of 85-89.9 cm for men, WC of 80-84.9 cm for women; and (3)
central obesity: WC≥90 cm for men WC≥85 cm for women
[16,17].

Covariates

Demographic and Lifestyle Factors
Demographic factors included age, sex, education level, marital
status, residence place, and occupation. Lifestyle factors
included smoking status, alcohol consumption, and physical
activity level. Alcohol consumption was derived from the
question: “Have you had any kind of alcoholic drink in the past
12 months?” Participants were divided into three groups: No;
Yes, within 30 days; Yes, 30 days ago. Participants who
currently smoke cigarettes or quit smoking were defined as ever
smokers. Participants who never smoke cigarettes were defined
as never smokers. Physical activity was classified into the
following three levels in strict accordance with the Chinese
guidelines for data processing and analysis of the International
Physical Activity Questionnaire: low, moderate, and high. A
moderate physical level was defined as (1) 3 or more days of
vigorous-intensity activity of at least 20 minutes per day; (2) 5
or more days of moderate-intensity activity and/or walking at
least 30 minutes per day; or (3) 5 or more days of any
combination of walking, moderate-intensity activities, or
vigorous-intensity activities achieving a minimum total physical
activity of at least 600 metabolic equivalent
(MET)-minutes/week. A high physical activity level was defined
as: (1) vigorous-intensity activity at least 3 days per week
achieving a minimum total physical activity of at least 1500
MET-minutes/week or (2) 7 or more days of any combination
of walking, moderate-intensity activities, or vigorous-intensity
activities achieving a minimum total physical activity of at least
3000 MET-minutes/week [18].

Medical Conditions
Hypertension was defined as systolic blood pressure≥140
mmHg, diastolic blood pressure≥90 mmHg, current use of
antihypertensive medication, or self-reported history of
hypertension [19]. Dyslipidemia was defined as TC≥5.2
mmol/L, TG≥1.7 mmol/L, HDL-C≤1.0 mmol/L, LDL-C≥3.4
mmol/L, current use of lipid-lowering medication, or
self-reported history of dyslipidemia.

Statistical Analyses
The incidence density of T2DM was obtained by dividing the
number of T2DM cases by the person-years of follow-up.
Normally distributed continuous data are described as mean
(SD) and skewed-distributed continuous data are described as
median (IQR). Categorical data are described as count
(percentage). Differences in the distribution of baseline
characteristics between participants with and without T2DM
were evaluated using the Mann-Whitney U test for continuous

variables and with the Pearson χ2 test for categorical variables.
The strength of the association was measured using Cramer V

for the χ2 test. Tests for linear trend across categories of BMI

and WC were performed by treating the categories as a
continuous variable with the median value for each category.

Univariate Cox regressions were performed for each exposure
(BMI categories, central obesity categories) and covariates
(residence place, sex, age, education level, marital status,
occupation, family history of diabetes, alcohol consumption,
smoking status, physical activity, hypertension, and
dyslipidemia) to calculate the unadjusted hazard ratios (HRs)
with 95% CIs. Age and sex–adjusted HRs with 95% CIs were
estimated with Cox proportional hazard models stratified by
BMI and central obesity categories adjusting for age and sex.
Multivariate Cox proportional hazard models were performed
to calculate HRs with 95% CIs based on the different categories
of BMI and central obesity by adjusting for potential
confounders (age, sex, hypertension, dyslipidemia, smoking
status, family history of diabetes).

To estimate the joint effect of general obesity according to BMI
and central obesity according to WC on the risk of T2DM, the
participants were classified into six groups based on the BMI
and WC categories. The adjusted HRs along with potential
confounders were estimated using Cox models. BMI and WC
were also included in the Cox regression model as continuous
variables, either separately or together. The proportionality
assumption of the hazards in the Cox regression analyses was
tested by Schoenfeld residuals and the assumption was satisfied
for all analyses. Forest plots were used to compare the
independent and joint associations of BMI and WC. All data
management and statistical analyses were performed using the
statistical software R version 3.4.3. P<.05 was considered
statistically significant.

Results

Baseline Characteristics of the Participants
The final cohort included 3001 participants at baseline with a
median age of 54 years. These participants were followed up
for a median of 4.72 years, comprising 13,880.8 person-years
of follow-up. Overall, 90 of the 3001 participants developed
T2DM, with an incidence density of 6.483 per 1000 person-years
by the end of follow-up. As shown in Table 1, the participants
who developed T2DM were older with higher baseline BMI,
WC, FBG, and HbA1c, and with a greater proportion reporting
a family history of diabetes compared with those who did not
develop T2DM during the study period.

At baseline, 1570 (52.32%) of the participants were underweight
or normal, 1159 (38.62%) were overweight, and 272 (9.06%)
had obesity. Compared to the underweight or normal group,
participants in the overweight and obesity groups tended to have
higher WC, SBP, DBP, HbA1c, LDL-C, TC, and TG; lower
HDL-C; and a higher proportion of hypertension and
dyslipidemia. There were 1397 (46.55%) participants with
normal WC, 721 (24.03%) with precentral obesity, and 865
(28.82%) with central obesity, demonstrating similar patterns
as observed for BMI categories.
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Table 1. Baseline characteristics of the 3001 participants by diabetes status.

Cramer VP valuebNo T2DM (n=2911)T2DMa (n=90)Total (N=3001)Variables

0.01.50Residence place, n (%)

1529 (52.5)44 (48.9)1573 (52.4)Urban

1382 (47.5)46 (51.1)1428 (47.6)Rural

0.009.56Sex, n (%)

1236 (42.5)41 (45.6)1277 (42.6)Male

1675 (57.5)49 (54.4)1724 (57.4)Female

0.026.37Education level, n (%)

1379 (47.4)44 (48.9)1423 (47.4)Primary school and above

1013 (34.8)35 (38.9)1048 (34.9)Middle school

519 (17.8)11 (12.2)530 (17.7)High school and above

0.028.52Marital status, n (%)

44 (1.5)2 (2.2)46 (1.5)Single

2656 (91.2)78 (86.7)2734 (91.1)Married

144 (4.9)7 (7.8)151 (5.0)Widowed

67 (2.3)3 (3.3)70 (2.3)Divorced/separated/ cohabitated

0.039.20Occupation, n (%)

779 (26.8)24 (26.7)803 (26.8)Agriculture/husbandry/transportation

318 (10.9)6 (6.7)324 (10.8)Government agency/enterprises

576 (19.8)13 (14.4)589 (19.6)Other industries

1238 (42.5)47 (52.2)1285 (42.8)Unemployed/housework/retired

0.074<.001Family history of diabetes, n (%)

2290 (78.7)57 (63.3)2347 (78.2)No

382 (13.1)25 (27.8)407 (13.6)Yes

239 (8.2)8 (8.9)247 (8.2)I don’t know

0.016.67Alcohol consumption, n (%)

2000 (68.7)62 (68.9)2062 (68.7)No

755 (25.9)25 (27.8)780 (26.0)Yes, within 30 days

156 (5.4)3 (3.3)159 (5.3)Yes, 30 days ago

0.013.38Smoking status, n (%)

2097 (72.0)61 (67.8)2158 (71.9)Never smoker

814 (28.0)29 (32.2)843 (28.1)Ever smoker

0.021.53Physical activity, n (%)

402 (13.8)16 (17.8)418 (13.9)Low level

2384 (81.9)71 (78.9)2455 (81.8)Median level

125 (4.3)3 (3.3)128 (4.3)High level

0.079<.001Hypertension, n (%)

1468 (50.4)24 (26.7)1492 (49.7)No

1443 (49.6)66 (73.3)1509 (50.3)Yes

0.045.01Dyslipidemia, n (%)

1206 (41.4)25 (27.8)1231 (41.0)No

1705 (58.6)65 (72.2)1770 (59.0)Yes

0.072<.001BMI categories, n (%)
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Cramer VP valuebNo T2DM (n=2911)T2DMa (n=90)Total (N=3001)Variables

1540 (52.9)30 (33.3)1570 (52.3)Underweight or normal

1114 (38.3)45 (50.0)1159 (38.6)Overweight

257 (8.8)15 (16.7)272 (9.1)Obesity

0.064.002WCc categories, n (%)

1386 (47.6)29 (32.2)1415 (47.2)Normal

700 (24.0)21 (23.3)721 (24.0)Precentral obesity

825 (28.3)40 (44.4)865 (28.8)Central obesity

N/Ad<.00123.77 (21.90-25.84)25.14 (23.12-26.95)23.81 (21.94-25.89)BMI (kg/m2), median (IQR)

N/A<.00182.20 (76.50-88.10)86.00 (80.30-90.84)82.25 (76.50-88.25)WC (cm), median (IQR)

N/A<.0014.93 (4.59-5.36)5.90 (5.23-6.99)4.94 (4.60-5.38)FBGe (mmol/L), median (IQR)

N/A<.0014.70 (4.30-5.10)5.40 (4.80-6.18)4.70 (4.30-5.10)HbA1c
f (%), median (IQR)

N/A<.00154.00 (48.00-63.00)58.00 (52.00-65.50)54.00 (48.00-63.00)Age (years), median (IQR)

aT2DM: type 2 diabetes mellitus.
bDifferences in the distribution of participants with and without T2DM were evaluated using the Mann-Whitney U test for continuous variables and

with the Pearson χ2 test for categorical variables.
cWC: waist circumference.
dN/A: not applicable.
eFBG: fasting blood glucose.
fHbA1c: glycated hemoglobin.

Univariate Cox Regression Analysis
BMI categories, WC categories, age, occupation, family history
of diabetes, hypertension, and dyslipidemia were significantly
associated with the incidence of T2DM. Compared with
participants of normal weight, the overweight (HR 2.052, 95%
CI 1.293-3.258) and obesity (HR 2.924, 95% CI 1.573-5.434)
categories were significantly associated with an increased risk
of the development of T2DM. There was a dose-response
relationship between the BMI categories and the onset of T2DM
(P for trend <.001). Compared with participants in the normal
WC group as reference, central obesity (HR 2.289, 95% CI
1.419-3.691) was significantly associated with an increased risk
of the development of T2DM (P for trend <.001). The risk of
T2DM onset was significantly increased with the increase of
age. The HRs for age groups of 40-49 years, 50-59 years, 60-69
years, and ≥70 years were 1.000, 3.670, 3.423, and 5.279,
respectively. The risk of T2DM in participants with hypertension
and dyslipidemia was respectively 2.754 (95% CI 1.726-4.393)
and 1.823 (95% CI 1.149-2.891) higher that of participants free
of diseases.

Independent and Joint Associations of BMI and WC
on the Risk of T2DM
The independent and joint associations of BMI and WC with
T2DM development are displayed in Table 2 and Figure 2. The

age and sex–adjusted HRs increased across categories of BMI
and the same pattern was found after adjustment for potential
confounders with a slight decrease, although the trend remained
significant (P for trend <.001). The age and sex–adjusted HRs
also increased across categories of WC (P for trend .003) and
the trend remained significant after adjustment of potential
confounders (P for trend .04).

Among the participants who were categorized in the central
obesity group, the age and sex–adjusted HRs increased
successively for those categorized in the underweight or normal,
overweight, and obesity groups according to BMI compared
with the reference group (normal WC with an underweight or
normal BMI). Compared to the reference group, the multivariate
adjusted HR for participants with both central obesity according
to WC and obesity according to BMI was much higher than that
for the independent association of central obesity or obesity
(Table 2).

When BMI and WC were treated as continuous variables, the
HR of BMI was still slightly higher than that of WC. When the
BMI and WC were considered together in the regression model
using mutual adjustment, BMI, but not WC, was significantly
associated with the risk of T2DM (Table 3).
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Table 2. Risk of type 2 diabetes mellitus stratified by categories of BMI and waist circumference (WC) in univariate, age and sex–adjusted, and
multivariate-adjusted regressions.

Multivariatec, HR (95% CI)Age and sex–adjustedb, HR (95% CI)Univariate, HRa (95% CI)Categories

BMI categories

111Underweight or normal (n=1570)

1.653 (1.030-2.654)1.941 (1.221-3.087)2.052 (1.293-3.258)Overweight (n=1159)

2.375 (1.261-4.473)2.918 (1.569-5.425)2.924 (1.573-5.434)Obesity (n=272）

.004<.001<.001P for trend

WC categories

111Normal WC (n=1415)

1.215 (0.689-2.142)1.374 (0.767-2.364)1.425 (0.813-2.499)Precentral obesity (n=721)

1.663 (1.016-2.723)2.059 (1.273-2.059)2.289 (1.419-3.691)Central obesity (n=865)

.04.003<.001P for trend

Joint effect of BMI and WC

111Underweight or normal
BMI+normal WC (n=1456)

1.170 (0.353-3.878)1.316 (0.398-4.352)1.418 (0.430-4.676)Underweight or normal
BMI+central obesity (n=114)

1.608 (0.908-2.847)1.819 (1.035-3.198)1.833 (1.044-3.218)Overweight+normal WC (n=650)

1.756 (0.991-3.110)2.185 (1.249-3.823)2.479 (1.421-4.323)Overweight+central obesity
(n=509)

1.713 (0.231-12.65)1.913 (0.259-14.08)1.777 (0.241-13.07)Obesity+normal WC (n=30)

2.489 (1.284-4.825)3.116 (1.633-5.945)3.169 (1.662-6.044)Obesity+central obesity (n=242)

aHR: hazard ratio.
bAdjusted for age and sex.
cAdjusted for age, sex, hypertension, dyslipidemia, smoking, and family history of diabetes.

Figure 2. Forest plot of the association between categories of BMI and/or waist circumference (WC) and the onset of type 2 diabetes mellitus adjusting
for age, gender, hypertension, dyslipidemia, smoking, and family history of diabetes.
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Table 3. Risk of type 2 diabetes based on BMI and waist circumference (WC) as continuous variables.

Multivariatec, HR (95% CI)Age and sex–adjustedb, HR (95% CI)Univariate, HRa (95% CI)Models

Independent effects

1.118 (1.049-1.191)1.141 (1.076-1.210)1.142 (1.078-1.210)BMI

1.029 (1.004-1.054)1.038 (1.015-1.061)1.041 (1.019-1.063)WC

Joint effectsd

1.130 (1.027-1.243)1.143 (1.041-1.254)1.116 (1.021-1.221)BMI

0.995 (0.960-1.031)1.000 (0.965-1.035)1.011 (0.979-1.045)WC

aHR: hazard ratio.
bAdjusted for age and sex.
cAdjusted for age, sex, hypertension, dyslipidemia, smoking, and family history of diabetes.
dBMI and WC were considered together in the regression model.

Discussion

Principal Findings and Comparison to Previous Work
In this study, we found that both elevated BMI and WC at
baseline increased the risk of T2DM. Moreover, the magnitude
of association of BMI with T2DM was stronger than that of
WC, regardless of treating the exposures as continuous or
categorical variables, which was consistent with previous studies
conducted in a Chinese population [20-22]. A prospective study
performed over 7.26 years of follow-up in a southeast province
of China indicated that BMI may be superior to WC in
predicting the incidence of T2DM in the Chinese population
[20]. A cohort study including 27,009 retirees in a central
province concluded that BMI was the strongest predictor among
various anthropometric indices with 4.6 years of follow-up data
[22]. However, other studies reported inconsistent conclusions
[23-26]. Kodama et al [23] reported that the pooled relative risk
of T2DM per 1-SD increase in BMI was significantly lower
than that for WC, indicating that WC was more strongly
associated with diabetes risk than BMI. Lee et al [24] concluded
that although WC had a stronger association with the risk of
T2DM in comparison with BMI, there was no overall advantage
for WC at discriminating the risk of developing T2DM
compared with BMI.

The discrepancies in conclusions among studies were likely due
to the differences in ethnicity of the populations. Since there is
an assumption that the superiority of WC to BMI for T2DM
prediction was based on the characteristics of the study
population, previous studies mainly conducted in
white-dominant populations or in the western sociocultural
context might lead to discrepancies [23-25,27]. This study adds
to this evidence for the Chinese population. Another reason for
the inconsistent conclusions might be the length of follow-up.
Aging is associated with progressive changes in the total and
regional fat distribution [22]. As age increases, the body fat
distribution changes with a decrease in lower subcutaneous fat
and an increase in abdominal fat [28]. The results of previous
studies might also be distorted by the increasing follow-up time
as more participants tended to have abdominal obesity, which
diluted the overall impact of baseline body fat distribution [23].
Differences in research methods and populations can also lead
to different conclusions. Although a large-population prospective

study in Chinese adults showed that WC was a better predictor
than BMI for the onset of T2DM in women, this cohort study
used a logistic regression model rather than a Cox regression
model to predict the magnitude of associations [29]. The effect
of time of follow-up was not considered in the model, which
might have also affected the results. Moreover, as a cohort study
carried out in an employee population, the “healthy worker
effect” might have impacted these results [29]. Furthermore,
the inconsistent conclusions might also be related to the different
classification criteria of BMI and WC in different studies. Some
studies obtained conclusions using categories of BMI or WC,
whereas others used the SD.

In our study, after 4.72 years of follow-up, 90 participants
developed T2DM with a total incidence density of 6.483 per
1000 person-years, similar to the study of Yang et al [21]
(0.89/100 person-years). However, this incidence density was
much lower than that reported in some previous longitudinal
studies [30,31]. In a 10-year population-based Asian Indian
cohort study, the incidence density of diabetes was 22.2 per
1000 person-years [32]. The cumulative incidence of T2DM
was 14.4 and 13.7 per 1000 person-years for men and women,
respectively, in an 18-year follow-up cohort study performed
in Mexico [30]. The relatively low incidence density in our
study may be attributed to the small number of participants at
baseline, relatively young baseline population, and short
follow-up time.

Limitations and Future Work
There were some limitations of this study. First, the number of
participants at baseline was relatively small and the follow-up
time was short. Referring to the joint associations of BMI and
WC adjusting for age and sex, the HRs revealed a dose-response
relationship in the overweight category. However, due to the
short time of follow-up and relatively young baseline
participants in this study, only 90 participants were diagnosed
with T2DM. The number of newly diagnosed T2DM participants
in each BMI category might not have been sufficient to detect
the dose-response relationship with the increase of WC. Second,
the distribution and composition of body fat might gradually
change during follow-up, along with the corresponding BMI
and WC. In this study, the change values of BMI and WC during
follow-up were not adjusted in the models owing to the study
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design, which may have influenced the results. Data linkage,
the key technique used in this study, has become a popular
research method for generating population-level electronic
cohorts, and is used as a supplement to conventional cohort
studies [14,29]. Data linkage provides a convenient and
cost-effective approach for collecting data from multichannel
sources and investigating the causes and development in the
variation of outcomes across the individual’s life course [29,33].
Nevertheless, compared with a conventional cohort study, data
linkage has some limitations and might introduce bias into
results due to linkage errors (false matches or missed matches).
Despite NCDCMS being confirmed as a platform with high
data quality and a very low underreporting rate, some linkage
errors are still inevitable [14]. In this study, we tried to avoid
linkage errors by using three combinations of identifiers as a
complement to the ID and double checking whether the cases
linked via three combinations of identifiers were correct.
Moreover, we controlled the proven and possible confounding
factors in the models collected from the baseline survey and
strictly controlled the quality of data during the investigation.
Additionally, since the follow-up was completed by data linkage
based on NCDCMS in Ningbo, the results might not be
generalizable to other cities.

The Chinese population generally has a higher percentage of
body fat and a greater propensity to central obesity compared
with those of western counterparts under the same BMI [34].
Although BMI as an obesity indicator was more strongly
associated with the risk of T2DM than WC in this study, we
recommend that the general population and people at high risk
of T2DM should focus on control of body weight as well as
WC, which is consistent with the Chinese Type 2 Diabetes

Prevention and Control Guideline [15]. In addition to obesity,
the risk of developing T2DM was significantly higher in people
who showed comorbid hypertension or dyslipidemia in
comparison with participants who were free of diseases,
indicating the importance of blood pressure control and
maintaining a normal lipid level for the general population and
especially for people at high risk of T2DM. In addition, a healthy
lifestyle, including a balanced diet, regular physical activities,
tobacco cessation, and alcohol control, is highly recommended,
especially in the elderly population.

A study with longer-term follow-up is needed to further
investigate the joint association of BMI and WC with the risk
of T2DM. Although BMI, WC, and the WHR are inexpensive
and easy measures to assess the adipose tissue, there is growing
interest in using magnetic resonance techniques for evaluating
total body fat and different fat compartments in western
countries. Magnetic resonance imaging provides high accuracy
in quantitatively detecting the subcutaneous and visceral adipose
tissue, which could be an option to further explore the
association between obesity and T2DM accurately [35].
Additionally, performing a meta-analysis for studies in the
Chinese population is suggested to better detect the pooled
relative risk by removing the influence of ethnicity.

Conclusion
In conclusion, both elevated BMI and WC at baseline increased
the risk of T2DM. Compared with WC, BMI as an obesity
indicator was more strongly associated with the onset of T2DM
among Chinese adults in Ningbo. We recommend that residents
of this population, especially the elderly, maintain a normal
weight and a healthy lifestyle.
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Abstract

Background: Disease surveillance systems capable of producing accurate real-time and short-term forecasts can help public
health officials design timely public health interventions to mitigate the effects of disease outbreaks in affected populations. In
France, existing clinic-based disease surveillance systems produce gastroenteritis activity information that lags real time by 1 to
3 weeks. This temporal data gap prevents public health officials from having a timely epidemiological characterization of this
disease at any point in time and thus leads to the design of interventions that do not take into consideration the most recent changes
in dynamics.

Objective: The goal of this study was to evaluate the feasibility of using internet search query trends and electronic health
records to predict acute gastroenteritis (AG) incidence rates in near real time, at the national and regional scales, and for long-term
forecasts (up to 10 weeks).

Methods: We present 2 different approaches (linear and nonlinear) that produce real-time estimates, short-term forecasts, and
long-term forecasts of AG activity at 2 different spatial scales in France (national and regional). Both approaches leverage disparate
data sources that include disease-related internet search activity, electronic health record data, and historical disease activity.

Results: Our results suggest that all data sources contribute to improving gastroenteritis surveillance for long-term forecasts
with the prominent predictive power of historical data owing to the strong seasonal dynamics of this disease.

Conclusions: The methods we developed could help reduce the impact of the AG peak by making it possible to anticipate
increased activity by up to 10 weeks.

(JMIR Public Health Surveill 2023;9:e34982)   doi:10.2196/34982
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Introduction

Background
Acute gastroenteritis (AG) is a major public health problem
worldwide [1]. Commonly defined as diarrhea or vomiting in
the past 24 hours [2], AG is one of the main causes of morbidity
and mortality among young people and causes up to 2.5 million
deaths per year in children aged <5 years around the world [3].
Although it is generally a mild disease, its morbidity and
economic burden are high [4]. In France, there are >21 million
episodes of AG each year [5]. Although AG episodes occur
throughout the year, there is a winter peak, mainly owing to
norovirus and rotavirus [6,7]. During these peaks, the increase
of visits to general practitioners and emergency or pediatric
departments causes health care system disruptions [8].

Disease surveillance systems capable of producing accurate
real-time and short-term forecasts can help public health officials
design timely public health interventions to mitigate the effects
of disease outbreaks in affected populations. In France, all acute
diarrhea cases seen during medical appointments are reported
weekly by volunteer outpatient health care providers. An
estimation of AG incidence rate is then computed, at the national
or regional scale, by considering the number of sentinel
physicians and the medical density of the area of interest [9].
However, data collection, processing, aggregation, and
distribution processes introduce up to 3 weeks of delay in the
availability of AG activity information. This temporal data gap
prevents public health officials from having a timely perspective
about AG activity and thus leads to the design of interventions
that do not take into consideration the most recent changes in
disease dynamics. Therefore, there is a growing interest in
finding new ways to mitigate this information gap [10,11].

To alleviate this time lag, several studies have proposed
approaches to produce accurate and reliable real-time disease
activity estimates, for example, to monitor influenza [11-14].
For AG, studies have been focused on identifying the clinical
characteristics of the disease. Norovirus and rotavirus are the
viruses responsible for most gastroenteritis outbreaks
[6,7,15-18]. This disease has a strong wintertime seasonality,
but this seasonality could be affected by the climate change,
which would affect norovirus transmission, host’s susceptibility
to norovirus infection, and resistance of norovirus to
environmental conditions. This may cause large oscillations in
the number of cases per year [6,7]. AG remains as a major cause
of hospitalizations, especially for children, and the use of a
vaccine could help to decrease the impact of the disease [16,18].
Some research teams have assessed the correlation between
data sources (eg, drug reimbursement data and emergency
department visits) and general practitioner visits for AG [3,19].
Other studies have shown a significant correlation between
internet search query trends and AG incidence rates in different
locations such as the United States, Mexico, the United
Kingdom, and France [20,21]. However, none, to the best of

our knowledge [22], have proposed a feasible methodology to
forecast AG activity. Through this study, we investigated the
challenges of achieving this and proposed a reliable forecasting
approach.

State of the Art
Existing forecasting systems for other disease outbreaks, such
as influenza, include statistical models that leverage information
available in near real time [11-14]. One of the first and
prominent studies is Google Flu Trends [23], a web-based
service operated by Google. Created in 2009, the platform used
the volume of selected Google search terms to estimate influenza
activity in real time. However, the web service was stopped
following several prediction errors owing to changes in people’s
search behavior as a result of the exceptional nature of the
pandemic or owing to the announcement of a pandemic that
finally did not appear [24]. Following this, some authors updated
the Google Flu Trends algorithm to improve influenza
forecasting, by including data from Google Correlate and Google
Trends web services and other sources, for instance, historical
influenza information [11]. Internet is not the only data source
that can be used to produce information in real time. With the
widespread adoption of patient electronic health records (EHRs),
hospitals also generate a huge amount of data. Bouzillé et al
[25] showed that EHRs are strongly correlated with influenza
incidence rates. Some authors proposed statistical models using
EHRs to predict influenza incidence rates in real time [12,26].
In addition, other studies showed that internet users’ searches
were strongly correlated with influenza epidemics and other
diseases, including AG [8,21].

In this study, we evaluated the feasibility of using internet search
query trends and EHR to predict AG incidence rates in near real
time, at the national and regional scales, and for long-term
forecasts (up to 10 weeks). We used 2 different methods—a
linear approach using Elastic Net and a nonlinear approach
using random forest (RF). In addition, as AG outbreaks cause
disruptions in hospitals and emergency departments, we
estimated AG incidence rates at the level of emergency
departments and hospital stays.

Methods

Variables to Be Predicted

National Level
We obtained the national (Metropolitan France) acute diarrhea
weekly incidence rates (per 100,000 inhabitants) from the French
Sentinel network [27], from January 2008 to March 2018. We
retrieved these data in April 2018.

Regional Level
We obtained the regional (Brittany region) acute diarrhea
incidence rates (per 100,000 inhabitants) from the French
Sentinel network [27], from January 2008 to March 2018. We
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chose the Brittany region as we used her data from a hospital
in Brittany. We retrieved these data in April 2018.

Predictive Variables

Web Data
We obtained the frequency per week of the 100 most correlated
French queries from Google Correlate [28]. For each signal to
be predicted (national and regional levels), we retrieved Google
Correlate data for the period from January 2008 to March 2018.
As our prediction period is from May 2014 to February 2018,
the correlation was calculated from January 2008 to April 2014.
All signals were normalized to obtain mean 0 and SD 1 before
calculating the correlation. The reason to correlate was to choose
the most appropriate queries to predict the outbreak without
previous knowledge [29]. The most correlated queries obtained
for national and regional levels can differ because the weekly
incidence rates for France and Brittany are different.

Clinical Data
We used data from the clinical data warehouse (CDW) of
Rennes University Hospital (France), called entrepôt de données
de l’HÔPital (eHOP). This CDW includes structured (laboratory
test results, prescriptions, and International Statistical
Classification of Diseases and Related Health Problems 10th
Revision diagnoses) and unstructured (discharge letter,
pathology reports, and operative reports) patients’ data from
1.2 million inpatients and outpatients and 45 million documents.
To identify patients with specific criteria, eHOP has its own
search engine system that allows to query unstructured data
with keywords or structured data with codes based on
terminologies.

First, to retrieve clinical data connected with AG, we performed
different full-text queries (related to gastroenteritis, its
symptoms, virus, or treatments). These queries allowed to obtain
all documents matching with the search criteria (often, several
documents for 1 patient and 1 stay). Then, for each week, we
kept the oldest document for 1 patient and 1 hospital stay, and
we calculated the number of hospital stays with at least one
document mentioning the keyword contained in the query. As
we used 19 keywords, we obtained 19 variables from CDW
eHOP.

Then, we built a database containing the time series constructed
from the structured data (total n=1,335,347 time series).
Regrading Google Correlate, we calculated the Pearson
correlation between both national and regional incidence rates
and the time series from the database. We retrieved the 100
most correlated signals. As our prediction period is from May
2014 to February 2018, we calculated the correlation between
January 2008 and April 2014.

Overall, we obtained 119 variables (n=19, 15.9% of variables
from the full-text queries and n=100, 84% of the most correlated
variables from the structured data). The 100 most correlated
variables can be different for national and regional levels. We
retrieved EHR data for the period from January 2008 to March
2018 in April 2018. All these data could be extracted in real
time if needed.

Historical Data
We used the incidence rates for the previous 52 weeks as
predictive variables, for both national and regional levels.

Ethics Approval
This study was approved by the local ethics committee of the
Rennes Academic Hospital (approval number 16.69).

Statistical Models

Linear Approach
To minimize the negative effects of using a large number of
input variables, potentially including redundant information,
we used Elastic Net, a regularized multivariate regression
methodology that can identify parsimonious models [30]. Elastic
Net combines the power of Lasso and Ridge regressions,
allowing to perform a variable selection on variables that are
highly correlated [31,32]. We performed the Elastic Net
regression analysis using the caret package in R (R Foundation
for Statistical Computing) and the associated function fit with
the glmnet method [33,34]. We fixed a coefficient λ=0.5 to give
the same importance to Ridge and Lasso methods.

The formulation of our model is the following:

Here, yT denotes AG incidence rate at time T=t, t+1, t+2, t+3

(for the different levels of prediction), denotes historical

variables, denotes Google data, denotes EHR data, and

denotes residuals.

For a given week, we needed to find the parameters,
α=(α1,..α52), β=(β1,..β100), and γ=(γ1,..γ119), that minimize the
following:

Here,  are hyperparameters of the Elastic Net regression. We
used 10-block cross-validation to optimize the parameters. All
parameters (α=[α1,..α52], β=[β1,..β100], and γ=[γ1,..γ119]) were
dynamically trained every week with a rolling window using
all data available. In this way, the size of our training data set
increased every week. For example, for the first week of January
2015, our training data set ranged from January 2008 to the last
week of December 2014. To predict the first week of January
2016, our training data set ranged from January 2008 to the last
week of December 2015. We obtained estimates from May 2014
to February 2018.

Nonlinear Approach
RF is a nonlinear machine learning approach based on the
construction of multiple decision trees using the general
bootstrap aggregating technique (known as bagging) [35]. We
used this method as it showed good performance in short-term
forecasting even when it is compared with other machine
learning approaches such as support vector machine or neural
network or a traditional approach such as autoregressive
integrated moving average [36,37].
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With RF, the AG incidence rates are obtained with the

following:

Here, yT denotes AG incidence rate at time T=t, t+1, t+2, t+3

(for the different levels of prediction) and denotes AG
incidence rates estimate obtained with the decision tree b. We
used the R package, randomForest [38], to create our RF
models. The hyperparameters corresponding to the number of
decision trees and the number of variables randomly sampled
at each split were optimized on a training data set from January
2008 to May 2014. Then, regarding the Elastic Net model, RF
was dynamically recalibrated for every new week of prediction
by incorporating all the data available. We obtained estimates
from May 2014 to February 2018.

Contribution of Each Data Source
In addition, to assess the contribution of each individual data
sources or their combinations, we built Elastic Net and RF
models using the following predictive variables:

1. AG incidence rates—baseline model called autoregressive
model of order 52 (AR(52)) in the following sections—for
the previous 52 weeks

2. Google data
3. EHR data
4. Google data and AR(52)
5. EHR data and AR(52)
6. Google data and EHR data

Evaluation
To assess the performance of our models, we compared our
estimates with the real incidence rates from the Sentinel
network. We calculated the root mean squared error and the
Pearson correlation coefficient for our test period starting from
May 2014 to February 2018. The model allowing to obtain the
most accurate estimates is the one having the highest correlation
and the lowest error:

1.

2.

Here, is the predicted value for the week t, is the mean

of predicted values, yt is the real value for the week t, and 
is the mean of real values.

Comparison With Influenza
As we used a method developed for influenza outbreaks, we
compared the results obtained for AG with those obtained for
influenza. The aim was to determine whether external data

sources are as relevant for AG as for influenza. We started by
comparing the stationarity and the seasonality of both time series
by calculating the following:

1. The autocorrelation function (ACF), allowing to determine
the autocorrelation between yt and yt–h:

where γ(h)=cov(yt, yt–h)

2. The partial ACF (PACF), allowing to determine the
autocorrelation between yt and yt–h after removing the
autocorrelation between the intermediate variables yt–1,...,yt–h+1:

r(h)=corr(yt,yt–h|yt–1,...,yt–h+1)

Then, we compared the accuracy of estimates for forecast up
to 10 weeks with Elastic Net and RF models using only
historical data or combining Google, EHR, and historical data.

Results

Overview
First, we studied the impact of each data source for short-term
forecasts with the 2 different approaches already used to predict
influenza outbreaks—a linear approach with the Elastic Net
model and a nonlinear approach with an RF model.

Then, we analyzed the AG and influenza time series, especially
the seasonality, to better understand the differences between
the 2 diseases.

Finally, we compared AG and influenza results obtained for
long-term forecasts with the 2 approaches, and we assessed the
impact of external data sources to increase the accuracy of our
estimates.

Linear Approach

Overview
At the national and regional levels, in terms of error, the lowest
values are obtained with models using historical data and
external data sources (Table 1). At the national level, in terms
of error, both data sources, Google and EHR produce the most
accurate estimates compared with the model using only
historical data—AR (52). At the regional level, the model using
only historical data and EHR allows to obtain lower errors than
the model using historical data and both Google and EHR data.

In terms of correlation, in most cases, at the national and
regional levels, the model using only historical data allows to
obtain the highest values.
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Table 1. PCCa and RMSEb values obtained for the entire prediction period (May 2014 to March 2018) at the national and regional levels, with all the
combinations of data sources.

3-week forecast2-week forecast1-week forecastReal timeLevels and data sources

RMSEPCCRMSEPCCRMSEPCCRMSEPCC

National

30.690.88426.950.89822.690.91016.160.946 dAR(52)c

38.960.77041.270.80144.990.80342.750.830Google

44.650.51947.370.48945.590.51248.350.477EHRe

28.240.84726.980.87124.170.89618.100.941AR(52) and Google

25.930.82326.150.82021.580.88016.410.932AR(52) and EHR

32.320.79534.230.77934.480.84636.090.836Google and EHR

25.330.84524.160.85620.940.90321.260.936AR(52), Google, and EHR

Regional

49.120.68147.650.67044.180.70540.750.725AR(52)

61.670.59660.330.59464.790.60365.840.652Google

52.900.58255.870.54655.620.53859.830.462EHR

47.740.61947.820.61646.440.66542.070.738AR(52) and Google

46.310.63446.480.63742.380.68540.990.697AR(52) and EHR

59.720.62857.500.61560.970.61060.700.608Google and EHR

52.190.62047.370.64645.240.68942.120.724AR(52), Google, and EHR

aPCC: Pearson correlation coefficient.
bRMSE: root mean squared error.
cAR(52): autoregressive model of order 52.
dItalicization highlights the 2 highest correlations and lowest errors obtained with the models for real time and 1-week, 2-week, and 3-week forecasts.
eEHR: electronic health record.

National Analysis
For real-time estimates, the error values range from 48.4 to 16.2
and the correlation values range from 0.83 to 0.95, with the
lowest error and the highest correlation obtained with the model
using only historical data—AR(52). For 1-week estimates, the
error values range from 45.6 to 20, with the lowest error and
the highest correlation obtained with the model using historical
data and both external data sources, Google and EHR. In terms
of correlation, the correlation values range from 0.51 to 0.91,
with the highest value obtained with the model using only
historical data. For 2-week and 3-week estimates, we have
similar results, with error values ranging from 47.4 to 24.2 and
44.6 to 25.3, respectively, obtained with the model using
historical data and both external data sources, Google and EHR.
In terms of correlation, the values range from 0.49 to 0.90 and

from 0.52 to 0.88, respectively, with the highest correlation
obtained with AR(52) model.

Figure 1 illustrates the estimates obtained at the national level
for forecasts up to 3 weeks with the model using only historical
data and the model using historical data and both data sources,
Google and EHR. For real-time estimates, the results obtained
with the 2 models are comparable, but for long-term forecasts
(1, 2, and 3 weeks), the estimates obtained with the AR(52)
model are delayed. In addition, the model using only historical
data tends to smooth estimates and overestimate between peaks.

Figure 2 is a visualization of the values of the coefficients for
the model using historical data and both data sources, Google
and EHR. For real-time estimates, the heat map shows that the
model uses multiple variables from all data sources, such as
historical data, Google data, and EHR data. Similar plots are
presented in Multimedia Appendix 1 for long-term estimates.

JMIR Public Health Surveill 2023 | vol. 9 | e34982 | p.481https://publichealth.jmir.org/2023/1/e34982
(page number not for citation purposes)

Poirier et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. National level. Predictions up to 3 weeks obtained at the national level with the model using only historical data and the model using historical
data and both data sources, Google and EHR. Gold standard, French Sentinel network data. EHR: electronic health record.
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Figure 2. National level. Heatmap of the coefficients. Each line of the heatmap corresponds to one predictive variable used in the model and each point
of the line corresponds to 1 week predicted. The first block of variables corresponds to electronic health record (EHR) data, the second one corresponds
to Google data, and the third one to historical data. In blue, a negative coefficient is associated with the variable, whereas in red, it is a positive coefficient.
The white color means that the predictive variable is not selected by the model and does not participate in forecasting the corresponding week. In yellow,
highlighted variables that are kept by the model almost all the time. For EHR data, it corresponds to the predictive variables for the keywords “Autres
deficits immunitaires,” “Autre virus grippal identifié,” “Streptococcus pneumoniae,” “Pneumopathie,” “Virus respiratoire syncytial.” For Google data,
it is the keywords: “enero,” “enterite,” “epidemie de gastro,” “gastro entérite,” “ski massif central.” For historical data, it corresponds to the previous
week as well as week 17, week 18, week 25, and week 48 before the one we want to predict.
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Regional Analysis
For real-time estimates, the error values range from 65.8 to 40.8
and the correlation values range from 0.46 to 0.74, with the
lowest value for the error obtained with the model using only
historical data and the highest value for the correlation obtained
with the model using historical data and Google data. For
1-week, 2-week, and 3-week estimates, the error values range
from 64.8 to 42.4, from 60.3 to 46.5, and from 61.7 to 46.3,
respectively. The lowest errors values for long-term forecasts
are all obtained with the model using historical data and EHR
data. In terms of 1-week, 2-week, and 3-week correlation, the
values range from 0.54 to 0.71, from 0.55 to 0.67, and from
0.58 to 0.68, respectively. The highest correlations for long-term
forecasts are all obtained with the model using only historical
data—AR(52).

Figure 3 illustrates the estimates obtained at the regional level
for forecasts up to 3 weeks with the model using only historical
data and the model using historical data and both data sources,
Google and EHR. At the national level, for real-time estimates,
the results obtained with the 2 models are comparable, but for
long-term forecasts, the estimates obtained with the AR(52)
model are delayed and tend to be smoothed and overestimated
between peaks.

The heat map (Figure 4) shows that for real-time estimates at
the regional level, the model uses multiple variables from
historical data (approximately 11 variables) and low number of
variables from Google data (approximately 10 variables) and
EHR data (approximately 9 variables) compared with those at
the national level. Similar plots are presented in Multimedia
Appendix 1 for long-term estimates.

Figure 3. Regional level. Predictions up to 3 weeks obtained at the regional level with the model using only historical data and the model using historical
data and both data sources, Google and EHR. Gold standard, French Sentinel network data. EHR: electronic health record.

JMIR Public Health Surveill 2023 | vol. 9 | e34982 | p.484https://publichealth.jmir.org/2023/1/e34982
(page number not for citation purposes)

Poirier et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 4. Regional level. Heatmap of the coefficients. Each line of the heatmap corresponds to one predictive variable used in the model and each
point of the line corresponds to 1 week predicted. The first block of variables corresponds to electronic health record (EHR) data, the second one
corresponds to Google data, and the third one to historical data. In blue, a negative coefficient is associated with the variable, whereas in red, it is a
positive coefficient. The white color means that the predictive variable is not selected by the model and does not participate in forecasting the corresponding
week. In yellow, highlighted variables that are kept by the model almost all the time. For EHR data it corresponds to the predictive variables for the
keywords “Par voie sous cutannée,” “Autre virus grippal identifié,” “Voies respiratoires. Virus non identifié,” “Pneumopathie,” “Bronchiolite aigüe,”
“Virus respiratoire syncytial,” “Bronchite,” “Ventre.” For Google data, it is the keywords: “enero,” “gastro enterite,” “gastro entérite,” “fixations.” For
historical data, it corresponds to the two previous weeks as well as week 10, week 15, week 17, week 20, week 25, and week 48 before the one we want
to predict.
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Nonlinear Approach

Overview
For the nonlinear approach, at the national level, in terms of
error and correlation, results are comparable between the model
using only historical data—AR(52)—and the models combining
historical data and external data sources (Table 2). At the

regional level, in terms of error, the lowest errors are mostly
obtained with the model including historical and EHR data. In
terms of correlation, the highest values are mostly obtained with
the model combining historical data and both data sources,
Google and EHR. For the nonlinear approach, the values for
correlation are higher and the values for errors are lower than
the values obtained with the linear approach.

Table 2. PCCa and RMSEb values obtained for the entire prediction period (May 2014 to March 2018) for all levels and models.

3-week forecast2-week forecast1-week forecastReal timeLevels and data sources

RMSEPCCRMSEPCCRMSEPCCRMSEPCC

National

22.300.90322.190.89219.710.91315.470.942 dAR(52)c

40.520.83042.630.85845.720.87645.590.884Google

41.300.69237.840.73950.680.61532.930.795EHRe

22.980.90923.630.89221.680.91315.870.946AR(52) and Google

23.310.89022.850.88720.210.90615.930.938AR(52) and EHR

41.880.79037.700.84949.500.78043.260.833Google and EHR

24.110.88623.870.89521.760.90915.720.946AR(52), Google, and EHR

Regional

45.050.67744.110.68542.680.69938.470.745AR(52)

54.550.68957.020.67161.580.65862.900.708Google

63.260.52660.510.56266.990.53147.760.651EHR

47.870.70347.380.69446.910.70039.710.757AR(52) and Google

44.090.69443.830.69441.050.72038.370.743AR(52) and EHR

56.250.65855.480.66369.170.58476.870.542Google and EHR

47.170.70146.250.70244.630.71838.880.759AR(52), Google, and EHR

aPCC: Pearson correlation coefficient.
bRMSE: root mean squared error.
cAR(52): autoregressive model of order 52.
dItalicization highlights the 2 highest correlations and lowest errors obtained with the models for real time and 1-week, 2-week, and 3-week forecasts.
eEHR: electronic health record.

National Analysis
For real-time estimates, the error values range from 45.6 to 15.5
and the correlation values range from 0.80 to 0.95, with the
lowest error and the highest correlation obtained with the model
using only historical data—AR(52)—or the models combining
historical data and external data sources. The results are similar
for long-term forecasts, with error values ranging from 50.7 to
19.7 and correlation values ranging from 0.62 to 0.91 for 1-week
estimates. For 2-week and 3-week estimates, the error values

range from 42.6 to 22.8 and 41.9 to 22.3, respectively. In terms
of 2-week and 3-week correlation, the values range from 0.74
to 0.90 and from 0.69 to 0.91, respectively.

Figure 5 illustrates the estimates obtained at the national level
for forecasts up to 3 weeks with the model using only historical
data and the model using historical data and both data sources,
Google and EHR. For real-time estimates and long-term
forecasts, the results obtained with the 2 models are comparable.
In comparison with the linear approach, the nonlinear approach
tends to smooth estimates.
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Figure 5. National level. Predictions up to 3 weeks obtained at the national level with the model using only historical data and the model using historical
data and both data sources, Google and EHR. Gold standard, French Sentinel network data. EHR: electronic health record.

Regional Analysis
For real-time estimates, the error values range from 76.9 to 38.4
and the correlation values range from 0.54 to 0.76, with the
lowest error and the highest correlation values obtained with
AR(52) model and the models combining historical data and
external data sources. For 1-week, 2-week, and 3-week
estimates, the error values range from 69.2 to 41.1, from 60.5
to 43.8, and from 63.3 to 44.1, respectively. The lowest errors
values for long-term forecasts are all obtained with the model
using historical and EHR data. In terms of 1-week, 2-week, and

3-week correlation, the values range from 0.53 to 0.72, from
0.56 to 0.70, and from 0.53 to 0.70, respectively. The highest
correlations for long-term forecasts are all obtained with the
model using historical data and both data sources, Google and
EHR.

Figure 6 illustrates the estimates obtained at the regional level
for forecasts up to 3 weeks with the model using only historical
data and the model using historical data and both data sources,
Google and EHR. At the national level, results are comparable
between the 2 models, and the nonlinear approach tends to
smooth the estimates.
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Figure 6. Regional level. Predictions up to 3 weeks obtained at the regional level with the model using only historical data and the model using historical
data and both data sources, Google and EHR. Gold standard, French Sentinel network data. EHR: electronic health record.

Comparison of AG and Influenza
To assess the role of external data sources in AG forecasting in
comparison with influenza forecasting, we studied both time
series, at the national and regional levels. As both series were
stationary, we compared the seasonality. Figure 7 corresponds
to ACF and PACF obtained for AG and influenza.

The ACF plot provides the correlation coefficients between a
time series and its lagged values. The PACF plot provides the
correlation coefficients between a time series and its lagged

values after removing the effects that are already explained by
the previous lags.

The ACF plots at the national and regional levels (Figures 7A
and 7C) show that both time series, AG and influenza, are
seasonal, but with autocorrelation more important for AG than
for influenza. This result can explain why historical data are
able to provide more information for AG than for influenza.
We have similar results for PACF plots (Figures 7B and 7D),
at the national and regional levels, where the coefficients of
partial autocorrelation are larger for AG than for influenza.
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Figure 7. ACF and PACF. Autocorrelation obtained for flu and AG at the national level (Figures A and B) and regional level (Figures C and D). ACF:
autocorrelation function; AG: acute gastroenteritis; PACF: partial autocorrelation function.

Analysis of Forecast up to 10 Weeks

Linear Approach
Figure 8 and Table S1 in Multimedia Appendix 1 show, for the
linear approach, errors and correlation for AG at the national
and regional levels, for forecasts up to 10 weeks. At the national
level, the lowest error for real-time estimates is obtained with
the linear approach using only historical data—AR(52). For
long-term forecasts, from up to 1 week to up to 10 weeks, the
lowest errors are obtained by using historical data and both data
sources, Google and EHR. In terms of correlation, in all cases,
the highest values are obtained by using only historical data.

At the regional level, in terms of errors, both data sources,
Google and EHR, allow to improve accuracy for forecasts from
up to 4 weeks to up to 10 weeks. In terms of correlation, results
are similar to those at the national level, with high values
obtained by using only historical data.

Figure 8 and Table S2 in Multimedia Appendix 1 show, for the
linear approach, errors and correlation for influenza at the
national and regional levels, for forecasts up to 10 weeks. In
contrast to AG at the national and regional levels, in terms of
errors and correlation, the most accurate results are obtained by
using historical data, Google data, and EHR data.
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Figure 8. (A) Error values obtained at the national level for the flu and gastroenteritis for forecasts up to 10 weeks with the Elastic Net model. The
solid line corresponds to the results obtained with the Elastic Net model using only historical data. The dotted line corresponds to the results obtained
with the Elastic Net model using historical data and both Google and EHR data. The red color is the results for gastroenteritis disease, whereas the blue
color is the results for the flu. This style line and color code are used for the 4 panels of this figure. (B) Correlation values obtained at the national level.
(C) Error values obtained at the regional level. (D) Correlation values obtained at the regional level. EHR: electronic health record; RMSE: root mean
squared error.

Nonlinear Approach
Figure 9 and Table S3 in Multimedia Appendix 1 show, for the
nonlinear approach, errors and correlation for AG at the national
and regional levels, for forecasts up to 10 weeks. At the national
level, in terms of errors, the lowest values are obtained by using
only historical data—AR(52). In terms of correlation, for
long-term forecasts, the highest values are obtained by using
only historical data. At the regional level, in terms of errors, for
forecast up to 4 weeks, the lowest values are obtained by using
only historical data. However, for long-term forecasts, the most
accurate results are obtained by using historical data and both
data sources, Google and EHR.

Figure 9 and Table S4 in Multimedia Appendix 1 show, for the
nonlinear approach, errors and correlation for influenza at the

national and regional levels, for forecasts up to 10 weeks. At
the national level, in terms of errors and correlation, the most
accurate values for forecasts up to 2 weeks are obtained by using
historical data and both Google and EHR data. For forecasts
from up to 3 weeks to up to 5 weeks, most accurate estimates
are obtained by using only historical data. For long-term
forecasts, results are similar for both models, the one using only
historical data and the one using historical data and Google and
EHR data. At the regional level, for forecasts up to 4 weeks, in
terms of errors, the lowest values are obtained, in most cases,
by using only historical data. For long-term forecasts, the most
accurate estimates are obtained with the model using historical
data and both Google and EHR data. In terms of correlation, in
most cases, the highest values are obtained by using historical
data and both Google and EHR data.
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Figure 9. (A) Error values obtained at the national level for the flu and gastroenteritis for forecasts up to 10 weeks with the RF model. The solid line
corresponds to the results obtained with the random forest (RF) model using only historical data. The dotted line corresponds to the results obtained
with the RF model using historical data and both Google and EHR data. The red color is the results for gastroenteritis disease, whereas the blue color
is the results for the flu. This style line and color code are used for the 4 panels of this figure. (B) Correlation values obtained at the national level. (C)
Error values obtained at the regional level. (D) Correlation values obtained at the regional level. EHR: electronic health record.

Discussion

Principal Findings
We adjusted a methodology developed for influenza, to
accurately track AG activity. Our method is able to provide
forecasts up to 10 weeks for national and regional levels and
for emergency and hospitalization stays (Multimedia Appendix
1). To the best of our knowledge, this is a disease and a spatial
resolution (French regions and hospitals) for which no
forecasting approaches have been explored previously.

In this study, we show that external data sources, EHR and
Google, contribute to improving AG surveillance, in particular
for long-term forecasts, with more important contribution from
historical data. Specifically, when we use the linear approach
(Elastic Net), in terms of errors at the national level, the lowest
values are obtained by using historical data and both Google
and EHR data. These results are consistent for forecasts from
up to 1 week to up to 10 weeks (Table S1 in Multimedia
Appendix 1). At the regional level, the model using only
historical data is the model producing the lowest errors for
short-term forecasts (Table S1 in Multimedia Appendix 1).
However, for long-term forecasts, the inclusion of external data
sources (Google and EHR) improves the estimates. We
conducted a Diebold Mariano test [39] to assess if the forecasts
are statistically different when using only historical data or the
combination of historical data, Google data, and EHR data
(Table S5 in Multimedia Appendix 1). We can see that at the
national level, the estimates are statistically more accurate when
using historical data and both Google and EHR data for 3-week
and long-term forecasts. At the regional level, the use of external
data sources produces estimates that are statistically more
accurate for 7-week and long-term forecasts.

As we used a method developed for influenza outbreaks, we
compared the results obtained for AG with those obtained for
influenza. At the national and regional levels, with the linear
approach, for both short-term and long-term forecasts, the most
accurate estimates are obtained with the model using historical
data and external data sources (Google and EHR data). An
understanding of these results can emerge from the time series
analysis (Figure 7). We show that the seasonality is more
important for AG epidemics than for influenza, resulting in
historical data capable of providing more information for AG
than for influenza. Nonetheless, for long-term forecasts,
historical data are not sufficient and external data sources can
be used to supplement them. Thus, it is important to integrate
external data to improve long-term estimates.

In addition to the linear approach, we conducted the same
analysis with a nonlinear approach (RF). At the national level,
the results differ slightly from those obtained using the linear
approach. In terms of error and correlation, the model using
only historical data provides more accurate estimates than the
model using historical data, Google data, and EHR data. These
results are consistent for real-time estimates and long-term
forecasts (Table S3 in Multimedia Appendix 1). At the regional
level, regarding the linear approach, in terms of error for
short-term forecasts, the model using only historical data allows
to produce the most accurate estimates. For long-term forecasts,
the model including external data sources, Google and EHR,
decreases the error. In terms of correlation, for both short-term
and long-term forecasts, the model producing the highest values
is the model using historical data, Google data, and EHR data.
In all cases, the nonlinear approach allows us to obtain high
values in terms of correlation and low values in terms of error
when compared with those obtained using the linear approach.
However, as seen in Figures 5 and 6, the nonlinear approach
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tends to smooth the estimates compared with those obtained
using the linear approach. This can result in decrease in error
and increase in correlation.

The fact that we could only access EHR data from Rennes
University Hospital, and thus from the Brittany region,
prevented us from being able to quantify the added value of
nation-wide EHR information. This should be evaluated in
future studies by integrating EHR data from different hospitals
from all the French regions. However, it is interesting that data
from a hospital in Rennes can improve AG forecasting at the
national level, even if, as we described previously, EHR data
seem more important for the regional level.

Data retrieved from Google Correlate are normalized by Google
in a (frequently) distinct sample and over different time periods
depending on the data request. This prenormalization can affect
our results, but as shown in the study by Arena et al [15], the
process of dynamic training minimizes the impact of this
instability.

It would be interesting to test other approaches that gave good
results for influenza, for example, an ensemble method that
combines the power of the linear and the nonlinear approaches
[14] or other machine learning methods such as Support Vector
Machine or neural networks. We tested a long short-term
memory model to forecast gastroenteritis up to 10 weeks. We
obtained root mean squared error=2.96 for real-time forecasting.

We believe that these results are really promising and could be
further studied in the future by developing a neural network
combining long short-term memory for historical data and
another neural network for external data sources such as Google
data or EHR data. In addition, other methods could be tested to
obtain more information from external data sources as
transformations of the input variables. Variable transformations
could be tested on external data sources to check whether we
could get more information. Finally, it could be meaningful to
first remove the multicollinearity of our predictive variables
with traditional methods such as the Variance Inflation Factor
and then select the most important variables with a stepwise
regression to run a linear regression on the remaining variables.

Conclusions
We show that hospital data and internet search data significantly
contribute to predict AG outbreaks, in particular for long-term
forecasts. The use of these external data sources in combination
with historical data could supplement traditional surveillance
systems. The methods we developed could help to reduce the
impact of the AG peak, particularly in hospitals, by making it
possible to anticipate increased activity by up to 10 weeks.

We acknowledge that there is still scope for improvement.
Future studies could explore the incorporation of more
information from external data sources as a way to yield more
robust results.
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Multimedia Appendix 1
Heat maps obtained at both, national and regional levels, for the linear approach at 1-week, 2-week and 3-week forecasts. We
also added the correlation and errors obtained up to 10-week forecast, for the linear and nonlinear approaches for both, influenza
and gastroenteritis diseases.
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Abstract

Background: Sickle cell disease (SCD) was first recognized in 1910 and identified as a genetic condition in 1949. However,
there is not a universal clinical registry that can be used currently to estimate its prevalence. The Sickle Cell Data Collection
(SCDC) program, funded by the Centers for Disease Control and Prevention, funds state-level grantees to compile data within
their states from various sources including administrative claims to identify individuals with SCD. The performance of the SCDC
administrative claims case definition has been validated in a pediatric population with SCD, but it has not been tested in adults.

Objective: The objective of our study is to evaluate the discriminatory ability of the SCDC administrative claims case definition
to accurately identify adults with SCD using Medicaid insurance claims data.

Methods: Our study used Medicaid claims data in combination with hospital-based medical record data from the Alabama,
Georgia, and Wisconsin SCDC programs to identify individuals aged 18 years or older meeting the SCDC administrative claims
case definition. In order to validate this definition, our study included only those individuals who were identified in both Medicaid’s
and the partnering clinical institution’s records. We used clinical laboratory tests and diagnostic algorithms to determine the true
SCD status of this subset of patients. Positive predictive values (PPV) are reported overall and by state under several scenarios.

Results: There were 1219 individuals (354 from Alabama and 865 from Georgia) who were identified through a 5-year time
period. The 5-year time period yielded a PPV of 88.4% (91% for data from Alabama and 87% for data from Georgia), when only
using data with laboratory-confirmed (gold standard) cases as true positives. With a narrower time period (3-year period) and
data from 3 states (Alabama, Georgia, and Wisconsin), a total of 1432 individuals from these states were included in our study.
The overall 3-year PPV was 89.4% (92%, 93%, and 81% for data from Alabama, Georgia, and Wisconsin, respectively) when
only considering laboratory-confirmed cases as true cases.
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Conclusions: Adults identified as having SCD from administrative claims data based on the SCDC case definition have a high
probability of truly having the disease, especially if those hospitals have active SCD programs. Administrative claims are thus a
valuable data source to identify adults with SCD in a state and understand their epidemiology and health care service usage.

(JMIR Public Health Surveill 2023;9:e42816)   doi:10.2196/42816

KEYWORDS

surveillance using administrative data; rare conditions; sickle cell disease; disease; surveillance; genetic; prevention; data; adults;
epidemiology; utilization

Introduction

Sickle cell disease (SCD) is a rare genetic condition, which has
consistently suffered from disparity in terms of research funding,
availability of registries, and surveillance programs [1].
Recently, the National Academies of Sciences, Engineering,
and Medicine (NASEM) published a strategic plan and blueprint
for action addressing SCD [2]. One of the recommendations of
the NASEM report includes establishing a nationwide
surveillance program for SCD in addition to a longitudinal
clinical registry. A clinical registry is an organized system of
data collection using observational study methods to evaluate
specified outcomes for a population defined by a particular
disease or condition (in this case, SCD). In most cases, a registry
requires patient consent to participate, which may limit the
inclusion of all individuals with the specific condition. In
contrast, surveillance data are defined as the ongoing, systematic
collection, analysis, and interpretation of health-related data
needed for the planning, implementation, and evaluation of
public health practice [2]. While a registry can inform on
clinically specific information including disease trajectory, a
surveillance program provides a more population-based
assessment and is often more inclusive of the entire population.
The Centers for Disease Control and Prevention has invested
in establishing the Sickle Cell Data Collection (SCDC) [3]
program to establish a population-based surveillance program
in multiple US states using a combination of data sources. A
population-based surveillance program for SCD both helps to
reveal the distribution of individuals living with SCD and inform
stakeholders about the health care usage patterns to improve
outcomes. Understanding the patterns of care for people with
SCD can increasingly ensure sufficient staffing, and expertise
is available to treat the patient population.

Administrative claims data are one of the data sources used in
the SCDC population-based surveillance program. Currently,
all states participating in the SCDC program include or plan to
include data from different administrative sources as they
establish their state-specific programs in addition to data from
newborn screening programs (NBSs), SCD center–specific
databases, electronic health records data warehouses, and vital
health records. In contrast to data from NBS programs or clinical
databases, claims data are only based on codes of the
International Classification of Diseases, Ninth and Tenth
Revisions (ICD-9 and -10, respectively), and not clinically
verified data. Despite this limitation, claims data are a valuable
source of information since they include comprehensive
information on health care service usage for their beneficiaries
beyond specific hospitals and clinics. This is specifically

important for the SCDC surveillance efforts, which aim to
include all individuals living with SCD in participating states.
Prior work has validated the definition of ≥3 SCD-coded
encounters within 5 years to identify a pediatric patient cohort
at a large urban children’s hospital [4]. This definition, however,
has not been tested in the adult population. As the SCDC
program expands to multiple states, the generalizability and
validity of the SCDC administrative case definition needs to be
determined. Also, some of the recently participating states have
limited years of available data. The objective of our study is for
3 of the SCDC states to evaluate the discriminatory ability of
the SCDC administrative case definition to identify adults with
SCD (≥18 years of age) who are Medicaid beneficiaries, using
Medicaid insurance claims data from their state, considering
confirmatory laboratory assessment of SCD as the gold standard.
We hypothesize that the SCDC case definition applied to
Medicaid claims data will have a high positive predictive value
(PPV) for identifying SCD cases among people with SCD aged
≥18 years, but that it will be lower than that observed among
pediatric cases.

Methods

Administrative Claims Data Sources to Identify Adults
With SCD
Our study includes Medicaid claims data from the Alabama,
Georgia, and Wisconsin SCDC programs.

Inclusion Criteria
Adult individuals (aged 18 years or older at the beginning of
the study period) with 3 or more claims with an SCD ICD code
(ICD-9: 282.41, 282.42, and 282.6*; ICD-10: D57.0*, D57.1,
D57.2*, D57.4*, and D57.8*) in their state-specific Medicaid
data were eligible for inclusion. In addition, eligible individuals
also needed evidence of at least 1 visit (with any diagnosis) at
the specific clinical partner institutions. Our 5-year time frame
analysis included data from Alabama and Georgia. Eligible
individuals identified within Alabama Medicaid claims data
from 2015 to 2019 were cross-referenced with electronic health
record data from the University of Alabama at Birmingham’s
hospital system. Eligible individuals identified within Georgia’s
Medicaid claims data from 2015 to 2019 were included if any
claim contained a Grady Memorial Hospital facility code. Our
3-year time frame analysis included data from Alabama,
Georgia, and Wisconsin. The inclusion criteria for Alabama
and Georgia were identical, as described above, with a restricted
time frame of 2015-2017. The Wisconsin data included eligible
individuals identified within Medicaid claims data from 2018
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to 2020 who were linked and matched with electronic health
record data from Froedtert Hospital.

Ethics Approval
All states providing data had approvals or exemption to conduct
the project. Specifically, the University of Alabama Institutional
Review Board (IRB) approved the project as Non-human
subjects research (IRB-300004733), the Georgia State
University's IRB approved the state's SCDC program under a
public health exemption (protocol #H11142), and the Medical
College of Wisconsin IRB granted an exemption for the study
in accordance with 45 CFR 46.104(d)(4) (PRO00043293).

Validation Data
SCD centers from the University of Alabama at Birmingham,
Grady Memorial Hospital, and Froedtert Hospital contributed
their patient-level databases, which included people with
“confirmed” SCD. Hematologists at each site also reviewed the
laboratory reports of all the individuals identified at their
institutions as part of this study. An individual had confirmatory
evidence of SCD if he or she had a confirmed Clinical
Laboratory Improvement Amendments of 1988–certified
laboratory result from a hemoglobin electrophoresis or

high-performance liquid chromatography test in their medical
records. All patients with confirmed SCD had these laboratory
tests in their medical records (even if they were not active
patients within the SCD center). For individuals without
evidence of confirmatory laboratory testing, a clinical algorithm
was used to evaluate nondiagnostic laboratory data available in
the electronic medical record system to classify them as being
“likely” to have SCD. The clinical algorithm considered
individuals “likely” to have SCD if they had at least 15
laboratory values that included a total bilirubin level of >1.1
mg/dL and any one of the following: reticulocyte proportion of
>2%, lactate dehydrogenase level of >250 units/L, or
hemoglobin level of <11 g/dL. Individuals with a hemoglobin
analysis in their medical records, confirming that they did not
have SCD (including those with the sickle cell trait), were
categorized as “do not have SCD.” Individuals who did not
have confirmatory laboratory evidence regarding their SCD
status or those who were not classified as likely cases were
labeled as “indeterminant” cases, implying that there was not
enough evidence in their medical record to make a diagnosis.

The stepwise method of identification of the eligible population
and the classification of cases into various categories is
illustrated in Figure 1.

Figure 1. Overview of study methodology. SCD: sickle cell disease.

Analysis
Summary statistics were calculated to describe the demographic
characteristics of age, sex, and race and ethnicity based on
information available in each state’s Medicaid data. Analysis
was conducted for 2 time periods based on available data: 5
years (Alabama and Georgia) and 3 years (Alabama, Georgia,
and Wisconsin). We determined the PPV, overall and by state,
under various scenarios for the respective time frames. In the
first scenario, true positives (TPs) included individuals
“confirmed” to have SCD. In the second scenario, TPs also

included individuals “confirmed” and “likely” to have SCD.
The PPV was calculated using the TP as the numerator and the
total number of SCD cases identified per the definition as the
denominator (TPs+false positives [FPs]). As an alternate
strategy, we also calculated a best-case PPV excluding
individuals with an “indeterminant” SCD status for both the
scenarios described above. This was done because
“indeterminant” cases did not have sufficient information to be
either classified as TP or FP. Exact binomial 95% CIs were
reported for all proportions. For the group of patients recognized
as FP cases based on confirmatory evidence of not having SCD
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in their clinical data, we provide a count of those with the sickle
cell trait.

Results

Overview
There were a total of 3425 (Alabama, n=935; Georgia, n=2490)
and 3365 (Alabama, n=803; Georgia, n=2055; Wisconsin,
n=507) individuals who were aged ≥18 years and had at least
≥3 Medicaid SCD claims in the 5-year and 3-year time frame,

respectively. A total of 1219 unique individuals (354 from
Alabama and 865 from Georgia) in the 5-year time period and
1432 (328 from Alabama, 684 from Georgia, and 420 from
Wisconsin) in the 3-year time period had at least 3 Medicaid
SCD claims and an encounter with the respective partner clinical
institution. Importantly, not all of those individuals with SCD
claims were seen by the sickle cell center at their respective
institutions (ie, they only had to be seen within the hospital
system). The demographic characteristics and the total number
of SCD-related Medicaid encounters are described in Table 1.

Table 1. Demographic characteristics of individuals included in the study.

ValuesCharacteristics

WisconsinGeorgiaAlabamaTotal

3-year time
frame (n=420)

5-year time
frame

3-year time
frame (n=684)

5-year time
frame (n=865)

3-year time
frame (328)

5-year time
frame (n=354)

3-year time
frame (n=1432)

5-year time
frame (n=1219)

38.0 (11.4)N/Aa30.03 (10.8)30.5 (11.2)28.8 (9.4)29.0 (9.3)32.1 (11.3)30.1 (10.7)Age (years),
mean (SD)

Age group (years), n (%)

113 (27)N/A397 (58)489 (57)221 (67)237 (67)731 (51)735 (60)18-29

153 (36)N/A175 (26)223 (26)68 (21)76 (21)396 (28)299 (25)30-39

90 (21)N/A70 (10)93 (11)24 (7)26 (7)184 (13)119 (10)40-49

49 (12)N/A27 (4)37 (4)12 (4)12 (3)88 (6)49 (4)50-59

18 (4)N/A15 (2)23 (3)3 (1)3 (1)36 (2)26 (2)≥60

242 (57)N/A396 (58)519 (60)209 (64)224 (63)847 (59)743 (61)Sex (female), n
(%)

36.5 (47.2)N/A51.1 (61.7)71.4 (92.3)31.4 (20.2)47.8 (33.5)42.3 (51.4)64.5 (80.5)SCDb encoun-
ters per patient
during the study
period, mean
(SD)

aN/A: not applicable.
bSCD: sickle cell disease.

PPV Based on Data With a 5-Year Time Period
Table 2 shows the demographic characteristics of individuals
in each validation category by state. The mean age of individuals
with confirmed SCD from Alabama and Georgia was 27.9 (SD
8.6) years and 29.8 (SD 10.7) years, respectively, with the
majority of them being in the 18-29–year age group. Overall,
69% of individuals with confirmed SCD across Alabama and
Georgia had Hemoglobin SS/Sβ0 type of disease. PPV values
by state are shown in Table 3. The overall PPV was 88% when
considering only those with a confirmatory clinical laboratory
test indicating SCD as TPs. For the scenario that included both

likely and confirmed cases as TP, the PPV was slightly higher
(89%).

Overall, across Alabama and Georgia, there were 58 cases (14
from Alabama and 44 from Georgia) that were FP (cases with
confirmatory evidence of not having SCD). Of them, 36% (5
from Alabama and 16 from Georgia) had the sickle cell trait.
There were 73 cases that were indeterminate (8 from Alabama
and 65 from Georgia). When excluding the indeterminate cases
from the denominator (data not shown in tables), the PPVs for
the 2 scenarios of TPs were 94% and 95%, respectively. The
PPVs (when excluding indeterminate cases from the
denominator; data not shown in tables) remained at >83% for
both the TP scenarios irrespective of age group and state.
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Table 2. Demographic characteristics of individuals with confirmed sickle cell disease (SCD), likely SCD, those not having SCD, and those with an
indeterminate status identified by the clinical validation process by state over a 5-year period.

Georgiab (n=865)Alabamaa (n=354)

Indeterminant
status (n=65)

Confirmed as
not having
SCD (n=44)

Likely
SCD (n=1)

Confirmed
SCD (n=755)

Indeterminant
status (n=8)

Confirmed as
not having
SCD (n=14)

Likely
SCD (n=9)

Confirmed
SCD (n=323)

38.7 (13.3)30.3 (11.1)—c29.8 (10.7)39.1 (11.7)27.3 (5.6)32.9 (4.8)27.9 (8.6)Age (years), mean
(SD)

Age groups (years), n (%)

15 (23)26 (59)—448 (59)2 (25)10 (71)1 (11)224 (69)18-29

24 (37)10 (23)—189 (25)2 (25)4 (29)8 (89)62 (19)30-39

15 (23)7 (16)1 (100)70 (9)3 (38)——23 (7)40-49

4 (6)——33 (4)1 (12)——11 (3)50-59

7 (11)1 (2)—15 (2)———3 (1)≥60

50 (77)39 (89)—430 (57)4 (50)9 (64)6 (67)204 (63)Sex (female), n (%)

9.2 (17.6)14.0 (15.9)27 (N/Ad)80.2 (96.0)17.4 (18.4)19.1 (11.3)30 (37)50.1 (33.5)SCD encounters per
patient during the
study period, mean
(SD)

aSCD types in Alabama: hemoglobin SS/Sβ0, n=205 (63%); hemoglobin SC, n=68 (21%); others, n=50 (15%).
bSCD types in Georgia: hemoglobin SS/Sβ0, n=536 (71%); hemoglobin SC, n=176 (23%); others, n=43 (6%).
cNot available.
dN/A: not applicable.

Table 3. The positive predictive value (PPV) of the Sickle Cell Data Collection (SCDC) case definition by state over a 5- and 3-year period.

3-year time period5-year time period

PPV including confirmatory
and likely cases as TP (%),
PPV (95% CI)

PPV including only confirma-
tory cases as TP (%), PPV
(95% CI)

PPV including confirmatory
and likely cases as TP (%),
PPV (95% CI)

PPV including only confirma-

tory cases as TPa (%), PPV
(95% CI)

95 (92-97)92 (89-95)94 (91-96)91 (87-94)Alabama

93 (91-95)93 (91-95)87 (85-90)87 (85-90)Georgia

82 (78-86)81 (77-85)N/AN/AbWisconsin

aTP: true positive.
bN/A: not applicable.

PPV Based on Data With a 3-Year Time Period
Table 4 shows the demographic characteristics of individuals
in each validation category by state. Similar to the 5-year time
frame, the mean age of individuals confirmed with SCD was
28.0 (SD 9.5) years and 29.6 (SD 10.5) years, respectively, with
the majority being in the 18-29–year age group. The individuals
confirmed with SCD from the Wisconsin records had a higher
mean age (36.7, SD 10.5 years), with 30% and 38% of them
being in the 18-29–year and 30-39–year age group, respectively.
The PPVs for all scenarios by state are shown in Table 3. The
overall PPV was 89% when considering only those with a
confirmatory clinical laboratory test indicating SCD as TP. For

the scenario that included both likely and confirmed cases as
TP, the PPV was slightly higher (91%).

Overall, across Alabama, Georgia, and Wisconsin, there were
60 cases (11 from Alabama, 21 from Georgia, and 28 from
Wisconsin) that were FP (cases with confirmatory evidence of
not having SCD), of whom 50% (5 from Alabama, 9 from
Georgia, and 16 from Wisconsin) had the sickle cell trait. There
were 79 (6 from Alabama, 25 from Georgia, and 48 from
Wisconsin) indeterminate cases. When excluding the
indeterminate cases from the denominator, the PPVs for the 2
scenarios of TPs were 95% and 96%, respectively. The PPVs
(when excluding indeterminate cases from the denominator;
data not shown in tables) remained at >83% for both the TP
scenarios irrespective of age group and state.
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Table 4. Demographic characteristics of individuals with confirmed sickle cell disease (SCD), likely SCD, those not having SCD, and those with an
indeterminate status identified by the clinical validation process by state over a 3-year period.

Wisconsinc (n=420)Georgiab (n=684)Alabamaa (n=328) 

Indetermi-
nant status
(n=48)

Con-
firmed
as not
having
SCD
(n=28)

Likely
SCD
(n=4)

Con-
firmed
SCD
(n=340)

Indetermi-
nant status
(n=25)

Con-
firmed
as not
having
SCD
(n=21)

Likely
SCD
(n=0)

Con-
firmed
SCD
(n=638)

Indeter-
minant
status
(n=6)

Con-
firmed as
not hav-
ing SCD
(n=12)

Likely
SCD
(n=8)

Confirmed
SCD
(n=302)

46.4 (14.9)37.4(8.6)43.8
(11.5)

36.7(10.5)39.2 (14.5)31.1
(9.6)

N/Ad29.6
(10.5)

36.8
(12.2)

28.58

(6.3)

32.9
(5.1)

28.0 (9.5)Age (years),
mean (SD)

Age groups (years), n (%) 

7 (14)5 (18)0 (0)101 (30)7 (28)10 (48)N/A380 (60)3 (50)8 (67)1 (12)210 (70)18-29

9 (19)12 (43)1 (25)129 (38)9 (36)6 (29)N/A160 (25)2 (33)4 (33)7 (88)55 (18)30-39

15 (31)9 (32)2 (50)64 (19)2 (8)5 (24)N/A63 (10)1 (17)——e23 (8)40-49

8 (17)2 (7)1 (25)37 (11)4 (16)—N/A23 (4)1 (17)——11 (4)50-59

9 (19)0 (0)0 (0)9 (3)3 (12)—N/A12 (2)———3 (1)≥60

35 (73)21 (75)3 (75)183 (54)19 (76)19 (90)N/A358 (56)3 (50)7 (58)7 (88)192 (64)Sex (female),
n (%)

26.5 (72.0)11.3
(20.7)

7.5
(2.6)

40.3
(43.7)

11.7 (26.3)12.6
(14.9)

N/A53.9
(62.7)

16.2
(13.5)

15.1 (7.1)22
(17)

32.4 (20.2)SCD encoun-
ters per patient
during the
study period,
mean (SD)

aSCD types in Alabama: hemoglobin SS/Sβ0, n=199 (66%); hemoglobin SC, n=57 (19%); others, n=46 (15%).
bSCD types in Georgia: hemoglobin SS/Sβ0, n=458 (72%); hemoglobin SC, n=146 (23%); others, n=34 (5%).
cSCD types in Wisconsin: hemoglobin SS/Sβ0, n=220 (65%); hemoglobin SC, n=86 (25%); others, n=35 (10%).
dN/A: not applicable.
eNot available.

Discussion

Principal Findings
This study supports the use of a standardized surveillance case
definition within administrative claims data, specifically using
Medicaid claims (≥3 ICD-9 or -10 codes), across multiple states
to identify adults living with SCD. The PPVs achieved through
systematic application of the case definitions among adults who
receive care at hospitals with an SCD program has resulted in
PPVs of ~90%, which is laudable. When excluding the
indeterminate cases, the PPV of the SCDC administrative case
definition for adults is similar to the PPV of >95% demonstrated
in pediatric populations [4,5].

The lower PPV in adults may have resulted from inaccurate
coding in Medicaid claims. A sizeable proportion of the FPs
identified within Medicaid data included individuals with the
sickle cell trait. This represents an opportunity to better educate
providers and the general population about the distinction
between the 2 conditions. The sickle cell trait is a mostly benign
condition and individuals do not experience vaso-occlusive pain
episodes. In contrast, individuals with SCD are at risk for
significant organ damage as well as acute pain episodes. Thus,
research that incorporates individuals with the sickle cell trait
into the SCD cohort may lead to substantial underestimation of
the disease burden. This emphasizes the need for research

specific to SCD based on the combination of information from
multiple data sets to minimize the inclusion of individuals with
the sickle cell trait. This also supports algorithms developed for
other types of data sources such as electronic health record data
that exclude individuals with the sickle cell trait when defining
those with SCD [6,7]. Specifically, the lower predictive value
in Wisconsin, as compared to that in Alabama and Georgia, was
mainly driven by the number of indeterminant cases. The
indeterminant cases did not have enough information to be
classified as having or not having SCD. Interestingly, Wisconsin
is also the newest state to join the SCDC program, which may
be affecting their number of indeterminate cases (and it may
change over time). While better education of providers managing
people with SCD may result in improved coding practices, these
inaccuracies may also occur with ancillary providers, such as
those providing radiology or laboratory testing services, who
may not directly interact with the patient. These ancillary
providers could contribute to both FPs if they assume that a
patient has SCD because he or she was referred by a SCD
specialist or had been seen at a hematology clinic, as well as to
false negatives since they must often assume a patient’s
diagnosis based on conditions inaccurately listed on a problem
list. Further, many physicians caring for people with SCD also
see individuals with other hematologic conditions. Moreover,
there are no codes for “hemoglobinopathy screening” to be used
by providers assessing these individuals. Some individuals may
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be miscategorized as having “SCD” simply because they are
undergoing hemoglobinopathy testing, which can be carried
forward in the medical record. Fragmentation of care for adult
patients with SCD [8,9] may also result in less consistent
diagnosis and coding.

As efforts continue to improve access to care for adults with
SCD, the SCDC program remains an important source of data
to characterize SCD including evaluations of SCD management
and acute care use on a population level. Administrative data
are paramount to creating the surveillance database used by
state SCDC programs. While many sickle cell centers have local
patient databases, a single current national registry for SCD
does not exist, although efforts are underway through the
National Alliance of Sickle Cell Centers [10], the National
Institutes of Health’s Sickle Cell Disease Implementation
Consortium [11], and the American Society of Hematology’s
Research Collaborative [12]. However, adults living with SCD
may be excluded from these efforts if they do not receive care
at one of the participating comprehensive SCD centers. Thus,
it is not possible to include the entire population living with
SCD in a registry, and performance metrics including sensitivity
become impossible to calculate. While efforts are underway to
improve access to care for those with SCD [13], it is vital that
we have a surveillance program to better understand the health
care usage pattern of those living with SCD to determine where
additional SCD centers should be established.

Georgia and California were the first 2 states to develop robust
SCD surveillance programs. Current SCD surveillance efforts
are expanding as the SCDC program receives additional federal
funding to extend to additional states. As new states join the
SCDC program, it becomes increasingly important to ensure
that epidemiologic studies resulting from these data provide an
accurate portrayal of SCD in terms of its morbidity and mortality
across all age groups. Notably, PPVs consistently over 80%,
even among older age groups, support the use of these data to
track survival and other outcomes in SCD over the individuals’
lifespans with reasonable accuracy. These findings add to the
data supporting state programs in equitable resource allocation
and in determining the best strategies to improve outcomes and
quality of life for those living with SCD. Administrative data

are especially important in identifying adults who are too old
to have been screened for SCD at birth (ie, missed the NBS
window) as well as those adults who have little access to SCD
centers. Additionally, these findings demonstrate the importance
of continued data collection and support for the SCDC program,
which will allow for additional refinement of surveillance-based
case definitions for SCD.

Limitations
There are several limitations to this study. First, individuals
who do not have SCD are not included in the SCDC program.
Thus, we are unable to comment on the number of false negative
codes within the data sets. As a result, it is not feasible to assess
the specificity of the data definition on a population level. In
addition, these studies were conducted at hospitals that treat a
large number of individuals living with SCD (and have National
Alliance of Sickle Cell Centers–recognized SCD centers). Thus,
it is possible that hospitals that. Although we report a
conservative estimate of the definition’s PPVs, the performance
of the definition might differ at nonacademic community-based
hospitals or those in rural settings or both. Finally, there are
several indeterminate cases where insufficient laboratory data
were available to confirm an SCD diagnosis. This limitation
highlights the importance of obtaining baseline data for persons
with SCD newly seen at any hospital system. Confirming an
SCD diagnosis is clinically important for medical management
and should not be assumed based on a previously notated
problem in the medical history or a previous administrative
code. Instead, providers need to ensure that all individuals who
present with a diagnosis of SCD (or having a chief complaint
of an SCD-related symptom) have a hemoglobin analysis
performed if never previously evaluated.

Conclusions
Overall, these data validate the use of the administrative case
definition identified by the SCDC programs to identify adults
with SCD. While there are limitations to the use of this
definition, it can be highly valuable for SCD surveillance to
improve the understanding of the patterns of health care usage
in the SCD population over time.
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Abstract

Background: Developmental surveillance, conducted routinely worldwide, is fundamental for timely identification of children
at risk of developmental delays. It is typically executed by assessing age-appropriate milestone attainment and applying clinical
judgment during health supervision visits. Unlike developmental screening and evaluation tools, surveillance typically lacks
standardized quantitative measures, and consequently, its interpretation is often qualitative and subjective.

Objective: Herein, we suggested a novel method for aggregating developmental surveillance assessments into a single score
that coherently depicts and monitors child development. We described the procedure for calculating the score and demonstrated
its ability to effectively capture known population-level associations. Additionally, we showed that the score can be used to
describe longitudinal patterns of development that may facilitate tracking and classifying developmental trajectories of children.

Methods: We described the Developmental Surveillance Score (DSS), a simple-to-use tool that quantifies the age-dependent
severity level of a failure at attaining developmental milestones based on the recently introduced Israeli developmental surveillance
program. We evaluated the DSS using a nationwide cohort of >1 million Israeli children from birth to 36 months of age, assessed
between July 1, 2014, and September 1, 2021. We measured the score’s ability to capture known associations between developmental
delays and characteristics of the mother and child. Additionally, we computed series of the DSS in consecutive visits to describe
a child’s longitudinal development and applied cluster analysis to identify distinct patterns of these developmental trajectories.

Results: The analyzed cohort included 1,130,005 children. The evaluation of the DSS on subpopulations of the cohort, stratified
by known risk factors of developmental delays, revealed expected relations between developmental delay and characteristics of
the child and mother, including demographics and obstetrics-related variables. On average, the score was worse for preterm
children compared to full-term children and for male children compared to female children, and it was correspondingly worse
for lower levels of maternal education. The trajectories of scores in 6 consecutive visits were available for 294,000 children. The
clustering of these trajectories revealed 3 main types of developmental patterns that are consistent with clinical experience:
children who successfully attain milestones, children who initially tend to fail but improve over time, and children whose failures
tend to increase over time.

Conclusions: The suggested score is straightforward to compute in its basic form and can be easily implemented as a web-based
tool in its more elaborate form. It highlights known and novel relations between developmental delay and characteristics of the
mother and child, demonstrating its potential usefulness for surveillance and research. Additionally, it can monitor the developmental
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trajectory of a child and characterize it. Future work is needed to calibrate the score vis-a-vis other screening tools, validate it
worldwide, and integrate it into the clinical workflow of developmental surveillance.

(JMIR Public Health Surveill 2023;9:e47315)   doi:10.2196/47315

KEYWORDS

child development; risk scores; scoring methods; language delay; motor skills delay; developmental; surveillance; developmental
delays; developmental milestones; young children; intervention; child

Introduction

With growing awareness to the high prevalence of
developmental, behavioral, or social delay among young
children, and the importance of early intervention to mitigate
this risk [1-5], many international organizations have
recommended routine developmental surveillance for all
children [2,6,7]. This process is typically conducted by
evaluating the children’s ability to attain a battery of
age-appropriate milestones at routine clinic visits during the
first few years of their life [2]. Interpreting the results of such
evaluations is not straightforward. For a specific milestone, one
can establish the population’s age-dependent norms of attaining
the milestone and use them to assess the level of concern in
case a child fails to attain it, similar to the way physical growth
measures are monitored [8-10]. However, unlike physical growth
norms, which are continuous and whose trajectories over time
are readily understood, success or failure at attaining a
developmental milestone is a binary measure, and it is not
obvious how to integrate the results of multiple different
milestones across several developmental domains to
quantitatively monitor and assess a child’s development over
time.

The assessment of child development can be done at varying
level of details using 3 different types of tools: surveillance (or
monitoring), screening, and evaluation. Developmental
surveillance is based on milestone attainment checklists and is
used worldwide by pediatricians and health care providers at
routine encounters, as well as by educators and parents.
Screening requires a more formal and elaborated assessment,
typically done by caregivers or health care professionals at
specific ages. Finally, developmental evaluation is an in-depth
examination, typically done by a trained specialist, which aims
to provide a formal diagnosis of the child. Importantly,
surveillance is based on developmental norms, whereas
screening tools are validated against a “gold standard” obtained
from evaluation.

A commonly used screening tool is the Denver II Screening
Tool [8,11], where the outcome is either “normal” or
“suspicious,” based on how many milestones were failed and
the general rate of failure for them. A common alternative is
the Ages & Stages Questionnaires (ASQ-3) [12] screening tool,
where caregivers select 1 of 3 answers for an array of questions,
and the total score identifies the child’s development as being
“on schedule,” requiring “learning activities and monitor,” or
needing “further assessment.” Both of these screening tools
take about 20 minutes to administer, depending on the age of
the child and the experience of the person administering them.
A widely used developmental evaluation tool is the Bayley

Scales of Infant and Toddler Development [13], which typically
takes 30-70 minutes to complete and yields a numerical score
for each developmental category, as well as an estimate for a
child’s developmental age—that is, at what age do neurotypical
children exhibit a similar level of milestone attainment.

Previous work [14] has attempted to combine and standardize
the results of 12 commonly used screening and evaluation tools
into a single metric. However, doing so for surveillance tools
is more challenging. There is a lack of standardization at this
level of assessment, and the quantification of developmental
surveillance assessments has not been previously suggested. At
best, surveillance tools are calibrated using real-world data to
determine the rate of milestone attainment at different ages [9]
and then administered accordingly.

In this work, we suggested a relatively simple new methodology
for translating a milestone-based developmental surveillance
scale into a single score, denoted as the Developmental
Surveillance Score (DSS), that conveys a child’s developmental
status during a specified time period. Based on data from a
national developmental surveillance program in Israel, we
demonstrated that this score consistently captures known
associations between the development and characteristics of the
mother and child. Moreover, the score can be used to reveal and
explore new associations, which may further improve our
understanding of the factors that impact developmental delay.
Finally, the score can be used to track individual children
longitudinally, by describing the trajectory of their development
over time. We showed that by clustering these trajectories, we
can identify several typical patterns of development.

The focus of this work was on defining a straightforward
surveillance score (in the sense that computing it as part of the
surveillance workflow adds essentially no overhead over the
current practice) and establishing its coherence and potential
usefulness. Further work is required to refine this score, validate
it using various data sets internationally, and derive from it
explicit protocols.

Methods

Developmental Surveillance in Israel
Developmental surveillance (from birth to 6 years of age) in
Israel is performed routinely (and free of charge) according to
national standards by trained public health nurses in
approximately 1000 maternal child health clinics (MCHCs).
The collected data of approximately 70% of the Israeli
population of this age group are documented in a single common
database managed by the Israeli Ministry of Health. The
developmental assessments include 59 milestones across 4
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domains: personal-social, language, fine motor, and gross motor
[9].

Parents are instructed to visit the MCHC after hospital discharge
and then at ages of 1, 2, 4, 6, 9, 12, 18, 24, 36, 48, and 60
months. At each visit, a predefined group of age-related
milestones is evaluated, according to the expected development
at that age (denoted “age step”). Children may also be evaluated
on milestones of a previous age step, in cases of a missed visit
or a failure to attain milestones at the preceding visit.

The child’s ability to attain each milestone is reported as
observed in the clinic; although in cases of difficult attainments,
this may by documented according to a parent’s report. If the
evaluated milestone was not attained by neither observation nor
parental report, it is documented as unattained.

Study Cohort
This study included all children born between July 1, 2014, and
September 1, 2021, who were followed at the MCHCs and had
at least one developmental evaluation recorded during the study
period. In most of the analyses, we excluded children born
preterm (gestational age of <37 weeks)—the one exception is
the analysis of gestational age. Additionally, children with
missing gestational age were excluded, as well as visits without
developmental data or without the child’s age. The final cohort
included 1,130,005 children in total, with 1,052,905 of them
born on-term.

DSS Definition
Sudry et al [9] have recently introduced the Tipat Halav Israel
Surveillance (THIS) developmental scale, a data-driven
developmental scale comprising curves of attainment rate by
age for each of the 59 milestones evaluated in the Israeli
developmental surveillance program (the scale can be
downloaded from [15]). Broadly, when a child fails to attain a
milestone, the THIS developmental scale categorizes the severity
of this failure into 1 of 4 categories, depending on how often
children of the same age fail to attain this milestone.

Accordingly, in this study, we defined the Discrete Milestone
Attainment Score (DMAS) for a failed milestone as the
numerical order of the failure severity: a score of 1, 2, 3, or 4
is assigned for failure occurring when <75%, 75% to 90%, 90%
to 95%, or >95% of the children at the same age attain this
milestone, respectively. For an attained milestone, the DMAS
value is 0. If an milestones is attempted multiple times, it will
be scored separately each time it is attempted. The total score
for a set of milestones is the average DMAS over all milestones
of all developmental domains.

More formally, for each milestone, the age thresholds for
attainment by 75%, 90%, and 95% of the children were
calculated [9]; we denoted these age thresholds for milestone t
by t75, t90, and t95, respectively, and considered the 4 consecutive
age brackets they define:

b1 = [t0, t75], b2 = (t75, t90], b3 = (t90, t95], b4 = (t95, t100]

where t0 and t100 are the minimal and maximal ages at which
the milestone t is assessed, respectively.

For a milestone t evaluated at age a, we defined i such that a is
in the bracket bi (i indicates the severity of failure):

To avoid noncontinuity, we extended the above definition into
a Linearized Milestone Attainment Score (LMAS), using a c
function as follows:

where amin and amax are the low and high ends of bi, respectively.

The definitions of DMAS and LMAS are graphically illustrated
in Figure 1. In the remainder of this paper, we used the LMAS
version of the score, unless otherwise noted. In practice,
deciding which of the 2 to use depends on the use case. DMAS
is straightforward to compute from the THIS scale, whereas
LMAS offers finer resolution.
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Figure 1. A schematic depiction of the Discrete Milestone Attainment Score (DMAS) and the Linearized Milestone Attainment Score (LMAS) computed
from the trend of milestone attainment rate versus the child’s age.

For a set of milestones T, we defined the developmental
surveillance score DSS(T) as the average of the individual
milestone attainment scores:

where at is the age at which milestone t was assessed. See
Multimedia Appendix 1 for a concrete example of computing
the score.

The set of milestones used for calculating the DSS can be
defined by the evaluation period and by the types of
developmental domains. For example, when computing the
fine-motor score for a child during the first year of life, we
computed the score for each fine-motor milestone attempted by
the child during this period and then the average of the scores.
In particular, if a milestone was attempted multiple times during
this period, all attempts were used for the calculation of the
score. Determining the evaluation period is a delicate point,
which depends on the DSS application. Herein, we considered
a broad period of 1 year in the subpopulation analysis and visits
during each MCHC-determined age bracket (typically, a single
visit) when analyzing developmental trajectories.

In this study, we aggregated personal-social milestones with
language milestones, denoting them as “language-social”
milestones. This was motivated by the relatively small number
of milestones in the social domain and the interdependence of
development in these 2 domains.

In Multimedia Appendix 1, we described an alternative score
definition, the q-score, which is motivated by the notion of
developmental quotient and is based on a more formal statistical
approach. As described there, these 2 approaches lead to a
similar ranking of children according to the quantified
developmental delay, that is, when asking for which of 2 given

children there is a greater concern for developmental delay, the
2 approaches tend to give the same answer.

Associations Between Mother and Child
Characteristics and the Developmental Score
We examined the relations between the DSS and the
characteristics of the mother and child. The children’s
characteristics included sex, gestational age at birth, birth
weight, birth order, and records of an existing developmental
tracking.

When analyzing gestational age, we partitioned preterm births
to extremely preterm (less than 27 weeks), very preterm (27-31
weeks), and late preterm (32-36 weeks) [16]. This was the only
analysis that included preterm children.

Characteristics of mothers included age at delivery; level of
education; and the result of postpartum depression (PPD)
evaluation, using the Edinburgh Postnatal Depression Scale
(EPDS). For the purpose of the analysis, mothers were
considered as having symptoms of PPD if their EPDS score
was ≥10 or if their score in question number 10 (self-harm) was
other than 0 [17].

To test whether differences between score averages were
significant, we used the Mann-Whitney U test [18].

Developmental Trajectory Vectors
We described the developmental trajectory of a child by the
series of its DSS values at each age step from birth to 36 months
of age. Each age step s has an associated set of milestones T(s).
We further partitioned the milestones by their developmental
domains, denoting by T(s, d) the subset of T(s) from domain d
(where d can be either “language-social” or “motor”—an
aggregation of fine-motor and gross-motor milestones). This
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allowed us to describe the trajectory per domain as the
Developmental Trajectory Vectors (DTVs):

DTV(d) = DSS(T(s1,d),…, DSS(T(s7d)

where si goes over the steps of 1-3 months, 3-6 months, 6-9
months, 9-12 months, 12-18 months, 18-24 months, and 24-36
months.

This representation yielded DTVs of length 7 for each child
that was assessed at all age steps. For this analysis, we excluded
children whose data was missing for 1 or more age steps,
analyzing the remaining groups of 294,624 and 294,066 children
in the motor and language-social domains, respectively.

DTVs Clustering
We used the k-means clustering [19] to identify distinct patterns
of DTVs. In addition, for sensitivity analysis of the clustering
method (see Multimedia Appendix 1), we examined an
alternative clustering method using a Gaussian Mixture Model
[20]. Cluster validity was assessed using the Calinski-Harabasz
score [21] (see Multimedia Appendix 1).

The clustering was done using only 6 of the 7 DTV entries. This
is because for each domain, there is one step that included only
a single milestone (for motor milestones, the 12-18 months step;

for language-social milestones, the 6-9 months step), which
may reduce the reliability of the results. Nonetheless, when
computing cluster centroids, all entries were taken into account.

Analyses were done using Python (version 3.6.7; Python
Software Foundation) with the scikit-learn package (version
0.23.2).

Ethics Approval
The study protocol was approved by the Soroka University
Medical Center institutional ethical committee (MHC-0014-19)
and was conducted in accordance with the principles of the
Declaration of Helsinki. The need for informed consent was
waived owing to the use of deidentified data.

Results

DSS of Different Population Subgroups
Table 1 shows the main characteristics of the children in the
study cohort, grouped by their age at the time of the visit at the
MCHC. It was evident that the number of children who visit
the MCHC decreased with the child’s age (880,688/1,052,905,
83.6% of the cohort visited at 0-12 months of age, whereas only
635,009/1,052,905, 60.3% visited at 24-36 months of age).
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Table 1. Number of children with recorded developmental surveillance from the Israeli Ministry of Health, between July 2014 and September 2021,
according to age group and stratified by child and mother characteristics. Some categories do not sum up to the total number due to missing values.
Children for which the value of some characteristic is missing are not counted toward the tallies of that characteristic. Preterm children were not included
in analysis, except for the analysis on gestational age.

Children aged 24-36 months
(n=635,009), n (%)

Children aged 12-24 months
(n=805,231), n (%)

Children aged 0-12 months
(n=880,688), n (%)

Characteristic

Developmental tracking

13,508 (2.1)13,711 (1.7)8595 (1)Tracked

597,559 (94.1)765,075 (95)842,307 (95.6)Not tracked

Sex

309,995 (48.8)393,115 (48.8)429,695 (48.8)Female

325,014 (51.2)412,116 (51.2)450,993 (51.2)Male

Postpartum depression

17,520 (2.8)23,719 (2.9)27,791 (3.2)Positive

399,514 (62.9)567,633 (70.5)685,335 (77.8)Negative

Mother’s age (years)

549,114 (86.5)686,705 (85.3)739,073 (83.9)18-39

81,249 (12.8)110,398 (13.7)130,270 (14.8)40-50

Birth weight (kg)

22,298 (3.5)27,761 (3.4)30,036 (3.4)1-2.5

142,000 (22.4)178,017 (22.1)193,291 (21.9)2.5-3

284,226 (44.8)360,481 (44.8)393,690 (44.7)3-3.5

159,857 (25.2)205,010 (25.5)226,507 (25.7)3.5-4

31,412 (4.9)40,366 (5)44,687 (5.1)4-4.5

2778 (0.4)3580 (0.4)3929 (0.4)4.5-6

Child number

274,206 (43.2)310,973 (38.6)316,738 (36)1

221,029 (34.8)274,439 (34.1)289,212 (32.8)2

97,590 (15.4)142,394 (17.7)167,647 (19)3

Mothers’ education

198,099 (31.2)246,190 (30.6)267,199 (30.3)Academic

59,102 (9.3)79,979 (9.9)91,060 (10.3)Tertiary education

176,831 (27.8)217,952 (27.1)233,613 (26.5)High school

13,974 (2.2)17,273 (2.1)18,651 (2.1)Elementary

Gestational age (weeks; total includes preterm children: aged 0-12 months, n=943,354; aged 12-24 months, n=864,421; and aged 24-36 months,
n=682,999)

1134 (0.2)1387 (0.2)1410 (0.1)23-27

4090 (0.6)4912 (0.6)5135 (0.5)28-31

43,346 (6.3)53,634 (6.2)56,934 (6)32-36

166,043 (24.3)209,255 (24.2)228,343 (24.2)37-38

468,386 (68.5)595,233 (68.8)651,532 (69)39-42

To assess the relations between the DSS and characteristics of
the children or their mothers, we compared, for each domain,
the average DSS of several subgroups during the first, second,
and third years of life. Figure 2 shows that the average DSS
was higher (worse) for children that were under designated

developmental tracking, compared to the complementary group
(Figure 2A). Higher DSS was evident in the following
subgroups: male children (Figure 2B), children whose mothers
reported symptoms of PPD (Figure 2C), and children of older
mothers (Figure 2D).
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Figure 2. Developmental surveillance score (DSS) of binary variables. (A) Children under developmental (dev.) tracking compared to those who are
not; (B) female children compared to male children; (C) children whose mothers reported postpartum depression (PPD) symptoms compared to those
who did not; and (D) children of younger mothers (aged 18-39 years) compared to older mothers (aged 40-50 years). Asterisks denote a statistically
significant difference between a pair of bars (*P<.05; **P<.01; ***P<.001). Based on developmental surveillance data from the Israeli Ministry of
Health, between July 2014 and September 2021.

Figure 3A demonstrates the relation between the DSS and birth
weight: children with birth weight of <2.5 kg or >4.5 kg had
higher average DSS than children with normative birth weight
(2.5-4.5 kg). Figure 3B shows that the DSS was negatively
correlated to the gestational age at birth (eg, in the first year of
life, Pearson r=–0.2 for gross motor milestones, –0.25 for fine

motor milestones, and –0.18 for language-social milestones;
P<.001). There were marked differences between preterm and
on-term children, as well as between subgroups of extremely
preterm, very preterm, moderate preterm, early term, and
full-term children.
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Figure 3. Relation between Developmental Surveillance Score (DSS) and numeric birth variables. (A) The child’s birth weight and (B) gestational
(gest.) age at birth. Asterisks denote a statistically significant difference between a pair of consecutive bars (*P<.05; **P<.01; ***P<.001). Based on
developmental surveillance data from the Israeli Ministry of Health, between July 2014 and September 2021.

Figure 4A shows the association between the DSS and the
mothers’ level of education. The DSS tended to be higher among
mothers with less formal education. In addition, the score
appeared to be positively correlated with the child’s birth order
during the first year of life (Figure 4B; Pearson r=0.02 for gross
motor milestones, 0.03 for fine motor milestones, and 0.08 for
language-social milestones; P<.001), with firstborn children
having the least average score. This trend was maintained for
the gross motor and language-social scores during the second

year of life (Pearson r=0.03 for gross motor milestones, 0.01
for fine motor milestones, and 0.07 for language-social
milestones; P<.001). Conversely, this correlation was evident
during the third year of life only for fine-motor tasks (r=0.02;
P<.001). Importantly, these correlations should be considered
as affirmation for the trends suggested by the graphs—their
relatively low values on these large cohorts certainly do not
imply that the DSS “explains” in any way the measured
characteristics.
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Figure 4. Relation between Developmental Surveillance Score (DSS) and categorical variables. (A) Maternal education level and (B) child’s birth
order. Asterisks denote a statistically significant difference between a pair of consecutive bars (*P<.05; **P<.01; ***P<.001). Based on developmental
surveillance data from the Israeli Ministry of Health, between July 2014 and September 2021.

Note that all these graphs depict average values. For the most
part, children attained the assessed milestones and received a
score of 0. See Table S1 in Multimedia Appendix 1 for the
median and IQR values of the DSS and Figures S1-S3 in
Multimedia Appendix 1 for the same analysis using DMAS
instead of LMAS.

Using the DSS to Describe Children’s Developmental
Trajectories
Figure 5 depicts the centroids derived from clustering of all
children’s DTVs into 4 clusters. Both motor DTVs and
language-social DTVs exhibited similar patterns. There was a

single cluster of children with near-zero DSS at all age steps.
This cluster included the majority of children (“adequate”; motor
DTVs: 199,078/294,624, 67.6%; language-social DTVs:
224,423/294,066, 76.3%). There was a single cluster of children
who were “catching up”—their DSS was initially high but
tended to decrease over time. There were clusters of
“worsening” children whose scores tended to increase over time
(2 clusters for language-social milestones and 1 for motor
milestones). For motor milestones, there was also a cluster of
children whose DSS increased at an early age but then decreased
back to normal values and, so, did not conform to any of these
3 patterns.
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Figure 5. Centroids of motor Developmental Trajectory Vectors (DTV) clusters. (A) Scores derived from fine motor and gross motor milestones and
(B) scores derived from language and social milestones. Centroids of clusters are (A): 1. [0.01, 0.03, 0.06, 0.07, 0.03, 0.03, 0.04]; 2. [0.03, 0.27, 0.48,
0.35, 0.22, 0.08, 0.09]; 3. [0.66, 0.16, 0.16, 0.14, 0.05, 0.05, 0.06]; 4. [0.21, 0.27, 0.42, 0.63, 0.71, 1.07, 0.93]; and (B): 1. [0, 0.03, 0.04, 0.04, 0.08,
0.09, 0.05]; 2. [0.01, 0.05, 0.11, 0.09, 0.17, 0.35, 0.71]; 3. [1.03, 0.14, 0.15, 0.12, 0.18, 0.21, 0.20]; 4. [0.15, 0.14, 0.26, 0.38, 0.69, 1.20, 1.24]. Based
on developmental surveillance data from the Israeli Ministry of Health, between July 2014 and September 2021. DSS: Developmental Surveillance
Score.

Tables 2 and 3 show the distributions of child and mother’s
characteristics among the 4 different clusters in each domain.
In the clusters depicting an increasing trajectory, there was an
overrepresentation of male children relative to the “adequate”
cluster. Specifically, in the motor domain, 50.7%

(100,901/199,078) of the children in the “adequate” cluster were
male, compared to 57.8% (5466/9456) in the “worsening”
cluster. In the language-social domain, male children were
48.1% (107,970/224,423) of those in the “adequate” cluster,
compared to 71.3% (7093/9952) and 62% (27,566/44,495) in
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the rapidly “worsening” and moderately “worsening” clusters,
respectively. In addition, the “worsening” clusters had larger

proportions of children that were born by cesarean section, had
low birth weight, or were under developmental tracking.

Table 2. Distribution of child and mother characteristics in motor milestones clusters. Based on developmental surveillance data (N=294,624) from
the Israeli Ministry of Health, between July 2014 and September 2021.

Cluster 4 (“worsening”;
n=9456, 3.2%), n (%)

Cluster 3 (“catching up”;
n=39,788, 13.5%), n (%)

Cluster 2 (n=46,302,
15.7%)

Cluster 1 (“adequate”;
n=199,078, 67.6%), n
(%)

Characteristic

Developmental tracking

2471 (26.1)1853 (4.7)3200 (6.9)4310 (2.2)Tracked

6985 (73.9)37,935 (95.3)43,102 (93.1)194,768 (97.8)Not tracked

Sex

3990 (42.2)19,108 (48)22,783 (49.2)98,177 (49.3)Female

5466 (57.8)20,680 (52)23,519 (50.8)100,901 (50.7)Male

Postpartum depression

436 (4.6)1647 (4.1)1943 (4.2)7638 (3.8)Positive

7887 (83.4)33,626 (84.5)38,357 (82.8)171,034 (85.9)Negative

Mother’s age (years)

7837 (82.9)33,539 (84.3)39,633 (85.6)170,833 (85.8)18-39

1561 (16.5)6065 (15.2)6483 (14)26,985 (13.6)40-50

Birth weight (kg)

816 (8.6)2252 (5.7)2977 (6.4)6826 (3.4)1-2.5

2637 (27.9)10,301 (25.9)12,114 (26.2)43,905 (22.1)2.5-3

3797 (40.2)17,283 (43.4)19,910 (43)89,570 (45)3-3.5

1912 (20.2)8625 (21.7)9864 (21.3)50,903 (25.6)3.5-4

375 (4)1659 (4.2)1845 (4)9610 (4.8)4-4.5

43 (0.5)139 (0.3)173 (0.4)790 (0.4)4.5-6

Child number

4003 (42.3)17,986 (45.2)19,530 (42.2)88,383 (44.4)1

3184 (33.7)13,379 (33.6)16,363 (35.3)70,331 (35.3)2

1601 (16.9)6129 (15.4)7640 (16.5)30,518 (15.3)3

Mother’s education

2659 (28.1)13,242 (33.3)15,419 (33.3)72,371 (36.4)Academic

807 (8.5)3213 (8.1)3995 (8.6)15,538 (7.8)Tertiary education

3206 (33.9)12,127 (30.5)14,980 (32.4)57,749 (29)High school

239 (2.5)1023 (2.6)1194 (2.6)4124 (2.1)Elementary
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Table 3. Distribution of child and mother characteristics in language-social milestones clusters. Based on developmental surveillance data (N=294,066)
from the Israeli Ministry of Health, between July 2014 and September 2021.

Cluster 4 (“worsening”;
n=9952, 3.4%), n (%)

Cluster 3 (“catching up”;
n=15,196, 5.2%), n (%)

Cluster 2 (“worsening”;
n=44,495, 15.1%), n
(%)

Cluster 1 (“adequate”;
n=224,423, 76.3%), n
(%)

Characteristic

Developmental tracking

2536 (25.5)678 (4.5)3349 (7.5)5225 (2.3)Tracked

7416 (74.5)14,518 (95.5)41,146 (92.5)219,198 (97.7)Not tracked

Sex

2859 (28.7)7540 (49.6)16,929 (38)116,453 (51.9)Female

7093 (71.3)7656 (50.4)27,566 (62)107,970 (48.1)Male

Postpartum depression

563 (5.7)688 (4.5)2048 (4.6)8368 (3.7)Positive

8341 (83.8)12,814 (84.3)37,869 (85.1)191,397 (85.3)Negative

Mother’s age (years)

8199 (82.4)13,115 (86.3)37,812 (85)192,242 (85.7)18-39

1690 (17)2011 (13.2)6473 (14.5)30,837 (13.7)40-50

Birth weight (kg)

690 (6.9)1382 (9.1)1922 (4.3)8866 (4)1-2.5

2483 (24.9)4345 (28.6)10,117 (22.7)51,919 (23.1)2.5-3

4109 (41.3)6252 (41.1)19,246 (43.3)100,692 (44.9)3-3.5

2258 (22.7)2854 (18.8)11,185 (25.1)54,809 (24.4)3.5-4

489 (4.9)497 (3.3)2295 (5.2)10,176 (4.5)4-4.5

50 (0.5)48 (0.3)219 (0.5)828 (0.4)4.5-6

Child number

4245 (42.7)5972 (39.3)18,400 (41.4)101,311 (45.1)1

3318 (33.3)5059 (33.3)16,053 (36.1)78,671 (35.1)2

1695 (17)2735 (18)7590 (17.1)33,612 (15)3

Mother’s education

2062 (20.7)4378 (28.8)12,518 (28.1)84,575 (37.7)Academic

849 (8.5)1411 (9.3)3788 (8.5)17,411 (7.8)Tertiary education

4092 (41.1)4574 (30.1)16,805 (37.8)62,599 (27.9)High school

371 (3.7)450 (3)1359 (3.1)4426 (2)Elementary

In Multimedia Appendix 1, we demonstrate that qualitatively,
these results were consistent over different range of clusters
number, as well as when using an alternative clustering method.

Discussion

The goal of this study was to construct a DSS that can be used
for comparative tracking of children’s development, quantifying
milestones attainment in a concise and straightforward way.
We presented a simple methodology for calculating the DSS,
a quantitative developmental surveillance score that aggregates
age-dependent milestones results over a chosen time frame and
domain into a single score. To demonstrate its coherence, we
explored 2 main use cases for this score: comparing its value
among subpopulations and using it to depict the developmental

trajectory of individuals. We demonstrated that the DSS reflects
known associations between developmental status and
characteristics of the child and mother and its potential for
suggesting possible new associations and insights, which may
be a stepping stone for further research.

Children who have been referred to developmental tracking,
indicating that they are likely to exhibit a developmental delay,
had on average a much higher score than their counterparts, at
all 3 examined age groups and for all 3 developmental domains.
In addition, the score was shown to reflect previously reported
associations between developmental status and the child’s sex
[22-28], birth weight [27,29-32], gestational age [30-34], birth
order [32,35-37], maternal age [31,38,39], maternal education
[28,31,32,38], and maternal symptoms of PPD [28,40-43].
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For some of these variables, the DSS suggests a possible
association with developmental delays, depicting different score
distributions among subgroups stratified by the variable, even
within the normal range. For example, it is well established that
low birth weight is associated with developmental delays
[27,29-32], yet the results herein suggest that this may also be
true for birth weight within the lower normal range (2.5-3 kg)
and for birth weight above the normal range (more than 4.5 kg).
Similarly, although the scores of preterm children are higher
than full-term children, there is a gradual decrease in the average
score by the level of prematurity (extreme preterm, very preterm,
and late preterm children), as well as a difference between early
term and full-term children.

At the same time, some characteristics show a more complex
behavior; for example, the DSS tends to be positively correlated
with the child’s order, yet for language-social tasks evaluated
at 24-36 months of age, the correlation becomes negative.
Indeed, although previous work generally associate primipara
with lower risk for development delay [32,35,36],
Oshima-Takane et al [37], who focused on language
development at 21 and 24 months of age, observed higher
language skills among second-born children.

Cluster analysis consistently identified 3 types of developmental
trajectories: 1 cluster of children who succeed in attaining nearly
all milestones, containing most of the children; 1 cluster of
children who tend to fail early-age milestones but show
improvement over time and succeed in attaining later milestones;
and 1 or more clusters of children whose performance grow
worse over time, with different clusters depicting different
severities of failures. These clusters correspond to common
types of developmental patterns observed in clinical practice;
although, importantly, not all clusters can be categorized as 1
of these 3 types. Future work may use these clusters as class
labels, in an attempt to predict the developmental trajectory
type of a child at an early age and, accordingly, consider timely
intervention when needed.

This work has several limitations. Importantly, the main goal
was to present the DSS and show that it is consistent with
current knowledge on risk factors for developmental delay such
as low birth weight, preterm birth, older maternal age, symptoms
of PPD, or lower level of maternal education, as well as to
suggest interesting new observations. It is not proposed as a
screening tool, and although we demonstrated its rationale and

coherence, we lacked a “ground truth” of developmental delay
for validating the score against. Future work should aim to
assess the score’s potential contribution to the clinical workflow
of developmental assessment, for example, by comparing it to
developmental screening tools such as the Bayley [13] and
Denver [8,11] scales, as well as to developmental outcomes
beyond those in the current data set, such as a diagnosis of
autism.

Such a comparison is also needed for the calibration of the
method with respect to milestones and age windows used to
derive the score. For example, deriving the score by averaging
milestone attainment during a full year implicitly assumes that
a single number can represent the developmental delay over
this entire period. Conversely, calculating a new score per visit
does not take into account valuable information from past
evaluations.

Another limitation stems from the use of slightly different
cohorts for each age group. As depicted in Table 1, the cohorts
differ in size and some of the characteristics, which may
introduce some bias to the comparisons of age groups. However,
as most of the presented results compare stratified population
groups, the existence of similar differences in each age group
strengthens the derived observations.

The results described herein pertain to the milestones used in
Israeli MCHCs and the age thresholds computed in the THIS
developmental scale [9]. Generalizing these results to other
settings can be done by adopting the same methodology but
would require having, or constructing, a developmental scale
that is suitable for that setting. With such a scale at hand, one
can compute a DSS from milestone attainment data by
comparing them to the age thresholds and defining the score
accordingly.

Taken together, our results suggest the potential usefulness of
incorporating the DSS into the developmental surveillance
workflow. We envision it as being computed automatically once
a child’s electronic health record is updated with new milestone
attainment results and compared to the child’s trajectory of past
achievements, as well as to the population’s norm. In cases
where the score deviates significantly on either count, the system
would notify the nurse, possibly leading to a more thorough
evaluation. When calibrated correctly, such a system could
identify developmental delays in a timely manner and foster
interventions for improving the prospective outcomes.
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Abstract

Background: Many nations swiftly designed and executed government policies to contain the rapid rise in COVID-19 cases.
Government actions can be broadly segmented as movement and mass gathering restrictions (such as travel restrictions and
lockdown), public awareness (such as face covering and hand washing), emergency health care investment, and social welfare
provisions (such as poor welfare schemes to distribute food and shelter). The Blavatnik School of Government, University of
Oxford, tracked various policy initiatives by governments across the globe and released them as composite indices. We assessed
the overall government response using the Oxford Comprehensive Health Index (CHI) and Stringency Index (SI) to combat the
COVID-19 pandemic.

Objective: This study aims to demonstrate the utility of CHI and SI to gauge and evaluate the government responses for
containing the spread of COVID-19. We expect a significant inverse relationship between policy indices (CHI and SI) and
COVID-19 severity indices (morbidity and mortality).

Methods: In this ecological study, we analyzed data from 2 publicly available data sources released between March 2020 and
October 2021: the Oxford Covid-19 Government Response Tracker and the World Health Organization. We used autoregressive
integrated moving average (ARIMA) and seasonal ARIMA to model the data. The performance of different models was assessed

using a combination of evaluation criteria: adjusted R2, root mean square error, and Bayesian information criteria.

Results: implementation of policies by the government to contain the COVID-19 crises resulted in higher CHI and SI in the
beginning. Although the value of CHI and SI gradually fell, they were consistently higher at values of >80% points. During the
initial investigation, we found that cases per million (CPM) and deaths per million (DPM) followed the same trend. However,
the final CPM and DPM models were seasonal ARIMA (3,2,1)(1,0,1) and ARIMA (1,1,1), respectively. This study does not
support the hypothesis that COVID-19 severity (CPM and DPM) is associated with stringent policy measures (CHI and SI).

Conclusions: Our study concludes that the policy measures (CHI and SI) do not explain the change in epidemiological indicators
(CPM and DPM). The study reiterates our understanding that strict policies do not necessarily lead to better compliance but may
overwhelm the overstretched physical health systems. Twenty-first–century problems thus demand 21st-century solutions. The
digital ecosystem was instrumental in the timely collection, curation, cloud storage, and data communication. Thus, digital
epidemiology can and should be successfully integrated into existing surveillance systems for better disease monitoring,
management, and evaluation.

(JMIR Public Health Surveill 2023;9:e38371)   doi:10.2196/38371
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Introduction

SARS-CoV-2 is contagious, capricious, and hysteric—it
adversely affected the social, mental, and physical well-being
of individuals and societies—from the time the first case of
COVID-19 was reported from Wuhan, China, in December
2019 [1]. The World Health Organization (WHO) declared
COVID-19 a pandemic in March 2020 [2]. The viral disease
occurred almost a century later than the deadliest viral disease
in history—the influenza of 1918-1919 [3]. Globally, COVID-19
is associated with morbidity and mortality of 458 and 6.1 million
people, respectively, till March 15, 2022 [4]. However, the
official numbers underestimate actual morbidity and mortality
estimates—a significant reason for concern among health experts
[5]. The literature points to various reasons for deflating figures:
differences in disease monitoring and reporting, testing strategy,
asymptomatic cases, medically unattended cases, and deaths
across nations [6-8].

Many nations swiftly designed and executed government
policies to contain the rapid rise of COVID-19 cases [9].
Government actions can be broadly categorized as movement
and mass gathering restrictions (such as travel restrictions and
lockdown), public awareness (such as face masking and hand
washing), emergency health care investment, and social welfare
provisions (such as poor welfare scheme and providing food
and shelter to migrant workers) [10]. However, the intermix of
culture, communication, society, religion, politics,
socioeconomic disparities, and education plays a dominant role
in successfully implementing government policies [11,12].
Despite aggressive interventions by the Government of India
(GOI), mass migration and verbal and physical abuse against
health care providers were perplexing during the COVID-19
crisis [12-14]. These problems indicate that implementing
policies to contain the public health crisis is one part of the
puzzle, and understanding, adherence, and participation by
citizens to make it a success is the other. Thus, a mismatch and
mistrust between the public and policy makers will determine
how the crises unfolds [15,16]. Despite these constraints, the
principal priority was to contain the pandemic and mitigate
future waves.

Traditional surveillance systems are robust and well-developed
in many countries, but these were insufficient during the
COVID-19 pandemic. Prominent challenges are that physical
networks are extremely slow to upgrade (such as surveillance
and physical structure), resource-intensive (in terms of finances
and personnel), and involve bureaucratic hurdles (such as
permissions and administrative authority). An emergency or
crisis demands agile and innovative solutions. Internet
technology can supplement the already existing traditional
structure. The technological innovation of the internet and digital
devices has fundamentally reshaped how people seek
information and adhere to guidelines [17,18]. Therefore,
blending existing surveillance systems with a digital ecosystem

is ideal for harnessing and optimizing their untapped potential.
Technology, medical development, health infrastructure, and
lifestyle are pivotal in combating public health crises.

Many studies have highlighted the importance of
nonpharmaceutical Interventions (NPIs) in containing the
COVID-19 crisis [19-22]. Internet and digital devices played a
critical role in screening, surveillance, monitoring spread,
sharing, and managing data [23]. However, most of the studies
focused on mobility during the current crisis. Mobility is vital,
but many other essential indicators of disease spread exist. The
Oxford tracker keeps track of various policy initiatives to
mitigate COVID-19 and releases them as Comprehensive Health
Index (CHI) and Stringency Index (SI) data [24]. CHI and SI
are composite indicators covering the various aspects of NPIs;
these indicators provide a systematic approach to understanding
how the government has responded to mitigate disease spread
over a period. We aimed to assess the utility of CHI and
SI—innovative measures of the University of Oxford—to gauge
and evaluate government responses for containing the spread
of COVID-19. We hypothesize that there is a significant inverse
relationship between policy indices (CHI and SI) and COVID-19
severity indices (morbidity and mortality). The analyses hope
to inform and better prepare the experts to face and refine
epidemiological indicators for future contagious disease crises.

Methods

Study Design
An ecological time-series study design was adopted, using
secondary data.

Study Period
The first case of COVID-19 in India was reported from Kerala
on January 27, 2020 [25]. The GOI responded to the COVID-19
threat by issuing travel advisories and screening at airports in
January and later restricting international travel from March
2020 onward [26,27]. As the cases in India started escalating,
the GOI called for a Janata curfew on March 23, 2020, and
implemented a national lockdown from March 24 to June 7,
2020, for 75 days [28]. The GOI started phased unlocking from
June 8, 2020, onward [28]. COVID-19 and SI data for India are
available from January 21, 2020, to March 2022. This study
used data from March 4, 2020 (when India crossed 10
cumulative cases), to October 24, 2021.

Data Sources
We used 2 publicly available data sources from the Oxford
Covid-19 Government Response Tracker (OxCGRT) [29] and
the WHO [4] licensed under the Creative Commons Attribution
(CC BY) standard.

COVID-19 Data
The WHO collects the numbers of confirmed COVID-19 cases
and deaths through official communications under the
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International Health Regulations of 2005. WHO experts monitor
the official ministries of health’s websites and social media
accounts for data validation. The data set, after curation, is made
available as a .csv file and can be downloaded from the website
[24].

CHI and SI Data
The OxCGRT for containment and closure and health data set
evaluates the government response to containing the COVID-19
crisis. The OxCGRT collected 23 indicators to capture
government policies related to closure and containment, health,
and economics for more than 180 countries since January 1,
2020. The policy indicators are captured on an ordinal or
numerical scale to describe each category’s degree or the
strength of the government response. Each ordinal indicator is
transformed to a value between 0 and 100 per the formula given
in the codebook [25]. Finally, to gauge government performance,
individual indicators are aggregated and published in 5
composite indices: Government Response Index, Containment
and Health Index, SI, Economic Support Index, and Legacy
Stringency Index. The CHI uses 14 indicators and SI uses 9

indicators out of 23. The value for composite indices on any
given day represents the aggregated average of each indicator
for the day. The composite indices report a number between 0
and 100 that reflects the overall stringency of the government’s
response. A higher index indicates a higher overall response
level. Table 1 shows details regarding individual indicators used
to calculate the CHI and SI, both of which are updated regularly.
The indicators are reported for each day that a policy was
implemented (not on the day it was announced). A continuously
updated OxCGRT index provides comparable information
regarding various countries’ policy measures. Many indicators
have another flag variable to imply whether they are targeted
(applying only to a subregion of a jurisdiction or to a specific
sector) or general. The OxCGRT uses simple, additive, and
unweighted indices that are easier to interpret. The missing
value contributes a zero to the index. Multimedia Appendix 1
demonstrates the steps to download the OxCGRT data sets.
Details of all the indicators and calculations for the composite
index are provided in the working paper entitled, “Variation in
government responses to COVID-19” [30].

Table 1. Details regarding individual and composite Oxford Covid-19 Government Response Tracker indicators.

FlagaComprehen-
sive Health
Index

Stringen-
cy Index

Score, maxi-
mum (range)

ScalePolicy measuresID

Containment and closure

Yes=1✓✓3 (0-3)OrdinalSchool closingC1

Yes=1✓✓3 (0-3)OrdinalWorkplace closingC2

Yes=1✓✓2 (0-2)OrdinalCancel public eventC3

Yes=1✓✓4 (0-4)OrdinalRestriction on gathering sizeC4

Yes=1✓✓2 (0-2)OrdinalClose public transportC5

Yes=1✓✓3 (0-3)OrdinalStay-at-home requirementsC6

Yes=1✓✓2 (0-2)OrdinalRestriction on internal movementC7

No=0✓✓4 (0-4)OrdinalRestriction on international travelC8

Health systems

Yes=1✓✓2 (0-2)OrdinalPublic information campaignH1

No=0✓3 (0-3)OrdinalTesting policyH2

No=0✓2 (0-2)OrdinalContact tracingH3

Yes=1✓4 (0-4)OrdinalFacial coveringH6

Yes=1✓5 (0-5)OrdinalVaccination policyH7

Yes=1✓3 (0-3)OrdinalProtection of older individualsH8

aA value of 0 indicates that the policy is targeted to a subregion.

Study Variables

Dependent Variables
The data about morbidity and mortality were downloaded in
the .csv file and reported using standardized metrics such as
cases per million (CPM) and deaths per million (DPM). CPM
and DPM are valuable indicators for intergeographical
comparisons—the same metrics were calculated and reported
using standard formulae provided by the WHO. Multimedia

Appendix 2 provides details about the 7-day moving average,
CPM, and DPM.

Independent Variables
Government policies and timing are vital indicators of morbidity
and mortality related to disease during and after the crisis.
Therefore, we used time, CHI, and SI, which are cumulative
nonweighted indices of government policies as predictor
variables. Table 1 provides detail of both CHI and SI.
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Data Analysis

Data Processing and Summarization
We retained originally downloaded data sets of COVID-19 and
OxCGRT for record and referral. Subsequently, a copy of each
original data set was generated to clean, code, and analyze. Data
cleaning in both files involved renaming, relabeling, and
removing of undesired variables. Subsequently, we used the
date variable to merge and prepare a final data set for analysis.
The raw day–wise data were smoothed using a 7-day moving
average that was subsequently used to calculate and report CPM
and DPM. The morbidity indicator in the country was
summarized using frequency and percentage increase. Initially,
time-series plots were used to gauge the disease burden.
Subsequently, a dual-axis chart was used to visualize the pattern
between disease burden and policy indicators. The descriptive
tables and graphs were prepared using Excel (Microsoft Corp).

Time-Series Modeling
The daily SARS-CoV-2 data follow the characteristics of the
time series. As an initial step, we carefully inspected the daily
incidence (morbidity and mortality), descriptive statistics (mean
and variance), and seasonality (weekly and periodicity). We
subsequently used second-order differencing for CPM and
first-order differencing for DPM to make them stationary, which
is an essential requirement to apply time-series analysis [31].
The twin advantage of simple structure and immediate
applicability of autoregressive integrated moving average
(ARIMA) and seasonal ARIMA (SARIMA) made them lucrative
for analyzing the current study data set [32]. ARIMA considers
only the past values for prediction, whereas SARIMA also
considers the seasonality patterns, making it a more robust
algorithm for prediction. We plotted autocorrelation function
(ACF) and partial ACF (PACF) values to assess autoregressive
and moving average components of the ARIMA and SARIMA.

Model Construction and Comparison
We could not finalize the order of autoregressive and moving
average components from ACF and PACF plots. Therefore,
considering the Expert Modeler and Box-Jenkins 5-step
methodology (describe data, identify model, estimate
parameters, diagnosis check, and forecasting), we relied on an

expert modeler for an initial model from multiple candidate
models. Subsequently, we used the Box-Jenkins technique that
gives the flexibility to customize and attain the final model [33].
We used the date (time) as an explanatory variable in the initial
model. Subsequently, CHI or SI and time were added to an
expanded model to build and evaluate the models. The
performance of different models was assessed using a

combination of evaluation criteria: adjusted R2, root mean square
error, and Bayesian information criteria (BIC). After attaining
the final model, we performed the diagnosis check to validate
model assumptions. Multimedia Appendix 3 elucidates the
step-by-step approach to attain the final model. We used a
2-tailed P value of <.05 to declare statistical significance. The
time-series analysis of data was performed using SPSS (version
23; IBM Corp).

Ethical Considerations
Ethical clearance for the study was obtained from the
institutional review board of the Postgraduate Institute of
Medical Education and Research, Chandigarh, India (vide letter
INT/IEC/2020/SPL–1594).

Results

Disease Burden
The first case of COVID-19 was detected in India on January
27, 2020. It took 46 days for the infection to spread among 100
people. India had 60 COVID-19–infected individuals on March
11, 2020, when the WHO declared COVID-19 a pandemic.
True to its nature, COVID-19 started spreading rapidly, and it
took only 15 days to reach 1000 cases from 100. Public health
experts and policy makers were on high guard after GOI
notification—a fact also reflected by the SI and CHI. Table 2
provides details about different milestones regarding the rise in
disease burden. The increase in cases followed a linear trajectory
during the lockdown stage. After unlocking, India achieved its
first peak in September 2020, which was almost 100,000 cases
per day. Subsequently, the second peak in May 2021 was
characterized by a maximum caseload of ~400,000 cases per
day. Figure 1 shows the change in India’s disease burden from
January 2020 to October 2021.
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Table 2. Different milestones in the rise of the COVID-19 burden in India.

Comprehensive Health
Index, median (range)

Stringency index, me-
dian (range)

Time from the report
of the first COVID-19
case in India

Cumulative
COVID-19 cases
in India, n

Lockdown phasesDate

——aFrist case1NoJanuary 27, 2020

17.3 (13.7-17.3)10.2 (10.2-10.2)n=35 (1 month)10NoMarch 4, 2020

29.6 (27.9-35.7)29.4 (26.9-38.9)n=46 (1.5 months)100NoMarch 15, 2020

66.8 (41.7-80.9)81.7 (48.2-100)n=61 (2 months)1000Phase 1: March 25-April 14,
2020

March 30, 2020

86.2 (80.9-91.9)100 (100-100)n=76 (2.5 months)10,000Phase 2: April 15-May 3,
2020

April 14, 2020

84.1 (76.8-91.9)90.3 (81.9-100)n=111 (4 months)100,000Phase 4: May 18-May 31,
2020

May 19, 2020

74.9 (74.4-76.8)86.4 (81.9-87.5)n=170 (5.5 months)1,000,000Unlock 2.0: July 1-July 31,
2020

July 17, 2020

68.8 (61.3-74.4)75.9 (61.6-87.5)n=325 (10.5 months)10,000,000PartialDecember 19, 2020

71.3 (66.1-81.1)65.6 (57.9-74.5)n=461 (15 months)20,000,000PartialMay 4, 2021

79.4 (74.5-79.8)81.1 (73.6-81.9)n=547 (18 months)30,000,000PartialJune 23, 2021

aNot determined.

Figure 1. A line graph (epidemic curve) showing daily new COVID-19 cases in India. Adapted from the World Health Organization's (WHO's)
Coronavirus Dashboard [4]. PHEIC: public health emergency of international concern.

Epidemiological and Policy Indicators
The strict implementation of policies by the government to
contain the COVID-19 crisis led to a very high value of CHI
and SI in the beginning. Figure 2A shows that the CPM was
near the x-axis from the beginning till the end of the fourth
lockdown. Subsequently, CHI reduced gradually; in contrast,

the CPM swiftly increased after the GOI initiated unlocking
from July 2020. Figure 2B shows that the DPM also increased
steadily with time—the highest during the unlock phase.
Although the CHI and SI reduced marginally, there were spikes
during the first and second peaks. The CPM and DPM also
displayed similar increasing trends with the SI. Figures 2C and
2D depict CPM and DPM changes with SI over time.
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Figure 2. Line graphs depicting changes in the Comprehensive Health Index or Stringency Index (SI) versus cases per million (CPM) or deaths per
million (DPM) for SARS-CoV-2 in India. (A) Change in the Comprehensive Health Index and CPM, (B) change in the Comprehensive Health Index
and DPM, (C) change in the Stringency Index (SI) and CPM, and (D) change in the SI and DPM. Data obtained from the World Health Organization's
Coronavirus Dashboard [4] and from GitHub [28].

Time-Series Modeling
Figures 1 and 2A-2D show that both positive (symptomatic)
and deaths (mortality) were nonstationary time series. On the
surface, the CPM and DPM followed the same trend. However,
the final CPM and DPM model were SARIMA (3,2,1)(1,0,1)
and ARIMA (1,1,1), respectively. Multimedia Appendix 3
provides details regarding the steps involved in obtaining the
final models. There was no improvement in model performance

for CPM: the BIC values for both time (BIC 2.42) and the
expanded model (BIC 2.46) were almost the same. Similarly,
the BIC values for both time (BIC –1.35) and the expanded
model (BIC –1.34) models for DPM were the same. Despite
the appearance of an inverse relationship between COVID-19
and policy indicators, neither CHI nor SI were significant
predictors of CPM and DPM. Table 3 displays the final model’s

output and performance indicators: BIC, stationary R2, and root
mean square error.

Table 3. The output of the final model for COVID-19 cases per million and deaths per million in India from March 2020 to October 2021.

Root mean
square error

Stationary R2Bayesian informa-
tion criteria

P valueEstimateModel and parameter

3.220.622.42Seasonal autoregressive integrated moving average (3,2,1)(1,0,1)

<.0010.67AR1

.020.12AR2

.040.10AR3

<.0010.73MA1

<.0010.86SAR1

<.0010.25SMA1

0.500.64–1.35Autoregressive integrated moving average (1,1,1)

<.0010.99AR1

<.0010.82MA1
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Discussion

Principal Findings
We used the CHI and SI data from the Blavatnik School of
Government, University of Oxford, response tracker to evaluate
and model COVID-19 morbidity and mortality. There are
specific critical findings in our study. COVID-19 displayed the
typical characteristic of a highly contagious disease that spread
rapidly after a slow start. At the beginning of the pandemic in
India, cases were geographically scattered and scarce; thus, the
CHI and SI were low as neither the GOI issued any guidelines
nor did the people adhere to preventive behaviors. There was a
sharp increase in cases after unlocking, and India witnessed
2-clear and visible peaks in September 2020 and May 2021;
this was in line with a temporary increase in CHI and SI during
peaks. The value of CHI and SI gradually decreased; similarly,
however, these were consistently higher at values of >80%
points.

For intercountry comparisons, the CPM and DPM were
calculated and reported, since these are better measures than
the raw number of cases. The CPM and DPM linearly increased
when stringency was high during the lockdowns and rapidly
increased after the government lifted the restrictions. Despite
initial indication, both CHI and SI were (rather surprisingly)
not significant predictors of COVID-19 morbidity and mortality.

People’s participation is vital to the success of public health
interventions. Thus, the GOI tested people’s moods and
sentiments with the Janata Curfew (self-restricted curfew)
before implementing strict public health measures. After the
success of the Janata curfew, the GOI enforced a nationwide
lockdown to close schools, parks, transport, offices, and borders
to contain the COVID-19 crisis. The daily incidence was
relatively flat during the entire lockdown period; the strict
response to epidemic control measures reduced daily incidence
[26]. However, social control measures mitigate contagious
diseases; they do not eradicate them [27,28]. The rate of disease
spread increased rapidly after the unlocking process began.
Despite the nationwide lockdown, significant intra- and
interstate variation was a cause of concern—the majority (~76%)
of cases were reported from 10 out of 36 states and union
territories in India [29]; the disparity can be partially attributed
to constitutional provisions besides factors such as mobility,
urbanization, and population density. Moreover, while the
central government has the power to make public health laws,
the state government develops infrastructure and executes public
health policy because health care and hospitals are subject
matters in the state list [4].

NPIs such as tests, contact tracing, masking, social distancing,
mobility, hygiene, and vaccination form the backbone for
controlling contagious diseases. However, in the absence of
vaccination, strategic implementation of NPIs helps mitigate
the rapid spread of COVID-19 [13-16]. The CHI and SI are
more comprehensive than specific mobility indicators—these
cover various aspects of NPIs. The CHI and SI attain very high
values, and the results are in parallel with those of Ma et al [34],
which indicate that countries that implemented nationwide
lockdowns in March took strict measures [26]. The high value

of CHI and SI during the lockdown reflects public health
experts’ and policy makers’ comprehensive and dynamic
responses to contain the COVID-19 crisis. Government-enforced
lockdowns are significant contributors to restrictions on
activities. People also respond to contagious threats by
restricting socializing and travelling [35]. Overall, CHI and SI
reflected high stringency; this further increased during the peak.
Initial investigation reveals a distinct inverse relationship
between restriction indicators (CHI and SI indices) and disease
burden (morbidity and mortality); this relationship was explicit
as the unlocking phase began.

We fitted a time-series model to investigate the relationship
between policy and disease indicators. The time-series model
with dates explained more than 60% of variability for both CPM
and DPM models. The initial investigation indicated the
relationship between predictors (CHI and SI) and disease burden
(CPM and DPM). However, the expanded inferential models
do not increase the models’ performances—neither CHI nor SI
contributed significantly explaining the change in CPM and
DPM. In other words, stringency measures such as CHI and SI
do not explain the change in both COVID-19 morbidity and
mortality. The results of our study are in contrast to those of
other studies [26,30,31]. However, it may be crucial to note that
strict implementation of policies does not necessarily lead to
strict compliance [32,33]. A thorough inspection of CHI and
SI indicates the government’s proactiveness on different
indicators compared to participation. India saw the mass
movement of migrant workers [34,36] and multiple attacks on
health care workers during the lockdowns [34,37]. Further,
COVID-19 was a relatively urban phenomenon; most of India
is rural.

Strengths and Limitations
A significant strength of our study is that this is the first study
to investigate the relationship between policy indicators CHI
and SI and epidemiological indicators CPM and DPM. It is the
first pan-India study that has used WHO and OxCGRT data to
quantify and model COVID-19 transmission. Our study is
different from other studies focused on NPIs including mobility
or SI but not CHI.

However, a significant limitation of this study, and perhaps
most digital epidemiological studies, is the validity and
reliability of the data. As already highlighted, CHI and SI are
proxy measures that do not reflect strict compliance with the
implementation of policies. There may be an inherent bias or
reporting error in composite CHI and SI indices at the country
level due to within and between heterogeneity at the state and
union territory levels. The unweighted indices (CHI and SI) are
easy to interpret but make strong assumptions, and a user may
obtain different results when using weighted indices. Lastly,
correct reporting of the daily incidence of COVID-19 cases
depends on a country’s accuracy and testing capacity.

Future Work
Countries with vast geographical and administrative regions
may differ significantly in implementing policies. Therefore,
further research is required to develop and validate the metrics
to identify whether country- or county-level (state and union

JMIR Public Health Surveill 2023 | vol. 9 | e38371 | p.525https://publichealth.jmir.org/2023/1/e38371
(page number not for citation purposes)

Kishore et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


territory) metrics are needed. The capacity to test, trace, and
treat varies from country to country. Do disease morbidity and
mortality reporting reflect the actual scenario? What logical
steps and weightage must be given to each region is also a
perplexing problem vouching for researchers’ attention. The
media plays a vital role in containing public health crises.
However, did it aid in signaling by motivating people to adhere
to guidelines, or has it added to noise by creating panic among
the public? Lastly, are OxCGRT indicators enough to capture
people’s participation and policy makers’ execution or do they
require appropriate weightage? The aforementioned issues invite
attention from health experts and policy makers.

Conclusions and Recommendations
Our study concludes that the policy measures (CHI and SI) do
not explain the change in epidemiological indicators (CPM and

DPM). The study reiterates our understanding that strict policies
do not necessarily lead to better compliance but may overwhelm
the overstretched physical health systems. Twenty-first–century
problems thus demand 21st-century solutions. The digital
ecosystem was instrumental in the timely collection, curation,
cloud storage, and data communication. Thus, digital
epidemiology can and should be successfully integrated into
existing surveillance systems for better disease monitoring,
management, and evaluation. An OxCGRT policy metric is a
novel innovation to assess government actions during the
epidemic, which have the potential for future use and refinement.
Therefore, policy makers, public health experts, and
programmers must start collaborating to design a hybrid health
system that can borrow from the strengths of the existing
physical surveillance system and the ever-expanding digital
ecosystem.
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Abstract

Background: Community-based telemedicine screening for diabetic retinopathy (DR) has been highly recommended worldwide.
However, evidence from low- and middle-income countries (LMICs) on the choice between artificial intelligence (AI)–based
and manual grading–based telemedicine screening is inadequate for policy making.

Objective: The aim of this study was to test whether the AI model is more worthwhile than manual grading in community-based
telemedicine screening for DR in the context of labor costs in urban China.

Methods: We conducted cost-effectiveness and cost-utility analyses by using decision-analytic Markov models with 30 one-year
cycles from a societal perspective to compare the cost, effectiveness, and utility of 2 scenarios in telemedicine screening for DR:
manual grading and an AI model. Sensitivity analyses were performed. Real-world data were obtained mainly from the Shanghai
Digital Eye Disease Screening Program. The main outcomes were the incremental cost-effectiveness ratio (ICER) and the
incremental cost-utility ratio (ICUR). The ICUR thresholds were set as 1 and 3 times the local gross domestic product per capita.

Results: The total expected costs for a 65-year-old resident were US $3182.50 and US $3265.40, while the total expected years
without blindness were 9.80 years and 9.83 years, and the utilities were 6.748 quality-adjusted life years (QALYs) and 6.753
QALYs in the AI model and manual grading, respectively. The ICER for the AI-assisted model was US $2553.39 per year without
blindness, and the ICUR was US $15,216.96 per QALY, which indicated that AI-assisted model was not cost-effective. The
sensitivity analysis suggested that if there is an increase in compliance with referrals after the adoption of AI by 7.5%, an increase
in on-site screening costs in manual grading by 50%, or a decrease in on-site screening costs in the AI model by 50%, then the
AI model could be the dominant strategy.

Conclusions: Our study may provide a reference for policy making in planning community-based telemedicine screening for
DR in LMICs. Our findings indicate that unless the referral compliance of patients with suspected DR increases, the adoption of
the AI model may not improve the value of telemedicine screening compared to that of manual grading in LMICs. The main
reason is that in the context of the low labor costs in LMICs, the direct health care costs saved by replacing manual grading with
AI are less, and the screening effectiveness (QALYs and years without blindness) decreases. Our study suggests that the magnitude
of the value generated by this technology replacement depends primarily on 2 aspects. The first is the extent of direct health care
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costs reduced by AI, and the second is the change in health care service utilization caused by AI. Therefore, our research can also
provide analytical ideas for other health care sectors in their decision to use AI.

(JMIR Public Health Surveill 2023;9:e41624)   doi:10.2196/41624

KEYWORDS

artificial intelligence; cost; diabetic retinopathy; utility; low- and middle-income countries; screening

Introduction

Diabetic retinopathy (DR) is a leading cause of blindness
worldwide. It often develops 10-15 years after the onset of
diabetes and can take several forms—all potentially causing
vision loss or blindness, including diabetic macular edema
(DME) due to increased retinal vascular permeability and central
retinal thickening, retinal ischemia resulting in the damage or
death of light-sensing retinal photoreceptors, and proliferative
DR, where the growth of fragile new blood vessels causes
vitreous hemorrhage and retinal detachment [1].

In 2020, the global burden of DR and sight-threatening DR
(STDR) was estimated to be 103 million and 29 million people,
respectively, which will increase to 161 million and 45 million
by 2045 due to the increasing prevalence of diabetes mellitus
(DM) [1,2]. From 1990 to 2010, visual impairment due to DR
increased by 64% and blindness by 27% [1], both of which were
due to the rising DM prevalence in low- and middle-income
countries (LMICs). Several studies have confirmed the benefits
of telemedicine screening for DR [3-6]. Compared to no
screening and traditional face-to-face screening, telemedicine
screening is highly cost-effective in the long term. As a result,
telemedicine screening will become the main form of
community-based eye disease screening [5]. Some recent studies
have suggested that using artificial intelligence (AI) can further
reduce the costs of telemedicine screening [3,7-10]. Studies in
high-income countries such as the United Kingdom and
Singapore have shown that when AI is used in DR screening
programs, screening costs can be reduced by up to
approximately 20% compared with the costs incurred in manual
grading [7-9]. This can be easily understood: from the
perspective of a health economic evaluation, the main difference
between the AI model and manual grading is that technology
costs replace labor costs. Therefore, in settings where labor
costs are high, such as in high-income countries, using AI
instead of manual grading would save a lot of screening costs,
making the screening more cost-effective [10]. However,
because labor costs are low in low-income countries, conclusions
from high-income countries may not be equally suitable, and
evidence from LMICs is inadequate. Therefore, the objective
of our community-based telemedicine screening for DR was to
examine whether the AI model can be more cost-effective than
manual grading in LMICs. We conducted a health economic
evaluation by using real-world data from a large
community-based telemedicine screening program for DR in
Shanghai, China. We expect that this study will provide a
reference for policy making with regard to DR screening in the
context of low labor costs.

Methods

Study Setting
This study was conducted in Shanghai, China, wherein the
prevalence of type 2 diabetes among adults was 6.25% between
2016 and 2019 [11]. Since 2010, Shanghai has conducted a
teleophthalmology-based DR screening program under which
residents can undergo fundus photography at community health
service centers. After retinal experts at designated DR diagnosis
centers have made a diagnosis based on these images, screening
results are fed into the community health service center, where
patients are counselled by general practitioners, and medical
advice is offered. By 2017, all 250 community health service
centers in Shanghai were equipped to participate in this program,
and plans had begun to build an AI-assisted DR screening
system [12,13]. A convolutional neural network, a type of deep
learning model [14], was applied to the problem of diagnosing
DR from fundus images, with the aim of replacing retinal experts
in DR diagnosis centers with the AI algorithm on a cloud-based
server. Since 2020, 56 community health service centers have
shifted to an AI-assisted DR screening system. In 2021, these
centers screened approximately 40,000 community residents
for DR by using AI. To maximize the efficiency of the Shanghai
program, community health service centers coordinated
voluntary screening for residents of a given community at a
particular place and time. Those who were diagnosed with DR
at hospitals could still participate in the free annual community
screening to monitor disease progression.

Model Overview
TreeAge Pro (TreeAge Software) was used to build a
decision-analytic Markov model to compare the actual cost,
effectiveness, and utility of manual grading telemedicine
screening and AI-based assessment for DR (Multimedia
Appendices 1-4). The incremental cost-effectiveness ratio
(ICER) and incremental cost-utility ratio (ICUR) were calculated
as the primary results. The effectiveness was defined as years
without blindness per 100,000 people with DM, and the utility
was evaluated by quality-adjusted life years (QALYs). Although
all residents with DM could participate in our community-based
screening, the majority were older people [15,16]; therefore, a
hypothetical cohort of community residents with DM was
followed in the model from the age of 65 years through a total
of 30 one-year Markov cycles [5]. The characteristics of the
simulated cohort were extracted using the Shanghai Digital Eye
Disease Screening Program (Table 1).
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Table 1. Characteristics of the simulated cohort and comparisons between community health centers using artificial intelligence and those using manual
grading.

P valueCHCs using manual gradingCHCs using artificial intelligenceAll CHCsa

Community health center characteristicsb, mean (SD)

.621.2 (0.7)1.1 (0.5)1.1 (0.7)Number of full-time or part-time
ophthalmologists

.546016.2 (5946.4)6774.8 (6238.2)6248.6 (6019.0)Annual numbers of ophthalmolo-
gy outpatients

Screened residents’ characteristicsc

<.00168.8 (7.4)69.8 (6.9)69.3 (7.2)Age (years), mean (SD)

.607807 (45.8)7225 (46.1)15,032 (46.0)Sex (male), n (%)

<.00110.7 (7.3)9.8 (8.0)10.3 (7.7)Duration of diabetes (years),
mean (SD)

<.0010.3 (0.4)0.4 (0.4)0.4 (0.4)Visual acuity of right eye (log-
MAR), mean (SD)

<.0010.3 (0.4)0.4 (0.4)0.4 (0.4)Visual acuity of left eye (log-
MAR), mean (SD)

aCHC: community health center.
bIn 2019, we conducted an investigation of the ophthalmic resources in Shanghai. Out of 250 community health centers, 111 were randomly selected.
After matching with the Shanghai Digital Eye Disease Screening program data, 34 community health centers using artificial intelligence and 77
community health centers using manual grading–based telemedicine screening were investigated. We compared both these groups to see whether the
community health centers’ characteristics were different between those choosing new technology and those who did not.
cA total of 32,695 residents with diabetes were screened in the Shanghai Digital Eye Disease Screening program. Among them, 15,663 residents were
in the community health centers with artificial intelligence, and the rest 17,032 were in the community health centers with manual grading. We compared
the residents’ characteristics in both groups of community health centers. Although some residents’ characteristics were significantly different owing
to the large sample size in the 2 groups, the differences were not clinically meaningful. Therefore, it can be assumed that there is no practical difference
between the 2 groups.

Individuals were enrolled as healthy (free from DR) or unhealthy
(experiencing DR) and could die due to any reason. According
to the English National Screening Program for Diabetic
Retinopathy, a Markov model was constructed that included
non-STDR, STDR, and DME [5,15-17]. The category was
assigned based on the DR grade in the worse eye. During each
1-year cycle, an individual had a risk of progressing to the more
severe stage or staying in the same stage. However, the model
does not allow returning to an earlier stage even with treatment
because of the nature of the disease. Moreover, the treatment
can only decrease the probability of progression to the next
stage. The prevalence of DR, the incidence of DR (including
STDR and DME), transition probabilities, characteristics of DR
screening tests, referral and treatment compliance, utility,
mortality, and other relevant parameters were collected from
published studies specific to Shanghai, other cities in China,
and other Asian regions, as well as unpublished data sources
(eg, Shanghai Digital Eye Disease Screening Program). The
costs of screening, ocular examinations, and treatment were all
derived from a real-world eye disease screening program in
Shanghai and the unified health care service pricing of the
Shanghai Municipal Health Commission. The parameters used
in the basic analysis and the ranges used in the sensitivity
analyses are listed in detail in Multimedia Appendices 1-4.

Overview of the Screening Strategies

Manual Grading–Based Telemedicine Screening
We invited the entire population with DM living in communities
to participate in the DR screening program at local community
health centers. All the participants underwent a series of
screening tests conducted by trained general practitioners,
ophthalmic technicians, optometrists, and ophthalmologists.
The screening included a vision acuity test, refraction
measurement by an autorefractor, and fundus photography using
a non–mydriatic fundus camera. The data were transferred to
the corresponding designated diagnosis center through a
telemedicine platform after the completion of all the tests. After
all the participants in 1 community health center completed the
annual screening, the community health center contacted the
designated diagnosis center, and 2 retinal experts
(ophthalmologists) began to make the diagnosis based on retinal
photography. In 2 weeks, screening results were provided as
feedback to the community health center, where residents could
receive medical advice from the general practitioners. Finally,
patients with suspected STDR were referred to specialized
ophthalmic hospitals or tertiary hospitals for a detailed
re-examination to confirm the diagnosis (Multimedia Appendix
5 shows the screening and referral pathway). Those who were
confirmed to have STDR were assumed to receive appropriate
treatment and routine clinical care according to the severity of
DR.
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AI-Assisted DR Telemedicine Screening
We invited the entire population with DM living in the
community to participate in the DR screening program at the
local community health center. The screening process was the
same as that described for the manual grading–based
telemedicine screening. However, after all the screening tests
were completed, the data were transmitted to the AI algorithm
on a cloud-based server center through the telemedicine
platform. The screening results were provided as feedback
immediately. Further management of patients with suspected
STDR was the same as that described for manual grading–based
telemedicine screening.

Prevalence and Transition Probabilities
Data on the prevalence and incidence of DR, DME, and STDR
were collected from published studies in Shanghai [15,18].
Because Jin et al’s [18] study only reported the 5-year incidence
of STDR and DME, the 1-year incidence was calculated based
on the formula: r = −log (1 − p)/t, where r represents the 1-year
incidence and p represents the cumulative incidence over time
interval t [19]. Other transition probabilities were obtained from
published studies specific to China, and if few data were
available for Chinese patients, data from other Asian regions
were used. We searched PubMed and China National
Knowledge Infrastructure by using the following combinations
of terms: “diabetic retinopathy” AND “progression” OR
“transition” AND “Chinese” OR “China.”

Screening and Intervention Costs
Our study included both direct and indirect costs and analyzed
them from a societal perspective. Direct medical costs comprised
the charges of screening, examination, and treatment. Direct
nonmedical costs consisted of transportation costs related to
hospital visits, and indirect costs consisted of family members’
time associated with the visits and their wage loss. All costs
were collected in Chinese yuan and then converted into US
dollars at an exchange rate of CNY 6.90 per dollar [20]. All
cost data are listed in Multimedia Appendices 4 and 6-8.

The screening costs were determined based on the Shanghai
Digital Eye Disease Screening Program. The screening costs
consisted of the purchase and maintenance costs of equipment,
labor costs of medical personnel, transportation fees, and income
loss for residents. We calculate the annualized cost for fixed
assets by assuming a life span of 5 years and no salvage value.
The construction and maintenance costs of the telemedicine
platform were based on the Shanghai Digital Eye Disease
Screening Program. Based on our field observations, it took
6.2, 3, 3.3, and 4.8 minutes on average for 1 participant to
complete registration, visual acuity test autorefraction, and
retinal photography, respectively. Theoretically, a team with 4
optometrists could screen approximately 100 participants per
day, but under real-world working conditions, this is nearly 30
per day. As the participants in our model were older than 65
years, we assumed that they did not incur wage loss. Moreover,
we did not include wage loss for the accompanying family
members in the screening costs. Therefore, the total costs per
person for manual grading–based and AI-based telemedicine
screening were US $10.10 and US $9.60, respectively.

Multimedia Appendix 6 shows the detailed composition of the
screening costs.

To calculate the costs of the detailed re-examinations after
referral, direct medical costs consisted of the costs of ocular
examinations and equipment and wages for medical personnel;
direct nonmedical costs comprised transportation fees related
to the visits; and indirect costs included 1 accompanying family
member’s wage loss for time spent and per capita daily income
in Shanghai in 2020. The examination costs were the unified
pricing of the Shanghai Municipal Health Commission. Because
public hospitals are nonprofit institutions, the money from these
fees is mainly used to subsidize the cost of health care services.
Hence, prices in public hospitals can be used to estimate the
direct medical costs. Detailed information on the hospital-based
examination costs is provided in Multimedia Appendix 7. It
was assumed that the wage loss of the accompanying family
member for referral was 0 because the majority of them were
older than 65 years.

For treatment costs, direct medical costs included the costs of
treatment, equipment, and wages for medical personnel; direct
nonmedical costs consisted of costs of transportation related to
the visits; and indirect costs included 1 accompanying family
member’s wage loss based on time spent and per capita daily
income in Shanghai in 2020. In the first year, patients with DME
were assumed to have received 3 antivascular endothelial growth
factor injections. Photocoagulation or vitrectomy was
administered to patients with severe nonproliferative DR or
proliferative DR. In the follow-up years, an average of 1
antivascular endothelial growth factor injection was
administered, and an annual outpatient review was required for
patients with STDR. Direct medical costs were estimated using
the prices of health care services in public hospitals. The total
economic burden for blind patients in the first year was
estimated to be US $8920, which included 53.2% direct medical
costs, 6.4% direct nonmedical costs, and 40.4% indirect costs
(loss of labor resources for family members and low-vision
services costs), and there were only indirect costs in the
follow-up years [5,21]. Detailed information on the treatment
costs is provided in Multimedia Appendix 8.

Utility and QALYs
We estimated the utility values for each DR stage (seen in
Multimedia Appendix 9) to calculate QALYs. Utility values
were based on published studies from China and other Asian
countries [21,22]. Because the residents who participated in the
screening should have diabetes, utility was assumed to be 0.87
but not 1.0 for people without DR, 0.79 for those with
non-STDR, and 0.7 for those with STDR (including severe
nonproliferative DR, proliferative DR, and DME). The utility
value for people with blindness was assumed to be 0.55 [22].
All the values for the base case and sensitivity analyses are
listed in Multimedia Appendix 3.

Compliance
Compliance with referral to specialized ophthalmic hospitals
or tertiary hospitals for a full examination among patients
screened for signs of STDR was assumed to be 50.4% for
manual grading–based telemedicine screening, according to our
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investigation in Shanghai [23]. However, compliance with
AI-based telemedicine screening was unclear. Because only 1
published study suggested that adopting an AI-assisted diagnosis
model in DR screening may impact the participants’ adherence
to ophthalmic care [24], the evidence is insufficient. Therefore,
we assumed that compliance with referral in AI-based
telemedicine screening was the same as that in manual
grading–based telemedicine screening, while we set a wide
range (±25%) for sensitivity analysis (Multimedia Appendix
3).

Screening Accuracy
The accuracy of AI-based telemedicine screening was extracted
from published studies specific to the AI-assisted screening
model conducted in Shanghai based on the current dominant
architecture of convolutional neural networks (Multimedia
Appendix 10) [25]. Briefly, the sensitivity was 80.47% (95%
CI 75.07%-85.14%) and the specificity was 97.96% (95% CI
96.75%-98.81%) for STDR [25]. In our screening program, 2
experienced ophthalmologists were employed to make the
diagnoses based on the retinal images. Furthermore, the accuracy
of the manual grading–based telemedicine screening was
assumed to be 100%, which was in accordance with the DR
diagnosis criteria [8,9,26,27]. However, as described in some
other studies, since trained graders instead of ophthalmologists
performed the grading and diagnosis [5,7] in the sensitivity
analysis, we adopted the accuracy range of the manual grading
based on the Singaporean study (Multimedia Appendix 3) [7].

Other Parameters
The natural age-specific mortality rates of the general Chinese
population reported by Zhang and Wei [28] were used in this
study. Increased odds of mortality were assumed for people
without DR but with DM, non-STDR, STDR, and blindness
(Multimedia Appendix 3) [29,30]. Both costs and health state
utilities were discounted at a 3.5% annual rate in the base
analysis, following the National Institute for Health and Care
Excellence recommendations [31]. For the cost-effectiveness
threshold, 2 thresholds representing cost-effectiveness and high
cost-effectiveness were used according to the World Health
Organization recommendations [5,21]. Among the interventions
improving the patients’ utilities, those that cost less than the
gross domestic product (GDP) per capita are defined as highly
cost-effective, those that cost 1-3 times the GDP per capita are
defined as cost-effective, and those that cost more than 3 times
the GDP per capita are determined as not cost-effective [32].
On the contrary, among the interventions reducing the
participants’ utilities, among those saving costs higher than 3
times, the GDP per capita was defined as highly cost-effective;
among those saving between 1 and 3 times, the GDP per capita
was defined as cost-effective; and those costing less than the
GDP per capita were determined as not cost-effective [32]. As
the GDP per capita in Shanghai in 2020 was reported to be US
$22,600, the thresholds in this study were defined as US $22,600
and US $67,800 [33].

Outcomes
The ICER and ICUR were calculated as the difference in the
total costs between the AI-assisted and manual grading
telemedicine screening divided by the difference in the total
years without blindness and the QALYs between the 2
conditions, respectively. Values for the AI-assisted screening
cohort minus those for the manual grading screening cohort,
which were set as the baseline, were calculated as the
differences.

Sensitivity Analysis
Extensive 1-way deterministic and probabilistic sensitivity
analyses were performed to calculate the uncertainties of the
base-case results. A variation of 10% was adopted because
probability-related statistics (ie, utility, prevalence, sensitivity,
specificity, transition probability, and compliance) were mainly
derived from previously published studies. For the influence of
AI use on compliance with referral, a range of 25% was used.
A large floating range of 50% was adopted for these costs. In
addition, we adopted the accuracy range for manual grading
according to the Singaporean study (Multimedia Appendix 3)
to account for the influence of trained graders performing the
grading and diagnosis instead of retinal experts [7]. A
probabilistic sensitivity analysis was conducted using Monte
Carlo simulation for 10,000 simulations to assess the robustness
of the base case analysis. Beta distributions were adopted for
probability-related data and utility values, gamma distributions
were used for costs, and log-normal distributions were used for
odds ratios. The methods and results conformed to the
Consolidated Health Economic Evaluation Reporting Standards
(2022) (Multimedia Appendix 11).

Ethics Approval
This study was mainly based on the secondary analyses of
published data. Written informed consent was obtained from
all the participants. All the study data were anonymous. There
were no compensation fees for the participants. This study was
approved by the Institutional Review Board of the Shanghai
General Hospital (2022SQ272) and Shanghai Eye Diseases
Prevention and Treatment Center (2022SQ007).

Results

The cost-effectiveness and cost-utility analyses showed that
AI-based telemedicine screening was dominated by manual
grading–based telemedicine screening in Shanghai (Table 2).
In the manual grading–based telemedicine screening, a
community resident with DM would incur a total cost of US
$3265.40, including screening, hospital referral for confirmation,
and treatment as needed, with 9.83 years without blindness and
6.753 QALYs. In the AI-based telemedicine screening, a
community resident with DM would incur a total cost of US
$3182.50, with 9.80 years without blindness and 6.748 QALYs.
Therefore, compared with the cost of manual grading–based
telemedicine screening, that of the AI-based telemedicine
screening model was 2.5% lower, while the years without
blindness was 0.3% less, and the QALYs were 0.1% less.

JMIR Public Health Surveill 2023 | vol. 9 | e41624 | p.533https://publichealth.jmir.org/2023/1/e41624
(page number not for citation purposes)

Lin et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 2. Base-case cost-effectiveness and cost-utility resultsa.

ICURd (USD)ICERc

(USD)

Incremental quality-
adjusted life years per
100,000 people
screened

QALYb

per

person

Incremental
years without
blindness per
100,000 people
screened

Years with-
out blindness
per person

Incremental costs
per 100,000 people
screened (USD)

Costs per
person
(USD)

15,216.962553.39–544.786.748–3121.329.80–8,289,840.653182.47AIe-assisted
model

N/AN/AN/A6.753N/A9.83N/Af3265.37Manual grading

aCosts, years without blindness, and quality-adjusted life years are lifetime values per person, whereas incremental costs, incremental years without
blindness, incremental cost-effectiveness ratio, incremental quality-adjusted life years, and incremental cost-utility ratio are calculated against the manual
grading–based telemedicine screening scenario per 100,000 people screened.
bQALY: quality-adjusted life year.
cICER: incremental cost-effectiveness ratio.
dICUR: incremental cost-utility ratio.
eAI: artificial intelligence.
fN/A: not applicable.

Our results showed that by replacing manual grading–based
telemedicine screening with AI-based telemedicine screening,
1 participant could save US $15,216.96 but needed to lose 1
more QALY (ICUR=US $15,216.96), indicating that AI-based
telemedicine screening was not cost-effective as in Shanghai
in 2020; at least US $22,600 (GDP per capita) should be saved
if 1 more QALY is lost due to the shift in interventions. A 1-way
deterministic sensitivity analysis of cost-effectiveness and
cost-utility analyses indicated that the impact of the adoption
of AI on compliance with referral, costs of on-site screening in
manual grading–based telemedicine screening, costs of on-site
screening in AI-based telemedicine screening, treatment costs
for the follow-up of patients with DME, and treatment costs for
the follow-up of patients with severe nonproliferative DR and
proliferative DR were the 5 most influential variables. In

particular, according to the cost-utility analysis, if the adoption
of AI could improve compliance with referrals by 7.5%, the
AI-assisted model might be cost-effective; if compliance was
improved by 17.5%, the AI-assisted model might be highly
cost-effective; and if compliance was improved by 25%, the
AI-assisted model might be the absolutely dominant strategy,
as it could save costs and increase the years without blindness
and QALYs (Multimedia Appendix 12). Moreover, the increase
in the costs of on-site screening in manual grading–based
telemedicine screening and the decrease in the costs of on-site
screening in AI-based telemedicine screening might help the
AI-based telemedicine screening to be cost-effective (Figure
1). The detailed sensitivity analysis results of the other
parameters are shown in Multimedia Appendices 13 and 14.
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Figure 1. One-way deterministic sensitivity analysis (Tornado diagram). A. One-way sensitivity analysis of cost-effectiveness. B. One-way sensitivity
analysis of cost-utility. Since negative values of incremental cost-effectiveness ratio or incremental cost-utility ratio might occur due to the change of
compliance with referral after the adoption of artificial intelligence (multiplier), detailed results have been shown in Multimedia Appendix 12 separately.
Therefore, in this Tornado diagram, the impact of the change of compliance with referral after the adoption of artificial intelligence (multiplier) is not
shown. AI: artificial intelligence; DME: diabetic macular edema; ICER: incremental cost-effectiveness ratio; ICUR: incremental cost-utility ratio;
NPDR: nonproliferative diabetic retinopathy; PDR: proliferative diabetic retinopathy.

Probabilistic sensitivity analysis showed that the base-case ICER
and ICUR were robust to randomly distributed parameters
(Figure 2). We obtained cost-effectiveness acceptability curves
by taking 10,000 random draws (Figure 3). This means that
when both AI-based and manual grading–based telemedicine

screening were available, manual grading–based telemedicine
screening was the dominant strategy in 60.6% of the simulations
under the threshold of GDP per capita (US $22,600) and in
84.5% of the simulations under the threshold of 3 times the
GDP per capita (US $67,800).
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Figure 2. Probabilistic sensitivity analysis. A. Probabilistic sensitivity analysis of cost-effectiveness. B. Probabilistic sensitivity analysis of cost-utility.
GDP: gross domestic product.
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Figure 3. Cost-effectiveness acceptability curves. AI: artificial intelligence; GDP: gross domestic product.

Discussion

Principal Findings
This study presents one of the first health economic evaluations
in the context of low labor costs in an LMIC setting of
competing telemedicine models for community-based DR
screening using manual grading and AI models. In line with
previous studies [7,8], our analysis was based on an established
telemedicine screening program. We showed that, in this
context, the value of AI-based telemedicine DR screening
depended heavily on the referral compliance of patients with
suspected STDR. If this compliance did not increase, AI-based
telemedicine DR screening would not be more cost-effective
than manual grading–based telemedicine DR screening because
it would decrease the long-term screening effectiveness and
individuals’ health utility and not save enough costs.

Prior studies in Singapore and the United Kingdom [7,8] showed
that replacing manual grading with an AI model for DR
screening led to a 12%-20% cost reduction. A study in Scotland
reported an even greater cost reduction of 46.7% [9]. These
studies were conducted in high-income countries in the context
of high labor costs. However, China’s national conditions differ
from those in high-income countries. One of the most important
differences is that the labor costs of the medical staff are much
lower in China. For example, in Singapore, the labor cost for
DR grading is US $26 per participant [7], which is over 20 times
that of the labor cost for manual grading in Shanghai.
Consequently, in the context of low labor costs, a reduction in
screening costs resulting from the use of AI solutions is limited
in China.

In the Shanghai program, the on-site screening cost for 1
participant, including screening examinations and diagnosis,
was US $10.10 in the manual grading model and US $9.60 in
the AI-assisted model—a reduction of only 5%. Moreover, the
labor costs of the medical staff in our screening program were
among the highest in China. For example, according to the
Wenzhou ophthalmologic screening program, the labor cost for
on-site screening examinations and diagnosis of glaucoma was
US $1.70 per participant, which was about a quarter of the labor
costs in our Shanghai program (US $7.20 per participant for
manual grading–based telemedicine screening, Multimedia
Appendix 6) [21], and according to the Finance Department
and Procurement Center of Beijing Tongren Hospital, Beijing
Tongren Eye Centre Ocular Reading Centre, and China
Intelligent Ophthalmology Big Data Research Center, the labor
costs for on-site screening examinations and diagnosis were US
$1.75 per participant for traditional face-to-face screening and
US $0.80 per participant for manual grading–based telemedicine
screening [5], which is only one-ninth of the labor costs in our
Shanghai program (US $7.20 per participant for manual
grading–based telemedicine screening, Multimedia Appendix
6). Because the main difference between the cost components
of the AI-assisted model and those of the manual grading model
is that equipment and telemedicine platform costs replace labor
costs, in settings where labor costs are extremely low, cost
reduction via the adoption of AI is expected to be even lesser.
Therefore, AI-assisted DR screening is less cost-effective in
other urban areas of China.

Our sensitivity analysis confirmed these results. The on-site
screening costs of both manual grading and AI-assisted models
are among the most influential variables. An increase in the
on-site screening costs of manual grading by 50% or a decrease
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in the on-site screening costs of the AI-assisted model by 50%
may help AI-based telemedicine screening be cost-effective. In
other words, the gap between the on-site screening costs of the
manual grading model and the AI-assisted model is the key
point. Moreover, the cost of AI software was only 7% of the
on-site costs in AI-based telemedicine screening (Multimedia
Appendix 6). Therefore, even if the AI software were completely
free, a 50% reduction in the on-site screening costs of the
AI-assisted model would not be achieved. As a result, unless
the labor costs of medical staff increase dramatically in the
future, the AI-assisted model will be hardly cost-effective in
Shanghai, holding all the other conditions constant.

However, there was one exception to this. Our sensitivity
analysis shows that if the referral compliance of patients with
suspected STDR increased after the adoption of AI even to a
small extent, then the AI-assisted model would be cost-effective.
A study in Missouri [24] suggested that after the adoption of
the automated retinal image assessment system, which is based
on AI, the rates of completed referral eye examinations at 3, 6,
and 12 months after screening increased from 9.4% to 32.6%,
from 13.4% to 46.7%, and from 18.7% to 55.4%, respectively
[24]. However, relevant evidence is still inadequate; therefore,
it is difficult to determine whether this improvement is an
isolated case. Previously, we implemented a discrete choice
experiment in Shanghai to measure individuals’preferences for
AI-based screening [34]. The results suggested that the impact
of the adoption of AI on individuals’ preferences may be
bidirectional. On the one hand, algorithm aversion should be
noted, which means that compared to manual grading, the
residents were in disfavor of the AI-assisted screening
technology [34,35]. On the other hand, the immediate feedback
of retinal screening results by the adoption of AI could increase
the individuals’ preferences and have profound effects on
participants’ follow-up behavior [24,34]. Nevertheless, there is
still a lack of empirical studies on the association between the
results of feedback efficiency and residents’ referral compliance.

This study has several strengths. This study may provide a
reference for policy making in planning community-based DR
screening in LMICs by modelling 2 practical telemedicine
screening models for DR by using real-world data from an
ongoing program in urban China. In addition, we conducted a
sensitivity analysis of our models within wide ranges and
identified the most influential variables affecting the decision
to use AI and manual grading in telemedicine screening.
Therefore, our conclusions provide practical value in the

policy-making process regarding when to deploy AI-assisted
diagnostic technology.

Limitations
Our study had several limitations despite its numerous strengths.
Most notably, we only compared the models for centralized
screening. Other models must also be considered going forward.
For example, in Shanghai, some community health service
centers are beginning to provide DR screening as part of their
outpatient services for patients with diabetes. This change in
the model may impact both the costs and patients’ compliance,
thus altering the results of health economic evaluations such as
ours. Second, our comparison is based on the premise that both
human- and AI-based models are available and affordable.
However, in some remote regions, due to the lack of human
resources, manual screening for eye disease may be impractical,
and AI-based screening, if available, may be the only option.
Third, our study is mainly based on empirical data from
Shanghai; therefore, it cannot be representative of the whole of
China because of the huge regional and medical care differences
between urban and rural areas. Therefore, there is an urgent
need for more extensive and in-depth studies. However, as we
have discussed above, the labor costs of medical staff in
Shanghai are among the highest in China, and AI-based
telemedicine screening will become even more less
cost-effective if the labor cost of medical staff is further reduced.
Therefore, our findings can be extrapolated within the Chinese
context.

Conclusion
Our study may provide a reference for policy making in planning
community-based telemedicine screening for DR in LMICs.
Our findings indicate that unless the referral compliance of
patients with suspected STDR increases, the adoption of the AI
model may not further improve the value of telemedicine
screening compared to that of manual grading in LMICs. The
main reason is that in the context of low labor costs, the direct
health care costs saved by replacing manual grading with AI
are limited, and screening effectiveness will decrease. In
conclusion, our study suggests that the magnitude of the value
generated by this technology replacement depends mainly on
2 aspects. The first is the extent of direct health care costs
reduced by using AI, and the second is the change in health care
service utilization caused by using AI. Therefore, our research
also provides analytical ideas for other health care sectors in
addition to eye care when deciding whether to use AI.
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Abstract

Background: Chlamydia and gonorrhea cases continue to rise in Illinois, increasing by 16.4% and 70.9% in 2019, respectively,
compared with 2015. Providers are required to report both chlamydia and gonorrhea, as mandated by public health laws. Manual
reporting remains a huge burden; 90%-93% of cases were reported to Illinois Department of Public Health (IDPH) via electronic
laboratory reporting (ELR), and the remaining were reported through web-based data entry platforms, faxes, and phone calls.
However, cases reported via ELRs only contain information available to a laboratory facility and do not contain additional data
needed for public health. Such data are typically found in an electronic health record (EHR). Electronic case reports (eCRs) were
developed and automated the generation of case reports from EHRs to be reported to public health agencies.

Objective: Prior studies consolidated trigger criteria for eCRs, and compared with manual reporting, found it to be more
complete. The goal of this project is to pilot standards-based eCR for chlamydia and gonorrhea. We evaluated the throughput,
completeness, and timeliness of eCR compared to ELR, as well as the implementation experience at a large health center–controlled
network in Illinois.

Methods: For this study, we selected 8 clinics located on the north, west, and south sides of Chicago to implement the eCRs;
these cases were reported to IDPH. The study period was 52 days. The centralized EHR used by these clinics leveraged 2 of the
3 case detection scenarios, which were previously defined as the trigger, to generate an eCR. These messages were successfully
transmitted via Health Level 7 electronic initial case report standard. Upon receipt by IDPH, these eCRs were parsed and housed
in a staging database.

Results: During the study period, 183 eCRs representing 135 unique patients were received by IDPH. eCR reported 95% (n=113
cases) of all the chlamydia cases and 97% (n=70 cases) of all the gonorrhea cases reported from the participating clinical sites.
eCR found an additional 14 (19%) cases of gonorrhea that were not reported via ELR. However, ELR reported an additional 6
cases of chlamydia and 2 cases of gonorrhea, which were not reported via eCR. ELR reported 100% of chlamydia cases but only
81% of gonorrhea cases. While key elements such as patient and provider names were complete in both eCR and ELR, eCR was
found to report additional clinical data, including history of present illness, reason for visit, symptoms, diagnosis, and medications.

JMIR Public Health Surveill 2023 | vol. 9 | e38868 | p.543https://publichealth.jmir.org/2023/1/e38868
(page number not for citation purposes)

Mishra et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:oql7@cdc.gov
http://www.w3.org/Style/XSL
http://www.renderx.com/


Conclusions: eCR successfully identified and created automated reports for chlamydia and gonorrhea cases in the implementing
clinics in Illinois. eCR demonstrated a more complete case report and represents a promising future of reducing provider burden
for reporting cases while achieving greater semantic interoperability between health care systems and public health.

(JMIR Public Health Surveill 2023;9:e38868)   doi:10.2196/38868

KEYWORDS

public health surveillance; sexually transmitted diseases; gonorrhoea; chlamydia; electronic case reporting; eCR; health information
interoperability; electronic health records; EHR; case reporting; automated; reporting; recording; patient records; cases; health
care system; semantic; interoperability; implementation

Introduction

Background

Burden of Sexually Transmitted Infections in Illinois
Based on 2019 surveillance data, the disease burden for
chlamydia and gonorrhea has increased by 16.4% and 70.9%,
respectively, in Illinois since 2015 [1]. Public health laws
mandate that these sexually transmitted infections be reported
to Illinois Department of Public Health (IDPH) by health care
providers and clinical laboratories within 7 business days [2].
Health care providers in Illinois generally report sexually
transmitted infection cases via a web-based data entry platform;
health systems and laboratories generally report their case results
by electronic laboratory reporting (ELR). For many health care
providers, reporting via the web-based platform poses an
enormous workforce burden, and many report barriers to
reporting such as lack of capacity, difficulty extracting relevant
information, confusing vocabulary standards, etc [3].
Consequently, case reporting via electronic health records
(EHRs) is a welcome prospect for all parties—reporting entities
and public health agencies.

Public Health Surveillance and Informatics
Public health surveillance as a distinct discipline of public health
was described by Langmuir [4] with the emphasis of ongoing
and systemic collection of relevant data, consolidation, and
analysis, followed by regular dissemination to all who need to
know and can take public health action [5]. The role of public
health informatics in facilitating surveillance is: “1) to improve
timelines and completeness of data collection and analysis and
2) to free human resources to focus on the areas that require the
most creative thought and to do the work that technology
cannot” [6]. The Centers for Disease Control and Prevention
(CDC) published the agency’s vision for public health
surveillance in the 21st century [7] and recognized an
opportunity to improve data quality and timeliness by accessing
EHRs [8].

ELR and electronic case reporting (eCR) are creating a paradigm
shift in public health surveillance. ELR is the automated
messaging of laboratory reports of notifiable cases and has been
widely adopted in the United States [9]. eCR is the automated
generation of case reports from EHRs and subsequent reporting
to public health agencies [10,11]. Both eCR and ELR were
found to be more complete and timelier than paper-based
reporting [12,13]. These approaches represent an advancement
toward better semantic interoperability to support public health
surveillance [14], greatly reducing the burden of reporting from

clinical providers and improving the completeness and
timeliness of those reports [15]. However, further evaluation
and consideration is required to achieve a greater level of
success and widespread implementation.

Prior Work in eCR Architecture for Chlamydia and
Gonorrhea
The Council of State and Territorial Epidemiologists determines
the case definition of notifiable conditions and maintains
position statements for these conditions, including for chlamydia
and gonorrhea [16-18]. An earlier study by Mishra et al [12]
leveraged these position statements to develop the case detection
logic for chlamydia and gonorrhea in EHRs. As an outcome of
this study, value sets were created using national health care
data standards (eg, International Classification of Diseases,
Tenth Revision, Clinical Modifications; Logical Observation
Identifiers Names and Codes [LOINC]; and Systematized
Nomenclature of Medicine – Clinical Terms [SNOMED-CT])
[19] and Health Level 7 (HL7) [20]. Mishra et al [12] also
compared eCR reporting with manual reporting and found that
eCR increased provider reporting and improved the
completeness of those case reports [12]. This study further
consolidated the trigger for eCRs (when the case-detection logic
is met in the EHR) based on the following three scenarios: (1)
when an individual is diagnosed, (2) when a confirmatory
laboratory result (named organism) is returned, or (3) a
combination of laboratory test performed and result indicating
the presence of infection is found (without the organism named
in the result) [21]. Subsequently, this eCR architecture was
implemented in Oregon simultaneously to our implementation
in Illinois. In both the Oregon implementation and this study
reporting the Illinois findings, the eCRs were generated via the
HL7 electronic initial case report (eICR) standard [20,22]. The
Oregon implementation found that this eCR architecture
successfully reported cases of chlamydia and gonorrhea to public
health while at the same time improving on the completeness
compared to ELRs for the same cases [22].

Objective
The primary goal of this project was to pilot standards-based
eCR for chlamydia and gonorrhea in 2 participating jurisdictions
(public health agencies of the states of Illinois and Oregon),
study the completeness of data between ELRs and eCRs, and
disseminate the findings to promote adoption. In this process,
we not only furthered the previous work by Mishra et al [12]
but also learned about local variations while implementing the
same architecture of eCR in 2 separate state health departments
[12,22]. We recognize that local codes in EHRs are very
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common, and mapping them is a challenge [14]. Due to the
challenges posed by variations in nonstandard codes used in
EHRs, every implementation of eCR becomes an exercise of
local implementation with some degree of customization. We
further evaluated this implementation experience at a large
health center–controlled network in Illinois. Additionally, we
evaluated the completeness of eCR and compared it to ELR.

Methods

Ethical Review and Study Duration
For this evaluation, case-related information was sent from the
EHR to IDPH, the State of Illinois’s public health agency. An
internal review committee of the participating clinics deemed
that an Institutional Review Board review was not necessary
for this project. The study period was a little over 7 weeks (or
52 days), which began on August 12, 2020, and ended on
October 2, 2020.

Implementation Partners and Clinical Setting

Clinical Site and EHR Platform
We sought a network of clinics that shared a common platform
of centrally hosted EHR. This would allow for scaling up across
multiple clinical sites using a single implementation of the eCR
architecture. AllianceChicago is a health center–controlled
network that supports 45 ambulatory primary care practices in
19 states. For this evaluation, we selected 8 clinics operated by
Near North Health, a federally qualified health center, located
on the north, west, and south sides of Chicago [23]. In 2019,
the selected clinical sites served 37,223 patients for a total of
122,277 visits. These clinical sites used AthenaHealth as the
EHR [24] and QVERA as the interface engine [25].

Public Health Department
IDPH has a centralized IT infrastructure that uses the Illinois
National Electronic Disease Surveillance System (I-NEDSS),
a home-grown person-based and event-based system [26].

Health care providers and clinical laboratories are required to
report all cases of chlamydia and gonorrhea within 7 working
days [2,27]. Prior to this project, IDPH accepted reports via
ELR, electronic provider report (a custom flat file generated by
the health care provider), provider reports via a web-based data
entry platform, faxes, and in rare instances, phone calls. An
internal review (unpublished) of IDPH's I-NEDSS surveillance
system revealed that in 2020, 90%-93% of the chlamydia and
gonorrhea cases originated from ELRs.

Implementation of eCR Architecture and Method of
Receiving Case Reports

Implementing eCR Architecture at Clinical Sites
The reference eCR implementations were defined in the previous
study [12]. Some degree of customization was necessary to
accommodate existing public health workflows, available code
terminologies, and data parsing. The EHR leveraged 2 of the 3
case-detection scenarios [21]—scenario 1 (encounter diagnoses)
and scenario 3 (name of the laboratory test performed and
abnormal result flag), but not scenario 2 (name of the
microorganism identified). While the case detection value sets
include standard code concepts and terminologies, a given EHR
instance may not have equivalent codes that reflect all 3
scenarios. This was the case for the Illinois implementation
where the EHR in use contained codes aligned with Scenarios
1 and 3 only. The case detection logic is designed to work in
the background of the EHR to detect chlamydia and gonorrhea
cases using a predefined case detection algorithm consisted of
value sets using industry standard terminologies (eg,
International Classification of Diseases, Tenth Revision, Clinical
Modifications; LOINC; and SNOMED-CT) [21], with no need
for additional action on the part of the patient care team. Once
the case detection logic was met, the EHR created XML
documents in accordance with the HL7 eICR [28] and delivered
them to IDPH via Secure File Transfer Protocol (Step 1, Figure
1).
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Figure 1. Workflow depicting electronic case report (eCR) generation, transportation, and ingestion. EHR: electronic health record; eICR: electronic
initial case report; HL7: Health Level 7; I-NEDSS: Illinois National Electronic Disease Surveillance System; IDPH: Illinois Department of Public
Health; SFTB: secure file transfer protocol.

Receiving and Ingesting eCR at Public Health Agency
Directly ingesting eCRs into I-NEDSS was deemed out of scope
due to project timeline and the extent of invasive intervention
required to make modifications in the surveillance system. The
raw eCRs were, instead, stored in a directory at IDPH (Step 2,
Figure 1) and parsed by XML Harvester [29], an open-source
XML parser application (Step 3, Figure 1). The parser
application was housed in a relational database and passed the
reformatted records to the staging database (Step 5, Figure 1).
Relevant tables were identified by mapping data elements to
the I-NEDSS and ingested into a Microsoft Access database for
analysis (Step 6, Figure 1).

Data Collection and Analysis Methods
AllianceChicago tallied a count of eCRs generated daily
throughout the pilot period and extracted data directly from the
EHR. In some instances, manual inspection was performed on
the captured data. Once the eCRs were received at IDPH, they
were evaluated for the following: (1) compliance with the trigger
logic for confirmed chlamydia and gonorrhea laboratory results
or diagnosis, (2) completeness of key data elements, (3)
timeliness of reporting, and (4) the degree to which eCR
laboratory results matched ELR reporting during the study
period. We compared the timeliness of eCR to ELR by
calculating the median time from documented patient encounter
to the time the public health agency received eCR and ELR for
an individual.

Results

Case Report Throughput and Case Detection Metrics

eCR Throughput
During the study period, 11,192 encounters were logged in the
EHR across all 8 clinical sites for various types of clinical care.

During the study period, IDPH received 202 eCRs which were
valid as per the HL7 requirements and stored in the staging
database. Of these 202 eCRs, 19 (9.4%) did not meet the Council
of State and Territorial Epidemiologists case definition and
were not tallied. They were rejected because a manual review
determined that they were not positive chlamydia or gonorrhea
eCR tests or diagnosis. Therefore, a total of 183 eCRs
representing 135 unique patients (some patients had both
chlamydia and gonorrhea) were deemed valid and met the case
definitions.

Case Detection Metrics
There were 113 instances where the case detection logic was
satisfied for chlamydia; 80% (90/113) were based on scenario
3 (name of the laboratory test performed and abnormal result
flag) and 20% (23/113) were based on both scenario 1
(encounter diagnoses) and scenario 3 (Table 1). Similarly, for
the 70 instances where the case detection logic was satisfied for
gonorrhea, 61% (43/70) were based on scenario 3, and 39%
(27/70) were based on scenarios 1 and 3. Of note, there were
no instances when scenario 1 (encounter diagnoses) alone was
met, but instead, all of them had a corresponding confirmatory
laboratory test (Table 1). eCR reported 95% (n=113 cases) of
all the chlamydia cases that were reported from the participating
clinical sites (Table 1). However, ELR reported 6 additional
cases of chlamydia, which were not reported via eCR. eCR
reported 97% (n=70 cases) of all the gonorrhea cases found by
ELR, finding an additional 14 cases (19%) that were not reported
via ELR (Table 1). ELR reported 2 additional cases of gonorrhea
not detected by eCR. ELR reported 100% (119/119) of
chlamydia cases but only 81% (58/72) of gonorrhea cases.
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Table 1. Case detection metrics for electronic case reporting (eCR) and electronic laboratory reporting (ELR).

Gonorrhea (n=72), n (%)Chlamydia (n=119), n (%)Variables

Reported by ELRReported by ELR

NoYesNoYes

Reported by eCR

Yes

0000Scenario 1 (encounter diagnoses) only

10 (71)33 (57)090 (76)Scenario 3 (name of the laboratory test performed and abnormal
result flag) only

4 (29)23 (40)023 (19)Both scenarios 1 and 3

No

02 (3)06 (5)No eCR was generated

14580119Total, n

eCR Data Completeness and Timeliness
Key elements for public health reporting such as patient and
provider names were complete in all eCRs and ELRs (Table 2).
Race and ethnicity were slightly lower in eCR (n=113, 95%)
than ELR (n=119, 100%; Table 2). However, eCR was found
to report additional clinical data such as social history
information, which is important for portraying a more complete
epidemiologic picture but was beyond the scope of this
evaluation. History of present illness and reason for visit were

both reported on 82% (97/119) of eCR in this study; symptoms,
diagnosis, and medications were reported on 33% (39/119),
23% (27/119), and 22% (26/119) eCRs, respectively (Table 2).
While pregnancy is supported in the HL7 eICR standard [21],
total absence of pregnancy information is due to the
configuration of the EHR and is specific to this implementation.

The median time from the documented patient encounter to the
time IDPH received ELR was 4 days. Similarly, the median
time for scenario 1 (encounter diagnosis) was 11 days, and for
scenario 3 (laboratory result) was 6 days.
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Table 2. Comparison of the completeness in electronic case reporting (eCR) and electronic laboratory reporting (ELR).

Complete, n (%)ELR data elementComplete, n (%)eCR data element

119 (100)Ordering provider119 (100)Provider name

119 (100)Oder callback phone number119 (100)Provider phone

N/AN/Aa0 (0)Provider fax

N/AN/A90 (76)Provider email

119 (100)Patient name119 (100)Patient name

119 (100)Phone number (home); phone number
(business)

119 (100)Patient phone

N/AN/A29 (24)Patient email

119 (100)Patient address119 (100)Street address

119 (100)Date or time of birth119 (100)Birth date

119 (100)Administrative sex119 (100)Patient sex

119 (100)Race113 (95)Race

119 (100)Ethnic group113 (95)Ethnicity

N/AN/A119 (100)Preferred language

N/AN/A0 (0)Pregnant

N/AN/A97 (82)History of present illness

0 (0)Reason for study97 (82)Reason for visit

N/AN/A39 (33)Date of onset

N/AN/A39 (33)Symptoms (list)

N/AN/A27 (23)Diagnoses

119 (100)Date or time of the analysis28 (24)Date of diagnosis

N/AN/A26 (22)Medication administered (list)

aN/A: not applicable.

Discussion

Principal Findings
We implemented an approach to case reporting that automated
and provided more complete, timely, and relevant information
to public health authorities for chlamydia and gonorrhea in
Illinois. This approach furthered data exchange between health
care providers and public health by using health care data
standards (SNOMED-CT, LOINC) to meet case detection logic
in the EHR [12,21] and messaging standards (HL7 eICR) as
the transport mechanism [20]. This method could facilitate better
public health surveillance and inform public health practice.
While ELRs comprised 90% of all cases of notifiable conditions
reported to IDPH in 2020, eCR can provide better clinical
information than the ELR is capable of reporting. Additionally,
we demonstrated that eCR can be configured to retrigger at a
later date to capture information not available at the time the
initial case definition was met.

In this study, ELR detected 6 additional chlamydia cases and 2
additional gonorrhea cases, and eCR detected 14 additional
cases of gonorrhea. These 14 cases were detected via scenarios
where laboratory results were present in the EHR. We did not
investigate why these were missed by ELRs, but some
hypotheses include as follows: (1) specimen was collected

toward the end of the study period (median time for receipt of
ELR by IDPH was 4 days), (2) laboratory where the test was
done could have had problems leading to delayed reporting, (3)
specimens could have been tested by out-of-jurisdiction labs,
and (4) other unknown reasons. Similarly, eCR detection logic
missed 6 chlamydia and 2 gonorrhea cases. Potential reasons
include the following: (1) faulty local code mapping; (2) if
patient was seen toward the end of the study period, eCR may
not have triggered yet (could take up to 11 days for IDPH to
receive eCR, compared to ELR, which took 4 days); and (3)
other unknown reasons. Of note, among all the cases reported
by the clinical sites, eCR reported 95% and 97% of all
chlamydia and gonorrhea cases, respectively. We also found
that eCR contains more complete information compared to ELR
and allowed for the collection of additional data such as
diagnoses, treatment, and other clinical information that are
typically not available in ELR. However, these additional data
elements were not available on all eCRs. Some records reflect
clients who were tested or diagnosed at external locations whose
records were subsequently scanned into the EHR system as PDF
files with no accompanying lab records. More work needs to
be done to explore whether these were not available at the time
of the case report generation or if this information was present
in some other unstructured format not represented as a standard
vocabulary such as SNOMED-CT.
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An earlier study by Mishra et al [12] had developed the case
detection logic, curated the value sets needed for this eCR
architecture, and collaborated with a clinical partner to
demonstrate the case detection and eCR efficacy. Another study
in Oregon, simultaneously conducted with this evaluation, also
implemented this approach with clinical sites reporting to the
Oregon Health Authority. They reported on the local
customization required for that implementation and differed
from this study in that the Oregon Health Authority had existing
infrastructure to consume eCR via its interface engine into its
proprietary surveillance system [21]. A broader adoption of
eCR will be a step toward bridging the information gap between
health systems and public health. Such steps toward improved
semantic interoperability will allow a timely and better
understanding of epidemiology, will inform the development
of effective policy and most relevant updates to treatment
guidelines, and will reduce burdens for both health systems and
public health agencies by automating case reporting and
investigating cases for more information.

Limitations
The EHR had limited Fast Healthcare Interoperability Resources
capability. The health centers had to collaborate with the EHR
vendor to develop, test, and release a beta version of eCR that
could be specifically used for this project. eCR standards allow
for data elements that are above and beyond those that have
been received through traditional reporting. This information
may be present in an unstructured format without any semantic
representation. An eCR triggered by laboratory results (scenario
3) would contain information in a structured format with
semantic representation, while for scenario 1, diagnoses may
not be available in a structured format but may be represented
in an unstructured, narrative format, resulting in a lower number
of triggers. Some additional examples of unstructured data

elements include those found in the “Problems,” “History of
present illness,” “Reason for visit,” “Social history,” and so on,
and could explain why symptoms, diagnosis, and medications
were reported only on 33%, 23%, and 22% of the eCRs,
respectively.

I-NEDSS, the surveillance system at IDPH, required additional
resources to consume eCR. Any addition to the surveillance
system’s capability would require extensive modification. Due
to the constraint of project timeline and lack of dedicated
resources for this activity, we elected not to reconfigure the
surveillance information system to receive eCR. Instead, we
used a parser application and created a staging database that
could be mapped to the data elements of the surveillance
information system. This challenge of ingesting eCRs into
surveillance information systems is likely to be far more
common across health departments in the United States and
needs additional work to create a standardized and scalable
approach. We did not quantify the burden of manual reporting,
and how much of that burden was potentially alleviated via
automated case reporting via eCR. Future studies could provide
insight into the resources saved via such automated reporting
methods.

Conclusions
The eCR approach to public health surveillance successfully
identified and created automated case reports for chlamydia and
gonorrhea cases in the selected Illinois clinics. This approach
also demonstrated a more complete case report with additional
demographic, clinical, and treatment information. eCR reduced
the burden of reporting cases on clinical providers and represents
a promising future of greater semantic interoperability between
health care systems and public health by automating the case
report using health care data standards in a scalable manner.
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Abstract

Background: With the increased availability of data, a growing number of studies have been conducted to address the impact
of social determinants of health (SDOH) factors on population health outcomes. However, such an impact is either examined at
the county level or the state level in the United States. The results of analysis at lower administrative levels would be useful for
local policy makers to make informed health policy decisions.

Objective: This study aimed to investigate the ecological association between SDOH factors and population health outcomes
at the census tract level and the city level. The findings of this study can be applied to support local policy makers in efforts to
improve population health, enhance the quality of care, and reduce health inequity.

Methods: This ecological analysis was conducted based on 29,126 census tracts in 499 cities across all 50 states in the United
States. These cities were grouped into 5 categories based on their population density and political affiliation. Feature selection
was applied to reduce the number of SDOH variables from 148 to 9. A linear mixed-effects model was then applied to account
for the fixed effect and random effects of SDOH variables at both the census tract level and the city level.

Results: The finding reveals that all 9 selected SDOH variables had a statistically significant impact on population health
outcomes for ≥2 city groups classified by population density and political affiliation; however, the magnitude of the impact varied
among the different groups. The results also show that 4 SDOH risk factors, namely, asthma, kidney disease, smoking, and food
stamps, significantly affect population health outcomes in all groups (P<.01 or P<.001). The group differences in health outcomes
for the 4 factors were further assessed using a predictive margin analysis.

Conclusions: The analysis reveals that population density and political affiliation are effective delineations for separating how
the SDOH affects health outcomes. In addition, different SDOH risk factors have varied effects on health outcomes among
different city groups but similar effects within city groups. Our study has 2 policy implications. First, cities in different groups
should prioritize different resources for SDOH risk mitigation to maximize health outcomes. Second, cities in the same group
can share knowledge and enable more effective SDOH-enabled policy transfers for population health.

(JMIR Public Health Surveill 2023;9:e44070)   doi:10.2196/44070
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Introduction

Overview
Social determinants of health (SDOH), defined by the World
Health Organization, encompass economic policies, social and
physical environments, and access to health services and shapes
the conditions “in which people are born, grow, work, live, and
age” [1].

It is well established that SDOH factors, such as health
behaviors, clinical care, social and economic status, and physical
environment, account for 30% to 55% of health outcomes [2].
There is considerable literature examining the association
between SDOH factors and various health outcomes, among
which most studies used patient-level and hospital-level data.
For example, prior studies have found that SDOH factors are
associated with medication adherence [3], care use [4],
readmission risk [5,6], length of stay [7,8], postoperative
surgical outcomes [9], mortality risk [10,11], and risk of
exposure to and subsequent health outcomes after contracting
the SARS-CoV-2 virus [12,13].

Understanding the ecological association between SDOH factors
and population-level health outcomes is vital. Such an
understanding is particularly relevant for researchers, clinicians,
and policy makers in assessing new SDOH-enabled programs
or policies to improve population health, enhance quality of
care, and reduce health inequities [14,15]. Several frameworks
have been developed to understand the impact of SDOH risk
factors on population health outcomes [16-19]. Among these
frameworks, the County Health Ranking (CHR) model has been
widely applied to explicate the relationship between SDOH
factors and population health outcomes in the United States
[17,20].

The CHR model uses >30 ranking criteria to measure the impact
of SDOH factors on the current and future population health
outcomes at the county level [17]. However, this model is not
always accurate at the state level or lower-than-state level (eg,
county, city, and census tract level) because it uses a
predetermined set of weights for the SDOH factors. Two recent
empirical studies of the CHR found that the influence of SDOH
factors on health outcomes varies among different states in the
United States [21,22]. In addition, existing CHR studies are
limited to either the county level or the state level. Analysis at
a lower level is desired by local policy makers because local
governments need to derive insights into the SDOH and health
outcomes within their administrative delineation [23]. For
instance, Corburn et al [23] showed substantial results in
reducing health inequities by examining all policies adopted by
the city of Richmond, California, at the zip code level.

This study investigates the ecological associations between the
SDOH and population health outcomes at the city level to
support health policy decisions using the CHR as the foundation.
For this purpose, we curated data from 5 different sources and
integrated them at the census tract level from 29,126 census
tracts within 499 cities across all 50 states in the United States.
With such smaller geographical delineations, researchers, policy
makers, and other relevant parties can aggregate data into larger

administrative divisions to make more impactful and effective
decisions.

After grouping cities through 2 factors, namely, population
density and political affiliation, we formalized measures for
SDOH factors and population health outcomes and used a
voting-based feature selection approach to reduce the original
148 sociodemographic and SDOH-related variables to 9. We
then used a linear mixed-effects model to examine the ecological
associations between the SDOH factors and population health
outcomes. At the census tract level, the goodness of fit ranges
from 0.65 to 0.75. At the city level, the total variance explained
by the model was high, ranging from 0.86 to 0.90. The effect
size of variables is different across groups. Noticeably, asthma,
kidney disease, smoking, and food stamp variables were
significant in all groups. Post hoc analysis was later conducted
using predictive margin to assess group differences in health
outcomes for the 4 behavioral health indicators that majorly
affect health outcomes across all groups.

Background

Social Determinants of Health
SDOH encompass a wide set of dimensions such as
socioeconomics, education, physical environment, food access,
health care system condition, health behaviors, community
status, and politics [1,24,25]. The importance of the SDOH is
apparent to both academia and policy makers. Research on
SDOH is impactful and prominent, especially in the context of
this research, that is, linking health outcomes and disparities
[2,3,12,26,27].

In the United States, the CHR model is a widely applied model
that describes how SDOH factors contribute to population health
[17,20]. The CHR model uses >30 ranking measures to
understand the current population health outcomes and health
factors (ie, health behaviors, clinical care, social and economic
status, and physical environment) that would affect future health
in the United States [17]. Both the health outcomes and health
factors are weighted by a panel of national experts on population
health in the CHR model [17].

Although the CHR model makes health outcomes and factors
easy to calculate and be understood by the general public and
policy makers, it has 2 major drawbacks. First, the weights
proposed by experts in the CHR may not be applicable to the
entire population because different locations may have various
population characteristics and dissimilar social and policy
environments. Two recent studies that empirically tested the
CHR [21,22] revealed that the influence of health factors on
health outcomes varies among the US states. In other words,
the CHR model performed better in some states than in others.
Second, previous studies used SDOH through CHR at either
the county level or the state level. A more granular level of data
is needed to comprehensively understand the SDOH factors
that affect population health and to provide insights for local
policy makers, such as governments at the city level. In this
study, we use census tract data, a geographical delineation of a
county that encompasses approximately 4000 population, with
relatively well-maintained and updated demographic information
[28]. Using census tracts as the unit of analysis, researchers and
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policy makers can aggregate the data into larger administrative
divisions.

Generally, SDOH research has both breadth and depth. Research
can be found using study sites worldwide, with different takes
on what SDOH are, and using a diverse range of research
methods. The same perspective can be gleamed when focusing
on the relationship between health outcomes and the SDOH.
Owing to the divergent and seemingly agglomeration research
that explores the relationship between health outcomes and
SDOH factors, researchers need to be careful when defining (1)
the health outcomes measurement, (2) the SDOH factors, (3)
the population and study sites, and (4) the research methods.
These definitions set up the phenomenon for research while
providing concrete findings to help promote population health,
which in turn affects policy changes.

SDOH Factors and Health Outcomes
Health outcomes and SDOH factors are interlinked. For instance,
poverty, education, and income are known to be closely related
to health outcomes [12,26,29-32]. Specifically, Washington et
al [30] identified low income to be related to the higher unmet
needs for health care, whereas Bauer et al [33] found a major
association between income and health literacy. Several studies
have associated income and insurance status with risk of
readmission [6,34]. Similarly, studies have found that income,
age, and vulnerable populations have worse postoperative
surgical outcomes or higher mortality risk [9-11]. Furthermore,
when present alongside SDOH, disadvantaged racial and ethnic
groups are negatively affected in several health outcomes areas,
including COVID-19 [35], stroke [36], and kidney transplant
[37].

Health behavior is another essential component of SDOH
[38,39]. It is related to people’s health practices such as
smoking, diet, exercise, and alcohol habits. According to
Healthy People 2020, individuals’ healthy behaviors can
substantially influence their health needs and outcomes [40].
Likewise, it was estimated that approximately 443,000
Americans die annually of smoking-related diseases, such as
cancer, stroke, lung disease, and heart disease [41]. Lack of
physical activities and high-calorie food intake can lead to
obesity, which majorly affects people’s health conditions.

Population Density
At any location, the population can be delineated into living in
3 areas: urban, suburban, and rural. Although the general public
could easily discern the differences between the 3, in research,
this has been proven as not as clear-cut as it may seem [42].
Generally, there is a decision framework, along with several
decision criteria, to designate a location to be either urban,
suburban, or rural. This designation separates the way in which
people live. Unfortunately, owing to the nature of our research
inquiry that examines census tracts at the city level, the
abovementioned delineation cannot be definitively justified.
However, based on the simple criteria of population density,
we were able to dissect cities into different segments, each of
which had different health behaviors and outcomes.

Indeed, population density is closely related to health service
delivery and further influences health outcomes. On the one

hand, health care institutions located in low population–density
places may need to manage small-scale operations and handle
financial losses owing to low volume, whereas people who live
in low population–density locations may have difficulties
accessing health care facilities and services because of human
service and resource deficiency. For example, in less populated
areas, ambulance response time is likely to be longer [43].

Furthermore, these low population–density locations usually
have an increasingly aging population, demanding more health
services and resources [44,45]. Government-supported health
programs are often limited in low population–density areas
because of the high rate of poverty and limited tax in such areas
[45], and high population–density areas may cause congestion
in major hospitals [46], suggesting a complex relationship
between population density and health outcomes. The interplay
between the supply and demand of health care is greatly
influenced by the availability of services and the needs of the
population. Naturally, the denser the population, the more health
care is needed. In contrast, low population–density areas require
fewer health care services but suffer from scarcity.

Previous studies have found that population density is associated
with various health outcomes, such as mortality rate [47,48],
survival outcome [49], and morbidity in certain diseases [48].
To account for the complex relationship between population
density and health outcomes, we examined the relationship
between SDOH and health outcomes by grouping cities based
on their population density.

Political Affiliation
Local governments and their political leaning greatly affect
health policy. The US political system is a constant wrestle
between 2 major political parties: the Democratic Party (often
colorized as blue) and the Republican Party (often colorized as
red). Contention exists throughout the United States and at
various levels of the government. At the state level, the
differences between the parties encompass both health policy
and social issues (eg, attitude and policy regarding abortion and
substance use) and the preferred role of the government (eg,
big vs small government) in addressing health-related problems
[50]. For example, Pagel et al [51] painted a stark contrast in
the priorities of health care policy between Democratic and
Republican state legislators. Republicans prioritize reducing
health costs and smaller government, whereas Democrats
prioritize improving health and equity and reducing disparities
over other goals [51].

At the individual level, partisan polarization in public attitudes
shapes individuals’health behaviors. For example, studies found
that there are diverging attitudes between Republicans and
Democrats toward influenza and the COVID-19 vaccine, in
which Republicans displayed a negative attitude and intention
toward vaccine, whereas attitudes and intentions of Democrats
remained largely stable [52,53]. Given the importance of how
political affiliation can affect both policies and attitudes toward
health outcomes, we surmise that the identification of political
parties would also influence the relationship between health
outcomes and SDOH.

JMIR Public Health Surveill 2023 | vol. 9 | e44070 | p.554https://publichealth.jmir.org/2023/1/e44070
(page number not for citation purposes)

Vo et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Despite the research outcomes suggesting linkages between
health outcomes and SDOH, policy makers do not view SDOH
as a priority, as is evident in the absence of SDOH in the general
government policy agenda, despite earlier emphasis [54,55].
Instead, current health policy in the United States still focuses
on “medicalizing” health problems, assuming that the solution
to health is medical care [55,56]. For example, policy makers
often emphasized health access policies to increase geographic
and financial access to health services for vulnerable populations
[56] but neglected other important social and economic factors
that are associated with health disparities [56]. Prior studies
also pointed out that even with universal health care access, rich
populations are more likely to have healthier lives because they
can afford advanced health care; thus, the most important policy
issues in health care are largely dependent on the overall
allocation of resources to health care rather than merely on the
distributive justice within health care [57,58].

Furthermore, Embrett and Randall [54] suggested that extant
SDOH policy studies appear to be focused on advocacy rather
than analysis. To promote “healthy public policies” based on
SDOH factors, health disparities need to be examined so that
the government can develop specific policy responses with their
tools at hand such as regulation, legislation, taxation, and
financing [59]. Health care professionals, researchers, and
governments can work together to empirically examine the
extent to which SDOH factors contribute to disparate health
outcomes so that policies can be developed to solve health
disparities in a more effective and efficient manner [13].

This study makes the following contributions to research and
practice. First, the study divulges additional insights into how
different SDOH factors affect health outcomes by curating
related data in census tracts. In contrast to the county level,
targeted but limited SDOH data are available at the census tract
level. Our study presents a novel data curation process that
creates additional SDOH variables that are otherwise not readily
available. At the census tract level, data could be aggregated to
the city level, allowing policy makers to devise policy more
effectively. Second, city is a living and emergent ecosystem,
and each city presents its own opportunities and challenges in
terms of population health [60]. Despite these differences, our
study sheds unique insights through 5 distinct groups with 2
prevailing properties: the city’s population density and its
political affiliation. The analysis results showed that the health
effectiveness intragroup was similar, whereas the effects
diverged intergroup. Therefore, it is prudent for cities from
different groups to prioritize resource allocations to address
SDOH factors based on their group properties so that population
health outcomes can be maximized.

Methods

Study Design
The study design includes 4 considerations. First, to perform
the ecological analysis at the city level, we need to identify data
sources for SDOH factors and health outcomes at the group
level. Second, we need to determine the unit of analysis, that
is, how to define the study population and the method of
grouping. Third, we need to formalize the measures for SDOH

factors and population health outcomes. Finally, we need to
determine the appropriate data analysis method. In the
subsequent sections, we describe each consideration in detail.

Data Collection
We curated and integrated a data set from 5 different sources:
the PLACES program [61], the National Center for Health
Statistics, Census Data portal, Simply Analytics, and the
Massachusetts Institute of Technology Election Laboratory [62].
The data obtained from the PLACES program included
population health outcomes, such as mental and physical health
days, as well as population health behaviors, such as the
percentage of the population with asthma or kidney disease.
Additional data were collected at the census tract level for a
selected 500 cities in the United States, which serves as the
basis of the data for analysis. Life expectancy data for each
census tract were obtained from the National Center for Health
Statistics [63]. These data were later used to measure the health
outcomes. Population-related variables such as age, income,
ethnicities, and education levels were obtained through the
Census Data portal, supplemented by data from the Simply
Analytics platform. We used data from the Massachusetts
Institute of Technology Election Laboratory to determine the
political affiliation to which each census tract belongs. Political
affiliation is proxied by the 2020 presidential election. In the
United States, voting for a presidential candidate happens in
the general election every 4 years, in which most of the
population votes, and it solidifies the general political direction
of the country, whether it will lean toward Democratic or
Republican policies. Election data are reported at the precinct
level, which is a larger spatial delineation than census tracts, is
smaller than US counties, and overlaps with US cities. When
precincts have more votes for the Democrats presidential
candidate, we code the census tracts to reside within it as blue.
Similarly, we coded red for census tracts that reside in precincts
that have more votes for the Republican presidential candidate.
census tract data from Washington, District of Columbia, were
dropped because they did not have a life expectancy measure.
The final data set included 29,126 census tracts within 499 cities
across all 50 states in the United States, all obtained in 2021.

Determining Unit of Analysis
The results of our data collection process yielded the census
tract as the default unit of analysis. We further examined
whether this unit of analysis was sufficient or whether an
additional grouping mechanism was warranted. As the census
tracts resided within the city boundary, a natural grouping was
to coalesce tracts based on the city itself. However, this type of
grouping did not help explain the relationship between cities.
Rather, additional grouping of cities was required. Therefore,
we used political affiliation and population density, as discussed
in the previous sections with the same name.

To determine the political affiliation of a city, we revisited the
political affiliation of each census tract, which was determined
using the abovementioned description. With a simple majority
rule, if a city has more census tracts that are red, we assign red
as the city’s political affiliation. Similarly, a city will be coded
blue as its political affiliation if a majority of the census tracts
residing within it are blue. Correspondingly, the population
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density of a tract was calculated by dividing the total population
by its area in square miles [44,49]. Each city was then sorted
and classified into 3 quartiles: sparsely populated cities were
below the 25th percentile (denoted low), medium-populated
cities were between the 25th and 75th percentiles (denoted mid),
and highly populated cities were above the 75th percentile
(denoted high). The final grouping included 73 cities in
blue-low, 198 cities in blue-mid, 120 cities in blue-high, 53
cities in red-low, 51 cities in red-mid, and 4 cities in red-high.
As red-high had a small number of cities, it was combined with
the red-mid category, making the final number of cities in the
combined category, red-high, 55. Multimedia Appendix 1
includes the list of cities in each classification.

Formalizing Measurements

Formalizing Health Outcome Measurement
After integrating and cleaning the data, we then formulated the
health outcomes measurements for our research based on the
CHR model [17]. In the CHR model, health outcome measures
the current state of population health and can be further divided
into 2 categories: length of life and quality of life. Length of
life can be measured by life expectancy and quality of life by
poor physical health days and poor mental health days.
Specifically, the health outcome measure was based on the CHR
model, as shown in the following equation:

Health outcome = 50% × (life expectancy) − 25% ×
(poor physical health days) − 25% × (poor mental
health days) (1)

Similar to the CHR model, our proposed health outcome
measure assigns equal weightage to the length of life (through
life expectancy) and quality of life (through poor physical health
days and poor mental health days). The subtraction signs signify
the negative effects of having poor physical health days and
poor mental health days on health outcomes.

Formalizing SDOH Measurements
To formalize the measurements for SDOH factors, we first
standardized the different scales such as rates, percentages, and
averages of the survey responses. We also followed the CHR
model by standardizing all measures with z scores, in which the
standardized variables had a mean of 0 and a SD of 1 [17,22].
The initial SDOH data comprised 148 variables (Multimedia
Appendix 2), including some highly correlated features. Thus,
a feature reduction is required. As different feature selection
techniques may result in a different set of features and no
standardized rules on which technique might be better than the
others, we experimented with the following 5 feature selection
methods: Pearson correlation, recursive feature elimination,
backward stepwise regression, XGBoost, and random forest.
Independent variables were then ranked into 4 quartiles from
highest to lowest, based on their feature importance or effect
size against the dependent variable health outcome. We then
applied a majority voting method, retaining variables that were
placed in the top quartile based on at least 3 methods. The final
data set included 9 variables for SDOH risk factors (Table 1).

Table 1. Metadata of the final data seta.

DescriptionTypeVariable name

Health outcome of the population (refer to equation 1)DVbHealth outcome

Percentage of the population aged >18 years and with asthmaIVcAsthma

Percentage of the population aged >18 years and with chronic kidney diseaseIVKidney disease

Percentage of the population aged >18 years who has smoked >100 cigarettes in their lifetime and cur-
rently smoke

IVSmoking

Percentage of the population aged ≥65 years who has lost all their natural teethIVTeeth lost

Percentage of the population aged >18 years who has visited a physician for a routine checkupIVAnnual checkup

Percentage of the population aged >18 years who sleeps <7 hours over a 24-hour periodIVLack of sleep

Percentage of the population aged between 18 and 64 years who does not have health insuranceIVLack of health insurance

Percentage of the population below the federal poverty levelIVBelow poverty

Percentage of households using food stamps or other cash public assistance programsIVFood stamps

Grouping of tracts based on the city’s population density and political affiliation (5 groups in total)GroupingGroup

aThe final data set included 1 dependent variable, 9 independent variables, and 1 grouping variable. Metadata applies for all 29,126 census tracts within
499 cities in the United States in 2021.
bDV: dependent variable.
cIV: independent variable.

Data Analysis
For data analysis, a linear mixed-effects model [64] was used
to analyze the statistical parameters that varied at the census
tract level and the city level. Observations in census tracts were
hypothesized to have a systematic and predictable influence on

health outcomes. Thus, the census tract data were modeled as
a fixed effect, nonrandom, or nonindependent. As different cities
are expected to have unpredictable and nonsystematic effects,
they were modeled as random effects.
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Ethical Considerations
The data used in this study are secondary data, which do not
involve human participants, and are collected and aggregated
by the respective organizations mentioned in the Data Collection
section, most of which are curated from the US Census Bureau
as the primary source. No additional data were collected
specifically for this study.

Results

All the linear mixed-effects models converged. We present the
results of the linear mixed-effect models for 5 groups: blue-low
(model 1), blue-mid (model 2), blue-high (model 3), red-low

(model 4), and red-high (model 5) in Tables 2-4. The R2 results
from the 5 models indicated that the overall fit of each model

was adequate. Specifically, the conditional R2 represents the
variance of the variables explained by both fixed and random

effects within the model. The conditional R2 value ranging from
0.86 to 0.90 in models 1 to 5 indicated that the grouping at the
city level exemplifies the intertwined relationship between
population density and political affiliation grouping against

health outcomes. Furthermore, the marginal R2 represents the

variance affected by the fixed effects. The marginal R2 value
ranging from 0.60 to 0.75 in models 1 to 5 indicates that the set
of variables at the census tract level also has high goodness of
fit to health outcomes.

Our results suggest that all the groups examined in the study
have an equipotential baseline, as evidenced by the comparable
intercepts across all 5 city groups classified by population
density and political affiliation. Furthermore, the results showed
that all SDOH variables had a statistically significant impact
on population health outcomes for ≥2 or city groups, but the
magnitude of the impact varied among the different groups. For
example, an increase in the proportion of the population with
asthma, kidney disease, smoking, or using cash assistance
programs (such as food stamps) is associated with a decline in
population health outcomes across all groups, consistent with
the SDOH literature [65-68]. However, the magnitude of the
impact of these variables on population health outcomes varied
among different groups. The impact of asthma on population

health outcomes is highest for cities classified as red-high
(model 5: red-high) and lowest for cities classified as blue-low
(model 1: blue-low), whereas the impact of kidney disease or
smoking is higher for blue cities (as observed in models 1-3).
The impact of food stamps on population health outcomes is
higher for red cities with high population density (model 5:
red-high) and blue cities with medium population density (model
2: blue-mid).

Some SDOH variables were statistically significant for a subset
of the city groups. For instance, the percentage of the population
having an annual checkup does not have a statistically significant
impact on population health outcomes for red cities with low
population density (model 4: red-low), whereas the impact of
the percentage of the population below the federal poverty level
is not statistically significant only for red cities with high
population density (model 5: red-high). Similarly, the impact
of the percentage of the population without health insurance is
not statistically significant for blue cities with low density
(model 1: blue-low). Finally, the impact of lack of sleep is only
statistically significant for rural cities, and the impact of teeth
loss is statistically significant for cities with a high population
density (model 3: blue-high and model 5: red-high), regardless
of their political affiliation.

To further investigate these findings, a post hoc analysis was
conducted using predictive margins to assess group differences
in health outcomes for the 4 SDOH variables, namely, asthma,
kidney disease, smoking, and food stamps, that substantially
affected health outcomes across all groups (as shown in Figure
1). Figure 1 illustrates that each group had a better health
outcome with low asthma, low smoking, low kidney disease,
or low food stamps and a worse health outcome with high
asthma, high smoking, high kidney disease, or high food stamps.
One exception was the red-low group, which had a slightly
better health outcome with a high food stamp. Overall, the
blue-low and red-low groups had better health outcomes than
the other 3 groups, whereas blue-high had the lowest health
outcome compared with the other 4 groups. Furthermore,
asthma, kidney disease, smoking, and food stamps had larger
impacts on the red-high and blue-high groups than the other 3
groups.
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Table 2. Census tract level–fixed effect results of the linear mixed-effect model.

Model 5 (red-high)Model 4 (red-low)Model 3 (blue-high)Model 2 (blue-mid)Model 1 (blue-low)

P

value

Coefficient
(SE)

P

value

Coefficient
(SE)

P

value

Coefficient
(SE)

P

value

Coefficient
(SE)

P

value

Coefficient
(SE)

<.001−0.808 (0.138)<.001−0.792 (0.093)<.001−0.697 (0.038)<.001−0.284 (0.042).19−0.124 (0.095)Lack of
health insur-
ance

<.001−1.731 (0.256)<.001−1.266 (0.228)<.001−1.248 (0.075)<.001−1.006 (0.109)<.001−0.848 (0.158)Asthmaa

<.001−1.348 (0.284)<.001−0.738 (0.193)<.001−1.973 (0.092)<.001−1.491 (0.096)<.001−1.247 (0.130)Kidney dis-

easea

<.001−1.136 (0.187)<.001−1.955 (0.167)<.001−2.259 (0.098)<.001−1.925 (0.094)<.001−3.203 (0.123)Smokinga

.004−0.656 (0.228).06−0.301 (0.158)<.0010.342 (0.081).54−0.049 (0.081).920.011 (0.112)Teeth lost

.48−0.079 (0.113).04−0.184 (0.088)<.001−0.328 (0.042)<.001−0.256 (0.044).01−0.158 (0.064)Below
poverty

.002−0.377 (0.121).007−0.279 (0.103)<.001−0.156 (0.039)<.001−0.346 (0.047)<.001−0.281 (0.072)Food

stampsa

.010.563 (0.222).73−0.056 (0.162)<.0011.022 (0.065)<.0010.520 (0.079).0080.292 (0.110)Annual
checkup

.010.565 (0.305)<.0011.346 (0.232).070.048 (0.078).070.193 (0.108)<.0010.955 (0.158)Lack of
sleep

<.0011.383 (0.042)<.0011.314 (0.034)<.0011.248 (0.037)<.0011.261 (0.025)<.0011.344 (0.044)Intercept

aVariables are statistically significant in all groups.

Table 3. City level–random effect results of the linear mixed-effect model.

Model 5 (red-high)Model 4 (red-low)Model 3 (blue-high)Model 2 (blue-mid)Model 1 (blue-low)

0.068 (0.260)0.358 (0.189)0.143 (0.378)0.094 (0.307)0.116 (0.340)City groups–intercept,
variance (SD)

0.059 (0.243)0.054 (0.231)0.055 (0.235)0.064 (0.252)0.050 (0.223)Residual, variance
(SD)

0.14160.09260.28610.19360.2225Random effects

Table 4. Overall model statistics and performance of the linear mixed-effect model.

Model 5 (red-high)Model 4 (red-
low)

Model 3 (blue-high)Model 2 (blue-mid)Model 1 (blue-low)

17281991914498033350Number of census tracts

555312019873Number of city

0.73510.76900.60340.67590.6816R2 marginal—census tract level

0.87670.86160.88950.86950.9041R2 conditional—city level
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Figure 1. Post hoc analysis via predictive margins for (A) asthma, (B) smoking, (C) kidney disease, and (D) food stamps. Each colored line represents
each city grouping. The x-axis shows whether the variable is high or low, where low means 1 SD below the mean and high means 1 SD above the mean.
The y-axis displays the value of health outcome. This figure applies to all 29,126 census tracts within 499 cities in the United States in 2021.

Discussion

Principal Findings
In this study, we have demonstrated that, with the use of census
tracts as the unit of analysis, more insights are extracted
regarding how SDOH factors would affect the health outcomes
of a diverse population. Furthermore, aggregating data into city
jurisdictions enables a more targeted examination of how each
city operates and influences health outcomes with an eye on
policy generation and implementation at the city level.

Using a unique grouping method for cities based on population
density and political affiliation, we reveal that cities are similar
in many ways yet exhibit remarkable differences in public
health. Specifically, we observed a major divide in public health
and the different impacts of SDOH factors on population health
outcomes between different political support in the United
States, which contains only 2 main political parties. The results
reinforce the current political climate in the United States,
namely, the polarization between the 2 parties and how it affects
health care outcome [69-71]. These findings add complexity
for city officials who are monitoring and maintaining the quality
of public health while upholding the political ideals and
expectations through policy enforcement. Similarly, population
density, which substitutes urban-rural designations, adds to the
dichotomy of health. When cities are in the same grouping, they
share many aspects of SDOH effects on health outcomes,

although there is a distinct difference among members of
different groups.

Our research yielded several interesting findings related to
different SDOH factors. For example, we found that the number
of adults who lost all their natural teeth before age 65
contributed to health outcomes in an oscillating manner.
Although there is an established link between oral health and
quality of life, there seems to be a disconnect between oral
health and population health outcomes in the literature [72,73].
In addition, we observed the interrelationship between access
to health services and annual checkups, highlighting the
importance of health insurance for improving health outcomes.
The health care system in the United States is complex, and
obtaining health insurance for the disadvantaged group has been
a major roadblock. Having health insurance is not enough; with
it alone, there is only a negligible uptick in annual checkups
[74]. These findings strongly support the need to establish
incentives for having more individuals perform annual checkups.
For example, the Preventive health Evidence-based
Recommendation Form is a program that can potentially fulfill
such a need [75].

This study has several implications for public health. First, we
highlight that public health policies should differ among cities
with different population densities and political affiliations. For
instance, policies targeting the population with asthma, such as
promoting environmental cleanliness, reducing pollution
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particles, and reducing the costs of asthma treatment and
medication, would have a much stronger effect in red-leaning
cities with a high population density than in cities in other
groups. Likewise, smoking affects the blue-leaning cities the
most, so a policy to discourage smoking and promote quitting
would be more beneficial to population health outcomes in those
cities. As resources are scarce, cities should allocate their
resources according to the effectiveness of the proposed
solutions. Therefore, each devised policy could target different
SDOH factors for policy interventions to optimize health
outcomes based on the categorization of each city. Second, our
findings provide additional variables of interest for invigorating
public health policy transfer possibilities among cities. Policy
transfer is a well-studied phenomenon worldwide, especially
in the European Union, but it has been much less studied in the
United States. This study indicates that policy transfer between
cities in the same group is possible. For example, a blue-leaning
city with low population density might try to focus more on
reducing smoking by perusing policies from health care offices
residing in other blue-leaning rural cities. Similarly, cities may
be able to pool resources together and procure a repository
containing all related health policies. This repository could help
facilitate faster and more efficient knowledge transfer between
cities across the United States.

Limitations
This study has several limitations. First, the curated data were
not equivalent to those of the CHR. Only a handful of equivalent
variables are available at the census tract level. Second, data
normalization in the CHR encompasses all counties in the United
States, although this study limits the data set to 499 cities,

potentially skewing the results. Third, although the cities may
represent many populations, sparse suburban areas and rural
areas are largely neglected owing to data availability. Fourth,
as an ecological study, there are possible confounders that
existed outside our data set. Finally, the ecological nature of
the study prohibits generalization of conclusions such as giving
more food stamps to an individual, which could result in a
change in personal health outcomes. Future research should
continue to explore the relationship between SDOH and health
outcomes in other delineations suitable for policy decision
making.

Conclusions
This study aimed to investigate the impact of SDOH factors on
population health outcomes using a large data set comprising
29,126 census tracts within 499 cities across all 50 states in the
United States. Our results identified 4 SDOH factors, namely,
asthma, kidney disease, smoking, and food stamps, that have
major effects across cities with different population densities
and political affiliations. In addition, this study highlights the
need for differentiated public health policies among cities with
different population densities and political affiliations. The
analysis of data at the city level, in which policies and decisions
directly affect its citizens, promotes an understanding of how
SDOH factors affect population health outcomes. The grouping
mechanism, based on the combination of population density
and political affiliation, provides a useful framework for
separating and comparing different census tracts in different
cities. To that end, this study adds to the existing literature on
various ways to improve health equity among geographic areas
or demographic and socioeconomic groups.
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Abstract

Background: Multimorbidity and frailty are characteristics of aging that need individualized evaluation, and there is a 2-way
causal relationship between them. Thus, considering frailty in analyses of multimorbidity is important for tailoring social and
health care to the specific needs of older people.

Objective: This study aimed to assess how the inclusion of frailty contributes to identifying and characterizing multimorbidity
patterns in people aged 65 years or older.

Methods: Longitudinal data were drawn from electronic health records through the SIDIAP (Sistema d’Informació pel
Desenvolupament de la Investigació a l’Atenció Primària) primary care database for the population aged 65 years or older from
2010 to 2019 in Catalonia, Spain. Frailty and multimorbidity were measured annually using validated tools (eFRAGICAP, a
cumulative deficit model; and Swedish National Study of Aging and Care in Kungsholmen [SNAC-K], respectively). Two sets
of 11 multimorbidity patterns were obtained using fuzzy c-means. Both considered the chronic conditions of the participants. In
addition, one set included age, and the other included frailty. Cox models were used to test their associations with death, nursing
home admission, and home care need. Trajectories were defined as the evolution of the patterns over the follow-up period.

Results: The study included 1,456,052 unique participants (mean follow-up of 7.0 years). Most patterns were similar in both
sets in terms of the most prevalent conditions. However, the patterns that considered frailty were better for identifying the
population whose main conditions imposed limitations on daily life, with a higher prevalence of frail individuals in patterns like
chronic ulcers &peripheral vascular. This set also included a dementia-specific pattern and showed a better fit with the risk of
nursing home admission and home care need. On the other hand, the risk of death had a better fit with the set of patterns that did
not include frailty. The change in patterns when considering frailty also led to a change in trajectories. On average, participants
were in 1.8 patterns during their follow-up, while 45.1% (656,778/1,456,052) remained in the same pattern.
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Conclusions: Our results suggest that frailty should be considered in addition to chronic diseases when studying multimorbidity
patterns in older adults. Multimorbidity patterns and trajectories can help to identify patients with specific needs. The patterns
that considered frailty were better for identifying the risk of certain age-related outcomes, such as nursing home admission or
home care need, while those considering age were better for identifying the risk of death. Clinical and social intervention guidelines
and resource planning can be tailored based on the prevalence of these patterns and trajectories.

(JMIR Public Health Surveill 2023;9:e45848)   doi:10.2196/45848
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Introduction

Aging is associated with the development of complex conditions,
such as multimorbidity and frailty [1,2], which need to be
assessed at the individual level. Frailty is a holistic state defined
by the biological age-related loss of homeostasis and resistance
to stressors, not by particular conditions, and it increases
vulnerability to adverse outcomes [2-5]. Frailty can be measured
either through the frailty phenotype [5] or cumulative deficit
models that consider physical, psychological, and social domains
[2,6,7]. On the other hand, multimorbidity is defined as the
simultaneous presence of two or more chronic diseases [8].
There is a 2-way causal relationship between multimorbidity
and frailty [4,9], and both are associated with higher health care
utilization and expenditure [10-14]. Health systems thus need
to characterize and monitor the older population to estimate
health care and social resource demand.

Electronic health records (EHRs) are essential nowadays to
monitor and evaluate patients [15]. Real-world studies use EHRs
to obtain a large quantity of observational data from diverse
populations. These data sources allow studies to be conducted
at a lower cost than traditional epidemiological studies or
randomized clinical trials [16,17] and can achieve similar results
to randomized clinical trials [18]. Most multimorbidity studies
in recent years have used EHRs [19], while EHR-based tools
have also been recently developed to measure frailty [20,21].

Clustering is an unsupervised exploratory data analysis
technique used for identifying and characterizing population
groups. It has already been extensively used to find subgroups
of people based on the similarity, in terms of co-occurrence, of
their concurrent chronic disease [22-28]. Several systematic
reviews [27-29] describe different clustering techniques used
to group patients based on multimorbidity, including hierarchical
clustering, exploratory factor analysis, multiple correspondence
analysis, network analysis, and k-means. K-means and fuzzy
c-means are the most common approaches [22-26]. K-means is
a hard clustering algorithm that forces each record to belong to
a single cluster, while fuzzy c-means is a soft clustering
technique that allows records to be simultaneously assigned to
multiple clusters through membership probability [30]. In our
study, this fuzziness allowed individuals to belong to several
clusters, thus creating clusters characterized by broader disease
combinations. These techniques have also been applied to
identify subgroups of people based on their frailty [31,32].
Although multimorbidity and frailty are strongly associated [4],
our review identified only 1 study that considers both
simultaneously to build clustering-based patterns [33]. Other

authors have related multimorbidity clusters to frailty-related
outcomes using regression models [10,26]. However, to our
knowledge, no study has assessed whether frailty may influence
well-established multimorbidity patterns.

Considering frailty in analyses of multimorbidity is important
for tailoring health and social care to the specific needs of the
ever-expanding population of elderly people [34]. Moreover,
frailty and multimorbidity evolve as people age, and these
patterns can change over time, defining a trajectory. Only a few
studies have been found that explored these trajectories [19],
using hidden Markov models [23,35], latent class growth
analysis [36], and descriptive statistics [37]. Furthermore,
identifying changes in multimorbidity patterns and trajectories
when considering frailty can enrich our understanding of
patients’ complex care needs and inform social and health care
service strategies [38]. Therefore, our primary aim was to assess
how the inclusion of frailty contributes to identifying and
characterizing multimorbidity patterns in people aged 65 years
or older. Moreover, we described the trajectory of the
multimorbidity patterns of individuals as they aged.

Methods

Study Design, Setting, Data Source, and Participants
This observational study followed a dynamic cohort from
primary care services in Catalonia (Spain) from January 1, 2010,
to December 31, 2019. The cohort was drawn from the
Information System for Performing Primary Care Research
(SIDIAP [Sistema d’Informació pel Desenvolupament de la
Investigació a l’Atenció Primària]) database [39]. The SIDIAP
database collects pseudoanonymized EHRs from 328 primary
care centers in Catalonia managed by the Catalan Health
Institute (CHI) since 2005, and it currently has EHRs on more
than 8 million patients. This represents almost 80% of the
Catalan population and is a reliable representation of the region
in terms of age, sex, and geographic distribution [40].

Participants were included at baseline if they were aged 65 years
or older in 2010, or were added over the study period as they
turned 65 years or arrived in the catchment area (if already aged
65 years or older). They were followed until death, transfer out
of the catchment area (lost to follow-up), or end of the study
(December 31, 2019). Individuals with no available information,
those who did not attend a primary care center over the study
period, and those who were aged 100 years or older in 2010
were excluded. Of the initial sample of 1,702,062 individuals,
1,456,052 were finally included.
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The CHI linked primary care data with hospital admission data
from public health care providers to maintain the
pseudoanonymization of the data for researchers. Data included
(1) sociodemographic information (ie, sex, age, and
socioeconomic status [41]), (2) visits to primary care (ie, date
of visit, health professional, and institution visited), (3) clinical
measures (eg, BMI, blood pressure, frailty, and dependency
questionnaires), (4) all diagnoses made in primary care (using
International Classification of Diseases, 10th revision [ICD-10]),
(5) laboratory results (eg, cholesterol and glycated hemoglobin),
(6) emergency admission episodes (ie, date, number of diagnoses
at admission, and length of stay), (7) medications dispensed in
pharmacies (using Anatomical Therapeutic Classification [ATC]
5th level), and (8) inclusion in social assistance programs.
Socioeconomic status was analyzed by census tract according
to a 5-category classification, which considers 22 indicators,
for instance, the proportion of the population with a manual
occupation or dependency, households without internet access,
and single-parent households.

This study complied with the RECORD (Reporting of Studies
Conducted using Observational Routinely-collected Data)
statement [42] (Multimedia Appendix 1).

Measurement of Multimorbidity and Frailty
Multimorbidity was measured using the operational definition
of the Swedish National Study of Aging and Care in
Kungsholmen (SNAC-K), which defined 60 categories of
chronic conditions using more than 900 ICD-10 codes, along
with clinical, laboratory, and drug-related parameters for
assessing certain conditions [43]. The SNAC-K definition of
multimorbidity is widely used in studies on older populations,
so our results are amenable to comparisons with other studies.
Frailty was measured using eFRAGICAP, a validated tool that
uses EHRs from Catalan primary care centers [21]. This index
considers 36 possible deficits that can be extracted from the
EHRs, with 20 related to diseases and 16 related to signs,
symptoms, laboratory results, and disabilities. According to the
proportion of deficits a person has, their frailty status can be
obtained using the cutoff points proposed by Clegg et al [20]
(ie, fit, <0.12; mild, 0.12-0.24; moderate, 0.24-0.36; and severe
≥0.36). The complete list of codes considered in both
multimorbidity and frailty definitions can be found in [43] and
[21], respectively.

Statistical Analysis
Following study approval, data were obtained from SIDIAP.
All authors had access to the database. Diagnoses with
inconsistent dates and wrong sex-specific diagnoses were
excluded. Duplicated diagnoses and clinical measures (same
person, same day, and same code) were also excluded. The
presence of each of the 60 disease groups and 36 deficits was
calculated annually for each participant, according to which
conditions were active and which laboratory results or clinical
measures were out of range in the participants’ EHRs [21,43].
There were no missing values related to diagnoses or frailty, as
a lack of information was interpreted as the absence of the
condition or frailty deficit, not as a loss of information.
Continuous variables were described using medians and IQRs,
as testing for normality showed a nonparametric distribution in

all cases, and categorical variables were expressed as absolute
and relative frequencies. Clustering and Cox regressions were
performed on R v4.1 (R Project for Statistical Computing).
Statistical significance was defined as P<.05 (2-sided).

Clustering Analysis
In this study, the information for each included person and year
was used to group people based on the similarity of their
combined concurrent chronic diseases. Each individual in the
clustering analysis contributed records for each year they were
included in the study. These groups represented multimorbidity
patterns and were found using fuzzy c-means and 2 sets of data.
Fuzzy c-means is a fuzzy form of clustering in which records
for each individual can be assigned to more than one cluster, or
multimorbidity pattern, through fuzzy membership, allowing
the pattern definition to be more diverse. Both sets considered
chronic conditions, as defined by SNAC-K; however,
multimorbidity & age also included the age associated with the
record, while multimorbidity & frailty considered the number
of frailty deficits. A detailed description of the clustering
analysis can be found in Multimedia Appendix 2 [21,43-47].

Dimensionality was reduced before clustering to simultaneously
reduce computational cost and obtain more meaningful
variables. First, chronic conditions with a low mean annual
prevalence (<2%) were removed. Second, a PCAmix
transformation [44], which is a mixture of the well-known
Principal Component Analysis (PCA) and Multiple
Correspondence Analysis (MCA), was applied, and a dimension
reduction was performed using the Karlis-Saporta-Spinaki rule
[45]. The choice of both the number of clusters (k) and the
degree of fuzziness (m) was validated between k ∈ (2, 15) and
m ∈ (1.1, 1.2, 1.4, 1.8), calculating analytical indexes using a
subset of 100,000 randomly selected participants and 100
repetitions to account for random initialization of the cluster
centroids. In addition to the analytical indexes, the opinion on
the clinical usefulness and validity of the different sets of
patterns of the research team was also considered to select the
final k. This approach has been used in other studies [22-24,26].

Description of the Identified Patterns and Trajectories
To characterize the patterns, each person’s annual record was
assigned to the pattern with the highest membership probability.
The observed/expected (OE) ratio, that is, the ratio between the
condition prevalence in the pattern and the condition prevalence
in the overall population, and exclusivity, that is, the ratio
between the number of individuals in the pattern with the
condition and the total number of individuals in the population
with the condition, were calculated (see Multimedia Appendix
2 [21,43-47]). Conditions were considered associated with a
specific pattern when the exclusivity was ≥25% or the OE ratio
was ≥2. The patterns were named in line with these conditions
by consensus within the research team (2 general practitioners,
1 nurse, and 2 statisticians), aiming to maximize their clinical
utility and consistency with previous literature. In addition, each
pattern was described in terms of age, sex, socioeconomic status,
multimorbidity and frailty prevalence, smoking and alcohol
intake, and health care service use.
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The clustering model demonstrated the probability of every
record and person belonging to each pattern, showing which
pattern was most likely for each person each year. Therefore,
the evolution among patterns over the study period could be
followed as shown in Figure 1. Alluvial and chord plots were

used to describe the trajectories, focusing on their evolution
with aging, and a transition matrix showed the probability of
change from the pattern assigned in the first year of inclusion
to that in the last year.

Figure 1. Visual summary of the process of obtaining multimorbidity patterns and trajectories. A: Electronic Health Records (EHR) for three subjects,
represented as a line per year of follow-up. B: Clustering gathers each year of each patient. C: Multimorbidity Pattern Assignment. D: Multimorbidity
Trajectory.

Cox Regression
The association between the patterns identified for each data
set and the following outcomes was calculated: all-cause
mortality, nursing home admission, and home care need. The
last 2 outcomes were measured using ICD-10 codes (Z59.3 and
a Z74 starting code, respectively). The time to event was defined
as the interval between cohort entry and the event. Patients were
followed until censored (event, lost to follow-up, or end of
observation). Cox proportional hazard regression models were
fitted to test the association between the patterns and mortality.
Similarly, cause-specific Cox models were calculated for nursing
home admission and home care need, considering the competing
risk of death through a multistate definition. For each model,

the Akaike Information Criterion (AIC), R2, and c-statistic (area
under the receiver operating characteristic curve [AUC]) were
calculated to assess the goodness of fit, the explained variation,
and the predictive capacity of each set of patterns. The only
covariate for building these models was the assigned pattern,
and was considered time-varying, as each person was assigned
to a pattern every year. The proportional hazard assumption
was assured in all cases by checking the distribution of the
Schoenfeld residuals.

Ethical Considerations
This study was approved by the Scientific and Ethical
Committees of IDIAP (19/518-P) on December 18, 2019. The
SIDIAP database is based on optout presumed consent. If a
patient decides to opt out, their routine data are excluded from
the database. Regarding the hospital admission data, the CHI
acts as a trusted third party to execute the linkage and provide
the pseudoanonymized data set, without needing informed
consent. More information about the management of the SIDIAP
database can be found in a previous report [40].

Results

Description of the Population
During the follow-up period, 1,456,052 unique participants
were included in the study population (Figure 2 and Multimedia
Appendix 3), with a mean follow-up of 7.04 (SD 3.15) years.
The median age at cohort entry was 69.0 years, and 55.8%
(813,074/1,456,052) were women. Most (1,297,810/1,456,052,
89.1%) joined the study with at least two chronic conditions;
by the end of follow-up, this proportion was 94.5%
(1,376,367/1,456,052). Frailty prevalence increased from 33.4%
(486,320/1,456,052) to 60.3% (877,861/1,456,052) (Table 1).
The prevalence of each chronic condition is presented in Table
S2 in Multimedia Appendix 2.

JMIR Public Health Surveill 2023 | vol. 9 | e45848 | p.568https://publichealth.jmir.org/2023/1/e45848
(page number not for citation purposes)

Carrasco-Ribelles et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Flow chart of the study population. The figure reports the number of individuals who met each exclusion criterion, as well as the number of
individuals who met all the criteria simultaneously (unique IDs). CHI: Catalan Health Institute; SIDIAP: Sistema d’Informació pel Desenvolupament
de la Investigació a l’Atenció Primària.
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Table 1. Characteristics of the included individuals in their first and last years of follow-up (N=1,456,052).

Last year of follow-upa,bFirst year of follow-upa,bVariable

77.0 (70.0-85.0)69.0 (65.0-77.0)Age (years), median (IQR)

Sex, n (%)

813,074 (55.8)813,074 (55.8)Women

642,978 (44.2)642,978 (44.2)Men

Deprivation index, n (%)

163,452 (13.2)163,452 (13.2)1 (less deprived)

373,120 (30.2)373,120 (30.2)2

411,920 (33.4)411,920 (33.4)3

233,724 (18.9)233,724 (18.9)4

51,594 (4.2)51,594 (4.2)5 (more deprived)

222,242222,242Missing

Multimorbidity, median (IQR)

7.0 (5.0-10.0)5.0 (3.0-7.0)SNAC-Kc groups of chronic conditions

Type of multimorbidity, n (%)

79,685 (5.5)158,242 (10.9)No multimorbidity

401,306 (27.6)692,530 (47.6)2-5 diseases

675,798 (46.4)528,865 (36.3)6-10 diseases

299,263 (20.6)76,415 (5.3)>10 diseases

Frailty, median (IQR)

6.0 (3.0-9.0)3.0 (2.0-5.0)Deficits

3.0 (1.0-4.0)1.0 (1.0-2.0)Disease-related deficits

3.0 (1.0-4.0)2.0 (1.0-3.0)SSLDd deficits

Type of frailty, n (%)

578,191 (39.7)969,732 (66.6)Fit

511,505 (35.1)404,665 (27.8)Mild

263,893 (18.1)71,950 (4.9)Moderate

102,463 (7.0)9705 (0.7)Severe

Smoking status, n (%)

854,407 (61.1)845,869 (65.6)Nonsmoker

418,086 (29.9)284,398 (22.1)Exsmoker

125,421 (9.0)159,178 (12.3)Smoker

58,138166,607Missing

Alcohol intake, n (%)

445,245 (66.6)412,938 (66.6)Nondrinker

217,360 (32.5)195,815 (31.6)Low-risk drinker

6,002 (0.9)10,916 (1.8)High-risk drinker

787,445836,383Missing

Health care service use, median (IQR)

9.0 (4.0-17.0)9.0 (4.0-16.0)Visits to primary care

7.0 (3.0-11.0)7.0 (3.0-12.0)Distinct drugse

5.0 (0.0-14.0)5.0 (0.0-11.0)Clinical measurements
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Last year of follow-upa,bFirst year of follow-upa,bVariable

16.0 (0.0-24.0)16.0 (0.0-20.0)Laboratory measurements

194,052 (13.3)44,473 (3.1)Receiving home care, n (%)

122,844 (8.4)31,480 (2.2)Living in a nursing home, n (%)

355,901 (24.4)25,254 (1.7)Death, n (%)

aFollow-up began in 2010 for individuals aged 65 years or older who were in the catchment area, or the year when they turned 65 years or arrived in
the catchment area. The end of follow-up was 2019, the year of death, or the year they left the catchment area. The characteristics were calculated at
the end of each year, using the records from that year.
bFor categorical variables, missing values, if any, are excluded from the calculation of the percentage.
cSNAC-K: Swedish National Study of Aging and Care in Kungsholmen.
dSSLD: signs, symptoms, laboratory results, and disabilities.
eThe number of distinct drugs was calculated using the first 5 digits of the Anatomical Therapeutic Classification (ATC) code.

Description of the Identified Multimorbidity Patterns
Two sets of 11 multimorbidity patterns were identified
(multimorbidity & age and multimorbidity & frailty). The most
prevalent chronic conditions in each pattern were similar
between sets in most patterns, regardless of whether frailty was
included (see Multimedia Appendix 4 for the complete
description; a demonstration is shown in Table 2) and the
characteristics of their members (see Multimedia Appendix 5
for the complete description; a demonstration is shown in Table
3). The following patterns were identified in both data sets:
allergy & migraine, chronic ulcers & peripheral vascular,
diabetes & obesity, genitourinary & respiratory, heart &
circulatory, mental & neurodegenerative, neuromusculoskeletal,
nonspecific, peripheral vascular & respiratory, and respiratory.
The prevalence of all chronic conditions in nonspecific was
lower than in the general population. On the other hand,
dementia & motility digestive appeared only in multimorbidity
& frailty, while autoimmune & metabolic appeared only in
multimorbidity & age.

Some patterns were female-dominant, such as allergy &
migraine, neuromusculoskeletal, chronic ulcers & peripheral
vascular, dementia & motility digestive, and mental &
neurodegenerative. On the other hand, autoimmune & metabolic,

respiratory, genitourinary & respiratory, and peripheral
vascular & respiratory were male-dominant, with the latter 2
patterns having the highest rates of smokers and high-risk
drinkers. Allergy & migraine, diabetes & obesity, genitourinary
& respiratory, neuromusculoskeletal, and nonspecific included
younger individuals, while chronic ulcers & peripheral vascular,
dementia & motility digestive, heart & circulatory, and mental
& neurodegenerative were more common in older individuals.
These, together with peripheral vascular & respiratory, were
the patterns with the highest prevalence of frailty. All patterns,
except nonspecific, had a high prevalence of multimorbidity.

The emergence of the dementia & motility digestive pattern in
multimorbidity & frailty significantly changed the definition of
mental & neurodegenerative between sets. As shown in Table
3, in multimorbidity & frailty, it comprised younger, less frail
individuals with more chronic conditions, such as Parkinson
disease and other neurological diseases (ie, Huntington disease
or myasthenia), rather than dementia (see Multimedia Appendix
4), while in multimorbidity & age, this pattern comprised older
and frailer individuals. On the other hand, the dementia &
motility digestive pattern was made up of older individuals,
mostly women, with moderate and severe frailty and a high
prevalence of dementia.
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Table 2. Top 10 conditions in terms of the observed/expected ratio and exclusivity for the heart & circulatory and mental & neurodegenerative patterns.

Multimorbidity & ageMultimorbidity & frailtyPattern and disease

Exclusivity, %OE ratioExclusivity, %OEa ratio

Heart & circulatory

55.57b7.67b54.38b7.86bHeart failure

52.47b7.24b50.98b7.37bCardiac valve diseases

46.81b6.46b45.29b6.54bAtrial fibrillation

42.57b5.87b39.83b5.75bBradycardia and conduction diseases

26.22b3.62b25.51b3.69bIschemic heart disease

16.172.23b15.952.30bChronic kidney diseases

16.052.21b15.852.29bAnemia

15.412.13b14.932.16bCerebrovascular disease

14.431.9914.332.07bCOPDc, emphysema, and chronic bronchitis

N/AN/Ad12.851.86Inflammatory arthropaties

12.671.75N/AN/AChronic pancreas diseases, and biliary tract and gallbladder diseases

Mental & neurodegenerative

73.46b9.24b90.67b19.98bParkinson disease and parkisonism

37.19b4.68b84.14b18.54bOther neurological diseases

55.24b6.95b10.182.24bDementia

26.92b3.39b9.532.10bCerebrovascular disease

17.50b2.20b8.001.76Depression and mood diseases

14.591.836.711.48Colitis and related diseases

17.262.17b6.281.38Anemia

N/AN/A6.221.37Sleep disorders

36.36b4.57b6.111.35Other digestive diseases

N/AN/A6.051.33Dorsopathies

13.101.65N/AN/AChronic kidney diseases

11.691.47N/AN/ADeafness and hearing impairment

aOE: observed/expected.
bThe conditions used to name the pattern. The conditions for the rest of the patterns can be found in Multimedia Appendix 4.
cCOPD: chronic obstructive pulmonary disease.
dN/A: not applicable.
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Table 3. Description of the participants in the dementia & motility digestive, heart & circulatory, and mental & neurodegenerative patterns.

Mental & neurodegenerativea,bHeart & circulatorya,bDementia & motili-

ty digestivea,b
Variable

Multimorbidity &
frailty (n=465,417)

Multimorbidity &
age (n=815,597)

Multimorbidity &
frailty (n=709,909)

Multimorbidity &
age (n=743,257)

Multimorbidity &
frailty (n=783,590)

78.0 (72.0-84.0)84.0 (80.0-89.0)82.0 (76.0-87.0)82.0 (77.0-87.0)83.0 (78.0-88.0)Age (years), median (IQR)

Sex, n (%)

264,225 (56.8)541,039 (66.3)382,768 (53.9)398,282 (53.6)588,734 (75.1)Women

201,192 (43.2)274,558 (33.7)327,141 (46.1)344,975 (46.4)194,856 (24.9)Men

Deprivation index, n (%)

66,020 (21.9)119,722 (25.5)87,347 (20.3)93,677 (20.9)109,882 (23.3)1 (less deprived)

61,623 (20.4)97,525 (20.7)85,288 (19.8)89,449 (20.0)95,209 (20.2)2

63,731 (21.1)99,451 (21.1)87,580 (20.3)91,379 (20.4)99,621 (21.1)3

59,089 (19.6)83,397 (17.7)87,256 (20.3)89,469 (20.0)87,895 (18.6)4

51,528 (17.1)70,225 (14.9)82,908 (19.3)83,854 (18.7)78,990 (16.7)5 (more deprived)

163,426345,577279,530295,429311,993Missing

Multimorbidity, median (IQR)

8.0 (6.0-11.0)8.0 (6.0-10.0)10.0 (8.0-2.0)10.0 (8.0-12.0)9.00 (7.0-11.0)SNAC-Kc groups of chronic conditions

Type of multimorbidity, n (%)

2025 (0.4)445 (0.1)0 (0.0)0 (0.0)0 (0.0)No multimorbidity

80,560 (17.3)145,376 (17.8)32,702 (4.6)45,354 (6.1)71,676 (9.2)2-5 diseases

254,128 (54.6)500,503 (61.4)368,236 (51.9)395,802 (53.3)507,806 (64.8)6-10 diseases

128,704 (27.7)169,273 (20.8)308,971 (43.5)302,101 (40.6)204,108 (26.0)>10 diseases

Frailty, median (IQR)

7.0 (5.0-10.0)8.0 (6.0-10.0)9.0 (7.0-12.0)9.0 (7.0-11.0)9.0 (7.0-11.0)Deficits

3.0 (2.0-5.0)5.0 (3.0-6.0)4.0 (2.0-5.0)3.0 (2.0-5.0)5.0 (3.0-6.0)Disease-related deficits

4.0 (2.0-5.0)3.0 (2.0-5.0)5.0 (4.0-7.0)5.0 (4.0-7.0)4.0 (3.0-5.0)SSLDd deficits

Type of frailty, n (%)

96,397 (20.7)90,181 (11.1)31,624 (4.5)49,158 (6.6)40,827 (5.21)Fit

207,835 (44.7)364,281 (44.7)268,474 (37.8)295,094 (39.7)349,212 (44.6)Mild

122,853 (26.4)279,797 (34.3)276,323 (38.9)269,356 (36.2)312,751 (39.9)Moderate

38,332 (8.2)81,338 (10.0)133,488 (18.8)129,649 (17.4)80,800 (10.3)Severe

Smoking status, n (%)

299,351 (66.8)544,408 (70.5)430,558 (61.7)454,844 (62.4)541,491 (71.8)Nonsmoker

120,789 (27.0)196,319 (25.4)240,234 (34.4)246,506 (33.8)182,092 (24.1)Exsmoker

28,002 (6.2)31,545 (4.1)27,585 (4.0)27,744 (3.8)30,528 (4.1)Smoker

17,27543,32511,53214,16329,480Missing

Alcohol intake, n (%)

178,703 (76.0)297,365 (83.6)333,548 (75.6)342,552 (75.7)315,999 (83.8)Nondrinker

54,962 (23.4)56,921 (16.0)104,929 (23.8)107,637 (23.8)59,668 (15.8)Low-risk drinker

1,434 (0.6)1,218 (0.3)2,600 (0.6)2,475 (0.6)1,596 (0.4)High-risk drinker

230,318460,093268,832290,593406,327Missing

Health care service use, median (IQR)

13.0 (7.0-21.0)12.0 (6.0-21.0)21.0 (11.0-34.0)20.0 (10.0-33.0)14.0 (8.0-23.0)Visits to primary care
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Mental & neurodegenerativea,bHeart & circulatorya,bDementia & motili-

ty digestivea,b
Variable

Multimorbidity &
frailty (n=465,417)

Multimorbidity &
age (n=815,597)

Multimorbidity &
frailty (n=709,909)

Multimorbidity &
age (n=743,257)

Multimorbidity &
frailty (n=783,590)

10.0 (6.0-14.0)9.0 (6.0-13.0)12.0 (8.0-16.0)11.0 (8.0-15.0)10.0 (7.0-14.0)Distinct drugse

7.0 (2.0-14.0)6.0 (1.0-12.0)12.0 (5.0-20.0)11.0 (5.0-19.0)7.00 (2.0-14.0)Clinical measures

17.0 (3.0-25.0)17.0 (0.0-24.0)18.0 (11.0-33.0)18.0 (10.0-32.0)17.0 (10.0-30.0)Laboratory results

aEach column reports the information of all individuals and years included in each pattern. The description of the rest of the patterns can be found in
Multimedia Appendix 5.
bFor categorical variables, missing values, if any, are excluded from the calculation of the percentage.
cSNAC-K: Swedish National Study of Aging and Care in Kungsholmen.
dSSLD: signs, symptoms, laboratory results, and disabilities.
eThe number of distinct drugs was calculated using the first 5 digits of the Anatomical Therapeutic Classification (ATC) code.

Effect of Considering Frailty
Compared to the multimorbidity & age patterns, the
multimorbidity & frailty grouping assigned more frail individuals
to the patterns defined by chronic conditions imposing greater
limitations on daily life. For example, severe frailty was more
prevalent in the heart & circulatory pattern and a lack of frailty
was more common in the nonspecific pattern in multimorbidity
& frailty than in multimorbidity & age (Table 3). In addition,
the dementia & motility digestive pattern appeared only in
multimorbidity & frailty, and the definition of mental &
neurodegenerative changed considerably, as described above.

Each set of patterns behaved differently in terms of the
associated outcomes (Table 4). Multimorbidity & age patterns
had a better goodness of fit (AIC) with mortality than
multimorbidity & frailty, while multimorbidity & frailty patterns

had a better or similar goodness of fit with nursing home
admission or home care need. A similar behavior was observed

for R2, while both sets of patterns achieved similar results in all
outcomes in terms of AUC. Regarding the hazard ratios, they
were very similar between multimorbidity & age and
multimorbidity & frailty in all patterns and outcomes, except
mental & neurodegenerative, which were lower in
multimorbidity & frailty. Chronic ulcers & peripheral vascular,
dementia & motility digestive, heart & circulatory, mental &
neurodegenerative, and peripheral vascular & respiratory
showed the highest risk of death. All patterns had a higher risk
of nursing home admission than nonspecific, with dementia &
motility digestive, chronic ulcers & peripheral vascular, and
mental & neurodegenerative standing out. These latter patterns,
together with heart & circulatory, also had a higher risk of home
care need.
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Table 4. Data for the unadjusted survival models using the multimorbidity patterns as the time-varying covariate.

Home care needNursing home admissionMortalityPatterna,b

Multimorbidity
& frailty, HR
(95% CI)

Multimorbidity
& age, HR
(95% CI)

Multimorbidity
& frailty, HR
(95% CI)

Multimorbidity
& age, HR
(95% CI)

Multimorbidity
& frailty, HR
(95% CI)

Multimorbidity

& age, HRc

(95% CI)

2.98 (2.87-3.10)2.50 (2.41-2.59)1.53 (1.45-1.61)1.68 (1.61-1.76)0.43 (0.42-0.44)0.39 (0.39-0.70)Allergy & migraine

N/A4.66 (4.52-4.81)N/A2.51 (2.40-2.62)N/Ad0.97 (0.96-0.99)Autoimmune & metabolic

34.36 (33.24-
35.52)

26.25 (25.44-
27.08)

23.43 (22.58-
24.31)

22.28 (21.47-
23.12)

6.87 (6.78-6.96)6.94 (6.85-7.03)Chronic ulcers & peripheral vascular

25.38 (24.67-
26.12)

N/A22.95 (22.25-
23.67)

N/A2.88 (2.86-2.92)N/ADementia & motility digestive

3.23 (3.13-3.34)0.68 (0.67-0.69)1.42 (1.37-1.48)1.62 (1.56-1.69)0.62 (0.61-0.63)0.7 (0.69-0.71)Diabetes & obesity

2.97 (2.86-3.07)1.69 (1.63-1.75)1.48 (1.42-1.55)1.22 (1.16-1.28)1.05 (1.04-1.07)0.8 (0.79-0.81)Genitourinary & respiratory

21.59 (20.97-
22.22)

15.64 (15.23-
16.07)

8.13 (7.86-8.42)7.71 (7.45-7.98)3.07 (3.03-3.10)3.14 (3.10-3.18)Heart & circulatory

16.98 (16.46-
17.51)

20.46 (19.93-
21.00)

10.91 (10.53-
11.30)

24.41 (23.66-
25.18)

1.96 (1.93-1.99)3.56 (3.52-3.60)Mental & neurodegenerative

3.83 (3.70-3.96)3.36 (3.25-3.46)1.43 (1.36-1.49)1.61 (1.54-1.68)0.31 (0.31-0.32)0.32 (0.31-0.33)Neuromusculoskeletal

9.54 (9.23-9.87)7.53 (7.30-7.77)4.02 (3.85-4.20)3.99 (3.82-4.17)1.98 (1.95-2.01)2.04 (2.01-2.07)Peripheral vascular & respiratory

7.10 (6.86-7.35)5.78 (5.60-5.97)2.98 (2.84-3.12)3.11 (2.98-3.26)0.87 (0.86-0.89)0.9 (0.89-0.92)Respiratory

10,924,083f10,945,8029,996,581f10,261,8149,637,8729,605,078fAICe

0.39f0.360.38f0.210.320.37fR2

0.721f0.7190.7170.718f0.7050.713fAUCg

aNonspecific was used as reference.
bAll P<.001.
cHR: hazard ratio.
dN/A: not applicable.
eAIC: Akaike Information Criterion.
fThe set of patterns that achieved better performance for each metric and outcome.
gAUC: area under the receiver operating characteristic curve.

Study of the Trajectories
Over the follow-up, individuals changed patterns an average of
1.75 (multimorbidity & age) and 1.85 (multimorbidity & frailty)
times, while 45.1% (656,778/1,456,052) of the individuals
remained in the same pattern. Multimedia Appendix 6 shows
that these values depended on the length of the trajectory. For
example, people with 5 years of follow-up had an average of
1.55 different patterns in their trajectory, while around 54.5%
(52,634/96,578, 54.5% in multimorbidity & age; 52,586/96,578,
54.4% in multimorbidity & frailty) remained in the same pattern.
In those with 10 years of follow-up, these values changed to
2.15 and 26.6%, respectively. The prevalence of most patterns
varied with age, as shown in Figure 3. The prevalence of
nonspecific showed the largest reduction, as most of its members
developed diseases as they aged and shifted to more
disease-specific patterns. On the other hand, heart & circulatory
and mental & neurodegenerative for multimorbidity & age, and
dementia & motility digestive for multimorbidity & frailty
showed the highest increases in prevalence with age.

Figure 4 shows the transition matrices for both multimorbidity
& age and multimorbidity & frailty. Chronic ulcers & peripheral
vascular, heart & circulatory, mental & neurodegenerative,
and dementia & motility digestive were the multimorbidity
patterns most closely associated with mortality, as more than
55% of the individuals who started in them died during
follow-up (Figure 4). On the other hand, the allergy & migraine,
neuromusculoskeletal, and nonspecific clusters showed the
lowest mortality. When considering frailty, the number of
individuals transitioning to mental & neurodegenerative from
any pattern was reduced. Nevertheless, considering the general
stability of the trajectories, a relatively high percentage of
individuals transitioned to dementia & motility digestive.
Multimedia Appendix 7 (multimorbidity & age) and Multimedia
Appendix 8 (multimorbidity & frailty) show the evolution of 3
subsets of 50 random individuals aged 65, 75, and 85 years,
respectively, in 2010 to illustrate how multimorbidity trajectories
vary with age. These figures show that the percentage of
individuals starting in nonspecific decreased inversely with age
at cohort entry, as did the percentage of individuals remaining
in this pattern throughout follow-up.
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Figure 3. Prevalence of each multimorbidity pattern for each age. (A) Multimorbidity & age; (B) multimorbidity & frailty. For each age, the information
considered is from the individuals of that age in any time, regardless of the year of the study.
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Figure 4. Transition matrices for multimorbidity & age (A) and multimorbidity & frailty (B) with k=11. Each cell shows the proportion of individuals
transitioning from their initial pattern (y-axis) to the last pattern observed (x-axis).

Discussion

This study aimed to assess how frailty contributes to the
characterization of multimorbidity patterns, as identified through
clustering techniques. In a Mediterranean cohort of 1,456,052
people aged over 65 years, 2 sets of 11 multimorbidity patterns
were identified based on the presence of chronic conditions.
One considered age and the other considered the number of
frailty deficits. The consideration of frailty modified

multimorbidity patterns, revealing patterns with better goodness
of fit to the outcomes related to frail aging, such as nursing
home admission and home care need, and gathering more frail
individuals in patters characterized by more limiting conditions.
The better fit to aging-related outcomes when considering frailty
has been previously reported [48]. Moreover, the trajectories
of multimorbidity patterns were different when considering
frailty. When considering only conditions and age, and not
frailty, the patterns showed better goodness of fit with the
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outcome of death, and described an additional disease-related
pattern.

When considering frailty, an additional pattern more specific
to aging was identified (dementia & motility digestive).
Distinguishing this pattern from mental & neurodegenerative
can enable more personalized clinical treatment. In the former
case, palliative care would be appropriate, while the latter would
call for active treatments to delay disease progression. Patterns
defined by less limiting conditions for daily life, such as diabetes
& obesity, had a lower prevalence of frailty when frailty was
considered, in contrast with more limiting patterns such as heart
& circulatory. For this same reason, the genitourinary &
respiratory pattern also had a higher proportion of men when
frailty was considered, as it included more individuals with
prostate diseases, which usually lead to more frailty [49,50],
while the same pattern included more women when frailty was
not considered, as it involved addictions (ie, drug, alcohol, or
tobacco use), which usually involve less frailty than prostate
diseases.

Most of the 11 multimorbidity patterns were similarly described
whether frailty was considered or not and could be classified
into concordant or discordant multimorbidity patterns depending
on whether the conditions defining the pattern shared
pathophysiology or approaches to clinical management [51,52].
For example, heart & circulatory, chronic ulcers & peripheral
vascular, respiratory, and diabetes & obesity are patterns of
concordant multimorbidity, while genitourinary & respiratory
and peripheral vascular & respiratory are patterns of discordant
multimorbidity. Discordant conditions might be grouped
together because of shared risk factors, such as smoking or
alcohol intake, rather than shared pathophysiology. This is the
case for genitourinary & respiratory and peripheral vascular
& respiratory, which mainly included men, with a higher
prevalence of smokers and high-risk drinkers. Another risk
factor these individuals may share could be their genetics, which
can also influence the development of multimorbidity [53]. This
discordance makes treatment more complex [52]; thus,
identifying patients who follow a discordant multimorbidity
pattern can signal a need for integrated care.

Regarding the trajectories of multimorbidity patterns, the heart
& circulatory and mental & neurodegenerative patterns (when
not considering frailty), and the dementia & digestive motility
pattern (when considering frailty) showed the most changes
over time. Their prevalence increased the most with aging, and
the patients in these groups had the highest probability of
transitioning to death at the end of their follow-up. This may
be due to the high prevalence of frailty in these patterns, and
the association of frailty with death [54]. The nonspecific pattern
also had a high probability of transition, as it included healthier
individuals who transitioned to other patterns as diseases
appeared with age. Peripheral vascular & respiratory involved
a burden of heart conditions, which could lead the trajectory
toward heart & circulatory. However, many of these individuals
died, possibly before the onset of the cardiac diseases could be
recorded in the EHRs. On the other hand, neuromusculoskeletal
and respiratory were the patterns with the fewest transitions
during follow-up, with more than 50% of the individuals
remaining in the same pattern throughout the study period. This

may be because both patterns tended to evolve toward disability
rather than death or the development of other comorbidities,
and nowadays, treatments are more effective in maintaining the
status of patients. In our study, trajectories included a mean of
1.8 different multimorbidity patterns. Even people who had 10
years of follow-up did not make 3 changes on average; thus,
the trajectories can be considered quite stable. This result is
similar to that found in previous research in this same
population, albeit with slightly different methods, where 59%
of individuals did not change their pattern [23] over 5 years of
follow-up (54.5% in this study).

In terms of patient-based multimorbidity patterns reported in
the literature, the substantial variability [55] could be attributed
to differences in the populations or to the lack of consensus on
how many and which diseases should be considered in
determining multimorbidity [9]. However, the most commonly
reported patterns from multimorbidity data include cardiac,
cognitive, psychiatric, musculoskeletal, respiratory, and
genitourinary system diseases [27,28], and these patterns have
also been found in this work. Few studies have described
multimorbidity trajectories [19], and none considered frailty in
their definition; thus, our study is pioneering in this line of
research. Only 1 scoping review on multimorbidity trajectories
compiled evidence from 34 studies, finding significant
associations between multimorbidity and adverse outcomes
[56]. However, the heterogeneity of the described methods and
the long-term conditions considered in each study preclude a
robust comparison.

This study has strengths and limitations. We used a large
high-quality database [57] along with standardized and validated
tools to identify both multimorbidity [43] and frailty [20,21].
EHRs are a representation of real-world data and may, despite
cleaning, contain mistakes inherent to daily clinical practice.
This could represent an information bias, but SIDIAP has
implemented several standardized quality protocols to avoid it
[40]. In addition, we considered the absence of any condition
or frailty information in the EHRs to indicate an absence of that
condition or frailty status in the individual. Therefore, some
chronic conditions or frailty deficits could be underreported
among patients who visit primary care centers less frequently,
constituting an information bias. Consequently, only data
available in the EHRs were considered, and to avoid the creation
of unreal records, no missing values were imputed. The SIDIAP
database is representative of the population of Catalonia [40],
so its use does not imply a selection bias. We excluded people
who did not visit primary care during the entire study period in
order to eliminate those with private health insurance; however,
we cannot rule out that some were healthy individuals. After
the first filtering, a criterion based on the predominance of
diseases in the identified patterns had to be defined and used to
make the final selection. The inclusion of all potential diagnoses
would have entailed greater complexity, which would have
hindered both the interpretation of findings and the comparison
with other studies. Other studies have proceeded in the same
way [22,23]. Clustering is an unsupervised exploratory technique
whose results depend on the population. Therefore, different
patterns could be identified from a database in another region.
However, the variables used to generate the patterns were
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obtained using electronic tools based on routine EHR data, such
as SNAC-K and eFRAGICAP, so their acquisition is
reproducible in information systems in other countries. This
increases the international applicability of this study, helping
to establish multimorbidity management worldwide. In addition,
clustering techniques can suffer from dependency on random
initialization, and there is no guarantee of optimal clustering.
To minimize this disadvantage, 100 repetitions with different
seeds were performed when optimizing the choice of the number
of clusters. Particularly in fuzzy clustering techniques, the
membership probability in the heuristic global cost function
depends on the number of clusters, and specifying a wrong
number of clusters may affect the clustering solution [58].
However, we have validated the number of clusters both
analytically and clinically.

Care for older people requires holistic patient-centered care
plans that are effectively coordinated and minimally disruptive,
considering the social and family context in which health care
activities are managed, decisions are made, and care is
experienced. As a future line of work, these multimorbidity
patterns could be used as adjustment covariates in prediction
models for outcomes, such as those reported here, or others,
such as emergency admission. Similarly, artificial
intelligence–based models that predict the timing and direction
of transitions between patterns can be developed. These models
could help to improve and anticipate decision-making regarding
end-of-life management.

More work can be done on the study of trajectories, such as the
development of care and treatment guidelines that
simultaneously consider the current individual’s multimorbidity
pattern and the trajectory over time. Sequence analysis, which
combines longitudinal analysis and clustering, could also be
used to identify trajectories [59]. The relationship between
genetics and concordant and discordant multimorbidity patterns
could also be studied.

This study took a person-centered approach, offering relevant
information about the multimorbidity patterns and trajectories
in the aging population based on age, frailty, and other health
determinants. Multimorbidity and frailty can define aging, so
both characteristics are relevant considerations made when
designing and developing tools, such as multimorbidity patterns,
to characterize the aging population. When considering the
frailty of individuals, the estimation of outcomes, such as
nursing home admission and home care need, improved, as did
the characterization of the patterns themselves in terms of how
limiting their main chronic conditions can be. The consideration
of both multimorbidity and frailty can help to improve treatment
guidelines, social assistance, and decision-making in primary
care. If most patients in a primary care center follow patterns
associated with frailty, increased spending on home-based care
services and integrated care programs may be warranted, while
a higher burden of multimorbidity would imply higher spending
on physician visits. Therefore, and echoing other studies, we
recommend that future research involving older populations
consider frailty [60].
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Abstract

Background: Hemophilia A is a chronic condition that requires meticulous treatment and management. Patient preferences for
prophylactic treatment can substantially influence adherence, outcomes, and quality of life, yet these preferences remain
underexplored, particularly in China.

Objective: This study aimed to investigate the preferences for prophylactic treatment among Chinese adult patients with
hemophilia A without inhibitors, considering clinical effectiveness, side effects, dosing mode, and dosing frequency.

Methods: A discrete choice experiment was used to elicit patient preferences for prophylactic treatment of hemophilia. The
study was conducted across 7 provinces in China with socioeconomic and geographical diversity. Subgroup analysis was performed
according to education level, geographic location, and treatment type, alongside the exploration of benefit-risk trade-offs.

Results: A total of 113 patients completed the discrete choice experiment questionnaire, and we included 102 responses for
analysis based on predetermined exclusion criteria. The study found that patients prioritized reducing annual bleeding times and
avoiding the risk of developing inhibitors over treatment process attributes. Subgroup analysis revealed that lower-educated
patients and those from rural areas attached more importance to the dosing mode, likely due to barriers to self-administration.
Patients demonstrated a clear understanding of benefit-risk trade-offs, exhibiting a willingness to accept an increased risk of
developing inhibitors for improved clinical outcomes.

Conclusions: This study provides valuable insights into the preferences of patients with hemophilia A for prophylactic treatment
in China. Understanding these preferences can enhance shared decision-making between patients and clinicians, fostering
personalized prophylactic treatment plans that may optimize adherence and improve clinical outcomes.

(JMIR Public Health Surveill 2023;9:e45747)   doi:10.2196/45747
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Introduction

Hemophilia, an infrequent hemorrhagic disorder, is primarily
triggered by the absence or deficiency of specific coagulation
factors in the blood [1]. According to the World Federation of
Hemophilia’s 2018 global survey, China was found to have the
second highest incidence of confirmed hemophilia cases globally
[2]. With a prevalence of 2.73 per 100,000 individuals,
hemophilia A (ie, classical hemophilia) constituted more than
80% of these instances [3]. The ensuing joint deformities and
disabilities resulting from bleeding into tissues, joints, and
muscles critically impair the quality of life for these patients
[1].

Factor replacement therapy, classified into on-demand treatment
(administered during bleeding episodes) and prophylactic
treatment (routine administration to prevent bleeding), is the
prevailing treatment modality [4]. However, the development
of inhibitors, or an immune response to the therapy, constitutes
the most severe adverse effect of this approach [5]. Patients
with hemophilia A who have developed inhibitors undergo
hemostasis and the removal of inhibitors [4]. In contrast, for
patients with hemophilia A devoid of inhibitors, prophylactic
treatment remains the optimal care strategy [4].

China has actively pursued and advocated prophylactic treatment
measures appropriate to its national context, fostering
comprehensive health management of patients with hemophilia
[6,7]. Nevertheless, a key impediment remains low adherence
to prophylactic treatment. Alarmingly, the rates of prophylactic
treatment and treatment compliance are substantially lower in
China compared to developed nations (4.1% vs 36.8% and 6.2%
vs 40.5%, respectively) [8]. Previous studies have indicated that
various factors, such as age, health status, annual bleeding times,
infusion methods, dosing regimens, and cost, significantly
influence the uptake of prophylactic treatment among adult
patients with hemophilia [9,10]. Patients with hemophilia A
receiving prophylactic treatment experience a reduction in
annual bleeding times, yet they face an associated risk of
developing inhibitors. This makes establishing a benefit-risk
balance challenging. Therefore, assessments of potential benefits
and harms can aid stakeholders, regulators, health technology
assessors, and health professionals in understanding and
communicating treatment-risk balance, ultimately enhancing
adherence to prophylactic treatment [11].

The discrete choice experiment (DCE) is an established stated
preference method, extensively used to quantify patients’

preferences concerning health care [12-16]. Several DCEs have
been conducted to elicit the treatment preferences of patients
with hemophilia [17-23]. However, evidence regarding the
preference for prophylactic treatment among adult patients with
hemophilia A without inhibitors, particularly in terms of
benefit-risk assessment, remains sparse in mainland China. This
study endeavors to address this research gap by using a DCE
as a patient decision aid. It aims to identify the preferences of
adult patients with hemophilia A without inhibitors in China
concerning the risk and benefit attributes when selecting
prophylactic treatment.

Methods

Overview
The DCE is a renowned tool used to simulate the influence of
diverse attributes of a service or commodity on individual
preference [15,16]. In the scope of a DCE, participants are
presented with the task of deciding between 2 or more
hypothetical incentive scenarios, differentiated by several
relevant dimensions, termed attributes. These attributes present
varied configurations, referred to as levels, across the proposed
alternatives [15].

Identification of Attributes and Levels
The onset of the DCE involved pinpointing relevant attributes.
In accordance with research guidelines, a combination of
qualitative and quantitative methods was applied to derive
attributes and levels [24]. A total of 7 attributes were ascertained
through literature reviews and expert consultations, including
the annual bleeding times [21-23,25-28], the risk of developing
inhibitors [17-21,27], dosing frequency [18,19,21,23,26-30],
dosing mode [26,27,30], storage temperature [21,29], dosage
form [18,20,22,26], and the risk of virus infection [17-20].
Following face-to-face patient interviews and expert focus group
discussions, 3 attributes (storage temperature, dosage form, and
virus infection risk) were dismissed. Due to its complexity, cost
was also discarded as a function of individual factors such as
weight, the type and specification of medication, and regional
health insurance reimbursement rates (varying from 40% to
90%) [31]. Consequently, 4 attributes were selected for inclusion
in this study: annual bleeding times, dosing frequency, dosing
mode (these 3 represent benefits), and the risk of developing
inhibitors (this represents risk). The levels of the 4 DCE
attributes were sourced from drug instructions and clinical
prophylactic treatment studies [5,32-35]. The chosen attributes
and their corresponding levels are detailed in Table 1.
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Table 1. Attributes and levels for discrete choice experiment questions.

LevelsAttributes

Annual bleeding times • 0 times per year
• 6 times per year
• 12 times per year

Risk of developing inhibitors • 0%
• 2%
• 4%

Dosing frequency • 1 time per week
• 2 times per week
• 3 times per week

Dosing mode • Intravenous drip
• Intravenous push
• Subcutaneous

Questionnaire and DCE Instrument Design
The D-optimal design approach was used to produce 18 choice
tasks in SAS (version 9.2; SAS Institute). To alleviate cognitive

load, these tasks were divided into 2 blocks. To reflect a more
authentic clinical decision-making context, a status quo option
was introduced in each choice task. An example of a DCE
question is provided in Figure 1.

Figure 1. An example question in the discrete choice experiment (translated version).

The questionnaire encapsulated an introduction to the research
background, attribute definitions, 9 DCE choice tasks, and
sociodemographic inquiries. Preceding the official choice tasks,
a practice task acclimated respondents to the forthcoming tasks.
A question was repeated in each block to validate the internal
consistency of the survey. The sociodemographic information
gathered included sex, age, education level, employment status,
and geographic location.

To ensure respondents comprehended the definition of the risk
of developing inhibitors, they were posed a question regarding
their understanding of risk percentages [36]. For instance, given
a 4% risk of developing inhibitors, respondents were asked to
determine how many patients out of 100 would potentially
develop inhibitors. The successful answer to this question was
a prerequisite for proceeding with the DCE choice tasks.

A pilot study was undertaken among adult patients with
hemophilia A without inhibitors at the Shandong Province
Hemophilia Treatment Center. The pilot sought to evaluate the

understandability, acceptability, and validity of the
questionnaire, resulting in revisions to the language and layout.

Sample Selection
This study’s sample size was guided by a rule of thumb
frequently used in DCE studies that the sample size should
comprise no fewer than 75 respondents [37].

Participants were chiefly sourced from Shandong, Hebei, and
Henan, which have the largest population of patients with
hemophilia A registered with the Hemophilia Treatment Center
Collaboration Network of China [38]. Additional patients were
recruited from 4 other provinces: Jiangsu, Hubei, Hunan, and
Chongqing. The inclusion criteria comprised a hemophilia A
diagnosis, no inhibitors present at the time of recruitment, being
aged 18 years or older, and receiving treatment for more than
50 exposure days. Exposure days refer to the cumulative number
of days coagulation factor VIII was injected, which influences
the likelihood of producing an inhibitor.
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Data Collection
Formal data collection occurred between December 2021 and
March 2022. To ensure data quality, we sent the electronic
questionnaire to respondents first and then conducted the
interview over the telephone in a one-on-one manner. The
interviewers answered respondents’ questions. Through a
warm-up section, the interviewers trained the respondents to
familiarize themselves with the DCE choice tasks and guarantee
they comprehended the whole questionnaire.

Model Specification
A mixed logit model was used to analyze the choice data in
Stata (version 15.1; StataCorp), estimated through the simulated
maximum likelihood approach [39,40]. The mixed logit model
included an alternative-specific constant (ASC) indicative of
the utility generated by the status quo option in comparison to
non–status quo options. We hypothesized that the parameters
of attribute levels would conform to a normal distribution.
Parameter estimations were derived relative to the reference
level within each attribute. The average preference value, termed
part-worth utility, and the variability of the preference value
among patients with hemophilia were represented by the mean
and SD of a parameter, respectively. Model fit was determined
by the Akaike information criterion (AIC), Bayesian information
criterion (BIC), and log-likelihood ratio. To ensure the reliability
of parameter estimates, we iteratively estimated the mixed logit
model by incrementally increasing the number of random draws
by 500, commencing with 50 draws. Estimation stability was
achieved at 2500 draws, producing our final estimates [41].

We excluded patients who failed the consistency test or always
chose the options on the left or right in all the choice tasks (ie,
position bias) [15]. We also conducted a sensitivity check to
examine whether the exclusion would significantly affect the
results of the mixed logit model.

Dominant Preference Examination
Dominant preference refers to the phenomenon whereby a
respondent’s choices are dictated by a single attribute, resulting
in decisions that consistently favor the alternative with a superior
level of 1 attribute in a choice task [42]. Such respondents avoid
making trade-offs between attributes, impeding the analysis of
relative importance between attributes [42]. We used
nonparametric [42] and parametric [43] approaches to test for
dominant preference. The nonparametric approach evaluated if
respondents’ choices exhibited a pattern, that is, if the selected
alternatives for the 7 tasks were invariably consistent with the
alternatives with a higher level of a certain attribute in
comparison to the other alternative in all 7 questions. The
parametric approach compared the estimated coefficients of
attribute levels between a full model encompassing all attributes
and a reduced model containing only 1 attribute. Notable
discrepancies between the coefficients indicated the presence
of a dominant preference driven by that attribute. We iteratively
inserted each attribute into the reduced model and compared
the model estimates with the full model.

Attribute Relative Importance
The relative importance of each attribute was computed using
the mixed logit model estimates through a widely used rescaling

method [16,44]. The relative importance of each attribute was
determined by dividing the range of coefficients within the
attribute by the sum of all attribute ranges, which was
subsequently rescaled to a 1-100 range. The highest value
denoted the attribute perceived as most important by the
respondents.

Interaction
A meticulous examination of all potential interactions between
the characteristics of respondents and attribute levels was carried
out using the multinomial logit model (MNL) [15]. Interaction
terms were selected using a backward selection method based
on the contribution of each term to model fit. The log-likelihood
ratio test was used to compare the model specifications with a
reduced model with 1 interaction term removed. If the removed
term significantly influenced the model fit, the term was
retained. Following the identification of interaction terms, we
simulated a mixed logit model that incorporated the interactions
to quantify the preference values assigned to the interaction
terms by respondents.

Maximum Acceptable Risk
We quantified patients’ tolerance for the risk of developing
inhibitors in exchange for improvements in other attributes. The
outcome was termed the maximum acceptable risk (MAR) by
patients. The MAR gauged the benefit-risk ratio that patients
were willing to accept in terms of the trade-off between benefit
and risk, given that the utility remained constant [45].

Subgroup Analysis
We conducted subgroup analyses by comparing the relative
importance of attributes between different groups of respondents
using individual-level preferences. We applied a mixed logit
model to the variables used to categorize respondents, which
encompassed education level, geographic location, and treatment
type.

Ethics Approval
Ethical approval for this study was granted by the Center for
Health Management and Policy Research, Shandong University
(ECSHCMSDU20211102).

Results

Pilot Study
This pilot study incorporated a cohort of 15 patients, all of whom
successfully completed the study. The derived model estimates
were in alignment with our theoretical anticipations in terms of
their coefficient signs and priority order, thereby affirming that
the participants comprehended the choice tasks and that the
quantity of questions was manageable. The mean time taken to
conclude the study was approximately 15 minutes.

Patient Characteristics
We invited 140 patients who were eligible for inclusion, and
122 consented to participate (a response rate of 87%), of whom
113 completed the survey (a completion rate of 93%). On
average, participants took 14.60 (SD 5.41) minutes to complete
the questionnaire. Among those who completed the
questionnaire, 10 participants did not pass the consistency test,
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while 1 participant exhibited position bias (ie, always choosing
the left or right options); hence, we excluded them from further
analysis. Thus, a total of 102 participants were included in the
final analysis.

The demographic profile of the participants included in the
analysis is presented in Table 2. The majority of patients were

male (100/102, 98%), possessed an education level equivalent
to high school or higher (54/102, 52.9%), were single (59/102,
57.8%), and resided in townships or rural areas (66/102, 64.7%).
Most patients were diagnosed with severe hemophilia A (58/102,
56.9%) and received on-demand treatment (56/102, 54.9%).

Table 2. Sociodemographic characteristics of patients included in the analysis.

Patients included in the study (n=102)Characteristic

33.8 (7.5)Age (in years), mean (SD)

Sex, n (%)

100 (98)Male

2 (1.9)Female

Education level, n (%)

48 (47.1)Middle school or below

54 (52.9)High school or above

Marital status, n (%)

59 (57.8)Unmarried

41 (40.2)Married

2 (2)Divorced

Occupation status, n (%)

42 (41.2)Unemployed

25 (24.5)Working full time

11 (10.8)Working part time

9 (8.8)Self-employed

14 (13.7)Student

1 (1)Retired

Geographic location, n (%)

36 (35.3)Urban

66 (64.7)Rural

Severity of hemophilia A, n (%)

3 (2.9)Mild

41 (40.2)Moderate

58 (56.9)Severe

Treatment type, n (%)

56 (54.9)On-demand

41 (40.2)Prophylaxis

5 (4.9)Nonstandard prophylaxis

Patients’ Preferences
Table 3 presents the mixed logit model results. The constant
representing the status quo option was not statistically
significant, indicating patients expressed no preference for the
status quo compared with nonstatus quo alternatives.

Respondents expressed a higher likelihood of accepting either
0 or 6 instances of bleeding annually, as opposed to 12. Utility
declined as the risk of developing inhibitors increased. In terms

of dosing frequency, patients demonstrated a preference for 1
or 2 doses per week over 3. With respect to the mode of
administration, intravenous pushes and subcutaneous injections
were preferred over intravenous drips.

We did not identify the presence of dominant preferences
through either parametric and nonparametric approaches. A
sensitivity analysis was conducted by including the 11 patients
who failed the internal validity test or exhibited position bias
(Table S1 in Multimedia Appendix 1). We found no significant
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differences between the 2 models—one including and the other
excluding these 11 patients—indicating that the exclusion did

not affect the findings.

Table 3. Mixed logit model results.

SEP valueSDSEP valueβ

0.76<.0013.800.80.3730.72Constant

Annual bleeding times ( reference level 12 per year)

0.38.990.000.25<.0011.806 per year

0.31<.0011.490.39<.0013.640 per year

0.09<.0010.540.39<.001−0.79Risk of developing inhibitors

Dosing frequency ( reference level 3 times per week)

0.32.880.050.24<.0011.202 times per week

0.38.980.010.25<.0011.581 time per week

Dosing mode ( reference level intravenous drip)

0.33.840.070.19<.0010.74Intravenous push

0.34<.0011.950.29<.0011.35Subcutaneous

Attribute Relative Importance

The frequency of annual bleeding events emerged as the most
significant attribute from the perspective of the participants,
with the attribute relative importance (ARI) score at 100. The
risk of developing inhibitors ranked second in importance
(ARI=87), while dosing frequency (ARI=43) and dosing mode
(ARI=37) were considered comparatively less critical.

Interaction
The selection of interaction terms identified a significant
interaction between the status-quo constant and the education
level of participants (Table S2 in Multimedia Appendix 1). The
positive preference value suggested that respondents with a
higher level of education (ie, high school or above) were more
likely to opt for the status quo alternative than those with a
lower educational level (ie, middle school or below).

Subgroup Analysis
Subgroup analysis was performed based on variables such as
education level, geographic location, and treatment type. Patients
with lower education levels (middle school or below) considered

the dosing mode more important than the dosing frequency.
Conversely, patients with a higher education level (high school
or above) placed greater importance on dosing frequency
compared to dosing mode (Figure S1 in Multimedia Appendix
1). A similar contrast was observed between urban and rural
respondents (Figure S2 in Multimedia Appendix 1). While urban
respondents emphasized the dosing frequency over the dosing
mode, rural respondents held the opposite view. The comparison
of patients undergoing prophylaxis treatment versus those
receiving on-demand treatment revealed a common preference
pattern; both groups viewed dosing frequency as more important
than dosing mode (Figure S3 in Multimedia Appendix 1).

Benefit-Risk Trade-Off
The results pertaining to MAR are depicted in Figure 2. For
specified improvements in treatment attributes such as annual
bleeding frequency, dosing frequency, and dosing mode, the
MAR indicates the highest level of risk related to developing
inhibitors that patients would tolerate, thereby hinting at
patients’ willingness to accept a trade-off between potential
benefits and risks.
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Figure 2. Benefit-risk trade-off and maximum acceptable risk. MAR: maximum acceptable risk.

Patients were willing to accept an increase in the risk of
developing inhibitors (MAR=4.6% for reducing annual bleeding
instances from 12 to 0). They would also tolerate an increased
risk of 2.3% for reducing the frequency of bleeding from 12 to
6 times per year. Furthermore, an increased risk of 2% would
be acceptable to patients if the dosing frequency was decreased
from 3 times a week to once a week, while an increased risk of
1.5% would be acceptable if the dosing frequency was reduced
from 3 to 2 times a week. In terms of dosing mode, patients
would tolerate a risk increase of 1.7% if the dosing model shifted
from intravenous drip to subcutaneous injection and a risk
increase of 0.9% if the dosing model was altered from
intravenous drip to intravenous push.

Discussion

Overview
This is the first study investigating the preferences of patients
with hemophilia A without inhibitors regarding prophylactic
treatment by performing a DCE in China. We examined 4
attributes associated with prophylactic treatment, with results
indicating patients placed higher value on clinical effectiveness
(ie, reduction in annual bleeding times) and side effects (ie, risk
of developing inhibitors) compared to aspects of the treatment
process (ie, dosing frequency and mode). We also found that
patients were willing to accept an increase of 4.6% in the risk
of developing inhibitors for the reduction of bleeding from 12
times per year to 0 times per year.

This study showed that patients attach paramount importance
to the reduction of annual bleeding times, an outcome consistent
with previous investigations [21,25,27]. Our findings suggest
that alterations in the mode and frequency of administration
exert a relatively minimal influence on patients’ preferences.
In contrast, a previous study reported dissimilar results by using
conjoint analysis to ascertain patient and parental preferences
for prophylactic treatment [26]. Their study indicated that the
frequency of prophylactic administration was deemed the most
crucial attribute, followed by the annual bleeding times. This
discrepancy could be attributed to differences in the standard
of treatment across various countries. China primarily uses

low-dose prophylaxis, which has comparatively less control
over bleeding than standard-dose prophylaxis [46]. The
aforementioned study, conducted in Australia, Britain, and the
United States, demonstrated that reduced instances of
breakthrough bleeds during prophylaxis (including 0, 1, 2, and
3 times per year) exerted a lesser influence on patient
preferences. Given the current status of prophylactic treatment
in China, it is plausible to propose that patients may favor a
treatment regimen with enhanced bleeding control, which has
implications for the development of personalized prophylactic
treatment protocols [47].

Individual-Level Factors
Subgroup analysis revealed that patients with lower education
levels prioritized the dosing mode. Patients residing in townships
or rural areas also exhibited higher sensitivity toward the dosing
mode compared to their urban counterparts. This could be
attributed to the barriers they face in the self-administration of
prophylactic infusions. Unlike typical oral or inhaled
medications, coagulation factors require injection, necessitating
specialized self-care skills or medical provider support.
Self-injection therapy for patients with hemophilia remains
challenging [48], particularly for patients with a lower level of
education, who are less likely to master self-injection techniques.
Patients in townships or rural areas often have a lower quality
of life compared to those in urban areas [49]. Thus, it is essential
to focus on self-management treatment services for patients
with low education levels and those in rural areas. Such services
could include intravenous injection training programs and
consultation and guidance services [48].

Benefit-Risk Trade-Off
This study illustrated that patients demonstrated clear awareness
of the benefit-risk assessment. The results suggested that patients
were willing to accept a substantial risk of developing inhibitors
for reducing the annual bleeding times, but were only willing
to accept a minor risk alteration when changing drug
administration from intravenous drip to intravenous push. The
risk of developing inhibitors could be controlled by the treatment
strategy [50,51]. Particularly, a heterogeneity analysis revealed
that patients undergoing prophylactic treatment were more
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attuned to the risk of developing inhibitors. We propose that
physicians must judiciously balance the trade-offs between
bleeding and the risk of developing inhibitors when
recommending prophylactic treatment for patients. This is of
particular importance when optimal control of bleeding is
achieved, as the risks of developing inhibitors may exceed the
maximum acceptable range for the patient.

Limitations
This study fills a significant gap in our understanding of
treatment preferences for people with hemophilia in mainland
China. However, certain limitations persist. There could be
potential sampling bias as we did not use random sampling.
Nonetheless, to enhance the representativeness of our results,
we examined the prophylactic preferences of adult patients with
hemophilia A without inhibitors across 7 regions of China,

accounting for geographical diversity and varied economic
development status. Moreover, DCE, being a hypothetical choice
scenario, cannot accurately track actual choice behavior.
Therefore, to mitigate the impact of this potential discrepancy,
we ensured the attribute levels were scientifically valid and
realistic in the preliminary stage, thereby providing respondents
with a credible profile for comparison and evaluation.

Conclusions
Our study’s findings significantly contribute to understanding
the preferences of adult patients with hemophilia A regarding
prophylactic treatment. Acknowledging that patients will
perceive trade-offs for the 4 attributes differently can enhance
the dialogue between patients and clinicians on the risks and
benefits of various prophylactic treatment modalities.
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Abstract

Background: Breast cancer is the most common cancer and the most common cause of cancer death in women. Although
survival rates have improved, unmet psychosocial needs remain challenging because the quality of life (QoL) and QoL-related
factors change over time. In addition, traditional statistical models have limitations in identifying factors associated with QoL
over time, particularly concerning the physical, psychological, economic, spiritual, and social dimensions.

Objective: This study aimed to identify patient-centered factors associated with QoL among patients with breast cancer using
a machine learning (ML) algorithm to analyze data collected along different survivorship trajectories.

Methods: The study used 2 data sets. The first data set was the cross-sectional survey data from the Breast Cancer Information
Grand Round for Survivorship (BIG-S) study, which recruited consecutive breast cancer survivors who visited the outpatient
breast cancer clinic at the Samsung Medical Center in Seoul, Korea, between 2018 and 2019. The second data set was the
longitudinal cohort data from the Beauty Education for Distressed Breast Cancer (BEST) cohort study, which was conducted at
2 university-based cancer hospitals in Seoul, Korea, between 2011 and 2016. QoL was measured using European Organization
for Research and Treatment of Cancer QoL Questionnaire Core 30 questionnaire. Feature importance was interpreted using
Shapley Additive Explanations (SHAP). The final model was selected based on the highest mean area under the receiver operating
characteristic curve (AUC). The analyses were performed using the Python 3.7 programming environment (Python Software
Foundation).

Results: The study included 6265 breast cancer survivors in the training data set and 432 patients in the validation set. The
mean age was 50.6 (SD 8.66) years and 46.8% (n=2004) had stage 1 cancer. In the training data set, 48.3% (n=3026) of survivors
had poor QoL. The study developed ML models for QoL prediction based on 6 algorithms. Performance was good for all survival
trajectories: overall (AUC 0.823), baseline (AUC 0.835), within 1 year (AUC 0.860), between 2 and 3 years (AUC 0.808), between
3 and 4 years (AUC 0.820), and between 4 and 5 years (AUC 0.826). Emotional and physical functions were the most important
features before surgery and within 1 year after surgery, respectively. Fatigue was the most important feature between 1 and 4
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years. Despite the survival period, hopefulness was the most influential feature on QoL. External validation of the models showed
good performance with AUCs between 0.770 and 0.862.

Conclusions: The study identified important factors associated with QoL among breast cancer survivors across different survival
trajectories. Understanding the changing trends of these factors could help to intervene more precisely and timely, and potentially
prevent or alleviate QoL-related issues for patients. The good performance of our ML models in both training and external
validation sets suggests the potential use of this approach in identifying patient-centered factors and improving survivorship care.

(JMIR Public Health Surveill 2023;9:e45212)   doi:10.2196/45212

KEYWORDS

breast cancer survivor; quality of life; machine learning; trajectory; predict; develop; breast cancer; survivor; cancer; oncology;
algorithm; model; QoL

Introduction

Breast cancer is the most common cancer and the most common
cause of cancer death in women worldwide [1]. In the past years,
breast cancer prognosis has significantly improved over time.
Currently, the 5-year survival rates are in the range of 90%, and
10-year survival is about 80%. Given the increase in survival,
a survivorship care plan is necessary over time, with particular
attention to the quality of life (QoL) [2]. However, for many
survivors, cancer survivorship is characterized by uncertainty
regarding follow-up care and unmet psychosocial needs [3].

To develop tailored interventions and to provide appropriate
survivorship care, it is necessary to find predictors for QoL
during different phases of survivorship [4,5]. Although some
predictors for QoL have been identified in several studies [6],
almost all focused on 1 specific predictor. Fewer models have
made individual predictions on QoL due to the complexity of
clinical profiles and the inability to consider relevant interactions
a priori. In addition, according to a recent cohort study, the QoL
and the QoL-related factors change over time [7]. However, it
is difficult to generate those models using traditional statistical
methods.

To overcome the limitation of traditional models, a few machine
learning (ML) models have been proposed in the literature that
predict the QoL of breast cancer survivors. However, there were
only a few ML models for QoL prediction with limitations
[6,8-12]. First, most models did not fully include
multidimensional factors. Although some studies included
patient-centered factors such as functional impairment and
psychological symptoms, they still missed key variables for the
QoL of long-term survivors, such as spiritual well-being [13-16].
Second, only a few studies examined the predictors of QoL for
long-term survivors. Third, QoL-related factors are known to
change over time due to their multilayer and multidimensional
characteristics [2], but previous models did not identify
predictors as time varying. Fourth, the previous prediction
models for QoL were difficult to interpret, and their overall
prediction values were limited. Recently, it is possible to develop
an ML algorithm that allows for interpretation [17]. Thus, this
study aimed to identify patient-centered factors associated with
QoL using an ML algorithm to analyze data from a cohort of
Korean patients with breast cancer along different survivorship
trajectories.

Methods

Study Population and Design
To produce a robust tool to identify factors associated with QoL
during different survival phases, 2 different data sets were used.
These included (1) the cross-sectional survey data from the
Breast Cancer Information Grand Round for Survivorship
(BIG-S) study to develop a model and (2) the longitudinal cohort
data from the Beauty Education for Distressed Breast Cancer
(BEST) cohort study to validate the model.

Development Set
The BIG-S study recruited consecutive breast cancer survivors
(BCS) who visited the outpatient breast cancer clinic at the
Samsung Medical Center in Seoul, Republic of Korea, between
November 2018 and April 2019. The BIG-S study included
survivors aged over 20 years and who did not have secondary
cancer, metastasis, or recurrence. A total of 6265 survivors
agreed to participate in the BIG-S study: before surgery
(n=1980) and 1 year (n=653), 2 years (n=1265), 3 years (n=921),
4 years (n=682), and 5 years (n=764) after surgery.

External Validation Set
The BEST study (n=432) was conducted at 2 university-based
cancer hospitals in Seoul, Republic of Korea, to evaluate the
effect of cancer treatment-induced altered body image and QoL.
Subjects were eligible to participate if they were between 18
and 65 years of age, had a diagnosis of breast cancer (ductal
carcinoma in situ, stages I-III), had no sign of metastasis, were
expected to have breast cancer surgery, and did not receive
preoperative chemotherapy or radiation therapy [15]. There
were 323 patients before surgery, and 297, 215, 214, and 232
patients who were followed prior to surgery and at 1, 2, 3, and
5 years following surgery, respectively.

Measures
In this study, the target variable was poor QoL, which was
measured using a 7-point Likert scale with the European
Organization for Research and Treatment of Cancer (EORTC)
QoL Questionnaire Core 30 questionnaire. The single item has
been validated to measure overall QoL [18].

To determine the factors associated with QoL, information about
sociodemographics; diagnosis and treatment; and physical,
psychological, social, and spiritual well-being was included
based on a literature review (Table S1 in Multimedia Appendix
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1) [5,15]. Sociodemographic factor data, including education
level, marital status, monthly house income, working status
during the survey, drinking status, and smoking status, were
obtained using a standard questionnaire. Diagnosis and treatment
data were obtained from electronic medical records. These data
included types of operations, locations of tumors, comorbidities,
laboratory test results, pathology stage, and type of treatment
(chemotherapy, hormone therapy, target therapy, and
radiotherapy).

In patient-reported outcomes, we followed the recommendation
from International Consortium for Health Outcomes
Measurement. To measure physical, psychological, and social
well-being, the EORTC QoL Questionnaire Core 30 and Breast
Cancer-Specific Module were used, and related symptoms and
functions were evaluated. These included fatigue, pain, nausea
and vomiting, emotional function, body image, social function,
and role functioning. Spiritual well-being was evaluated using
3 questions from the Spiritual Well-being Domain of the Korean
version of QoL of Cancer Survivors questionnaire [19]. In order

to measure menopause symptoms, the Menopause Rating Scale
(MRS) was used. The MRS included 11 items in 3 dimensions,
including somatic-vegetative, psychological, and urogenital.
The composite scores (score range 0-44) were based on adding
the scores of the items from the respective dimensions.

Statistical Analysis
This study was conducted in five steps: (1) data preprocessing,
(2) training ML models, (3) model evaluation and selection, (4)
model interpretation, and (5) external validation (Figure 1). The
target variable of “poor QoL” was defined as a score lower than
66 on the global health status scale (range 0-100). Factors
associated with QoL were selected from the BIG-S data set.
Since some of the treatment-related variables were not in the
data collected prior to surgery, 37 and 45 features were selected
for data preprocessing from variables collected before surgery
and after surgery, respectively. In all algorithms, missing values
were forward filled with the closest observation. If no past value
was present, the training set mean was imputed by matching
the participants’ ages and pathology stages.

Figure 1. Workflow of machine learning. AUC: area under the curve; EMR: electronic media record; ML: machine learning; QoL: quality of life;
SHAP: Shapley Additive Explanations; SHAP-RFE: shapley additive explanations-recursive feature elimination.

To train the ML models, the feature selection method and the
recursive feature elimination method based on the Shapley
Additive Explanation (SHAP) method were used to reduce the
model complexity and to remove unnecessary features that
generate noise in the prediction model. The SHAP method is
one of the explainable artificial intelligence methods [20].
Through the Shapley values obtained using the SHAP method,
how much a variable affects the outcome prediction and how
the variable affects the outcome in each instance can be
observed. For model evaluation and selection, we compared the
performance of 6 different algorithms, including the deep neural
network, gradient boosting machine, XGBoost, light gradient
boosting machine, CatBoost, and random forest. For training
the models, the grid search method was used for hyperparameter
tuning. Hyperparameters are parameters that directly affect the
learning process of the model and are determined by the user
to improve model performance and avoid overfitting. After
specifying the possible value range of hyperparameters for each

model (Table S2 in Multimedia Appendix 1), models were
trained using all possible combinations of hyperparameters, and
then the optimal combinations were selected.

To validate and evaluate the model, 10-fold stratified
cross-validation was used. The entire training data set was
divided into 10-fold equal size subsamples by stratifying for
the outcome variables. A single subsample was retained as the
validation data for testing the model, and the remaining 9
subsamples were used as training data and the process was
repeated 10 times. Using the 10 cross-validation results, the
area under the receiver operating characteristic curve (AUC)
scores were averaged for each model, and the final model with
the highest mean AUC was selected. In this study, we also used
SHAP values to interpret feature contributions and assess the
clinical significance of predictive models. According to a
previous study, the SHAP value is the measurement of the
marginal contribution of each feature in different combinations.
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The SHAP value of a feature can be interpreted as the difference
between the model’s predicted value when that feature is
included versus when it is excluded, taking into account all
possible combinations of other features. The base value, on the
other hand, is the average predicted value of the model for all
samples. When the SHAP value of a feature is positive, it means
that including that feature has a positive effect on the predicted
value, while a negative SHAP value indicates a negative effect.
Overall, SHAP values help to explain how each feature
contributes to the model’s predictions, providing insight into
the model’s decision-making process [21,22].

Finally, external validation was confirmed using the BEST
cohort data set, which was a completely different data set from
that used for model training. The poor QoL group was predicted
by inputting the external validation data set into the final model
that trained the entire training data set using the ML algorithm
selected by the survival period. It is notable that between the
3- and 4-year models, there was no validation data set because
there was no participant follow-up within the BEST cohort for
these time periods. The validation performances were also
evaluated using AUC, accuracy, F1 score, sensitivity, and
specificity, and were also compared with training performance.

All analyses were performed in the Python 3.7 programming
environment (Python Software Foundation) and used the
scikit-learn package and TensorFlow Keras framework.

Ethics Approval
The study was approved by the institutional review board of
the Samsung Medical Center, Seoul, Republic of Korea, in the
development set (SMC-2018-08-070) and external validation
set (SMC-2011-07-019). Informed consent was obtained from
all study participants.

Results

Characteristics of Participants
All 6265 participants were included in the full analysis data set.
The mean age of the study participants was 50.6 (SD 8.66) years
and 46.8% (n=2004) of participants were stage 1. In the training
data set, 48.3% (n=3026) of the participants were classified into
the poor QoL group (Table 1). The proportion of patients with
breast cancer with poor QoL was 67.4% (n=1335) at diagnosis,
and 41.8% (n=273), 39.3% (n=497), 40.1% (n=369), 36.1%
(n=246), and 40.1% (n=306) patients had poor QoL at 1, 2, 3,
4, and 5 years after surgery, respectively (Table 1).
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Table 1. Characteristics of participants.

P valueBetween 4 and
5 years
(n=764)

Between 3 and
4 years
(n=682)

Between 2 and
3 years
(n=921)

Between 1 and
2 years

Within 1 year
(n=653)

Preoperation
(n=1980)

Characteristics

<.00152.37 (8)50.29 (8.39)50.96 (8.68)49.78 (8.62)49.12 (9.10)50.54 (8.74)Age (years), mean (SD)

.001BMI (kg/m2), n (%)

36 (5)25 (4)45 (5)56 (4)34 (5)110 (5.6)Underweight (<18.5)

416 (54.5)392 (57.5)506 (54.9)675 (53.4)352 (53.9)985 (49.7)Normal (18.5-23)

156 (20.4)134 (19.6)202 (21.9)281 (22.2)137 (21)385 (19.4)Overweight (23-25)

156 (20.4)131 (19.2)168 (18.2)253 (20)130 (19.9)500 (25.3)Obese (≥25)

<.001Education, n (%)

82 (10.7)65 (9.5)68 (7.4)88 (7)58 (8.9)103 (5.2)Middle school or lower

271 (35.5)223 (32.7)315 (34.2)445 (35.2)217 (33.2)324 (16.4)High school

411 (53.8)394 (57.8)538 (58.4)732 (57.9)378 (57.9)1553 (78.4)University graduates or
higher

<.001Working status at survey, n (%)

417 (54.6)366 (53.7)524 (56.9)713 (56.4)371 (56.8)868 (43.8)Working

347 (45.4)316 (46.3)397 (43.1)552 (43.6)282 (43.2)1112 (56.2)Not working

.70Marital status at survey, n (%)

55 (7.2)67 (9.8)68 (7.4)101 (8)61 (9.3)185 (9.3)Single

636 (83.2)554 (81.2)764 (83)1043 (82.5)541 (82.8)1617 (81.7)Married

42 (5.5)37 (5.4)52 (5.6)75 (5.9)31 (4.7)118 (6)Divorced

31 (4.1)24 (3.5)37 (4)46 (3.6)20 (3.1)60 (3)Bereavement

.001Monthly family income (US $), n (%)

187 (24.5)154 (22.6)219 (23.8)284 (22.5)142 (21.7)479 (24.2)≤$2000

218 (28.5)163 (23.9)246 (26.7)364 (28.8)205 (31.4)636 (32.1)$2000-$4000

359 (47)365 (53.5)456 (49.5)617 (48.8)306 (46.9)865 (43.7)>$4000

Drinking status, n (%)

369 (48.3)307 (45)433 (47)598 (47.3)314 (48.1)977 (49.3)Never

195 (25.5)225 (33)324 (35.2)500 (39.5)287 (44)689 (34.8)Past

200 (26.2)150 (22)164 (17.8)167 (13.2)52 (8)314 (15.9)Current

<.001Smoking status, n (%)

710 (92.9)633 (92.8)850 (92.3)1137 (89.9)602 (92.2)1789 (90.4)Never smoker

54 (7)49 (7)71 (7.7)128 (10.1)51 (8)191 (9.6)Ever smoker

<.001350 (45.8)285 (41.8)373 (40.5)485 (38.3)235 (36)672 (33.9)Comorbidity (yes), n (%)

<.001665 (87)601 (88.1)802 (87.1)1138 (90)579 (88.7)688 (34.7)Physical activity (yes), n (%)

<.001Pathology stage, n (%)

68 (9)78 (11)141 (15.3)212 (16.8)119 (18.2)—a0 or CR (NRT)

382 (50)309 (45.3)419 (45.5)573 (45.3)321 (49.2)—I

248 (32.5)223 (32.7)292 (31.7)391 (30.9)181 (27.7)—II

66 (8.6)72 (10.6)69 (7.5)89 (7)32 (5)—III or IV

<.001Type of surgery, n (%)

95 (12.4)119 (17.4)172 (18.7)213 (16.8)112 (17.2)—Mastectomy with reconstruc-
tion
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P valueBetween 4 and
5 years
(n=764)

Between 3 and
4 years
(n=682)

Between 2 and
3 years
(n=921)

Between 1 and
2 years

Within 1 year
(n=653)

Preoperation
(n=1980)

Characteristics

165 (21.6)150 (22)136 (14.8)198 (15.7)112 (17.2)—Mastectomy without recon-
struction

504 (66)413 (60.6)613 (66.6)854 (67.5)429 (65.7)—Breast conservation surgery

<.001389 (50.9)305 (44.7)365 (39.6)419 (33.1)160 (24.5)—Chemotherapy (yes), n (%)

.24580 (75.9)496 (72.7)675 (73.3)968 (76.5)482 (73.8)—Radiation therapy (yes), n (%)

.44618 (80.9)534 (78.3)721 (78.3)981 (77.5)505 (77.3)—Hormone therapy (yes), n (%)

.72116 (15.2)98 (14.4)140 (15.2)186 (14.7)84 (13)—Target therapy (yes), n (%)

aNot available.

In the validation set, the mean age was 46.5 (SD 7.87) years,
and 47.1% (n=428) of the participants were stage 1 (Table S3
in Multimedia Appendix 1). Compared to the training set,
patients in the external validation set were relatively younger.
Among these participants, 48.6% (n=573) were classified as
having poor QoL. Patients with poor QoL prior to surgery and
1, 2, 3, and 5 years after surgery made up 70.4% (n=100), 53.2%
(n=255), 49.4% (n=79), 48.5% (n=95), and 33.8% (n=72) of
the groups, respectively (Table S4 in Multimedia Appendix 1).

Performances of Machine Learning Models for Each
Survival Period
The available features in the training data set were used to build
QoL prediction models based on 6 ML algorithms (Table S4 in

Multimedia Appendix 1). From the whole data set, between 9
and 16 features were selected using the SHAP-RFE method.
The AUC values of 6 ML algorithms were all over 0.75. Among
6 ML algorithms associated with the survival periods, all the
final models were over 0.8 (Table S5 in Multimedia Appendix
1). The best predictive performances were observed using the
CatBoost algorithm for all survival periods: overall (AUC
0.823), baseline (AUC 0.835), within 1 year (AUC 0.860),
between 2 and 3 years (AUC 0.808), between 3 and 4 years
(AUC 0.820), and between 4 and 5 years (AUC 0.826) (Table
2). All 5 model evaluation metric averages calculated through
10-fold stratified cross-validation for each survival period were
higher than 0.7 and the AUC exceeded 0.8 (0.804-0.860),
showing that the ML models performed well.

Table 2. Performance metrics by survival period.

Between 4 and

5 yearsa
Between 3 and

4 yearsa
Between 2 and

3 yearsa
Between 1 and 2

yearsb
Within 1 yearsaBaselineaOverallaSurvival period

0.8260.8200.8080.8040.8600.8350.823AUCc

0.7930.7830.7670.7650.8180.7740.756Accuracy

0.7520.7230.7090.7050.7820.8170.707F1 score

0.7820.7920.7210.7220.7870.7530.749Sensitivity

0.8010.7770.7970.7930.8390.8150.761Specificity

aObserved using CatBoost algorithm.
bObserved using a gradient boosting algorithm.
cAUC: area under the curve.

Important Features for Each Survival Period
The most important prognostic features for each survival period
were identified using the feature importance from the SHAP
method (Figure 2).

Regardless of survival period, hopefulness (SHAP value 0.2005)
was the most important feature, and fatigue, side effects,
physical function, emotional function, and role function were
also important features. By the survival period, menopause
symptoms (SHAP value 0.2137) and emotional function (SHAP
value 0.1715) were the most important features prior to breast

cancer surgery (Table S6 in Multimedia Appendix 1). For the
within 1-year period, physical function (SHAP value 0.3177)
was the most important feature, followed by emotional function,
side effects, hopefulness, and body image. For the periods
between 1-2, 2-3, and 3-4 years, fatigue (SHAP values 0.2172,
0.1819, and 0.1503, respectively) was the most important
feature, followed by menopause symptoms, social function, and
emotional function. For the period between 4 and 5 years,
hopefulness (SHAP value 0.2370) was the most important
feature, followed by physical function, dyspnea, financial
difficulties, monthly income, menopause symptoms, side effects,
and emotional function (Figure 3).
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Figure 2. Summary plot of Shapley Additive Explanation.
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Figure 3. Rank of feature obtained by Shapley Additive Explanation value.

External Validation
All 5 model evaluation metric averages calculated in the external
validation set were higher than 0.7 (Table 3).

For external validation, the receiver operating characteristic
curves for each survival period were used to calculate the AUC.

When the final trained models for each survival period were
externally validated using the BEST data set, the validation
AUC was between 0.770 and 0.862, and the differences from
the results of the 10-fold stratified cross-validation for training
were from 0.009 to 0.056 (Figure 4).

Table 3. Performance metrics for external validation for survival period.

Between 4 and 5

yearsa
Between 2 and 3

yearsa
Between 1 and 2

yearsb
Within 1 yearsaBaselineaOverallaSurvival period

0.7790.8630.8160.7780.7990.800AUCc

0.7420.7860.7560.7290.7370.810Accuracy

0.6210.7940.7480.7340.7500.866F1 score

0.6250.8530.7340.7020.8100.870Sensitivity

0.8010.7230.7780.7590.6680.667Specificity

aObserved using CatBoost algorithm.
bObserved using a gradient boosting algorithm.
cAUC: area under the curve.
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Figure 4. Receiver operating characteristics curve. AUC: area under the curve.

Discussion

Principal Findings
In this study, we developed and validated factors associated
with QoL including physical, psychological, economic, spiritual,
and social dimensions by survivorship trajectory using an ML
algorithm. The developed model and external validation model
performance were good for all survival trajectories. Before
surgery, menopause symptoms and emotional function were
important features. Within 1 year after the surgery period,
physical function was the most important feature. Between 1
and 4 years, fatigue was the most important feature. Regardless
of the survival period, hopefulness was the most influential
feature of spiritual well-being.

In this study, the AUC for evaluating model performances
surpassed 0.8 for all survival periods, and the results of external
validation using data collected in other studies were also greater
than 0.77. This performance is much better than that of previous

studies that predicted QoL using ML modeling, which reported
values ranging from 0.476 to 0.793 [6,9-12]. These ML-based
breast cancer QoL prediction models were developed with not
only clinical and sociodemographic factors but also with the
integration of information from multiple factors, thus ensuring
better model performance. Furthermore, this study stratified the
model by time periods following surgery and found that there
were different factors associated with QoL during each time
period.

Prior to breast cancer surgery, menopause symptoms and
emotional function were selected as important features that
affect QoL in BCS. Among menopause symptoms, the most
important factor was in the psychological domain, which
included depressive mood, irritability, and anxiety. According
to a previous study, depression and anxiety are the 2 most
common psychiatric comorbidities encountered in patients with
breast cancer [6,7]. Patients with breast cancer may experience
depression or anxiety at any stage of their illness, from
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prediagnosis to the terminal phase of the illness. Studies in
Western countries have shown that the prevalence of depression
ranges from 1% to 56%, whereas the prevalence of depression
found in Asian studies was between 12.5% and 31% [23]. Thus,
timely psychosocial care should be needed for newly diagnosed
distressed patients with cancer.

In this study, physical function was the most important feature
that affected QoL in the group that was within 1 year after breast
cancer surgery. This result was consistent with previous reports
that BCS are susceptible to physical functioning–related
problems and often experience treatment-related declines in
their physical functioning capabilities within the 1-year period
following their cancer diagnosis [24]. Treatment-related
systemic side effects that occur after completion of treatment
affect physical function, and poor physical function negatively
affects the QoL of BCS [25]. Furthermore, physical
functioning–related problems may persist even after treatment
has been completed [26]. Persistent physical symptoms can
increase fatigue and hinder patients’ return to normal life,
thereby reducing their QoL. Future research should focus on
the development and testing of interventions for managing
physical function in order to improve the QoL of patients with
breast cancer.

Between 1 and 4 years after breast cancer surgery, fatigue is
the most important feature that affects QoL in BCS.
Cancer-related fatigue is one of the most distressing and
common posttreatment sequelae among survivors of early-stage
breast cancer [27]. More than 30% of patients with breast cancer
experience persistent fatigue symptomatology up to 10 years
after completion of treatment [28]. Cancer-related fatigue can
result in substantial adverse physical, psychosocial, and
socioeconomic consequences and has a negative impact on
overall QoL. For BCS 1 year after diagnosis, reducing the
burden of fatigue might be a preferable approach to improve
their QoL and focusing on fatigue symptoms can help to enhance
the long-term survivors’ QoL [29]. Cancer-related fatigue is
considered a complex symptom, with multidimensional and
intricate aspects. The existence of physical, psychological, and
emotional disturbance has been proven [30], and numerous
evidence-based interventions for the management of fatigue
have been recommended [31], most of them being complex
nonpharmacological interventions. In order to address all
dimensions of fatigue, nonpharmacological interventions should
be tested and assessed.

Hopefulness was the most important feature in all survival
period models, especially, between 4 and 5 years. Spiritual
well-being was a predictor of improved QoL and is one of the
important outcomes to measure in BCS [32]. Previous studies
have indicated that survivors who had more hope in their lives
were more likely to have better QoL [33]. Hope could help

patients find a sense of health in the midst of disease to cope
with various cancer symptoms and fear of recurrence and to
find meaning and peace of mind [34]. These positive effects of
hope might also improve QoL in BCS. Therefore,
patient-centered interventions that help survivors find purpose
in life by focusing on themes such as planning for life after
cancer and value-based sources of meaning to have hope should
be provided.

In this study, we performed an external validation to test the
generalizability of our models, which is a strength compared to
the previous study that did not perform external validation
[6,9-12]. This aspect is important as it demonstrates the
effectiveness of our models and their potential to be applied to
other settings. Through external validation, we could assess our
models’ robustness and confirm their ability to provide accurate
predictions in new and independent data sets. This enhances
the reliability and use of our models, and highlights the potential
of ML approaches in improving survivorship care for patients
with breast cancer.

This study has several limitations. First, it is a cross-sectional
study, and the directions of the associations between QoL;
symptoms; and physical, psychosocial, and spiritual functions
could be interchangeable. In fact, patients who had a poor QoL
might report poorer function status. Second, QoL was measured
using a single item from the EORTC-C30, and this might not
be a reliable method to measure an individual’s QoL. However,
this single question has been validated to measure a person’s
overall QoL, and it has been widely used in different cultures
and countries, including Korea. Lastly, the results of our study
might not be generalizable to other cancer survivors in other
settings. Further studies with various types of cancer survivors
are necessary to confirm the study findings and its
generalizability.

Despite these limitations, this study had several strengths. First,
we included physical, psychological, economic, spiritual, and
social dimensions and clinical factors. Second, we developed
a prediction model to predict QoL from pretreatment to 5 years
after surgery. Third, we developed different ML-based QoL
surveillance models across survivorship. Fourth, we used SHAP
methods, which allow for the interpretation of the model by the
reader. Fifth, we performed external validation and the models
showed good performance.

Conclusions
The results of this study may provide valuable information on
developing a patient-centered survival care plan. Understanding
the changing trends of influencing factors associated with QoL
during different survival trajectories could help health care
professionals intervene timely and appropriately in order to
prevent or alleviate factors more precisely.
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Abstract

Background: The recent pandemic had the potential to worsen the opioid crisis through multiple effects on patients’ lives, such
as the disruption of care. In particular, good levels of adherence with respect to medication for opioid use disorder (MOUD),
recognized as being important for positive outcomes, may be disrupted.

Objective: This study aimed to investigate whether patients on MOUD experienced a drop in medication adherence during the
recent COVID-19 pandemic.

Methods: This retrospective cohort study used Medicaid claims data from 6 US states from 2018 until the start of 2021. We
compared medication adherence for people on MOUD before and after the beginning of the COVID-19 pandemic in March 2020.
Our main measure was the proportion of days covered (PDC), a score that measures patients’ adherence to their MOUD. We
carried out a breakpoint analysis on PDC, followed by a patient-level beta regression analysis with PDC as the dependent variable
while controlling for a set of covariates.

Results: A total of 79,991 PDC scores were calculated for 37,604 patients (age: mean 37.6, SD 9.8 years; sex: n=17,825, 47.4%
female) between 2018 and 2021. The coefficient for the effect of COVID-19 on PDC score was –0.076 and was statistically
significant (odds ratio 0.925, 95% CI 0.90-0.94).

Conclusions: The COVID-19 pandemic was negatively associated with patients’ adherence to their medication, which had
declined since the beginning of the pandemic.

(JMIR Public Health Surveill 2023;9:e42495)   doi:10.2196/42495

KEYWORDS

COVID-19; opioid crisis; opioids; medication for opioid use disorder; MOUD; pandemic; public health; opioid; medication;
treatment; care; patient; opioid use disorder; beta regression analysis; breakpoint analysis

Introduction

The opioid crisis is an ongoing problem in the United States.
Recent reports and studies have shown an increase in the number
of overdoses in 2020, suggesting an association between the
COVID-19 pandemic and the worsening of the opioid crisis
[1-3]. Disruptions in medical services and care due to
lockdowns, stay-at-home orders [4], and the scarcity of health
care services might be some of the factors involved in this
association. Patient adherence to medications is an important

factor in the success of medication for opioid use disorder
(MOUD), and higher adherence is associated with a reduction
in mortality rate [5]. Pharmacists, health care experts, and public
and private health technology companies have expressed their
concerns about medication adherence amid the pandemic, both
in the United States [6,7] and internationally [8-11]. Increases
in emergency medical services responses, including the
administration of naloxone [12], suggest that these concerns
are well founded.
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A recent study [13] examined the changes in the prescribing of
opioid analgesics and buprenorphine for opioid use disorder
(OUD) throughout the COVID-19 pandemic. By looking at
aggregate prescription levels, it found that existing patients who
receive opioid analgesics and buprenorphine for OUD generally
maintained access to these medications during the COVID-19
pandemic, whereas the initiation of buprenorphine remained at
a low rate through August 2020. Another study investigating
patients’ access to chronic medications during the COVID-19
pandemic used a dichotomous measurement for patients’
adherence; it found that since the beginning of the pandemic,
patients were less likely to discontinue OUD therapy
(buprenorphine or naloxone) [14]. However, both aggregate
analyses and studies similar to Clement et al [14] that use
dichotomous variables can conceal more fine-grained,
individual-level changes.

In this study, we examined the trend of medication adherence
for US Medicaid patients with an OUD diagnosis from 6 US
states who were on opioid medications from January 2018 to
March 2021. We calculated the proportion of days covered
(PDC) as a method of measuring medication adherence for each
patient in the 3 months following the first visit for an
opioid-related disorder or opioid dependence indication,
according to International Classification of Diseases, 10th
revision (ICD-10) codes, and calculated the average monthly
PDC score in each month. Then, we examined the adherence
trend across time and investigated the association between the
pandemic and PDC score, as well as the association between
the pandemic and opioid overdose in a 3-month time window.

Methods

Overview
We analyzed US Medicaid claims data for 6 US states. The data
set is provided by HMS (a Gainwell Technologies company)
through the Digital Health Cooperative Research Centre and
comprises Medicaid claims (inpatient, outpatient, dental, and
pharmaceutical), a few demographic characteristics of the
patients (age, sex, zip code, and Medicaid enrollment periods),
and their unique identifiers. The data set links their claims across
time, different settings of care, and multiple episodes of
enrollment. Diagnosis codes associated with the patient,
procedures codes, prescription date, dosage, duration, and other
prescription details are among the information available in the
data set. The data set covers claims from 2015 to 2021 and
comprises over 1.16 billion claims for over 14.2 million unique
individuals.

We used a continuous measurement of adherence called PDC
as a proxy for medication adherence. We defined PDC as the
ratio of the number of days a patient could have their opioid
treatment medication to the number of days in the period of
interest.

We created a subset of patients with at least one relevant F11
diagnosis ICD-10 code (codes F11.1 opioid abuse; F11.2 opioid
dependence; and F11.9 opioid use, unspecified), who have filled
their opioid treatment prescriptions in the 3-month window
following the first visit with an F11 diagnosis code. We excluded

the patients whose first F11 visit happened before 2018. For
each patient with at least three months of opioid treatment
medication, we calculated and assigned 3 monthly PDC scores
for each month following their medical visit. To investigate the
association between the COVID-19 pandemic and medication
adherence, we took 2 separate approaches.

First, in an exploratory analysis, we plotted the average PDC
score for all patients in each month to visualize any changes in
the trend of the average PDC score since the beginning of the
pandemic. To detect whether such changes exist and to avoid
subjective judgements, we used an algorithm described by Bai
and Perron [15] for simultaneous estimation of multiple
breakpoints implemented in the strucchange R package [16].
To define how many breakpoints should be considered, we
calculated the Bayesian information criterion (BIC) estimates
for different numbers of breakpoints and chose the number that
minimizes the BIC. The algorithm detects the time(s) where
possible breakpoints occurred and the CIs for the detected times.

In the second approach, we applied a patient-level beta
regression model to examine the effect of the COVID-19
pandemic (modelled as a binary variable with a value equal to
1 for months after March 2020) on the PDC score. We controlled
for a set of other covariates, including the age, sex, state, and
comorbidities of each patient. To reduce the dimensionality of
comorbidities, we categorized diagnosis codes into Elixhauser
general comorbidity categories [17] according to the Agency
for Health Research Quality rules using the icd R package by
Wasey and Lang [18]. The Elixhauser categories condense many
dozens of ICD-10 (and other) administrative codes into 30
broader groupings (as termed by Elixhauser et al [17]), such as
“Alcohol abuse” (ICD-10 codes F10, E52, etc) or “Drug abuse”
(ICD-10 codes F11.x-F16.x, etc). In a separate model, we
repeated the analysis with data inclusive of the patients with
only 1 or 2 months of PDC scores to see the sensitivity of the
model.

Ethical Considerations
The data were provided in deidentified form by HMS. On this
basis, an ethical review by Macquarie University deemed it as
having negligible risk, in line with Australia’s National
Statement on Ethical Conduct in Human Research 2007 (as
updated in 2018).

Results

We calculated a total of 79,991 PDC scores for 37,604 patients
in our subset OUD sample (age: mean 37.6, SD 9.8 years; sex:
n=17,825, 47.4% female) between 2018 and 2021 from
Medicaid claims data of 6 US states. Overall, 7816 patients who
did not have a PDC score in the month following their F11
diagnosis or had a month without a PDC score between their
first and second scores were excluded from the analysis. From
the remaining patients, the most common treatment approach
involved buprenorphine prescription (24,731/29,788, 83.02%),
followed by prescriptions for naltrexone alone (3707/29,788,
12.44%); only small proportions were prescribed buprenorphine
and naltrexone together (778/,29,788, 2.61%) or methadone
(572/29,788, 1.92%). In terms of prescription filling patterns,
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only 24.9% (7417/29,788) filled their MOUD prescriptions in
the month following their F11 diagnosis (mean PDC score 79.6),
another 24.9% (7417/29,788) filled 2 months of MOUD
prescriptions (mean PDC score 91.7), and 50.2%
(14,954/29,788) filled 3 or more months of MOUD prescriptions
(mean PDC score 96.1). To understand whether any drop in
adherence as measured by PDC was related to patients
discontinuing versus continuing OUD therapy, we separated
out patients based on how many months were covered. As Figure
1 shows, the PDC score was lower for patients with fewer
covered months. To focus on the change during the COVID-19
period for patients that were more adherent to their medication,
for the main part of the analysis, we excluded the patients with
less than 3 months of PDC scores.

Figure 2 shows the result of applying the breakpoint detection
algorithm on the time series of the PDC scores for the selected
patients. The shaded area denotes the time after the pandemic
was announced (March 2020). The dash line represents the
detected breakpoint by the algorithm in July 2020, and the red
line represents the CI from April to August.

The results of the beta regression analysis with a logit link for
features with statistically significant coefficients are reported

in Table 1. The dependent variable is the calculated PDC score
between 0 and 1 for each patient in each month. The independent
variable of interest, named “COVID,” is a binary variable that
is 0 for PDC scores at months before March 2020 and 1 for
PDC scores from March 2020 onward. The control variables in
the model included age group, sex, the month from which the
PDC is calculated (PDC first month, PDC second month, and
PDC third month), state identifiers, and Elixhauser comorbidity
groups calculated based on the clinical history of each patient.
Although the independent variables in the model did not explain

much of the variance of the PDC score (R2 the model is 0.055),
the coefficient for the effect of “COVID” was –0.76 and was
statistically significant (odds ratio 0.925, 95% CI 0.90-0.94).
This result is in line with findings of the exploratory analysis
and breakpoint detection. The model inclusive of the patients
with only 1 or 2 PDC scores showed similar results. The results
showed that male patients had lower PDC scores (OR 0.97,
95% CI 0.96-0.99), whereas patients in all age groups older
than the reference category (aged 17-29 years) had higher PDC
scores. A history of obesity and alcohol use disorder were
positively associated with the PDC score.

Figure 1. Average proportion of days covered (PDC) over time, a comparison of patients with 1, 2, and 3 months of PDC scores.
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Figure 2. Detected breakpoints for patients with 3 months of proportion of days covered (PDC) scores.
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Table 1. The coefficients of the beta regressions models.

Dependent variable: PDCa scoreFeature name

All patientsPatients with at least 3 months of PDC scores

P valueValueP valueValue

<.001–0.081 (0.009)<.001–0.076 (0.010)COVID, beta (SE)

Age group (years), beta (SE)

.250.173 (0.151).96–0.012 (0.262)<16

.0020.032 (0.010).020.027 (0.012)30-39

.0010.041 (0.012).0020.044 (0.014)40-49

.0010.055 (0.016).010.045 (0.018)50-59

.0020.084 (0.027).030.068 (0.031)≥60

.002–0.026 (0.008).01–0.023 (0.009)Sex, male, beta (SE)

PDC month, beta (SE)

.020.022 (0.009).120.017 (0.011)Second

.02–0.025 (0.011).10–0.018 (0.011)Third

<.0010.254 (0.006)N/AN/AbNumber of months of PDC, beta (SE)

.001–0.0001 (0.000).001–0.0001 (0.000)Number of F11 codes, beta (SE)

State, beta (SE)

.19–0.051 (0.039).36–0.041 (0.045)2

.001–0.108 (0.019).01–0.056 (0.022)3

<.001–0.124 (0.017).001–0.084 (0.020)4

.01–0.052 (0.020).14–0.036 (0.025)5

<.001–0.308 (0.011)<.001–0.210 (0.013)6

Elixhauser category names [17] for the relevant variables , beta (SE)

.30–0.015 (0.015).03–0.038 (0.017)Neuro otherc

.040.030 (0.015).250.019 (0.017)Obesity

.16–0.022 (0.015).06–0.034 (0.018)FluidsLytesd

<.0010.098 (0.015).090.030 (0.018)Alcohole

.06–0.020 (0.011).38–0.011 (0.012)Drugsf

<.0011.976 (0.027)<.0013.203 (0.027)Constant

N/A71,120N/A50,265Observations, n

N/A0.137N/A0.055R2

N/A225,324.60N/A176,084.60Log likelihood

aPDC: proportion of days covered.
bN/A: not applicable.
cNeuro other: other neurological disorders.
dFluidsLytes: fluid and electrolyte disorders.
eAlcohol: alcohol abuse, referring to alcohol use disorder.
fDrug: drug abuse, referring to substance use disorder.

Discussion

Our retrospective cohort study showed a change in adherence
to MOUD during the COVID-19 pandemic; this change in
adherence did not show up in previous aggregate and

dichotomous-variable studies [13,14]. The results showed that
patients’ adherence to their medication dropped between April
and August 2020 and remained low until the end of 2020. Our
breakdown of patients by the number of covered months showed
that this was true even for patients who had relatively good
levels of adherence. (As a rule of thumb, a PDC score of 0.8
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has been considered as being adherent, and Warren et al [19]
supported this empirically.) This association of a drop in
adherence and the COVID-19 period holds when taking into
account other factors that also showed a strong association. In
particular, state is a significant factor, which is likely to
represent a range of factors (urban or rural distribution of
population, education, etc). Although these data were not
available at an individual level, a machine learning–based study
of adherence to MOUD found that demographic proxy data did
improve models [19]; that study nevertheless still found a state
effect (across the 2 states studied) even after including these
data. However, differences in response to COVID-19 could also
be a factor. Other factors found to be significant here—sex, age
group, etc—are also broadly in line with Warren et al [19].

These results that establish an association between a drop in
adherence and the COVID-19 period do not tell us the cause of
the drop in adherence, such as patients ceasing to go out to get

or fill medication, patients tapering themselves, or some other
cause. A small-scale study (429 patients) of opioid agonist
treatment use during COVID-19 in Sydney, Australia [20],
found that few patients disengaged from treatment, although
the social restrictions there differed from the US cohort in this
study, as did the distribution of medications (66% methadone
in the Australian study). Given the importance of adherence to
positive treatment outcomes for opioid addiction, interventions
may be warranted. These could range from simple interventions,
such as sending reminders and follow-up messages, to more
complex ones, such as increased frequency of scheduled
follow-up visits with treatment providers and, in some instances,
case management. In the context of pandemic restrictions,
telehealth offers some possibilities for interventions; the Sydney
study [20] found it generally adequate for most clinical reviews,
and a more recent study of telemedicine in a US OUD context
[21] found that for a range of indicators, telemedicine constituted
a comparable alternative to in-person OUD care.
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Abstract

Background: Carotid plaque can progress into stroke, myocardial infarction, etc, which are major global causes of death.
Evidence shows a significant increase in carotid plaque incidence among patients with fatty liver disease. However, unlike the
high detection rate of fatty liver disease, screening for carotid plaque in the asymptomatic population is not yet prevalent due to
cost-effectiveness reasons, resulting in a large number of patients with undetected carotid plaques, especially among those with
fatty liver disease.

Objective: This study aimed to combine the advantages of machine learning (ML) and logistic regression to develop a
straightforward prediction model among the population with fatty liver disease to identify individuals at risk of carotid plaque.

Methods: Our study included 5,420,640 participants with fatty liver from Meinian Health Care Center. We used random forest,
elastic net (EN), and extreme gradient boosting ML algorithms to select important features from potential predictors. Features
acknowledged by all 3 models were enrolled in logistic regression analysis to develop a carotid plaque prediction model. Model
performance was evaluated based on the area under the receiver operating characteristic curve, calibration curve, Brier score,
and decision curve analysis both in a randomly split internal validation data set, and an external validation data set comprising
32,682 participants from MJ Health Check-up Center. Risk cutoff points for carotid plaque were determined based on the Youden
index, predicted probability distribution, and prevalence rate of the internal validation data set to classify participants into high-,
intermediate-, and low-risk groups. This risk classification was further validated in the external validation data set.

Results: Among the participants, 26.23% (1,421,970/5,420,640) were diagnosed with carotid plaque in the development data
set, and 21.64% (7074/32,682) were diagnosed in the external validation data set. A total of 6 features, including age, systolic
blood pressure, low-density lipoprotein cholesterol (LDL-C), total cholesterol, fasting blood glucose, and hepatic steatosis index
(HSI) were collectively selected by all 3 ML models out of 27 predictors. After eliminating the issue of collinearity between
features, the logistic regression model established with the 5 independent predictors reached an area under the curve of 0.831 in
the internal validation data set and 0.801 in the external validation data set, and showed good calibration capability graphically.
Its predictive performance was comprehensively competitive compared with the single use of either logistic regression or ML
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algorithms. Optimal predicted probability cutoff points of 25% and 65% were determined for classifying individuals into low-,
intermediate-, and high-risk categories for carotid plaque.

Conclusions: The combination of ML and logistic regression yielded a practical carotid plaque prediction model, and was of
great public health implications in the early identification and risk assessment of carotid plaque among individuals with fatty
liver.

(JMIR Public Health Surveill 2023;9:e47095)   doi:10.2196/47095

KEYWORDS

machine learning; carotid plaque; health check-up; prediction; fatty liver; risk assessment; risk stratification; cardiovascular;
logistic regression

Introduction

Carotid plaque is an independent risk factor for cerebral stroke
[1], myocardial infarction [2], and atherosclerotic cardiovascular
disease [2], which are all leading causes of death and disability
worldwide [3,4], presenting severe economic burden in both
developed and developing countries [5]. Nearly 20% of stroke
cases were caused by carotid atherosclerotic plaque [6]. The
rupture or shedding of carotid plaque can lead to thrombosis
and has become the major cause of cerebrovascular accidents
[3,7]. It has been proposed that nearly one-third of Chinese
adults were experiencing from carotid plaque [8]. With the
growing aging population and the acceleration in urbanization,
the incidence rates of cardiovascular disease in China would
increase steadily in the next few decades [9]. Thus, early
detection of carotid plaque can bring great benefits in the timely
and active prevention of stroke and other cerebrovascular and
cardiovascular diseases. It is necessary to develop effective
tools to identify carotid plaque in the asymptomatic population
and curb its progression at an early stage.

Recently, several studies have demonstrated significant
associations exist between fatty liver disease and coronary artery
disease, including carotid plaque and carotid stenosis [10-12].
Individuals with fatty liver disease were proved to have an
elevated risk of developing carotid plaque. However, although
liver ultrasound has been incorporated into the routine check-up
program, carotid artery ultrasound examination is not prevalent
due to cost-effectiveness reasons for the asymptomatic
population [13]. As the most widely used method for evaluating
carotid plaque [14], the low prevalence of carotid ultrasound
may result in missed detection of such plaque populations,
especially in individuals with fatty liver. Thus, identifying
carotid plaque patients in the population with fatty liver is more
cost-effective and is of great public health implications for the
prevention of cardiovascular disease.

Wu et al [13] developed a carotid plaque risk prediction tool
among asymptomatic population based on machine learning
(ML) algorithms, including extreme gradient boosting
(XGBoost), gradient boosting decision tree, random forest (RF),
and support vector machine, and achieved good performance,
but the substantial complexity of the model may limit its
practical use, while the commonly used risk prediction tools in
the cardiovascular field, including Framingham risk score [15]

and its modified model [16], were mostly based on traditional
statistical models, including logistic regression and cox
proportional-hazards regression. Although numerous studies
have demonstrated that ML algorithms outperformed traditional
statistical models in predictive performance throughout medical
fields [17-19] due to their capability to analyze and learn the
complex interactions and nonlinear associations among variables
[17,20,21], the latter still own irreplaceable strengths, including
their natural transparency, interpretability, and robustness, which
boost their practicality in clinical research [22]. Therefore, using
ML algorithms alone or traditional regression methods alone
to train prediction models usually results in either accurate but
complicated black boxes or practical but
unsatisfactory-performed scoring systems.

In this study, we combined ML, including RF, XGBoost, and
elastic net (EN) with logistic regression together to develop a
straightforward and practical risk prediction model to help better
identify individuals at risk of carotid plaque in the population
with fatty liver disease. We also provided robust cutoff points
for carotid plaque risk stratification and verified the results on
an external data set.

Methods

Data Source and Study Participants
Participants who attended health check-ups at Meinian Health
Check-up Center and MJ Health Check-up Center were involved
in this study for model development and external validation,
respectively.

Development Data Set
Meinian Health Check-up Program is the largest check-up chain
in China. It provides routine health check-up services for the
whole population, with its check-up centers covering all 31
provinces in mainland China. Initially, participants diagnosed
with fatty liver through hepatic ultrasonography and received
carotid artery ultrasound examination between January 1, 2017,
and June 30, 2022, were included. For those who attended 2 or
more check-ups, the most integrated record was included in the
analysis. Participants younger than 18 years, had missing values
on over 30% of potential predictors, or had a history of
cardiovascular or cerebrovascular diseases were excluded from
the analysis. Finally, a total of 5,420,640 participants were
included in the study for model development (Figure 1).
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Figure 1. Flowchart of the study participants.

External Validation Data Set
MJ Health Check-up Center is a clinic in Beijing, China, it
provides comprehensive health check-ups for the participants.
Participants who underwent check-ups between June 1, 2017,
and December 31, 2021, were diagnosed with fatty liver, and
underwent carotid ultrasound examination were included. After
excluding those younger than 18 years, or who had a history of
cardiovascular or cerebrovascular diseases, 32,682 participants
were included (Figure 1).

Ethical Considerations
The study was reviewed and approved by the institutional review
board of Peking University Health Science Center (approval
ID: IRB00001052-19077). The requirement for informed
consent of participants was waived due to the use of deidentified
data obtained as part of routine health check-ups.

Potential Predictors and Outcomes
All potential factors associated with carotid plaque reported by
recent studies were considered. Considering the accessibility
of the variables in the database, a total of 27 potential factors
were extracted: (1) demographic characteristics: sex and age;
(2) physical examination indicators: weight, height, BMI,
systolic blood pressure (SBP), diastolic blood pressure, and
heart rate; (3) laboratory examination indicators: total cholesterol
(TC), triglyceride, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol (LDL-C), fasting blood
glucose (FBG), alanine transaminase (ALT), aspartate
aminotransferase (AST), ALT/AST, direct bilirubin, total
bilirubin, alkaline phosphatase (ALP), uric acid, blood platelet
count (PLT), white blood cell count, creatinine, and hepatic
steatosis index (HSI, which was calculated as follows:
HSI=8×(ALT/AST)+BMI+2 (if diabetes mellitus)+2 (if female)

[12]); and (4) medical history: hypertension, diabetes, and
hyperlipidemia.

The outcome was defined as whether the participant was
diagnosed with carotid plaque by carotid artery ultrasound
examination. Specifically, the common carotid arteries, the
bifurcation, and the external and internal carotid arteries were
examined on each side by experienced sonographers operating
a Doppler ultrasound system (Sonoscape S50, China) with a
linear 7.5 MHz probe under standardized protocols. The distance
between the leading edge of the lumen-intima echo and the
leading edge of the media-adventitia echo was defined as carotid
intima-media thickness. Carotid plaque was accounted as a
discrete, focal wall thickening ≥1.5 mm or focal thickening
>50% greater than the surrounding carotid intima-media
thickness in any of the arterial segments above [23].

Data Preprocessing and Statistical Analysis
The development data set was randomly divided into a training
set (4,336,512/5,420,640, 80%) and an internal validation set
(1,084,128/5,420,640, 20%). The training set was used for
feature selection and model development, while the internal
validation data set, together with the external validation data
set, were used for model evaluation.

In the training set, missing data were imputed with the mean of
each variable. And the imputed values derived from the training
set were further used for missingness imputation in internal and
external validation data sets. Outliers in the training set were
defined as values distributed less than 1% or more than 99%
quantile of the whole participants, and all the outliers were
regarded as missing values.

Normally distributed continuous variables were presented as
means with SDs and used the Student t test for statistical
analysis. Non-normally distributed continuous variables were
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presented as a median and interquartile range and the Wilcoxon
rank-sum test was used for comparison. Categorical variables
were presented as counts and percentages and compared using
the chi-square test.

Considering the limitations of P values in detecting group
differences in large sample sizes, we used standardized mean
difference (SMD) as an alternative method to compare the
between-group differences. Unlike P values, SMD allows for
standardized comparisons across groups despite differences in
sample size, measurement scales, or variance [24]. An absolute
value of SMD<0.20 can be considered as a small difference,
and an absolute value of SMD<0.10 suggests a negligible
difference.

Feature Selection and Model Development
Three ML algorithms were used for feature selection, including
RF, EN, and XGBoost. To tune hyperparameters in the training
set, 5-fold cross-validation was conducted. The top important
features coselected by 3 algorithms were used for model
development.

RF and XGBoost are 2 popular ensemble learning algorithms.
Both of them use decision trees to construct their models. RF
generates multiple decision trees in parallel by conducting
random sampling and random feature selection, and the final
prediction is made by aggregating the votes from all decision
trees. Feature importance in RF can be measured by evaluating
the mean Gini index of each feature across multiple trees.

In contrast, XGBoost builds decision trees sequentially, where
each tree is trained to correct the errors of the previous ones,
and eventually, the prediction is obtained by summing the results
of all trees. Feature importance in XGBoost can be quantified
by calculating the average gain that a feature brings when it is
chosen as the splitting variable in any decision tree.

EN model extends logistic regression by adding L1 and L2
regularization terms to overcome multicollinearity and perform
feature selection. The importance of each feature in EN model
can be estimated by examining the magnitude of its coefficients.

Logistic regression was used to train the final prediction model
by using the features selected. Collinearity was checked through
clustering analysis and the most representative feature, that is

owning the smallest value of 1-R2 in each cluster was further
selected to train logistic regression.

Model performance was assessed using discrimination and
calibration. Discrimination was evaluated by area under the

receiving operating characteristic curve (AUROC), and
calibration was investigated through the calibration curve and
Brier score. The performance of the established model was
compared with a model using backward selection logistic
regression without ML based-feature selection, as well as the
above 3 ML models. In addition, decision curve analysis was
performed to see whether the net benefit would promote when
using the prediction model.

Risk Stratification
Risk cutoff values were determined based on the Youden index,
predicted risk probability distribution, and the prevalence rate
of carotid plaque in the internal validation data set to divide
participants into high-risk, intermediate-risk, and low-risk.
Specifically, Youden index was used to identify the high-risk
group, and then a cutoff value was selected for the remaining
individuals based on the distribution of predicted probabilities
determined by our prediction model and adjusted according to
the prevalence rate of carotid plaque of the 2 groups below this
cutoff point to achieve intermediate and low-risk stratification,
and the effectiveness of these cutoff points was verified on an
external validation data set.

All procedures were performed in SAS (version 9.4; SAS
Institute) and Python (version 3.7; Python Software Foundation).

Results

Characteristics of Study Participants
Among the 5,420,640 participants in the development data set,
26.23% (1,421,970/5,420,640) were diagnosed with carotid
plaque. The differences in all the potential predictors between
participants with and without carotid plaque were statistically
significant. Participants who developed carotid plaque were
older, more likely to be female, and had higher SBP, diastolic
blood pressure, TC, high-density lipoprotein cholesterol, LDL-C,
FBG, direct bilirubin, total bilirubin, ALP, and lower height,
weight, BMI, heart rate, triglyceride, ALT, AST, ALT/AST,
uric acid, white blood cell count, creatinine, HSI when compared
to their carotid plaque-free counterparts. The prevalence of
hypertension, hyperlipidemia, and diabetes mellitus was also
higher in the carotid plaque group compared to the carotid
plaque-free group (Table 1). Among the 32,682 records in
external validation, 21.64% (7074/32,682) were recorded for
developing carotid plaque. The characteristics are presented in
Table S1 of Multimedia Appendix 1. The differences between
the development data set and external validation data set are
presented in Table S2 of Multimedia Appendix 1.
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Table 1. Characteristics of study participants in the development data set.

SMDaCarotid plaqueTotal (N=5,420,640)Characteristic

P valueNo (N=3,998,670)Yes (N=1,421,970)

–0.01<.001Sex, n (%)

2,711,720 (67.82)955,704 (67.21)3,667,424 (67.66)Male

1,286,950 (32.18)466,266 (32.79)1,753,216 (32.34)Female

1.13<.00145.00 (36.00, 54.00)57.00 (51.00, 64.00)49.00 (39.00, 57.00)Age (years), mean (SD)

–0.22<.001168.00 (161.00-173.50)166.00 (159.10-171.50)167.00 (160.50-173.00)HTb (cm), median (IQR)

–0.19<.00175.72 (12.60)73.39 (11.40)75.11 (12.34)WTc (kg), mean (SD)

–0.06<.00126.96 (3.25)26.75 (3.02)26.90 (3.19)BMI (kg/m2), mean (SD)

0.53<.001129.46 (17.38)139.37 (19.67)132.06 (18.53)SBPd (mm Hg), mean (SD)

0.22<.00180.13 (12.05)82.79 (12.22)80.83 (12.15)DBPe (mm Hg), mean (SD)

–0.06<.00171.80 (8.31)71.31 (8.46)71.67 (8.35)HRf, (times/minute), mean
(SD)

0.17<.0015.16 (1.00)5.34 (1.09)5.21 (1.03)TCg (mmol/L), mean (SD)

0.07.071.76 (1.24-2.57)1.76 (1.26-2.51)1.76 (1.24-2.55)TGh (mmol/L), median (IQR)

0.10<.0011.27 (1.09-1.43)1.29 (1.12-1.47)1.28 (1.10-1.44)HDL-Ci (mmol/L), median
(IQR)

0.14<.0013.07 (0.81)3.19 (0.87)3.10 (0.83)LDL-Cj (mmol/L), mean (SD)

0.33<.0015.37 (4.94-5.87)5.71 (5.19-6.52)5.45 (4.99-6.02)FBGk (mmol/L), median
(IQR)

–0.22<.00127.00 (19.00-40.32)23.40 (17.30-33.09)26.00 (18.30-38.50)ALTl (U/L), median (IQR)

–0.05<.00122.00 (18.00-27.40)21.90 (18.00-26.30)22.00 (18.00-27.00)ASTm (U/L), median (IQR)

–0.02<.0011.24 (0.97-1.58)1.10 (0.88-1.36)1.20 (0.94-1.52)ALT/AST, median (IQR)

0.02<.0013.70 (1.70)3.74 (1.83)3.71 (1.73)DBILn (μmol/L), mean (SD)

0.04<.00113.65 (10.80-14.60)13.65 (11.06-14.90)13.65 (10.86-14.66)TBILo (μmol/L), median
(IQR)

0.13<.00177.19 (18.71)79.74 (19.82)77.86 (19.04)ALPp (U/L), mean (SD)

–0.15<.001372.85 (96.87)358.66 (91.36)369.13 (95.66)UAq (μmol/L), mean (SD)

–0.17<.001227.01 (57.21)217.54 (56.48)224.53 (57.17)PLTr (109/L), mean (SD)

–0.01.016.36 (4.60)6.35 (5.11)6.36 (4.74)WBCs (109/L), mean (SD)

–0.03<.00169.49 (16.82)69.02 (17.84)69.36 (17.10)Crt (μmol/L), mean (SD)

–0.01<.00138.14 (114.72)36.96 (4.63)37.83 (98.56)HSIu, mean (SD)

0.49<.001Hypertension, n (%)

1,367,503 (34.20)823,098 (57.88)2,190,601 (40.41)Yes

2,631,167 (65.80)598,872 (42.12)3,230,039 (59.59)No

0.06<.001Hyperlipidemia, n (%)

1,782,387 (44.57)676,089 (47.55)2,458,476 (45.35)Yes

2,216,283 (55.43)745,881 (52.45)2,962,164 (54.65)No

0.34<.001Diabetes mellitus, n (%)

399,595 (9.99)318,281 (22.38)717,876 (13.24)Yes
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SMDaCarotid plaqueTotal (N=5,420,640)Characteristic

P valueNo (N=3,998,670)Yes (N=1,421,970)

3,599,075 (90.01)1,103,689 (77.62)4,702,764 (86.76)No

aSMD: standardized mean difference.
bHT: height.
cWT: weight.
dSBP: systolic blood pressure.
eDBP: diastolic blood pressure.
fHR: heart rate.
gTC: total cholesterol.
hTG: triglyceride.
iHDL-C: high-density lipoprotein cholesterol.
jLDL-C: low-density lipoprotein cholesterol.
kFBG: fasting blood glucose.
lALT: alanine transaminase.
mAST: aspartate aminotransferase.
nDBIL: direct bilirubin.
oTBIL: total bilirubin.
pALP: alkaline phosphatase.
qUA: uric acid.
rPLT: blood platelet count.
sWBC: white blood cell count.
tCr: creatinine.
uHSI: Hepatic Steatosis Index.

Feature Importance and Model Performance
Age, SBP, LDL-C, TC, FBG, and HSI were found to be the top
important features through all 3 ML algorithms. These features
ranked in the top 10 features of all 3 algorithms and were
selected out of the 27 features to train the logistic regression
model (Figure 2). Cluster analysis showed high collinearity

existed between LDL-C and TC, thus the more informative one,
LDL-C, was selected to develop the final model (Table 2). The
formula for predicting the risk of carotid plaque, as determined
by the final prediction model is given in the following equation:
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Figure 2. Feature importance of the potential predictors on carotid plaque in population with fatty liver disease generated by (A) RF, (B) EN, and (C)
XGBoost. The features highlighted in dark color represent those coselected by all 3 algorithms. ALP: alkaline phosphatase; ALT: alanine transaminase;
AST: aspartate aminotransferase; Cr: creatinine; DB: diabetes; DBIL: direct bilirubin; DBP: diastolic blood pressure; EN: elastic net; FBG: fasting
blood glucose; HDL-C: high-density lipoprotein cholesterol; HLP: Hyperlipidemia; HR: heart rate; HSI: hepatic steatosis index; HT: height; HTN:
hypertension; LDL-C: low-density lipoprotein cholesterol; PLT: blood platelet count; RF: random forest; SBP: systolic blood pressure; TBIL: total
bilirubin; TC: total cholesterol; TG: triglyceride; UA: uric acid; WBC: white blood cell count; WT: weight; XGBoost: extreme gradient boosting.
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Table 2. Carotid plaque prediction model in population with fatty liver disease based on logistic regression.

ORa (95% CI)SEβVariable

0.015400–7.97380Intercept

1.097 (1.096-1.097)0.0001330.09230Age

1.011 (1.011-1.011)0.0000700.01080SBPb

1.103 (1.102-1.105)0.0006840.09840FBGc

1.177 (1.174-1.181)0.0014800.16330LDL-Cd

0.991 (0.990-0.991)0.000289–0.00949HSIe

aOR: odds ratio.
bSBP: systolic blood pressure.
cFBG: fasting blood glucose.
dLDL-C: low-density lipoprotein cholesterol.
eHSI: Hepatic Steatosis Index.

Model performance was evaluated in internal and external
validation data sets, respectively, and the area under the curves
achieved 0.831 and 0.801, respectively, both showing good
discrimination capability (Figure 3A). The calibration curve in
the internal validation data set lies tightly against the diagonal,
while the external deviates a little, but still indicates good

calibration capability (Figure 3B). When compared with the
backward selection logistic regression model, which consisted
of 15 features, or the 3 ML models involving 27 features, the
prediction model we established with only 5 features was still
competitive. The number of features and model performance
in each model are shown in Table 3.

Figure 3. Model performance in discrimination and calibration for predicting the risk of carotid plaque in population with fatty liver disease evaluated
by (A) ROC curves and (B) calibration curves. AUC: area under the curve; ROC: receiver operating characteristic.
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Table 3. The comparison of model performance for predicting the risk of carotid plaques in population with fatty liver disease in the internal validation
data set.

Brier scoreAUCaFeatures, nModel

0.1250.8315LR-MLb

0.1390.82213LR-BSc

0.1510.83227RFd

0.1780.83427ENe

0.1500.83127XGBoostf

aAUC: area under the curve.
bLR-ML: ML-based feature selection logistic regression.
cLR-BC: backward selection logistic regression.
dRF: random forest.
eEN: elastic net.
fXGBoost: extreme gradient boosting.

The decision curve analysis showed that the application of the
prediction model achieved promoted net benefits throughout
all threshold probabilities both in internal and external validation

data sets, indicating prospective utility in the real-world scenario
(Figure 4).

Figure 4. Decision curve analysis for predicting the risk of carotid plaque in population with fatty liver disease in (A) internal validation data set and
(B) external validation data set.

Risk Stratification
The predicted risk probabilities of participants developing
carotid plaque in 2 validation data sets were calculated and their
histograms were presented in Figure 5. Using the Youden index,
a threshold of 65% was used to categorize individuals as being
at high risk, while a cutoff value of 25% was used to distinguish
those at intermediate risk and low risk based on the distribution
of predicted probabilities and the prevalence of carotid plaque
in the remaining population. Our result revealed the prevalence
of carotid plaque of 73.73%, 41.28%, and 10.99% for the
high-risk, intermediate-risk, and low-risk groups, respectively.

Upon application of these defined cutoff points to the external
validation data set, we observed comparable prevalence rates
of carotid plaque within each risk group when compared to the
internal validation data set. Notably, the high-risk,
intermediate-risk, and low-risk groups exhibited prevalence
rates of carotid plaque amounting to 77.61%, 40.62%, and
8.02%, respectively. These findings indicate that the selected
risk cutoff points can successfully stratify individuals with fatty
liver disease into varying degrees of severity in terms of the
risk of developing carotid plaque. The probability distribution,
sample size, and prevalence rate in each level are also shown
in Figure 5.
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Figure 5. Probability distribution and risk classification plot generated by the carotid plaque prediction model in population with fatty liver disease in
(A) internal validation data set and (B) external validation data set. The blue and pink colored columns represent the number of participants on different
predicted probabilities, and the predicted probabilities are split into low risk, intermediate risk, and high risk by 0.25 and 0.65. Different levels of risks
are presented by gray pillars of different opacities, the height of each pillar corresponds to risk proportion, which is calculated by the prevalence rate
in each risk level. HR: high risk; IR: intermediate risk; LR: low risk.

Discussion

In this study, we established a practical and straightforward
carotid plaque prediction model in population with fatty liver
disease. By using only 5 features (Age, SBP, FBG, LDL-C, and
HSI) coselected by 3 ML algorithms, the model achieved an
AUROC of 0.831 and exhibited good calibration properties.
Our study derived robust cutoff points of 25% and 65% for
carotid plaque risk probability, enabling effective risk
stratification and facilitating clinical decision-making regarding
the need for carotid ultrasonography examination. These
findings have practical implications for early detection and
prevention of this condition, which can improve patient
outcomes and reduce health care costs.

We identified specific features as strong predictors of the
outcome. Age was selected as the top important feature by all
3 models, indicating its strong relationship with carotid plaque,
prior studies have also drawn the same conclusion [8,25].
Previous research has demonstrated that increased SBP is a
strong predictor of the development of carotid plaque, which
was consistent with our findings [26-30]. Additionally, our
study found evidence linking increased blood lipid levels, such
as TC and LDL-C, and elevated glucose levels to a higher
prevalence of carotid plaque. These findings are in line with
prior research and support the notion that managing modifiable
cardiovascular risk factors, such as dyslipidemia and
hyperglycemia, is critical for reducing the likelihood of carotid
plaque development [31-33]. HSI is a surrogate score for the
noninvasive assessment of steatosis in patients with fatty liver
[34] and is also a screening tool for nonalcoholic fatty liver
disease [35]. In our study, we regarded this index as a continuous
feature reflecting the severity of liver steatosis to predict carotid

plaque. Although a cross-sectional study involving 768 patients
with type 2 diabetes mellitus (T2DM) showed those with carotid
plaque have significantly higher HSI (P<.001) compared with
their healthy counterparts [36], our study came to the opposite
conclusion. The following reason may explain the paradox. For
all of the participants who have already been diagnosed with
fatty liver disease, the severity may lead to behavior or lifestyle
change and ulteriorly affect the development of carotid plaque.
However, the lifestyle-related variables and diagnostic time of
fatty liver were not included in our study, which may generate
the opposite result with other studies.

Our findings revealed that the logistic regression model,
comprising only 5 variables coselected by 3 ML algorithms,
attained nearly equivalent area under the curve values as the
ML models which included all 27 variables, but exhibited
superior calibration capability. These results clearly indicated
the superiority of adopting a combined approach. In regard to
similar research, our predictive model remains competitive. For
instance, in Wu’s [13] investigations, the XGBoost model based
on 34 variables acquired an AUROC of 0.8635, whereas our
model, employing solely 5 variables, yielded a comparable
AUROC value of 0.831 while preserving a more comprehensible
and lucid modeling framework. In practical applications, our
model accurately predicts outcomes using routine, easily
measurable, and obtainable variables, indicating the potential
for effective clinical implementation.

We aimed to identify high-risk individuals who may benefit
from carotid ultrasonography screening for carotid plaque.
Therefore, it is vital not only to estimate an individual’s risk
probability but also to determine optimal risk cutoff points for
precise risk stratification and corresponding clinical guidance.
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Although the Youden index is commonly used to determine the
optimal cutoff predicted probability for risk stratification, it
typically results in a binary classification of high-risk and
low-risk groups [37-39]. However, our results have shown that
the low-risk group often comprises a larger population with a
wide range of risk probabilities from 0% to 65% when
performing high-low risk stratification using the Youden index
alone. Although this approach can effectively identify the
high-risk group, providing identical guidance to individuals
within the low-risk group with significantly different risk
probabilities is not appropriate and unscientific. To achieve a
more comprehensive risk stratification based on our large sample
data, we further stratified the low-risk group generated by the
Youden index into low and intermediate risk categories using
risk probability distribution and prevalence rate of carotid plaque
in each group. With our substantial sample size, selecting and
adjusting cutoff points based on the distribution of risk
probability and prevalence rate across different strata is
achievable. This novel approach enables a more nuanced risk
stratification beyond the binary classification of high and
low-risk groups, potentially leading to the development of
personalized health care plans.

We have developed customized health care recommendations
for each risk group, providing precise guidance for carotid artery
ultrasound examinations. Our results indicate that individuals
in the high-risk group with a prevalence of carotid plaque of
over 70% should strongly consider undergoing carotid artery
ultrasound for definitive diagnosis. For those in the
intermediate-risk group with a prevalence of over 40%, the
examination is still advised, considering their individual
financial circumstances. Furthermore, low-risk individuals with
a prevalence of approximately 10% do not require a carotid
artery ultrasound examination. By personalizing our approach
based on an individual’s risk level and financial situation, we
can effectively identify those who require further testing and
optimize the cost-effectiveness of screening programs.

Currently, there are no established criteria for determining which
populations require carotid ultrasound screening. Several
guidelines and recommendations have been proposed to identify
populations that may benefit from carotid ultrasound screening.
For example, the guidelines for carotid artery ultrasound
examination in Chinese health check-up populations specify
that the evaluation standards for individuals undergoing carotid
artery ultrasound include those at risk of hypertension, coronary
atherosclerotic heart disease, stroke, and diabetes; high-risk
populations such as smokers, overweight and obese individuals;
individuals with moderate or higher cardiovascular risk
assessment; and other suitable populations aged middle-aged
or older. The American Heart Association recommends carotid
ultrasound screening for asymptomatic patients who are over
65 years of age, men aged 55 to 75 years with a history of
smoking or other risk factors, and women aged 55 to 75 years
with a history of cardiovascular disease or other risk factors.

However, the existing guidelines are primarily focused on risk
stratification at the population level. Our objective, therefore,
is to develop a prediction model for personalized risk
stratification to enable better decision-making support in
determining the need for carotid artery ultrasound monitoring
on an individual basis. This approach would lead to more precise
and personalized health care recommendations for the
individuals under consideration.

Our prediction model and the cutoff points were verified on an
independent external data set. The model was also able to
accurately predict the risk of carotid plaque for each individual
and the cutoff points remain robust in identifying different risk
levels of groups, confirming the generalizability and
applicability of our approach.

Several limitations need to be noted. First, due to the limitation
of the database, some lifestyle variables, like smoking or
drinking status [40,41], were not included in our model, which
may affect the predictive performance to some extent. Second,
because of the high calculation time cost caused by the huge
sample size, bootstrap sampling was not used to generate a 95%
CI of the performance metrics, a single measurement may not
be forceful enough. Third, we opted to exclude individuals with
cardiovascular and cerebrovascular diseases from our study
sample, in recognition of their potential differences in baseline
characteristics, health care–seeking behavior, and management
strategies relative to the general population. These factors could
introduce significant confounding effects and hinder the
predictive performance of our model. Therefore, we excluded
individuals with cardiovascular and cerebrovascular diseases
at the beginning. However, this may have reduced the
representativeness of our sample and introduced some selection
bias. Fourth, although the check-up centers included in this
study covered all provinces and all 3 economic zones (the
eastern zone, central zone, and western zone) in mainland China,
the check-up population may not be entirely representative of
the general population, which may have biased our study
towards a healthier group and thus limit the applicability and
generalizability of our model to the broader population. Fifth,
the cross-sectional design of our study means that the temporal
relationship between the predictors and the outcome cannot be
established, and there may be reverse causation or confounding
effects that we have not accounted for.

In conclusion, we developed a prediction model that uses a set
of routine and quantitative variables obtained from health
checkup programs to estimate the risk of carotid plaque in
individuals with fatty liver disease. The resulting model is
cost-effective, easy to use, and demonstrated strong predictive
performance. This approach provides a means for personalized
risk assessment of carotid plaque and derives robust cutoff
points for carotid plaque risk stratification, with potential
implications for improving the cost-effectiveness of carotid
ultrasound detection.
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Abstract

Background: Chloride is the most abundant anion in the human extracellular fluid and plays a crucial role in maintaining
homeostasis. Previous studies have demonstrated that hypochloremia can act as an independent risk factor for adverse outcomes
in various clinical settings. However, the association of variances of serum chloride with long-term mortality risk in general
populations has been rarely investigated.

Objective: This study aims to assess the association of serum chloride with all-cause and cause-specific mortality in the general
American adult population.

Methods: Data were collected from 10 survey cycles (1999-2018) of the National Health and Nutrition Examination Survey.
All-cause mortality, cardiovascular disease (CVD) mortality, cancer mortality, and respiratory disease mortality data were obtained
by linkage to the National Death Index through December 31, 2019. After adjusting for demographic factors and relevant lifestyle,
laboratory items, and comorbid factors, weighted Cox proportional risk models were constructed to estimate hazard ratios and
95% CIs for all-cause and cause-specific mortality.

Results: A total of 51,060 adult participants were included, and during a median follow-up of 111 months, 7582 deaths were
documented, 2388 of CVD, 1639 of cancer, and 567 of respiratory disease. The weighted Kaplan-Meier survival analyses showed
consistent highest mortality risk in individuals with the lowest quartiles of serum chloride. The multivariate-adjusted hazard ratios
from lowest to highest quartiles of serum chloride (≤101.2, 101.3-103.2, 103.2-105.0, and ≥105.1 mmol/L) were 1.00 (95% CI
reference), 0.77 (95% CI 0.67-0.89), 0.72 (95% CI 0.63-0.82), and 0.77 (95% CI 0.65-0.90), respectively, for all-cause mortality
(P for linear trend<.001); 1.00 (95% CI reference), 0.63 (95% CI 0.51-0.79), 0.56 (95% CI 0.43-0.73), and 0.67 (95% CI 0.50-0.89)
for CVD mortality (P for linear trend=.004); 1.00 (95% CI reference), 0.67 (95% CI 0.54-0.84), 0.65 (95% CI 0.50-0.85), and
0.65 (95% CI 0.48-0.87) for cancer mortality (P for linear trend=.004); and 1.00 (95% CI reference), 0.68 (95% CI 0.41-1.13),
0.59 (95% CI 0.40-0.88), and 0.51 (95% CI 0.31-0.84) for respiratory disease mortality (P for linear trend=.004). The restricted
cubic spline analyses revealed the nonlinear and L-shaped associations of serum chloride with all-cause and cause-specific
mortality (all P for nonlinearity<.05), in which lower serum chloride was prominently associated with higher mortality risk. The
associations of serum chloride with mortality risk were robust, and no significant additional interaction effect was detected for
all-cause mortality and CVD mortality (P for interaction>.05).

Conclusions: In American adults, decreased serum chloride concentrations were independently associated with increased
all-cause mortality, CVD mortality, cancer mortality, and respiratory disease mortality. Our findings suggested that serum chloride
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may serve as a promising cost-effective health indicator in the general adult population. Further studies are warranted to explore
the potential pathophysiological mechanisms underlying the association between serum chloride and mortality.

(JMIR Public Health Surveill 2023;9:e49291)   doi:10.2196/49291
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serum chloride; all-cause mortality; cause-specific mortality; National Health and Nutrition Examination Survey; National Death
Index

Introduction

Background
Chloride is the most abundant anion in human extracellular
fluid, accounting for approximately one-third of plasma tonicity
and two-thirds of all plasma negative charges [1], and is
predominantly confined to the extracellular fluid compartment
[2]. Serum chloride plays an important role in many
physiological processes in the body, including the maintenance
of osmotic pressure, electroneutrality of body fluids, muscular
activity, and regulation of blood pressure [3,4]. Serum chloride
levels are predominantly regulated by the gastrointestinal tract
and kidney. Chloride is secreted in the gastric juice as
hydrochloric acid and can be absorbed by the entire intestine
during digestion. In the United States, the daily intake of
chloride for adult men is 7.8 to 11.8 g, whereas that for adult
women is 5.8 to 7.8 g [5]. The primary source of chloride in the
body is table salt (sodium chloride) in the diet as well as
salt-containing foods [6]. The kidney can filter 19,440 mmol
of chloride every day, 99.1% of which is reabsorbed, and only
180 mmol of chloride is excreted into urine, maintaining serum
chloride within a narrow range [7].

Many clinical situations are related to the dysregulation of serum
chloride. Serum chloride can be reduced either by chloride
depletion, such as vomiting, diarrhea, burns, diuretic use, renal
diseases, adrenal insufficiency, and metabolic alkalosis, or by
water retention, such as excessive water intake, congestive heart
failure, liver cirrhosis, and nephrotic syndrome. In contrast,
serum chloride can be elevated by the loss of hypotonic fluids
(eg, fever), administration of hypertonic fluid, or metabolic
acidosis [2]. Chloride is a crucial constituent in diagnostic tests
across numerous clinical scenarios. However, unlike other serum
electrolytes such as sodium, potassium, and calcium, the
importance of serum chloride is often overlooked despite its
extensive measurement in routine blood biochemical tests. In
recent years, serum chloride has exhibited a robust independent
prognostic value, which seems even better than serum sodium,
in patients with heart failure [8-11], chronic kidney disease
(CKD) [12], and pulmonary arterial hypertension [13] and in
patients who are critically ill [14-16]. For instance, in patients
diagnosed with congestive heart failure, both hypochloremia
and hyperchloremia have been associated with higher rates of
mortality and hospitalization [11,17]. Similarly, lower chloride
levels have been associated with an increased risk of mortality
and progression to end-stage renal disease in patients with CKD
[12,14]. Lower chloride level at 6 months after pulmonary
arterial hypertension could predict long-term mortality [13]. In
addition, research conducted on patients who are critically ill
has demonstrated that both low and high levels of chloride are

associated with higher rates of mortality and dysfunction in
organs [14-16]. However, most studies were conducted among
specific patient populations (eg, patients who were hospitalized
or participants with heart disease or kidney disease), and
researchers mainly focused on patients with hypochloremia or
hyperchloremia. Knowledge of the relationship between the
generally distributed serum chloride and mortality from the
community-based population remains limited and requires
further clarification. Understanding the potential association
between chloride levels and mortality in the general population
is essential for identifying individuals at higher risk and
providing preventive strategies.

Objective
To address this knowledge gap, we used a nationally
representative cohort from the National Health and Nutrition
Examination Survey (NHANES) 1999-2018 data set to
investigate whether serum chloride was associated with all-cause
and cause-specific mortality in the general American adult
population.

Methods

Study Design and Participants Selection
The NHANES has been a continuous nationally representative
survey investigating the health and nutritional status of the
noninstitutionalized population of the United States since 1999
[18]. In this cohort study, we analyzed data in 10 cycles of
NHANES from 1999-2018. Participants were restricted to those
aged ≥18 years, not pregnant at the physical examination, and
with eligible serum chloride measurement and mortality
follow-up information.

Ethical Considerations
All participants in the study signed a written informed consent
form, and the NHANES data collection was approved by the
Research Ethics Review Board of the National Center for Health
Statistics [19]. The NHANES has strict protocols and procedures
in place to ensure confidentiality and protect against
identification. As our study was a secondary data analysis, which
lacked personal identifiers, and the data in NHANES are freely
accessible to the public on the web [20], it did not require review
by an institutional review board [19].

Measurement of Serum Chloride Concentration
Blood samples were collected and processed in the mobile
examination center by certified laboratory professionals and
then stored in biorepositories. Serum chloride was determined
as part of the routine biochemistry profile with Beckman
Synchron LX20 or Beckman Coulter UniCel DxC800 (Beckman
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Coulter, Inc), both of which used indirect (or diluted)
ion-selective electrode methodology for the determination of
serum chloride concentrations. Details about the laboratory
procedure have been described on the NHANES website [20].

Assessment of Covariates
The sociodemographic characteristics, namely, sex, age, race,
education level, marital status, and family income-to-poverty
ratio (PIR), were collected using standardized questionnaires
during the household interview, as previously described [21].

Lifestyle factors were evaluated using a combination of data
from physical examinations and questionnaires. BMI was
calculated as weight (kg) divided by the square of height (m).
Smoking status was classified as never (smoked <100
cigarettes/lifetime), former (≥100 cigarettes/lifetime but do not
currently smoke), and current smokers. Alcohol users were
classified as never (<12 drinks in a lifetime), former (≥12 drinks
in a lifetime but did not drink in the last year), mild (≤1 drink/d
for women or ≤2 drinks/d for men), moderate (≤2 drinks/d for
women or ≤3 drinks/d for men), and heavy drinkers (>2 drinks/d
for women or >3 drinks/d for men), where a drink referred to
an alcoholic drink equivalent of 12 oz of beer, 4 oz of wine, or
1 oz of liquor (such as whiskey or gin) [22]. Diet quality was
assessed by the Healthy Eating Index-2015 (HEI-2015),
reflecting adherence to the 2015 to 2020 Dietary Guidelines for
Americans [23]. Physical activity was quantified in metabolic
equivalent tasks (METs) multiplied by exercise time (minutes)
per week (METs min/wk) [24].

For laboratory variables, serum sodium, potassium, and
bicarbonate levels were measured similarly to serum chloride
levels, as described in the aforementioned method section. The
estimated glomerular filtration rate (eGFR) was calculated using
the CKD Epidemiology Collaboration equation (2009) [25].

Comorbid conditions were evaluated by combined information
from NHANES data sets, as previously described [21].
Hypertension was determined by systolic blood pressure≥140
mm Hg, diastolic blood pressure ≥90 mm Hg, having been
diagnosed by a physician, or current use of antihypertensive
drugs. Diabetes was determined by fasting glucose level ≥7.0
mmol/L, random blood glucose level ≥11.1 mmol/L,
Hemoglobin A1c level ≥6.5%, 2-hour glucose level ≥11.1
mmol/L after oral glucose tolerance tests, having been diagnosed
by a physician or current use of the antidiabetic drug. Chronic
obstructive pulmonary disease (COPD) was determined by first
second of expiratory volume/forced vital capacity <0.7 after
the use of bronchodilators in spirometry, having been diagnosed
by a physician, or current use of drugs for COPD. Coronary
heart disease (CHD), stroke, and cancer were assessed based
on whether the participants had been diagnosed with these
conditions by a doctor.

Ascertainment of All-Cause and Cause-Specific
Mortality
Mortality status for people who took part in the NHANES study
was ascertained through probabilistic matching with the National
Death Index Public-Use Linked Mortality Files up to December
31, 2019 [26]. The primary outcome was all-cause and
cause-specific mortality, classified according to the international

classification of diseases-10 codes recorded as the leading cause
of death, in which cardiovascular disease (CVD) mortality
corresponded to I00-I09, I11, I13, I20-I51, and I60-I69; cancer
mortality corresponded to C00-C97; and respiratory disease
mortality corresponded to J09-J18 and J40-J47.

In this study, the survival time has been calculated as months
from the date of examination to the date of death or the end of
follow-up (December 31, 2019), whichever came first.

Statistical Analysis
Sample weights, clustering, and stratification were used in the
data analyses to account for the stratified, multistage probability
design of NHANES, in which the combined sample weight was
calculated as 2/5×4-year sample weight for examinations in
mobile examination centers for the period from 1999 to 2002
and 1/5×2-year sample weight for examinations in mobile
examination centers for other survey cycles according to the
NHANES analytic guidelines [27,28].

Data are presented as the survey-weighted mean (SE) for
continuous variables or frequency (survey-weighted percentage)
for categorical variables. Differences in baseline information
were detected using survey-weighted ANOVA or chi-square
test.

Survey-weighted Kaplan-Meier survival curves were plotted,
and overall log-rank tests and pairwise comparisons between
group levels with Benjamini and Hochberg corrections [29]
were used to compare the cumulative survival in different serum
chloride quartiles. Survey-weighted Cox proportional hazards
models were used to estimate the hazard ratios (HRs) and 95%
CIs for the association of serum chloride quartiles with all-cause
and cause-specific mortality, with the first quartile as the
reference, and the linear trend was evaluated by assigning a
median value to each category as a continuous variable. The
crude and multivariable models with different covariate
adjustments were constructed to estimate mortality risk
according to the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) reporting guideline [30],
in which sex, age, and race were adjusted in model 1; education,
marital status, PIR, BMI, smoking, alcohol use, HEI-2015, and
physical activity were additionally adjusted in model 2; serum
sodium, serum potassium, serum bicarbonate, eGFR, and use
of diuretics as well as comorbidity of hypertension, diabetes,
CHD, stroke, COPD, and cancer were additionally adjusted in
model 3. Moreover, serum chloride was calculated as a
continuous variable to estimate the mortality risk with each
millimole per liter increase of serum chloride in different
multivariate models. The proportion of missing data in the
covariates was summarized, and in the primary analyses, the
listwise deletion for missing variables was adopted for
multivariate models.

To evaluate the potential nonlinear association of mortality with
serum chloride, the restricted cubic spline analysis was
performed in multivariable-adjusted models, in which the
number of knots was determined based on the Akaike
information criterion.

The subgroup analyses were performed according to the
dichotomic stratified variables, namely, sex; age at recruitment;
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race; education level; marital status; PIR; BMI; smoker; drinker;
HEI-2015; physical activity (physically active [≥600
MET-min/wk] vs physically inactive [<600 MET-min/wk]);
and comorbidity of hypertension, diabetes, stroke, COPD,

cancer, and CKD, determined by eGFR ≤60 mL/min/1.73 m2

or albuminuria ≥30 mg/g based on the Kidney Diseases
Improving Global Outcomes guideline [31], using the fully
adjusted model except for the specific stratification variable.
The likelihood ratio test also inspected interactions of serum
chloride with the stratification variables.

Robustness of the results was examined using several sensitivity
analyses. First, participants who died within the first 2 years of
follow-up were excluded to reduce potential reverse causation.
Second, participants with extremely low or high serum chlorides
(<1.5×IQR below the lower quartile or >1.5×IQR above the
upper quartile) were excluded to test the effect of potential
outliers. Third, participants with hypoalbuminemia (serum
albumin level <35 g/L) were excluded to evaluate the impact
of malnutrition on the relation between serum chloride and
mortality. Fourth, hypochloremia has been confirmed to be
associated with higher mortality in patients with heart failure;
therefore, we additionally adjusted the history of congestive
heart failure. Fifth, potassium-sparing diuretics and
nonpotassium-sparing diuretics may have different effects on
serum chloride concentration and outcomes [17], so we
separately adjusted these 2 types of diuretics. Sixth, we used

the multiple imputation method to impute all missing covariates
to test the influence of these missing variables. Finally, to
explore the potential influence of unmeasured confounders on
our risk estimates, we performed an E-value analysis, which
quantifies the required magnitude of an unmeasured confounder
that would negate the observed association between serum
chloride and mortality [32].

All statistical analyses were performed using the R program
(version 4.2.1; R Foundation for Statistical Computing [33])
with package “survey” (version 4.1-1) for analysis of complex
survey samples, package “survminer” (version 0.4.9) for survival
curves plotting, package “rms” (version 6.6-0) for restricted
cubic spline analysis, package “mice” (version 3.15.0) for
multiple imputation, and package “Evalue” (version 4.1.3) for
sensitivity analyses for unmeasured confounding and other
biases. A 2-sided P<.05 was considered statistically significant.

Results

Selection of Participants
Of the total 101,316 participants in 10 cycles of NHANES
(1999-2018), we excluded 42,112 participants aged <18 years,
1664 pregnant participants, 6381 participants without serum
chloride data, and 99 participants without eligible follow-up
data. The remaining 51,060 eligible participants were included
in the final analysis (Figure 1).

Figure 1. Flowchart of participant selection from the US National Health and Nutrition Examination Survey (NHANES) 1999-2018. NDI: National
Death Index.
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Baseline Characteristics of Participants
Among the 51,060 participants, representing 209 million
American adults, 25,632 (50.95%) were female; mean age was
46.4 (SD 16.6) years; and 22,199 (68.48%) were non-Hispanic
White. The median serum chloride of the participants was 103.2
(IQR 101.2-105.0) mmol/L, and according to the quartiles,
serum chloride values (mmol/L) were categorized into 4 groups:
quartile 1 (Q1; ≤101.2), quartile 2 (Q2; 101.3-103.2), quartile
3 (Q3; 103.3-105.0), and quartile 4 (Q4; ≥105.1).

During a median follow-up time of 111 (IQR 59-169) months,
overall 7582 deaths were documented, of which 1958 (24.76%)
were attributed to diseases of the heart, 1639 (22.72%) were
attributed to malignant neoplasms, 430 (5.02%) were attributed

to cerebrovascular diseases, 409 (6.16%) were attributed to
chronic lower respiratory diseases, and 158 (1.85%) were
attributed to influenza and pneumonia, and the leading causes
of death were reorganized into CVD, cancer, and respiratory
disease in the following analyses (Multimedia Appendix 1).

The population baseline characteristic profiles were compared
across the quartiles of serum chloride (Table 1). Briefly,
individuals with lower serum chloride were more likely to be
older, male, non-Hispanic White, and nonmarried; to have higher
HEI-2015, lower serum sodium, higher serum bicarbonate,
lower eGFR, more use of diuretics; and to have a higher
prevalence of hypertension, diabetes, CHD, stroke, COPD, and
cancer (Table 1).
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Table 1. Baseline characteristics of participants in different serum chloride quartiles from the US National Health and Nutrition Examination Survey
1999-2018 (N=51,060).

P valueQ4d (≥105.1)Q3c (103.3-
105.0)

Q2b (101.3-
103.2)

Q1a (≤101.2)Total

N/Ae11,49913,98712,77112,80351,060Sample size, n

<.001Sex, n (%)

6567 (57.48)7337 (53.06)6006 (48.16)5722 (45.94)25,632 (50.95)Female

4932 (42.52)6650 (46.94)6765 (51.84)7081 (54.06)25,428 (49.05)Male

<.00145.5 (16.1)45.4 (16.3)45.7 (16.4)49.1 (17.2)46.4 (16.6)Age (years), mean (SD)

<.001Race, n (%)

2660 (12.59)2906 (10.79)2590 (10.11)2463 (9.6)10,619 (10.7)Black

2211 (9.36)2689 (8.87)2318 (8.07)2170 (7.11)9388 (8.32)Mexican

4781 (66.04)6041 (68.64)5601 (68.86)5776 (70.01)22,199 (68.48)White

1847 (12.02)2351 (11.7)2262 (12.97)2394 (13.28)8854 (12.49)Other

.003Education, n (%)

3034 (18.53)3441 (16.74)3057 (16.26)3335 (17.9)12,867 (16.71)Below high school

2562 (23.97)2941 (23.51)2706 (23.83)2785 (24.9)10,994 (23.23)High school or equivalent

5143 (57.5)6578 (59.75)6031 (59.92)5878 (57.19)23,630 (56.67)College or above

<.001Marital status, n (%)

2119 (17.79)2716 (18.06)2638 (19.42)2433 (18.69)9906 (17.95)Never married

5599 (55.66)6989 (57.07)6212 (55.81)6124 (53.74)24,924 (53.92)Married

3235 (26.55)3736 (24.87)3414 (24.77)3825 (27.57)14,210 (25.11)Other

<.0012.89 (1.64)3.01 (1.63)3.04 (1.63)2.97 (1.63)2.98 (1.63)Family income-to-poverty ratio, mean (SD)

<.00129.3 (6.7)28.5 (6.4)28.3 (6.2)28.6 (6.6)28.7 (6.5)BMI (kg/m2), mean (SD)

<.001Smoker, n (%)

5851 (52.76)7291 (55.03)6683 (54.72)6446 (52.63)26,271 (52.57)Never

2556 (23.63)3154 (23.86)2928 (25.14)3265 (26.15)11,903 (24.14)Former

2490 (23.62)2723 (21.1)2396 (20.15)2501 (21.22)10,110 (20.93)Now

.001Alcohol user, n (%)

1577 (12.59)1751 (11.64)1612 (11.27)1598 (11.42)6538 (10.47)Never

1898 (15.94)2139 (14.62)1750 (13.14)1813 (13.99)7600 (12.87)Former

3054 (33.35)3925 (35.72)3771 (36.99)3690 (36.19)14,440 (31.93)Mild

1485 (16.84)1849 (17.29)1633 (17.34)1497 (16.13)6464 (15.15)Moderate

1973 (21.28)2351 (20.73)2188 (21.26)2230 (22.26)8742 (19.14)Heavy

<.00149.0 (13.0)50.0 (13.5)50.4 (13.9)51.2 (14.0)50.2 (13.6)Healthy Eating Index-2015, mean (SD)

.073581.7 (5604.0)3315.3 (5476.3)3466.5 (5812.3)3359.1 (5659.6)3423 (5638.7)Physical activity (metabolic equivalent tasks
min/wk), mean (SD)

<.001140.6 (1.9)139.7 (1.9)139.1 (2.0)137.8 (2.5)139.3 (2.3)Serum sodium (mmol/L), mean (SD)

.0094.03 (0.31)4.01 (0.32)4.01 (0.32)4.00 (0.36)4.01 (0.33)Serum potassium (mmol/L), mean (SD)

<.00123.9 (2.1)24.7 (2.1)25.1 (2.2)25.5 (2.3)24.8(2.3)Serum bicarbonate (mmol/L), mean (SD)

<.00195.4 (21.4)95.8 (20.4)94.9 (20.3)92.6 (21.2)94.7 (20.8)Estimated glomerular filtration rate

(mL/min/1.73 m2), mean (SD)

<.001Diuretics use, n (%)

10,558 (93.47)12,692 (92.54)11,188 (89.51)9941 (80.45)44,379 (88.83)No

931 (6.53)1290 (7.46)1573 (10.49)2838 (19.55)6632 (11.1)Yes
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P valueQ4d (≥105.1)Q3c (103.3-
105.0)

Q2b (101.3-
103.2)

Q1a (≤101.2)Total

<.001Hypertension, n (%)

7327 (67.77)9003 (68.28)7791 (64.88)6380 (54.28)30,501 (63.73)No

4169 (32.23)4983 (31.72)4977 (35.12)6416 (45.72)20,545 (36.25)Yes

<.001Diabetes, n (%)

10,051 (90.54)12,118 (89.91)10,773 (88.11)9591 (81.06)42,533 (87.34)No

1446 (9.46)1869 (10.09)1998 (11.89)3210 (18.94)8523 (12.66)Yes

<.001Coronary heart disease , n (%)

10,289 (96.77)12,451 (97.06)11,285 (96.65)11,280 (95.32)45,305 (93.01)No

422 (3.23)466 (2.94)478 (3.35)674 (4.68)2040 (3.43)Yes

<.001Stroke, n (%)

10,336 (97.25)12,506 (97.47)11,381 (97.39)11,440 (96.58)45,663 (93.89)No

399 (2.75)461 (2.53)420 (2.61)557 (3.42)1837 (2.73)Yes

<.001Chronic obstructive pulmonary disease , n (%)

10,357 (96.32)12,494 (96.24)11,383 (96.37)11,347 (95.19)45,581 (92.92)No

410 (3.68)491 (3.76)436 (3.63)672 (4.81)2009 (3.85)Yes

<.001Cancer, n (%)

9813 (91.13)11,805 (90.72)10,787 (91.35)10,702 (89.05)43,107 (87.48)No

924 (8.87)1154 (9.28)1016 (8.65)1310 (11.05)4404 (9.14)Yes

aQ1: quartile 1.
bQ2: quartile 2.
cQ3: quartile 3.
dQ4: quartile 4.
eN/A: not applicable.

Associations of Serum Chloride Quartiles With
All-Cause and Cause-Specific Mortality
The unadjusted survey-weighted Kaplan-Meier survival
analyses, followed by the log-rank test and pairwise comparisons
between groups with corrections, showed that individuals with
the lowest quartiles of serum chloride consistently bear the
highest mortality risk (Figure 2).

After multivariable adjustment, the all-cause mortality risk was
lower in the Q2-Q4 group of serum chloride than in the Q1
group. Briefly, compared with the reference group (Q1), the
HRs for all-cause mortality were estimated to be 0.77 (95% CI
0.67-0.89) for the Q2 group, 0.72 (95% CI 0.63-0.82) for the
Q3 group, and 0.77 (95% CI 0.65-0.90) for the Q4 group (P for
linear trend<.001; Table 2). As a continuous linear variable,
every millimole per liter increment in serum chloride was
associated with a 4% reduced risk of all-cause mortality (HR
0.96, 95% CI 0.94-0.98; Multimedia Appendix 2).

JMIR Public Health Surveill 2023 | vol. 9 | e49291 | p.637https://publichealth.jmir.org/2023/1/e49291
(page number not for citation purposes)

Hou et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Survey-weighted cumulative hazard curves and log-rank tests comparing mortality risks owing to all-cause (A), cardiovascular disease (CVD;
B), cancer (C), and respiratory disease (D) for individuals in different serum chloride quartiles from the US National Health and Nutrition Examination
Survey 1999-2018. Q1: quartile 1; Q2: quartile 2; Q3: quartile 3; Q4: quartile 4.
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Table 2. Survey-weighted multivariate analyses of the associations of categorical serum chloride serum chloride with all-cause and cause-specific

mortality for adults from the US National Health and Nutrition Examination Survey 1999-2018 (N=51,060)a.

P value for trendfQ4e (≥105.1)Q3d (103.3-105.0)Q2c (101.3-103.2)Q1b (≤101.2)

P valueHR (95% CI)P valueHR (95% CI)P valueHR (95% CI)HRg (95% CI)

All-cause mortality

<.001<.0010.59 (0.53-0.65)<.0010.51 (0.47-0.56)<.0010.58 (0.53-0.63)1.00 (reference)Crude

<.001<.0010.73 (0.67-0.79)<.0010.65 (0.60-0.70)<.0010.71 (0.65-0.76)1.00 (reference)Model 1h

<.001<.0010.72 (0.63-0.81)<.0010.67 (0.59-0.75)<.0010.73 (0.65-0.82)1.00 (reference)Model 2i

<.001.0010.77 (0.65-0.90)<.0010.72 (0.63-0.82)<.0010.77 (0.67-0.89)1.00 (reference)Model 3j

Cardiovascular disease mortality

<.001<.0010.55 (0.46-0.65)<.0010.45 (0.39-0.53)<.0010.54 (0.47-0.62)1.00 (reference)Crude

<.001<.0010.68 (0.58-0.80)<.0010.57 (0.49-0.66)<.0010.65 (0.58-0.74)1.00 (reference)Model 1

<.001<.0010.65 (0.53-0.81)<.0010.53 (0.42-0.66)<.0010.60 (0.50-0.72)1.00 (reference)Model 2

.004.0060.67 (0.50-0.89)<.0010.56 (0.43-0.73)<.0010.63 (0.51-0.79)1.00 (reference)Model 3

Cancer mortality

<.001<.0010.63 (0.51-0.76)<.0010.58 (0.49-0.70)<.0010.55 (0.46-0.66)1.00 (reference)Crude

.002.0030.75 (0.62-0.90)<.0010.67 (0.56-0.81)<.0010.64 (0.53-0.76)1.00 (reference)Model 1

.005.0050.72 (0.58-0.91).0020.67 (0.52-0.86).0010.69 (0.54-0.86)1.00 (reference)Model 2

.004.0040.65 (0.48-0.87).0020.65 (0.50-0.85)<.0010.67 (0.54-0.84)1.00 (reference)Model 3

Respiratory mortality

<.001<.0010.38 (0.28-0.50)<.0010.40 (0.31-0.51)<.0010.44 (0.34-0.57)1.00 (reference)Crude

<.001<.0010.47 (0.36-0.62)<.0010.49 (0.39-0.62)<.0010.54 (0.41-0.70)1.00 (reference)Model 1

.001.0040.50 (0.32-0.81).0030.57 (0.39-0.82).060.63 (0.39-1.02)1.00 (reference)Model 2

.004.0080.51 (0.31-0.84).0090.59 (0.40-0.88).140.68 (0.41-1.13)1.00 (reference)Model 3

aData were fitted to a multivariate Cox proportional hazards model for data from a complex survey design.
bQ1: quartile 1.
cQ2: quartile 2.
dQ3: quartile 3.
eQ4: quartile 4.
fThe test for trend was based on the variable containing the median value for each quartile.
gHR: hazard ratio.
hModel 1: adjusted for sex, age, and race.
iModel 2: adjusted for sex, age, race, education, marital status, family income-to-poverty ratio, BMI, smoking, alcohol use, Healthy Eating Index-2015,
and physical activity.
jModel 3: adjusted for sex; age; race; education; marital status; family income-to-poverty ratio; BMI; smoking; alcohol use; Healthy Eating Index-2015;
physical activity; serum sodium; serum potassium; serum bicarbonate; estimated glomerular filtration rate; use of diuretics; and comorbidity or history
of hypertension, diabetes, coronary heart disease, stroke, chronic obstructive pulmonary disease, and cancer.

Similarly, CVD mortality was consistently lower in the Q2-Q4
group of serum chloride than in the Q1 group in all models.
After being fully adjusted, the HRs for CVD mortality were
estimated to be 0.63 (95% CI 0.51-0.79) for the Q2 group, 0.56
(95% CI 0.43-0.73) for the Q3 group, and 0.67 (95% CI
0.50-0.89) for the Q4 group compared with the Q1 group (P for
linear trend=.004; Table 2). As a continuous linear variable,
every millimole per liter increment in serum chloride was
associated with a 7% reduced risk of CVD mortality (HR 0.93,
95% CI 0.89-0.97; Multimedia Appendix 2).

Moreover, cancer mortality was consistently lower in the Q2-Q4
group of serum chloride than in the Q1 group. With the total
adjustment, the HRs for cancer mortality were estimated to be
0.67 (95% CI 0.54-0.84) for the Q2 group, 0.65 (95% CI
0.50-0.85) for the Q3 group, and 0.65 (95% CI 0.48-0.87) for
the Q4 group compared with the Q1 group (P for linear
trend=.004; Table 2). As a continuous linear variable, every
millimole per liter increment in serum chloride was associated
with a 6% reduced risk of cancer disease mortality (HR 0.94,
95% CI 0.89-0.98; Multimedia Appendix 2).
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Similarly, consistently lower respiratory mortality was observed
in Q3 and Q4 groups than in the Q1 group. With the full
adjustment, the HRs for respiratory mortality were estimated
to be 0.68 (95% CI 0.41-1.13) for the Q2 group, 0.59 (95% CI
0.40-0.88) for the Q3 group, and 0.51 (95% CI 0.31-0.84) for
the Q4 group compared with the Q1 group (P for linear
trend=.004; Table 2), and every millimole per liter increment
in serum chloride was associated with a 15% reduced risk of
respiratory mortality (HR 0.85, 95% CI 0.80-0.92; Multimedia
Appendix 2).

The Nonlinear Analyses of the Association Between
Continuous Serum Chloride and Mortality
Spline models with fully adjusted covariates were constructed
to profile a more direct relationship between serum chloride
and mortality. An L-shaped association was observed between
serum chloride and all-cause mortality (nonlinear P<.001), in
which all-cause mortality risk decreased steeply until around
the median of serum chloride and then tended to be stable
(Figure 3A). Similarly, L-shaped associations were observed
between serum chloride and CVD mortality (nonlinear P=.004;
Figure 3B), cancer mortality (nonlinear P=.006; Figure 3C),
and respiratory mortality (nonlinear P<.001; Figure 3D).

Figure 3. Survey-weighted restricted cubic spline analyses of the associations of continuous serum chloride with all-cause mortality (A), cardiovascular
disease (CVD) mortality (B), cancer mortality (C), and respiratory mortality (D), and the probability distribution histogram is represented in the
background. All models were adjusted for sex; age; race; education; marital status; family income-to-poverty ratio; BMI; smoking status; alcohol use;
Healthy Eating Index-2015; physical activity; serum sodium; serum potassium; serum bicarbonate; estimated glomerular filtration rate; use of diuretics;
and comorbidity or history of hypertension, diabetes, coronary heart disease, stroke, chronic obstructive pulmonary disease, and cancer. Solid blue lines
are multivariable-adjusted HR estimations, and the dashed red lines are the corresponding 95% CIs. The reference point was set at the median (103.2
mmol/L). HR: hazard ratio.
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Subgroup Analyses of the Association of Serum
Chloride With Mortality
Subgroup analyses were performed to depict the potential
different associations of serum chloride quartiles and mortality
in subpopulations. For the association with the primary outcome,
all-cause mortality, no significant interactions were found
between serum chloride and all these stratification variables (all
P for interaction>.05), implying similar associations of serum
chloride with all-cause mortality were detected in these
subgroups (Table 3). Similarly, consistent associations of serum
chloride with CVD mortality were detected across different

subpopulations, and no significant interactions were detected
(all P for interaction>.05; Multimedia Appendix 3). Regarding
cancer mortality, more prominent associations of low chloride
with mortality risk were detected in smokers and participants
with hypertension, as shown by the interaction effect of serum
chloride with smoking status (P for interaction=.04) and
comorbid hypertension (P for interaction=.047; Multimedia
Appendix 4). With regard to respiratory mortality, more
prominent associations of low chloride with mortality risk were
detected in adults with less physical activity, as indicated by its
potential interaction effect with serum chloride (P for
interaction=.02; Multimedia Appendix 5).
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Table 3. Subgroup analyses of the associations of serum chloride quartiles with all-cause mortality for adults from the US National Health and Nutrition

Examination Survey 1999-2018 (N=51,060)a.

P value for
interaction

P value for
trend

Q4e (≥105.1)Q3d (103.3-105.0)Q2c (101.3-103.2)Q1b (≤101.2)Sample
size, n

HR (95% CI)HR (95% CI)HR (95% CI)HRf (95% CI)

.66Sex

.090.83 (0.65-1.05)0.80 (0.64-1.00)0.77 (0.63-0.95)1.00 (reference)25,632Female

.0020.74 (0.60-0.91)0.66 (0.55-0.79)0.76 (0.63-0.91)1.00 (reference)25,428Male

.59Age (years)

.090.77 (0.56-1.07)0.78 (0.61-1.00)0.81 (0.63-1.06)1.00 (reference)35,508≤60

.0040.78 (0.64-0.95)0.69 (0.59-0.82)0.71 (0.61-0.82)1.00 (reference)15,552>60

.25Race

.0020.76 (0.63-0.92)0.69 (0.58-0.81)0.77 (0.66-0.89)1.00 (reference)22,199White

.090.78 (0.59-1.04)0.87 (0.70-1.08)0.81 (0.64-1.03)1.00 (reference)28,861People of racial and
ethnic minorities

.87Education

<.0010.71 (0.59-0.86)0.67 (0.55-0.80)0.75 (0.63-0.89)1.00 (reference)23,861High school or below

.220.86 (0.66-1.13)0.81 (0.66-1.00)0.82 (0.67-1.00)1.00 (reference)23,630College or above

.29Marital status

<.0010.73 (0.60-0.89)0.75 (0.64-0.88)0.81 (0.69-0.96)1.00 (reference)24,924Married

.130.85 (0.65-1.10)0.69 (0.56-0.85)0.73 (0.59-0.91)1.00 (reference)24,116Other

.19Family income-to-poverty ratio

.180.83 (0.63-1.09)0.73 (0.59-0.90)0.74 (0.58-0.94)1.00 (reference)14,912≤1.3

<.0010.73 (0.60-0.89)0.72 (0.60-0.85)0.80 (0.68-0.94)1.00 (reference)31,676>1.3

.65BMI

.0010.75 (0.61-0.91)0.68 (0.56-0.81)0.75 (0.65-0.87)1.00 (reference)26,350≤28

.070.80 (0.62-1.03)0.77 (0.63-0.94)0.80 (0.64-0.98)1.00 (reference)23,827>28

.11Smoker

.901.05 (0.81-1.35)0.84 (0.68-1.04)0.79 (0.65-0.96)1.00 (reference)26,271Nonsmoker

<.0010.65 (0.53-0.79)0.65 (0.53-0.79)0.75 (0.63-0.89)1.00 (reference)22,013Smoker

.97Current drinker

.0470.78 (0.60-1.02)0.71 (0.57-0.88)0.78 (0.63-0.96)1.00 (reference)14,138No

.0070.78 (0.64-0.96)0.74 (0.63-0.88)0.78 (0.66-0.93)1.00 (reference)29,646Yes

.14Healthy Eating Index -2015

.0060.75 (0.60-0.94)0.66 (0.54-0.80)0.69 (0.57-0.82)1.00 (reference)24,430≤50

.020.80 (0.66-0.98)0.79 (0.65-0.95)0.88 (0.74-1.04)1.00 (reference)23,604>50

.95Physical activity

.100.87 (0.69-1.09)0.77 (0.63-0.93)0.80 (0.67-0.95)1.00 (reference)13,114Inactive

.0030.70 (0.55-0.90)0.67 (0.56-0.81)0.76 (0.62-0.92)1.00 (reference)23,689Active

.14Diuretics use

<.0010.75 (0.63-0.89)0.72 (0.61-0.85)0.81 (0.69-0.95)1.00 (reference)44,379No

.090.90 (0.66-1.24)0.73 (0.58-0.93)0.67 (0.52-0.85)1.00 (reference)6632Yes

.46Hypertension

.740.96 (0.71-1.29)0.85 (0.66-1.10)0.88 (0.69-1.12)1.00 (reference)30,501No

<.0010.68 (0.57-0.81)0.65 (0.55-0.76)0.72 (0.62-0.83)1.00 (reference)20,545Yes
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P value for
interaction

P value for
trend

Q4e (≥105.1)Q3d (103.3-105.0)Q2c (101.3-103.2)Q1b (≤101.2)Sample
size, n

HR (95% CI)HR (95% CI)HR (95% CI)HRf (95% CI)

.32Diabetes

.0020.76 (0.63-0.91)0.71 (0.61-0.83)0.81 (0.69-0.94)1.00 (reference)42,533No

.040.80 (0.59-1.09)0.73 (0.57-0.93)0.66 (0.52-0.84)1.00 (reference)8523Yes

.48Coronary heart disease

.0010.78 (0.66-0.92)0.71 (0.62-0.82)0.76 (0.66-0.88)1.00 (reference)45,305No

.110.72 (0.47-1.10)0.73 (0.50-1.08)0.89 (0.67-1.18)1.00 (reference)2040Yes

.76Stroke

<.0010.76 (0.64-0.90)0.71 (0.62-0.82)0.78 (0.67-0.90)1.00 (reference)45,663No

.660.91 (0.52-1.60)0.87 (0.51-1.46)0.65 (0.40-1.07)1.00 (reference)1837Yes

.69Chronic obstructive pulmonary disease

.0010.77 (0.65-0.91)0.73 (0.62-0.84)0.79 (0.68-0.92)1.00 (reference)45,581No

.420.84 (0.48-1.46)0.72 (0.47-1.10)0.69 (0.45-1.07)1.00 (reference)2009Yes

.54Cancer

.0530.85 (0.71-1.03)0.78 (0.67-0.91)0.83 (0.72-0.96)1.00 (reference)43,107No

<.0010.51 (0.36-0.73)0.52 (0.39-0.68)0.57 (0.42-0.76)1.00 (reference)4404Yes

.19C hronic kidney disease

.010.79 (0.64-0.96)0.77 (0.65-0.92)0.84 (0.71-1.00)1.00 (reference)41,298No

.0070.72 (0.56-0.94)0.63 (0.52-0.76)0.68 (0.57-0.82)1.00 (reference)9215Yes

aData were calculated using svycoxph to fit a multivariate Cox proportional hazards model to data from a complex survey design, with adjustment of
dichotomic sex; age; race; education; marital status; family income-to-poverty ratio; BMI; smoking; alcohol use; Healthy Eating Index-2015; physical
activity; serum sodium; serum potassium; serum bicarbonate; use of diuretics; and comorbidity or history of hypertension, diabetes, coronary heart
disease, stroke, chronic obstructive pulmonary disease, cancer, and chronic kidney disease, except for the specific stratification variable. The test for
trend was based on the variable containing the median value for each quartile. The interaction effect was evaluated using the likelihood ratio test.
bQ1: quartile 1.
cQ2: quartile 2.
dQ3: quartile 3.
eQ4: quartile 4.
fHR: hazard ratio.

Sensitivity Analyses of the Association of Serum
Chloride With Mortality
All sensitivity analyses showed a robust association of serum
chloride with all-cause mortality and cause-specific mortality.
Briefly, after excluding participants who died in the first 2 years
(992/51,060, 1.94%), the association of categorical serum
chloride with all-cause and cause-specific mortality remained
stable (Multimedia Appendix 6). The association of categorical
serum chloride with mortality was slightly attenuated in the
fully adjusted model, especially with cancer mortality, when
excluding participants with potential serum chloride outliers
(936/51,060, 1.83%; Multimedia Appendix 7). In addition,
excluding participants with possible hypoalbuminemia
(714/51,060, 1.4%) did not cause substantial shifts in the results
(Multimedia Appendix 8). Additional adjustment of history of
congestive heart failure or separate adjustment of
potassium-sparing diuretics and nonpotassium-sparing diuretics
did not cause substantial shifts in the results (Multimedia
Appendix 9). Furthermore, there were some missing data on

covariates (Multimedia Appendix 10), and multiple imputation
of them strengthened the associations of serum chloride with
all-cause and cause-specific mortality, probably owing to the
increased power (Multimedia Appendix 11).

Finally, we calculated E-values to assess the sensitivity to
unmeasured confounding. Briefly, the all-cause mortality risk
of low serum chloride (Q1) could be influenced only when the
unmeasured covariates had risk ratios >1.92 for both serum
chloride and all-cause mortality, and similarly, to account for
the association we observed between serum chloride and
cause-specific mortality and to address any unmeasured
confounding, the strength of the relationship would need to be
>2.34, 2.35, and 2.78 (Multimedia Appendix 12).

Discussion

Principal Findings
In this study, we used a prospective cohort with a relatively
large sample size to explore the link between serum chloride
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level and all-cause and cause-specific mortality in American
adults. After adjusting for demographic factors, relevant
lifestyle, and comorbid factors, low serum chloride levels were
significantly associated with higher risks of all-cause mortality,
CVD mortality, cancer mortality, and respiratory disease
mortality within a certain range. Further analysis revealed an
L-shaped relationship between serum chloride levels and
all-cause and specific-cause mortality in the general population.
The associations of serum chloride and mortality risk were
consistent across different subgroup populations and were rather
robust in different settings. These findings suggested that serum
chloride may serve as a promising cost-effective health indicator
in the general adult population.

The widely acknowledged normal range of serum chloride for
an adult is 96 to 106 mmol/L [2], and in our study population,
the serum chloride was 103.2 (101.2-105.0) mmol/L, which
subtly fluctuated according to sex, age, or race as well as
lifestyle factors and clinical situations. We found that
participants with lower serum chloride tended to be older and
have a lower BMI. Considering that low chloride levels may
be a symptom of malnutrition [34], lower BMI and older age
might reflect a nutritional deficiency in the population. In
addition, lower chloride levels are also observed in people with
comorbidities such as hypertension, kidney disease, and diabetes
mellitus.

The association of remarkable abnormality of serum chloride,
hypochloremia, and hyperchloremia with mortality risk has
been investigated in various hospital settings. Thus, serum
chloride level (<100 mmol/L) in patients with hypertension was
independently associated with a 20% higher mortality rate, as
shown by a cohort of 12,968 patients with hypertension [35].
Similarly, serum chloride levels were found to be inversely
associated with all-cause mortality in patients with CKD [14]
and with intensive care unit mortality in patients with cirrhosis
who were critically ill [36]. However, in the community-based
population, the association between serum chloride distribution
and mortality has been scarcely discussed and seems
contradictory. Consistent with our study, a cohort study in the
general population in Belgium that was followed up for 10 years
showed that serum chloride levels <100 mmol/L were associated
with increased all-cause, CVD, and non-CVD mortality [37].
Although we drew a conclusion similar to their study, we studied
a different target population with a larger sample size and
included different covariates. Another cohort study including
16,483 participants in NHANES III (1988-1994) followed up
to 2011 found that low serum sodium level was associated with
increased cardiovascular mortality, whereas lower serum
chloride level was not, which was inconsistent with this study
[38]. In our study, we included 51,060 participants (1999-2018)
and followed them up to 2019. We included more covariates
and conducted a more comprehensive analysis to confirm the
results. Thus, the differences in the sample size, follow-up time,
and statistical method might explain this discrepancy.

In our study, we found that low chloride level was not only
associated with all-cause mortality but also with cause-specific
mortality, including CVD mortality, cancer mortality, and
respiratory mortality. Consistent with our findings, various
studies have shown that lower chloride levels are associated

with CVD mortality and play a prognostic role in CVD
[11,37,39,40]. Several hypotheses have been proposed regarding
the mechanism behind this. First, lower chloride levels or
hypochloremia could increase the activity of a family of with
no lysine kinases, which leads to diuretic resistance [41].
Second, as chloride, not sodium, is the principal regulator of
renin release from the juxtaglomerular apparatus, hypochloremia
can decrease chloride delivery to the macula densa and hence
increase the renin release, which has long-term deleterious
effects in patients with heart issues, such as venous congestion
and pathologic myocardial remodeling [42]. Third,
hypochloremia may impair the activity of the cardiac chloride
channel, which may result in impaired cardiac contractility and
arrhythmia and lead to sudden death [43,44]. Furthermore,
electrolyte imbalance including hypochloremia can result in the
dysregulation of myocyte intracellular pH, which also
contributes to arrhythmia [45].

Studies on the association between serum chloride and cancer
mortality are rare. A retrospective study in China demonstrated
that low chloride levels were associated with increased mortality
in patients with colorectal cancer after surgery [46]. Another
prospective study in a hospital in Saudi Arabia reported that
lower chloride level was a unique prognostic marker for
high-risk polyps, which was associated with colorectal cancer
[47]. Several hypotheses may elucidate the underlying
mechanism. A cancer diagnosis may induce chronic stress in
patients [48], which causes relative disruption of adrenal
hormones and results in a decrease of chloride level [49].
Tumor-associated abnormal expression of some ion channel
proteins can also lead to electrolyte disorders including
hypochloremia and thus lead to adverse outcomes [50]. In
addition, our subgroup analysis showed that smokers and adults
with hypertension might be more susceptible to cancer mortality
related to low serum chloride levels; however, further studies
are needed to clarify the potential mechanisms.

Literature on the association between serum chloride and
respiratory mortality is also limited. Consistent with our study,
a retrospective cohort study in Glasgow showed that mortality
in patients with COPD increased linearly as serum chloride
levels <105 mmol/L [51]. Lower chloride level is a metabolic
indicator of chronic respiratory acidosis [52]. Patients with
COPD usually have an increase in partial pressure of carbon
dioxide and bicarbonate; thus, chloride decrease may be a renal
response to the increasing partial pressure of carbon dioxide to
assure the electroneutrality. Moreover, our subgroup analysis
indicated that participants with less physical activity may bear
a higher respiratory mortality risk with low chloride compared
with the counterparts with active physical activity, and further
studies are needed to fully elucidate the mechanism.

Compared with Q1 and Q4 groups, participants in the Q2 and
Q3 groups of serum chloride tend to have relative lower hazards,
probably because their serum chloride levels (101.3-105.0
mmol/L) represents an ideal homeostasis which may, in some
degree, avoid the risk of adverse events related to hypochloremia
or hyperchloremia. Surprisingly, our study demonstrated that
all-cause and specific-cause mortality did not increase when
the serum chloride level was >105.1 mmol/L, which is in
accordance with a recent community-based study conducted in
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Israel [53] and studies involving people with high blood pressure
[35] or those with chronic heart problems [9]. However, some
inconsistent results are also noteworthy, in which a retrospective
cohort in South Korea showed that the 90-day mortality was
increased in patients after noncardiac surgery when serum
chloride level was >110 mmol/L [54], and early hyperchloremia
was associated with higher odds of death or disability at 90-day,
in patients with acute ischemic stroke [55], and high serum
chloride level at admission was associated with higher
in-hospital mortality in patients in medical intensive care units
[56]. The significant difference in the clinical characteristics,
demographics, and laboratory variables in the different
population settings may partially explain this discrepancy.
Moreover, previous literature suggests that hyperchloremia is
often hospital acquired, whereas hypochloremia is community
acquired [57], in which people with unfavorably high serum
chloride levels or hyperchloremia are more likely to be patients
in the hospital but not individuals from the community, as in
our study.

Fluctuation of serum chloride usually occurs with concomitant
changes in serum sodium, potassium, and bicarbonate; therefore,
we adjusted them in the final models and confirmed the
chloride-specific risk independent of hyponatremia or acid-base
disturbances. Serum chloride is largely influenced by renal
function and the use of diuretics; therefore, we adjusted eGFR
and diuretic use in the final model and performed stratified
analysis according to the renal function and diuretic use,
validating the consistent association of low serum chloride with
mortality risk. In our study, the cutoff point for low serum
chloride was set as the first quartile of chloride distribution in
the population (101.2 mmol/L), whereas hypochloremia was
commonly defined as ≤96 mmol/L [10,58], and some researchers
selected 100 mmol/L as the cutoff point [13,35]; therefore, the
differences in definition criteria should be taken into account

when explaining the effect size of low serum chloride on
mortality risk.

This study had several strengths, including the relatively large
sample size (>50,000) and the nationally representative sample
design, which facilitates the generalization of our findings.
Moreover, we took into account a multitude of potential
confounding factors, including sociodemographic factors,
lifestyle factors, laboratory tests, drug use, and comorbidities
with extensive statistical methods, which guaranteed the
robustness of our findings.

Limitations
However, some limitations of this study must be acknowledged.
First, causality cannot be determined owing to the observational
study design, which requires randomized controlled studies for
confirmation. Second, the serum chloride concentration was
investigated only once at baseline, which may be influenced by
temporary factors; therefore, repeated measurements are
advisable in future studies. Third, the study participants were
US adult civilians; thus, the associations and size effect need
to be confirmed when trying to generalize the results to other
populations. Finally, the possibility of residual and unknown
confounding cannot be entirely excluded.

Conclusions
In conclusion, we found that decreased serum chloride
concentrations were independently associated with increased
all-cause mortality, CVD mortality, cancer mortality, and
respiratory disease mortality in the American adult population,
and these findings emphasized the importance of monitoring
serum chloride in health evaluation. However, further studies
are still warranted to verify the predictive role of serum chloride
and to explore the potential pathophysiological mechanisms
underlying the differences in mortality.
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The distribution of leading causes of death in the enrolled participants with survey-weighted percentages from the US National
Health and Nutrition Examination Survey 1999-2018.
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Multimedia Appendix 2
Survey-weighted multivariate analyses of the associations of continuous serum chloride with all-cause and cause-specific mortality
for adults from the US National Health and Nutrition Examination Survey 1999-2018.
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Multimedia Appendix 3
Subgroup analyses of the associations of serum chloride quartiles with cardiovascular disease mortality for adults from the US
National Health and Nutrition Examination Survey 1999-2018.
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Multimedia Appendix 4
Subgroup analyses of the associations of serum chloride quartiles with cancer mortality for adults from the US National Health
and Nutrition Examination Survey 1999-2018.
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Multimedia Appendix 5
Subgroup analyses of the associations of serum chloride quartiles with respiratory disease mortality for adults from the US
National Health and Nutrition Examination Survey 1999-2018.
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Multimedia Appendix 6
Survey-weighted multivariate analyses of the associations of categorical serum chloride with all-cause and cause-specific mortality
after excluding participants who died in the first 2 years for adults from the US National Health and Nutrition Examination Survey
1999-2018.
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Multimedia Appendix 7
Survey-weighted multivariate analyses of the associations of categorical serum chloride with all-cause and cause-specific mortality
after excluding participants with potential serum chloride outliers for adults from the US National Health and Nutrition Examination
Survey 1999-2018.
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Multimedia Appendix 8
Survey-weighted multivariate analyses of the associations of categorical serum chloride with all-cause and cause-specific mortality
after excluding participants with possible hypoalbuminemia for adults from the US National Health and Nutrition Examination
Survey 1999-2018.
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Multimedia Appendix 9
Survey-weighted multivariate analyses of the associations of categorical serum chloride with all-cause and cause-specific mortality
after additionally adjusting the history of congestive heart failure and separately adjusted use of potassium-sparing diuretics and
potassium-wasting diuretics for adults from the US National Health and Nutrition Examination Survey 1999-2018.
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Multimedia Appendix 10
Summary of missing data in covariates in analyses from the US National Health and Nutrition Examination Survey 1999-2018.
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Multimedia Appendix 11
Survey-weighted multivariate analyses of the associations of categorical serum chloride with all-cause and cause-specific mortality
for adults after imputation all missing covariates from the US National Health and Nutrition Examination Survey 1999-2018.
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Multimedia Appendix 12
E-value analysis for categorical serum chloride with all-cause and cause-specific mortality in adult participants from the US
National Health and Nutrition Examination Survey 1999-2018.
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Abstract

Background: It is believed that smoking is not the cause of approximately 53% of lung cancers diagnosed in women globally.

Objective: The study aimed to develop and validate a simple and noninvasive model that could assess and stratify lung cancer
risk in nonsmoking Chinese women.

Methods: Based on the population-based Cancer Screening Program in Urban China, this retrospective, cross-sectional cohort
study was carried out with a vast population base and an immense number of participants. The training set and the validation set
were both constructed using a random distribution of the data. Following the identification of associated risk factors by multivariable
Cox regression analysis, a predictive nomogram was developed. Discrimination (area under the curve) and calibration were further
performed to assess the validation of risk prediction nomogram in the training set, which was then validated in the validation set.

Results: In sum, 151,834 individuals signed up to take part in the survey. Both the training set (n=75,917) and the validation
set (n=75,917) were comprised of randomly selected participants. Potential predictors for lung cancer included age, history of
chronic respiratory disease, first-degree family history of lung cancer, menopause, and history of benign breast disease. We
displayed 1-year, 3-year, and 5-year lung cancer risk–predicting nomograms using these 5 factors. In the training set, the 1-year,
3-year, and 5-year lung cancer risk areas under the curve were 0.762, 0.718, and 0.703, respectively. In the validation set, the
model showed a moderate predictive discrimination.

Conclusions: We designed and validated a simple and noninvasive lung cancer risk model for nonsmoking women. This model
can be applied to identify and triage people at high risk for developing lung cancers among nonsmoking women.

(JMIR Public Health Surveill 2023;9:e41640)   doi:10.2196/41640

KEYWORDS

lung cancer; risk model; forecasting; validation; female; nonsmokers

Introduction

China has the most lung cancer death cases around the world
in 2020. In 2020, according to estimates provided by the
International Agency for Research on Cancer, there were
approximately 1.80 million cases of deadly lung cancer globally.
China accounted for 39.8% of these cases [1]. In China, the

continuous rise in lung cancer deaths during the past 2 decades
was attributed to the rising prevalence of lung cancer in women
[2]. Additionally, 50% or more of lung cancers in women in
Southeast Asia were diagnosed in nonsmokers [3-5]. Most of
the Chinese lung cancer cases were reported to be clinically
progressed in 2012-2014, with 64.6% of them being stage III-IV
lung cancers [6]. The lung cancer survival rate in China, which
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was defined as 5 years as standard, grew up to 20% between
2003 and 2015 [7]. The prognosis of lung cancer is strongly
associated with the stage in which it was detected; the 5-year
survival rate ranges from 0% in cases detected in patients with
stage IV cancer to >80% in cases detected in stage I and whose
patients underwent surgery [8].

Started in 2002, the National Lung Screening Trial indicated
that low-dose computed tomography screening may decrease
lung cancer deaths by 20% [9]. However, this project only
screened people (41% women) at high risk for lung cancer based
on age and smoking history (aged 55-74 years, smoked no fewer
than 30 pack-years, and had no more than 15 years of having
quit smoking). Women in China have their own characteristics
of lung cancer risk factor exposure and incidence patterns, the
most critical of which is that although the smoking rate among
women is much lower than that of high-income countries such
as the United States (2.4% in China and 23.6% in the United
States), the lung cancer frequencies are relatively similar
(22.8/100,000 in China and 30.8/100,000 in the United States,
based on the standardized lung cancer incidence rate of the
world population) [10,11]. This finding shows that the existing
worldwide guidelines for lung cancer screening focused on
smoking as the primary predictor for high-risk individuals,
which would be inappropriate for Chinese women, particularly
for nonsmoking women. Therefore, determining a way that
accurately forecasts the risk of lung cancer in nonsmoking
women and directing them toward the more cost-effective
low-dose computed tomography screening is a feasible method
for achieving efficient early diagnosis and treatment of lung
cancer.

Earlier research has developed numerous lung cancer risk
predictive models related to specific population demographics
[12-41]; however, few of the predictive methods focused on
nonsmoking women in mainland China [42]. Consequently, the
development of lung cancer risk predicting tools for nonsmoking
Chinese women according to consistently established risk factors
in earlier studies has become a top goal [43]. Nevertheless, this
goal is demanding and difficult. In contrast to the findings of
lung cancer caused by tobacco, there are no identified risk
variables for the progression of lung cancer in nonsmoking
women. Although other risk factors were suggested, their
relative importance varies greatly between geographical
locations [3,4,44,45]. It was observed that the Prostate, Lung,
Colorectal, and Ovarian Cancer Screening Trial (PLCO) models,
which included nearly 2000 Asian nonsmokers and only 7 cases
of lung cancer, could be inapplicable to Asian nonsmokers [46].
Among the nonsmokers who participated in the PLCO study
(n=65,711), none of them had a 6-year risk that was greater than
0.0151.

On the basis of the Cancer Screening Program in Urban China
(CanSPUC), we created such a model [47]. In this paper, we
aimed to create and internally validate a lung cancer risk
predicting model for nonsmoking Chinese women, with the
focus on established risk factors for lung cancer routinely
available in general cancer-screening settings.

Methods

Data Source and Subjects
This retrospective, cross-sectional cohort study was carried out
inside the scope of CanSPUC, a continuing statewide
cancer-screening program for China’s urban population.
CanSPUC is designed to detect the 5 most common
malignancies, including lung cancer, colorectal cancer, upper
gastrointestinal cancer, liver cancer, and female breast cancer.
The CanSPUC approach was detailed in previous studies
[47,48]. All of the qualified subjects were questioned by highly
skilled staff to gather information about their exposure to risk
variables and to assess their cancer risk using a specific cancer
risk score system. The household registration system was used
in local communities to identify eligible permanent residents
who were aged 40-74 years and asymptomatic for lung cancer
with no history of cancer diagnosis. Individuals who were unable
to give informed consent, had a medical disability and were
unlikely to complete curative lung cancer surgery, had a history
of lung cancer, had received treatment for or had evidence of
any cancer within the past 5 years (with the exception of
nonmelanoma skin cancer and most in situ carcinomas), or had
symptoms suggestive of lung cancer (including unexplained
weight loss of >7.5 kg within the past 12 months or unexplained
hemoptysis) were not eligible to participate. In October 2013,
CanSPUC was implemented in Henan province, which
encompassed 8 cities with complete cancer registration data
(Zhengzhou, Zhumadian, Anyang, Luoyang, Nanyang, Jiaozuo,
Puyang, and Xinxiang). We examined the data collected over
the first 6 years (from October 2013 to October 2019) in the
Henan province for our research. Only nonsmoking women
were included in this investigation.

Ethics Approval
The Ethics Committee of the Affiliated Cancer Hospital of
Zhengzhou University and Henan Cancer Hospital evaluated
and authorized the research (no.2021-KY-0028-001). Our
sample was drawn from retrospective encounters documented
in the electronic health record; these data were deidentified for
both sets of analyses and did not require informed consent.

Outcome, Variables, and Measurements
All new cases of lung cancer were identified by matching with
the cancer registry database in Henan province, China (by
unique ID number), and histologically confirmed between
October 1, 2013, and March 10, 2020. In Henan province,
records of lung cancer are first submitted to local cancer
registries by the hospitals and medical institutions and then
submitted to the Henan Provincial Central Cancer Registry of
China by the local cancer registries. The International
Classification of Diseases, Tenth Revision was used to classify
newly diagnosed lung malignancies by site. Lung cancers were
identified by the International Classification of Diseases, Tenth
Revision code of C33-C34. To find possible lung cancer risk
variables, self-reported information was collected (Textbox 1).
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Textbox 1. Self-reported information collected.

1. Demographic factors, such as age, ethnicity, educational status, marital status, height, and body weight

• A low-educational level was defined as elementary school or less, a medium educational level as junior or senior high school, and a
high-educational level as college or above

• According to the “Guidelines for the Prevention and Control of Overweight and Obesity in Chinese Adults,” BMI was dependent on the

individual’s height as well as weight and segmented to “<18.5 kg/m2,” “18.5-23.9 kg/m2,” “24.0-27.9 kg/m2,” and “≥28.0 kg/m2” categories
[49]

2. Dietary habit

• Dietary intake of the following food in the past 2 years: vegetables (green-leafy plants and fungi except potatoes, sweet potatoes, and starches)
<2.5 kg/week or ≥2.5 kg/week; roughage (all other grains except for white flour and rice) <0.5 kg/week or ≥0.5 kg/week; and fruit <1.25
kg/week or ≥1.25 kg/week. The weight of the food was measured prior to cooking

3. Living environment, behavior, and habits

• Cooking oil fume exposure: exposure is considered as “none or a little” if chimneys, fume extractors, or smokeless pots were used during
cooking; otherwise, it was considered as “a lot”

• Passive smoking: regular living or employment in an enclosed area where people routinely smoke was regarded as “yes”; otherwise, it was
regarded as “no”

• Alcohol consumption: “current” referred to those who had consumed alcohol at least once weekly on average for more than 6 months;
“former” referred to those who had ceased drinking; “never” referred to those who had never consumed alcohol

• Physical activity: swimming; taijiquan, qigong, or walking; long range running; aerobics; sporting events (such as basketball, table tennis,
badminton, etc); Yangko dancing or fast walking; and other physical activities (such as mountains climbing, rope jumping, and shuttlecock
kicking). Subjects who engage in at least three sessions of practice weekly for a total of ≥90 minutes weekly were classified as engaging in
“heavy physical activity”; otherwise, they were classified as engaging in “moderate or no physical activity”

4. Psychology and emotions, such as a history of serious trauma and more than 6 months of mental depression

• Serious trauma was described as a major illness or death of a family member, family conflict and separation, significant loss of property,
unexpected job loss, severe unexpected physical injury, violent danger, etc

5. Comorbidities, such as chronic respiratory disease, tuberculosis, chronic bronchitis, emphysema, asthma bronchiectasis, hypertension,
hyperlipidemia, and diabetes

• Every self-reported case of comorbidity required an evaluation from a professional medical facility

6. Family history of lung cancer

• Whether first-degree relatives, second-degree relatives, or third-degree relatives had lung cancer or not

7. Physiology and fertility

• Including age of menarche (<12 years or ≥12 years), menopause (yes or no), fertility status (yes or no), lactation status (yes or no), history
of benign breast illness (yes or no), and a history of reproductive system surgery (yes or no)

Statistical Analysis
To contrast the profiles of those who have lung cancer and those
without cancer, descriptive statistics, presented as percentages
for categorical data, were used. Chi-square tests were used to
examine the univariate correlation between baseline
characteristics and lung cancer progression. For continuous
variables, mean (SD) or median (IQR) were used.

In this investigation, the integrated model was applied to
generate a nomogram to measure the 1-year, 3-year, and 5-year
estimations of the lung cancer risk in the training set, according
to the independently prognostic variables using the stepwise
multivariable Cox regression (Pentry=.15 and Pstay=.10). The
calibration curve was used to determine the nomogram’s
validity. By applying 50% and 84% quantiles, the risk
predictions were grouped into the low-risk group, medium-risk

group, and high-risk group, as suggested previously [50]. As
per the risk prediction model, Kaplan-Meier curves were
displayed for the low-risk group, medium-risk group, and
high-risk group for lung cancer. The log-rank analyses were
performed to compare the 3 curves. Receiver operating
characteristic curves and the area under the curve (AUC) were
used to quantify the prediction performance of 1-year, 3-year,
and 5-year lung cancer risk estimations in the training set and
validation set. By comparing observed and predicted
probabilities, the bootstrap sampling method was used to
evaluate the calibration of the current model.

All statistical analysis was carried out via R (version 4.0.3; R
Foundation for Statistical Computing) and SAS (version 9.4;
SAS Institute) software. The nomogram was drawn using the
rms package. The receiver operating characteristic curves were
drawn by using the survivalROC package. Using the ggplot2
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package, a calibration curve was created. All of the tests were
done using 2-tailed hypotheses, and P<.05 was determined to
be statistically significant.

Results

Characteristics of the Study Population
This research consisted of a total of 151,834 qualified
participants with an average age of 55.34 (SD 8.65) years. The

subjects were randomly separated into a training set of 75,917
and a validation set of 75,917 (Figure 1). By March 2020, 204
lung cancer cases occurred within 151,834 subjects, resulting
in an incident density of 42.24 per 100,000 person-years. Lung
cancer cases were more frequent in those who were older
(P<.001), had a history of respiratory illness (P=.001), had a
first-degree family history of lung cancer (P=.02), and had
menopause (P<.001). Extra features are shown in Table 1 and
Table S1 in Multimedia Appendix 1.

Figure 1. Flow chart of participants included in this analysis.
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Table 1. Comparison of baseline characteristics between the non–lung cancer and lung cancer groups using chi-square test in the training set.

P valueχ2 (df)Lung cancerbNon–lung cancerbTotal (N=75,917)aVariables

119 (0.16)75,798 (99.84)75,917 (100)All participants

1.56 (0.83-2.38)2.95 (1.73-4.83)2.95 (1.73-4.83)Person-years, median (IQR)

Demographic characteristics

60.37 (7.20)55.36 (8.65)55.37 (8.65)Age (years), mean (SD)

<.001 c47.96 (6)Age (years), n (%)

5 (0.05)9221 (99.95)9226 (12.15)40-44

7 (0.05)13,551 (99.95)13,558 (17.86)45-49

13 (0.09)14,376 (99.91)14,389 (18.95)50-54

19 (0.16)11,838 (99.84)11,857 (15.62)55-59

38 (0.29)12,889 (99.71)12,927 (17.03)60-64

30 (0.29)10,151 (99.71)10,181 (13.41)65-69

7 (0.19)3772 (99.81)3779 (4.98)70-74

.830.05 (1)Race, n (%)

117 (0.16)74,314 (99.84)74,431 (98.04)Han nationality

2 (0.13)1484 (99.87)1486 (1.96)Others

.940.12 (2)Educationd, n (%)

24 (0.15)16,115 (99.85)16,139 (21.26)Low

80 (0.16)49,842 (99.84)49,922 (65.76)Medium

15 (0.15)9841 (99.85)9856 (12.98)High

.171.89 (1)Marriage, n (%)

2 (0.06)3191 (99.94)3193 (4.21)Unmarried, divorce, or
widowed

117 (0.16)72,607 (99.84)72,724 (95.79)Married

.611.84 (3)BMI (kg/m2), n (%)

0 (0)1133 (100)1133 (1.49)<18.5

57 (0.16)35,388 (99.84)35,445 (46.69)18.5-24.0

48 (0.16)30,681 (99.84)30,729 (40.48)24.0-28.0

14 (0.16)8596 (99.84)8610 (11.34)≥28.0

Dietary habit, n (%)

.920.01 (1)Vegetables intake (kg/week)

61 (0.16)39,221 (99.84)39,282 (51.74)≥2.5

58 (0.16)36,577 (99.84)36,635 (48.26)<2.5

.400.71 (1)Fruit intake (kg/week)

73 (0.17)43,610 (99.83)43,683 (57.54)≥1.25

46 (0.14)32,188 (99.86)32,234 (42.46)<1.25

.420.64 (1)Roughage intake (kg/week)

77 (0.15)51,636 (99.85)51,713 (68.12)≥0.5

42 (0.17)24,162 (99.83)24,204 (31.88)<0.5

Living environment, behavior, and habits, n (%)

.820.05 (1)Cooking oil fume exposure

104 (0.16)65,715 (99.84)65,819 (86.70)None or a little
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P valueχ2 (df)Lung cancerbNon–lung cancerbTotal (N=75,917)aVariables

15 (0.15)10,083 (99.85)10,098 (13.3)A lot

.430.63 (1)Passive smoking

81 (0.17)48,964 (99.83)49,045 (64.6)No

38 (0.14)26,834 (99.86)26,872 (35.4)Yes

.950.11 (2)Alcohol drinking

113 (0.16)71,454 (99.84)71,567 (94.27)Never

5 (0.14)3642 (99.86)3647 (4.8)Current

1 (0.14)702 (99.86)703 (0.93)Former

.073.19 (1)Physical activity

53 (0.13)39,961 (99.87)40,014 (52.71)Moderate or no

66 (0.18)35,837 (99.82)35,903 (47.29)Heavy

Psychology and emotions, n (%)

.271.22 (1)History of a severe trauma

98 (0.15)65,101 (99.85)65,199 (85.88)No

21 (0.2)10,697 (99.8)10,718 (14.12)Yes

.980.00 (1)Mental depression for over 6 months

101 (0.16)64,278 (99.84)64,379 (84.8)No

18 (0.16)11,520 (99.84)11,538 (15.2)Yes

Comorbidities, n (%)

.00111.53 (1)History of chronic respiratory disease

87 (0.14)63,983 (99.86)64,070 (84.39)No

32 (0.27)11,815 (99.73)11,847 (15.61)Yes

.271.24 (1)History of tuberculosis

116 (0.15)74,779 (99.85)74,895 (98.65)No

3 (0.29)1019 (99.71)1022 (1.35)Yes

.063.44 (1)History of chronic bronchitis

98 (0.15)66,630 (99.85)66,728 (87.9)No

21 (0.23)9168 (99.77)9189 (12.1)Yes

.073.21 (1)History of emphysema

116 (0.15)75,088 (99.85)75,204 (99.06)No

3 (0.42)710 (99.58)713 (0.94)Yes

.261.27 (1)History of asthma bronchiectasis

113 (0.15)73,360 (99.85)73,473 (96.78)No

6 (0.25)2438 (99.75)2444 (3.22)Yes

.201.66 (1)History of hypertension

90 (0.15)60,886 (99.85)60,976 (80.32)No

29 (0.19)14,912 (99.81)14,941 (19.68)Yes

.201.67 (1)History of hyperlipidemia

94 (0.15)63,215 (99.85)63,309 (83.39)No

25 (0.2)12,583 (99.8)12,608 (16.61)Yes

.980.00 (1)History of diabetes

111 (0.16)70,656 (99.84)70,767 (93.22)No
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P valueχ2 (df)Lung cancerbNon–lung cancerbTotal (N=75,917)aVariables

8 (0.16)5142 (99.84)5150 (6.78)Yes

.025.15 (1)First-degree family history of lung cancer, n (%)

103 (0.15)69,852 (99.85)69,955 (92.15)No

16 (0.27)5946 (99.73)5962 (7.85)Yes

Physiology and fertility, n (%)

.560.34 (1)Age of menarche (years)

2 (0.1)1908 (99.9)1910 (2.52)<12

117 (0.16)73,890 (99.84)74,007 (97.48)≥12

<.00129.26 (1)Menopause

14 (0.05)26,913 (99.95)26,927 (35.47)No

105 (0.21)48,885 (99.79)48,990 (64.53)Yes

.201.67 (1)Fertility status

0 (0)1047 (100)1047 (1.38)No

119 (0.16)74,751 (99.84)74,870 (98.62)Yes

.800.06 (1)Lactation status

6 (0.14)4227 (99.86)4233 (5.58)No

113 (0.16)71,571 (99.84)71,684 (94.42)Yes

.063.61 (1)History of benign breast disease

94 (0.17)53,883 (99.83)53,977 (71.1)No

25 (0.11)21,915 (99.89)21,940 (28.9)Yes

.191.75 (1)History of reproductive system surgery

89 (0.15)60,391 (99.85)60,480 (79.67)No

30 (0.19)15,407 (99.81)15,437 (20.33)Yes

aPercentages in this column have denominators of N=75,917.
bPercentages in these columns have the n value in the “Total” column in the same row as the denominators.
cItalicized values indicate statistical singificance.
2Low=primary school or below; medium=junior or senior high school; high=undergraduate degree or above.

Development of the Lung Cancer Risk Assessment
Model
Table 2 displays the hazard ratios (HRs) with its 95% CI for
every indicator. In the training set, age (≥55 years: HR 1.34,
95% CI 0.38-4.80; ≥60 years: HR 2.33, 95% CI 0.67-8.11; ≥65
years: HR 2.41, 95% CI 0.69-8.49; ≥70 years: HR 1.79, 95%
CI 0.43-7.40), history of chronic respiratory disease (HR 1.94,

95% CI 1.24-3.04), first-degree family history of lung cancer
(HR 1.60, 95% CI 0.91-2.83), menopause (HR 2.16, 95% CI
0.90-5.19), and history of benign breast disease (HR 0.58, 95%
CI 0.36-0.94) were independent risk factors for lung cancer.
Consequently, we applied these parameters to construct the
model. We drew 1-year, 3-year, and 5-year risk–predicting
nomograms for lung cancer (Figure 2A).
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Table 2. Multivariable Cox regression prediction model of lung cancer risk in the training set.

P valueχ2 (df)HRa (95% CI)SEβ coefficientVariables

Age (years)

N/AN/A1.00N/AN/Ab40-44

.750.10 (1)0.83 (0.26-2.64)0.59–0.1945-49

.930.01 (1)0.94 (0.28-3.19)0.62–0.0650-54

.650.21 (1)1.34 (0.38-4.80)0.650.3055-59

.181.78 (1)2.33 (0.67-8.11)0.640.8560-64

.171.89 (1)2.41 (0.69-8.49)0.640.8865-69

.420.65 (1)1.79 (0.43-7.40)0.720.5870-74

History of chronic respiratory disease

N/AN/A1.00N/AN/ANo

.004 c8.45 (1)1.94 (1.24-3.04)0.230.66Yes

First-degree family history of lung cancer

N/AN/A1.00N/AN/ANo

.112.63 (1)1.60 (0.91-2.83)0.290.47Yes

Menopause

N/AN/A1.00N/AN/ANo

.092.95 (1)2.16 (0.90-5.19)0.450.77Yes

History of benign breast disease

N/AN/A1.00N/AN/ANo

.034.97 (1)0.58 (0.36-0.94)0.25–0.55Yes

aHR: hazard ratio.
bN/A: not applicable.
cItalicized values indicate statistical significance.
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Figure 2. (A) Nomogram to calculate the personal 1-year, 3-year, and 5-year risk of lung cancer, and (B) the lung cancer incidence across different
cancer risk categories.

Predictive Performance of the Model
The risk predictions were categorized into low-risk,
medium-risk, and high-risk categories, and a log-rank test
revealed significant differences across the 3 groups (Figure 2B;
P<.001).

By using this model, the AUC for 1-year, 3-year, and 5-year
lung cancer risk in the training set was 0.762, 0.718, and 0.703,
respectively. The model yielded a greater AUC for passive
smokers (1-year: 0.787, 3-year: 0.715, and 5-year: 0.745) than
for nonpassive smokers (1-year: 0.741, 3-year: 0.721, and
5-year: 0.689; Figure 3). Calibration was acceptable, with very
similar observed and predicted hazards (Figure 4).
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Figure 3. The receiver operating characteristic curves of prediction models in the training set. (A) Whole population; (B) Nonpassive smokers; (C)
Passive smokers. AUC: area under the curve.

Figure 4. Calibration curves of the nomogram for (A) 1-year, (B) 3-year and (C) 5-year lung cancer–free rates in the training set.
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Validation of the Lung Cancer Risk Model
The model demonstrated a moderate predictive discrimination
in the validation set, with AUCs of 0.646, 0.658, and 0.650 for
1-year, 3-year, and 5-year lung cancer risks, respectively (Figure
S1 in Multimedia Appendix 1), and satisfactory calibration of
relative risk (Figure S2 in Multimedia Appendix 1).

Discussion

We constructed and validated a simple risk predictive model
internally for lung cancer in nonsmoking women relying on 5
commonly accessible factors such as demographics (age),
comorbidities (chronic respiratory disease), first-degree family
history of lung cancer, and fertility (menopause and history of
benign breast disease). Our results showed that the model has
moderate discriminatory accuracy and goodness of fit for both
nonpassive smokers and passive smokers.

Multiple lung cancer risk variables were discovered for
nonsmoking women, such as passive smoking [51,52], prior
lung diseases (tuberculosis, chronic bronchitis, emphysema,
and prior lung disorders [chronic obstructive pulmonary
disease]) [53], indoor radon [54], cooking oil fume [55], and a
family history of lung cancer [56]. The established risk variables
for lung cancer, such as age, a family history of lung cancer,
and a history of chronic respiratory disease, are similar to the
findings. Age is the most important risk variable for lung cancer
in nonsmoking women according to our survey, which found
that the risk was more than 2.4 times higher in the age group
of 65-69 years than 40-44 years.

Menopause was associated with an increased risk of developing
lung cancer, with an overall odds ratio of 1.33 (95% CI
0.90-1.96), according to a pooled analysis of nested case-control
data [57], which is consistent with our findings. Interestingly,
we found that women with a history of benign breast disease
were less likely to develop lung cancer, possibly because these
women may be more careful about their lifestyle and diet after
developing breast disease than those who did not. This finding
will need to be validated in future studies.

Besides the accurate indicators, risk predicting models should
achieve performance standards for discrimination (the
differentiation capacity to distinguish lung cancer cases from
control ones) and calibration (defined as the consistency between
observed and predicted risk for lung cancer). Since 2010, the

substantial growth in the numbers of investigations on lung
cancer risk predicting models shows the necessity of using
predictive models to drive population triage. Initially, models,
such as the Bach model [12], Spitz model [13], Liverpool Lung
Project model [14], and PLCOM2012 model [58], emphasized
the importance of applying the classic epidemiological risk
variables, including age, smoking history, personal history of
disease, and family history of cancer. To the best of our
knowledge, this study is one of the few studies to model the
prediction of lung cancer risk among nonsmoking Chinese
women. Due to the fact that each model was created in a distinct
population with different baseline risks and lengths of follow-up,
it is challenging to compare the discriminating performance of
risk predictive models. The discriminating ability of every model
was quite equal, with C-statistics ranging between 0.72 and
0.86. Compared to prior research, our models showed
comparable predictive performance.

In understanding our findings, certain strengths and limitations
should be carefully considered. Our research is conducted on a
large population-based cancer-screening program in mainland
China, which is a strong point. In addition, the variables included
in this model could be easily collected and updated without any
imaging, sophisticated testing, or calculation. Furthermore, the
model will be used as a convenient method to triage high-risk
people among nonsmoking women, and it will be involving in
public health initiatives, such as recommendations regarding
the control of lung cancer in nonsmokers. Nonetheless, the
statistics based on self-report may be susceptible to social
acceptability bias as well as recall bias. Since data collection
and quality control were carried out to a high standard, the vast
volume of information can be relied upon. Second, the
performance of our risk-predicting model was not validated
against an external data set before it was used. The findings of
the internal calibration, on the other hand, suggest that this
model will function satisfactorily when applied to a variety of
populations.

In conclusion, a large-scale lung cancer–screening project in
China served as the foundation for the creation and internal
calibration of a straightforward risk predictive model for lung
cancer in nonsmoking women. The model has moderate
discrimination and could be used as a tool for triaging high-risk
people to prevent lung cancer in nonsmoking women. To
validate the concept in external populations, additional
prospective studies are needed.
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Abstract

Background: As of January 2022, the number of people infected with COVID-19 worldwide has exceeded 350 million. As the
COVID-19 pandemic continues, people are affected in a wide range of areas of life, which in turn causes numerous psychological
problems. Depression is a serious problem for people who have suffered from COVID-19. Depression can worsen COVID-19
precautionary behavior compliance or the health behavior itself. In addition, these depressive symptoms may have different
characteristics depending on the individual’s gender.

Objective: The aim of this study was to determine whether depression is a factor that may affect COVID-19 fear, precautionary
behavior compliance, and health behavior, and how these characteristic trends differ by gender.

Methods: This was a secondary analysis of data from the 2020 Korea Community Health Survey (KCHS), a national
cross-sectional survey conducted with complex sampling analysis. In 2020, the KCHS included COVID-19–related questions.
For this study, we used the KCHS data from both the COVID-19–related questions and the Patient Health Questionnaire-9 scale.
After weighting the data according to the KCHS guidelines, we calculated the distribution of men and women according to
depression level. The data were collected using multiple-choice questions related to precautionary behavior compliance,
COVID-19–related fears, and health behavior changes.

Results: Of the 204,787 participants, those who were clinically depressed had a greater tendency to not comply with precautionary
behaviors. Regarding COVID-19, “fear” showed a decreasing trend in both men (adjusted odds ratio [AOR] 0.72, 95% CI
0.61-0.83) and women (AOR 0.74, 95% CI 0.63-0.86) with clinically relevant depression. Moreover, for both men and women,
health behaviors deteriorated as depression intensified; the AOR for sleep duration changes was 2.28 (95% CI 2.00-2.59) in men
and was 2.15 (95% CI 1.96-2.36) in women. Notably, the responses of clinically depressed women revealed a doubled increase
in both their drinking (AOR 2.25, 95% CI 1.88-2.70) and smoking (AOR 2.71, 95% CI 1.95-3.77) habits compared with those
of nondepressed women.

Conclusions: Both men and women with more severe depression were more likely to violate precautionary health behaviors
as their depression worsened. Health behaviors also deteriorated for both genders, but women tended to show a greater change.
Therefore, additional studies and interventions for vulnerable groups such as severely depressed people are needed. More research
is also necessary to develop interventions based on statistical comparisons of men and women.

(JMIR Public Health Surveill 2023;9:e42677)   doi:10.2196/42677
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Introduction

As of January 25, 2022, 349,641,119 people worldwide had
been infected with COVID-19 and the death toll had reached
5,592,266 [1]. Since the World Health Organization’s March
11, 2020, declaration that the world was facing a pandemic,
various restrictions have been implemented to prevent the global
spread of the virus. These restrictions have included lockdowns
for all or some educational facilities and nonessential businesses,
travel limitations, quarantine measures, social isolation, and
mandatory mask-wearing [2-4]. However, COVID-19 has had
a profound impact on all countries, racial groups, and
socioeconomic classes [5]. Secondary problems arise from these
restrictions.

Among all the problems that have occurred, mental health issues
related to COVID-19 are among the most important health
concerns and have received considerable attention. Direct stress
caused by illness and concerns about medical service
interruption, employment, financial stability, and social contact
restrictions may cause psychological problems [6-9].
Additionally, COVID-19 fear is associated with several mental
health problems such as anxiety, depression, psychological
distress, and sleep issues [10-12]. In particular, depression is
one of the most representative mental health problems during
COVID-19, which is associated with deterioration in health
behaviors, including decreased physical activity and sleep and
increased smoking [13-15].

Moreover, various empirical studies have reported gender
differences in depression associated with the COVID-19
pandemic [16-18]. Depression is known to have some
gender-specific characteristics, and depression rates are
generally higher in women regardless of COVID-19 [19,20].
For example, among Australian adults, women were found to
be more likely to have clinically significant depression and
anxiety [17]. In the case of COVID-19, these differences still
apply, as indicated by a study of adults aged 25-69 years
showing that women reported more depression, anxiety, stress,
loneliness, and a higher rate of increased cannabis use compared
to pre-COVID-19 levels [16].

Mental health is not only a concern in and of itself, but may
also impede health behaviors or COVID-19 precautionary
actions [15,21,22]. Olapegba et al [23] reported that
psychological distress caused by COVID-19 fear hinders
precautionary behavior compliance. Moreover, depression can
lead to even more significant health problems by reducing
COVID-19 precautionary behavior compliance and general
healthy behavior. In addition, given that severe degrees of fear
can negatively impact an individual’s ability to respond
appropriately during the COVID-19 pandemic [24], the impact
of depression may vary in severity, and, at the same time, gender
differences may also exist. To date, studies have been conducted
on the gender gap in depression related to COVID-19 or the
following problems: medical service interruption, employment,
financial stability, social contact restrictions [25-27], and the
impact of depression on COVID-19 precautionary behavior
compliance [22,28]. However, studies that have analyzed the
severity of depression according to gender are scarce. Therefore,

the purpose of this study was to determine whether depression
is a factor that worsens COVID-19 fears, precautionary behavior
compliance, and health behavior, and whether these
characteristic trends differ by gender.

Methods

Study Design
This was a secondary analysis of data from a national
cross-sectional survey: the 2020 Korea Community Health
Survey (KCHS) conducted by the Korea Centers for Disease
Control and Prevention [29]. The Community Health Survey,
initiated in 2008, is an annual, anonymous, computer-assisted
personal interview survey that evaluates the health status and
behaviors of South Korean adults. A trained surveyor visits the
households selected as samples and conducts a one-on-one
interview using a laptop computer equipped with a survey
program. The 2020 Community Health Survey covered 18
geographical areas and comprised 142 survey questions,
including those pertaining to health behaviors such as exercise,
smoking, and drinking. Given the global health context in 2020,
the survey for that year was revised to include questions related
to the COVID-19 pandemic.

The data were collected from August 16, 2020, to October 31,
2020 [29]. The target population of 2020 KCHS was adults
aged 19 years or older, and a sample group was extracted
through a composite sample design to minimize sample bias
[30]. Next, in the first official extraction, probability
proportional to size sampling was performed to ensure that the
extraction probability was proportional to the number and size
of households by housing type in Tong, Ban, and Ri (the
smallest administrative district units). The second extraction
was a systematic extraction based on the number of households
in Tong, Ban, and Ri. In total, 229,269 people were surveyed;
after excluding incomplete responses, the data from 204,787
respondents were available for analysis. To request the KCHS
data for use in the present study, we signed a written pledge to
confirm our intentions and submitted a usage plan describing
the purpose for which we intended to use the data if, after the
Korea Centers for Disease Control and Prevention reviewed the
plan, the data request was approved. Only those who have
received approval can download and use the raw data of KCHS.

Ethical Approval
This study was conducted after review from the Institutional
Review Board (IRB) of Chung-ang University. Because this
was a secondary analysis of data from a national cross-sectional
survey, the study received an exemption by the IRB (approval
number 1041078-202201-HR-002).

Measures

General Participant Characteristics
To determine the participants’ general characteristics, we
included data about their sociodemographic characteristics and
individual health. Sociodemographic characteristics were
assessed according to age, gender, educational level, monthly
household income, profession, and region. Age was divided
into four generational groups based on the criteria used in the
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Korean Longitudinal Study of Aging and previous studies
[31-33]: 20 to 44 years (youth), 45 to 64 years (middle age),
and 65 years or older (older adults). According to a previous
study, education levels were categorized as follows: (1)
elementary or less, (2) middle school, (3) high school, and (4)
college or higher. Monthly household income was classified
into quartiles as Q1 (<25%), Q2 (25%-49%), Q3 (50%-74%),
and Q4 (≥75%), and professions were organized according to
the Korean version of the Standard Classification of Occupations
and previous studies [34,35]. After referring to previous
research, we reclassified occupations into four categories: white
(white collar), pink (sales and service), blue (agricultural,
forestry, fishing, and military), and unemployed. Region was
divided into urban and rural areas.

Questions related to individual health conditions included
drinking at least once a month, current smoking status, stress
awareness, and subjective health status. Possible answers for
drinking at least once per month, current smoking status, and
stress awareness were either “yes” or “no.” Subjective health
status was defined by the self-evaluation of one’s health as “very
good” or “good,” and possible answers were “poor” and “fair.”

Depression Assessment
The Patient Health Questionnaire-9 (PHQ-9) was used to
measure self-reported depression, with possible scores ranging
from 0 to 27 [35]. PHQ-9 consists of nine items used to evaluate
the diagnostic criteria for major depressive disorder in
accordance with the Diagnostic and Statistical Manual of Mental
Disorders, fifth edition. A high PHQ-9 score indicates a higher
level of depressive symptoms, with 0-4 representing no
depression, 5-9 indicating mild depression, 10-14 representing
moderate depression, 15-19 indicating moderately severe
depression, and 20-27 representing severe depression. In general,
a PHQ-9 score ≥10 indicates major or clinically relevant
depression [36]. To ensure greater clarity in the explanation of
the results, we divided the PHQ-9 scores into three categories:
0-4 (none), 5-9 (mild), and ≥10 (clinically relevant).

Precautionary Behavior Compliance
Precautionary behavior compliance was defined as whether
personal quarantine rules (eg, wearing a mask indoors, wearing
a mask outdoors) and social distancing rules (eg, maintaining
a healthy distance) were observed for the past week with the
intention of helping to prevent the spread of COVID-19.
According to a previous study [37], eight factors were used to
evaluate precautionary behavior compliance as follows: in the
last 7 days, had the individual (1) covered his or her mouth and
nose while sneezing or coughing, (2) experienced daily
ventilation at least twice a day, (3) had everyday spaces
disinfected once per day, (4) wore a mask in facilities used by
unspecified people, (5) worn a mask when it was impossible to
keep an adequate distance, (6) maintained a 2-meter distance
between themselves and others, (7) limited visiting sick people,
and (8) limited going out or attending gatherings and events?
Based on the KCHS’s indicator definition, for each of the eight
items, only those who answered “very much” or “yes” were
considered to have complied with each precautionary behavior.
For example, only the respondents who answered “very much”
or “yes” to the question “covered his or her mouth and nose

while sneezing or coughing” were considered to have performed
precautionary behavior.

COVID-19 Fear
COVID-19 fear is defined as a psychological concern due to
the spread of COVID-19 and is assessed by five factors: fear
of infection, dying from infection, public criticism, a family
member getting infected, and economic loss due to infection.
Based on the KCHS’s indicator definition, only those who
answered “strongly agree” or “agree” for any of the above five
factors were evaluated as having COVID-19 fear of each factor.

Health Behavior Deterioration
Criteria pertaining to physical activity, sleep duration, fast food
or energy drink consumption, food consumption, alcohol
consumption, and smoking were included to investigate health
behavior deterioration during the COVID-19 pandemic. Possible
responses were “increased,” “same,” “decreased,” or “not
applicable.” With reference to a previous study [37], health
behavior deterioration was measured as follows: decreased
physical activity, changes in sleep duration (either increased or
decreased), increased consumption of instant meals/soda,
increased consumption of delivery food, increased alcohol
consumption, and an increase in the number of cigarettes
smoked per day.

Data Analysis
The distribution of men and women according to depression
level was calculated after weighting based on the KCHS
guidelines. The weighted values of the distribution of men and
women according to depression level are shown as descriptive
statistics such as frequency, percentage, and standard error. The
participants’ general characteristics according to depression
level and gender were also analyzed using descriptive statistics
such as frequency, percentage, and standard error. We performed

a χ2 test to confirm the general distribution of the characteristics
according to the depression level of the participants.

Depression levels, gender-specific precautionary behavior
noncompliance, COVID-19 fear, and health behavior
deterioration were analyzed using logistic regression. After
controlling for general characteristics (age, educational level,
monthly household income, profession, region, heavy drinking,
current smoking status, stress awareness, and subjective health
status), logistic regression analysis was used to identify
differences in depression level and gender-specific precautionary
behavior noncompliance, COVID-19 fear, and health behavior
deterioration. The adjusted odds ratios (AORs) and 95% CIs
for failure to comply with precautionary behaviors,
COVID-19–related fear, and health behavior deterioration were
calculated. All results are presented as weighted values. The
results were statistically analyzed using SPSS version 26.0 (IBM
Corp, Armonk, NY, USA).

Results

Table 1 shows the weighted and unweighted distributions of
depression in the population according to gender. This study
included 204,787 participants (92,739 men and 112,048 women).
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Approximately 2% and 3.5% of men and women were classified
as having clinically relevant depression, respectively.

Table 2 shows the participants’ general characteristics, and
Table 3 and Table 4 further summarize these data by depression
levels for men and women, respectively. To better represent the
general population of South Korea, the percentages and standard
errors are presented as weighted values. The largest group of
men with clinically relevant depression (48.8%) were aged
20-44 years, and 44.6% of men with clinically relevant
depression had a college degree or higher. Approximately 41.6%
belonged to the income level Q1, and the rate of unemployment

reached 45.5%. Although there was no significant difference
in the level of mental health by region, 45.6% of the men with
clinically relevant depression reported heavy drinking and 44.5%
were current smokers. Among the men with clinically relevant
depression, only 21.3% answered that they had stress, but 79.3%
evaluated their subjective health condition as poor. Among the
women with clinically relevant depression, 60.3% were
unemployed. Notably, self-reported heavy drinking increased
to 19.4% and current smoking increased to 11.7%, which was
five times higher than that of women without depression
symptoms

Table 1. Overall and weighted distribution of depression in the sample population (N=204,787).

WeightedbUnweighted, n (%)Depression levela

SEParticipants, n (%)

Men (n=92,739)

0.116,832,027 (88.4)83,026 (89.5)None (0-4)

0.11,799,468 (9.5)7889 (8.5)Mild (5-9)

0.1399,490 (2.1)1824 (2.0)Clinically relevant (≥10)

Women (n=112,048)

0.215,943,821 (82.3)93,305 (83.3)None (0-4)

0.12,683,383 (13.9)14,771 (13.2)Mild (5-9)

0.1736,847 (3.8)3972 (3.5)Clinically relevant (≥10)

aClassified according to Patient Health Questionnaire-9 scores.
bData were weighted to yield nationally representative estimates (total N=38,395,036).
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Table 2. Participants’ general characteristics (N=204,787).

WeightedaUnweighted, nCharacteristics

% (SE)Participants, n

Age (years)

42.2 (0.1)16,207,11860,92420-44

37.6 (0.1)14,448,39677,87345-64

20.2 (0.1)7,739,52165,99065 and over

Educational level

11.6 (0.1)4,453,55045,804Elementary or less

8.1 (0.1)3,089,90023,051Middle school

29.3 (0.1)11,267,03658,976High school

51.0 (0.2)19,584,54976,956College or higher

Monthly household income quartile (Q)

24.7 (0.1)9,499,54272,643Q1 (lowest)

25.7 (0.1)9,871,08051,997Q2

24.5 (0.1)9,416,79741,606Q3

25.0 (0.2)9,607,61638,541Q4 (highest)

Professionb

26.0 (0.1)9,999,41438,617White

13.5 (0.1)5,195,44725,798Pink

22.2 (0.1)8,538,95859,749Blue

38.2 (0.1)14,661,21680,623None

Region

42.9 (0.1)16,465,93158,299Urban

57.1 (0.1)21,929,104146,488Rural

Heavy drinking

34.0 (0.1)13,072,59386,787Never

35.9 (0.1)13,778,74767,789No

30.1 (0.1)11,543,69550,211Yes

Current smoking status

63.3 (0.1)24,290,719134,123Never

18.7 (0.1)7,183,17037,613Former

18.0 (0.1)6,921,14633,051Current

Stress awareness

25.7 (0.1)9,869,51945,478No

74.3 (0.1)28,525,516159,309Yes

Subjective health status

47.4 (0.1)18,202,506107,046Poor

52.6 (0.1)20,192,52997,741Fair

aData were weighted to yield nationally representative estimates (total N=38,395,036).
bClassified into white (white collar), pink (sales and service), blue (agricultural, forestry, fishing, and military), and none (unemployed).
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Table 3. Comparison of men’s general characteristics by depression level (N=92,739).

P valuedfF bClinically relevant depres-
sion (PHQ-9≥10)

Mild depression (PHQ-9
5-9)

No depression (PHQ-9a 0-4)Characteristics

Weighted,
n (%, SE)

Unweighted,
n

Weighted,
n (%, SE)

Unweighted,
n

Weightedd, n (%,

SE)
Unweightedc,
n

<.0013.88,
61,102.47

26.63Age (years)

194,869
(48.8, 1.5)

614875,763
(48.7, 0.7)

27627,320,210 (43.5,
0.2)

25,82020-44

116,955
(29.3, 1.3)

561595,349
(33.1, 0.7)

26396,460,358 (38.4,
0.2)

32,70045-64

87,666
(21.9, 1.1)

649328,356
(18.2, 0.5)

24883,051,459 (18.1,
0.2)

24,50665 and over

<.0015.73,
90,089.21

27.64Educational level

51,493
(12.9, 0.8)

418144,948
(8.1, 0.3)

13401,075,442 (6.4,
0.1)

10,998Elementary or
less

40,617
(10.2, 0.8)

250138,617
(7.7, 0.3)

9301,194,121 (7.1,
0.1)

9269Middle school

129,132
(32.3, 1.4)

555549,575
(30.5, 0.6)

23475,020,817 (29.8,
0.2)

26,371High school

178,248
(44.6, 1.5)

601966,328
(53.7, 0.7)

32729,541,647 (56.7,
0.2)

36,388College or
higher

<.0015.93,
93,308.82

62.22Monthly household income quartile (Q)

166,331
(41.6, 1.4)

949505,037
(28.1, 0.6)

31153,589,381 (21.3,
0.2)

25,438Q1 (lowest)

94,942
(23.8, 1.4)

391459,319
(25.5, 0.6)

18644,321,547 (25.7,
0.2)

21,809Q2

72,562
(18.2, 1.2)

257422,973
(23.5, 0.6)

15344,347,118 (25.8,
0.2)

18,316Q3

65,655
(16.4, 1.1)

227412,139
(22.9, 0.6)

13764,573,982 (27.2,
0.2)

17,463Q4 (highest)

<.0015.94,
93,506.52

42.96Professione

84,165
(21.1, 1.3)

251470,702
(26.2, 0.7)

15334,938,141 (29.3,
0.2)

17,865White

45,913
(11.5, 1.0)

165229,551
(12.8, 0.5)

8192,013,564 (12.0,
0.2)

8371Pink

87,410
(21.9, 1.2)

464558,664
(31.0, 0.7)

27375,513,592 (32.8,
0.2)

34,082Blue

182,002
(45.5, 1.5)

944540,551
(30.0, 0.6)

28004,366,730 (25.9,
0.2)

22,708None

.351.99,
31,436.14

1.05Region

169,067
(42.3, 1.5)

559778,683
(43.3, 0.7)

24387,100,130 (42.2,
0.2)

23,214Urban

230,423
(57.7, 1.5)

12651,020,785
(56.7, 0.7)

54519,731,897 (57.8,
0.2)

59,812Rural

<.0013.98,
62,618.59

16.41Heavy drinking

127,952
(32.0, 1.3)

725418,786
(23.3, 0.6)

24163,914,812 (23.3,
0.2)

24,042Never

JMIR Public Health Surveill 2023 | vol. 9 | e42677 | p.671https://publichealth.jmir.org/2023/1/e42677
(page number not for citation purposes)

Shin et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


P valuedfF bClinically relevant depres-
sion (PHQ-9≥10)

Mild depression (PHQ-9
5-9)

No depression (PHQ-9a 0-4)Characteristics

Weighted,
n (%, SE)

Unweighted,
n

Weighted,
n (%, SE)

Unweighted,
n

Weightedd, n (%,

SE)
Unweightedc,
n

89,483
(22.4, 1.2)

405514,892
(28.6, 0.7)

22025,072,726 (30.1,
0.2)

24,751No

182,055
(45.6, 1.5)

694865,790
(48.1, 0.7)

32717,844,489 (46.6,
0.2)

34,233Yes

<.0013.98,
62,603.76

53.93Smoking status

93,702
(23.4,

1.5)

423474,901
(26.4, 0.6)

19145,621,708 (33.4,
0.2)

25,752Never

128,119
(32.1, 1.3)

654613,040
(34.1, 0.7)

30045,750,630 (34.2,
0.2)

30,840Former

177,669
(44.5, 1.4)

747711,527
(39.5, 0.7)

29715,459,689 (32.4,
0.2)

26,434Current

<.0011.99,
31,378.61

2598.88Stress awareness

314,591
(78.7, 1.2)

13421,021,365
(56.8, 0.7)

39973,431,190 (20.4,
0.2)

14,374No

84,899
(21.3, 1.2)

482778,103
(43.2, 0.7)

389213,400,837 (79.6,
0.2)

68,652Yes

<.0012.00,
31,446.08

867.4Subjective health status

316,919
(79.3, 1.2)

15101,150,997
(64.0, 0.7)

54506,707,215 (39.8,
0.2)

36,364Poor

82,571
(20.7, 1.2)

314648,471
(36.0, 0.7)

243910,124,812 (60.2,
0.2)

46,662Fair

aPHQ-9: Patient Health Questionnaire-9.
bRao-Scott composite sample χ2 test.
cData were not weighted (total N= 204,787).
dData were weighted to yield nationally representative estimates (total N=38,395,036).
eClassified into white (white collar), pink (sales and service), blue (agricultural, forestry, fishing, and military), and none (unemployed).
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Table 4. Comparison of women’s general characteristics by depression level (N=112,048).

P valuedfF bClinically relevant depres-
sion (PHQ-9≥10)

Mild depression (PHQ-9 5-
9)

No depression (PHQ-9a 0-4)Characteristics

Weighted,
n (%, SE)

Unweighted, nWeighted,
n (%, SE)

Unweighted, nWeightedd,
n (%, SE)

Unweightedc,
n

<.0013.91,
62,134.61

64.38Age (years)

324,480
(44.0, 1.0)

12201,137,258
(42.4, 0.5)

43236,354,538
(39.8, 0.2)

26,18520-44

208,165
(28.3, 0.9)

1085880,246
(32.8, 0.5)

46746,187,323
(38.8, 0.2)

36,21445-64

204,202
(27.7, 0.8)

1667665,878
(24.8, 0.4)

57743,401,959
(21.3, 0.2)

30,90665 and over

<.0015.81,
92,331.79

41.03Educational level

172,665
(23.4, 0.7)

1529528,808
(19.7, 0.4)

51112,480,195
(15.6, 0.1)

26,408Elementary or
less

70,257
(9.6, 0.6)

393234,528
(8.7, 0.3)

15631,411,759
(8.9, 0.1)

10,646Middle school

218,122
(29.6, 0.9)

1008759,285
(28.3, 0.5)

36354,590,105
(28.8, 0.2)

25,060High school

275,803
(37.4, 1.0)

10421,160,761
(43.3, 0.5)

44627,461,761
(46.8, 0.2)

31,191College or
higher

<.0015.94,
94,443.28

95.29Monthly household income quartile (Q)

317,006
(43.0, 1.0)

2162876,383
(32.7, 0.5)

67094,045,405
(25.4, 0.2)

34,270Q1 (lowest)

180,058
(24.4, 0.9)

836697,517
(26.0, 0.5)

34834,117,698
(25.8, 0.2)

23,614Q2

128,155
(17.4, 0.8)

547579,397
(21.6, 0.5)

24813,866,590
(24.3, 0.2)

18,471Q3

111,628
(15.1, 0.8)

427530,085
(19.8, 0.5)

20983,914,127
(24.5, 0.2)

16,950Q4 (highest)

<.0015.90,
93,721.40

36.44Professione

126,349
(17.1, 0.8)

469577,758
(21.5, 0.5)

22773,802,298
(23.8, 0.2)

16,222White

105,743
(14.3, 0.7)

480380,193
(14.2, 0.4)

19262,420,483
(15.2, 0.2)

14,037Pink

60,792
(8.3, 0.5)

488296,602
(11.1, 0.3)

25202,021,899
(12.7, 0.1)

19,458Blue

443,963
(60.3, 1.0)

25351,428,829
(53.2, 0.5)

80487,699,140
(48.3, 0.2)

43,588None

.951.99,
31,747.28

0.049Region

322,577
(43.8, 1.0)

12081,167,254
(43.5, 0.5)

45226,928,218
(43.5, 0.2)

26,358Urban

414,270
(56.2, 1.0)

27641,516,128
(56.5, 0.5)

10,2499,015,602
(56.5, 0.2)

66,947Rural

<.0013.98,
63,305.92

56.69Heavy drinking

326,999
(44.4, 1.0)

2233117,411
(43.8, 0.5)

79097,109,633
(44.6, 0.2)

49,462Never
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P valuedfF bClinically relevant depres-
sion (PHQ-9≥10)

Mild depression (PHQ-9 5-
9)

No depression (PHQ-9a 0-4)Characteristics

Weighted,
n (%, SE)

Unweighted, nWeighted,
n (%, SE)

Unweighted, nWeightedd,
n (%, SE)

Unweightedc,
n

267,063
(36.2, 1.0)

11461,040,293
(38.8, 0.5)

49006,794.290
(42.6, 0.2)

34,385No

142,785
(19.4, 0.8)

593468,678
(17.4, 0.4)

19622,039,897
(12.8, 0.2)

9458Yes

<.0013.97,
63,128.55

350.97Smoking status

588,466
(79.9, 0.8)

33162,371,959
(88.4, 0.3)

13,4161,513,9982
(95.0, 0.1)

89,302Never

61,940
(8.4, 0.6)

281173,855
(6.5, 0.3)

714455,587
(2.8, 0.1)

2120Former

86,441
(11.7, 0.6)

375137,568
(5.1, 0.2)

641348,251
(2.2, 0.1)

1883Current

<.0011.99,
31,722.31

3865.37Stress awareness

557,423
(75.6, 0.8)

28481,413,307
(52.7, 0.5)

71573,131,642
(19.6, 0.2)

15,760No

179,424
(24.4, 0.8)

11241,270,075
(47.3, 0.5)

76141,281,2178
(80.4, 0.2)

77,545Yes

<.0011.99,
31,746.02

1144.07Subjective health status

596,292
(80.9, 0.8)

33551,874,240
(69.8, 0.5)

11,0417,556,843
(47.4, 0.2)

49,326Poor

140,555
(19.1, 0.8)

617809,142
(30.2, 0.5)

37308,386,977
(52.6, 0.2)

43,979Fair

aPHQ-9: Patient Health Questionnaire-9.
bRao-Scott composite sample χ2 test.
cData were not weighted (total N= 204,787).
dData were weighted to yield nationally representative estimates (total N=38,395,036).
eClassified into white (white collar), pink (sales and service), blue (agricultural, forestry, fishing, and military), and none (unemployed).

Table 5 illustrates how compliance with precautionary
behaviors, COVID-19 fear, and health behavior deterioration
differed according to gender and mental health determined using
logistic regression analysis after adjusting for general
characteristics. The crude odds ratios from the unadjusted model
are shown in Multimedia Appendix 1. The precautionary
behavior noncompliance rate was found to increase as the
depression worsened; this was the case for most items compared
to the group without depressive symptoms. The AOR of the
noncompliance rate regarding wearing a mask indoors was lower
in participants with mild depressive symptoms compared to that
for participants with clinically relevant depression, which was
the case for both men and women (Table 5). However, in the
case of noncompliance with precautionary behaviors related to
social distancing, the trend was different between men and
women. Among men who had mild depressive symptoms,
nonobservance of maintaining physical distance increased by
more than that among men with clinically relevant depression.
By contrast, the AOR of not maintaining physical distance in
women was higher for those with clinically relevant depression

than for those with mild depression, showing a tendency to
worsen as mental health deteriorated.

The data also showed different characteristics of COVID-19
fear between men and women. The AOR of the fear of infection
was similar for women and men with clinically relevant
depression. However, the fear of death due to infection was
significant only in women for those with mild depressive
symptoms. In the case of public criticism, a significant
association appeared only among women with clinically relevant
depression.

As depression increased in severity in both men and women,
health behaviors likewise deteriorated. Changes in sleep
duration, an increase in drinking amount, and smoking frequency
more than doubled for both men and women with clinically
relevant depression. Regarding delivery food consumption, the
AOR was the highest for men with mild depressive symptoms,
which was similar to that for women with clinically relevant
depression.

JMIR Public Health Surveill 2023 | vol. 9 | e42677 | p.674https://publichealth.jmir.org/2023/1/e42677
(page number not for citation purposes)

Shin et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 5. Adjusted odds ratios (95% CIs) for failure to comply with precautionary behaviors, health behavior deterioration during the COVID-19

outbreak, and COVID-19–related fear according to depression levels.a,b,c

Women (n=112,048)Men (n=92,739)COVID-19–related questions

Clinically relevant
depression (≥10)

Mild depression
(5–9)

No depres-

siond (0–4)

Clinically relevant
depression (≥10)

Mild depression
(5-9)

No depres-

siond (0-4)

Failure to comply with precautionary behaviors

1.65 (1.40-1.95)1.38 (1.24-1.55)11.56 (1.26-1.93)1.29 (1.13-1.46) e1Not covering mouth while cough-
ing

2.22 (1.75-2.81)1.59 (1.34-1.90)11.73 (1.28-2.34)1.54 (1.29-1.83)1No proper ventilation

1.24 (1.13-1.36)1.19 (1.13-1.25)11.32 (1.16-1.50)1.23 (1.16-1.31)1Not performing regular disinfec-
tion

2.04 (1.21-3.44)1.49 (1.02-2.18)11.81 (1.07-3.06)1.54 (1.04-2.27)1Not wearing a mask indoors

1.93 (1.35-2.77)1.57 (1.21-2.02)11.42 (0.90-2.23)1.44 (1.12-1.85)1Not wearing a mask when it was
hard to maintain distance

1.57 (1.29-1.90)1.49 (1.33-1.67)11.34 (1.03-1.74)1.41 (1.23-1.61)1Not keeping the minimum recom-
mended physical distance

1.35 (0.93-1.94)1.29 (1.02-1.62)11.89 (1.14-3.13)1.82 (1.41-2.35)1Not refraining from visiting hospi-
talized patients

1.36 (1.06-1.75)1.56 (1.35-1.81)11.51 (1.13-2.00)1.55 (1.31-1.85)1Not refraining from going out

COVID-19–related fears

0.74 (0.63-0.86)1.05 (0.95-1.15)10.72 (0.61-0.86)0.96 (0.87-1.05)1Fear of infection

1.04 (0.94-1.14)1.09 (1.03-1.15)11.07 (0.94-1.22)1.05 (0.98-1.12)1Fear of dying from infection

0.86 (0.75-0.99)1.07 (0.98-1.16)10.85 (0.72-1.00)0.95 (0.88-1.04)1Fear of public criticism

0.94 (0.76-1.15)1.12 (0.99-1.26)10.83 (0.66-1.04)1.06 (0.92-1.22)1Fear of a family member getting
infected

0.94 (0.80-1.10)1.04 (0.95-1.13)10.97 (0.79-1.19)1.11 (1.00-1.23)1Fear of economic loss due to infec-
tion

Health behavior deterioration

1.31 (1.21-1.43)1.28 (1.22-1.35)11.4 (1.24-1.58)1.17 (1.10-1.25)1Decreased physical activity

2.15 (1.96-2.36)1.71 (1.62-1.80)12.28 (2.00-2.59)1.62 (1.51-1.74)1Changes in sleep duration

1.6 (1.43-1.80)1.36 (1.27-1.45)11.64 (1.40-1.93)1.47 (1.35-1.60)1Increased consumption of instant
meals/soda

1.26 (1.12-1.41)1.23 (1.15-1.31)11.25 (1.07-1.45)1.28 (1.19-1.39)1Increased consumption of delivery
food

2.25 (1.88-2.70)1.53 (1.36-1.73)11.95 (1.58-2.42)1.51 (1.33-1.71)1Increased alcohol drinking

2.71 (1.95-3.77)1.53 (1.13-2.08)12.55 (2.07-3.15)1.64 (1.44-1.87)1Increased smoking frequency

aDepression level was classified according to scores on the nine-item Patient Health Questionnaire.
bLogistic regression model adjusted for age, educational level, monthly household income, profession, region, heavy drinking, current smoking status,
stress awareness, and subjective health status.
cData were weighted to yield nationally representative estimates (total N=38,395,036).
dReference category.
eValues in italics indicate a statistically significant association.

Discussion

Principal Findings
The purpose of this study was to determine the effect of an
individual’s depression level on noncompliance precautionary
behavior, COVID-19 fear, and health behavior deterioration,
and to compare the different trends according to gender. Overall,
there was a significant difference in noncompliance with

precautionary behavior and health behavior deterioration
according to the degree of mental health. Additionally, some
components pertaining to COVID-19 fear were different
according to depression status. Men and women with clinically
relevant depression were more likely to not comply with
precautionary behaviors. Furthermore, as mental health
deteriorated, health behaviors declined, which tended to be
worse in women.
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In the case of men with clinically relevant depression, not
performing regular ventilation and not wearing a mask indoors
significantly increased. Similarly, women with clinically
relevant depression were more than twice as likely to not
ventilate regularly or not wear a mask indoors than were women
who were not depressed. These results are similar to those of
several previous studies [23,38,39]; however, in some important
ways, they conflict with the results of other studies. For example,
one study indicated that poor mental health increased preventive
activities, while another suggested that there was no association
between precautionary behaviors and mental distress in those
with severe mental illness [40,41]. This dichotomy may also
exist in relation to COVID-19 fear. Generally, feelings of
distress such as anxiety and fear are known to increase
precautionary behavior [23,42,43]. However, in our study, the
participants tended to have decreased levels of fear as their
mental health deteriorated. This association between fear and
precautionary behaviors suggests that reduced fear may increase
precautionary behavior noncompliance.

Generally, health behaviors decrease as mental health worsens.
Notably, women with clinically relevant depression showed a
dramatic increase in heavy alcohol consumption and smoking
frequency. Previous studies have also reported that women’s
drinking behaviors increased during the COVID-19 pandemic
[44] and that depressive symptoms were also associated with
an increase in heavy drinking [45].

However, an increase in social responsibility and a decrease in
social support could worsen the mental health of women. In the
context of the COVID-19 pandemic, women have been facing
a variety of high-demand roles, including childcare and elder
care, which most countries have traditionally imposed on them
[17,46-48]. In addition, it is generally well known that social
support has more of an effect on mental health for women than
for men [49-51]. Restrictions on social gatherings, such as social
distancing and guidelines that formed part of various quarantine
measures, might have weakened the vital social support for
women. In fact, various studies have provided empirical
evidence that social distancing can affect mental health [52-54].
Moreover, research suggests that reduced physical activity due
to social distancing may impair mental health [55]. Given that
mental health is associated with smoking and drinking [56],
changes in increased social responsibility and reduced social
support can also worsen women’s mental health and lead to
dramatic increases in drinking and smoking.

Overall, the trend of noncompliance with precautionary
behaviors and a decrease in health behaviors according to
worsening depression showed a greater change in women than
in men. Although precautionary behavior compliance is the

most important factor in responding to pandemic-related
situations [57], health behaviors constitute the basic foundation
for maintaining one’s physical and mental health, not only in
the present but also in the future. Therefore, interventions that
consider the degree of depression are necessary to alleviate
depression, which could affect the implementation of
precautionary behavior and health behavior. Additionally,
further studies should examine different ways of implementing
such interventions depending on gender.

Study Limitations
This study had several limitations. First, the study did not
consider time changes; it was difficult to ascertain causal
relationships between the effects of depression and precautionary
and health behaviors. In particular, since the KCHS data did
not confirm the antecedent relationship between depression and
COVID-19, it could not be confirmed whether the depression
was due to COVID-19 or other factors. Second, in this study,
the trends of precautionary behavior compliance, COVID-19
fear, and health behaviors according to the degree of depression
were identified by gender, but it was not shown how vulnerable
women were compared to men and their statistical significance.
Third, because the data used in this research were collected in
the early stages of the COVID-19 pandemic, the precautionary
behavior compliance rate created a fairly high temporary bias.
In other words, if the data were collected at the end of the
pandemic, the results of precautionary or health behaviors may
have changed. Finally, in light of the fact that a self-reporting
survey was conducted, there is a possibility that measurement
errors may have occurred because of the inherent difficulty in
checking whether COVID-19 precautionary behaviors were
actually being followed and whether health behavior had
actually changed. However, this study was cross-sectional and
used a representative sample from the entire Republic of Korea.
Additionally, this study is valuable in that it examined how
depressive symptoms and gender affect precautionary behaviors,
even when social aspirations and interest in precautionary
behaviors are high.

Conclusion
In this study, we were able to identify how precautionary
behavior compliance, COVID-19 fear, and health behaviors
change according to the degree of depression and trends
according to gender. We found that regardless of gender, people
suffering from clinically relevant depression were highly likely
to infringe on precautionary behaviors and deteriorate health
behaviors. Additionally, this trend was more noticeable in
women. These results can be useful for developing related
interventions and for future studies that consider both mental
status and gender.
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Abstract

Background: The United Nations Sustainable Development Goals for 2030 include reducing premature mortality from
noncommunicable diseases by one-third. Although previous modeling studies have predicted premature mortality from
noncommunicable diseases, the predictions for cancer and its subcategories are less well understood in China.

Objective: The aim of this study was to project premature cancer mortality of 10 leading cancers in Hunan Province, China,
based on various scenarios of risk factor control so as to establish the priority for future interventions.

Methods: We used data collected between 2009 and 2017 from the Hunan cancer registry annual report as empirical data for
projections. The population-attributable fraction was used to disaggregate cancer deaths into parts attributable and unattributable
to 10 risk factors: smoking, alcohol use, high BMI, diabetes, physical inactivity, low vegetable and fruit intake, high red meat
intake, high salt intake, and high ambient fine particulate matter (PM2.5) levels. The unattributable deaths and the risk factors in
the baseline scenario were projected using the proportional change model, assuming constant annual change rates through 2030.
The comparative risk assessment theory was used in simulated scenarios to reflect how premature mortality would be affected if
the targets for risk factor control were achieved by 2030.

Results: The cancer burden in Hunan significantly increased during 2009-2017. If current trends for each risk factor continued
to 2030, the total premature deaths from cancers in 2030 would increase to 97,787 in Hunan Province, and the premature mortality
(9.74%) would be 44.47% higher than that in 2013 (6.74%). In the combined scenario where all risk factor control targets were
achieved, 14.41% of premature cancer mortality among those aged 30-70 years would be avoided compared with the
business-as-usual scenario in 2030. Reductions in the prevalence of diabetes, high BMI, ambient PM2.5 levels, and insufficient
fruit intake played relatively important roles in decreasing cancer premature mortality. However, the one-third reduction goal
would not be achieved for most cancers except gastric cancer.

Conclusions: Existing targets on cancer-related risk factors may have important roles in cancer prevention and control. However,
they are not sufficient to achieve the one-third reduction goal in premature cancer mortality in Hunan Province. More aggressive
risk control targets should be adopted based on local conditions.

(JMIR Public Health Surveill 2023;9:e43967)   doi:10.2196/43967
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Introduction

Cancer is a leading cause of death worldwide, accounting for
nearly 10 million deaths in 2020 or nearly one in six deaths [1].
In China, cancer affected more than 4.56 million people and
caused 3 million deaths in 2020, accounting for 30.2% of all
deaths in the world [2]. Furthermore, cancer is a leading cause
of disability-adjusted life years (DALYs), accounting for 17.64%
of all DALYs in China in 2019, which was nearly double the
global value of 9.88% [3]. The high mortality and disability
related to cancer pose a major disease burden worldwide. Cancer
not only directly affects the lives of those diagnosed but also
has its sequelae impact the family, society, and economy. The
socioeconomic burden of cancer has been reported to be
substantial, which includes both the direct health care costs and
the lost productivity through premature mortality of the working
population [4,5].

Cancer is a disease commonly believed to be preventable. In a
nationwide study on the risk factors of cancer across 31
provinces of mainland China, Chen et al [6] found that nearly
half (45.2%) of all cancer deaths could be attributed to 23
potentially controllable risk factors, which were classified into
five categories: behavior, diet, metabolism, environment, and
infection. This suggests that millions of deaths could be
prevented or delayed each year if appropriate strategies were
developed to control these modifiable risk factors, which would
undoubtedly greatly reduce the cancer burden in China.

In 2016, the United Nations (UN) set a target to achieve a
relative one-third reduction from the 2015 level in premature
mortality from noncommunicable diseases (NCDs), including
cancer, by 2030 in its Sustainable Development Goal (SDG)
target 3.4 [7]. In response to UN SDG target 3.4, the Chinese
government issued the Healthy China 2030 Plan with disease
prevention and longevity improvement as two of its primary
goals [8,9]. A series of policies targeting cancer prevention and
treatment was introduced by the government to reduce the
burden of premature cancer death in an effort to accomplish
SDG target 3.4 of a one-third reduction in premature mortality
of NCDs overall. However, considering the vast territory in
China and substantial regional differences in socioeconomic
and hygienic conditions, the ability to meet SDG target 3.4 will
vary greatly across the provinces. Therefore, there is an urgent
need for China to implement tailored, region-specific cancer
control measures based on reliable data and valid evidence from
studies focusing on the local populations.

Hunan Province, located in the central-south of China, is one
of the most populous provinces with over 73 million residents.
The gross domestic product of Hunan Province was 4.18 trillion
yuan (approximately US $606.03 billion) in 2020, ranking 9th
among 32 provincial administrative divisions in mainland China.
Cancer incidence and mortality rates in Hunan Province in 2018
were 248.24/100,000 and 154.50/100,000, respectively,
representing a medium level across the nation [10]. The burdens
of years of life lost and DALYs of cancer in Hunan Province

were reported to be significantly higher than the national
averages [11]. Of note, due to the special local lifestyle habits,
Hunan Province has a much higher burden of certain cancer
types than other regions, such as oral cavity cancer and
nasopharynx cancer, with obviously higher incidences and
mortality than national average levels [12,13].

Since publication of the World Health Organization (WHO)
Global Monitoring Framework in 2013 [14], several modeling
analyses have been conducted to examine the effects of selected
risk factor control on reducing NCD mortality under different
scenarios worldwide. Kontis et al [15] set six risk factor
scenarios based on the Global Monitoring Framework, and
estimated their impact on global and regional NCD mortality
between 2010 and 2025 using a time-based, population impact
fraction formula. They found that achieving all of these targets
could efficiently reduce premature mortality from the four main
NCDs, including cancers, by nearly 25% globally and in some
specific regions [15]. Su et al [16] used an age-period-cohort
model for prediction, which suggested that targets of reducing
tobacco use could be more ambitious in Taiwan to meet the
goal of a 25% reduction in premature cardiovascular disease
mortality. Other studies indicated that the risk factor targets
recommended by the WHO would be sufficient to help achieve
the goal of a one-third reduction in premature mortality for all
NCDs combined, but not for certain major subdivisions such
as cancers [17,18].

In general, most previous modeling studies focused on overall
NCDs at a national level, and there is limited evidence on cancer
and its subcategories at a local provincial level. Moreover, the
WHO’s voluntary global targets did not include dietary and
environmental factors, which are known to be important risk
factors for cancer, and it remains unknown whether and how
control of these factors may help with cancer prevention.

In light of such research gaps, we performed this study to project
premature mortality from cancer in Hunan Province through
2030 under different risk factor control scenarios. Specifically,
we projected whether SDG target 3.4 can be met for cancer
prevention in Hunan Province and how many deaths from
cancers can be prevented if all selected risk factors were
controlled. The risk factors were selected based on the Global
Monitoring Framework [14] while adding dietary and
environmental factors. Projecting future premature mortality
under various risk factor control scenarios is crucial for
informing decision-making on cancer control and allocating the
limited clinical and public health resources to curb the increasing
deaths caused by cancer. Our results will help policy makers
better formulate priorities for interventions that focus on these
risk factors for cancer prevention and control.
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Methods

Ethics Approval
This analysis centered on publicly available data with no
identifiable information on the subjects studied. Therefore,
research ethics board approval was not required for this study.

Selection of Cancer Sites and Related Risk Factors
Cancer sites were selected based on the rank of cancer deaths
in the Hunan cancer registry annual report series over the past
10 years, while also taking into account endemic cancer types
associated with special local lifestyle habits in Hunan, such as
oral cavity cancer and nasopharynx cancer. Finally, 10 leading
subcategories were selected, including cancers of the lung,
esophagus, liver, stomach, pancreas, prostate, breast, colorectum,
oral cavity, and nasopharynx.

Correspondingly, risk factors were selected based on the
following criteria: (1) causally associated with cancers as
evidenced by the latest Global Burden of Disease (GBD) study
[3] or the Continuous Update Project (CUP) Expert Report (low
vegetable and fruit intake were included due to consistent
evidence showing their causal associations with cancers [19]);
(2) available data of exposure levels from officially
representative surveys or epidemiological studies; (3) potentially
modifiable by available interventions; and (4) recognized as
one of the leading global or national causes of disease burden.
Ultimately, 10 risk factors were selected, including smoking,
alcohol use, physical inactivity, high BMI, low vegetable intake,
low fruit intake, high red meat intake, high salt intake, diabetes,
and fine particulate matter (PM2.5). Details of cancer sites and
related risk factors are shown in Multimedia Appendix 1.

Data Sources
The National Program of Cancer Registries (NPCR), launched
in 2008, is responsible for the collection, evaluation, and
publication of cancer data in China. In Hunan Province, 70.4%
of cancer patients have registered in the NPCR to date [20], and
all cancer cases are coded according to the International
Classification of Diseases, 10th Revision. The details of data
collection, management, and analysis for cancer registration in
China have been described elsewhere [21]. In this study, we
extracted the cause-specific cancer death rates, along with annual
population data, between 2009 and 2017 from Hunan Statistical
Yearbook 2020 to estimate the number of cancer deaths
throughout the province. Information on risk factors was mainly
obtained from the Chinese Chronic Disease and Risk Factor
Surveillance (CCDRFS) survey, which is an ongoing, nationally
representative survey involving a set of standard questionnaire
interviews, physical examinations, and biological sampling [22].
In this analysis, we used exposure data in the years 2010 and
2018 to represent 2009 and 2017, respectively, due to a lack of

investigations. Regarding PM2.5, since systematic monitoring
in China did not start until 2013, we extracted data for Hunan
from China Regional Estimates (V4.CH.03) of the Saint Louis
University Atmospheric Composition Analysis Group, which
applied a geographically weighted regression to calibrate
regional PM2.5 concentrations through ground-based
observations. Overall, population exposures to these risk factors
were measured using metrics related to their variable types. For
instance, smoking status and alcohol use were measured as the
prevalence of people exposed, while dietary factors were
measured as continuous variables. The specific details of risk
factor measurements are shown in Multimedia Appendix 1.

To ensure data quality, the relative risk (RR) estimates for
risk-cancer pairs were preferentially derived from summary
results published by the GBD series and the CUP Expert Report.
If these were not available, priority was given to meta-analyses
or systematic reviews conducted in China or Asia. Studies that
provided RRs on our predefined metrics were preferred and
estimates for both genders were assumed to be equal if no
separate values were available.

Constructing Risk Factor Scenarios
Based on the Global Monitoring Framework and Healthy China
2030, we constructed 12 separate scenarios of risk factor
exposure for the year 2030. Among them, the baseline scenario
projected cancer mortality to 2030 assuming that all risk factors
continue to follow current trends (see Multimedia Appendix 2
for details on the risk factor exposure estimation). The baseline
scenario was simulated using a proportional change model based
on the historical trends of risk factors. The other 11 scenarios
projected cancer mortality assuming that each of the 10 risk
factors achieved the target of domestic or foreign control
standards, both separately and in combination. Specifically, the
first 10 scenarios were modeled when each risk factor achieved
its target, respectively, and the last scenario was modeled when
all 10 risk factors achieved their targets. Targets for red meat,
vegetable, and fruit intake were set according to the currently
available literature. Given that the current annual average PM2.5
concentration in Hunan Province has reached grade II of China’s

air quality standards, we used grade I of 15 μg/m3 as the target
for PM2.5, which was also consistent with phase III of the
WHO’s air quality guidelines [23]. Targets for other risk factors
were set according to the WHO’s voluntary global targets [14].
Among the 10 risk factors, categorical exposures were lowered
directly to the target levels in 2030, whereas targets for
continuous exposures were established by shifting the population
distributions left or right, assuming a constant distribution for
each age-sex stratum. Exceptionally, metrics for exposures such
as BMI and diabetes were held constant. Table 1 provides the
details of the risk factors for each of the 12 scenarios.
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Table 1. Scenario specifications in risk factor exposure projection according to the World Health Organization Global Monitoring Framework.

Scenario specificationScenario

Age- and sex-specific risk factor exposures were projected assuming the annual change rate remained similar to that between
2009 and 2017.

Natural trend

Age- and sex-specific prevalence of harmful alcohol use is reduced relatively by 10% from the 2013 level. All other risk
factors follow the natural trends.

Harmful alcohol use

Age- and sex-specific prevalence of smoking in 2030 is reduced relatively by 30% from the 2013 level. All other risk
factors follow the natural trends.

Smoking

Age- and sex-specific prevalence of physical inactivity in 2030 is 10% relatively lower than that in 2013. All other risk
factors follow the natural trends.

Physical inactivity

Age- and sex-specific prevalence of diabetes in 2030 is the same as in 2013. All other risk factors follow the natural trends.Diabetes

Age- and sex-specific distributions of BMI in 2030 are the same as in 2013. All other risk factors follow the natural trends.High BMI

Age- and sex-specific prevalence of low vegetable intake in 2030 is reduced relatively by 30% from the 2013 level. All
other risk factors follow the natural trends.

Low vegetable intake

Age- and sex-specific prevalence of low fruit intake in 2030 is reduced relatively by 30% from the 2013 level. All other
risk factors follow the natural trends.

Low fruit intake

Age- and sex-specific prevalence of high red meat intake in 2030 is reduced relatively by 30% from the 2013 level. All
other risk factors follow the natural trends.

High red meat intake

Age- and sex-specific mean population salt intake in 2030 is reduced relatively by 30% from the 2013 level. All other risk
factors follow the natural trends.

High salt intake

The annually averaged PM2.5 concentration in 2030 is reduced to 15 μg/m3, according to grade I of air quality standard
GB3095-2012. All other risk factors follow the natural trends.

PM2.5a

All targets described above are achieved in 2030.All targets are achieved
in 2030

aPM2.5: fine particulate matter.

Projection of Cancer Mortality
Our analysis was focused on examining premature mortality
under 12 different scenarios. Consistent with the global
documents, we defined premature cancer mortality as the
probability of dying from cancers between the ages of 30 and
70 years [24]. To predict mortality for 2030, we considered the
annual total deaths to be a function of two separate projections:
a trend of deaths potentially driven by the selected risk factors
and a business-as-usual (BAU) trend unattributable to these risk
factors. Based on these trends, several steps were involved.
First, according to the comparative risk assessment [25], we
used the population-attributable fraction (PAF) to divide annual
deaths into two parts that were attributable or unattributable to
the specified risk factors. The PAF estimates the fraction of
health outcomes that would be eliminated if the exposures were
altered to ideally counterfactual distributions, and different
formulas were applied for discrete and continuous variables in
the calculations [25]. Second, we projected the unattributable
deaths using the proportional change model, assuming that
changes in this part would continue to follow the trends observed
between 2009 and 2017. Risk factors in the baseline scenario
were projected in the same manner. For the other 11 scenarios,
the targeted change of each factor was distributed evenly
between 2017 and 2030 to obtain an annual PAF value. Third,
the total deaths for different scenarios in 2030 could be
estimated using the unattributable deaths and PAFs, and the
premature mortality could be calculated using age-specific death
rates (in 5-year age groups) with a life table method. The levels

in 2013 were considered as the baseline for calculations of
relative reductions in this study. Analyses for PAF were
performed using MATLAB 7.0, while other data were analyzed
in SAS 9.4. Details of the analysis methods are shown in
Multimedia Appendix 3.

Results

Premature Mortality From Cancers 2009-2017
Table 2 shows the estimated number of cancer deaths and
mortality by gender in Hunan Province, China, from 2009 to
2017. The number of cancer deaths increased each year for both
genders. The age-standardized mortality rates showed an
increasing trend, with an annual percentage change of 1.60%
for the total population, 2.19% for men, and 1.65% for women.

The premature mortality rates from selected cancers are shown
in Table 3 and the trend analysis results are shown in Table 4.
The average annual percentage change (AAPC) showed a
significant increasing trend for all cancers combined (2.61%),
with the largest AAPC occurring in oral cavity cancer (17.26%),
followed by esophageal cancer (7.60%), colorectal cancer
(7.13%), pancreatic cancer (7.10%), and lung cancer (4.06%).
For the other cancers, the premature mortality remained stable
with nonsignificant AAPC values, although a decreasing trend
was observed in stomach cancer (–1.16%) and liver cancer
(–1.92%), while an increasing trend was observed in
nasopharynx cancer (2.00%), prostate cancer (11.91%), and
breast cancer (4.82%).
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Table 2. Estimated cancer deaths and mortality rates in Hunan Province, China, 2009-2017.

WomenMenTotalYear

Standardized
mortality rate
(1/100,000)

Mortality rate
(1/100,000)

Deaths,
n

Standardized
mortality rate
(1/100,000)

Mortality rate
(1/100,000)

Deaths,
n

Standardized
mortality rate
(1/100,000)

Mortality rate
(1/100,000)

Deaths,
n

69.5192.4930,679108.62140.8850,48089.53117.5681,1592009

62.8592.0729,394110.53159.6953,93887.13127.0383,3322010

62.2192.3431,733104.19152.8456,53683.53123.6188,2692011

63.7493.1132,161117.78168.7862,88391.14132.0895,0442012

61.1894.7132,533112.76171.4363,64087.14133.8496,1732013

65.26102.5135,483119.36180.0067,33892.58142.47102,8212014

65.11102.7535,767117.34176.9366,54391.50140.91102,3102015

68.81106.5237,507125.61185.8870,59097.57147.48108,0972016

69.91111.0039,011128.18192.2672,70899.38152.91111,7192017

1.65 (0.60-2.70)2.54 (1.70-3.30)N/A2.19 (0.60-3.40)3.43 (2.40-4.50)N/A1.60 (0.50-2.70)3.13 (2.50-3.80)N/AbAPCa

(95%CI)

.007<.001N/A.002<.001N/A.011<.001N/AP value

aAPC: annual percentage change.
bN/A: not applicable.

Table 3. Premature mortality (%) from selected cancers in Hunan Province, China, 2009-2017.a

All can-
cers

Breast
cancer

Prostate
cancer

Oral cavity
cancer

Nasopharynx
cancer

Pancreatic
cancer

Esophageal
cancer

Colorectal
cancer

Liver
cancer

Gastric
cancer

Lung
cancer

Year

6.640.650.020.050.180.110.160.441.360.661.952009

6.530.320.070.040.190.100.160.341.640.602.022010

6.260.360.030.020.250.080.230.361.630.501.872011

7.060.490.030.050.280.120.290.541.460.552.252012

6.740.440.070.080.230.130.240.481.130.532.152013

7.310.550.060.090.230.130.250.551.270.572.422014

7.220.570.070.090.220.140.260.561.240.482.412015

7.830.620.070.110.230.160.290.621.350.562.552016

7.880.620.070.110.210.170.260.631.390.592.572017

aPremature mortality is the probability of dying between the ages of 30 and 70 years from a specific cause that was calculated using the life table method.
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Table 4. Annual percentage change (APC) in premature mortality from selected cancers in Hunan Province, China, 2009-2017.

P valueAPC (95% CI)Cancer type

<.0014.06 (2.50 to 5.60)Lung

.38–1.16 (–4.00 to 1.80)Gastric

.24–1.92 (–5.40 to 1.70)Liver

.0057.13 (3.00 to 11.50)Colorectal

Esophageal

.0421.59 (2.20 to 44.60)2009-2012

.990.03 (–7.50 to 8.00)2012-2017

<.0017.60 (1.60 to 13.90)Average

.0057.10 (2.90 to 11.40)Pancreatic

Nasopharynx

.0213.91 (3.20 to 25.70)2009-2012

.04–4.59 (–8.70 to –0.30)2012-2017

.202.00 (–1.30 to 5.30)Average

.0217.26 (3.60 to 32.80)Oral cavity

.0711.91 (–1.30 to 26.80)Prostate

.174.82 (–2.40 to 12.60)Breast

.0012.61 (1.40 to 3.80)All cancers

Premature Mortality in the Baseline Scenario by 2030
Table 5 shows a comparison of premature deaths and mortality
between 2013 and projected for 2030 in the baseline scenario
where all risk factors continue their current trends. In 2030, an
estimated 97,787 people would die prematurely from all cancers,
with a premature mortality rate of 9.74%, which was 44.47%
higher than that in 2013 (Table 5). For the number of premature
deaths, lung cancer was expected to account for the largest
proportion of total cancer deaths (29,337 deaths), followed by
liver cancer (15,545 deaths), colorectal cancer (12,342 deaths),
oral cavity cancer (7470 deaths), and esophageal cancer (5977
deaths). All cancers showed increases in the number of
premature deaths except for gastric cancer, which was expected
to decrease from 4104 in 2013 to 3053 in 2030. The mortality
rate of all cancers was estimated to increase by 81.55% from
143.54 to 260.59 per 100,000 people. All cancers exhibited

increasing trends in mortality rate except for gastric cancer,
which was expected to decrease by 24.62% from 2013 to 2030.

The premature mortality rates for all cancers and each
subcategory were consistently higher in men than in women,
with differences of more than 5-fold (Table 5). For all cancers,
relative increments of 61.47% and 13.46% were observed among
men and women, respectively. For men, all cancers showed
substantial increases in premature mortality, ranging from
38.25% for lung cancer to 1194.33% for oral cavity cancer,
except for gastric cancer, which showed a decreasing trend
(–32.51%). For women, most cancers showed increases in
premature mortality, ranging from 14.04% for lung cancer to
158.84% for colorectal cancer, except for esophageal cancer
(–64.61%), gastric cancer (–52.16%), pancreatic cancer
(–45.08%), and nasopharynx cancer (–21.86%). Despite
significant gender discrepancies, premature mortality for the
whole population generally showed an increasing trend, with
the greatest increase occurring in oral cavity cancer (971.53%).
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Table 5. Deaths and premature mortality of main cancers for people aged 30-70 years in 2013 and projections for 2030 if risk factor trends continue
in Hunan Province, China.

Percent change20302013Disease

Premature
mortality

Mortality
rate

Premature
deaths

Premature
mortality
(%)

Mortality
rate
(1/100,000)

Premature
deaths, n

Premature
mortality
(%)

Mortality
rate
(1/100,000)

Premature
deaths, n

Men

61.47103.2294.9814.24382.4271,9208.82188.1836,886Total

38.3585.4777.954.54120.1722,5993.2864.7912,700Lung cancer

–32.51–14.30–17.780.4612.1722900.6914.212785Gastric cancer

52.3474.7267.642.6165.7212,3601.7137.617373Liver cancer

164.82226.74213.491.6040.0975390.6012.272405Colorectal cancer

210.91279.58264.191.3531.4659160.438.291624Esophageal cancer

82.95149.45139.340.287.5214140.153.01591Pancreatic cancer

82.9597.0689.070.6315.1628520.347.701508Nasopharynx cancer

1194.331180.131128.221.7138.5872550.133.01591Oral cavity cancer

592.15930.81889.010.5213.3125040.071.29253Prostate cancer

–14.8561.532.081.4638.2571931.7223.687046Other cancers

Women

13.4642.1046.255.11138.1925,8674.5197.2517,687Total

44.9392.0297.631.3836.0067380.9518.753409Lung cancer

–52.16–43.78–42.130.174.087630.367.251319Gastric cancer

14.0460.5065.190.5917.0131850.5110.601928Liver cancer

158.84238.15248.040.9225.6648030.367.591380Colorectal cancer

–64.61–46.86–45.300.010.33610.040.61112Esophageal cancer

–45.08–27.84–25.730.061.452710.102.01365Pancreatic cancer

–21.86–21.81–19.520.092.144000.112.73497Nasopharynx cancer

55.81106.02112.050.041.152150.030.56101Oral cavity cancer

57.5669.4274.370.6917.0131850.4410.041827Breast cancer

–24.8813.03–7.451.2733.3662451.6929.516748Other cancers

Both genders

44.4781.5579.199.74260.5997,7876.74143.5454,572Total

37.5785.3382.122.9678.1829,3372.1542.1816,109Lung cancer

–39.93–24.62–25.610.328.1430530.5310.794104Gastric cancer

40.7270.1167.131.5941.4215,5451.1324.359301Liver cancer

158.76229.86226.091.2532.8912,3420.489.973785Colorectal cancer

182.06252.39244.290.6815.9359770.244.521736Esophageal cancer

30.5878.1876.260.174.4916850.132.52956Pancreatic cancer

53.3664.7762.150.358.6732520.235.262006Nasopharynx cancer

971.531001.08979.240.8719.9174700.081.81692Oral cavity cancer

592.15930.81889.010.5213.3125040.071.29253Prostate cancer

57.5669.4274.370.6917.0131850.4410.041827Breast cancer

–19.8734.91–2.581.3635.8113,4381.7026.5413,794Other cancers
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Premature Deaths Avoided and Premature Mortality
in Multiple Scenarios
Table 6 shows the projected premature deaths and mortality in
2030 with all risk factors under control, which was further
compared with the rates for 2013 and the baseline scenario.
Compared with the baseline scenario where all risk factors
continue their current trends, 14.90% of premature deaths from
cancers would be avoided if all risk factor targets were achieved.
Lung cancer had the largest decrease in the number of cancer
deaths compared to the baseline scenario (–27.30%), followed
by colorectal cancer (–19.88%), esophageal cancer (–17.73%),
and breast cancer (–14.08%). A further comparison of avoided
cancer deaths by gender showed that men (–15.53%) benefited
much more through these combined risk factor control targets
than women (–13.16%).

The modeling scenarios seek to avert one-third of premature
mortality by 2030. However, this goal is hard to accomplish.
For all cancers combined, premature mortality among the total
population was expected to increase by 23.65% compared to
the baseline year of 2013, even if all risk factor control targets
were reached by 2030 (Table 6, Figure 1).

For subcategories, all cancers showed increases in premature
mortality compared with that in 2013 in the combined risk factor
control target-achieved scenarios, except for gastric cancer with
a decrease of 41.63% in the total population (34.45% for men
and 53.40% for women). However, it should be noted that the
premature deaths and mortality of gastric cancer would still
decrease substantially even if all risk factors continue their
current trends, as shown in the baseline scenario. A decrease in

premature mortality was also found for women in esophageal
cancer (72.63%), pancreatic cancer (48.71%), and nasopharynx
cancer (29.44%) under combined target–achieved scenarios.
Although the combined risk factor control targets failed to
achieve the one-third reduction of the cancer mortality rate set
by the UN, they could still lead to notable decreases in
premature mortality compared with the baseline scenario in
2030.

Moreover, the impact on cancer premature mortality varied
substantially across different risk factors. For all cancers
combined, diabetes and low fruit intake were the top two leading
risk factors of cancer premature mortality for both genders. For
instance, halting the rise in the prevalence of diabetes may
contribute to nearly half of the reductions in cancer premature
mortality for both genders (Figure 1). The impact of other risk
factors on cancer premature mortality depended on gender. A
halt in the rise of BMI had the third-largest impact for men,
whereas for women (Figure 2), it was the reduction in ambient
PM2.5 levels (Figure 3). For risk factors such as smoking, high
red meat intake, and physical inactivity, the predefined risk
factor control targets seemed to be insufficient to have
pronounced benefits on cancer premature mortality. For risk
factors such as harmful alcohol use and high salt intake, the
predefined control targets set by the WHO showed much smaller
reductions in mortality than the baseline BAU scenario,
indicating the need for setting more ambitious targets. In all
simulated scenarios, men were projected to have greater gains
than women for all cancers after risk factor controls. Scenario
projections by gender are shown in Multimedia Appendix 4.
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Table 6. Premature cancer mortality for people aged 30-70 years in 2030 if all risk factor targets are achieved in Hunan Province, China, and the
comparison with baseline values.

Percent change compared with baseline
in 2030, %

Percent change compared with baseline
in 2013, %

2030 (if all risk factor targets are
achieved)

Disease

Premature mortalityDeathsPremature mortalityDeathsPremature mortality, %Deaths, n

Men

–14.72–15.5337.7164.7012.1560,750Total

–28.22–28.28–0.6927.623.2616,207Lung cancer

–2.88–3.05–34.45–20.290.452220Gastric cancer

–13.69–12.7631.4846.242.2510,782Liver cancer

–20.80–21.00109.73147.661.275956Colorectal cancer

–17.53–17.67156.42199.821.114870Esophageal cancer

–11.22–10.3662.42114.530.251267Pancreatic cancer

–2.00–2.0379.3085.230.612794Nasopharynx cancer

–5.24–5.201126.491064.351.626878Oral cavity cancer

–2.90–3.00572.08859.360.502429Prostate cancer

00–14.852.081.467193Other cancers

Women

–12.83–13.16–1.0927.004.4622,463Total

–23.61–24.0110.7150.171.055120Lung cancer

–2.59–2.68–53.40–43.680.17743Gastric cancer

–12.71–11.74–0.4545.800.512811Liver cancer

–18.00–18.14112.25184.920.763932Colorectal cancer

–22.66–22.70–72.63–57.720.0147Esophageal cancer

–6.60–6.65–48.71–30.660.05253Pancreatic cancer

–9.71–10.05–29.44–27.610.08360Nasopharynx cancer

–13.14–13.5235.3483.380.04186Oral cavity cancer

–13.95–14.0835.5849.830.592737Breast cancer

00–24.88–7.451.276245Other cancers

Both genders

–14.41–14.9023.6552.488.3383,213Total

–27.23–27.300.1132.392.1521,327Lung cancer

–2.82–2.96–41.63–27.810.312963Gastric cancer

–13.58–12.5521.6146.151.3713,593Liver cancer

–19.80–19.88107.52161.251.009888Colorectal cancer

–17.64–17.73132.30183.260.564917Esophageal cancer

–10.45–9.7716.9359.050.151520Pancreatic cancer

–2.98–3.0148.7957.260.343154Nasopharynx cancer

–5.48–5.44912.83920.530.827064Oral cavity cancer

–2.90–3.00572.08859.360.502429Prostate cancer

–13.95–14.0835.5849.830.592737Breast cancer

00–19.87–2.581.3613,438Other cancers
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Figure 1. Probability of premature death due to cancers for people between ages 30 and 70 years in Hunan Province, China.

Figure 2. Probability of premature death due to cancers in men aged 30-70 years in Hunan Province, China.
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Figure 3. Probability of premature death due to cancers in women aged 30-70 years in Hunan Province, China.

Discussion

Principal Findings
In this study, we projected premature mortality from 10 leading
cancers in Hunan Province under 12 different risk factor control
scenarios in 2030 and evaluated whether SDG target 3.4 can be
met for cancer prevention. The results suggest that the one-third
reduction goal in premature cancer mortality would not be
achieved in Hunan, even if all related risk factor control targets
were reached by 2030. This finding is similar to that of a
previous study conducted by Li et al [17], showing that
achieving all related risk targets would lead to a one-third
reduction for all NCDs combined, but not for cancers, in China.
These findings suggest that meeting SDG target 3.4 for cancers
would require extra efforts from both national and local
governments. Notably, Li et al [17] only included six risk
factors, in which merely three (ie, smoking, BMI, and physical
inactivity) were modeled in the projection of cancer burdens.
It seems difficult to achieve dramatic reductions in premature
cancer mortality by only controlling for a limited number of
risk factors; thus, further inclusion of more risk factors is needed
for simulation in the whole country. Although our study
contained a wider range of risk factors, the predicted premature
cancer mortality in Hunan Province failed to reduce by one-third
in 2030, which may be due to the combined effect of several
factors such as the conservativeness of some risk factor targets
and population aging. According to Chen et al [26], the
proportion of people aged over 55 years is expected to increase
to more than 30% in Hunan in 2030 [26]. In addition,
epidemiological studies have shown that cancer mortality is
significantly higher in people over 55 years old than in other
age groups, and approximately 27% of cancer deaths were
attributed to population aging in China in 2019 [10,21,26],
which makes it more difficult to reverse the status quo. Hence,
more stringent targets on key risk factors may be required in
Hunan.

As for various cancer subcategories, it is interesting that risk
factor control targets appeared to generate relatively minor

additional benefits for cancers that had already experienced
dramatic reductions under the BAU scenario. For other cancers
that had not experienced reductions under the BAU scenario,
the joint control of all related risk factors may generate larger
additional benefits. For instance, the control of all five
modifiable risk factors of lung cancer would reduce premature
mortality by 28.2% for men and by 23.6% for women compared
to the BAU scenario in 2030. These findings suggest that it is
more cost-effective to control risk factors for cancers with
tendencies toward worse conditions.

Through modeling, our estimates also illustrated significant
discrepancies in premature mortality reduction across various
risk factor control targets. In parallel with the previous study
conducted by Li et al [17], improving physical inactivity resulted
in minimal reduction in premature cancer mortality, which might
be largely because physical inactivity was only causally related
to two cancer sites (ie, colorectal cancer and breast cancer).
Another explanation may be that the mild reduction of 10% in
physical inactivity was not sufficient to produce a significant
reduction in premature cancer mortality in 2030. A similar result
was also seen for high red meat intake, which was only causally
associated with breast and colorectal cancers. In comparison,
smoking is causally associated with a wide range of cancers
and showed the largest effect in reducing premature cancer
mortality by smoking control. As the largest tobacco producer
and consumer globally, China has enacted a set of antismoking
policies and regulations after signing the WHO’s Framework
Convention on Tobacco Control in 2003 [27], which include
public smoking bans, a rise in tobacco taxes, and warnings on
the cigarette pack. The serial national surveys on smoking
showed that the smoking prevalence in China had been declining
steadily in recent years, although remaining at a high plateau
among men [28]. Hunan Province has a consistently higher
smoking prevalence than the national average level [29],
possibly due to a later implementation of smoking restrictions.
Recently, Hunan Province launched a series of feasible and
effective smoking restriction policies, which have greatly
reduced the smoking rate. Several rounds of CCDRFS surveys
have also indicated a favorably moderate decrease of the
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smoking prevalence in Hunan, which may partly account for
the relatively lower benefit in mortality reduction through the
control of smoking than the control of high BMI and diabetes
that have been rising steadily in Hunan. In addition, due to the
especially low smoking prevalence among women in Hunan,
the WHO target of a 30% reduction may produce much less
benefit for women than that among men.

The past decade has also seen significant decreases in the mean
population salt intake and prevalence of harmful alcohol use in
Hunan, both of which led to more favorable trends than those
of the WHO targets. Of note, the prevalence of current alcohol
use was still maintained at a high level and was much higher in
men than women, especially for hazardous and harmful alcohol
use. The high alcohol use prevalence among men in China may
be explained by the traditional Chinese culture that encourages
drinking as a socially acceptable way to show their dominant
positions in society. Disturbingly, there was a substantial
increase in alcohol use following the rapid economic transition
in China [30]; yet, the current legislation on alcohol use only
focuses on problematic alcohol use such as drunk driving, rather
than on alcohol use per se. Evidence has shown that alcohol use
is the fourth-leading modifiable risk factor that contributes to
cancer mortality among Chinese men [6], and abstinence from
alcohol would increase life expectancy by 0.77 years [31]. These
findings suggest that more effective measures are warranted to
reduce alcohol use. The WHO has recommended some
cost-effective alcohol prevention measures named “best buys,”
which included increasing taxes, enforcing bans on alcohol
advertising, and restricting the availability of alcohol [32]. With
respect to high salt intake, studies have shown that the daily
salt intake in China had been decreasing slowly, which was
largely attributed to the government’s multicomponent
strategies, including labeling, media campaigns, and voluntary
reformulation of the salt industry, among others [33,34].
However, the mean salt intake in 2019 was approximately 9.3
grams per day [35], which was still much higher than the
WHO’s recommended level of 6.0 grams per day. Hence, there
is still room for improvement in reducing the salt intake among
Chinese residents.

Apart from the above risk factors, whether SDG target 3.4 can
be realized in 2030 largely depends on the high-impact factors,
including diabetes, high BMI, and insufficient intake of fruits
and vegetables. China has the largest population of individuals
with diabetes in the world, and the prevalence of diabetes has
been sharply increasing in recent decades in China, including
in Hunan Province [36]. Without proper measures to control
blood glucose, China will continue to have the largest population
of diabetes in 2030 with a predicted number of 140 million [37].
Previous studies discovered that high concentrations of glucose
could provide steady energy for the growth of tumor cells
[38,39], and thus diabetes was identified as an independent risk
factor for several cancer types [40]. It was estimated that
achieving the risk control target for diabetes in 2030 would
avoid 57,400 deaths from NCDs in China [17], and our study
also predicted notable benefits in premature cancer mortality
reduction from the control of diabetes. In China, a range of
programs such as primary diabetic health care have been
promoted to curb the rapid rise in diabetes [41]. However, due

to the imbalanced regional economic development, the capacity
of primary medical services is relatively backward in the central
and western regions of China, resulting in a lack of standardized
diabetic management and low screening rates of diabetes-related
complications [42]. Thus, there is still a long way to go to meet
the commitments of the UN agenda.

Overweight and obesity prevalence among adolescents and
adults has been increasing steadily in China, including Hunan
Province, for the past two decades [35]. This is largely
attributable to high-calorie dietary habits and reduced physical
activity. Researchers have projected that the prevalence of
overweight and obesity, if not controlled effectively, might
reach 65.3% in adults and 31.8% in adolescents by 2030, with
more than 800 million people reaching the overweight and obese
categories in China [43]. The government has made great efforts
to prevent overweight and obesity, including several
school-based programs (such as the Healthy Children Action
Plan and National Nutrition Campus Program) and
community-based programs (such as the National Healthy
Lifestyle Action) to promote healthy diet and exercise among
the population [43]. However, existing policies on overweight
and obesity are still fragmented in China; thus, coordinated and
multisectoral strategies are needed to reach the target of halting
the rise in overweight and obesity by 2030.

Fruit and vegetable intake is an indispensable part of a healthy
diet. Studies have shown that the average daily intake of fruit
in Hunan Province has been increasing steadily in recent years,
while the intake of vegetables has been declining [44,45], which
reflects a remarkable transition in dietary structure. Despite
these trends, the proportions of adults who reached the
recommended levels of Chinese dietary guidelines for both fruit
and vegetable intake remained at low levels. Globally,
inadequate consumption of fruits and vegetables has been
validated to contribute to a large portion of the cancer burden
in many countries such as the United Kingdom, Japan, and
China [3,6,46]. In China, an unhealthy diet including low fruit
and vegetable intake has accounted for more than 10% of
DALYs [3]. Dietary guidelines with different recommendations
have been developed worldwide to tackle the problem. The
WHO recommends a total consumption of at least 400 grams
per day of fruits and vegetables for adults, while in China the
recommended level is 500 grams per day. Although the Global
NCD Action Plan has included the prevalence of inadequate
intake of fruits and vegetables as a monitoring indicator, no
specific target has been set by the WHO to date. In our study,
a 30% reduction for inadequate fruit and vegetable intake
displayed relatively high benefits in cancer mortality reduction,
further supporting the beneficial role of dietary risk control in
achieving SDG target 3.4. Currently, health education with a
focus on children is the major approach for promoting a healthy
diet in China, which indeed has increased people’s awareness
[47]. Nevertheless, given that other factors such as availability
and prices may also influence eating behavior, there is still much
work to be done.

We also validated our projection with other methods or
assumptions. In the baseline scenario, where all risk factors
continue their current trends, the number of premature deaths
from cancers increased from 65,443 in 2017 to 97,787 in 2030.
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Given that approximately 4 million deaths are expected to occur
in 2030 in China [48], an increase of only 32,344 premature
deaths in such a populous province may be underestimated.
Nevertheless, we further estimated the total number of cancer
deaths for all ages and found that the value increased from
111,719 in 2017 to 235,578 in 2030 (see Multimedia Appendix
5), which indicated that people older than 70 years represented
the major group of cancer deaths. In addition, assuming that
cancer mortality trends continued to 2030 with constant change,
we validated the predicted deaths in the BAU scenario using
the proportional change model, which showed similar results
with only a 3.6% difference in total cancer deaths and a 1.6%
difference in overall premature mortality (see Multimedia
Appendix 6). Therefore, we believe our projections to be
credible.

Limitations
Some limitations of our work sƒhould be considered. First,
Hunan launched its cancer registry program in 2009, and the
work at the early stages might be imperfect with low population
coverage. Even by the end of 2020, the cancer registration in
Hunan had only covered approximately 70% of the population,
without achieving full coverage, which may to some extent
cause a certain bias in the estimation of actual cancer deaths.
Nevertheless, with the efforts of local governments, the coverage
of cancer registration has rapidly expanded and the data quality
has steadily improved in recent years. Some of the data were
even cited in monographs of the International Agency for
Research on Cancer. In addition, our data for risk factors were
drawn from the CCDRFS survey; therefore, all limitations in
estimates of levels in the CCDRFS study apply to this analysis.

Second, we used RR estimates primarily from the GBD series
and the CUP Expert Report due to the lack of high-quality
meta-analyses and prospective cohort studies in China, which
may make our results statistically unstable. However, with more
and more large cohort studies being carried out in China, more
reliable RRs for China could be available in future studies.
Third, due to a lack of dynamic monitoring data, some

region-specific risk factors such as betel quid, which is classified
as a class 1 carcinogen and has a high prevalence in Hunan, has
not been included in this analysis. Considering that the Chinese
government has made great efforts on sales restriction and
increasing the public awareness of its harm in recent years, the
prevalence of betel quid chewing in Hunan may decline steadily;
thus, modeling without consideration of betel quid may lead to
overestimation of future cancer mortality. Furthermore, there
are potential interactions among the selected risk factors;
however, due to the absence of information on most interactions,
we simply calculated their combined effects on cancers based
on the assumption of independence, which may lead to some
uncertainties in our results. Hence, solid evidence–based joint
RRs on cancers are warranted for future studies.

Fourth, we did not investigate the impact of population aging
on premature cancer mortality due to insufficient technological
conditions and time. In further studies, we will try to examine
the fractions and trends attributable to population aging and its
interactions with various risk factors on premature cancer
mortality. Fifth, since the current health outcome reflects the
cumulative effect of past exposures, risk factors such as smoking
and alcohol were subdivided by duration and amount whenever
possible. However, no lag effect was considered when data on
specific information were unavailable. Nevertheless, calculations
of PAFs in our study referred to the comparative risk assessment
model from the latest GBD series, and the results were similar
to those of previously published literature [6].

Conclusions
In summary, this modeling study illustrates that the absolute
burden of premature deaths due to cancers will continue to
increase over the next dozen years in the Hunan province of
China. Notable health gains could be achieved by addressing
unhealthy risk factors for cancers. However, existing targets on
related risk factors are not sufficient, particularly in men, to
achieve the one-third reduction goal in premature cancer
mortality. More aggressive risk targets based on local conditions
are urgently needed.
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Abstract

Background: Low-dose computed tomography (LDCT) screening is effective in reducing lung cancer mortality in smokers;
however, the evidence in nonsmokers is scarce.

Objective: This study aimed to evaluate the participant rate and effectiveness of one-off LDCT screening for lung cancer among
smokers and nonsmokers.

Methods: A population-based prospective cohort study was performed to enroll participants aged between 40 and 74 years
from 2013 to 2019 from 4 cities in Zhejiang Province, China. Participants who were evaluated as having a high risk of lung cancer
from an established risk score model were recommended to undergo LDCT screening. Follow-up outcomes were retrieved on
June 30, 2020. The uptake rate of LDCT screening for evaluated high-risk participants and the detection rate of early-stage lung
cancer (stage 0-I) were calculated. The lung cancer incidence, lung cancer mortality, and all-cause mortality were compared
between the screened and nonscreened groups.

Results: At baseline, 62.56% (18,818/30,079) of smokers and 6% (5483/91,455) of nonsmokers were identified as high risk
(P<.001), of whom 41.9% (7885/18,818) and 66.31% (3636/5483) underwent LDCT screening (P<.001), respectively. After a
median follow-up of 5.1 years, 1100 lung cancer cases and 456 all-cause death cases (116 lung cancer death cases) were traced.
The proportion of early-stage lung cancer among smokers was 60.3% (173/287), which was lower than the proportion of 80.3%
(476/593) among nonsmokers (P<.001). Among smokers, a higher proportion was found in the screened group (72/106, 67.9%)
than the nonscreened group (56/114, 49.1%; P=.005), whereas no significance was found (42/44, 96% vs 10/12, 83%; P=.20)
among nonsmokers. Compared with participants who were not screened, LDCT screening in smokers significantly increased
lung cancer incidence (hazard ratio [HR] 1.39, 95% CI 1.09-1.76; P=.007) but reduced lung cancer mortality (HR 0.52, 95% CI
0.28-0.96; P=.04) and all-cause mortality (HR 0.47, 95% CI 0.32-0.69; P<.001). Among nonsmokers, no significant results were
found for lung cancer incidence (P=.06), all-cause mortality (P=.89), and lung cancer mortality (P=.17).
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Conclusions: LDCT screening effectively reduces lung cancer and all-cause mortality among high-risk smokers. Further efforts
to define high-risk populations and explore adequate lung cancer screening modalities for nonsmokers are needed.

(JMIR Public Health Surveill 2023;9:e43586)   doi:10.2196/43586
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Introduction

Background
Lung cancer is the second most commonly diagnosed cancer
and the leading cause of cancer-related death worldwide; in
2020, there were an estimated 2.2 million new cases and 1.8
million deaths [1]. In 2019, more than one-third of all newly
diagnosed lung cancers and approximately 40% of global
cancer-related deaths occurred in China [1], where lung cancer
was the leading cause of disability-adjusted life years and years
of life lost [2], resulting in a high disease and socioeconomic
burden. These trends underscore the need for continued efforts
to improve lung cancer outcomes.

Screening with low-dose computed tomography (LDCT) is
effective in reducing lung cancer mortality in rigorously
randomized controlled trials such as the National Lung
Screening Trial (NLST) and the Dutch-Belgian lung cancer
screening trial (Nederlands Leuvens Screening Onderzoek
[NELSON]); however, such trials have high LDCT uptake rates
exceeding 90% [3,4]. These high uptake rates are not attainable
in real-world settings; thus, evidence from real-world screening
settings with imperfect uptake rates is crucial to inform
appropriate and effective screening policies. Moreover, current
findings are only applicable to smokers, who are considered as
a high-risk lung cancer subgroup. The prevalence of
nonsmoking-related lung cancer in East Asian countries is higher
than that in Europe and the United States [5]. In China, tobacco
smoking is responsible for 75% of lung cancer cases in men
and 18% in women [6]. Therefore, the effectiveness of LDCT
screening among nonsmokers at high risk of lung cancer still
needs to be evaluated.

Objectives
The Cancer Screening Program in Urban China (a large public
health service project) conducted in 2012 included both smokers
and nonsmokers and targeted 5 types of cancer (lung cancer,
female breast cancer, esophageal and gastric cancer, colorectal
cancer, and liver cancer) [7]. In Zhejiang, the smoking rate of

people aged ≥15 years was over 20%, which is relatively low
among all provinces in China [8]. Nevertheless, Zhejiang
Province has a higher lung cancer incidence than the national
average [9,10]. These phenomena make Zhejiang an appropriate
setting to study the effectiveness of lung cancer screening among
smokers and nonsmokers. Using lung cancer screening data
from the Cancer Screening Program in Urban China conducted
in the first 7 years between October 2013 and September 2019
in Zhejiang, we evaluated the effectiveness of one-off LDCT
screening in the early detection and reduction of lung cancer
mortality and all-cause mortality among smokers and
nonsmokers, respectively.

Methods

Study Design and Participants
We performed a population-based prospective study using the
framework of the Cancer Screening Program in Urban China
[11]. Trained staff called or visited residents aged 40-74 years
living in selected communities of the participating cities. Patients
with a history of cancer and those undergoing treatment for
other serious medical and surgical diseases were excluded. For
this screening program, only participants at high risk of lung
cancer (refer to Risk Assessment Procedure) were recommended
to undergo LDCT free of charge at a tertiary-level hospital
designated by the program. All participants provided written
informed consent.

We used data from lung cancer screening conducted between
October 2013 and September 2019 in Zhejiang Province, which
covered 4 cities (Hangzhou, Ningbo, Quzhou, and Jinhua).
Overall, 121,534 eligible individuals participated in the lung
cancer screening program (Figure 1). For this study, smokers
were defined as those who had previously smoked or were
currently smoking tobacco more than once per day for at least
6 months. The smokers and nonsmokers enrolled in this study
were classified into 3 groups: the screened group (high-risk
participants who underwent LDCT screening), the nonscreened
group (high-risk participants who did not undergo LDCT
screening), and the low-risk group.
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Figure 1. Flow diagram of the study population. LDCT: low-dose computed tomography.

Ethics Approval
The study was approved by the ethics committee of the Chinese
Academy of Medical Sciences’s Cancer Hospital (approval
number 15-070/997) and Zhejiang Cancer Hospital (approval
number IRB-2022-271).

Risk Assessment Procedure
Eligible participants completed a cancer-related risk assessment
questionnaire designed by the Cancer Screening Program in
Urban China before LDCT that included questions regarding
cigarette smoking history, occupational exposure to hazardous
substances, frequent exercise, chronic respiratory diseases,
family history of lung cancer, dietary intake of fresh vegetables
in the previous year, and passive smoking. We adopted the
sex-specific risk score systems derived from the Harvard Cancer
Risk Index to evaluate the risk of lung cancer [12,13]. Each risk
factor was assigned a score by an expert panel based on the
magnitude of its association with lung cancer. Cumulative risk
scores were calculated and divided by the average risk score in
the general population, yielding final individual relative risks.
Individuals with a relative risk >2.0 or aged ≥50 years with a
smoking index of ≥400 (number of cigarettes smoked per day
multiplied by years of smoking) were defined as being at high
risk for lung cancer [12,13].

Individuals labeled as being at high risk for lung cancer were
recommended to undergo a free LDCT scan with ≥16 slices at
a tertiary-level hospital designated by the program. These
participants then underwent a process of shared decision-making
that included information about the potential benefits and harms
of screening with LDCT to ensure that their decisions on LDCT
scans were based on their free will.

Follow-up Data
To account for potential immortal time bias, where individuals
in the screened group had to survive (be alive and event free)
until the LDCT scan was conducted, the cohort entry date was
defined as the date of screening in the screened group. For

individuals in the nonscreened group, the cohort entry date was
estimated based on the screening date of the individual in the
screened group whose risk assessment date was closest to that
of the nonscreened group. Time to lung cancer occurrence was
calculated from the cohort entry date until the earliest occurrence
of lung cancer, death, or administrative censoring (June 30,
2020). Accordingly, time to lung cancer death or all-cause death
was calculated from the cohort entry date until death or
administrative censoring, whichever occurred first.

Outcome Assessment and Quality Control
The primary outcomes of interest were incidence of lung cancer,
lung cancer mortality, and all-cause mortality. The secondary
outcomes were the proportion of early-stage lung cancer (stage
0-I) and the participation rate of LDCT. Lung cancer was
defined according to the International Classification of Diseases
(10th revision) and was coded as C34. Outcome data were
retrieved from national linkages, including the cancer registry
system and death surveillance system, every 6 months.

Paper-based standardized documentation forms (epidemiological
questionnaire and LDCT report) were collected from trained
staff and physicians. Form validity was checked and entered
into the data management system by trained study staff. A
consistency check was performed, and if inconsistencies were
identified, errors were corrected by retrieving the original
records. Each participant had a unique identification number
that was used to track all individual-related documentation
forms. All data were transmitted to the Central Data
Management Team of the National Cancer Center of China,
where databases were constructed and analyzed.

Definitions of Covariates
Covariates from the baseline survey included demographic
characteristics (age: 40-54 years and 55-74 years; sex; education
level: low [primary school or below], medium [primary school
to high school], and high [high school or above]; and BMI),
lifestyle factors (smoking status, passive smoking, occupational
exposure to hazardous substances, and frequent exercise), family
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history of lung cancer, and baseline comorbidities (chronic
respiratory diseases, digestive diseases, hepatobiliary diseases,
hypertension, diabetes, and hyperlipidemia). Passive smoking
referred to involuntary inhalation of tobacco smoke.
Occupational exposure to hazardous substances included
occupational exposure to asbestos, rubber, dust, pesticides,
radiation, beryllium, uranium, and radon for at least 1 year.
Frequent exercises were defined as exercises conducted at least
3 times per week for ≥30 minutes each. Respiratory diseases
included pulmonary tuberculosis, chronic bronchitis,
emphysema, asthmatic bronchiectasis, silicosis, and
pneumoconiosis.

Statistical Analysis
Baseline study population characteristics were summarized
using frequencies and percentages for categorical variables and
arithmetic means and SDs for continuous variables. Baseline
factors were compared between the nonsmoker and smoker
groups using a 2-tailed Student t test or chi-square test.
Group-specific participation rates of LDCT screening for
high-risk populations by common factors were also calculated.
Multivariable logistic regression was used to explore the
potential determinants of the participant rate of LDCT screening.
For lung cancer outcomes, cumulative incidence was estimated
using the cumulative incidence function, accounting for the
competing risk of mortality. Lung cancer mortality was
estimated using the cumulative mortality function, accounting
for the competing risk of death from other causes. Gray tests
were used to assess differences between the groups for

cumulative lung cancer incidence and lung cancer mortality.
All-cause mortality was calculated using Kaplan-Meier analysis
with a log-rank test to assess differences between groups. Owing
to the small number of deaths among nonsmokers, we only used
a Cox proportional hazards model among smokers to calculate
the hazard ratios (HRs) and 95% CI of LDCT screening with
lung cancer incidence, mortality, and all-cause mortality. All
hypothesis tests were 2 sided. Statistical analyses were
performed using R (version 3.5.1; R Foundation for Statistical
Computing) and SAS (version 9.4; SAS Institute Inc), and P<.05
was considered statistically significant.

Results

Baseline Characteristics
In total, 121,534 participants aged 40-74 years who were
enrolled in the program were included in this study; of them,
75.3% (n=91,453) were nonsmokers and 24.7% (n=30,079)
were smokers. Compared with nonsmokers, smokers were older;
were more likely to be male; were more likely to have medium
and high educational levels; were more overweight and obese;
and had more occupational exposure to hazardous substances,
passive smoking, family history of lung cancer, chronic
respiratory diseases, digestive diseases, hepatobiliary diseases,
hypertension, hyperlipidemia, and diabetes but were less likely
to exercise frequently (P<.001; Table 1). Comparisons of
baseline characteristics by risk assessment and screening status
for smokers and nonsmokers are, respectively, presented in
Multimedia Appendices 1 and 2.
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Table 1. Baseline characteristics of the study population (N=121,534).

P valuedSmoker groupc (n=30,079)Nonsmoker groupb (n=91,455)Overalla (N=121,534)Characteristics

Demographic characteristics

<.00156.8 (8.0)56.4 (8.4)56.5 (8.3)Age (years), mean (SD)

11,782 (39.17)38,166 (41.73)49,948 (41.10)40-54, n (%)

18,297 (60.83)53,289 (58.27)71,586 (58.90)55-74, n (%)

<.001Sex, n (%)

29,124 (96.83)22,499 (24.60)51,623 (42.48)Male

955 (3.17)68,956 (75.40)69,911 (57.52)Female

<.001Education, n (%)

7766 (25.82)28,925 (31.63)36,691 (30.19)Low

18,512 (61.54)51,977 (56.83)70,489 (58.00)Medium

3801 (12.64)10,553 (11.54)14,354 (11.81)High

<.001BMI (kg/m2), n (%)

649 (2.16)2645 (2.90)3294 (2.71)<18.5

15,951 (53.12)52,997 (58.05)68,948 (56.82)18. 5-24

11,212 (37.33)29,630 (32.45)40,842 (33.66)24-28

2219 (7.39)6031 (6.61)8250 (6.80)≥28

Lifestyle factors

<.001Occupational exposure to hazardous substances, n (%)

24,317 (80.84)82,044 (89.71)106,361 (87.52)No

5762 (19.16)9411 (10.29)15,173 (12.48)Yes

<.001Passive smoking, n (%)

10,934 (36.55)63,153 (69.15)74,087 (61.11)No

18,985 (63.45)28,173 (30.85)47,158 (38.89)Yes

<.001Frequent exercise, n (%)

18,664 (62.05)45,355 (49.59)64,019 (52.68)No

11,415 (37.95)46,100 (50.41)57,515 (47.32)Yes

<.001Family history of lung cancer, n (%)

23,519 (84.30)74,851 (90.17)98,370 (88.69)No

4380 (15.70)8159 (9.83)12,539 (11.31)Yes

Baseline comorbidity

<.001Chronic respiratory diseases, n (%)

23,780 (79.06)81,371 (88.97)105,151 (86.52)No

6299 (20.94)10,084 (11.03)16,383 (13.48)Yes

<.001Digestive diseases, n (%)

20,717 (68.88)70,115 (76.71)90,832 (74.74)No

9362 (31.12)21,340 (23.29)30,702 (25.26)Yes

<.001Hepatobiliary diseases, n (%)

20,390 (67.79)70,159 (76.71)90,549 (74.51)No

9689 (32.21)21,296 (23.29)30,985 (25.49)Yes

<.001Hypertension, n (%)

18,501 (66.66)60,271 (72.72)78,772 (71.20)No
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P valuedSmoker groupc (n=30,079)Nonsmoker groupb (n=91,455)Overalla (N=121,534)Characteristics

9253 (33.34)22,605 (27.28)31,858 (28.80)Yes

<.001Hyperlipidemia, n (%)

22,222 (80.07)69,381 (83.72)91,603 (82.81)No

5531 (19.93)13,487 (16.28)19,018 (17.19)Yes

<.001Diabetes, n (%)

24,829 (89.46)76,417 (92.21)101,246 (91.52)No

2924 (10.54)6455 (7.79)9379 (8.48)Yes

aOverall: 200 participants without information on BMI, 289 participants without information on passive smoking, 10,625 participants without information
on family history of lung cancer, 10,904 participants without information on hypertension, 10,913 participants without information on hyperlipidemia,
and 10,909 participants without information on diabetes.
bNonsmokers: 152 participants without information on BMI, 129 participants without information on passive smoking, 8445 participants without
information on family history of lung cancer, 8579 participants without information on hypertension, 8587 participants without information on
hyperlipidemia, and 8583 participants without information on diabetes.
cSmokers: 48 participants without information on BMI, 160 participants without information on passive smoking, 2180 participants without information
on family history of lung cancer, 2325 participants without information on hypertension, 2326 participants without information on hyperlipidemia, and
2326 participants without information on diabetes.
dP values were generated by using the chi-square or t test (2-tailed) by smoking status.

Participation Rates for LDCT Screening for High-risk
Participants
Among smokers, 62.56% (18,818/30,079) were identified as
being at high risk for lung cancer, which was significantly higher
than 5.8% (5483/94,455) among nonsmokers (P<.001). Among
the high-risk participants, 41.9% (7885/18,818) underwent
LDCT screening among smokers, which was significantly lower
than 66.31% (3636/5483) among nonsmokers (P<.001; Figure
1). The data on LDCT participation by subgroup are shown in
Table 2. Results from multivariable logistic regression models
showed that female participants (odds ratio [OR] 1.33, 95% CI
1.11-1.58; P<.001), older participants (OR 1.24, 95% CI
1.16-1.33; P<.001), participants with occupational exposure to
hazardous substances (OR 1.50, 95% CI 1.38-1.62; P<.001),
participants with a family history of lung cancer (OR 1.74, 95%

CI 1.60-1.90; P<.001), participants with chronic respiratory
diseases (OR 1.40, 95% CI 1.29-1.51; P<.001), participants
with digestive diseases (OR 1.24, 95% CI 1.16-1.33; P<.001),
participants with hepatobiliary diseases (OR 1.35, 95% CI
1.25-1.45; P<.001), participants with hyperlipidemia (OR 1.19,
95% CI 1.10-1.30; P<.001), and participants with diabetes (OR
1.16, 95% CI 1.04-1.29; P<.001) had higher LDCT participation
rates among smokers. Among nonsmokers, participants with
occupational exposure to hazardous substances (OR 1.37, 95%
CI 1.19-1.58; P<.001), participants with a history of passive
smoking (OR 1.22, 95% CI 1.04-1.44; P<.001), participants
with a family history of lung cancer (OR 1.83, 95% CI
1.62-2.08; P<.001), and participants with hepatobiliary diseases
(OR 1.37, 95% CI 1.21-1.56; P<.001) had higher LDCT
participation rates.
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Table 2. Participation rates of low-dose computed tomography (LDCT) screening for high-risk population by smoking status (n =24,301).

Smoker groupbNonsmoker groupaCharacteristics

ORd (95% CI)P valuecUnderwent
LDCT, n (%)

Participants at
high risk, n

ORd (95% CI)P valuecUnderwent
LDCT, n (%)

Participants at
high risk, n

Demographic characteristics

<.001.005Age (years)

Reference2779 (38.51)7217—e1623 (68.37)237440-54

1.24 (1.16-1.33)5106 (44.01)11,601—2013 (64.75)310955-74

<.001—Sexf

Reference7524 (41.39)18,178—0 (0)0Male

1.33 (1.11-1.58)361 (56.41)640—3636 (66.31)5483Female

.48.65Education

—2247 (42.36)5304—1261 (66.75)1889Low

—4833 (41.88)11,540—2026 (66.34)3054Medium

—805 (40.78)1974—349 (64.63)540High

<.001.42BMI

—174 (39.10)445—114 (60.96)187<18.5

—4089 (40.62)10,066—2107 (66.76)315618.5-24

—2978 (43.27)6882—1153 (66.42)173624-28

—634 (45.51)1393—257 (65.39)393≥28

Lifestyle factors

<.001<.001Occupational exposure to hazardous substances

Reference5668 (38.53)14,712Reference2338 (62.92)3716No

1.50 (1.38-1.62)2217 (53.99)41061.37 (1.19-1.58)1298 (73.46)1767Yes

<.001.001Passive smoking

—2140 (37.31)5735Reference586 (61.75)949No

—5649 (43.67)12,9351.22 (1.04-1.44)2998 (67.17)4463Yes

.41.76Frequent exercise

—5676 (42.09)13,486—2784 (66.21)4205No

—2209 (41.43)5332—852 (66.67)1278Yes

<.001<.001Family history of lung cancer

Reference5213 (38.38)13,583Reference1238 (59.01)2098No

1.74 (1.60-1.90)2255 (59.91)37641.83 (1.62-2.08)2305 (72.03)3200Yes

Baseline comorbidity

<.001.12Chronic respiratory diseases

Reference4875 (36.27)13,440—234 (70.27)333No

1.40 (1.29-1.51)3010 (55.97)5378—3402 (66.06)5150Yes

<.001.03Digestive diseases

Reference4519 (36.90)12,246—1394 (64.60)2158No

1.24 (1.16-1.33)3366 (51.22)6572—2242 (67.40)3325Yes

<.001<.001Hepatobiliary diseases

Reference4361 (35.79)12,186Reference1355 (60.7)2233No

1.35 (1.25-1.45)3524 (53.14)66321.37 (1.21-1.56)2281 (70.2)3250Yes

<.001.80Hypertension
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Smoker groupbNonsmoker groupaCharacteristics

ORd (95% CI)P valuecUnderwent
LDCT, n (%)

Participants at
high risk, n

ORd (95% CI)P valuecUnderwent
LDCT, n (%)

Participants at
high risk, n

—4630 (40.90)11,319—2162 (66.44)3254No

—2612 (45.54)5736—995 (66.07)1506Yes

<.001—Hyperlipidemia

Reference5367 (39.88)13,458—2068 (65.15)3174No

1.19 (1.10-1.30)1873 (52.09)3596—1086 (68.60)1583Yes

<.001.21Diabetes

Reference6356 (41.75)15,225—2864 (66.59)4301No

1.16 (1.04-1.29)885 (48.39)1829—291 (63.68)457Yes

aNonsmokers: 11 participants without information on BMI, 71 participants without information on passive smoking, 185 participants without information
on family history of lung cancer, 723 participants without information on hypertension, 726 participants without information on hyperlipidemia, and
725 participants without information on diabetes.
bSmokers: 32 participants without information on BMI, 148 participants without information on passive smoking, 1471 participants without information
on family history of lung cancer, 1763 participants without information on hypertension, 1764 participants without information on hyperlipidemia, and
1764 participants without information on diabetes.
cP values were generated by using the chi-square and Cochran-Armitage test statistics for differences where appropriate; missing values are not included.
dOR: odds ratio. ORs are presented for variables with significance in the multivariate logistic regression.
eThe variable is excluded from the final model and OR is not available.
fAll nonsmokers were female .

Overall Lung Cancer Incidence and Mortality
After a median follow-up time of 5.1 years (IQR 3.1-5.9 years),
377 lung cancer cases, 202 all-cause death cases, and 67 lung
cancer death cases were observed among smokers, and 733 lung
cancer cases, 254 all-cause death cases, and 49 lung cancer
death cases were observed among nonsmokers (Table 3). The
crude lung cancer incidence density was 277.57 (95% CI
250.92-307.05) per 100,000 person-years in smokers and 178.51
(95% CI 166.05-191.92) per 100,000 person-years in
nonsmokers (Table 4), resulting in a crude rate ratio of 1.555
(95% CI 1.547-1.563). The crude all-cause mortality rate and
lung cancer mortality rate in smokers was 147.89 (95% CI
128.83-169.76) per 100,000 person-years and 49.05 (95% CI
38.61-62.33) per 100,000 person-years, respectively, which
were higher than 61.63 (95% CI 54.50-69.69) per 100,000

person-years and 11.89 (95% CI 8.99-15.73) per 100,000
person-years in nonsmokers, yielding a crude rate ratio of 2.4
(95% CI 2.382-2.417) and 4.126 (95% CI 4.057-4.195),
respectively. Among lung cancer patients with available data
on stage and histological information, the proportion of stage
0-I was 60.3% (173/287) among smokers and lower than the
proportion of 80.3% (476/593) among nonsmokers (P<.001),
and the proportion of adenocarcinoma was 61.2% (194/317)
among smokers and lower than the proportion of 90.2%
(607/673) among nonsmokers (P<.001; Table 3). Subgroup
analyses showed that the proportion of stage 0-I was 67.9%
(72/106) in the screened group, which was significantly higher
than 49.1% (56/114) in the nonscreened group (P=.005) among
smokers, and no significance was found of the proportion of
stage 0-Ibetween the screened group (42/44, 96%) and the
nonscreened group (10/12, 83%) among nonsmokers (P=.20).
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Table 3. Lung cancer incidence cases and deaths among all participants (N=121,534).

SmokerbNonsmokera

Screened
(n=7885)

Nonscreened
(n=10,933)

Low risk
(n=11,261)

All
(n=30,379)

Screened
(n=3636)

Nonscreened
(n=1847)

Low risk
(n=85,972)

All
(n=91,455)

Incident cases, n

143148863775417662733All cases

Stage , n (%)

72 (67.9)56 (49.1)45 (67.2)173 (60.3)42 (95.5)10 (83.3)424 (79)476 (80.3)0-I

8 (7)8 (7)3 (4.5)19 (6.6)0 (0)1 (8.3)23 (4.2)24 (4.1)II

17 (15)22 (19.3)8 (11.9)47 (16.4)0 (0)1 (8.3)31 (5.8)32 (5.4)III

9 (8.5)28 (24.6)11 (16.4)48 (16.7)2 (4.5)0 (0)59 (11)61 (10.3)IV

Histological type, n (%)

81 (68.1)59 (48.4)54 (71.1)194 (61.2)45 (93.8)16 (94.1)546 (89.1)607 (90.2)Adenocarcinoma

24 (20.2)39 (32)16 (21.1)79 (24.9)1 (2.1)0 (0)33 (5.4)34 (5.1)Squamous cell carcinoma

8 (7.6)18 (14.8)4 (5.3)31 (9.8)0 (0)0 (0)13 (2.1)13 (1.9)Small-cell carcinoma

5 (4.2)6 (4.9)2 (2.6)13 (4.1)2 (4.2)1 (5.9)21 (3.4)19 (2.8)Others

Death cases, n

361026420253246254All-cause death cases

14401367014849Lung cancer death cases

aNonsmokers: 140 lung cancer cases without information on stage and 60 lung cancer cases without information on histological type.
bSmokers: 90 lung cancer cases without information on stage and 60 lung cancer cases without information on the histological type.
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Table 4. Lung cancer incidence density and mortality rate by subgroups.

SmokerNonsmoker

P valueAdjusted ratea,b

(95% CI)
Crude ratea

(95% CI)

Cases, nP valuecAdjusted ratea,b

(95% CI)
Crude ratea

(95% CI)

Cases, n

Lung cancer incidence density

N/A219.86 (157.77-
306.40)

277.57 (250.92-
307.05)

377N/Ad179.78 (166.14-
194.54)

178.51 (166.05-
191.92)

733Overall

<.001c<.001cSubgroup

N/A144.60 (67.76-
308.57)

157.80 (127.74-
194.94)

86N/A173.28 (159.64-
188.08)

170.23 (157.74-
183.70)

662Low-risk group

<.001132.65 (112.91-
155.84)

306.10 (260.55-
359.61)

148.06e129.32 (80.39-
208.03)

223.72 (139.08-
359.88)

17Nonscreened group

N/A389.49 (249.18-
608.81)

433.71 (368.14-
510.96)

143N/A223.37 (171.03-
291.72)

382.33 (292.82-
499.21)

54Screened group

All-cause mortality rate

N/A74.83 (54.98-
103.73)

147.89 (128.84-
169.76)

202N/A72.62 (63.54-
83.01)

61.63 (54.50-
69.69)

254Overall

<.001c.29cSubgroup

N/A84.83 (37.31-
192.89)

117.10 (91.65-
149.61)

64N/A73.09 (63.92-
83.58)

63.04 (55.63-
71.43)

246Low-risk group

<.001e91.03 (74.97-
110.53)

210.0 (172.9-
255.0)

102.89e22.56 (7.28-
69.95)

39.29 (12.67-
121.81)

3Nonscreened group

N/A46.03 (33.16-
63.88)

107.93 (77.86-
149.63)

36N/A20.74 (8.63-
49.86)

35.02 (14.57-
84.13)

5Screened group

Lung cancer mortality rate

N/A32.4 (15.75-
66.64)

49.05 (38.61-
62.33)

67N/A15.98 (11.85-
21.55)

11.89 (8.99-
15.73)

49Overall

<.001c.43cSubgroup

N/A23.8 (13.8-41.0)25.7 (16.0-41.3)13N/A23.2 (18.6-29.1)12.3 (9.3-16.3)48Low-risk group

<.001e35.7 (26.2-48.6)82.3 (60.4-
112.3)

40.17e7.5 (1.1-53.4)13.1 (1.8-93.0)1Nonscreened group

N/A17.7 (10.47-
29.94)

41.97 (24.86-
70.87)

14N/A0f0f0fScreened group

aRate is the number of cases per 100,000 person-year.
bRate is adjusted by age group and gender.
cP value is generated by comparing the 3 groups (low-risk group, nonscreened group, and screened group).
dN/A: not applicable.
eP value is generated by comparing the 2 groups (nonscreened group and screened group).
fNo lung cancer death cases were reported for the group.

Lung Cancer Incidence and Mortality in Smokers
For smokers, the crude lung cancer incidence densities in the
low-risk, nonscreened, and screened groups were 157.80 (95%
CI 127.74-194.94) per 100,000 person-year, 306.10 (95% CI
260.55-359.61) per 100,000 person-year, and 433.71 (95% CI
368.14-510.96) per 100,000 person-year, respectively (P<.001;
Figure 2A-C; Table 4). After adjusting for potential confounders,
participants at high risk had significantly higher lung cancer

incidence intensity (HR 2.20, 95% CI 1.72-2.82; P<.001), lung
cancer mortality (HR 2.93, 95% CI 1.60-5.37; P<.001), and
all-cause mortality rate (HR 1.42, 95% CI 1.06-1.91; P=.02)
than participants at low risk, and participants in the screened
group had significantly higher lung cancer incidence (HR 1.39,
95% CI 1.09-1.76; P=.007) but lower lung cancer mortality
(HR 0.52, 95% CI 0.28-0.96; P=.04) and all-cause mortality
(HR 0.47, 95% CI 0.32-0.69; P<.001) than the nonscreened
group (Multimedia Appendix 3).
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Figure 2. (A) Cumulative intensity of lung cancer incidence, (B) cumulative lung cancer mortality, and (C) cumulative all-cause mortality in smokers.

Lung Cancer Incidence and Mortality in Nonsmokers
For nonsmokers, lung cancer incidence densities in the low-risk,
nonscreened, and screened groups were 170.23 (95% CI
157.74-183.70) per 100,000 person-year, 223.72 (95% CI
139.08-359.88) per 100,000 person-year, and 382.33 (95% CI

292.82-499.21) per 100,000 person-year, respectively. No
significant differences were detected in lung cancer intensity
(P=.06), all-cause mortality (P=.89), and lung cancer mortality
(P=.17) between the screened and nonscreened groups (Table
4; Figure 3).
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Figure 3. (A) Cumulative intensity of lung cancer incidence, (B) cumulative lung cancer mortality, and (C) cumulative all-cause mortality in nonsmokers.

Discussion

Principal Findings
In this multicenter-based prospective cohort study involving
≥120,000 participants, we found a higher participation rate of
LDCT screening among nonsmokers than among smokers
(3636/5483, 66.31% vs 7885/18,818, 41.9%). Statistically
significant reduced lung cancer mortality and all-cause mortality

were observed among smokers in the screened group compared
with those in the nonscreened group, with a higher proportion
of early-stage lung cancer (72/106, 67.9% in the screened group
and 56/114, 49.1% in the nonscreened group). However, we
failed to find a significant mortality reduction among screened
nonsmokers, relative to nonscreened nonsmokers.
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Comparison With Prior Work
The LDCT screening participation rate for nonsmokers was
higher than that for smokers, as reported in other studies [13,14].
Studies have consistently shown that smokers have lower
recognition of tobacco harm, lower health awareness, or
preferred not to be notified of their status of lung cancer [14-18].
Women accounted for the majority of nonsmokers, and women
had better awareness of cancer prevention than men [19]. This
called for a multipronged approach to enhance engagement and
extensively scale up lung cancer screening among smokers in
China. As expected, nonsmokers and smokers with lung cancer
risk factors (such as occupational exposure to hazardous
substances, family history of lung cancer, and history of
hepatobiliary diseases) had better LDCT screening compliance,
as these disease-related factors may raise people’s awareness
of lung cancer. For individuals with high lung cancer risk but
low screening compliance, promotion of and training on the
benefits and need for lung cancer screening are urgently
required. Therefore, health education should target these
residents to develop good living habits and improve cancer
awareness.

As expected, a higher lung cancer incidence density was
detected in the high-risk and screened groups, and most lung
cancers among the nonsmoker participants were detected in the
early stages (476/593, 80.3% were in stage 0-I), in contrast to
those among smokers (173/287, 60.3% were in stage 0-I).
Moreover, our study showed that the proportion of early-stage
lung cancer was also high in the nonscreened group (10/12,
83% vs 56/114, 49.1%). A multicenter hospital-based study in
China reported that the proportion of patients with stage I lung
cancer was only 19% [20]. This disparity implies that screening
programs involving health education, even without the provision
of free LDCT examination, might increase the detection rate of
early-stage lung cancer when it is still curable.

In our study, the most frequent histological type was
adenocarcinoma, with a proportion of 90.2% (607/673) among
nonsmokers and 61.2% (194/317) among smokers. East Asian
female never-smokers tend to develop adenocarcinoma, with
the majority developing from oncogenic mutations [21].
Significantly higher proportions of adenocarcinoma among
nonsmokers can be explained by the higher proportion of women
among nonsmokers. In addition, in the screened group, the
proportion of stage 0-I disease among nonsmokers was higher
than that among smokers (42/44, 96% vs 72/106, 67.9%).
Similar results were found in a population screened in Korea
(92.7% vs 63.6%) [22]. These findings strongly suggest that
LDCT screening may be an effective strategy to detect
early-stage lung cancer in nonsmokers and smokers in Asia,
even though the incidence density of lung cancer is lower in
nonsmokers. Despite the poor prognosis of lung cancer, patients
with stage I disease have a 5-year survival rate of >75% [23,24].
Therefore, our results establish the potential value of lung cancer
screening programs for smokers and nonsmokers.

Over a median follow-up time of 5.1 years, among smokers
who were evaluated as high risk, we found a remarkable 48%
lung cancer mortality reduction by screening with LDCT. LDCT
screening has high potential benefit in decreasing lung cancer

mortality worldwide, as shown in the NLST, NELSON, and the
German Lung Cancer Screening Intervention Trial studies,
which demonstrated that LDCT screening reduced lung cancer
mortality by 20%, 24%, and 26%, respectively [3,4,25]. The
reduction in our study was greater because we focused on the
smoker subgroup. In the Multicentric Italian Lung Detection
trial, a similar reduction (39%) was observed in lung
cancer–related mortality following LDCT screening among
smoking high-risk participants with ≥20 pack-years [26]. As
tobacco smoking is a major risk factor for lung cancer [27], we
conclude that participants with a history of smoking are likely
to derive the greatest benefit from screening. Unlike in trials,
the participants were randomly allocated into the LDCT
screening group and control group, whereas in our study, the
nonscreened group was determined from high-risk participants
who declined to participate in further LDCT examination. This
indicates that individuals in the nonscreened group (who are at
high risk of lung cancer but did not undergo an LDCT scan)
were more likely to have poor health awareness and less likely
to seek medical assistance. This could be explained by the lowest
proportion of early-stage lung cancer, highest all-cause mortality
rate, and highest lung cancer mortality rate among the
nonscreened group, followed by the low-risk and screened
groups. Therefore, we strongly recommend LDCT screening
for lung cancer in regions with high smoking rates [28].

The promising effects of the LDCT screening program observed
in this study may be because of sufficient medical resources
and health care infrastructure in Zhejiang. Zhejiang is a coastal
province with a relatively high economy level in China, of which
the gross domestic product per capita was US $14,600 in 2020,
which was 1.40 times that of the national average and 1.45 times
that of the global average. Due to its rapidly growing economy
and a well-developed medical system, cancer screening has
been well received and undertaken since the 1970s [28,29].
With screening practices in place for decades, Zhejiang has
successfully established relatively mature screening networks
in local or primary care and has developed multidisciplinary
teams of professionals, resulting in a successful and effective
LDCT screening program.

We observed a significant 53% reduction in all-cause mortality
following LDCT screening among smokers, which was higher
than that reported by the NLST (6.7%); however, several
European randomized controlled trials, such as the detection
and screening of early lung cancer with novel imaging
technology and NELSON trials [4,30], found no significant
reduction. Much larger sample sizes are needed to detect a
significant reduction in all-cause mortality [31]; the sample size
in our study was adequate. The consistent reduction in lung
cancer mortality and all-cause mortality that we observed in our
study is reassuring and supports the accuracy of cause of death
assignment and suggests no important harms of screening [32].
In addition to early detection of lung cancer, LDCT screening
provides an opportunity to detect cardiovascular disease,
pulmonary disease, and extrapulmonary neoplasms [33-35], as
a beneficial reduction in all-cause mortality may result from
clinically significant incidental findings.

We did not observe a significant reduction in either lung cancer
mortality or all-cause mortality by screening for nonsmokers.
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This may be because (1) a high proportion of early-stage lung
cancers might lead to a favorable prognosis and a limited
number of deaths; (2) considering the inadequate sample size
as well as the limited follow-up time, no lung cancer deaths
were traced in the follow-up period of this study among
nonsmokers; or (3) we lacked accurate risk stratification
strategies of nonsmokers for lung cancer screening. In East
Asia, approximately one-third of lung cancers are unrelated to
smoking [36,37]. Between 60% and 80% of women with lung
cancer in Asia are nonsmokers compared with between 15%
and 20% in the United States and Europe [5]. The current
recommendation in the United States is that nonsmokers should
not be screened; however, this recommendation is based on
modeling in a predominantly White population, making the
conclusion likely not applicable to Asian countries with a higher
proportion of lung cancers in nonsmokers [38,39]. Moreover,
in a population-based ecological cohort study among young
women in Taiwan of China who rarely smoke, a significant
upward trend in lung cancer incidence after LDCT screening
but a stable trend in mortality was observed [40], which is
suggestive of screening-related lung cancer overdiagnosis.
Nevertheless, LDCT screening decreased the lung cancer
mortality rate (HR 0.41) among nonsmokers in Hitachi City,
Japan [41], suggesting that LDCT screening is effective in
preventing lung cancer death among nonsmokers. In this study,
the high adherence to LDCT screening and the high proportion
of early-stage lung cancer may reflect a high level of
conscientiousness among nonsmokers, indicating that the
screening program involving health education has been
advantageous for nonsmokers. However, it remains unclear
whether LDCT screening can help nonsmokers in reducing
mortality. Hence, longer follow-up data are urgently required
to evaluate the effects of LDCT screening among nonsmokers.
A risk prediction model that is applicable to Asian populations
to identify nonsmokers with a high risk of lung cancer for LDCT
screening must be established.

Limitations
Our study had some limitations. First, this study may not be
representative of the entire general population of China, but it
can provide a scientific basis for other regions with similar
socioeconomic status. Second, this was a real-world study rather

than a randomized controlled trial, which might have led to
residual confounders. We admit that a health volunteer effect
existed in our study. Our program increased the health awareness
of all participants involved in the program, including those in
the screened, nonscreened, and low-risk groups. This can explain
why the early-stage distributions were higher among all groups
than in the general population. These findings suggest that
screening programs involving health education may also increase
the early detection of lung cancer and potentially decrease
disease-specific mortality. Third, the median follow-up of 5.1
years in this study might be insufficient to trace cases and
achieve consistent findings. Therefore, additional studies with
extended follow-up times should be conducted to further
evaluate the screening effects. Fourth, the smoker group was
not categorized into heavy and light smokers because of the
limited number of cases, and male participants without available
information on smoking history were excluded. Passive smoking
was only considered for women, which potentially induced
gender disparity in smokers and nonsmokers. Finally, the
outcome data presented here were obtained from the cancer
registry and death surveillance systems, which might have
resulted in a misclassification bias. Nevertheless, the cancer
registry data in Zhejiang definitively met the requirements of
the International Agency for Research on Cancer and the
International Association of Cancer Registries, and the data
were included in Cancer Incidence in Five Continents (Volume
VIII-XI) consecutively [42-44]. Thus, the data quality obtained
from Zhejiang Province was reliable.

Conclusions
In conclusion, our findings suggest effective reduction of
all-cause and lung cancer mortality among smokers following
LDCT screening, whereas evidence of LDCT screening
effectiveness for nonsmokers is still insufficient. It is important
to not only target smokers but also identify nonsmokers at high
risk of developing lung cancer to implement lung cancer
screening programs and maximize screening benefits in China.
Our study has significant health service implications, thus
providing promising evidence to support the implementation
of a national lung cancer screening program and to define
optimal guidelines for lung cancer screening in China.
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Abstract

Background: People who smoke and who face challenges trying to quit or wish to continue to smoke may benefit by switching
from traditional cigarettes to noncombustible nicotine delivery alternatives, such as heated tobacco products (HTPs) and electronic
cigarettes (ECs). HTPs and ECs are being increasingly used to quit smoking, but there are limited data about their effectiveness.

Objective: We conducted the first randomized controlled trial comparing quit rates between HTPs and ECs among people who
smoke and do not intend to quit.

Methods: We conducted a 12-week randomized noninferiority switching trial to compare effectiveness, tolerability, and product
satisfaction between HTPs (IQOS 2.4 Plus) and refillable ECs (JustFog Q16) among people who do not intend to quit. The
cessation intervention included motivational counseling. The primary endpoint of the study was the carbon monoxide–confirmed
continuous abstinence rate from week 4 to week 12 (CAR weeks 4-12). The secondary endpoints included the continuous
self-reported ≥50% reduction in cigarette consumption rate (continuous reduction rate) from week 4 to week 12 (CRR weeks
4-12) and 7-day point prevalence of smoking abstinence.

Results: A total of 211 participants completed the study. High quit rates (CAR weeks 4-12) of 39.1% (43/110) and 30.8%
(33/107) were observed for IQOS-HTP and JustFog-EC, respectively. The between-group difference for the CAR weeks 4-12
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was not significant (P=.20). The CRR weeks 4-12 values for IQOS-HTP and JustFog-EC were 46.4% (51/110) and 39.3%
(42/107), respectively, and the between-group difference was not significant (P=.24). At week 12, the 7-day point prevalence of
smoking abstinence values for IQOS-HTP and JustFog-EC were 54.5% (60/110) and 41.1% (44/107), respectively. The most
frequent adverse events were cough and reduced physical fitness. Both study products elicited a moderately pleasant user
experience, and the between-group difference was not significant. A clinically relevant improvement in exercise tolerance was
observed after switching to the combustion-free products under investigation. Risk perception for conventional cigarettes was
consistently higher than that for the combustion-free study products under investigation.

Conclusions: Switching to HTPs elicited a marked reduction in cigarette consumption among people who smoke and do not
intend to quit, which was comparable to refillable ECs. User experience and risk perception were similar between the HTPs and
ECs under investigation. HTPs may be a useful addition to the arsenal of reduced-risk alternatives for tobacco cigarettes and may
contribute to smoking cessation. However, longer follow-up studies are required to confirm significant and prolonged abstinence
from smoking and to determine whether our results can be generalized outside smoking cessation services offering high levels
of support.

Trial Registration: ClinicalTrials.gov NCT03569748; https://clinicaltrials.gov/ct2/show/NCT03569748

(JMIR Public Health Surveill 2023;9:e42628)   doi:10.2196/42628

KEYWORDS

harm reduction; heat not burn; electronic cigarettes; smoking cessation; smoking reduction; e-cigarette; public health; psychological
well-being

Introduction

According to the World Health Organization, smoking is
endemic, with more than 1.1 billion smokers worldwide,
resulting in approximately 7 million premature deaths every
year [1]. Deaths are primarily due to lung cancer and fatal
complications of ischemic heart disease and chronic obstructive
pulmonary disease (COPD) [1-3]. The risk of developing
diseases has been shown to significantly reduce when stopping
smoking [4,5].

Achieving cessation is challenging, because quit rates are low,
relapse rates are high, and many smokers wish to continue to
smoke [6,7]. The compulsion to smoke is difficult to break, and
even for those who do quit smoking, relapse is the norm. For
unsupported quit attempts, 80% of people relapse in the first
month [7,8], and among people who smoke and use treatments,
75% fail within 6 months, with the large majority resuming
smoking within 2 weeks [9]. Even among those who quit
smoking during hospitalization and intended to stay quit, 25%
relapsed on the first day after discharge [10].

Substitution of combustible tobacco cigarettes with less harmful
combustion-free nicotine delivery alternatives (NDAs), such as
electronic cigarettes (ECs) and heated tobacco products (HTPs),
is now a relatively new option available to smokers [6,11-13].

ECs operate by heating an element that vaporizes a solution.
HTPs consist of a holder that electronically transfers controlled
heat to tobacco sticks that generate a nicotine-containing
aerosol. Since the emission aerosols of combustion-free NDAs
are produced at a much lower vaporizing/heating temperature
compared to that of combustion (which generally starts above
400 °C), they contain less harmful and potentially harmful
chemicals than tobacco smoke [14-19].

Although not completely risk free, EC and HTP use may help
respiratory patients to achieve sustained abstinence from
cigarette smoking, with clinically relevant health gains [20,21].

The most recent Cochrane review concluded that ECs with
nicotine increased quit rates, and compared to nicotine
replacement therapy, a risk ratio (RR) of 1.53 was reported,
indicating, in absolute terms, an additional 3 quitters for every
100 using ECs [22]. However, formal demonstration of the
efficacy of HTPs for smoking cessation is not yet available [23].

HTPs often mimic a hand-to-mouth experience that is very
similar to that of conventional tobacco cigarettes. By mimicking
the experience of tobacco smoking and its associated rituals,
the use of HTPs can provide adequate compensatory physical
and behavioral effects [24,25], likely serving as an effective
method of relapse prevention [21].

It is not clear if HTPs provide a more gratifying smoking
experience compared to ECs, and a direct comparison between
the 2 types of products has never been investigated. With this
in mind, we conducted a prospective randomized noninferiority
switching trial to compare effectiveness, tolerability, and product
satisfaction/adoption between HTPs and refillable ECs among
people who smoke and do not intend to quit.

Methods

Study Participants
Eligibility criteria have been described previously in detail [26].
In brief, adult people smoking ≥10 cigarettes per day for the
past year, having an exhaled carbon monoxide (eCO) level of
≥7 ppm, not intending to quit in the next 30 days, and interested
in switching to combustion-free NDAs were recruited among
hospital/university staff, via social media, or through word of
mouth. Unwillingness to quit was confirmed by the answer
“No” to the following questions: “Do you plan to quit smoking
within the next 30 days?” and “Do you wish to participate in a
smoking cessation program?” The exclusion criteria were as
follows: (1) history of depression, panic disorder, psychosis, or
bipolar disorder; (2) significant history of alcoholism or
drug/chemical abuse within 12 months prior to screening; (3)
known clinically significant diseases that, in the opinion of the

JMIR Public Health Surveill 2023 | vol. 9 | e42628 | p.716https://publichealth.jmir.org/2023/1/e42628
(page number not for citation purposes)

Caponnetto et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.2196/42628
http://www.w3.org/Style/XSL
http://www.renderx.com/


investigator, would jeopardize the safety of the participant or
impact the validity of the study results; (4) use of any
tobacco/nicotine delivery device (except for own brands of
cigarettes) within the last 3 months; and (5) use of nicotine
replacement therapy or other smoking cessation therapies within
the last 3 months.

Trial Design and Study Visits
Details of the study design and protocol have been previously
published [26]. In brief, this was a 12-week, randomized, 2
parallel arm, open-label, noninferiority trial conducted to
compare effectiveness, tolerability, adoption rates, and
acceptability between HTPs and ECs in regular smokers
(Multimedia Appendix 1). The trial consisted of a total of 8

study visits (see Multimedia Appendix 1). Participants could
choose 1 out of 3 different flavors for each class of products
and were provided with their preferred flavor for the whole
duration of the study. Motivational counseling [27,28] was
offered throughout the study to maximize study product
adherence, to favor transition away from combustible tobacco
cigarettes, and to prevent relapse back to smoking. Activities
carried out during study visits are detailed in Multimedia
Appendix 2.

The study was conducted in accordance with the Guideline for
Good Clinical Practice and followed the Consolidated Standards
of Reporting Trials (CONSORT) reporting guidelines for
randomized studies (Figure 1).
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Figure 1. CONSORT (Consolidated Standards of Reporting Trials) flow diagram. EC: electronic cigarette; HTP: heated tobacco product.

Study Products
HTPs and ECs were provided for the whole duration of the
intervention phase (12 weeks).

HTPs
Participants randomized to the HTP arm of the study received
IQOS 2.4 Plus consisting of a pen-like holder into which a
tobacco stick is inserted and heated, and a battery case to
recharge the holder after each use. IQOS 2.4 Plus was the only
HTP available on the Italian market when this trial was designed.
The device is to be used with tobacco sticks specifically
processed and manufactured for IQOS (named HEETS).

Participants could choose from 3 varieties of tobacco sticks
(HEETS Amber, rich tobacco; HEETS Yellow, smooth tobacco;
and HEETS Turquoise, menthol-flavored tobacco), which were
available for sale on the Italian market at the time of the study.

ECs
Participants randomized to the EC arm of the study received
JustFog Q16 Starter Kit consisting of a battery and a 1.9-mL
refillable tank fitted with a 1.6-Ohm nichrome coil. Participants
could choose from 3 varieties of e-liquid flavors (Puff Riserva
Country 16 mg, sweet tobacco flavor; Puff Riserva Toscana 16
mg, full tobacco flavor; and Puff Artic 16 mg, menthol flavor;
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all 3 are formulated in 50% propylene glycol/40% vegetable
glycerin/10% H2O), which were chosen for the trial by an expert
panel to match the sensory experiences of the 3 IQOS tobacco
sticks selected for the study.

Study Endpoints
The primary efficacy endpoint of the study was the continuous
abstinence rate (CAR) from week 4 to week 12 (CAR weeks
4-12). Abstinence from smoking was defined as eCO-verified
(<10 ppm) self-reported abstinence from cigarette smoking.
CAR weeks 4-12 was used to compare quit rates between
IQOS-HTP and JustFog-EC.

The secondary efficacy endpoints were the 7-day point
prevalence of abstinence at week 12 and the continuous
reduction rate (CRR) from week 4 to week 12 (CRR weeks
4-12). Smoking reduction was self-reported. A reduction in the
number of cigarettes smoked per day of 50% from baseline was
considered of importance and excluded those labeled as CAR
weeks 4-12. The CRR weeks 4-12 was used to compare
reduction rates between IQOS-HTP and JustFog-EC.
Participants who could not be classified as CAR weeks 4-12 or
CRR weeks 4-12 were considered to have failed. Safety
reporting details have been previously published [26].

Product satisfaction was investigated by using the following
questionnaires adapted and validated for EC and HTP use:
modified Cigarette Evaluation Questionnaire (mCEQ) and
modified Smoking Cue Appeal Survey (mSCAS). Risk
perception was assessed by using the Perceived Risk Instrument
for conventional cigarettes (PRI-P CC) and the Perceived Risk
Instrument for reduced risk products (PRI-P RRP). The effect
on quality of life was investigated by questionnaires (ie,
EQ-5D-5L and EQ VAS) and by measuring changes in body
weight and exercise tolerance (ie, V̇O2 max by the Chester step
test). Self-reported EC or HTP use at each study visit was
verified against the product use check and reported in the
electronic case report form (e-CRF). The product use check was
used to calculate daily consumption.

Study Assessments
The assessments carried out during study visits are listed in
Multimedia Appendix 2 and included the following: (1) number
of cigarettes smoked per day; (2) adverse events; (3) eCO levels
evaluated with a calibrated handheld device (MicroCO); (4)
resting blood pressure and heart rate taken with a semiautomated
oscillometric sphygmomanometer (Smart Pressure, CA-MI);
(5) body weight, height, body fat, visceral fat, fat-free
mass, body muscle mass, bone body mass, metabolic age, and
water content taken with a body composition analyzer (Tanita
SC-240, Tanita); (6) BMI calculated by dividing weight by

height square (kg/m2); and (7) Chester step test to determine
maximal aerobic capacity (ie, V̇O2 max).

Other measurements included the following questionnaires: (1)
Fagerstrom Test for Cigarette Dependence [29]; (2) mCEQ [30];
(3) mSCAS [31]; (4) PRI-P CC and PRI-P RRP [32]; and (5)
EQ-5D-5L and EQ VAS, a standardized measure of
health-related quality of life [33].

Secondary analyses of blood pressure, heart rate, BMI, and
Chester step test results by smoking phenotype classification
will be reported in separate papers.

Ethical Considerations
The Ethical Review Board of Azienda Ospedaliero Universitaria
“Policlinico-V. Emanuele,” Università di Catania, Italy,
reviewed and approved the study (approval reference number:
215/2017/PO). All participants provided written informed
consent prior to participation in the study. The study has been
registered at ClinicalTrial.gov (trial registration ID:
NCT03569748). Study data are deidentified, and participants
did not receive compensation.

Statistical Methods
A detailed description of the sample size calculation can be
found in the published research protocol [26].

All the analyses were performed using SAS Version 9.4 (SAS
Institute Inc). The primary efficacy endpoint of the study in the
experimental study group was calculated with a noninferiority
threshold of 15%. An α level of .05 was considered. Quit rates
were evaluated on an intention-to-treat basis. CAR weeks 4-12
percentages and odds ratios (ORs) were calculated and used to
compare quit rates between the IQOS-HTP and JustFog-EC
study groups with the chi-square test. Moreover, CRR weeks
4-12 percentages and ORs were calculated and used to compare
reduction rates between the IQOS-HTP and JustFog-EC study
groups with the chi-square test. For the 7-day point prevalence
of smoking abstinence and reduction, percentages were
calculated at each study visit to illustrate trends.

Safety data were presented as descriptive statistics separately
by study group. Any events documented in the period from the
point of product randomization (V1) until the end of the
intervention phase at 12 weeks when study products were
withdrawn (V6) were considered as relevant for safety analysis.

Descriptive statistics of product acceptability measures (ie,
mCEQ and mSCAS) were presented as summary tables by study
group and study visit. Changes in mCEQ and mSCAS scores
within and between study groups were analyzed using the
Wilcoxon signed rank test and Wilcoxon rank sum test,
respectively.

For risk perception, descriptive statistics of PRI-P CC and PRI-P
RRP values were presented as summary tables by study group
and study visit. Changes in PRI-P scores within and between
study groups were analyzed using the Wilcoxon signed rank
test and Wilcoxon rank sum test, respectively.

EQ-5D-5L, EQ VAS, body weight, and exercise tolerance were
presented as descriptive statistics, and within- and
between-group comparisons were carried out using the Wilcoxon
signed rank test and Wilcoxon rank sum test, respectively.

A multiple logistic regression model was prepared to identify
variables able to influence the primary outcome CAR weeks
4-12. We performed an a priori selection of variables able to
act as determinants, effect modifiers, or confounders of quitting
success. The continuous variables were categorized according
to cutoffs based clinically. The univariate analysis was
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performed considering the subgroups CAR and no CAR as the
outcome. The following factors, for which a statistical difference
was detected, were included in the model: gender, daily cigarette
consumption, and 4 psychological aspects included as domains
in the questionnaires (ie, product satisfaction, psychological
reward, enjoyment, and craving).

Results

Baseline Characteristics
The CONSORT flow diagram of the study subjects is shown
in Figure 1. A total of 220 smokers were enrolled in the study,

with 211 (95.9%) participants completing the intervention phase.
Baseline characteristics of the participants are shown by study
product assignment in Table 1 and were comparable between
the study groups. On average, participants were Caucasian adults
(approximately 41 years old), were mostly men (approximately
57.3%), had smoked about a pack daily for approximately 24
years, had a moderate Fagerstrom Test for Cigarette Dependence
score of about 5, and had an average of 2 quit attempts in the
past.

Table 1. Baseline characteristics of the participants.

P valueECb group (N=110)HTPa group (N=110)Characteristic

.06Sex, n

70 (63.6)56 (50.9)Female

40 (36.4)54 (49.1)Male

.9741.3 (16.9)41.3 (16.1)Age (years), mean (SD)

.84Education level, n (%)

1 (0.9)2 (1.8)Primary school

24 (21.8)20 (18.2)Secondary school

61 (55.5)64 (58.2)High school

24 (21.8)24 (21.8)University

.9122.8 (10.9)22.6 (10.1)Cigarettes per day, mean (SD)

.7126.9 (15.4)26.2 (13.6)Exhaled carbon monoxide (ppm), mean (SD)

.476.0 (2.2)5.8 (2.1)Fagerstrom Test for Cigarette Dependence score

.4422.9 (16.0)24.5 (15.6)Years of smoking, mean (SD)

.961.9 (2.5)1.9 (2.7)Number of quit attempts, mean (SD)

aHTP: heated tobacco product.
bEC: electronic cigarette.

Smoking Abstinence and Reduction Rates
Smoking abstinence rates (CAR weeks 4-12), reduction rates
(CRR weeks 4-12), and 7-day point prevalence of smoking

abstinence and reduction are shown in Figure 2, and Figures
3A and 3B.

JMIR Public Health Surveill 2023 | vol. 9 | e42628 | p.720https://publichealth.jmir.org/2023/1/e42628
(page number not for citation purposes)

Caponnetto et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Smoking abstinence rates and smoking reduction rates. CAR: continuous abstinence rate; CRR: continuous reduction rate; EC: electronic
cigarette; HTP: heated tobacco product.

Figure 3. Seven-day prevalence of smoking abstinence and reduction in the electronic cigarette (A) and heated tobacco product (B) study groups.

High quit rates, evaluated on an intention-to-treat basis, were
observed for both study groups; the CAR weeks 4-12 values
for IQOS-HTP and JustFog-EC were 39.1% (43/110) and 30.8%
(33/107), respectively (Figure 2). The between-group difference
for the CAR weeks 4-12 was not significant (P=.20; chi-square
test) and satisfied the noninferiority criteria of the study that
differences in quit rates between products did not exceed 15%
(OR 1.44, 95% CI 0.82-2.52).

High reduction rates, assessed among participants who were
still smoking, were also reported, and the CRR weeks 4-12
values for IQOS-HTP and JustFog-EC were 46.4% (51/110)
and 39.3% (42/107), respectively (Figure 2). The between-group
difference for the CRR weeks 4-12 was not significant (P=.24;
chi-square test; OR 1.39, 95% CI 0.81-2.37).

The 7-day point prevalence of smoking abstinence was >20%
throughout the intervention phase, with values peaking at week

8 (V5) and week 12 (V6) (Figures 3A and 3B). The 7-day point
prevalence of smoking abstinence values for IQOS-HTP and
JustFog-EC were 53.6% (59/110) and 40.2% (43/107) at week
8, and 54.5% (60/110) and 41.1% (44/107) at week 12,
respectively.

The 7-day point prevalence of smoking reduction (ie, dual use)
was higher during the first 2 weeks of the intervention phase
(Figures 3A and 3B). The 7-day point prevalence of smoking
reduction values for IQOS-HTP and JustFog-EC were 60.9%
(67/110) and 47.7% (51/107) at week 1, and 60.0% (66/110)
and 39.3% (42/107) at week 2, respectively.

For both study products, Figures 3A and 3B also show
progressive reduction in the proportion of dual use in the study,
which was paralleled by rising prevalence of exclusive single
use by the end of the intervention phase.
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Product Preference, Acceptability, and Risk Perception
Among participants in the EC study arm, 50.9% (56/110) chose
Puff Riserva Country, 30.9% (34/110) chose Puff Riserva
Tuscan, and 18.2% (20/110) chose Puff Artic e-liquid. Among
participants in the HTP study arm, 56.4% (62/110) chose HEETS
Amber, 33.6% (37/110) chose HEETS Yellow, and 10.0%
(11/110) chose HEETS Turquoise tobacco sticks. Technical
issues (eg, device malfunctions) were relatively uncommon
(Multimedia Appendix 3).

Appeal of the study products was analyzed using the mCEQ
and mSCAS. No significant within-group changes in the mCEQ
and mSCAS scores were observed (Wilcoxon signed rank test;
Multimedia Appendix 4). Between-group changes were also
not significantly different (Wilcoxon rank sum test; Multimedia
Appendix 4). Moderate liking of the study products, mild
psychological reward, moderate enjoyment of the respiratory
tract sensation, and craving reduction with minimal aversion
were noted (Multimedia Appendix 4). The mSCAS showed that
the study products elicited a moderately pleasant user experience
(Multimedia Appendix 4).

As expected, risk perception for conventional cigarettes was
consistently higher than for the combustion-free study products
(Multimedia Appendices 4 and 5). Within-group changes in
PRI-P CC scores were small but significantly higher for both
study groups (IQOS-HTP, P<.001; JustFog-EC, P=.003;
Wilcoxon signed rank test). Between-group comparisons were
not statistically significant (Wilcoxon rank sum test). No

significant within- or between-group changes were observed
for PRI-P RRP.

Consumption patterns of conventional tobacco cigarettes, vaping
products, and HTPs throughout the study are illustrated in
Multimedia Appendices 6 and 7.

Evaluation of Participant Well-being
EQ-5D-5L and EQ VAS results are summarized in Multimedia
Appendix 8. No significant changes were observed between the
2 study groups. Within-group analyses for both IQOS-HTP and
JustFog-EC showed small but significant changes in all
EQ-5D-5L domains, with the exception of domain 2. Regarding
EQ VAS, within-group analyses for both IQOS-HTP and
JustFog-EC showed small but significant changes from baseline
(IQOS-HTP and JustFog-EC; P<.001 for all comparisons).

Changes in exercise tolerance between study products were not
significant (Figure 4; Multimedia Appendix 8). However, a
significant improvement from baseline was observed after
switching to the combustion-free products under investigation.
For JustFog-EC, reported changes of 2.6 and 7.0 mL/kg/min
were noted at week 4 and week 12, respectively (P<.001), while
for IQOS-HTP, reported changes of 3.4 and 6.4 mL/kg/min
were noted at week 4 and week 12, respectively (P=.007)
(Figure 4; Multimedia Appendix 8). These V̇O2 max
improvements were consistently greater than the minimum
clinically important difference (MCID) defined as an
improvement in the anaerobic threshold of at least 2 mL
O2/kg/min.

Figure 4. Chester step test results. EC: electronic cigarette; HTP: heated tobacco product; NS: not significant.

Predictors of Smoking Abstinence
The results of the abovementioned logistic regression model
showed the following evidence: males were less likely to achieve
CAR weeks 4-12 compared to females (OR 0.457, 95% CI

0.249-0.840), subjects who had a high consumption of the
product were likely to achieve CAR weeks 4-12 compared to
those who had a low consumption of the product (OR 0.450,
95% CI 0.212-0.956), and subjects who had a high craving
reduction were likely to achieve CAR weeks 4-12 compared to
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those who had a low craving reduction (OR 0.391, 95% CI
0.186-0.825).

Adverse Events
The reported numbers of adverse events are listed in Multimedia
Appendix 9. Most adverse events were rated as mild or moderate
and did not led to discontinuation of product use in either study
group. In general, the most commonly reported adverse events
were cough and reduced physical fitness. Oropharyngeal
irritation and dyspnea were more frequent in the EC group than
in the HTP group. No serious adverse events were reported
during the study. No significant changes in the mean resting
heart rate, blood pressure, and BMI during product use were
observed between and within study groups.

Discussion

HTP use elicited a marked reduction in cigarette consumption,
resulting in almost 40% abstinence from smoking by the end
of the study. When present, adverse events were mild and
transitory. This is the first study to directly compare ECs to
HTPs, showing comparable effectiveness and tolerability
between the JustFog-EC and IQOS-HTP study groups.

RCT findings for IQOS-HTP are in agreement with the findings
of an American Cancer Society analysis that found a substantial
decline in cigarette sales after the introduction of IQOS in Japan
[34] and an observational study of COPD patients that reported
substantially attenuated or ceased cigarette consumption in the
long term after switching to IQOS [21], but are different from
the findings of a recent online survey of Korean adults showing
a low probability of quitting among IQOS users [35].

Multiple factors contributed to the high quit rate observed among
IQOS-HTP and JustFog-EC users: (1) participants were keen
to switch to combustion-free NDAs; (2) personalized
motivational counseling was administered by psychologists
proficient in both smoking cessation and harm reduction at each
study visit; (3) top selling products in their respective category
(ie, JustFog for ECs and IQOS for HTPs) were given for free
in the study and most participants found these products
appealing; (4) study products had a pharmacokinetic profile of
nicotine uptake mimicking that of conventional cigarettes
[36,37]; (5) participants perceived the study products as less
harmful than their own cigarettes; and (6) regular use of study
products relieved cigarette-induced symptoms and improved
exercise tolerance.

The same factors might have contributed to the comparable
effectiveness between ECs and HTPs and to the progressive
transition from dual use to solo use by the end of the intervention
phase. Dual use is known for being a common transitory state,
with transitions to solo use taking variable time to occur [38,39].
In our switching trial, IQOS users reported increased dual use
in the first 2 weeks compared to JustFog users, but this quickly
stabilized by week 4. This could indicate different learning
curves for the 2 products.

For this study, we selected the top selling products in their
respective category (ie, ECs and HTPs). Both IQOS-HTP and
JustFog-EC performed well in the study, as technical issues (eg,

malfunctions) were relatively uncommon. Participants enjoyed
using both study products, with mCEQ scores showing mild to
moderate positive responses in terms of product acceptability,
cigarette craving reduction, and physical and psychological
reward; mSCAS scores indicating a moderately pleasant user
experience; and consumption data revealing regular constant
product use throughout the study. This is consistent with the
notion that a positive sensorial experience and product
enjoyment can contribute to the effectiveness of combustion-free
products in terms of cessation outcomes [40-42]. Analyses of
PRI-P scoring showed that the study products were perceived
to be much less harmful than combustible cigarettes, confirming
findings from previous studies [43,44]. IQOS-HTP was
perceived to be slightly riskier than JustFog-EC, and in the
authors’ opinion, this is probably because IQOS shows marked
similarities with conventional cigarettes. Moreover, regular use
of the study products provided adequate control of cravings
(thereby serving as an effective method of relapse prevention),
reduced symptoms, and had an overall positive impact on
physical fitness, with similar improvements for IQOS-HTP and
JustFog-EC. This may also explain why the trend in quit rates
increased over time in this switching study; this is discordant
to what is generally observed in standard smoking cessation
studies in which success rates decline over time.

Adverse events were mild and did not led to discontinuation of
product use in either study group. None of the participants
abused the products under investigation in terms of excessive
daily consumption. In some participants, HTP use was
associated with mild cough and reduced physical fitness in line
with previous observations [23]. However, the frequency of
these symptoms was much lower by the end of the study
compared to baseline. Previous smoking history is a key
confounder when evaluating the health effects of
combustion-free nicotine alternatives in switching studies, as
shown by the progressive reduction in the frequency of
symptoms by the end of this study. Oropharyngeal irritation
was more frequent in the EC group than in the HTP group,
probably because of the relatively high level of propylene glycol
(a respiratory irritant) in the vaping products under investigation
(formulated in 50% propylene glycol/40% vegetable
glycerin/10% H2O). This common irritative response has been
shown to be transient and is of uncertain prognostic value [45].

A clinically relevant improvement in exercise tolerance was
observed after switching to the combustion-free products under
investigation as early as 4 weeks. Greater improvement was
observed at 12 weeks as there was a much higher prevalence
of quitters by the end of the intervention phase compared to 4
weeks. This is in agreement with the improvement in the level
of exercise tolerance shown in prospective studies of COPD
patients who switched to ECs [20] and HTPs [21]. The
time-dependent improvement in exercise tolerance that occurs
after switching may be explained by the marked decline in
carbon monoxide exposure and in carboxyhemoglobin levels
following cigarette substitution with combustion-free
alternatives [46,47].

The trial had strengths and limitations. First, among the
innovative features of this randomized controlled switching
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study, adherence to the study products was enhanced by offering
a selection of different products to choose from according to
preference/liking. Three aromas of tobacco sticks and three
e-liquid flavors were provided to best match participants’
sensorial experiences. Nonetheless, these choices remain limited
(ie, only 3 different flavors for each class of products) and
product specific, thus reducing the generalizability of the study
findings. In addition, multiple flavor use is common among
e-cigarette users, and switching between flavors is frequently
reported even during daily use [48,49]. Du et al also reported
that only 1.8% of regular e-cigarette users were using only 1
flavor on a regular basis [50]. Thus, the effectiveness of vaping
products for smoking substitution may be further improved.

Second, after close scrutiny, we chose to offer the best vaping
devices and HTPs available on the Italian market at the time of
the study. More details about the selection process have been
published previously [26]. Obviously, product assignment could
not be blinded, and strong product preference (IQOS-HTP vs
JustFog-EC) could have introduced an allocation bias. Only 3
subjects dropped out soon after randomization when they learned
that their product allocation (ie, JustFog-EC) was not their
preferred one (ie, IQOS-HTP). However, we cannot exclude
that if JustFog-EC was seen as an inferior option, participants
in this study group might have put less effort into their switching
attempt than those allocated to IQOS-HTP. Nonetheless, the

CARs in the JustFog-EC group were at least as high as
previously reported [22].

Third, study products were provided in combination with
personalized motivational counseling administered by
psychologists proficient in both smoking cessation and harm
reduction. Provision of expert guidance in the context of a
switching trial conducted at specialized smoking cessation
services may limit the generalizability of the study findings.
Changes in tobacco/nicotine use behavior and product use will
be investigated in a separate follow-up study under real-life
conditions.

In conclusion, this study confirmed the effectiveness of ECs
for cigarette substitution and smoking cessation [22,51], and
revealed for the first time that HTP use can promote abstinence
from cigarette smoking in combination with motivational
counseling. HTPs provided a comparable experience to ECs.
Moreover, these results were paralleled by a marked reduction
in reported symptoms. Based on the findings of this study, HTPs
may represent a valuable addition to the arsenal of reduced-risk
products in terms of their smoking substitution potential, but
longer follow-up studies are required to confirm significant and
prolonged abstinence from smoking and to determine whether
our results can be generalized outside smoking cessation services
offering high levels of support.
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Background: Systemic lupus erythematosus (SLE) is a systemic autoimmune disease involving multiple organs throughout
the body. The health care–seeking behaviors, disease progression of SLE, and patients' knowledge of and attitudes toward SLE
have not been characterized in China.

Objective: The aim of this study was to depict the health care–seeking behaviors, disease progression, and medications in
patients with SLE and to examine the factors associated with their disease flares, knowledge, and attitudes toward SLE in China.

Methods: We conducted a cross-sectional survey in 27 provinces in China. Descriptive statistical methods were used to depict
the demographic characteristics, health care–seeking behaviors, medications, and health status. Multivariable logistic regression
models were used to identify the factors associated with disease flares, medication changes, and attitudes toward SLE. An ordinal
regression model was used to examine the factors associated with the knowledge of the treatment guidelines.

Results: We recruited 1509 patients with SLE, and 715 had lupus nephritis (LN). Approximately 39.96% (603/1509) of the
patients with SLE were primarily diagnosed with LN, and 12.4% (112/906) developed LN (mean time 5.2 years) from non-LN.
Patients whose registered permanent residences or workplaces in other cities from the same province and adjacent provinces
seeking health care accounted for 66.9% (569/850) and 48.8% (479/981) of the patients with SLE in the provincial capital cities,
respectively. Mycophenolate mofetil was the most commonly used immunosuppressive drug in patients without LN (185/794,
23.3%) and patients with LN (307/715, 42.9%). Femoral head necrosis (71/228, 31.1%) and hypertension (99/229, 43.2%) were
the most common adverse event (AE) and chronic disease during treatment, respectively. Change of hospitals for medical
consultation (odds ratio [OR] 1.90, 95% CI 1.24-2.90) and development of 1 chronic disease (OR 3.60, 95% CI 2.04-6.24) and
AE (OR 2.06, 95% CI 1.46-2.92) and more were associated with disease flares. A pregnancy plan (OR 1.58, 95% CI 1.18-2.13)
was associated with changes in medication. Only 242 (16.03%) patients with SLE were familiar with the treatment guidelines,
and patients with LN tended to be more familiar with the disease (OR 2.20, 95% CI 1.81-2.68). After receiving treatment, 891
(59.04%) patients changed their attitudes toward SLE from fear to acceptance, and patients with college education or higher (OR
2.09, 95% CI 1.10-4.04) were associated with a positive attitude toward SLE.

Conclusions: A large proportion of patients seeking health care in the provincial capital cities of China migrated from other
cities. Persistent monitoring of potential AEs and chronic diseases during SLE treatment and managing patients who changed
hospitals for medical consultation are essential for controlling disease flares. Patients had insufficient knowledge about SLE
treatment guidelines and would benefit from health education to maintain a positive attitude toward SLE.

(JMIR Public Health Surveill 2023;9:e44541)   doi:10.2196/44541
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Introduction

Systemic lupus erythematosus (SLE) is a systemic autoimmune
disease involving multiple organs throughout the body [1]. With
continuous improvements in diagnosis and treatment, the 5-year
survival rate of patients with SLE has increased significantly
to more than 90% in the past 2 decades [2]. In China, different
regions have different levels of medical resources, and the
provincial capital cities have better medical resources, which
attract patients with SLE from other cities in the province or
surrounding provinces [3,4]. Patients may also switch hospitals
during treatment to seek better health care in China. However,
the variation in medical insurance reimbursements and the
pursuit of health care in different cities will result in a higher
economic burden to patients, including the costs of
transportation and time [5,6]. Therefore, it is crucial to study
patients’ health care–seeking behaviors to provide a basis and
guidance for the allocation of medical resources in China in the
future.

Disease flare is a state of increased disease activity and has been
reported to occur in more than 20% of the patients within 2
years after remission [7-10]. Disease progression, including
disease flares, has become the most common cause of
hospitalization for patients with SLE, and the risk of damage
accrual has doubled [11,12]. In addition to 30%-60% of patients

diagnosed with lupus nephritis (LN), a common SLE
complication at the onset, some patients may develop LN during
treatment [13-15]. However, only few studies have examined
the disease progression of LN in patients with no LN in China.
After the diagnosis of SLE, patients are given medications,
including hydroxychloroquine, glucocorticoids, and
immunosuppressive and biological agents. Later, the
accompanying increase of adverse events (AEs) or chronic
diseases may potentially impact the change in these medications
[16]. Further, medications may become potentially changed if
patients with SLE plan to become pregnant [17-19]. A
retrospective study in Japan revealed that 9.8% of the patients
with SLE had changed their medications, but the factors
associated with the medication change were not assessed [20].
Understanding reasons for the change in the medications may
improve the clinical management of patients with SLE in China
[21].

The updated 2020 Chinese guidelines for the diagnosis and
treatment of SLE and the 2019 Chinese guidelines for the
diagnosis and treatment of LN (hereafter referred to as the
treatment guidelines) are further divided to standardize the
diagnosis and treatment standards, which not only provide a
basis for the diagnosis and treatment of SLE but also provide
a transparent guide for patients with SLE [21,22]. Knowledge
about SLE can increase a patient’s adaptation to SLE and its
treatment [23]. Insufficient general medical knowledge of the
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disease would result in doubts about medications, thereby
increasing the risk of poor treatment adherence [24].
Nevertheless, there is a dearth of studies focusing on patients’
familiarity with the treatment guidelines, which reflects the
patient’s knowledge of the disease to some extent.
Socioeconomic and psychosocial factors impact the prognosis
of SLE [25]. Negative attitudes, including fear and depression,
reduce treatment compliance [26]. A study conducted in
Germany showed that negative emotion was associated with
11% reduction in treatment adherence in patients with SLE [27].
A study in China reported that patients with SLE who had
anxiety and depression were more likely to have a lower quality
of life [28]. Hence, it is essential to explore patients’ attitudes
toward SLE from the time of their diagnosis to treatment in
China. To sum up, the purposes of our study were to examine
the disease progression and health care–seeking behaviors of
patients with SLE, depict their medication use, analyze the
factors associated with disease flares, and assess the predictors
of familiarity with the treatment guidelines and their attitudes
toward SLE.

Methods

Study Design
The data set in our study was based on an electronic-based
questionnaire designed by rheumatologists, epidemiologists,
statisticians, and clinicians from multiple centers. The survey
was primarily answered by 20 patients and adjusted according
to their feedback, and the final version consisted of 4 parts and
51 questions. The first part of the survey was the basic
introduction to the study, which required the patient to read the
relevant operations carefully and be familiar with the purpose
of the study. The second part was about the baseline
characteristics of the patients; the third part was about the time
of diagnosis, health status, and medications; and the last part
was about the knowledge of the treatment guidelines and
attitudes toward SLE. The set of questions included
fill-in-the-blank, multiple-choice questions with only 1 answer,
and multiple-choice questions with several possible answers.
To compare the regularity of disease occurrence, we designed
the survey by using a large number of time indicators (eg, when
were you first diagnosed with SLE and when were you first
diagnosed with LN). The detailed contents of the survey are
shown in Multimedia Appendix 1.

Ethics Approval
Ethics approval for this study was obtained from the ethics
committee of the Third Affiliated Hospital of Sun Yat-sen
University (reference [2021] 02-312-01) on October 19, 2021.
All patients signed the informed consent before participating
and answering the questions in this study. Information such as
the objectives, methods, and expected outcomes from this study
was presented in the consent form. The privacy and
confidentiality protection description for the participants was
provided in the consent form.

Tool and Data Collection
This survey was designed using a web-based questionnaire tool
(WJX), and a quick response code was generated for distribution

in hospitals in China. The survey was filled out by patients with
SLE who scanned the quick response code under the guidance
of the doctors at each visit. The study period was from June
2021 to December 2021, and data were collected from 105
hospitals and 27 provinces. The inclusion criteria were inpatients
or outpatients who were diagnosed with SLE and who signed
informed consent. Detailed information on the settings is shown
in Table S1 of Multimedia Appendix 2.

To ensure the completeness and credibility of the survey, we
made each question mandatory to answer. The key questions
were asked in a way (eg, from the diagnosis of the disease to
treatment, how many chronic diseases have you developed)
such that they were verified by the questions in the subsequent
sections (eg, the chronic disease(s) you have developed is/are).
The survey had to be filled out in the presence of at least one
research doctor. If a patient was not familiar with the way of
using the tool or did not understand the way of answering in
the relevant columns, the doctor would fill it out.

Definitions
Health care–seeking behavior refers to the seeking of health
care in the provincial capital cities and changing of hospitals
during treatment (ie, patients sought health care in a hospital
different from where they were primarily diagnosed and treated).
Disease progression refers to disease flares and the development
of AEs and chronic diseases. Disease flares refer to developing
LN from non-LN and relapse in all patients with SLE. The
Systemic Lupus Erythematosus Disease Activity Index was
used to measure relapse in patients without LN if the score
increased by at least 4. The reoccurrence of proteinuria or rapid
increase of serum creatinine levels was considered as relapse
for patients diagnosed with LN [29,30]. Changes in medication
meant switching therapy among immunosuppressive drugs and
biological agents after the initial treatment. Development of
AEs or chronic diseases during treatment referred to the number
of AEs or chronic diseases that increased during treatment
compared to that in the patients before they were diagnosed
with SLE. Patients having a pregnancy plan refers to those with
a desire and plan to have children.

Knowledge of the disease was measured by familiarity with the
treatment guidelines, which consisted of 3 categories: unfamiliar,
less familiar, and familiar. Patients who had not heard of the
treatment guidelines were considered unfamiliar. Patients who
did not read the treatment guidelines but obtained limited
diagnostic and treatment information from other sources were
considered less familiar. Patients who read the treatment
guidelines in detail and judged their own conditions and guided
their medication based on the treatment guidelines were regarded
to be familiar with the treatment guidelines. Attitudes toward
the disease varied from diagnosis to treatment and were
categorized into 4 types: fear throughout treatment (fear →fear),
from fear to acceptance (fear →acceptance), from acceptance
to fear (acceptance→fear), and acceptance throughout treatment
(acceptance→acceptance).

Statistical Analyses
Descriptive statistical methods were used to depict the
demographic and clinical characteristics of patients with no LN
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and patients with LN. Proportions were calculated and presented
in a graphical and tabular form. Progression of SLE, patients’
health behaviors that included self-discontinuation of patients
who stopped the treatment prematurely, irregular treatment of
patients who had irregular follow-up and medications,
knowledge of the treatment guidelines, and attitudes toward the
disease were depicted in a Sankey diagram.
Multivariable-adjusted logistic regression models were used to
explore the factors associated with the development of LN from
non-LN, relapse, and changes in medication. An ordinal
regression model was adopted to examine the factors associated
with the knowledge of the treatment guidelines. One of the key
assumptions of the ordinal regression model is the parallel
regression assumption, which requires the coefficients in the
cumulative binary logistic regression models to be consistent.
The Brant test compares the separate fits to binary logistic
regression models and hence was suitably used for assessing
the parallel regression assumption for ordinal regression [31].
A logistic regression model was used to investigate the factors
associated with attitudes toward the disease.

Results

Characteristics of the Patients
The data of 1509 patients were collected: 794 (52.62%) patients
without LN and 715 (47.38%) patients with LN, with a mean
age of 34.9 years and 34.6 years, respectively (Table 1). The
mean age of the patients with a primary diagnosis of SLE with
non-LN and LN was 29 years and 28.4 years, respectively; 1412
(93.57%) patients with SLE were females, and 616 (40.82%)
had a college or higher education. The monthly income of the

patients with LN was lower than that of the patients without
LN (P=.01). Relapse (P<.001), changes in medication (P<.001),
and development of AEs (P=.003) and chronic diseases (P<.001)
in patients with LN were higher than those in patients without
LN. Only 242 (16.03%) patients with SLE were familiar with
the treatment guidelines, and patients with LN were more
familiar with the treatment guidelines than those without LN
(P<.001); 891 (59.04%) patients with SLE changed their
attitudes toward the disease from fear at primary diagnosis to
acceptance during the treatment, whereas the proportion of
patients’ attitude changing from acceptance to fear was higher
in patients with LN (47/715, 6.6%) than in patients without LN
(27/794, 3.4%). Of the 1509 patients with SLE, 489 (32.41%)
sought health care in a hospital different from the hospital where
they were primarily diagnosed and treated, and 719 (47.64%)
had a pregnancy plan. The detailed information of the patients
is presented in Table 1.

Figure 1 shows the progression of SLE, health behaviors, and
the proportion of patients regarding their familiarity with the
disease and attitudes. The mean time for the treatment for
patients was 6.4 years. Approximately 39.96% (603/1509) of
the patients with SLE were primarily diagnosed with LN, and
12.4% (112/906) of the patients without LN developed LN in
the later stage, with a mean time of 5.2 years.
Self-discontinuation, irregular treatment, and drug resistance
in patients who developed LN from non-LN versus those in
patients who experienced relapse were 49.1% (55/112) versus
44.4% (242/545), 36.6% (41/112) versus 2.8% (15/545), and
9.8% (11/112) versus 5.3% (29/545), respectively.
Approximately 90.58% (1367/1509) of the patients with SLE
developed a positive attitude after treatment.
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Table 1. Characteristics of the patients with systemic lupus erythematosus (N=1509).

P valuePatients with LN (n=715)Patients with no LNa (n=794)

.6334.6 (10)34.9 (10.4)Age (years), mean (SD)

.2228.4 (10)29.0 (10.6)Age (years) at diagnosis, mean (SD)

.34Gender, n (%)

51 (7.1)46 (5.8)Male

664 (92.9)748 (94.2)Female

.19Education, n (%)

260 (36.4)262 (33)Junior high school or lower

280 (25.2)191 (24.1)Senior high school

275 (38.5)341 (42.9)College or higher

.01Monthly income (¥b), n (%)

372 (52)352 (44.3)<3000

231 (32.3)294 (37)3000-4999

112 (15.7)148 (18.7)≥5000

Basic treatment, n (%)

.20596 (83.4)682 (85.9)Hydroxychloroquine

.06589 (82.4)622 (78.3)Glucocorticoids

<.001Relapsec, n (%)

396 (55.4)568 (71.5)No

319 (44.6)226 (28.5)Yes

<.001Changes in medicationd, n (%)

464 (64.9)615 (77.5)None

152 (21.3)121 (15.2)Once

63 (8.8)39 (4.9)Twice

36 (5)19 (2.4)Three times or more

.60Change of hospitalse, n (%)

478 (66.9)542 (68.3)No

237 (33.1)252 (31.7)Yes

.003Development of adverse events during treatmentf, n (%)

589 (82.4)694 (87.4)No

98 (13.7)88 (11.1)One

28 (3.9)12 (1.5)Two or more

<.001Development of chronic diseases during treatmentf, n (%)

576 (80.6)704 (88.7)No

94 (13.1)65 (8.2)One

45 (6.3)25 (3.1)Two or more

.77Pregnancy plan, n (%)

371 (51.9)419 (52.8)No

344 (48.1)375 (47.2)Yes

<.001Knowledge of the treatment guidelines, n (%)

245 (34.3)432 (54.4)Unfamiliar

327 (45.7)263 (33.1)Less familiar
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P valuePatients with LN (n=715)Patients with no LNa (n=794)

143 (20)99 (12.5)Familiar

.03Attitudes toward the diseaseg, n (%)

33 (4.6)35 (4.4)Fear→fear

406 (56.8)485 (61.1)Fear→acceptance

47 (6.6)27 (3.4)Acceptance→fear

229 (32)247 (31.1)Acceptance→acceptance

aLN: lupus nephritis.
bCNY ¥1=US $0.15.
cSystemic Lupus Erythematosus Disease Activity Index ≥4 for patients without LN and reoccurrence of proteinuria in patients diagnosed with LN.
dSwitching therapy among immunosuppressive drugs and biological agents after the initial treatment due to various reasons such as pregnancy plan,
drug effectiveness, or serious adverse events.
ePatients sought health care in a hospital different from where they were primarily diagnosed and treated.
fThe development of adverse events or chronic diseases during the treatment compared to that before patients were diagnosed with systemic lupus
erythematosus.
gThe attitude of patients from diagnosis to treatment: fear throughout treatment (fear→fear), from fear to acceptance (fear→acceptance), from acceptance
to fear (acceptance→fear), and acceptance throughout treatment (acceptance→acceptance).

Figure 1. Progression of systemic lupus erythematosus, health behaviors, patients' knowledge of, and attitudes toward the disease. CD: chronic disease;
LN: lupus nephritis; SLE: systemic lupus erythematosus.

Health Care–Seeking Behaviors
The distribution of the responses of patients with SLE and the
proportions of patients seeking health care in hospitals in
provincial capital cities determined by their registered permanent
residence or workplaces are presented in Figure 2. Four
provincial capital cities (Wuhan, Nanning, Guangzhou, and
Shenyang) attracted over half of the total patients whose
registered permanent residences were located in other cities

from the same province and the adjacent provinces, ranging
from 55.6% (99/178) in Nanning to 74.5% (374/502) in
Guangzhou. The proportion reached 66.9% (569/850) in the 6
provincial capital cities. Ten provincial capital cities attracted
48.8% (479/981) of the patients whose workplaces were located
in other cities in the same province and from the adjacent
provinces, among which Guangzhou and Nanning attracted
54.2% (272/502) and 43.8% (78/178) of the patients,
respectively.
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Figure 2. Distribution of the responses of patients with systemic lupus erythematosus in provinces and the health-seeking behaviors in patients from
adjacent provinces when considering the registered permanent residences (A) or the workplaces (B), and the proportion of patients from different cities
in provincial capital cities when considering the registered permanent residences (C) or the workplaces (D).

Medications and the Development of AEs and Chronic
Diseases
The most common medication used by patients without LN at
the time of the study was mycophenolate mofetil (185/794,
23.3%), followed by methotrexate (150/794, 18.9%) and
cyclosporine (98/794, 12.3%). These 3 types of
immunosuppressive drugs were also the most commonly used
in patients without LN at the time of diagnosis, with 19.9%
(158/794) on mycophenolate mofetil, 17.9% (142/794) on
methotrexate, and 10.1% (80/794) on cyclosporine, respectively
(Figure 3). For patients with LN, the most common medication
used at the time of the study was mycophenolate mofetil
(307/715, 42.9%), followed by tacrolimus (96/715, 13.4%) and
cyclosporine (86/715, 12%). Cyclophosphamide (CYC)
(152/715, 21.3%) was the second most commonly used

immunosuppressive drug at the time of diagnosis, and only
8.4% (60/715) of the patients used it at the time of the study.
Belimumab, one of the biological agents, was used less
frequently at the time of the study in patients without LN
(43/794, 5.4%) and in patients with LN (61/715, 8.5%).

Concerning the development of AEs and chronic diseases,
femoral head necrosis (71/228, 31.1%), cataracts (63/228,
27.6%), and retinal macular degeneration (29/228, 12.7%) were
the most common serious AEs that occurred during the
treatment, while hypertension (99/229, 43.2%), dyslipidemia
(45/229, 19.7%), and chronic gastritis (32/229, 14%) were the
3 common chronic diseases developed during the treatment
(Table S2 and Table S3 of Multimedia Appendix 2). The highest
educational level (college or higher), change of hospitals,
development of AEs and chronic diseases, pregnancy plan, and
LN were associated with changes in medication.
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Figure 3. Medication use in patients with systemic lupus erythematosus at diagnosis and treatment during the time of this study. CPFA: continuous
plasma filtration absorption; LN: lupus nephritis; PE: plasma exchange.

Factors Associated With Disease Flares, Knowledge
of, and Attitudes Toward SLE
Change of hospitals (odds ratio [OR] 1.90, 95% CI 1.24-2.90)
and development of 1 chronic disease (OR 3.60, 95% CI
2.04-6.24) or 2 or more chronic diseases (OR 4.67, 95% CI
2.13-9.95) were associated with LN development (Table 2). In
addition, the development of 1 AE and 2 or more AEs during
treatment compared with no AE development and LN status
compared with non-LN status was associated with a higher risk
of relapse. More factors, namely, age and college or higher

education, were significantly associated with medication
changes.

Only patients with LN (OR 2.20, 95% CI 1.81-2.68) were
associated with familiarity with the knowledge of the treatment
guidelines (Table 3). The parallel regression assumption was
satisfied by the Brant test (Table S4 of Multimedia Appendix
2). Higher education, including senior high school and college
or higher, was associated with a positive attitude to the disease,
whereas patients with LN were associated with the risk of a
negative attitude, together with the development of 1 AE (table
3).
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Table 2. Multivariable-adjusted logistic regression analysis of factors associated with disease flares and changes in medicationa.

Changes in medicationd (N=1509),
odds ratio (95% CI)

Relapsec (n=1448), odds ratio (95%
CI)

LN developmentb (n=906), odds ratio
(95% CI)

1.02 (1.00-1.03)e1.00 (0.99-1.01)0.98 (0.95-1.00)Age

Gender

ReferenceReferenceReferenceMale

1.58 (0.95-2.72)1.00 (0.63-1.62)1.06 (0.47-2.79)Female

Education

ReferenceReferenceReferenceJunior high school or lower

1.33 (0.95-1.86)1.31 (0.97-1.81)1.41 (0.80-2.50)Senior high school

1.72 (1.24-2.39)e1.16 (0.85-1.58)1.28 (0.73-2.27)College or higher

Monthly income (¥f)

ReferenceReferenceReference<3000

1.18 (0.89-1.57)0.92 (0.70-1.20)0.71 (0.43-1.15)3000-4999

1.03 (0.71-1.50)0.75 (0.52-1.08)0.60 (0.30-1.14)≥5000

Change of hospitalsg

ReferenceReferenceReferenceNo

1.95 (1.52-2.50)e2.23 (1.75-2.84)e1.90 (1.24-2.90)eYes

Development of adverse events during treatmenth

ReferenceReferenceReferenceNo

2.86 (2.04-4.02)e2.06 (1.46-2.92)e1.73 (0.98-2.97)One

4.50 (2.19-9.83)e4.29 (1.77-12.06)e2.13 (0.73-5.87)Two or more

Development of chronic diseases during treatmenth

ReferenceReferenceReferenceNone

1.90 (1.31-2.75)e3.43 (2.34-5.09)e3.60 (2.04-6.24)eOne

2.61 (1.50-4.59)e2.70 (1.51-4.92)e4.67 (2.13-9.95)eTwo or more

Pregnancy plan

ReferenceReferenceReferenceNo

1.58 (1.18-2.13)e1.01 (0.76-1.34)0.87 (0.52-1.45)Yes

Health status

ReferenceReferenceN/AiNon–lupus nephritis

1.78 (1.40-2.27)e2.03 (1.61-2.56)eN/ALupus nephritis

aAll factors were mutually adjusted.
bLN: lupus nephritis. The development from non–lupus nephritis to lupus nephritis and the numbers in the analysis included patients with non–lupus
nephritis and lupus nephritis in the later stage, excluding patients diagnosed with lupus nephritis.
cSystemic Lupus Erythematosus Disease Activity Index ≥4 for patients without lupus nephritis and reoccurrence of proteinuria in patients diagnosed
with lupus nephritis. Patients who received treatment without achieving remission were excluded from the analysis.
dSwitching therapy among immunosuppressive drugs and biological agents after the initial treatment due to various reasons such as pregnancy plan,
drug effectiveness, or serious adverse events.
eSignificant estimates (95% CI).
fCNY ¥1=US $0.15.
gPatients sought health care in a hospital different from where they were primarily diagnosed and treated.
hThe development of adverse events or chronic diseases during treatment compared to before patients were diagnosed with systemic lupus erythematosus.
iNot applicable.
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Table 3. Ordinal logistic regression analysis of factors associated with knowledge of the treatment guidelines and logistic regression of factors associated

with the attitude toward the diseasea.

Attitudes toward the diseasebKnowledge of the treatment
guidelines

Acceptance→fear versus accep-
tance→acceptance (n=550), odds
ratio (95% CI)

Fear→acceptance versus fear→fear
(n=959), odds ratio (95% CI)

Familiar or less familiar versus
unfamiliar (N=1509), odds ratio
(95% CI)

0.96 (0.93-0.99)c1.02 (0.99-1.05)0.99 (0.98-1.00)Age

Gender

ReferenceReferenceReferenceMale

2.27 (0.76-9.80)0.53 (0.08-1.82)1.33 (0.89-1.99)Female

Education

ReferenceReferenceReferenceJunior high school or lower

0.63 (0.31-1.22)2.06 (1.05-4.23)c1.08 (0.83-1.31)Senior high school

0.71 (0.35-1.40)2.09 (1.10-4.04)c1.04 (0.80-1.34)College or higher

Monthly income (¥d)

ReferenceReferenceReference<3000

0.75 (0.40-1.36)1.43 (0.80-2.63)1.19 (0.95-1.50)3000-4999

0.75 (0.28-1.80)2.23 (0.90-6.37)1.28 (0.94-1.73)≥5000

Change of hospitalse

ReferenceReferenceReferenceNo

0.99 (0.53-1.76)1.15 (0.68-2.00)0.92 (0.74-1.13)Yes

Development of adverse events during treatmentf

ReferenceReferenceReferenceNo

2.73 (1.36-5.35)c0.93 (0.45-2.13)0.83 (0.61-1.12)One

0.94 (0.05-5.93)0.37 (0.13-1.26)0.80 (0.42-1.52)Two or more

Development of chronic diseases during treatmentf

ReferenceReferenceReferenceNone

1.10 (0.45-2.44)0.66 (0.32-1.44)0.95 (0.69-1.32)One

1.92 (0.58-5.48)0.77 (0.25-2.96)1.25 (0.77-2.02)Two or more

Pregnancy plan

ReferenceReferenceReferenceNo

1.76 (0.95-3.28)1.21 (0.65-2.27)0.79 (0.63-1.00)Yes

Health status

ReferenceReferenceReferenceNon-LNg

1.86 (1.11-3.16)c1.07 (0.64-1.80)2.20 (1.81-2.68)cLN

aAll factors were mutually adjusted.
bAttitudes of patients from diagnosis to treatment: fear throughout treatment (fear→fear), from fear to acceptance (fear→acceptance), from acceptance
to fear (acceptance→fear), and acceptance throughout treatment (acceptance→acceptance).
cSignificant estimates (95% CI).
dCNY ¥1=US $0.15.
ePatients sought health care in a hospital different from where they were primarily diagnosed and treated.
fThe development of adverse events or chronic diseases during the treatment compared to that before patients were diagnosed with systemic lupus
erythematosus.
gLN: lupus nephritis.
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Discussion

Principal Results
A noteworthy finding in our study is that 55.6% (473/850) of
the patients with SLE who sought health care in the provincial
capital cities migrated from other cities in the same province
when considering their registered permanent residences. When
considering the workplace, hospitals in provincial capital cities
also lured 42.9% (421/981) of the patients with SLE from the
same provinces to seek health care even if the workplaces of
these patients were not located in the capital city. In addition,
compared with general provincial capitals, high-income
provincial capitals also attracted patients from adjacent
provinces such as Guangzhou and Xi’an. This can be partly
explained by the push-pull theory, as the provincial capital city
has more resources in the province, including more hospital
options, more medical experts, and better medical technology,
which could be considered as the social factors for patients to
achieve better quality of life [32]. However, out-of-town visits
will increase patients’ economic burdens such as transportation
and accommodation costs. Therefore, targeted measures should
be adopted by various departments for these patients. Hospitals
in provincial capital cities can establish a unique medical
channel that can provide personal support for people who
migrate from other cities to seek medical care through effective
identification. The medical insurance departments of each
province should simplify the medical reimbursement process
for patients from other cities in the same province and the
adjacent provinces to reduce the economic burden of patients.

Factors associated with relapse in patients with SLE have been
reported in many studies, including the increased
anti-double-stranded deoxyribonucleic acid, B lymphocyte
stimulator, renal organ involvement, deficiency of
hydroxychloroquine, premature discontinuation, and poor
compliance [22,33-35]. Consistent with the factors above, we
found that patients with LN had a higher risk associated with
relapse, among which 49.1% (55/112) of the patients
self-discontinued the treatment. In addition, our results showed
that the development of 1 or more AEs and chronic diseases
during treatment increased the risk of disease flares, including
the development of LN from non-LN and relapse in all patients
with SLE. The mean time of disease progression in Chinese
cohorts was 5.2 years, corresponding to an international
inception cohort study with a mean time of 4.6 years [14]. The
outcomes in our study may extend the previous finding [14].

A novel finding in our study is that switching from the first
hospital where patients were primarily diagnosed and treated
was associated with their risk of development of LN and relapse
and was significantly associated with changes in their
medications. This finding implies that the hospital that the
patient first visited may have provided improper treatment.
Requesting more meticulous care and treatment for patients
with a record of switching hospitals from other cities, especially
in the provincial capital cities, is imperative because the major
public hospitals have a large number of patients from other
cities, with outpatient visits and hospitalizations increasing. A
study in 1 hospital in Kunming city, a provincial city in the

Yunnan province, showed that outpatient visits and
hospitalizations increased from 188,530 and 6620 in 2001 to
369,510 and 12,380 in 2010, respectively [36]. Another hospital
in Shanghai showed that outpatient visits increased from 734,923
in 2013 to 881,376 in 2017 [37]. Although medical resources
are more concentrated in provincial capital cities, individualized
management of patients in those cities, including consideration
of the patient’s diagnosis and treatment history, at the initial
hospital and the patient’s home city is indispensable [3,4].

Apart from factors such as older age, higher education,
development of at least 1 AE and chronic disease, change of
hospitals, and LN development that were associated with
changes in medication, nearly half of the patients with SLE had
a pregnancy plan, which was also a significant factor (OR 1.58,
95% CI 1.18-2.13). It has been confirmed that using CYC leads
to ovarian failure [38]. Our study shows that the use of CYC
decreased by 60.5% (92/152) in the current treatment (at the
time of the study) compared with that during the primary
treatment, and the proportion of patients using CYC among
those with a pregnancy plan was significantly lower than that
among those without a pregnancy plan (Table S5 of Multimedia
Appendix 2). This finding shows that in addition to considering
clinical symptoms, the plans and the needs of the patients are
also worth considering by doctors in the treatment process.

The familiarity with treatment guidelines reflects a patient’s
knowledge of the disease to a certain extent [39]. Our results
indicated that only 12.5% (99/794) of the patients without LN
and 20% (143/715) of the patients with LN were familiar with
the treatment guidelines. Moreover, only patients with LN were
more familiar with the treatment guidelines than patients without
LN. The limited proportion of patients with knowledge of the
treatment guidelines in China can be worrisome, as these results
revealed 2 issues. First, the knowledge of the disease was
inadequate; therefore, the treatment decision was more passive
or physician-led. Furthermore, the lack of education and
knowledge of SLE would increase the risk of disease flares [24].
Second, patients were more familiar with the disease in a severer
state than when the disease was in a mild stage, indicating that
patients focused less on their disease in the early stage. A study
has shown that patients’ knowledge of the disease could be
improved by reading the treatment guide [39]. Therefore, the
potential solution is to condense and simplify the relevant
content of diagnosis and treatment in the treatment guidelines
and to distribute the guidelines to doctors and patients in
electronic or paper versions in a simple booklet for their study
and reference. In addition, patients should be rendered a
comprehensive understanding of the disease when the disease
status is mild rather than after the disease has worsened.

Patients’ attitudes toward SLE, on the whole, reflected
acceptance, with approximately 90.58% (1367/1509) of the
patients expressing a positive attitude during the treatment
period, although nearly half of the patients felt fear at the time
of diagnosis. An important factor was patients with LN who
had a higher risk of developing a fearful attitude at diagnosis
than patients without LN. One way to improve the patient’s
attitude is by providing health education. Studies have indicated
that good education is associated with higher knowledge of
diseases and increased self-awareness of one’s health and
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assessment of health care [40-42]. Further, the interaction
between doctors and patients can be strengthened, including
using the evaluation function of the survey (WJX) to test
patients’ understanding of the latest research progress on the
disease and monitoring patients’ attitude changes to the disease
at different stages, which can be achieved through a series of
scoring and incentive measures [43].

Limitations In This Study
Our findings have some limitations and must be interpreted
with caution. First, although we set the time points for collecting
variables, the chronological order of the factors and the
outcomes might not be explicit. For example, we dynamically
described a change in the development of chronic diseases
before and after the diagnosis of SLE. However, whether its
increase occurs before or after the development of LN or relapse
has not been elucidated. This limitation is because, on the one
hand, the study design was cross-sectional. On the other hand,
even in the existing medical database, the corresponding time
point is relatively vague; therefore, reverse causality or
simultaneity may appear. Second, a more detailed measurement
of health emotions may improve health decision-making [44-46].
Our study lacked such measurement of attitudes toward SLE,
and a further study evaluating patients’emotions on a numerical
scale may improve the findings’ accuracy. Third, our study
might have responder bias. Since Guangdong is the most
populous province in China, more samples were collected from
Guangdong, while samples from other regions were more evenly
distributed. Furthermore, recall bias might arise in the data
collection process, especially for those who had received
long-term treatment for more than 10 years. It was challenging

for patients to recall their physical condition and medication
regimen before the diagnosis. In order to reduce this limitation,
we set the number of entries and specific names in the survey
to achieve consistency and to ensure that recall bias was
minimized.

Conclusions
In our study, a large proportion of patients seeking health care
in provincial capital cities migrated from other cities in the same
province and the adjacent provinces. Mycophenolate mofetil
was the most commonly used immunosuppressive drug in the
treatment of patients without LN and patients with LN at the
time of this study. Femoral head necrosis was the most common
AE, followed by cataract and retinal macular degeneration,
while hypertension, dyslipidemia, and chronic gastritis were
the 3 common chronic diseases developed during the treatment.
Change of the hospital where patients were primarily diagnosed
and treated and the development of AEs and chronic diseases
were associated with disease flares and changes in medication.
A pregnancy plan was also associated with changes in
medication. Patients had insufficient knowledge about the
treatment guidelines, and patients without LN tended to be less
familiar with the treatment guidelines compared to patients with
LN. Patients with SLE who had college education or higher
were associated with a positive attitude rather than those who
had only a junior high school education or lower. Our findings
suggest that disease flares should be controlled by monitoring
potential AEs and chronic diseases during treatment and by
effectively managing patients who switched hospitals for their
medical consultation. In addition, patients would benefit from
health education to maintain a positive attitude toward SLE.
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Abstract

Background: The recently published “Life’s Essential 8” (LE8) by the American Heart Association has overcome some
limitations in evaluating cardiovascular health (CVH) in the previous “Life’s Simple 7.”

Objective: We aimed to examine the secular trends in CVH, as assessed by the LE8, in US adults from 2005 to 2018.

Methods: Using cross-sectional data from the National Health and Nutrition Examination Survey between 2005-2006 and
2017-2018, we calculated the age-standardized mean scores of overall CVH and each of the LE8 components, where a higher
score (range 0-100 points) means a better health status. A total of 21,667 adults aged 20-79 years were included in this analysis.

Results: The overall CVH did not significantly change between 2005-2006 and 2017-2018 (65.5, 95% CI 63.9-67.1 to 65.0,
95% CI 62.8-67.1; P=.82). The individual metrics did not significantly change for diet (41.0, 95% CI 38.0-43.9 to 41.5, 95% CI
36.5-46.6; P=.94), physical activity (57.5, 95% CI 53.0-61.9 to 53.0, 95% CI 48.7-57.3; P=.26), and blood pressure (68.4, 95%
CI 65.2-71.5 to 68.6, 95% CI 65.3-71.9, P=.35), improved for nicotine exposure (64.7, 95% CI 61.1-68.4 to 71.9, 95% CI
67.7-76.2; P<.001), sleep health (83.7, 95% CI 81.6-85.7 to 84.1, 95% CI 81.2-87.1; P=.006), and blood lipids (61.6, 95% CI
59.1-64.0 to 67.0, 95% CI 63.5-70.4; P<.001), and worsened for BMI (63.4, 95% CI 59.7-67.1 to 56.2, 95% CI 52.5-59.9; P<.001)
and blood glucose (83.9, 95% CI 82.4-85.4 to 77.4, 95% CI 74.5-80.3; P<.001).

Conclusions: According to the LE8, the overall CVH did not change among US adults from 2005 to 2018, as well as 3 components
(diet, physical activity, and blood pressure). Other metrics such as nicotine exposure, blood lipids, and sleep health improved,
while BMI and blood glucose deteriorated over time.

(JMIR Public Health Surveill 2023;9:e45521)   doi:10.2196/45521

KEYWORDS

trends; cardiovascular health; primordial prevention; adult; nutrition examination; survey; diet; physical activity; data collection;
cross-sectional
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Introduction

Cardiovascular disease (CVD) is a major public health issue
worldwide [1]. In the United States, nearly one in 10 adults
(aged ≥20 years) are suffering from CVD (mainly coronary
heart disease and stroke) [2], and the annual direct and indirect
costs due to CVD in the United States are estimated to amount
to US $378 billion [2]. Although the age-standardized mortality
rate attributable to CVD has largely declined over the past
decades in the United States, the total health and economic
burdens due to CVD remain huge, partly due to population
growth and aging [3,4].

Given that a large part of the CVD burden is attributable to a
limited number of health and behavioral factors, the American
Heart Association (AHA) promoted 7 cardiovascular health
(CVH) metrics (also known as the Life’s Simple 7 [LS7]) in
2010 [5], including 4 behavioral factors (no smoking, sufficient
physical activity [PA], healthy diet, and having a normal BMI),
and 3 health factors (normal levels of blood lipids, blood
pressure [BP], and blood glucose). Each of these 7 metrics was
categorized by scores of 0, 1, and 2 points to represent a poor,
intermediate, and ideal health status, respectively. The overall
CVH score in the LS7 was calculated as the sum of the scores
of these 7 metrics, which can range from 0 (worst health) to 14
points (optimal health). Unfortunately, the prevalence of people
with ideal CVH (ie, with high LS7 score) has been consistently
extremely low (eg, <1% have an optimal score of 14 points)
[2].

The LS7 was widely used in the past decade and had played an
important role in promoting CVH in the United States and
around the world. However, there are some limitations to the
LS7 [6]. First, the categorization (poor, intermediate, and ideal)
of the LS7 components inherently reduces a precise assessment
of the risk factors that all actually have a graded relation with
CVD outcomes. Second, the definitions of poor, intermediate,
and ideal categories for each component are arbitrary (eg, PA
duration from 1 minute to 149 minutes per week are all
categorized in the same intermediate category). Third, several
social or behavioral CVD risk factors such as psychological
factors and sleep are not included in the LS7. Fourth, some of
the LS7 metrics are not assessed comprehensively. For example,
the LS7 diet metric was assessed by the sole intake of 4 foods
and nutrients (ie, fruits and vegetables, fish, whole grains,
sweetened beverages, and sodium).

The newly released Life’s Essential 8 (LE8) metrics proposed
by the AHA [6] addressed several of the limitations of LS7
(Table S1 in Multimedia Appendix 1). For example, some score
categories have been further defined—sleep health has been
added as an eighth metric, the definition of a healthy diet has
been expanded, the use of inhaled nicotine-delivery system and
secondhand smoke exposure have been considered in addition
to combustible cigarette use, hemoglobin A1c level has been
added in addition to fasting glucose, and non–high-density
lipoprotein cholesterol is used rather than total cholesterol to
assess blood lipids [6]. One recent study reported that 47.3%
of young individuals who were evaluated as having ideal CVH
by the LS7 were reclassified into the low CVH category by the

LE8 [7], suggesting that the new LE8 can reduce the
misclassification of CVH status. However, although the AHA
acknowledged the importance of psychological health and
well-being and strongly encouraged more routine assessment
and intervention in clinical settings [6], these factors are also
not considered in the LE8 as obligatory indicators.

The new CVH score defined by the LE8 has recently been
shown to be inversely associated with the risk of all-cause and
CVD mortality [8-10]. One study based on 23,110 adults in the
United States indicated that every 10-score increase in overall
CVH score could decrease the risk of all-cause mortality by
14% and CVD mortality by 19% [8]. Understanding the secular
trends of overall CVH and its components is useful to inform
and guide targeted health care and public health policies by the
US government and other relevant organizations [11]. Therefore,
based on the newly published CVH concept of the LE8, we
examined the secular trends in overall CVH and its each
component among the US adult population based on 7 serial
nationally representative cross-sectional surveys conducted
between 2005-2006 (which we refer to as “2005” hereafter) and
2017-2018 (which we refer to as “2018”).

Methods

Study Population
Data were obtained from the National Health and Nutrition
Examination Survey (NHANES), which consists of serial
cross-sectional surveys conducted by the National Center for
Health Statistic of the US Centers for Disease Control and
Prevention to evaluate the health and nutritional status in US
adults and children. Participants were selected using a multistage
cluster probability sampling method, and all eligible participants
were invited to complete a household interview and a physical
examination. The questionnaire includes information on
demographic, socioeconomic, lifestyle, and other health-related
variables, and the physical examination consists of
anthropometric and biological measurements. Data from the
NHANES are publicly available [12]. The NHANES began in
1999-2000, and subsequent surveys were carried out every 2
years. In this study, we used the data from the 7 survey waves
that were conducted from 2005 to 2018 since information on
sleep health (1 component of the LE8) was initially collected
since 2005. A total of 39,749 adults aged ≥20 years were initially
included. We excluded individuals aged >79 years (n=2776),
those with missing values on CVH metrics (total of 10,355,
including 7996 due to missing data on diet [missing values on
all two 24-hour dietary recalls: n=3876; missing on a 24-hour
dietary recall: n=4120]) or demographic variables (n=2037),
pregnant women (n=481), women who were breastfeeding
(n=198), or individuals with self-reported CVD history (n=2235;
Figure S1 in Multimedia Appendix 1). A total of 21,667 adults
aged 20-79 years were included in this analysis.

We performed analyses in consideration of several demographic
characteristics: age, sex, race or ethnicity, educational level,
marital status, and household income. We classified participants
into three age groups: 20-39, 40-64, and 65-79 years [13].
Self-reported race or ethnicity was classified as Hispanic,
non-Hispanic White, non-Hispanic Black, and “Other”
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(including mainly Asian participants). To characterize an
individual’s socioeconomic status, we used the ratio of family
income to poverty by dividing family income by the federal
poverty threshold for the survey year, adjusting for household
size, categorized as <1.30 (low income), 1.30-2.99 (middle
income), and ≥3.00 (high income) [14]. Educational level was
divided into 4 groups: <high school graduate, high school
graduate, some college or associate degree, and college graduate
or above. Marital status was categorized as married,
divorced/separated/widowed, and unmarried/cohabitation status.

Ethics Approval
The NHANES was approved by the National Center for Health
Statistics Research Ethics Review Board. Written informed
consent was obtained from all participants. This study was
exempted from ethical approval by the institutional review board
of Shandong University given the use of deidentified and open
access data.

Quantification of CVH
The LE8 score is based on 4 “behavioral factors” (diet, PA,
smoking, and sleep health) and 4 “health factors” (BMI, blood
lipids, blood glucose, and BP). Diet quality was assessed using
the Healthy Eating Index 2015 (HEI-2015) based on data from
2 interviewer-administered 24-hour dietary recalls. Diet was
assessed using the “Food Patterns Equivalents Database 14”
from the US Department of Agriculture [15]. PA was assessed
through self-reported frequency and duration of moderate
(resulting in light sweating or a small increase in breathing or
heart rate) and vigorous activity (resulting in heavy sweating
or a large increase in breathing or heart rate) over the past 30
days. The PA duration was calculated by the frequency of PA
in a week multiplied by the duration of PA each time. Nicotine
exposure was assessed based on self-reported consumption of
combustible cigarettes and use of e-cigarettes and other tobacco
products in the previous 30 days, as well as self-reported
secondhand smoke exposure in a participant’s household. Sleep
health was assessed from the question on usual sleep duration
per day. Height and weight were objectively measured using a
stadiometer and digital weight scale, respectively, and BMI was

calculated as weight (kg)/height squared (m2). BP was measured
for three consecutive times after 5 minutes of seated rest, and
the average of the second and third readings was used (or the
average of the first and second measurements for participants
who only had 2 readings or using the first measurement for
participants who only had 1 reading). Information on the use
of antihypertensive drugs was obtained from the interviewed
questionnaire at home. Blood samples were collected at a mobile
examination center and sent to a central laboratory for the
assessment of blood lipids, fasting glucose, and hemoglobin
A1c. Data on the use of lipid-lowering medications, insulin, or
oral hypoglycemic agents were obtained from the interviewed
questionnaire at home. Changes for some biochemical indexes
in measurement methods and used instruments over time were
adjusted according to the official recommendation to make them
comparable across different survey years [16]. The 8 behavioral
and health factors and the thresholds used to allocate scores for
each component in detail are shown in Table S2 in Multimedia
Appendix 1. Scores for each component ranged from 0 to 100

points according to the AHA scoring algorithm [6], with a higher
score meaning a better health status. The overall CVH score
was calculated as the mean of the sum of all 8 metrics and
similarly ranged from 0 (if the mean score of all components
was 0) to 100 (optimal CVH). In this study, scores for the overall
CVH and individual components were categorized into poor
(0-50 points), intermediate (50-79 points), and high (80-100
points) status according to the AHA recommendation [6].

Statistical Analysis
Differences in percentages of demographic characteristics across
the 7 survey waves were assessed with the chi-square test. We
calculated the age-standardized mean scores and their 95% CI
for the overall CVH score and for each of the 8 CVH
components. We performed stratified analysis by sex, age group,
educational level, marital status, race or ethnicity, and family
income category. We used linear regression model to estimate
the linear trends between 2005 and 2018 with adjustments for
sex, age group, educational level, marital status, and family
income category if appropriate. Data were standardized for age
using a direct standardization method based on the age
distribution of the 2018 US population (20-39 years: 38.6%;
40-64 years: 44.6%; 65-79 years: 16.8%) [17]. Since
oversampling was done in some particular subgroups of the
total population in the NHANES to increase the reliability and
precision of health indicators in the specific population, the
appropriate sample weights, as well as strata and primary
sampling units provided by the NHANES were used to make
the data national representative of the US population. All
statistical analyses were performed using Stata software (version
16.0, Stata Corp), and 2-sided P values of <.05 were considered
statistically significant.

Results

A total of 21,667 participants aged 20-79 years were included
in this study. The distributions of sex, age group, race or
ethnicity, marital status, and family income did not differ across
the survey waves. Participants with an educational level lower
than high school decreased from 13.9% in 2005 to 8.6% in 2018
(P=.01; Table 1).

The age-standardized mean overall CVH score changed from
65.5 (95% CI 63.9-67.1) in 2005 to 65.0 (95% CI 62.8-67.1) in
2018 (Figure 1), but the result was not statistically significant
(P for trend=.82), as well as in almost all subgroups (Table 2).
Trends in crude overall CVH score over time showed a similar
pattern (Table S3 in Multimedia Appendix 1). Adults with
age-standardized high (≥80 points), intermediate (50-79 points),
and low (<50 points) overall CVH scores accounted for about
20%, 65%, and 15% in the US population, respectively, in each
survey wave (Figure 2). The results were similar when based
on the crude proportion (Figure S2 in Multimedia Appendix 1).
The overall CVH score significantly worsened between 2005
and 2018 in older, Hispanic, and non-Hispanic White
individuals, but no difference was found in other covariate
categories.

The age-standardized mean scores of diets, PA, and BP did not
significantly change from 2005 to 2018 (Figure 1), as well as
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in almost all subgroups (Table S4 in Multimedia Appendix 1).
The age-standardized mean score of PA fluctuated over time.
The age-standardized mean scores improved for nicotine
exposure (64.7, 95% CI 61.1-68.4 to 71.9, 95% CI 67.7-76.2),
sleep health (83.7, 95% CI 81.6-85.7 to 84.1, 95% CI 81.2-87.1),
and blood lipids (61.6, 95% CI 59.1-64.0 to 67.0, 95% CI
63.5-70.4) from 2005 to 2018. However, the age-standardized
mean scores significantly decreased for BMI (63.4, 95% CI
59.7-67.1 to 56.2, 95% CI 52.5-59.9) and blood glucose (83.9,
95% CI 82.4-85.4 to 77.4, 95% CI 74.5-80.3; Figure 1, Table
S4 in Multimedia Appendix 1). The results were similar within
subgroups of sex, age, race or ethnicity, marital status, and
family income (Table S4 in Multimedia Appendix 1). Similar
trends were found based on the crude scores of the 8 metrics
(Table S5 in Multimedia Appendix 1). Among all 8 metrics,
blood glucose, sleep health, and nicotine exposure had the
largest proportion (>50%) of high score (≥80 points); PA and
diets had the largest proportion (40%-50%) of the low score
(<50 points) over time (Figure 2). The results were similar when
based on crude proportions (Figure S2 in Multimedia Appendix
1). Distributions of scores categories for 8 individual CVH

metrics according to the specific scoring algorithm in detail are
shown in Figure S3 in Multimedia Appendix 1
(aged-standardized proportion) and Figure S4 in Multimedia
Appendix 1 (crude proportion).

By 2018, Americans who were female (66.9, 95% CI 63.9-70.0),
young adults aged 20-34 years (69.8, 95% CI 67.2-72.4),
non-Hispanic White (65.9, 95% CI 63.1-68.6), or in the “Other”
category (including mainly Asian individuals: 66.4, 95% CI
62.9-70.0) had (or tended to had) higher (better)
age-standardized mean LE8 scores of overall CVH than those
who were male (63.0, 95% CI 60.8-65.2, older adults aged 65-79
years (61.1, 95% CI 59.4-62.9) and non-Hispanic Black (60.1,
95% CI 57.8-62.5), and the age-standardized mean LE8 scores
of overall CVH were also much higher in Americans with higher
educational level (73.1, 95% CI 70.0-76.1) versus lower
educational level (57.1, 95% CI 53.5-60.6), in those who were
married (66.3, 95% CI 64.2-68.5) versus those who were
unmarried (60.4, 95% CI 56.6-64.2), and in those with higher
family income (68.3, 95% CI 65.7-71.0) versus those with lower
family income (59.0, 95% CI 55.4-62.6; Table 2).
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Table 1. Characteristics of the US adult National Health and Nutrition Examination surveys, 2005-2018.

P valuea2017-2018
(n=2765)

2015-2016
(n=2942)

2013-2014
(n=3292)

2011-2012
(n=3113)

2009-2010
(n=3514)

2007-2008
(n=3250)

2005-2006
(n=2791)

Characteristics

.49Sex, %

48.549.549.549.748.346.548.5Male

51.550.550.550.351.753.551.5Female

.19Age group ( years), %

39.738.939.439.938.940.739.520-39

45.046.548.349.249.648.748.240-64

15.314.612.310.911.510.612.365-79

.36Race or ethnicity, %

15.615.015.014.513.513.510.5Hispanic

63.266.365.467.570.271.673.6Non-Hispanic White

10.49.410.910.710.310.110.9Non-Hispanic Black

10.89.38.77.36.04.85.0Other

.01Educational level, %

8.611.012.513.215.818.313.9<High school graduate

27.021.220.319.622.424.024.3High school graduate

31.733.534.232.831.529.532.2Some college or associate
degree

32.734.333.034.430.328.229.6College graduate or above

.47Marital status, %

53.655.756.653.257.656.059.0Married

16.615.116.715.814.916.516.8Divorced/separated/wid-
owed

29.829.226.731.027.527.524.2Unmarried/cohabitation

.11Ratio of family income to poverty,b %

19.418.523.322.721.019.314.6<1.30

26.530.624.427.126.628.427.41.30-2.99

54.150.952.350.252.452.358.0≥3.00

aDifferences in percentages of demographic characteristics across the 7 survey waves were assessed with the chi-square test.
bThe ratio of family income to the federal poverty threshold, which was adjusted for household size.
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Figure 1. Trends in age-standardized mean score (95% CI) of overall cardiovascular health and its 8 components based on the Life’s Essential 8 in US
adults from 2005-2006 to 2017-2018. BP: blood pressure; CVH: cardiovascular health; non–HDL-C: non–high-density lipoprotein cholesterol; PA:
physical activity.
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Table 2. Trends in the age-standardized mean score (95% CI) of total cardiovascular health in US adults, overall and by sex, age, race and ethnicity,

educational level, marital status, family income to poverty ratio category, 2005-2018.a

P for

trendb
2017-20182015-20162013-20142011-20122009-20102007-20082005-2006Characteristics

.8265.0 (62.8-
67.1)

66.1 (64.2-
68.1)

66.2 (64.5-
67.8)

64.5 (62.4-
66.6)

65.4 (63.9-
66.9)

64.3 (61.8-
66.8)

65.5 (63.9-
67.1)

Overall

Sex

.7763.0 (60.8-
65.2)

64.2 (61.8-
66.6)

64.6 (62.4-
66.8)

62.6 (60.1-
65.0)

63.4 (61.2-
65.5)

62.2 (59.7-
64.7)

63.5 (61.5-
65.5)

Male

.4666.9 (63.9-
70.0)

68.2 (65.9-
70.5)

67.7 (65.7-
69.7)

66.5 (64.0-
68.9)

67.3 (65.7-
69.0)

66.1 (63.1-
69.1)

67.6 (65.6-
69.5)

Female

Age group (years)

.4969.8 (67.2-
72.4)

70.0 (68.5-
71.6)

69.7 (67.6-
71.7)

69.7 (67.6-
71.8)

69.4 (67.4-
71.5)

67.8 (65.6-
70.0)

68.9 (67.8-
69.9)

20-39

.9462.2 (60.4-
64.1)

63.5 (61.3-
65.6)

64.0 (62.7-
65.4)

61.4 (59.3-
63.5)

63.5 (62.4-
64.5)

62.1 (59.4-
64.8)

63.5 (61.7-
65.3)

40-64

.0261.1 (59.4-
62.9)

64.3 (61.9-
66.7)

63.8 (62.3-
65.2)

61.1 (59.0-
63.1)

61.2 (59.6-
62.8)

62.0 (59.4-
64.5)

63.2 (60.8-
65.5)

65-79

Race or ethnicity

.0263.3 (60.7-
66.0)

62.9 (61.1-
64.6)

64.7 (62.1-
67.3)

61.9 (59.6-
64.2)

61.9 (59.3-
64.6)

62.7 (60.9-
64.4)

64.5 (62.2-
66.7)

Hispanic

.00765.9 (63.1-
68.6)

67.4 (65.2-
69.6)

66.8 (64.7-
68.9)

65.3 (62.6-
68.0)

66.7 (64.8-
68.6)

64.9 (61.3-
68.6)

66.4 (64.2-
68.6)

Non-Hispanic White

.7060.1 (57.8-
62.5)

60.0 (56.8-
63.2)

60.9 (58.9-
62.9)

60.0 (57.3-
62.7)

58.1 (55.5-
60.8)

59.4 (56.7-
62.1)

59.7 (57.1-
62.4)

Non-Hispanic Black

.9366.4 (62.9-
70.0)

68.2 (63.8-
72.5)

69.5 (65.3-
73.7)

68.8 (65.4-
72.3)

68.7 (63.9-
73.6)

67.6 (61.4-
73.8)

65.7 (58.3-
73.1)

Other (including mainly
Asian individuals)

Educational level

.3657.1(53.5-
60.6)

57.7 (54.2-
61.2)

59.4 (57.0-
61.8)

56.3 (53.1-
59.6)

58.0 (55.6-
60.4)

57.1 (54.2-
60.0)

59.1 (56.3-
62.0)

<High school graduate

.7561.4 (58.5-
64.3)

59.9 (57.0-
62.8)

59.9 (57.1-
62.7)

60.0 (55.9-
64.0)

59.8 (57.1-
62.5)

60.6 (57.7-
63.6)

60.8 (58.6-
63.0)

High school graduate

.4062.0 (59.8-
64.1)

65.4 (62.5-
68.3)

64.7 (62.0-
67.5)

63.2 (60.9-
65.5)

64.5 (62.7-
66.3)

64.2 (61.6-
66.9)

65.1 (62.7-
67.5)

Some college or associate
degree

.5773.1 (70.0-
76.1)

73.5 (71.2-
75.9)

73.9 (71.7-
76.2)

71.4 (68.9-
74.0)

74.3 (71.8-
76.9)

72.2 (69.4-
74.9)

72.7 (70.0-
75.4)

College graduate or above

Marital status

.9466.3 (64.2-
68.5)

67.2(64.9-
69.5)

67.5 (65.1-
69.9)

66.0 (63.6-
68.3)

66.2 (64.2-
68.1)

65.0 (62.1-
68.0)

66.0 (64.0-
68.1)

Married

.7463.1 (60.1-
66.2)

60.9(56.3-
65.4)

62.5 (60.1-
64.9)

60.3 (57.0-
63.7)

62.6 (58.9-
66.2)

59.2 (55.0-
63.5)

63.5 (60.1-
66.8)

Divorced/separated/wid-
owed

.3160.4 (56.6-
64.2)

64.3(61.1-
67.5)

65.6 (61.3-
69.9)

62.4 (58.3-
66.6)

63.0 (59.3-
66.6)

63.6 (60.6-
66.5)

64.8 (62.1-
67.5)

Unmarried/cohabitation

Ratio of family income to poverty

.8159.0 (55.4-
62.6)

60.0 (57.4-
62.5)

60.2 (57.6-
62.7)

58.6 (54.9-
62.4)

58.7 (56.3-
61.1)

58.4 (54.7-
62.1)

59.7 (57.1-
62.4)

<1.30

.6662.4 (59.6-
65.2)

63.3 (60.6-
66.1)

62.5 (60.2-
64.9)

62.9 (60.5-
65.3)

63.2 (61.0-
65.3)

62.7 (60.3-
65.1)

62.2 (59.9-
64.6)

1.30-2.99

.8868.3 (65.7-
71.0)

69.6 (67.3-
71.8)

70.2 (68.0-
72.3)

68.0 (65.0-
71.0)

69.0 (66.8-
71.1)

67.3 (64.2-
70.4)

68.4 (66.4-
70.5)

≥3.00

aHigher score denotes better cardiovascular health.
bLinear trends were examined using linear regression model, with adjustment for sex, age, race or ethnicity, educational level, marital status, and the
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ratio of family income to poverty.

Figure 2. Trends in distributions of age-standardized scores categories of low (<50 points), median (50-79 points), and high (80-100 points) status of
overall cardiovascular health and its 8 components based on the Life’s Essential 8 in US adults from 2005-2006 to 2017-2018 (higher score denotes
better CVH). BP: blood pressure; CVH: cardiovascular health; non–HDL-C: non–high-density lipoprotein cholesterol; PA: physical activity.

Discussion

Principal Findings
To our knowledge, this study is the first to examine the secular
trends in CVH among US adults based on the new LE8 scoring
algorithm proposed by the AHA. Using the 7 cross-sectional
surveys between 2005 and 2018, the overall CVH score did not
significantly change over time. However, the overall CVH status
significantly worsened between 2005 and 2018 in older adults,
Hispanic participants, and non-Hispanic White participants.
There was no significant change over time for 3 CVH
components (diet, PA, and BP) but 3 components (nicotine
exposure, sleep health, and blood lipids) significantly improved,
whereas 2 components (BMI and blood glucose) significantly,
and markedly, worsened over time.

Although a number of public health and health care policies
and programs have been implemented to prevent CVD since
2010 [18-20], the decline in age-standardized CVD mortality
rate has slowed down or even stagnated considerably in recent
years among US adults [2,21]. For example, the
age-standardized mortality rate for heart disease declined
between 1999 and 2010 by 8.3%, but only by 1.7% between

2010 and 2017 [21]. One important reason for this deceleration
of the CVD decline may be that some CVD risk factors have
not significantly improved or even deteriorated. This is
consistent with other studies, which showed that the mean
number of ideal CVH metrics based on the LS7 had not
significantly changed in the past years [22,23]. For example,
the Behavioral Risk Factor Surveillance System data showed a
nonsignificant change in the mean number of ideal CVH metrics
from 3.89 in 2011 to 3.96 in 2017 [22]. Another NHANES study
among US adults showed that the mean number of ideal CVH
components did not significantly change from 2007 to 2018 in
both female participants (4.40 to 4.48) and male participants
(3.97 to 3.93) [23]. In addition, previous studies among adults
based on the LS7 also showed that there was no significant
improvement in CVH among US adults [24,25]. Results of our
study, which are based on the new LE8 scoring algorithm, are
consistent with no change in CVH reported by the
abovementioned studies based on the LS7, highlighting that
there is still a long way to go to improve CVH among US adults.

The stable trends in the overall CVH score may mask disparities
in trends in CVH components. We found that the mean scores
of 4 CVH metrics including nicotine exposure (increase), BMI
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(decrease), non–high-density lipoprotein cholesterol (increase),
and blood glucose (decrease) changed over time but not all in
the same direction, and some (diet) did not change over time.
Unhealthy diet is a major risk factor for CVD [26], but
unfortunately, the dietary component gathered the lowest mean
score [24]. Despite some improvement in some dietary
components, the overall dietary quality did not significantly
improve [27]. This emphasizes the need for interventions on
those dietary components that tend to decline or do not improve
over time. Actually, a number of interventions have already
been implemented during the past years in the United States
[28]. The smoking rate decreased from 24.8% in 1999-2000 to
18.1% in 2017-2018 [29], and this translated into improved
mean LS7 scores of smoking from 1.53 in 2007-2010 to 1.60
in 2015-2018 [24], as well as in our study. Data from the

NHANES showed that mean BMI increased from 28.0 kg/m2

in 1999-2000 to 29.8 kg/m2 in 2017-2018 [29], with the
corresponding obesity prevalence dramatically increasing from
27.5% to 43.0% [30]. He et al [29] reported that the mean total
cholesterol decreased from 203.3 mg/dL in 1999-2000 to 188.5
mg/dL in 2017-2018, which is consistent with our finding that
the LE8 blood lipid component improved over time. Previous
studies showed that the estimated prevalence of diabetes
increased from 9.8% in 1999-2000 to 14.3% in 2017-2018 [31],
consistent with the decreasing LS7 mean score of blood glucose
from 1.42 in 2007-2010 to 1.29 in 2015-2018 [24], as well as
the decreasing LE8 mean score observed in our study.

However, there were also several inconsistent findings in our
study compared with previous studies regarding the secular
trends in 2 CVH components (PA and BP) [24,32,33]. It is
reported that the estimated prevalence of meeting the PA
guideline target increased from 26.0% in 1998 to 37.4% in 2018
[32]. However, the overall mean score of PA in our study still
remained unchanged and at a low level. As for hypertension,
the prevalence as defined by the 2017 American College of
Cardiology/AHA decreased (suggesting an improvement) from
48.1% in 1999-2000 to 44.1% in 2015-2016 [33]. However,
another study reported that the mean BP score based on the LS7
slightly decreased (suggesting a deterioration) from 1.28 in
2007-2010 to 1.24 in 2015-2018 [24]. Inconsistent with the
above 2 studies, we did not observe a significant change in the
mean LE8 component score of BP between 2005 and 2018. In
addition, the national data showed that more than half of the
US population did not reach the sufficient sleep duration (20-64
years: 7-9 hours per day, 65-79 years: 7-8 hours per day)
recommended by the National Sleep Foundation [34].
Inappropriate sleep duration (<6 hours or ≥9 hours) has been
associated with an increased risk of CVD and related mortality
[35]. Although previous studies reported a persistent
deterioration of sleep quality in the US population from 2005
to 2018 [36,37], we observed an opposite trend with a significant
increase (improvement) in the mean LE8 component score of
sleep health from 2005 to 2018. These disparities might be
partly due to methodological issues in assessing sleep quality
across studies.

Consistent with previous studies [13,14], the overall LE8 score
of CVH and its components differed markedly across the
subgroups of sex, age, race or ethnicity, and socioeconomic

status, with individuals who were female, younger, non-Hispanic
White, and those with better socioeconomic status being more
likely to have a better CVH. Although trends in the CVH metrics
over time in these subgroups were mostly consistent with those
in the overall population, there are some interesting findings.
First, non-Hispanic White participants and the “Other” group
(including mainly Asian participants) had a higher overall CVH
score than non-Hispanic Black participants, but the difference
decreased over time, partly due to deterioration in CVH over
time among non-Hispanic White participants. The deterioration
of 2 CVH components (diet and PA) among non-Hispanic White
participants may be the reason for the worsening trend in overall
CVH score in this subgroup. This highlights the need to consider
LE8 trends according to racial or ethnic groups when designing
CVD prevention and control policy and programs. Second, none
of the CVH metrics significantly improved among older
participants (65-79 years) over time. CVH usually markedly
decreases with age [38], largely driven by the strong relation
among hypertension, dyslipidemia, and type 2 diabetes with
age. The CVH in older adults is a main challenge, as most hard
CVD outcomes develop at an older age. In general, the less
ideal CVH at all ages found in this study stresses the need for
life course approaches to CVH and the need for high-risk
individual-level approaches (clinical care) at middle and older
ages. Third, the mean LE8 component of BMI (obesity)
markedly deteriorated in all subgroups. This trend is particularly
worrying, given the major role of adiposity on glucose
metabolism, including insulin resistance, hypertension, and
more generally poor CVH [39,40]. This highlights the need to
strengthen preventive and medical approaches to weight gain
prevention and control, including a broader use of novel
effective clinical approaches [41]. Fourth, socioeconomic status
such as educational level and family income are important social
determinants of CVD [42]. Consistent with abundant literature
on this topic, our results show that participants with higher
socioeconomic status had much better CVH and the CVH gap
(as assessed with the LE8 metrics) between individuals with
low versus high socioeconomic status did not decrease over
time, highlighting the need to further address social disparities
in CVD prevention and control.

Strengths and Limitations
Our study is the first to examine the secular trends in CVH from
2005 to 2018 among US adults based on the nationally
representative NHANES data using the new AHA LE8 metrics.
However, several limitations should be mentioned. First, our
study was based on data from 7 surveys over a rather short time
period (<15 years). Second, data on diet, PA, nicotine exposure,
and sleep health were obtained by self-report, which may be
inaccurate due to recall and social desirability biases. Third, the
8 behavioral and health components are given equal weight
(implying the same predictive performance) in calculating the
LE8 overall CVH score. Fourth, although the 8 components
constitute major or important risk/preventive factors for CVH,
a number of other factors (eg, familial history/genetics, other
conditions, or comorbidities) can largely alter CVD risk,
particularly at the individual level. Fifth, missing values on
relevant variables, especially for dietary variables, might have
affected the representativeness of the study population.
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However, the inclusion of data on one 24-hour dietary recall
showed similar results (age-standardized score did not
significantly change from 40.46 in 2005-2006 to 40.47 in
2017-2018, P for trend=.77) with the primary ones.

Conclusions
In summary, based on the LE8 metrics, the overall CVH score
did not significantly change from 2005 to 2018 among US

adults. Very few individuals had CVH scores in good or optimal
ranges, implying a large scope for improvement for most adults.
Three CVH components remained unchanged over time (diet,
PA, and BP), 3 improved (nicotine exposure, sleep health, and
blood lipids), and 2 worsened (BMI and blood glucose),
suggesting avenues for improving CVH status among US adults.
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Abstract

Background: Internalizing and externalizing personality traits are robust risk factors for substance use and mental health, and
personality-targeted interventions are effective in preventing substance use and mental health problems in youth. However, there
is limited evidence for how personality relates to other lifestyle risk factors, such as energy balance–related behaviors, and how
this might inform prevention efforts.

Objective: This study aimed to examine concurrent cross-sectional associations between personality traits (ie, hopelessness,
anxiety sensitivity, impulsivity, and sensation seeking) and sleep, diet, physical activity (PA), and sedentary behaviors (SB), 4
of the leading risk factors for chronic disease, among emerging adults.

Methods: Data were drawn from a cohort of young Australians who completed a web-based, self-report survey in 2019 during
early adulthood. A series of Poisson and logistic regressions were conducted to examine the concurrent associations between the
risk behaviors (sleep, diet, PA, and sitting and screen time) and personality traits (hopelessness, anxiety sensitivity, impulsivity,
and sensation seeking) among emerging adults in Australia.

Results: A total of 978 participants (mean age 20.4, SD 0.5 years) completed the web-based survey. The results indicated that
higher scores on hopelessness were associated with a greater daily screen (risk ratio [RR] 1.12, 95% CI 1.10-1.15) and sitting
time (RR 1.05, 95% CI 1.0-1.08). Similarly, higher scores on anxiety sensitivity were associated with a greater screen (RR 1.04,
95% CI 1.02-1.07) and sitting time (RR 1.04, 95% CI 1.02-1.07). Higher impulsivity was associated with greater PA (RR 1.14,
95% CI 1.08-1.21) and screen time (RR 1.06, 95% CI 1.03-1.08). Finally, higher scores on sensation seeking were associated
with greater PA (RR 1.08, 95% CI 1.02-1.14) and lower screen time (RR 0.96, 95% CI 0.94-0.99).

Conclusions: The results suggest that personality should be considered when designing preventive interventions for lifestyle
risk behaviors, particularly in relation to SB, such as sitting and screen time.

Trial Registration: Australian New Zealand Clinical Trials Registry ACTRN12612000026820; https://tinyurl.com/ykwcxspr

(JMIR Public Health Surveill 2023;9:e42244)   doi:10.2196/42244

KEYWORDS

personality; emerging adulthood; screen time; sedentary; sleep; diet; physical activity; prevention; mental health; risk factor;
sedentary behavior; chronic disease
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Introduction

Chronic diseases, such as cancer, cardiovascular disease, and
mental disorders, are the leading causes of disability and death
across the globe [1]. It is estimated that almost one-third of
chronic diseases could be prevented by reducing exposure to
modifiable lifestyle risk behaviors [2], such as physical
inactivity, poor diet, alcohol use and smoking, poor sleep, and
sedentary behaviors (SB; sitting and screen time) [3,4]. These
risk behaviors are highly prevalent among adolescents in
Australia [5] and worldwide [6] and are associated with
significant health consequences, including increased risk of
obesity [7] and emotional and behavioral problems [8,9]. They
typically have their onset early in life, and once established,
they track into adulthood, increasing the risk for chronic disease
over the life course [4,10-12]. Identifying and implementing
innovative strategies to prevent or modify these lifestyle risk
behaviors during adolescence is critical for promoting lifelong
health.

One plausible target for preventing lifestyle risk behaviors and
associated harms is personality traits. Numerous studies have
demonstrated robust associations between personality traits and
substance use [13], particularly with respect to the internalizing
personality profiles of anxiety sensitivity (fear of anxiety-related
physical sensations) and hopelessness (tendency toward low
mood; worthlessness; and negative beliefs about oneself, the
world, and the future), and the externalizing profiles of sensation
seeking (elevated need for stimulation and intolerance to
boredom) and impulsivity (rapid decision-making and poor
response inhibition) [14]. Each personality trait has been shown
to be associated with specific patterns of substance misuse,
motivations for use, and comorbid psychopathology. For
example, hopelessness has been associated with the early onset
of alcohol use and depressive symptoms, while impulsivity has
been associated with drinking problems, tobacco use, other drug
use, and conduct problems [15]. These personality profiles have
been shown to be reliable predictors of future substance use and
mental health problems and are therefore important targets for
screening and prevention [13,15-17].

Improved understanding of the way in which personality traits
are associated with other highly prevalent, yet modifiable risk
behaviors among youth has considerable implications for
tailoring prevention programs to account for particular
personality styles. To date, much of the research examining
associations between personality and energy balance–related
behaviors (ie, health behaviors related to energy intake and
energy expenditure) such as dietary intake, SBs (sitting and
screen time), physical activity (PA), and sleep has focused on
children and early adolescents [18,19]. For example, a 2019
cross-sectional study among 8-11 year olds in the United States
found that adequate sleep duration and reduced screen time
were associated with less impulsive behavior among children
[18]. On the contrary, there is little research on the associations
between personality and lifestyle risk behaviors during emerging
adulthood (18-25 years), a critical, yet poorly understood period
characterized by numerous personal and social role changes,
increased autonomy over lifestyle choices, declines in health
behaviors [20,21], and increased risk of anxiety, depression,

and substance use disorders [22]. The limited existing literature
on this population has found relationships between sleepiness
and impulsivity [23] and extraversion and SB [24]. However,
further research among larger samples of emerging adults and
addressing a broader range of energy balance–related risk
behaviors is required. Therefore, this study aimed to examine
cross-sectional associations between 4 personality traits
(hopelessness, anxiety sensitivity, impulsivity, and sensation
seeking) and 5 energy balance–related behaviors (screen time,
sitting time, fruit and vegetable intake, sleep duration, and
moderate-to-vigorous physical activity [MVPA]) among a
sample of emerging Australian adults.

Methods

Study Design
The sample was derived from the long-term follow-up of an
existing cohort of young Australians who participated in a
cluster randomized controlled trial (RCT). A total of 2190 grade
8 students (54% male; mean age 13.3, range 11.9-15.4 years)
from 26 Australian secondary schools in New South Wales and
Victoria (17 private or independent and 9 public) were originally
recruited to the RCT in 2012. This 4-arm cluster RCT evaluated
the impact of universal and selective interventions (separately
and together) for the prevention of alcohol and other drug use
delivered in grade 8. Intervention content did not focus on the
behaviors measured for this study. All participants had received
health education as usual (either as part of the control arm of
the study in grade 8) or over the period of follow-up in grades
9 and 10 at school. This trial is registered with the Australian
New Zealand Cl in ica l  Tr ia ls  Regis t ry
(ACTRN12612000026820), and full details of the RCT,
including detailed descriptions of the interventions, adherence,
and attrition are published elsewhere [25-27]. Despite the
longitudinal nature of the cohort, given data on healthy lifestyle
behaviors were only obtained during the final follow-up period,
this study uses cross-sectional data collected from 978
participants (mean age 20.4, SD 0.5 years) who completed the
7-year follow-up assessment in 2019.

Procedure
Using multiple sources of locator information provided during
previous assessments (including email, phone number, postal
address, Facebook handle, and parents’ email address),
participants were contacted and invited to complete a web-based,
self-report survey at a time and location of their choice.

Ethics Approval
All procedures were approved by the Human Research Ethics
Committees of the University of New South Wales (HC16881)
and The University of Sydney (HREC 2018/845). All
participants were required to provide digital informed consent
prior to participation, which allows secondary analyses, such
as this study, without additional consent. To ensure privacy and
confidentiality, all data were deidentified. Respondents were
compensated AUD $30 (USD $19.80) (or an equivalent voucher)
for their time.
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Measures

Overview
All measures were self-report and were completed digitally.

Demographics
The following demographic variables were assessed: sex (male,
female, and other), employment status (full-time, part-time,
unemployed, and other), and tertiary education in progress or
completed (none, trade/technical, and university/college).

Personality
Personality was measured using the Substance Use Risk Profile
Scale (SURPS), a 23-item tool developed to assess 4 personality
traits relevant to substance use: impulsivity, hopelessness,
anxiety sensitivity, and sensation seeking [13,16]. The tool
measures 4 dimensions of personality: impulsivity (eg, I often
don’t think things through before I speak), sensation seeking
(eg, I enjoy new and exciting experiences even if they are
unconventional), hopelessness (eg, I feel that I am a failure),
and anxiety sensitivity (eg, I get scared when I experience
unusual bodily sensations). The SURPS is scored on a 4-point
Likert scale (strongly agree—strongly disagree) and has
demonstrated acceptable to good internal consistency and
reliability (α=.62-.86) as well as good concurrent and predictive
validity among a comparable sample of Australian youth [15].
The total scores for each of the 4 subscales were calculated and
converted into z-scores based on the total sample mean and SD.

Fruit and Vegetable Consumption
Fruit and vegetable intake were assessed using 2 validated items
commonly used in health research [28,29]: “About how many
serves of fruit/vegetables do you usually have each day?”
Possible response options were “don’t eat fruit/vegetables,” “1
serve or less,” “2-3 serves,” “4-5 serves,” and “6 serves or
more.” Participants were provided with written information
about what constitutes one serving of fruit and vegetables. In
line with the Australian dietary guidelines [30], responses were
dichotomized so that poor fruit intake was defined as less than
2 servings per day, and insufficient vegetable intake was
classified as less than 4-5 servings per day. A new variable was
constructed to represent both fruit and vegetable intake with
two categories: (1) adequate fruit or vegetable intake and (2)
inadequate fruit and vegetable intake.

Physical Activity
Self-reported MVPA was assessed using items from the
International Physical Activity Questionnaire-Short Form
(IPAQ-SF), which has demonstrated good psychometric
properties in a diverse range of samples [31]. Respondents were
asked to indicate how many days during the past 7 days and for
how long each day (in hours and minutes) they had performed
vigorous PAs (eg, heavy lifting, digging, aerobics, or fast
bicycling). Participants were also asked to report the number
of days they did moderate PAs (eg, carrying light loads,
bicycling at a regular pace, or doubles tennis, excluding walking)
in the past 7 days and how much time they usually spent doing
these activities on one of those days (in hours and minutes).
The number of hours spent performing both vigorous and
moderate PA in the past 7 days was summed and divided by 7

to calculate the average number of hours per day engaged in
MVPA.

Sedentary Behaviors
Self-reported daily sitting time (in hours) was assessed using a
single item from the IPAQ-SF [31]:

How many hours do you spend sitting in a typical
24-hour day (eg, travelling to/from school, university
or work; at school, university or work; watching
television, using a computer at home and leisure
time).

To assess screen time, respondents were asked to report the
amount of time (hours and minutes) in the past week they
typically spent (1) watching television or videos during their
free time and (2) using a computer during their free time
(including computers, laptops, Xbox, PlayStation, iPads or other
tablets, smartphones, YouTube, Facebook or other social media,
and the internet). Separate items were used to assess average
screen time on weekdays and weekend days. The total number
of hours per week spent on both TV and computer during their
free time was calculated by multiplying the sum of weekday
TV and computer time by 5, multiplying the sum of weekend
day TV and computer time by 2, and dividing by 7 to generate
an average screen time per day over a typical week.

Sleep Duration
To assess sleep duration (in hours), respondents were asked
“How many hours in each 24-hour day do you usually spend
sleeping (including at night and naps)?” The total number of
hours was used as a continuous indicator of sleep.

Statistical Analyses
Given prior work has demonstrated sex differences in the
prevalence of lifestyle risk behaviors [32,33], descriptive
statistics (means and frequencies) were determined for each of
the risk behaviors by sex. Inspection of the outcomes in terms
of the underlying distribution were used to inform the selection
of appropriate regression models. A series of Poisson (for
MVPA, sleep, screen time, sitting time) with a log link, and
logistic regressions (for fruit or vegetable intake) with a logit
link were estimated to examine the associations between risk
behaviors and personality type. Rate ratios (RRs) derived by
exponentiating the coefficients from Poisson regressions were
presented for semicontinuous count data (MVPA, sleep, screen
time, and sitting time), whereas odds ratios (ORs) derived by
exponentiating the coefficients from logistic regressions were
presented for binary data (fruit or vegetable intake). Initial data
inspection indicated that the semicontinuous count variables
(MVPA, sleep, screen time, and sitting time) demonstrated a
significant negative skew, indicative of count data and suitable
for Poisson models in comparison to linear models. Separate
models were estimated to examine the association of each
personality type with the multiple health behavior outcomes
with sex, education status, and employment included in each
model as covariates. Additional sensitivity analyses were
conducted by reestimating the Poisson and logistic regression
models for each outcome but included all personality scores in
a single model as well as the additional covariates of sex,
education status, and employment to determine independent
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effects of personality scores on each risk behavior. All analyses
were conducted in SAS (version 9.4; SAS Institute).

Results

Sample Characteristics
A total of 978 participants (n=478, 49% male; mean age 20.4,
SD 0.4 years) completed the web-based survey. Table 1

summarizes the sample characteristics, and Table 2 reports
descriptive statistics for the lifestyle risk behaviors by sex among
those who provided adequate data for the risk behaviors. Overall,
the means and SDs of the raw personality scores are 13.6 (4.1)
for negative thinking, 12.0 (2.9) for anxiety sensitivity, 10.0
(2.7) for impulsivity, and 15.7 (3.8) for sensation seeking.

Table 1. Sociodemographic characteristics of the sample at the 2019 assessment wave.

ValuesCharacteristic

Age (years)

20.4 (0.4)Mean (SD)

18.2-22.0Range

Sex, n (%)

478 (48.9)Male

499 (51.1)Female

Tertiary education (completed or in progress), n (%)

36 (4)None

88 (9)Trade or technical

854 (87.3)University or college

Employment status, n (%)

100 (10.2)Full-time

707 (72.3)Part-time

157 (16.1)Unemployed

14 (1)Other

Table 2. Prevalence of lifestyle risk behaviors by sex at the 2019 assessment wave.

Fruit or vegetable
(n=977), % inadequate

intake/dayb

Sitting time (n=974;
h/day), mean (SD)

Screen time (n=880;
h/day), mean (SD)

Sleep duration,
(n=977; h/day),
mean (SD)

MVPAa (n=829;
h/day), mean (SD)

84.47.4 (3.4)7.7 (6.1)7.9 (2.4)1.6 (2.7)Total sample

89.37.3 (3.4)8.1 (6.7)7.8 (2.2)2.0 (2.6)Male

79.87.5 (3.3)7.3 (5.4)7.9 (2.5)1.2 (2.7)Female

aMVPA: moderate-to-vigorous physical activity.
bCombines participants with inadequate fruit or vegetable intake.

Associations Between Personality and Lifestyle Risk
Behaviors
Table 3 presents the RR, OR, and 95% CI from the regression
models. Results indicated that a 1 SD higher score on
hopelessness was associated with a 12% higher rate of screen
time (RR 1.12, 95% CI 1.10-1.15) and a 5% higher rate of sitting
time (RR 1.05, 95% CI 1.03-1.08). Similarly, a 1 SD higher
score on anxiety sensitivity was associated with a 4% higher
rate of both screen time and sitting time (RR 1.04, 95% CI
1.02-1.07; RR 1.04, 95% CI 1.02-1.07). A 1 SD higher score

on impulsivity was associated with a 14% higher rate of MVPA
(RR 1.14, 95% CI 1.08-1.21) and a 6% higher rate of screen
time (RR 1.06, 95% CI 1.03-1.08). Finally, a 1 SD higher score
on sensation seeking was associated with an 8% higher rate of
MVPA (RR 1.08, 95% CI 1.02-1.14) and a 4% lower rate of
screen time (RR 0.96, 95% CI 0.94-0.99). Personality was not
associated with inadequate fruit and vegetable intake in any of
the models (RRs 0.88-1.18; all CIs included 1.0). Sensitivity
analyses adjusted for all other personality scores in the models
are provided in Multimedia Appendix 1 and demonstrate the
robustness of the key findings.
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Table 3. Rate ratios, odds ratios, and 95% CI from the regression models examining associations between personality type and lifestyle risk behaviors
at the 2019 assessment wave.

Inadequate fruit or vegetablec

(n=977), ORd (95% CI)

Sitting time (n=974),
RR (95% CI)

RR (95% CI)Sleep duration (n=977),
RR (95% CI)

MVPAa (n=829), RRb

(95% CI)

Personality type

1.18 (0.99-1.41)1.05 (1.03-1.08)1.12 (1.10-1.15)e1.00 (0.98-1.02)0.95 (0.90-1.01)Hopelessness

0.91 (0.76-1.09)1.04 (1.02-1.07)1.04 (1.02-1.07)1.01 (0.99-1.03)1.02 (0.97-1.08)Anxiety sensitivity

1.05 (0.87-1.25)0.99 (0.96-1.01)1.06 (1.03-1.08)0.99 (0.97-1.01)1.14 (1.08-1.21)Impulsivity

0.88 (0.74-1.06)0.98 (0.96-1.00)0.96 (0.94-0.99)0.99 (0.97-1.02)1.08 (1.02-1.14)Sensation seeking

aMVPA: moderate-to-vigorous physical activity.
bRR: risk ratio.
cOdds ratios derived from logistic regression with reference category as adequate fruit and vegetable intake. All models controlled for sex, employment
status, and education.
dOR: odds ratio.
eItalics indicates significance at the P<.05 level.

Discussion

Principal Results
This study examined the cross-sectional associations between
personality traits (hopelessness, anxiety sensitivity, sensation
seeking, and impulsivity) and sleep duration, diet, PA, and SB,
4 of the leading risk factors for chronic disease among a sample
of emerging Australian adults. We found that hopelessness was
associated with greater screen and sitting time, and anxiety
sensitivity was associated with higher screen and sitting time.
In terms of the externalizing personality traits, impulsivity was
associated with greater screen time and MVPA, while sensation
seeking was associated with greater MVPA but less screen time.
There were no significant associations between any of the
personality traits and sleep or diet.

Comparison With Prior Work
This study adds to the limited literature on personality traits and
energy balance–related behaviors during emerging adulthood.
The finding that participants high on hopelessness engaged in
greater daily screen and sitting time among our sample of
Australian 20 year olds is consistent with prior research among
young people. For example, a longitudinal study conducted
among a community-based sample of Canadian youth (spanning
ages 10-21 years) similarly found that higher levels of
depression were associated with greater screen time [34].
Although the personality trait of hopelessness measured in our
study is not a direct measure of depressive symptomology,
previous research has shown that the 2 constructs are moderately
to strongly correlated [15,35]. The finding is also consistent
with coping styles associated with hopelessness (and depressive
symptomatology) such as withdrawal from others, avoidance
of in-person social interaction, and distraction [13]. Relatedly,
the present findings support previous work that has found the
symptoms of depression to be associated with reduced PA
among both adolescents and young adults [34,36], likely
reflective of the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) Diagnostic Criteria for depression of reduced
physical movement and loss of energy. Our findings that
impulsivity was associated with greater screen time, and
sensation seeking with less screen time, is largely consistent

with prior work [18]. For example, a small study among young
Australian adults found that extraversion, which is correlated
with the SURPS sensation-seeking scale [16], was negatively
associated with both sitting time and leisure screen time [24],
and a study among Spanish adolescents showed that extraversion
was linked to a reduced risk of excessive use of social network
sites [19]. Taken together, it seems that although young people
exhibiting high levels of sensation seeking may have an
increased risk of substance use and mental health problems [15],
they are less likely to engage in risky levels of screen time and
physical inactivity. Those exhibiting hopelessness and anxiety
sensitivity, on the other hand, are more likely to engage in risky
levels of screen time and sitting time as well as being at risk of
substance use and mental health problems [15].

Interestingly, we did not find evidence of an association between
the 4 personality traits and inadequate diet or less sleep. The
lack of an association between personality and dietary intake is
likely due to the fact that only fruit and vegetable consumption
was measured, and we did not assess other dietary behaviors
such as intake of sugar-sweetened beverages or junk food.
Indeed, prior research suggests that individuals high on
impulsivity are more likely to find it difficult to resist impulses
related to unhealthy food choices [37], and impulsivity is
associated with excessive overeating of high-calorie food or
food addiction [38]. Similarly, our results in terms of sleep and
personality somewhat contradict prior work that has found
associations between sleep problems and impulsivity among
young adults in the United States; however, the US-based study
assessed daytime sleepiness, rather than total sleep duration
[23]. It is also worth highlighting that self-reported sleep
duration in the present sample was relatively high, with a mean
of 7.9 (SD 2.4) hours of sleep reported per day. Although this
is comparable to a recent Australian cohort where young adults
(aged 18-24 years) reported sleeping 7.2 hours on average per
night [39], it falls within the Australian health guidelines for
sleep (7-9 hours per night) among young adults, so this may
have limited our ability to examine associations between
personality and sleep duration among those at the lower end of
the sleep spectrum. Finally, our study did not assess sleep
quality, which recent studies have suggested could be a better
measure than sleep quantity as an index for assessing sleep, and
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further that in people with an average sleep duration of 7 hours,
average sleep quality may be better related to health and other
factors [40]. Future studies that include more nuanced sleep
measures may shed more light on the relationship between
personality traits and sleep. Similarly, levels of MVPA were
also high among our sample. While a recent Australian study
using self-reported data from the National Health Survey,
estimated over half (55% or 1.2 million) of all 18-24 year olds
were sufficiently active for their age [41], future studies with
samples reporting MVPA levels at the lower end of the spectrum
would be useful.

Implications for Prevention
The findings from this study have important implications for
the prevention of chronic disease risk factors, especially
excessive screen time, a highly prevalent behavior that has
increased among children and adults in the wake of the
COVID-19 pandemic [42,43]. Indeed, in 2019, before the global
pandemic, this sample of young adults reported very high rates
of daily recreational screen time, with an average of 7.7 (SD
6.1) hours of screen time per day (including watching TV or
videos, using a computer, or playing videogames). Excessive
sitting time was also prevalent, with participants reporting sitting
a mean of 7.4 (SD 3.4) hours per day. High levels of SB have
been associated with a range of negative health consequences
[44]. Among adolescents, for example, excessive screen time
is linked to markers of adiposity and cardiometabolic disease
risk [45], poor mental health [46] and quality of life [47], and
increased risk of all-cause, cardiovascular disease, and
cancer-related mortality, and incidence of these diseases, in
adults [48,49]. Therefore, public health approaches to modify
SB are critical. Prior research has suggested that understanding
the ways in which personality and risk behaviors are related
may be important for designing more effective and appealing
public health campaigns [36]. For example, a campaign that
links reductions in SB to changes in mood may be more
appealing to young adults than a campaign that simply focuses
on moving more.

In addition, our results suggest that identifying young people
with high levels of hopelessness, anxiety sensitivity, and
impulsivity could be a means of intervening to reduce SB, such
as sitting and screen time, and increasing MVPA. For example,
a program targeting young people with high hopelessness could
also teach young people strategies to improve both their mood
and physical health, such as reducing screen time, spending
time with others outdoors, and engaging in PA. Designed to
target young people based on personality risk factors for
substance misuse and other emotional and behavioral problems,
the Preventure intervention is a selective, personality-targeted
program that has been shown to reduce alcohol use,
alcohol-related harms, illicit substance use, depressive
symptoms, delinquency, truancy, bullying, and conduct
problems in RCTs in North America and Australia up to 7 years
post intervention [26,50-53]. It is a brief, manual-based
intervention that includes character profiles and case studies to
teach young people about their target personality style, help
them to explore ways of coping with unhelpful thoughts and
emotions related to their personality, and to identify and
challenge personality-specific cognitions that lead to problematic

behaviors [13,54]. Adaptations to programs such as Preventure
could include specific personality-tailored content aimed at
lifestyle risk behaviors such as screen time and sleep, as well
as concurrent targeting of several related lifestyle risk behaviors,
potentially offering synergistic effects on multiple risk behaviors
[55].

Limitations
There are several limitations that should be considered. First,
our measures of lifestyle risk behaviors were self-reported and
were limited to simple indicators of each behavior. Future
research should aim to assess a broader range of outcomes,
including sugary foods and drinks, sleep quality, and specific
types of screen time, including device and content viewed, and
different types of PA (eg, active transport). Future research
could also consider the inclusion of objective measures of
lifestyle risk behaviors, noting that the benefits need to be
weighed against the higher costs and practicalities of assessment
as well as the potential barriers to engagement among young
adults. Second, the SURPS differs from other widely used
measures of personality, such as the Big 5 model of personality
(neuroticism, extraversion, openness, agreeableness, and
conscientiousness). Numerous studies have demonstrated the
SURPS to be a reliable tool for identifying personality traits
associated with substance misuse and other emotional and
behavioral problems among adolescents [15-17,56]. Noting this,
a key advantage of the SURPS is that its items measure
personality traits and not substance use. This enables the
identification of adolescents at greater risk for substance use
and related risk behaviors prior to their entrenchment, which is
particularly beneficial for the implementation of selective or
targeted preventive interventions.

Third, the original sample was designed as a cluster RCT for a
school-based prevention program on harmful alcohol use rather
than a representative sample of Australian young adults, and
covariates included in the analyses were limited to those
measured in the original study. There were a large number of
schools in the trial, and they represented both independent and
public schools in 2 states in Australia. However, the sample
was largely Australian-born, English-speaking adolescents, and
although this is in line with the general population [57], they
were primarily well educated and employed, limiting the
generalizability of our findings. This is particularly important,
given the prevalence of risk factors is not uniform across
populations. For example, low socioeconomic status youth in
Australia are 22 times more likely to use alcohol at risky levels
and 5 times more likely to smoke [58], and 12% less likely to
be sufficiently physically active [59] than higher socioeconomic
status youth. Co-designed interventions for disadvantaged
populations are clearly needed, including interventions delivered
in the home and school settings as well as public health
initiatives to address the underlying structural and social
determinants of health. Future research examining the
associations between personality and chronic disease risk factors
among young adults from diverse and disadvantaged
backgrounds is required to inform such interventions, along
with the inclusion of a broader range of potential covariates
related to socioeconomic status and disadvantage.
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Fourth, we note that there is considerable attrition at the time
point when lifestyle risk behaviors were obtained compared to
the baseline sample (55%), and therefore, some degree of
response bias might limit our results. Comprehensive attrition
analyses are reported elsewhere [26]; however, those who were
missing at time points 6 and 7 compared to those who were
retained were more likely to be male, less likely to have used
alcohol or have hazardous levels of drinking at baseline, and
demonstrated lower mean impulsivity and sensation-seeking
scores at baseline. Replication of these findings in other samples
would support the robustness of the findings reported here.
Finally, this analysis was limited to cross-sectional
examinations, as the lifestyle risk behaviors (ie, diet, PA, and
SB) were only assessed at the early adulthood assessments of
the RCT, limiting our ability to examine causal and bidirectional
relationships between personality and lifestyle risk behaviors.
Nonetheless, this study focuses on the critical and understudied
emerging adulthood period and suggests that young adults
exhibiting high levels of specific personality traits may benefit

from targeted interventions to improve both physical and mental
health. Further longitudinal research examining personality
traits and energy balance–related behaviors across adolescence
and into early adulthood will be important for understanding
when to intervene.

Conclusions
This study provides new knowledge about the associations
between personality and chronic disease risk factors among
young adults. Given the high prevalence of these risk behaviors,
their known relationship to important chronic disease outcomes,
and the demonstrated effects of personality-targeted programs
on other domains of health, the study suggests that personality
should be considered when designing preventive interventions
for lifestyle risk behaviors, especially high levels of SB, such
as screen and sitting time, and low levels of PA. These findings
have the potential to inform future development of programs
tailored to particular personality styles to improve physical and
mental health among young Australians.
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Abstract

Background: Family health develops from the intersection of the health of each family member and their interactions and
capacities as well as the family’s internal and external resources. Frailty is the most prominent and typical clinical manifestation
during population aging. Family health may be effective in addressing frailty, and this association may be mediated by health
literacy and health behaviors. Until now, it is unclear whether and how family health affects frailty in older adults.

Objective: This study aimed to examine the associations between family health and frailty and the mediation roles of health
literacy and health behaviors.

Methods: A total of 3758 participants aged ≥60 years were recruited from a national survey conducted in 2022 in China for
this cross-sectional study. Family health was measured using the Short Form of the Family Health Scale. Frailty was measured
using the Fatigue, Resistance, Ambulation, Illnesses, and Loss of weight (FRAIL) scale. Potential mediators included health
literacy and health behaviors (not smoking, not having alcohol intake, physical exercise for ≥150 minutes per week, longer sleep
duration, and having breakfast every day). Ordered logistic regression was applied to explore the association between family
health and frailty status. Mediation analysis based on Sobel tests was used to analyze the indirect effects mediated by health
literacy and behaviors, and the Karlson-Holm-Breen method was used to composite the indirect effects.

Results: Ordered logistic regression showed that family health is negatively associated with frailty (odds ratio 0.94, 95% CI
0.93-0.96) with covariates and potential mediators controlled. This association was mediated by health literacy (8.04%), not
smoking (1.96%), longer sleep duration (5.74%), and having breakfast every day (10.98%) through the Karlson-Holm-Breen
composition.

Conclusions: Family health can be an important intervention target that appears to be negatively linked to frailty in Chinese
older adults. Improving family health can be effective in promoting healthier lifestyles; improving health literacy; and delaying,
managing, and reversing frailty.
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Introduction

Background
The rapid aging of populations will lead to a greater chronic
disease burden on the whole society [1]. Diseases such as
hypertension, diabetes, cancer, stroke, arthritis, dementia, and
related disease burdens will continue to increase [2]. From the
perspective of disease occurrence and development, the immune
functions of older adults gradually decrease with age, their
susceptibility to adverse stimuli increases, and disease incidence
rates will inevitably increase. However, there are substantially
individual differences in the occurrence, development,
prognosis, and progression of diseases and the consequent
quality of life. These differences are mainly due to frailty [3,4].
Frailty refers to a homeostatic imbalance in the body, between
unhealthy and serious damaging status due to a decline in
physical, psychological, or cognitive function. It is the most
prominent and typical clinical manifestation during population
aging [5]. In addition, “prefrailty,” which is defined as a
complex multifactorial and multidimensional state associated
with physiological and deleterious processes that develop over
time, is an intermediate stage in the progression from robust to
frailty [6]. Compared with frailty, prefrailty has a higher
prevalence but a lower level of damage to older adults. In
addition, prefrailty is more clinically reversible [7,8], which
highlights the importance of early identification and intervention
to reverse it or prevent the progression to frailty. Previous
studies have shown that both prefrailty and frailty are associated
with an increased risk of hospitalization, functional decline,
progression to long-term care, and death [9]. Delaying the
occurrence of prefrailty or frailty and promoting their reversal
can play a substantial role in the promotion of healthy aging.

Family-oriented health promotions are promising and effective
strategies because the family unit is both a resource and a
priority group that needs preventive and curative services across
its members’ life course [10]. In particular, “family health” as
a relatively new concept is receiving more attention from
scholars. Weiss-Laxer et al [11] defined family health as a
resource at the family unit level that develops from the
intersection of the health of each family member and their
interactions and capacities with the family’s physical, social,
emotional, economic, and medical resources. Family health
integrates the key elements of the previous concepts of family
structure, family function, and family social network; seeks to
strengthen the ability of families to obtain external resources
and sociality; and emphasizes health-related elements, linking
individual health with social health. Therefore, family health
may be an important target for health intervention. Regarding
strategies for preventing and controlling frailty, researchers
have yet to determine whether interventions through family
health are effective.

Health literacy and health behaviors may be effective pathways
to address the association between family health and frailty.

Health literacy is defined as a cognitive and social skill that
determines an individual’s motivation and ability to access,
understand, and use information in a way that promotes and
maintains health. Low health literacy is associated with a poor
understanding of one’s medical condition, poor self-care,
delayed care seeking, and lower use of preventive services; it
can also affect disease management and outcomes in patients
with chronic conditions [12,13]. Adequate health literacy can
prevent frailty in older adults and plays a positive role in
intervention and the management of frail, community-dwelling
older adults [14,15]. Residents’ health literacy may be affected
by family structure, income level, information delivery, and
other family members’education levels. Behaviors are the most
concrete, visible aspect of family functioning. Family structure,
processes, and cognitions are expressed through family
behaviors [16]. There are a range of mechanisms underlying
relationships between family and health behaviors, including
promoting health-seeking or health treatment behaviors
providing access, opportunities, and resources for a range of
health behaviors [17]. Previous studies have also demonstrated
the relationship between healthy behaviors, such as diet and
exercise, and frailty [5,18]. Nevertheless, the associations
between family health, health literacy, and health behaviors and
frailty have not been explored.

Objective and Hypotheses
China is one of the countries with the fastest aging population
and faces unprecedented challenges in the face of such a rapid
aging process. Therefore, frailty prevention and management
is essential and urgent in China, and family health may be an
effective subject for intervention. This study explored whether
and how family health could decrease the frailty risk in older
populations. We proposed two hypotheses: (1) family health is
positively associated with the prevalence of prefrailty and frailty
and (2) the association between family health and frailty status
is mediated by health literacy and health behaviors.

Methods

Sampling and Participants
The data are from a national survey, conducted from June 20,
2022, to August 31, 2022, in 148 cities; 202 districts and
counties; 390 townships, towns, or streets; 780 communities or
villages (excluding Hong Kong, Macao, and Taiwan) from 23
provinces; 5 autonomous regions; and 4 municipalities directly
under the central government in China, initiated by the Peking
University School of Public Health. The sampling ratio was
determined based on the population proportion provided by the
seventh national census data. At least 500, 1000, 1500, 2000,
or 2500 individuals were sampled from each province,
autonomous region, or municipality directly under the central
government. The sample size was estimated to be 20,000.
Finally, in the municipal, district, county, township or town,
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street, and community level, individual were sampled according
to quota attribute, including sex and age.

To conduct the survey, the investigator set up a questionnaire
survey site in the health service center or a relevant health
service station of the sampling community in charge and then
posted a poster and issued a paper or electronic invitation to
recruit respondents. The investigator checked the identities of
all respondents, solicited their informed consent, and determined
whether the respondents met the inclusion criteria for the study
participants. The targeted participants had to be aged >12 years,
able to understand each item of the questionnaire, and able to
complete the questionnaire on their own or with the help of an
investigator. People who were confused, were experiencing
mental health difficulties or cognitive impairment, or were

unwilling to participate in the survey were excluded. All the
participants voluntarily participated in the study and signed an
informed consent form. In total, 21,916 questionnaires were
collected after quota sampling. The survey protocol has been
published [19].

In this study, the data of participants aged <60 years; those
whose questionnaires did not include details on the independent,
dependent, and potential mediating variables; and those whose
questionnaires had logical errors (mainly contradictions and
discrepancies between important variables such as age, family
type, and marital status) were also excluded (details are shown
in Figure 1). In total, 3758 participants were included in the
final analysis.

Figure 1. Sample selection process for this cross-sectional study.

Variables

Frailty
Frailty was measured using the Fatigue, Resistance, Ambulation,
Illnesses, and Loss of weight (FRAIL) scale [20], which has
been validated in older Chinese populations (Multimedia
Appendix 1) [21-23]. We assessed the presence of fatigue and
loss of body weight by participants responding “yes” to the
following items in the self-reported questionnaire: “Were you
tired most of last week?” and “Have you experienced an
unexplained loss of more than 5% of your body weight in the
last year?” The presence of resistance and ambulation problems
were assessed by a “yes” answer to the following questions:
“Can you go up a staircase?” and “Can you walk a block (500
meters) away?” Illness was assessed based on the total number
of chronic diseases that participants had (at least 5 diseases had

to be present), and the number was then dichotomized into a
binary variable. All the abovementioned 5 variables were coded
as 0 (“no”) or 1 (“yes”), with 1 indicating the presence of
deficits. The total deficits were summed to calculate a frailty
score that ranged from 0 to 5. On the basis of previous studies,
participants who scored 0 were defined as robust, those who
scored 1 or 2 were defined as prefrail, and those who scored ≥3
were defined as frail [24].

Family Health
Family health was measured using the Short Form of the Family
Health Scale, which was translated into Chinese with the consent
of the original author. The Chinese version of the Short Form
of the Family Health Scale has good reliability and validity and
can be used to assess the level of family health of Chinese
residents [25]. It contains four dimensions: (1) family, social,

JMIR Public Health Surveill 2023 | vol. 9 | e44486 | p.769https://publichealth.jmir.org/2023/1/e44486
(page number not for citation purposes)

Li et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


or emotional health processes; (2) family healthy lifestyle; (3)
family health resources; and (4) family external social support.
The scores of the items and calculations for family health ranged
from 10 to 50, with a higher score indicating better family health

(Table 1). Cronbach α of the sample in this study was .634,
which was deemed as indicating acceptable reliability, and the
Kaiser-Meyer-Olkin value was 0.702, which was deemed as
indicating acceptable validity.

Table 1. Short Form of the Family Health Scale.

ItemsDimensionsItem numbera

We support each other.Family, social, or emotional health processes1

I feel safe in my family relationships.Family, social, or emotional health processes2

We stay hopeful even in difficult times.Family, social, or emotional health processes3

We help each other in seeking health care services when needed (such as
making physician’s appointments).

Family healthy lifestyle4

We help each other make healthy changes.Family healthy lifestyle5

We do not trust doctors and other health professionals.Family health resources6

My family did not have enough money at the end of the month after bills
were paid.

Family health resources7

My family did not have adequate housing.Family health resources8

We have people outside of our family we can turn to when we have problems
at school or work.

Family external social supports9

If we needed financial help, we have people outside of our family we could
turn to for a loan (eg, for RMB 1000 [US $140]).

Family external social supports10

aItems 1 to 5 and 9 to 10 were positively scored (strongly disagree=1, somewhat disagree=2, neither agree nor disagree=3, somewhat agree=4, and
strongly agree=5), and items 6 to 8 were negatively scored (strongly disagree=5, somewhat disagree=4, neither agree nor disagree=3, somewhat agree=2,
and strongly agree=1). The total score is the sum of each item, with a score ranging from 10 to 50, with a higher score indicating better family health.

Mediators
The mediators measured in this study were health literacy and
health behaviors. Health literacy was measured using the new
short-form health literacy instrument, which included 9 items
(Multimedia Appendix 2). Scores ranged from 9 to 36 points,
with a high score indicating higher levels of health literacy.
Health behaviors included smoking, alcohol intake, physical
exercise, sleep, and diet. Smoking status and alcohol intake
were set as binary variables (1=yes and 0=no). Physical exercise
was assessed by weekly exercise time, including aggravating
activities (power sports, fast running, ball games, aerobics, and
fast cycling), moderate-intensity physical activity (handling
goods, medium-speed cycling, jogging, and table tennis,
excluding walking), and light aerobic exercise (walking for at
least 10 min). Exercise time was calculated by summing up all
activity time (minute), and ≥150 minutes was deemed as a
healthy style (0: <150 minutes and 1: ≥150 minutes) [26]. Sleep
behavior was assessed by sleep duration per night (1: <5 hours,
2: 5-6 hours, 3: 6-7 hours, and 4: >7 hours). Diet behavior was
measured based on whether the participant had breakfast every
day (1=yes and 0=no).

Covariates
The covariates were initially identified based on previous studies
and general knowledge. Then, the enrolled covariates were
selected based on their association with the independent variable
and their impact on the change in the association between the
independent and dependent variables. Age, sex, and potential
mediators were included as fixed covariates to be controlled.
Other covariates were included as potential confounders in the

final models if they changed the estimates of the effect of family
health on frailty status by >10% or were significantly associated
with frailty status based on generalized linear regression [27].
The final covariates included age, sex (0=male and 1=female),
family type (1=core family, 1=backbone family, 2=joint family,
3=conjugal family, 4=single-parent family, and 5=other),
residence (0=urban and 1=rural), marital status (0=married and
1=divorced, widowed, or unmarried), number of children
(grouped by 0, 1, 2, and ≥3), public insurance coverage (0=not
covered and 1=covered), and BMI and self-rated health (scoring
from 0 to 100).

Statistical Analysis
Sociodemographic characteristics, health literacy, health
behaviors, and family health of participants were summarized
using frequencies (percentages) or means and SDs, grouped by
frailty status. Statistical differences were tested using
Kruskal-Wallis one-way analysis for the continuity variables
and chi-square tests for the categorical variables.

Ordered logistic regressions were applied to assess the
association between family health, including its 4 dimensions;
health behaviors; and frailty, with covariates controlled. Odds
ratios (ORs) and 95% Cis for the risk of frailty were estimated.
A generalized additive model and smoothing curve fitting were
further used to address the potential nonlinear relationship
between family health and the risk of frailty, with potential
mediators and covariates controlled. The generalized additive
model allows us to fit the model using a nonlinear smoothing
term without prior knowledge of the relationship between the
dependent and independent variables, which allows the
association to be visualized more intuitively [28].
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Sobel tests were then applied to measure the significance of the
mediating effects of health literacy and health behaviors. To
assess the effect sizes of the mediators, Karlson-Holm-Breen
(KHB) methods were used to composite the indirect effects
with the ordered logistic model. For health behaviors, the
healthier groups were used as references.

The significance level was set at a P value of <.05 for all the
hypothesis tests. Data were analyzed using Stata (version 17.0;
StataCorp) [29] and R (version 3.6.3; R Foundation for
Statistical Computing).

Sensitivity and Subgroup Analysis
Several sensitivity analyses were conducted to validate the
results. First, as the prevalence of frailty was relatively low in
this study, we set the absolute value of the frailty score (0-5
points) as the dependent variable and repeated the KHB
decomposition methods. As the frailty score followed a Poisson
distribution, we applied negative binomial regression as the
model for analysis during the KHB decomposition. Second, in
the questionnaire, physical exercise included some high-intensity
exercises, which may not be universal or normal among older
populations. Therefore, we used the number of days walking
(at least 10 minutes) per week instead of physical exercise time.
Third, the optimal sleep duration for older adults was not
consistent with previous studies. Therefore, we used self-rated
sleep quality (0=very bad, 1=bad, 2=good, and 3=very good)
instead of sleep duration.

Furthermore, the definition of “older adults” was varied in recent
studies. The participants in this study were adults aged ≥60
years, which was consistent with some previous studies and
with the retirement policy in China [30,31]. However, in
geriatrics, the definition for older adults is age ≥65 years [32].
In cardiovascular medicine, “older” was defined as age ≥75
years [33]. Therefore, to better clarify the association between
family health and frailty in “true” older adults, we performed

subgroup analysis in different age groups, including “≥65 years
old” and “≥75 years old.”

Ethics Approval and Informed Consent
This quantitative study was performed in accordance with the
guideline “involves people of biomedical research ethics review
method (try out)” of the China Ministry of Health national drug
supervision and administration of the quality control standard
for clinical trials (2003), medical instrument clinical trial
regulations (2004), and the Declaration of Helsinki. The
investigators obtained ethics approval from the Shaanxi Institute
of International Trade and Commerce (JKWH-2022-02). All
applicable institutional and governmental regulations concerning
the ethical use of human volunteers were followed over the
course of this study. All interviewees provided written informed
consent to participate in this study upon recruitment, and they
participated voluntarily without compensation. All the study
data were anonymous.

Results

Demographic Characteristics
Among the 3758 participants, 2327 (61.92%) were robust, 1342
(35.71%) were prefrail, and 89 (2.37%) were frail. The mean
score of family health was 37.86 (SD 6.44), with 39.45 (SD
6.05), 35.18 (SD 6.25), and 36.63 (SD 5.53) in the robust,
prefrail, and frail groups, respectively. We further compared
the mean scores of family health between the prefrail and frail
groups, and the difference was not significant (P=.237).
Participants in the frail group were older than those in the other
groups. The ratios for illiteracy; divorced, widowed, or
unmarried; and smoking were also higher in the frail group than
in the other groups, whereas self-rated health, health literacy,
and the ratio of usually exercising (≥150 min/wk) were lower
than those of the other groups (Table 2).
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Table 2. Demographic characteristics and family health levels for participants aged ≥60 years by frailty status.

P valueFrail (n=89)Prefrail (n=1342)Robust (n=2327)All (N=3758)

<.00174.33 (6.92)69.37 (6.40)68.28 (6.03)68.81 (6.26)Age (years), mean (SD)

.51Sex, n (%)

43 (48.31)650 (48.44)1173 (50.41)1866 (49.65)Male

46 (51.69)692 (51.56)1154 (49.59)1892 (50.35)Female

<.001Family typea, n (%)

7 (7.86)139 (10.36)190 (8.17)336 (8.94)Core family

36 (40.45)612 (45.6)1228 (52.77)1876 (49.92)Backbone family

7 (7.86)92 (6.86)138 (5.93)237 (6.31)Joint family

24 (26.97)286 (21.31)587 (25.23)897 (23.87)Conjugal family

6 (6.74)70 (5.22)67 (2.88)143 (3.81)Single-parent family

9 (10.11)143 (10.66)117 (5.03)269 (7.16)Other

<.001Residence, n (%)

38 (42.69)664 (49.48)1408 (60.51)2110 (56.15)Urban

51 (57.3)678 (50.52)919 (39.49)1648 (43.85)Rural

<.001Marital status, n (%)

64 (71.91)1102 (82.12)2034 (87.41)3200 (85.15)Married

25 (28.09)240 (17.88)293 (12.59)558 (14.85)Divorced, widowed, or unmarried

<.001Number of children, n (%)

6 (6.74)175 (13.04)96 (4.13)277 (7.37)0

12 (13.48)420 (31.3)780 (33.52)1212 (32.25)1

26 (29.21)402 (29.96)804 (34.55)1232 (32.78)2

45 (50.56)345 (25.71)647 (27.8)1037 (27.59)≥3

<.001Public insurance coverage, n (%)

4 (4.49)180 (13.41)113 (4.86)297 (7.9)No

85 (95.51)1162 (86.59)2214 (95.14)3461 (92.1)Yes

<.00121.38 (3.52)21.62 (3.67)22.10 (3.57)21.91 (3.61)BMI (kg/m2), mean (SD)

<.00155.10 (21.60)64.41 (18.42)73.92 (16.99)70.08 (18.35)Self-rated health, mean (SD)

<.00122.09 (5.41)23.47 (5.37)26.05 (4.96)25.04 (5.29)Health literacy, mean (SD)

<.001Physical exercise (minutes per week), n (%)

36 (40.45)246 (18.33)275 (11.82)557 (14.82)<150

53 (59.55)1096 (81.67)2052 (88.18)3201 (85.18)≥150

.18Alcohol intake, n (%)

74 (83.15)1144 (85.25)2019 (86.76)3237 (86.14)No

15 (16.85)198 (14.75)308 (13.24)521 (13.86)Yes

<.001Smoking status, n (%)

66 (74.16)1040 (77.5)2019 (86.76)3125 (83.16)No

23 (25.84)302 (22.5)308 (13.24)633 (16.84)Yes

<.001Sleep duration per night (hours), n (%)

15 (16.85)152 (11.33)88 (3.78)255 (6.79)<5

21 (23.6)391 (29.14)389 (16.72)801 (21.31)5-6

24 (26.97)453 (33.76)794 (34.12)1271 (33.82)6-7
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P valueFrail (n=89)Prefrail (n=1342)Robust (n=2327)All (N=3758)

29 (32.58)346 (25.78)1056 (45.38)1431 (38.08)>7

<.001Have breakfast every day, n (%)

29 (32.58)529 (39.42)381 (16.37)939 (24.99)No

60 (67.41)813 (60.58)1946 (83.63)2819 (75.01)Yes

<.00136.63 (5.53)35.18 (6.25)39.45 (6.05)37.86 (6.44)Family health, mean (SD)

a“Core family” refers to a family consisting of parents and unmarried children; “Conjugal family” refers to a family consisting of parents and married
children; “Backbone family” refers to a family consisting of only husband and wife; “Joint family” means a family of parents or more married children
or siblings after marriage; “Single-parent family” means a family consisting of divorced, widowed, or unmarried single fathers or mothers and their
children or adopted children; and “Other” consists of the following: “Intergenerational family,” referring to a family with only 2 generations, and the
parents left the family for some reasons; “Dink family,” referring to a voluntary infertile family consisting of 2 couples; “Single family,” referring to
not being married at the age of marriage or not married after divorce but living alone; and reformed families, cohabitation families, and gay families.

The Association Between Family Health and Frailty
The ordered logistic regression (Table 3) showed that better
family health was associated with a lower risk of frailty (OR
0.93, 95% CI 0.91-0.94), with covariates adjusted (model 1).
After potential mediators were entered into the model (model
2), the association between family health and frailty was still
significant (OR 0.94, 95% CI 0.93-0.96; P<.001). Model 2 had

a greater pseudo R2 and lower Akaike information criterion and
Bayesian information criterion, which indicated better model
fitting performance. Meanwhile, except for no alcohol intake
(P=.74), high health literacy (P=.01), not smoking (P=.009),
physical exercise for ≥150 minutes per week (P<.001), more

than 5 hours of sleep (all P<.05), and having breakfast every
day (P<.001) were significantly associated with a decreased
risk of frailty.

After adjusting for covariates and potential mediators, the
smooth curve based on the generalized additive model suggested
that family health tended to be linearly associated with frailty
risk, and frailty risk decreased with increased family health
(Figure 2).

We further analyzed the associations between the 4 dimensions
of family health and frailty; the increases in all dimensions were
associated with decreased frailty risk (Multimedia Appendix
3).
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Table 3. The association between family health and frailty for participants aged ≥60 years explored by ordered logistic regression.

Model 2Model 1

P valueOR (95% CI)P valueORa (95% CI)

<.0010.94 (0.93-0.96)<.0010.93 (0.91-0.94)Family health

<.0011.05 (1.04-1.06)<.0011.05 (1.04-1.07)Age

.071.15 (0.99-1.35).081.13 (0.98-1.31)Sex (refb: male)

.450.99 (0.97-1.01).220.99 (0.97-1.01)BMI

Family type (ref: core family)

.0010.65 (0.5-0.84).0050.70 (0.54-0.90)Backbone family

.790.95 (0.66-1.37).671.08 (0.75-1.56)Joint family

<.0010.59 (0.44-0.79).0010.61 (0.46-0.81)Conjugal family

.600.88 (0.55-1.42).981.01 (0.63-1.60)Single-parent family

.360.84 (0.57-1.22).740.94 (0.65-1.36)Other

.0061.24 (1.06-1.45)<.0011.31 (1.13-1.52)Residence (ref: urban)

.701.05 (0.82-1.34).651.06 (0.83-1.34)Marital status (ref: married)

Number of children (ref: 0)

.780.95 (0.69-1.32).030.70 (0.52-0.96)1

.920.98 (0.7-1.37).0090.66 (0.48-0.90)2

.410.86 (0.61-1.22).0010.59 (0.43-0.82)≥3

<.0010.98 (0.98-0.98)<.0010.98 (0.97-0.98)Self-rated health

<.0010.6 (0.46-0.78)<.0010.53 (0.41-0.69)Public insurance coverage (ref: not covered)

.010.98 (0.96-0.99)N/AN/AcHealth literacy

.0090.76 (0.61-0.93)N/AN/ASmoking status (ref: smoke)

.741.04 (0.83-1.30)N/AN/AAlcohol intake (ref: drink)

<.0010.57 (0.47-0.70)N/AN/APhysical exercise (ref: <150 min/wk)

Sleep duration per night (ref: <5 hours)

.0040.64 (0.48-0.87)N/AN/A5-6 hours

<.0010.42 (0.31-0.56)N/AN/A6-7 hours

<.0010.31 (0.23-0.41)N/AN/A>7 hours

<.0010.63 (0.52-0.75)N/AN/AHave breakfast every day (ref: no)

N/A0.16N/A0.121Pseudo R2

N/A4833.66N/A5013.02Akaike information criterion

N/A4995.69N/A5125.19Bayesian information criterion

aOR: odds ratio.
bref: reference.
cN/A: not applicable.
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Figure 2. Smooth curve fitting for the association between family health and frailty, with all covariates and potential mediators controlled.

Mediation Analysis
Mediation analysis revealed that the total effect of family health
on frailty was −0.016, and the association between family health
and frailty was mediated by health literacy, not smoking, sleep
duration, and having breakfast every day. The Sobel test results
were significant (P<.001). The KHB composition revealed that
the 4 mediators reduced the total effect of family health on
frailty by 26.72%. In addition, the mediating effects of health
literacy and having breakfast constituted 8.04% and 10.98%,

respectively, which were much higher than those of the other
3 mediators. Further details are presented in Figure 3 and Table
4.

We explored the mediating effects of health literacy, not
smoking, sleep duration, and having breakfast on the 4
dimensions of family health and frailty (Table 5). The results
were similar, although the mediating effect of sleep duration
on the association between family health resources and frailty
was not significant (P=.354).

Figure 3. Mediation analysis of the association between family health and frailty. ***Indicates that the statistically significant association at α=.001
level.
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Table 4. The mediating effect of health literacy and health behaviors on family health and frailty explored by Sobel tests and Karlson-Holm-Breen
(KHB) decomposition methods.

BreakfastSleep durationPhysical exerciseAlcohol intakeSmoking statusHealth literacy

.018a.012a−.002.001.006a.286aFamily health→mediator, β

−.154a−.095a−.138a−.023−.105a−.008aMediator→frailty, β

−.003a−.001a.000−.000−.001a−.002aIndirect effect, β

−.014a−.015a−.017a−.016a−.016a−.014aDirect effect, β

−.016a−.016a−.016a−.016a−.016a−.016aTotal effect, β

0.1660.070−0.0160.0010.0420.147Proportion of total effect that is mediat-
ed

−0.003a−0.001a−0.000−0.000−0.001a−0.002aSobel test

KHB decomposition

10.985.74——b1.968.04Proportion of mediation effect (%)

aP<.001.
bAlcohol intake and physical exercise were not taken into KHB analysis as the mediation effects were not significant.
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Table 5. Mediation analysis and Karlson-Holm-Breen (KHB) decomposition of health literacy and health behaviors mediating the associations between
dimensions of family health and frailty.

BreakfastSleep durationSmoking statusHealth literacy

Family, social, or emotional health processes

−.007a−.003a−.002a−.007aIndirect effect, β

−.030a−.034a−.034a−.029aDirect effect, β

−.037a−.037a−.037a−.037aTotal effect, β

KHB decomposition

13.236.202.8910.78Proportion of mediation effect (%)

Family healthy lifestyle

−.010a−.004a−.004a−.012aIndirect effect, β

−.034a−.040a−.041a−.032aDirect effect, β

−.044a−.044a−.044a−.044aTotal effect, β

KHB decomposition

16.317.863.6716.00Proportion of mediation effect (%)

Family health resources

−.002a−.000.001b.003aIndirect effect, β

−.014a−.015a−.017a−.019aDirect effect, β

−.016a−.016a−.016a−.016aTotal effect, β

KHB decomposition

7.572.47−3.99−13.33Proportion of mediation effect (%)

Family external social supports

−.008a−.003a−.003a−.012aIndirect effect, β

−.030a−.035a−.035a−.026aDirect effect, β

−.038a−.038a−.038a−.038aTotal effect, β

KHB decomposition

14.016.633.6717.23Proportion of mediation effect (%)

aP<.001.
bP<.01.

Sensitivity Analysis
In sensitivity analysis (Multimedia Appendix 4), with deficits
of frailty (scoring from 0 to 5) set as the dependent variable,
KHB methods were used, and a negative abnormal regression
model was used. The results were consistent with those of the
main analysis. When using walking (at least 10 minutes) days
per week to replace physical exercise time, the mediating effect
was significant (P<.001), and the path to family health was
positively associated with physical exercise and further
decreased frailty risk. When using self-rated sleep quality to
replace sleep duration, the results revealed that better family
health was associated with better sleep quality and further
decreased frailty risk, with a significant mediating effect
(P<.001).

Subgroup Analysis
To better clarify the association between family health and
frailty in “true” older adults, we performed subgroup analyses
in different age groups, including “≥65 years old” and “≥75
years old.” First, through ordered logistic regressions, the
negative associations between family health and frailty were
significant in the 2 subgroups (for those aged ≥65 years: OR
0.94, 95% CI 0.93-0.96, P<.001; for those aged ≥75 years: OR
0.96, 95% CI 0.93-0.99, P=.007). For those aged ≥65 years, the
mediating effects of health literacy, smoking status, sleep
duration, and breakfast remained significant. However, for those
aged ≥75 years, only the mediating effect of breakfast was
significant (for health literacy: P=.554; for smoking status:
P=.266; for sleep duration: P=.081). The details are presented
in Table 6.
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Table 6. Table6. Subgroup mediation analysis stratified by age based on Sobel tests and Karlson-Holm-Breen (KHB) decomposition methods.

BreakfastSleep durationSmoking statusHealth literacy

≥65 years

−.002b−.001b−.001a−.002aIndirect effect, β

−.014b−.016b−.016b−.015bDirect effect, β

−.017b−.017b−.017b−.017bTotal effect, β

KHB decomposition

9.305.921.334.87Proportion of mediation effect (%)

≥75 years

−.003a−.001−.000−.001Indirect effect, β

−.012a−.013b−.014b−.014bDirect effect, β

−.014b−.014b−.014b−.014bTotal effect, β

KHB decomposition

18.48———cProportion of mediation effect (%)

aP<.01.
bP<.001.
cVariables did not taken into KHB decomposition analysis as their mediating effects were not significant.

Discussion

Principal Findings
To our knowledge, this is the first study to assess and divide
the effects of family health on frailty. The results demonstrate
that family health is negatively associated with the prevalence
of prefrailty and frailty, and this association can be mediated
by health literacy and certain health behaviors (eg, not smoking,
longer sleep duration, and having breakfast every day).

The prevalence of prefrailty and frailty in this study was 35.71%
and 2.37%, respectively, which was lower than that reported in
many previous studies in China. Furthermore, family health did
not vary significantly between the prefrail and frail groups. This
may be because the main survey method was conducted based
on face-to-face reporting through an electronic questionnaire.
If a respondent was mentally alert but not active enough to
answer the questionnaire, the investigator conducted a
one-on-one inquiry to complete the questionnaire on their behalf.
Most participants were relatively healthy and less vulnerable
than frail older adults. Therefore, the representativeness of the
study sample might have been limited. In addition, frailty was
measured using the FRAIL scale, which could not be validated
by other frailty measures in this study, such as the frailty index
proposed by Rockwood et al [34]. However, the findings of this
study are important. Prefrail older adults are at a higher risk
than robust older adults in experiencing frailty, adverse
outcomes, and mortality [8]. In addition, older people with
prefrailty are more likely to transition back to a state of robust
health than those who are frail [35]. Therefore, health promotion
for prefrail populations represents an important opportunity to
prevent decline and dependence, enhance health, and reduce
disability and the need for care. Therefore, the findings of this
study provide important intervention strategies to manage frailty

and have substantial implications for health policy and public
health. Moreover, the results of the smooth curve and
generalized additive model indicated a decreased risk of frailty
and increased family health. Previous studies have indicated
that both prefrail and frail older adults are highly susceptible to
adverse health effects such as falls, disability,
institutionalization, and hospitalization, all of which increase
the social burden caused by population aging [36]. Therefore,
improvement in family health is effective in preventing or
delaying the onset of prefrailty or frailty.

Most studies associated with frailty management concentrated
more on individuals, specifically exercise, nutritional
intervention, multicomponent interventions, and individually
tailored geriatric care models [37]. However, most individuals
cannot exist away from their family, and family members are
dependent on each other. Therefore, older adults may be far
more affected by their family than by the outside world. As
described by the family system theory, the family is a cohesive
social unit that operates like a system with its own rules and
responsibilities. Each family member has a profound impact on
the choices of other members of the family, with the results
passed on from generation to generation [38]. Therefore, frailty
intervention in family units has great potential and may achieve
twice the results with half the effort. This also indicates that
promoting healthy aging through family health is effective and
promising.

Previous studies have shown that the role of family is essential
in predicting better health-related quality of life among older
adults [39]. The presence of the family acts as the main source
of social support in the acceptance of the aging process as well
as helping to motivate participation in daily activities and
improving self-esteem [40]. Psychosocial factors, such as
individual preferences and values concerning food and sports
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or physical activities, affect health-related family interactions.
Sociocultural factors indirectly affect family interactions via
individuals who transfer these influences into their family lives
[41]. In addition, the mediators in this study, including health
literacy, smoking, sleep, and diet, have been shown to be
effective in frailty interventions [42-44]. Family health, which
covers a wider dimension of health-related social and internal
support, interactions, and resources than family function or
family climate [45], contributes to higher levels of health literacy
and healthier behaviors and thus can decrease the risk of
prefrailty and frailty. It is worth noting that in this study, the
KHB composition revealed that the 4 mediators (health literacy,
not smoking, sleep duration, and having breakfast every day)
reduced the total effect of family health on frailty by only
26.72%, indicating that the proportion of mediated effects is
not high. Family health is a comprehensive concept associated
with individual’s health in many aspects. The frailty status is
also complex and is affected by many risk factors. Therefore,
this study indicated potential paths for addressing the association
between family health and frailty. Other mechanisms, especially
the clinical, psychological, or physiological paths, should be
explored in future research.

It is intriguing that the mediating effect of physical exercise on
the association between family health and frailty was not
significant when measured by weekly time ≥150 minutes but
significant when measured by days of walking for at least 10
minutes per week. First, the negative association between
physical exercise and frailty risk was significant in this study,
which has also been supported by many previous studies
[46-48]. Second, physical exercise, especially intensive and
initiative exercises, was more popular among younger adults
than older adults in China, and these exercise behaviors may
be not easy to form among older adults, even when encouraged
or urged by their family members. However, this study still
indicated that some easy exercises, such as walking, which are
also associated with decreased frailty risk [49], could be
promoted by improving family health.

Family health resources, one of the dimensions of frailty, are
negatively associated with health literacy and not smoking and
also negatively associated with frailty. This may be because
health sources mainly contribute to other behaviors, such as
health-seeking behavior. Doctors’ attempts to improve patients’
health literacy and motivate them to quit smoking may be
inadequate.

In addition, this study indicated that family health was associated
with decreased frailty risk in older adults, which was validated
in older adults aged ≥60 years, ≥65 years, and ≥75 years.
However, the mediating roles of health literacy and health
behaviors were not consistent. Most mediating effects in this
study were not significant, particularly for those aged ≥75 years.
A possible explanation may be found in the individual
heterogeneity, complexity of disease conditions, and greater
vulnerability to physical and psychological status for the
relatively older populations [50]. Therefore, intervention in
frailty status is more difficult in relatively older populations,
and the associations between family health and frailty may be
more significantly mediated by factors related to disease control
and treatment. This also indicates that the mechanisms of the

impact of family health on frailty are complex and require
further exploration through prospective analyses within different
age groups.

To improve family health, we suggest that it is necessary to
broaden the previous perspective of family structure and family
function, enhance the role of family health, make full use of
and strengthen the internal relationships of the family, enhance
the external support of the family, improve the family social
network, and carry out health management of the older
population with the family as the unit. Especially in China, with
the acceleration of urbanization and the deepening of population
aging, increasingly complex family structures and a broader
range of social determinants of health have raised many
challenges for health strategies. A family-centered healthy aging
promotion strategy is feasible, but there is a need to consider
the family’s internal and social characteristics and to develop
more scientific health promotion and management strategies
suited to local conditions with the development of medical
technology. Future research should further explore intervention
strategies for family health and the causal effects of family
health on individual health to promote healthy aging.

Limitations
This study has a few limitations. First, some participants were
excluded from the data analysis because of missing data or
logical errors. We compared our data with the population sample
survey data from the National Bureau of Statistics (NBS) in
China and found that the constituting ratio of the population
aged ≥65 years among those aged ≥60 years (62.77%) was lower
than that of NBS data (75.01%) and that the sex ratio (female
or male) in this study was 0.99, which was slightly higher than
that of NBS data (0.93). In addition, people who were confused,
experienced mental health difficulties, or had cognitive
impairments were not enrolled in the survey. However, mental
or cognitive deficits are also risk factors for frailty. Therefore,
the representativeness of the study findings should be interpreted
with caution. Second, as mentioned earlier, the sample size of
the frail population was small, making it difficult to conduct
further analyses of the mechanism by which family health affects
frailty. Third, all variables were self-reported, and some
health-related variables may not be accurate because of recall
bias. Fourth, this study had the inherent limitations of a
cross-sectional study. Fifth, health behaviors that may be
associated with frailty were not comprehensively or precisely
determined in this survey. For example, the frequency of
different physical exercises, nutritional intake, and
self-adjustment of mood should be further explored. However,
the association between family health and a decreased risk of
prefrailty and frailty was consistently found across multiple
models and subgroups, which offers important hints and
inspiration for future studies. Longitudinal and prospective
analyses of the causal effect of family health on frailty and its
underlying mechanisms should be conducted in future studies.

Conclusions
In conclusion, family health can be an important intervention
target that appears to be negatively linked to frailty in Chinese
older adults. The mediation roles played by health literacy and
health behaviors suggest that they can be effective in improving
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family health to promote healthier lifestyles as well as improving
health literacy to delay, manage, and reverse frailty. The analysis
related to the dimensions of family health may explain the
mechanisms of the associations between family health, health

literacy or behaviors, and frailty and guide future interventions.
Strategies to intervene in frailty through family health in healthy
aging and national public health strategies deserve more
attention in the future.
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Abstract

Background: Polymerase chain reaction (PCR) testing for COVID-19 was crucial in Australia’s prevention strategy in the first
2 years of the pandemic, including required testing for symptoms, contact with cases, travel, and certain professions. However,
several months into the pandemic, half of Australians were still not getting tested for respiratory symptoms, and little was known
about the drivers of and barriers to COVID-19 PCR testing as a novel behavior at that time.

Objective: We aimed to identify and address COVID-19 testing barriers, and test the effectiveness of multiple eHealth
interventions on knowledge for people with varying health literacy levels.

Methods: The intervention was developed in 4 phases. Phase 1 was a national survey conducted in June 2020 (n=1369), in
which testing barriers were coded using the capability-opportunity-motivation-behavior framework. Phase 2 was a national survey
conducted in November 2020 (n=2034) to estimate the prevalence of testing barriers and health literacy disparities. Phase 3 was
a randomized experiment testing health literacy–sensitive written information for a wide range of barriers between February and
March 2021 (n=1314), in which participants chose their top 3 barriers to testing to view a tailored intervention. Phase 4 was a
randomized experiment testing 2 audio-visual interventions addressing common testing barriers for people with lower health
literacy in November 2021, targeting young adults as a key group endorsing misinformation (n=1527).

Results: In phase 1, barriers were identified in all 3 categories: capability (eg, understanding which symptoms to test for),
opportunity (eg, not being able to access a PCR test), and motivation (eg, not believing the symptoms are those of COVID-19).
Phase 2 identified knowledge gaps for people with lower versus higher health literacy. Phase 3 found no differences between the
intervention (health literacy–sensitive text for top 3 barriers) and control groups. Phase 4 showed that a fact-based animation or
a TikTok-style video presenting the same facts in a humorous style increased knowledge about COVID-19 testing compared with
government information. However, no differences were found for COVID-19 testing intentions.

Conclusions: This study identified a wide range of barriers to a novel testing behavior, PCR testing for COVID-19. These
barriers were prevalent even in a health system where COVID-19 testing was free and widely available. We showed that key
capability barriers, such as knowledge gaps, can be improved with simple videos targeting people with lower health literacy.
Additional behavior change strategies are required to address motivational issues to support testing uptake. Future research will
explore health literacy strategies in the current context of self-administered rapid antigen tests. The findings may inform planning
for future COVID-19 variant outbreaks and new public health emergencies where novel testing behaviors are required.

Trial Registration: Australian New Zealand Clinical Trials Registry ACTRN12621000876897,
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=382318 ; Australian New Zealand Clinical Trials Registry
ACTRN12620001355965, https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=380916&isReview=true
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Introduction

The Role of Polymerase Chain Reaction Testing in
COVID-19
The behavior of individuals has been crucial to the control of
COVID-19, from self-isolating and testing to vaccination uptake
[1]. A key preventive behavior in the early stages of the
pandemic was polymerase chain reaction (PCR) testing for
COVID-19 [2]. From 2020 to 2021, COVID-19 prevention
strategies were often reliant on people getting a PCR test. This
could be required when community members had been in contact
with a positive case, had COVID-19 symptoms (eg, fever,
cough, or sore throat), needed to travel from an outbreak area
to another region, or worked in certain professions (eg, health
workers). In Australia, community members were required to
self-isolate at home until they returned a negative PCR test
result, and this test-trace-isolate strategy was used to determine
the need for short-term localized restrictions until linked clusters
of cases were brought under control [3].

Testing Barriers
In early 2020, there was little research on COVID-19 testing
behaviors, given the very new nature of this issue, so little was
known about the barriers to testing or how to address this. Media
reports at this time suggested different barriers existed across
countries, which was confirmed in subsequent research. For
example, countries such as Tanzania had major issues with
opportunity barriers in terms of limited access to COVID-19
tests and fake testing kits [4]. Cost was a barrier in other
countries, such as the United States, where the government and
health insurers did not cover the testing [5], disproportionately
affecting certain groups such as immigrant and noncitizen
communities, who may also fear financial and legal
repercussions from testing positive [6]. Testing was sometimes
limited to certain criteria (eg, only if you have symptoms or
regardless of exposure to COVID-19 cases) because of the lack
of supply or staff resource issues [7]. There were also issues
with delivering tests and transporting samples to remote areas
[8]. Inadequate communication and low community knowledge
about which symptoms require testing and the process to follow
also impacted uptake [7].

The Australian Context
Australia was fortunate to have efficient and free testing widely
available from the start of the pandemic, although this varied
by location. PCR testing clinics were established nationally,
including drive-through options to minimize contact with others
and results sent by SMS text messages within a short period
[9,10]. However, despite the high accessibility of PCR testing,
flu tracking data suggested that many more people had
respiratory symptoms than were getting tested [11]. At the time
of the study, it was unclear why the uptake was so low, but we
hypothesized that COVID-19 testing communication did not
address the needs of varying health literacy levels in the

community. Similar to many other countries [12], Australian
national surveys showed that people with lower health literacy
were less likely to know about COVID-19 symptoms and
prevention measures [13] and were more likely to agree with
misinformation about COVID-19 [14].

Theoretical Framework
According to the capability-opportunity-motivation-behavior
(COM-B) model [15], health prevention behaviors can be
conceptualized in terms of 3 main drivers: physical and
psychological capability (eg, having the physical ability to drive
to or walk up the stairs to access a testing center and knowing
what to do if you have symptoms), physical and social
opportunity (eg, the availability of testing centers in your area
and social norms that make testing and self-isolation acceptable),
and automatic and reflective motivation (eg, fear of a painful
test and an explicit belief that it is important to get tested for
symptoms) [2]. In early 2020, we used this framework as the
basis for a new research program on the novel behavior of
COVID-19 PCR testing.

Objective
This program aimed to develop and test eHealth interventions
to overcome COVID-19 PCR testing barriers and address the
varying health literacy needs of the community. The
interventions were developed and evaluated in 4 phases from
June 2020 to November 2021.

• Phase 1, in June 2020, aimed to identify the range of
barriers to COVID-19 testing.

• Phase 2, in November 2020, aimed to estimate the
prevalence of barriers to COVID-19 testing and to target
interventions for the most important issues.

• Phase 3, from February to March 2021, aimed to test the
efficacy of providing health literacy–sensitive written
information (ie, adapted for people with lower health
literacy) for all capability and motivation barriers identified
in phase 2, where individuals could view information to
make a plan for their top 3 barriers to testing.

• Phase 4, in November 2021, aimed to address design issues
in phase 3 and test the efficacy of providing health
literacy–sensitive audio-visual interventions (simple
animation or TikTok-style video) for a smaller selection of
common barriers for people with lower health literacy,
identified in phase 2.

Methods

Ethics Approval
Ethics approval was obtained from the University of Sydney
Human Research Ethics Committee (project number 2020/781),
and the experiments were preregistered on the Australia New
Zealand Trial Registry (ACTRN12621000876897 [16];
ACTRN12620001355965 [17]). All data were collected and
stored anonymously, but participants could provide contact
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details to receive compensation via points for panel members
and prize draws for gift vouchers if recruited via social media.

Study Design
The eHealth interventions were developed and tested in 4
phases. Phase 1 was a national survey conducted in June 2020,
in which testing barriers were elicited and coded using the
COM-B framework. Phase 2 was a national survey conducted
in November 2020 to estimate the prevalence of testing barriers

and health literacy disparities. Phase 3 was a randomized
experiment testing health literacy–sensitive written information
for a wide range of capability and motivation barriers from
February to March 2021, in which participants chose their top
3 barriers to testing to view a tailored intervention. Phase 4 was
a randomized experiment testing 2 audio-visual interventions
addressing common testing barriers for people with lower health
literacy in November 2021, targeting young adults as a key
group endorsing misinformation (Figure 1).

Figure 1. Study design for phases 3 and 4. FAQ: frequently asked question; SHeLL: Sydney Health Literacy Lab.

Study Population
Phase 1 was open to any Australian adult who responded to the
advertisements on social media. Phases 2 and 3 recruited a
nationally representative sample of Australian adults based on
age (equal groups above and below the age of 40 years), gender
(equal groups for male and female; no quota for other
categories), and education (equal groups for university degree
and no degree). Phase 4 targeted younger Australian adults
(aged <40 years) using the same market research panel.

Recruitment
Phase 1 used advertisements to target social media users, in
which participants entered a prize draw to win a gift voucher.
Phases 2 and 3 recruited a nationally representative sample via
a market research panel company, where participants received
points across multiple studies that they can redeem for various
incentives including gift vouchers. Phase 4 involved both social
media advertisements and panel recruitment. Different states
in Australia were targeted at different times of recruitment so
that participants were only recruited when there were very few
or no cases in their state (when a test-trace-isolate strategy can
be effective for containing spread).

Sample Size
For each phase, we recruited the following number of people:
1369 in phase 1; 20,349 in phase 2; 1314 in phase 3; and 1527
in phase 4.

Data Collection
All 4 phases involved piloting with a convenience sample from
the target participant group before recruitment to identify and
correct any grammar or navigation issues. The interventions
were tested by a consumer representative who provided feedback
to refine the study materials before formal data collection.

In phase 1, social media users were asked to participate in a
series of 10-minute surveys, with COVID-19 testing questions
included in June 2020. The New South Wales State Health
Department provided a short list of testing barriers to be
included along with an open response option for other perceived
or experienced barriers. Phase 2 recruited a nationally
representative sample, in which eligible panel members were
invited to participate through the company’s usual channels.
After providing informed consent, participants completed a
10-minute survey, which included selecting COVID-19 testing
barriers from a list and ranking them in order of importance.

A similar procedure was used for phases 3 and 4, with
recruitment through a market research panel company, but
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participants were randomized to view different versions of
COVID-19 testing information. In phase 3, they were
randomized to view written government information or the
intervention and completed the outcome questions. Those
randomized to the intervention selected 3 relevant barriers,
viewed health literacy–sensitive information about those issues,
and created a plan for 1 chosen barrier. They were asked to
create an action plan to help them overcome their barriers and
received weekly reminders with a screenshot of their action
plan by email. After 4 weeks, all participants received a
5-minute survey. In phase 4, social media users aged 18-39
years on Facebook and Instagram were targeted with
advertisements, and further participants were recruited via the
panel company. The following advertisement text was used for
social media: “We want to hear from you! Complete a short
survey about COVID-19 and be in with the chance to win a $20
gift card.” All participants answered a 10-minute survey. Those
randomized to the intervention groups viewed a short
audio-visual intervention, whereas those in the control group
viewed standard written government information. Access to the
outcome questions to complete the survey was enabled after 73
seconds for the animation and 65 seconds for the TikTok (the

lengths of the audio-visual intervention) to increase the chance
that participants viewed the intervention.

Outcomes
Survey questions for phases 1 and 2 are provided in Multimedia
Appendix 1. In each phase, we measured variables shown to be
associated with differences in the understanding of COVID-19
symptoms and prevention measures in our previous research
[13,18]: age, gender, language, health literacy, trust, living
alone, and prior COVID test. For the trials, our primary outcome
was the intention to undergo testing for COVID-19 if
symptomatic (measured in a broad way for phase 3 and a more
specific way for phase 4 to increase sensitivity). The secondary
outcomes included intentions about other prevention behaviors
(self-isolation if symptomatic, social distancing of 1.5 m,
washing hands regularly, and wearing masks in crowded indoor
areas), understanding of messaging, risk perceptions, social
stigma, and self-efficacy (ie, confidence in overcoming
perceived barriers to testing). In phase 3 only, self-reported
prevention behavior and intentions were assessed after 1 month,
with our prior survey data suggesting that >20% of participants
would experience symptoms over that time (Table 1).
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Table 1. Primary outcome measures for phases 3 and 4.

Phase 4Phase 3Response optionsOutcome and items

Intention to get tested for COVID-19

✓✓1=strongly disagree to 7=strongly agreeOver the next 4 weeks I plan to get tested if I have
COVID-19 symptoms (cough, sore throat, fever)

✓1=extremely unlikely to 5=extremely likelyImagine you woke up with a sore throat tomorrow.
Would you get tested straight away?

✓1=strongly disagree to 7=strongly agreeMost people my age would get tested after seeing this
information, if they develop symptoms

Intention to engage in other preventive behaviors

✓✓1=strongly disagree to 7=strongly agreeOver the next 4 weeks I plan to...Stay home if I have
COVID-19 symptoms (cough, sore throat, fever)/Stay
1.5m away from others that I don’t live with where I
can/Wash my hands or use sanitiser to protect me and
others from COVID-19/Wear a mask in crowded indoor
areas

Knowledge

✓Written answerCan you name 3 signs or symptoms that are associated
with COVID-19?

✓Wait until their symptoms are bad enough, then get test-
ed/get tested straight away and self-isolate at home until
they get their test results/get tested straight away and
carry on as normal until they get their test results/self-
isolate at home until their symptoms go away

When someone has signs that they might have COVID-
19 (e.g. a cough or a sore throat), they should... 

✓To the emergency department/to their GPa/to a COVID-
19 testing center

If someone has a sore throat and wants to get tested for
COVID-19, they should go... (choose all that apply)

✓Ask someone to get the groceries for them/wear a mask
at the shops/go to the shops quickly to get essentials/order
online

If someone gets tested for COVID-19, and they need
groceries while waiting for their result, they should ...
(choose all that apply)

✓Sore throat/loss of taste or smell/digestive is-
sues/cough/muscle aches/vomiting/fever/conjunctivitis/run-
ny nose/shortness of breath or difficulty breathing/diarrhea

What are the 6 main COVID-19 symptoms you should
get tested for? Select from the list

✓Any mild/slight symptoms/moderate/uncomfortable
symptoms/symptoms are severe/disrupt your plans

When do you need to get tested?

✓Any length of time with symptoms/symptoms lasting 2
days/symptoms lasting 3 days

When do you need to get tested?

✓One or more symptoms in a single day/2 or more symp-
toms in a single day/3 or more symptoms in a single day

When do you need to get tested?

✓There are hotel quarantine cases in your state/there are
local cases in your community/there are no local cases in
your community

If you have symptoms of COVID-19, you should get
tested when... Select all that apply

✓1=yes definitely to 5=no definitely notShould you get tested if you have unusual or new cold-
like symptoms that you think are due to: Cold weather/a
cold/flu/hayfever/allergies

aGP: general practitioner.

Analyses
For phases 1 and 2, participant characteristics and survey
question responses were reported descriptively using a content
analysis approach for open responses and chi-square tests to
compare responses across health literacy levels. In total, 2
researchers mapped the text from open responses to the
components of the COM-B model, with discussion to resolve
discrepancies. For phases 3 and 4, analyses were conducted
using planned contrasts between the intervention arms and

control arm, implemented in the regression models. Continuous
outcomes were analyzed using linear regression to estimate
marginal mean differences, dichotomous outcomes were
analyzed using generalized linear models with a modified
Poisson approach (log link and robust SEs) to estimate relative
risks, and count variables were analyzed using Poisson
regression to estimate relative risks. In phase 3, analyses were
controlled for age, gender, language, health literacy, trust, living
alone, and previous COVID-19 testing. In phase 4, positive
baseline intention, age, gender, language, health literacy, trust,
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and perceived COVID-19 risk in Australia were controlled for.
Interactions between health literacy and randomized conditions
were also explored.

Materials
Images and text for the intervention in phase 3 are provided in
Multimedia Appendix 2. The health literacy–sensitive version
of the text was developed by applying health literacy guidelines
[18], using a web-based tool that provides objective feedback
on the complexity of health information (eg, grade reading score,
passive voice, and medical jargon) [19], and incorporating
consumer feedback. We used the Sydney Health Literacy Lab
Editor developed by our team [19] to meet the recommended
grade 8 school level by simplifying complex words, sentences,
and grammar. Participants randomized to the intervention were
asked to choose their top 3 barriers to testing and then selected
1 barrier for the health literacy–sensitive action plan. This was
adapted from our previous studies on health-related lifestyle
changes to address intention-behavior gaps [20,21]. The
web-based action plan used an if-then format (eg, “If I don’t
want to get tested because there aren’t many cases in my area,
then I will remind myself that every new outbreak of COVID-19
starts with one new case”), a format that has shown to improve
various behavioral outcomes including smoking cessation,
physical activity, and healthy eating [22-28]. Health literacy
principles were applied to the if-then plan (eg, simple language,
images, and breaking down tasks into smaller steps), as previous
research has shown that this can improve the effectiveness of
if-then plans for people with low health literacy [20,29]. The if
options reflect the top 10 barriers for people with lower health
literacy identified in phase 2:

• I would prefer to isolate instead.
• I’m not sure this symptom is one that needs testing.
• I have symptoms of COVID-19 but I don’t think they are

bad enough.
• I have symptoms of COVID-19 but I think it’s a cold or

hay fever.
• I’m worried the test is painful.
• I’m worried about spreading my illness on the way to the

testing centre.
• There aren’t many cases in my area.
• I’m worried I will catch COVID-19 when I get tested or on

the way to the testing centre.
• I’m not sure what to do.
• I’d like my doctor’s advice first.

Participants could then select a solution (then option). Solutions
were generated in collaboration with our consumer
representative.

Images and text for the phase 4 intervention are provided in
Multimedia Appendix 3. There were 2 audio-visual
interventions: one was an animation and the other was a
TikTok-style video, which was more humorous. Both covered
the following barriers to COVID-19 testing, which were
identified as the most prevalent knowledge issues for people
with lower health literacy in phase 2:

• I know what symptoms I have and don’t believe they are
COVID-19 ones e.g. hay fever/normal cold.

• I’m not sure my symptoms are bad enough.
• It is unlikely I have COVID-19 because there aren’t many

cases in my area.
• I’m not sure this symptom needs testing.

Results

Participant characteristics for each phase are provided in
Multimedia Appendix 4.

Phase 1: Identification of COVID-19 Testing Barriers
Most people (1151/1369, 84.07%) agreed that they would get
tested if they had COVID-19 symptoms (cough, fever, and sore
throat), with 49.23% (674/1369) of people strongly agreeing.
For self-isolation, 95.98% (1314/1369) of participants agreed
to some extent that they would stay home if they had symptoms
and 69.47% (951/1369) of participants strongly agreed. Most
participants (982/1369, 71.73%) said they would get tested “no
matter what.” The most common barriers selected from the list
provided (Multimedia Appendix 1) were that testing is painful
(153/1369, 11.18%), not knowing how to get tested (98/1369,
7.16%), and worry about getting infected at the testing center
(81/1369, 5.92%). All other barriers were <3% (forgetting,
worried what others think, too hard or expensive, doesn’t work
or don’t trust results, and no one else getting tested). Many
participants (136/1369, 9.93%) indicated other reasons, with
136 open responses that included many additional barriers to
testing than those provided in the survey question. Table 2 maps
all the barriers identified in open survey responses to the
COM-B drivers of behavior (capability, opportunity, and
motivation).
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Table 2. Phase 1 COVID-19 testing behavior barriers mapped to the capability-opportunity-motivation-behavior (COM-B) model.

Example quotes from “other” barriers (10% of the sample)COM-B barriers

Physical capability

“Fear of injury from getting tested—I have a deviated septum and narrow
sinuses.”

My disability means I can’t get a test

“Mobility and suppressed immune system make travel difficult.” “Testing
facilities can’t accommodate my disability so it’s better for me just to stay
home.”

I need a ramp/disability provisions for the testing centre

“I’m homebound due to severe disability so I know arranging testing will
be super hard.”

I physically can’t access testing centre

Psychological capability

“When I first got sore throat, headache, aches, cough, and partner very
lethargic I got tested, and had the impression from testers that it wasn’t
necessary with only those symptoms.”

I have been getting conflicting information or being told not to get
tested even with symptoms

“I dont know how to drive so I dont know how to get to places that test.”I’m not sure how to get tested

“Believing that I don’t meet the threshold eg when is a cough a cough or
a runny nose with spicy food a runny nose? Otherwise I would get tested.”

I’m not sure my symptoms are bad enough

“I am not sure whether I would be eligible to be tested.”I’m not sure this symptom is one that needs testing

Physical opportunity

“Hard to get to where I can get tested.”The testing centres are hard to access—too far away from me

“Being able to get to the testing clinic within opening hours when caring
for children.”

The opening hours of the testing centres don’t suit me

“Public transport required to get to testing centre is inappropriate.”I don’t want to take public transport

“hard to find the time with increased workload.”I will need to take time off work

“Just tooooo busy—work during COVID.”I don’t have enough time to get tested

“Depends on if I can get childcare and can find the time.”I don’t have childcare

“My husbands test took 10 days to get results. Which meant he could not
work. He is self employed which means he also did not get paid and lost
8 days of income.”

If I get tested, it will impact me financially

Social opportunity

“I will certainly feel worried about what others think of me, especially
people who lives in the same household.”

I am worried what others will think of me having a test/being positive

Reflective motivation

“we had a bad experience getting my son tested...I can’t afford to be off
work for 5 days just to chase down a negative result.”

I had a bad experience when I got tested previously

“There is a very tiny chance it will actually be COVID-19 so waste of
time.”

I think the process of testing or pre-testing requirements is too much
hassle/pointless

“It hurt last time I got tested.”I think the test is painful

“Have to ask someone to take me to a clinic and don’t want to get them
sick.”

I am worried about spreading my illness

“I’m immunocompromised so don’t want to be around others in case I get
sick.”

I’m worried I will catch covid myself whilst getting tested or en route

“Will only get tested if I have a fever. Also, ‘too scared’ to know the re-
sults!”

I don’t want to hear that I’m positive

“the accuracy of tests does concern me a bit.”I don’t think the testing works or results are reliable enough

“requirement to quarantine between test & getting results.”I don’t want to self-isolate after the test

“Don’t think it’s necessary to test, just isolate.”I would prefer to self-isolate instead (or do another type of test)

“The symptoms are the same as my normal June sniffles I wouldn’t bother,
unless I get other unusual symptoms.”

Symptoms due to something else
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Example quotes from “other” barriers (10% of the sample)COM-B barriers

“I was tested last week. If this residual cough remains I am unlikely to get
retested. If I get new symptoms I would get retested.”

I have already got tested for these symptoms and was negative

“I’ll get tested if the symptoms last for more than 24 hours” “if its just
something like runny nose but no other symptoms show up—No but if I
have more than 1 then I’ll get tested.”

I have the symptoms but will wait for them to get worse first/threshold

“No community transmission, highly unlikely to be COVID-19.”I don’t believe it can be covid as it’s so rare

“Get tested if my dr refers me to be tested.”I will only get a test if advised to by my GPa

“Might be excluded from starting a new job.”I think getting tested may result in problems with my visa or job

“I believe in herd immunity.”Misinformation or myths/different views on managing COVID

Automatic motivation

“Afraid of the uncomfortable test.”I am scared of the test

aGP: general practitioner.

Phase 2: Prevalence of Barriers to Testing for
COVID-19
The aim of phase 2 was to estimate the prevalence of COVID-19
testing barriers in a nationally representative sample and explore
health literacy disparities to identify priority issues for
intervention.

Table 3 presents the prevalence and importance of barriers
among the participants who selected any barrier (941/2034,
46.26%). The top barriers were related to motivation: “I know
what symptoms I have and don’t believe they are COVID-19
ones e.g. hayfever/normal cold” (selected by 562/2034, 27.63%,
with 200/2034, 9.83% ranking it most important) and “It is
unlikely I have COVID-19 because there aren’t many cases in
my area” (366/2034, 17.99% selected, with 104/2034, 5.11%
ranking it most important). Capability issues were also common:
“I’m not sure my symptoms are bad enough” (387/2034, 19.03%
selected, with 109/2034, 5.36% ranking it most important) and
“I’m not sure this symptom is one that needs testing” (306/2034,
15.04% selected, with 66/2034, 3.24% ranking it most

important). Social opportunity issues were uncommon: 5.75%
(117/2034) of participants were worried about what others might
think if they got a positive COVID-19 test result, and 3.69%
(75/2034) of participants worried about what others would think
if they got tested at all. Physical opportunity issues included
disabilities, access (especially the distance to travel to a testing
center), and time restrictions.

When we compared participants with low health literacy versus
high health literacy, we found similar results for the top 10
barriers, covering reflective motivation and psychological
capability. However, there were significant differences between
the 2 groups. People with low health literacy were more likely
to select certain capability issues (I’m not sure how to get tested,
P<.001; I’m not sure if this symptom needs testing, P=.01) and
motivation issues (I would prefer to self-isolate instead, P<.001;
I think the test is painful, P=.002; I’m worried about spreading
my illness, P<.001, I’m worried I will catch COVID-19, P=.001;
I don’t want to hear that I’m positive, P<.001; and I don’t trust
people who are asking me to take a test, P=.02), compared with
the people with higher health literacy (Table 3).
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Table 3. Phase 2 prevalence of barriers in nationally representative sample and health literacy disparities (November 2020; n=2034).

P value for
health literacy

High health litera-
cy (n=1681), n (%)

Low health literacy
(n=334), n (%)

People to rank it first
(n=2034), n (%)

Selections
(n=2034), n (%)

Barriera

<.001194 (11.5)71 (21.3)73 (3.6)341 (16.8)I would prefer to self-isolate instead

.07241 (14.3)61 (18.3)200 (9.8)562 (27.6)I know what symptoms I have and don’t be-
lieve they are COVID-19 ones e.g. hay
fever/normal cold

.002154 (9.2)49 (14.7)67 (3.3)276 (13.6)I think the test is painful

.16182 (10.8)45 (13.5)109 (5.4)387 (19)I’m not sure my symptoms are bad enough

.01134 (8)41 (12.3)66 (3.2)306 (15)I’m not sure this symptom is one that needs
testing

<.001105 (6.2)39 (11.7)39 (1.9)207 (10.2)I am worried about spreading my illness on
the way to the testing centre

.36159 (9.5)37 (11.1)104 (5.1)366 (18)It is unlikely I have COVID-19 because there
aren’t many cases in my area

.001104 (6.2)37 (11.1)34 (1.7)219 (10.8)I’m worried I will catch COVID-19 myself
whilst getting tested or on the way to the
testing centre

<.00159 (3.5)36 (10.8)27 (1.3)123 (6)I’m not sure how to get tested

.35126 (7.5)30 (9.0)63 (3.1)187 (9.2)I will only get tested if my GPb tells me I
should

.0780 (4.8)24 (7.2)31 (1.5)143 (7)I don’t want to take public transport

.0271 (4.2)24 (7.2)34 (1.7)150 (7.4)I have already got tested for these symptoms
and was negative

.0578 (4.6)24 (7.2)15 (0.7)148 (7.3)I think the process of testing is too much ef-
fort

<.00142 (2.5)21 (6.3)5 (0.2)85 (4.2)I don’t want to hear that I’m positive for
COVID-19

.2065 (3.9)18 (5.4)33 (1.6)113 (5.6)I have been told not to get tested even if I
have symptoms

.0245 (2.7)17 (5.1)16 (0.8)72 (3.5)I don’t trust people who are asking me to take
a test

.4766 (3.9)16 (4.8)29 (1.4)117 (5.8)I am worried what others will think of me
being positive for COVID-19

.0441 (2.4)15 (4.5)8 (0.4)88 (4.3)I don’t want to take up resources for testing
so that others can’t get tested

.1043 (2.6)14 (4.2)6 (0.3)75 (3.7)I am worried what others will think of me
having a test

.2044 (2.6)13 (3.9)15 (0.7)66 (3.2)I don’t think the testing works or results are
reliable enough

.5149 (2.9)12 (3.6)10 (0.5)89 (4.4)I had a bad experience when I got tested be-
fore

.4434 (2)9 (2.7)12 (0.6)48 (2.4)I don’t understand why I need to get tested

.9746 (2.7)9 (2.7)16 (0.8)118 (5.8)I don’t want to self-isolate after the test

.3545 (2.7)6 (1.8)9 (0.4)88 (4.3)I have the symptoms but will wait for them
to get worse first

.4321 (1.2)6 (1.8)5 (0.2)33 (1.6)I think getting tested may result in problems
with my visa or with official bodies

aOrdered from highest to lowest frequency in the low health literacy group (top 10 used in phase 3); participants could select more than 1 barrier.
bGP: general practitioner.
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Phase 3: Randomized Experiment to Test the Effect
of Health Literacy–Sensitive Written Information
About COVID-19 Testing Barriers
The aim of phase 3 was to address the top 10 testing barriers
for people with lower health literacy. Opportunity barriers, such
as physical inaccessibility, could not be addressed by a
communication intervention, so this phase focused on capability
and motivation issues. For the intervention, participants chose
3 relevant barriers from the 10 provided and viewed health
literacy–sensitive versions of written government information
about COVID-19 testing (eg, reading level reduced to grade 8
by replacing complex words and sentences with simpler

options). Intervention participants then selected 1 barrier to
make an “if-then” action plan for how they would get around
this issue if they needed to get a COVID-19 test for symptoms.
Immediately after the intervention, no differences were found
for intervention versus control (written government frequently
asked questions about COVID-19 testing) on intentions,
knowledge, or any other psychological outcomes. After 4 weeks,
57.71% (790/1369) of respondents completed follow-up
measures, but there were no differences between intervention
and control (government tool that tailored information to the
local context; eg, state-specific COVID-19 testing requirements).
No significant differences were found in health literacy levels
when included as an interaction term (Table 4).

Table 4. Phase 3 experiment results comparing intervention and control groups (February-March 2021; n=1314).

P valueEffect estimate (95% CI)Intervention (n=645), n (%)Control (n=668), n (%)Outcomesa

.400.07 (−0.09 to 0.22)5.8 (1.6)5.8 (1.6)Testing intentions (self—if symptomatic next 4 weeks;
7=strongest intentions)

.63−0.03 (−0.16 to 0.10)6.1 (1.3)6.2 (1.2)Self-isolation intentions (7=strongest intentions)

.420.98 (0.94 to 1.03)5.4 (1.0)5.5 (0.9)Knowledge total score (count/6)b

.79−0.01 (−0.10 to 0.08)2.8 (0.8)2.8 (0.8)Perceived risk (5=highest perceived risk)

.770.04 (−0.21 to 0.29)6.7 (2.4)6.7 (2.4)Threat to Australia (10=very serious threat)

.960.00 (−0.11 to 0.11)5.7 (1.1)5.8 (1.0)Self-efficacy (7=highest self-efficacy)

.250.08 (−0.05 to 0.21)3.6 (1.3)3.4 (1.2)COVID-19 stigma (7=highest stigma)

.56−0.03 (−0.15 to 0.08)6.2 (1.2)6.3 (1.1)Distancing intentions (7=strongest intentions)

.49−0.04 (−0.14 to 0.07)6.4 (1.1)6.4 (1.0)Hand washing intentions (7=strongest intentions)

.810.02 (−0.13 to 0.16)6.0 (1.4)6.0 (1.4)Mask wearing intentions (7=strongest intentions)

.991.00 (0.67 to 1.51)39 (10.5)39 (9.4)Follow-up: Self-reported testing behaviorc

.36−0.10 (−0.30 to 0.11)5.7 (1.6)5.8 (1.5)Follow-up: Testing intentions (7=strongest intentions)

.26−0.11 (−0.30 to 0.08)——dFollow-up: Testing intentions (controlling for baseline
intentions) (7=strongest intentions)

.24−0.10 (−0.25 to 0.06)6.1 (1.2)6.2 (1.2)Follow-up: Self-isolation intentions (7=strongest inten-
tions)

.47−0.05 (−0.20 to 0.09)——Follow-up: Self-isolation intentions (controlling for
baseline intentions; 7=strongest intentions)

aContinuous outcomes were analyzed using linear regression to estimate marginal mean differences.
bCount variables were analyzed using Poisson regression to estimate relative risks.
cDichotomous outcomes were analyzed using generalized linear models with a modified Poisson approach (log link and robust SEs) to estimate relative
risks.
dNot available.

Phase 4: Randomized Experiment to Test the Effect
of Health Literacy–Sensitive Audio-Visual
Interventions About COVID-19 Testing Barriers in
Adults With Lower Health Literacy
The aim of phase 4 was to develop a more targeted
communication intervention with further refined testing of
outcome measures. We selected 4 capability (knowledge)
barriers from the most prevalent issues for people with lower
health literacy in phase 2 and developed 2 audio-visual
intervention scripts to address these: a simple animation in the

style of Australian government advertisements and a
TikTok-style video developed from the same information by a
pharmacist with a large social media following for COVID-19
information videos. Immediately postintervention, we found
that the animation and TikTok versions were more effective
than the written government information for increasing
knowledge about COVID-19 testing but not testing intentions
or other psychological outcomes (based on a
multiple-comparison adjusted α level of .025). No significant
differences were found in health literacy levels when included
as an interaction term (Table 5).
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Table 5. Phase 4 experiment results comparing intervention and health literacy groups (November 2021; n=1527).

Condition × health
literacy interaction
(P value)

TikTok vs government
text

Animation vs govern-
ment text

TikTok
(n=504), n
(%)

Animation
(n=514)

Government text
(n=509)

Outcomea

P valueEffect esti-
mate (95% CI)

P valueEffect esti-
mate (95% CI)

.70.041.10 (1.00 to
1.20)

.081.08 (0.99 to
1.17)

277 (55)294 (57.2)246 (48.3)Positive testing in-
tentions (self—if
symptoms tomor-

row)b, n (%)

.31.400.95 (0.85 to
1.07)

.170.93 (0.83 to
1.03)

260 (51.6)264 (51.4)270 (53)Positive testing in-
tentions (other—if
symptoms tomor-

row)b, n (%)

.24.561.02 (0.95 to
1.09)

.971.00 (0.93 to
1.07)

367 (72.8)373 (72.6)358 (70.3)Positive testing in-
tentions (self—if
symptoms next 4

weeks)b, n (%)

.84<.0011.25 (1.17 to
1.34)

<.0011.33 (1.24 to
1.42)

4.0 (3.0 to
5.0)

4.0 (3.0 to 5.0)3.0 (2.0 to 4.0)Knowledge total
score (count/6),

median (IQR)c

.13.040.13 (0.01 to
0.26)

.260.07 (−0.05 to
0.20)

5.7 (1.1)5.7 (1.1)5.6 (1.2)Self-efficacy, mean
(SD)

.84.04−0.09 (−0.17
to 0.00)

.04−0.09 (−0.17
to −0.01)

3.6 (0.9)3.6 (1.0)3.7 (0.8)Perceived effective-
ness, mean (SD)

.20.30−0.06 (−0.18
to 0.06)

.53−0.04 (−0.16
to 0.08)

5.3 (1.4)5.3 (1.5)5.3 (1.4)Message credibili-
ty, mean (SD)

.10.09−0.13 (−0.28
to 0.02)

.22−0.09 (−0.24
to 0.06)

4.1 (1.5)4.2 (1.5)4.2 (1.4)Personal relevance,
mean (SD)

.17.120.10 (−0.02,
0.23)

.230.08 (−0.05,
0.21)

5.8 (1.3)5.8 (1.3)5.7 (1.3)Other behavioral
intentions (aver-
aged: self-isola-
tion, distancing,
hand washing, and
mask wearing),
mean (SD)

aContinuous outcomes were analyzed using linear regression to estimate marginal mean differences.
bDichotomous outcomes were analyzed using generalized linear models with a modified Poisson approach (log link and robust SEs) to estimate relative
risks.
cCount variables were analyzed using Poisson regression to estimate relative risks.

Discussion

This study aimed to identify and address barriers to COVID-19
testing and test the effectiveness of multiple eHealth
interventions on knowledge for people with varying health
literacy levels.

Principal Findings
Phase 1 identified a wide range of barriers to COVID-19 testing
that had not been previously described in the COVID-19
literature. These covered all 3 behavioral drivers in the COM-B
model. Phase 2 found that motivation and capability barriers
were far more prevalent than opportunity barriers in Australia
at the time of this study. Many barriers were reported as more
prevalent among people with lower health literacy. Phases 3
and 4 tested different ways to address capability and motivation

barriers. Phase 3 found no differences between standard
government text about COVID-19 testing and a tailored text
intervention that addressed many different barriers using health
literacy design principles. Phase 4 found that audio-visual
interventions to address key knowledge barriers are more
effective than written government information for improving
knowledge, but this was not enough to shift COVID-19 testing
intentions in adjusted analyses.

Comparison With Prior Work
Since our Australian research was conducted, new papers have
been published on the issue of COVID-19 testing, including the
move from PCR to rapid antigen tests (RATs). Survey,
interview, and media analysis studies have identified similar
capability, opportunity, and motivation barriers in other
countries, including the United States, the United Kingdom, the
United Arab Emirates, and Jordan [30-34], as well as in
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Australia (eg, in a recent qualitative study [35]). Sample
populations have included the general public, parents, university
students and staff, people experiencing homelessness, and
specific cultural groups [36-44]. This study is unique in terms
of mapping barriers to the COM-B theoretical framework,
estimating the prevalence of key barriers to testing in people
with diverse health literacy, and testing communication
interventions to address capability and motivation barriers. We
have shown that it is possible to increase COVID-19 testing
knowledge when key barriers are explicitly addressed using
simple audio-visual intervention formats that are cheap and
quick to produce. However, it is important to acknowledge that
a mass communication strategy will not address all barriers.

Interpretation and Implications
The results of this study provide new insights into identifying
and addressing behavioral barriers to COVID-19 testing, which
is central to understanding and controlling COVID-19 and future
pandemics. The large range of barriers identified in this study
reflects the fact that COVID-19 testing was a complex new
behavior at the time of the research, requiring a multifaceted
approach to improve uptake depending on key barriers in
different communities. Although the Australian PCR testing
system was free and widely accessible for the first 2 years of
the pandemic, the shift to using RATs introduced new
opportunity barriers that were not an issue at the time of these
studies. For example, it was very difficult to locate RATs during
a period of low supply and high demand in January 2022, and
there were issues with price gouging that made this unaffordable
for many Australians [45]. Government regulation and funded
RATs were subsequently introduced to limited groups, such as
schoolchildren and pensioners [46,47].

Future Research
The capability and motivation issues identified in this study
apply to PCR testing, but there are likely to be additional barriers
to RATs, which were not approved in Australia at the time of
the study. Different barriers encountered for RATs are being
investigated in subsequent research, including individuals’
ability to understand instructions, perform self-testing, and
interpret the results correctly (eg, see trial
ACTRN12622001517763). Concerns have been raised about
the misinterpretation of negative results from RATs, which have
a high error rate if the test is not used within the recommended
period after exposure to a COVID-19 case [48]. Another avenue
for further work is to partner with the media to avoid the
identification and stigmatization of individuals with positive
test results in future disease outbreaks [49]. Media reports and
anecdotal data from frontline health professionals may be a
useful way to quickly identify emerging local issues that could
inform the measurement of testing barriers to make them more
relevant to local communities.

Strengths and Limitations
This research began as an unfunded and rapidly developing
response to the COVID-19 pandemic. By addressing
methodological issues and building on the findings in each
phase, we were able to better target the final intervention and
show the value of audio-visual formats in addressing common

knowledge barriers among people with varying health literacy
needs.

Phase 1 identified the range of barriers to COVID-19 testing in
Australia for the first time, but the prevalence of the most
important barriers could not be ascertained from these findings
because of the reliance on open responses and a
nonrepresentative sample. The next phase addressed these
methodological issues. Phase 2 identified the prevalence of
barriers to COVID-19 testing in a nationally representative
sample and highlighted important health literacy disparities.
However, even the second phase was not representative of all
community groups, particularly those from culturally and
linguistically diverse backgrounds, which has been identified
as a key area of need in Australia and worldwide. We conducted
a separate survey with these groups using interpreters to conduct
the survey in phase 1 in preferred languages as a partnership
with the Western Sydney Local Health District [50-52].

In phase 3, the intervention’s highly tailored design meant that
there was considerable heterogeneity in the intervention
elements that participants received. This may have contributed
to the lack of observed effect. It is possible that there were
ceiling effects for testing intentions when participants assumed
that they would get tested when they were not currently or
recently thinking about the logistics of getting tested. It is also
possible that participants did not engage with the text-based
intervention content. We attempted to address these
methodological issues in the final phase 4 by focusing on a
consistent set of key knowledge barriers in a more targeted
group with lower baseline testing intentions (younger and lower
education), using a more engaging intervention format
(animation with text and audio and a social media–style video),
and including more sensitive measures of testing intention to
avoid potential biases.

The audio-visual interventions produced for phase 4 have
information that is specific to the Australian context and may
not be useful in other countries but can be used as a starting
point for new knowledge interventions. We found that a simple
and relatively cheap animation focused on key messages or a
TikTok-style video that incorporated humor was both effective
for increasing knowledge but not testing intentions. However,
the findings may not be generalizable to other contexts,
particularly where opportunity issues such as cost or physical
access to testing are a problem. We expect that there will be
additional barriers to RATs. Nevertheless, this study provides
a comprehensive list of testing barriers that may help us better
prepare for future variants or the next pandemic.

Conclusions
To prepare for future pandemics, capability, opportunity, and
motivation issues need to be addressed to increase testing
behaviors for novel viruses, particularly in groups with lower
health literacy. Audio-visual interventions can be used to address
key knowledge issues in target populations. Our findings support
broader advice from international experts on behavior change,
highlighting the importance of diagnosing behavioral barriers
to increase adherence to COVID-19 prevention behaviors.
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Abstract

Background: Although the association between social isolation and the risk of subsequent cardiovascular disease (CVD) is
well documented, most studies have only assessed social isolation at a single time point, and few studies have considered the
association using repeatedly measured social isolation.

Objective: This study aimed to examine the association between social isolation trajectories and incident CVD in a large cohort
of middle-aged and older adults.

Methods: This study used data from 4 waves (wave 1, wave 2, wave 3, and wave 4) of the China Health and Retirement
Longitudinal Study. We defined the exposure period as from June 2011 to September 2015 (from wave 1 to wave 3) and the
follow-up period as from September 2015 to March 2019 (wave 4). On the basis of the inclusion and exclusion criteria, our final
analytic sample included 8422 individuals who had no CVD in the China Health and Retirement Longitudinal Study in waves 1
to 3 and were fully followed up in wave 4. Social isolation was ascertained using an extensively used questionnaire at 3 consecutive,
biennial time points from waves 1 to 3, and individuals were assigned to 3 predefined social isolation trajectories based on their
scores at each wave (consistently low, fluctuating, and consistently high). Incident CVD included self-reported physician-diagnosed
heart disease and stroke combined. Cox proportional hazard models estimated the associations of social isolation trajectories with
risks of incident CVD, adjusting for demographics, health behaviors, and health conditions.

Results: Of the 8422 participants (mean age 59.76, SD 10.33 years at baseline), 4219 (50.09%) were male. Most of the participants
(5267/8422, 62.54%) had consistently low social isolation over time and 16.62% (1400/8422) of the participants had consistently
high social isolation over the exposure period. During the 4-year follow-up, 746 incident CVDs occurred (heart disease: 450
cases and stroke: 336 cases). Compared with individuals with consistently low social isolation, those with fluctuating social
isolation (adjusted hazard ratio 1.27, 95% CI 1.01-1.59) and consistently high social isolation (adjusted hazard ratio 1.45, 95%
CI 1.13-1.85) had higher risks for incident CVD after adjusting for demographics (ie, age, sex, residence, and educational level),
health behaviors (ie, smoking status and drinking status), and health conditions (ie, BMI; history of diabetes, hypertension,
dyslipidemia, chronic kidney disease; use of diabetes medications, hypertension medications, and lipid-lowering therapy; and
depressive symptoms scores).

Conclusions: In this cohort study, middle-aged and older adults with fluctuating and consistently high social isolation exposure
had higher risks of the onset of CVD than those without the exposure. The findings suggest that routine social isolation screenings
and efforts to improve social connectedness merit increased attention for preventing CVD among middle-aged and older adults.

(JMIR Public Health Surveill 2023;9:e45677)   doi:10.2196/45677
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Introduction

Background
Social isolation, defined as an objective reduction in social
network size and frequency of social contact, has been shown
to be a critical factor contributing to physical and mental health
risks [1]. Previous evidence has suggested that it is particularly
common in older adults, who may experience decreasing
economic resources, physical impairment, or the loss of
contemporaries, all of which can limit social contact [2,3]. As
the global population ages, there has been an increasing interest
in assessing the health effects of social isolation in older adults.
The impact of COVID-19 has amplified concerns regarding
social isolation among older adults, leading to greater public
health awareness [4,5]. In China, it is projected that the
proportion of empty-nest families (referring to older individuals
with no children or whose children have already left home) will
reach 90% [6], highlighting the need for increased attention to
social isolation among middle-aged and older adults.

Cardiovascular disease (CVD) is one of the leading causes of
global mortality and a major contributor to disability in older
adults [7]. Several epidemiological studies have examined the
association between social isolation and CVD; however, the
results have been inconsistent. Some prospective studies have
found that social isolation was associated with a higher risk of
developing CVDs, such as coronary heart disease [8], heart
failure [9], and stroke [10]. A meta-analysis with 16 cohorts
from Europe, North America, Australia, Japan, and Asian Russia
showed that social isolation and loneliness are associated with
approximately 30% higher risk of coronary heart disease and
stroke, even after controlling for age, sex, and socioeconomic
status [3]. However, a study that included individuals from the
UK Biobank found that the association between social isolation
and incident acute myocardial infarction or stroke was attenuated
after considering other risk factors, including biological factors
(BMI, diastolic and systolic blood pressure, and grip strength),
health behaviors (alcohol consumption, physical activity, and
smoking), depressive symptoms, socioeconomic factors
(education, household income, and Townsend Deprivation
Index), and history of chronic illness [11]. A study using data
from the English Longitudinal Study of Ageing (ELSA) did not
observe a significant association between social isolation and
incident CVD over a mean follow-up period of 5.4 years [12].
Similarly, another meta-analysis, including 5 longitudinal studies
from Australian adults, reported no association between social
isolation and the incidence of CVD [13]. Moreover, there is
increasing evidence that social isolation is associated with CVD
risk factors such as increased hypertension, smoking,
psychological factors (eg, depression), and biological
mechanisms (eg, inflammation and stress reactivity) [14-16].
It has been well established that lifestyle [17] and health
conditions [18] are associated with an increased risk of CVD
outcomes, and therefore, the confounding or covariate influences
of these factors on the association between social isolation and
incident CVD should be considered when estimating the
aforementioned association between social isolation and CVD.

Moreover, the level of exposure to social isolation may be
dynamic and change over time, with some individuals
experiencing long-term social isolation, whereas others
experiencing a temporary increase in social isolation [19].
However, prior studies evaluating the association between social
isolation and CVD have used social isolation at only a single
time point [8-11], which may not provide a complete picture of
the role of social isolation in CVD risk. An in-depth
understanding of social isolation trajectories may provide clues
for identifying individuals with different time-varying levels
(eg, consistently high, fluctuating, or consistently low) over
their life course. To reduce the risk of CVD in middle-aged and
older people, it is crucial to identify its association with social
isolation to facilitate research into the development of targeted
prevention or early intervention programs.

Objectives
Therefore, to address this research gap, using the nationally
representative data from the China Health and Retirement
Longitudinal Study (CHARLS), we conducted longitudinal
analyses to assess the associations of social isolation trajectories
over a period of 4 years with incident CVD among the
middle-aged and older Chinese population.

Methods

Study Population
This cohort study used data from CHARLS, an ongoing
nationally representative cohort study of Chinese adults aged
≥45 years and their families, which has been previously
described in detail [20]. The baseline survey was conducted
between June 2011 and March 2012 using a multistage stratified
probability-proportional-to-size (PPS) sampling method. In the
first stage, 150 county-level units were randomly selected using
a PPS sampling technique from a sampling frame containing
all county-level units except Tibet. The sample was stratified
by region and within each region by urban districts or rural
counties and per capita gross domestic product statistics. The
final sample of 150 counties was distributed across 28 provinces.
The study sample used the lowest level of government
organization consisting of administrative villages (cun in
Chinese) in rural areas and neighborhoods (shequ or juweihui
in Chinese) in urban areas as primary sampling units. A total
of 3 primary sampling units within each county-level unit were
selected using PPS sampling. At baseline, face-to-face
computer-assisted personal interview data were collected from
17,708 participants in 10,257 households, who were recruited
from 450 villages and resident communities across China. The
response rate of the baseline survey was 80.5%. All participants
were followed up every 2 years after the baseline survey using
a face-to-face computer-assisted personal interview [20]. The
CHARLS data include 4 waves of data (June 2011 to March
2019). We defined from June 2011 to September 2015 (from
T1 to T3) as our exposure period (where T1 refers to wave 1,
T2 to wave 2, and T3 to wave 3) and from September 2015 to
March 2019 (T4, wave 4) as our follow-up period. On the basis
of our inclusion and exclusion criteria, our final analytic sample
included 8422 individuals who did not have CVD in CHARLS
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in waves 1 to 3 and were fully followed up in wave 4. Detailed process of participant selection is presented in Figure 1.

Figure 1. Flow diagram of participants included in the study. A total of 14,522 individuals had data available for waves 1-3. Individuals could be
excluded due to multiple reasons. CHARLS: China Health and Retirement Longitudinal Study; CVD: cardiovascular disease.

Primary Exposure—Social Isolation Trajectories
In each biennial questionnaire, a social isolation index was
generated based on social network ties and social activity or
engagement [21]. Consistent with previous literature [22,23],
the index consists of 4 indicators: currently unmarried (never
married, separated, divorced, and widowed), living alone, having
less than weekly contact (face-to-face, telephone, or email) with
their children, and participating in social activities less than
once a month. Detailed definitions of each indicator are provided
in Methods in Multimedia Appendix 1 [22-27]. By summing
the indicators, the total score ranged from 0 to 4, with higher
scores indicating a greater level of social isolation. We
performed Bartley sphericity test to analyze the validity structure
of the social isolation index, and the P values across the first 3
waves were <.001. The rejection of the null hypothesis of
Bartley sphericity test suggests that the validity structure of the
social isolation index was good [28]. Participants were further
categorized as nonisolated (score <2) and isolated (score ≥2)
[22,23,29]. We created social isolation trajectories using the
dichotomized social isolation variable for each wave (isolated
vs nonisolated) [30]. Guided by theory and prior empirical work,
we constructed 3 social isolation trajectories (consistently low,
fluctuating, and consistently high) a priori based on
combinations of social isolation status across the first 3 waves
(wave 1 to 3) [31]. Consistently high was defined as isolated at
3 time points across the assessment period, consistently low
was defined as nonisolated at 3 time points, and fluctuating
encompassed the other social isolation trajectories that did not
fit the above classifications. A visual depiction of the trajectories
is provided in Table S1 in Multimedia Appendix 1.

CVD Outcomes
Incident CVD events were defined as the first occurrence of
CVD during the follow-up period. In line with previous literature
using CHARLS data [32,33], incident CVD events, including
heart disease and stroke, were measured using the following
standardized questions: “Have you been told by a doctor that
you have been diagnosed with a heart attack, coronary heart
disease, angina, congestive heart failure, or other heart
problems?” or “Have you been told by a doctor that you have
been diagnosed with a stroke?” Participants who reported heart
disease or stroke during the follow-up period were defined as
having an incident CVD.

Covariates
At baseline, information on the sociodemographic status and
health-related factors was collected by trained interviews using
a structured questionnaire. Demographic variables included age,
sex, area of residence (rural or urban), and educational level
(no formal education, primary school or below, middle or high
school, and college or above). Health-related factors included
smoking and drinking status (never, former, and current), BMI,
depressive symptoms, hypertension, diabetes, dyslipidemia,
chronic kidney disease, and the use of medications or therapies
for hypertension, diabetes, and dyslipidemia. Detailed definitions
of the covariates are provided in Multimedia Appendix 1.

Depressive symptoms were assessed using the 10-item Center
for Epidemiology Scale for Depression (CESD-10), which has
been validated and widely used among Chinese adults [34]. The
CESD-10 consists of 10 items: (1) bothered by little things, (2)
had trouble concentrating, (3) felt depressed, (4) everything was
an effort, (5) felt hopeful, (6) felt fearful, (7) sleep was restless,
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(8) felt happy, (9) felt lonely, and (10) could not get going. Each
depressive symptom item in the past week was measured from
0 (rarely or none of the time [<1 day]) to 3 (most or all of the
time [5-7 days]). The sum of CESD-10 scores ranges from 0 to
30, with higher scores indicating a higher level of depressive
symptoms severity. A total score of ≥12 was used as the cutoff
for having depressive symptoms [35]. Of note, subjective
loneliness was measured using the CESD-10.

A subgroup of 5196 CHARLS participants underwent
measurements of metabolic biomarkers, including fasting plasma
glucose, total cholesterol, low-density lipoprotein cholesterol,
high-density lipoprotein cholesterol, triglycerides,
high-sensitivity C-reactive protein (hs-CRP), and serum
creatinine. The estimated glomerular filtration rate was
calculated using the Chronic Kidney Disease Epidemiology
Collaboration’s 2009 creatinine equation [36].

Statistical Analysis
Data were described as mean (SD) or median (IQR) for
continuous variables, and frequency with percentage was used
to describe categorical variables. First, baseline characteristics
were summarized based on the social isolation trajectory group
and compared between participants using the chi-square test,
ANOVA, or Kruskal-Wallis test, as appropriate. Second, we
computed the incidence rates of CVD per 1000 person-years in
CHARLS. We also calculated the follow-up time as the time
elapsed from the date of the last interview, either the date of
CVD diagnosis or the date of the latest interview (March 2019)
in which the individual participated. Cox proportional hazard
models estimated the hazard ratios (HRs) and 95% CIs for the
associations between the social isolation trajectory group and
incident CVD using the consistently low social isolation
trajectory as the reference. Four models were estimated: model
1, an unadjusted model; in model 2, age and sex were adjusted;
in model 3, age, sex, residence, educational level, smoking
status, and drinking status were adjusted; and in model 4, the
variables in model 3 plus BMI; history of diabetes, hypertension,
dyslipidemia, and chronic kidney disease; use of diabetes
medications, hypertension medications, and lipid-lowering
therapy; and depressive symptoms scores were adjusted. We
used interaction items and subgroup analyses to assess whether
the potential association between the social isolation trajectory
group and incident CVD was moderated by the following
characteristics: age, sex, residence, educational level, smoking
status, drinking status, diabetes, hypertension, dyslipidemia,
chronic kidney disease, BMI, and depressive symptom scores.
Four sensitivity analyses were conducted to assess the robustness
of our study findings: (1) we further adjusted for metabolic
biomarkers in the subgroup of 5196 participants who underwent
metabolic examinations, (2) we additionally adjusted for health
conditions and behaviors at wave 3 (T3) to estimate changes in
associations due to potentially mediating health behavioral
pathways, (3) we repeated analyses using the complete data set
(7472 participants), and (4) we used inverse-probability
weighting to examine the impact of potential selection bias by

excluding individuals based on our exposure period [37]. All
analyses were conducted using Stata (version 17.0; StataCorp)
and R (version 4.2.1; R Foundation for Statistical Computing).
Two-sided P<.05 was considered statistically significant.

Ethics Approval
The CHARLS study was approved by the Biomedical Ethics
Review Committee of Peking University (IRB00001052-11015),
and ethics approval for the use of the CHARLS data was
obtained from the University of Newcastle Human Research
Ethics Committee. This study was conducted in accordance
with the Strengthening the Reporting of Observational Studies
in Epidemiology reporting guidelines. All procedures were
performed in accordance with the principles of the Declaration
of Helsinki. Written informed consent was obtained from all
the participants.

Results

Characteristics of Participants
Of the 8422 participants included in the primary analyses, the
mean age of the study population at baseline was 59.76 (SD
10.33) years, and the proportion of male participants was
50.09% (4219/8422). Although the differences between included
and excluded participants were relatively small, participants
excluded from analyses were older and were more likely to be
female; live in rural areas; and have a lower educational level,
higher depressive symptoms scores, and lower BMI (Table S2
in Multimedia Appendix 1). Table 1 describes the characteristics
of the participants according to their social isolation trajectory
group. Among these middle-aged and older adults, the majority
(5267/8422, 62.54%) had consistently low social isolation over
time and 16.62% (1400/8422) had consistently high social
isolation over the exposure period. Individuals with consistently
high versus consistently low social isolation were more likely
to be older (mean age 66.08, SD 10.55 years vs mean age 58.41,
SD 9.88 years; P<.001), be female (811/1400, 57.93% vs
2592/5267, 49.21%; P<.001), live in rural area (1241/1400,
88.64% vs 3868/5267, 73.44%; P<.001), have no formal
education (908/1400, 64.86% vs 2029/5267, 38.52%; P<.001),
be a nonsmoker (855/1400, 61.07% vs 3130/5267, 59.42%;
P=.04), be a nondrinker (897/1400, 64.07% vs 3148/5267,
59.77%; P=.002), have higher CESD-10 scores (mean 10.41,
SD 6.70 vs mean 7.67, SD 5.98), have a history of hypertension
(602/1400, 43% vs 1866/5267, 35.43%; P<.001), less use of
diabetes mediations (29/1400, 2.07% vs 184/5267, 3.49%;
P=.02), have higher systolic pressure (mean 135.65, SD 27.09
mm Hg vs mean 130.36, SD 24.88 mm Hg), have lower
triglyceride (mean 118.71, SD 96.77 mg/dL vs mean 131.32,
SD 101.87 mg/dL; P=.002) but higher high-density lipoprotein
cholesterol (mean 54.11, SD 15.94 mg/dL vs mean 50.93, SD
15.28 mg/dL; P<.001), and have a lower estimated glomerular

filtration rate (mean 88.42, SD 28.99 mL/min/1.73 m2 vs mean

91.98, SD 36.09 mL/min/1.73 m2; P=.02).
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Table 1. Characteristics of the participants according to social isolation trajectory group.

P valueaSocial isolation trajectory groupOverall (N=8422)Characteristics

Consistently high
(n=1400)

Fluctuating
(n=1755)

Consistently low
(n=5267)

<.00166.08 (10.55)58.78 (9.57)58.41 (9.88)59.76 (10.33)Age (years), mean (SD)

<.001589 (42.07)955 (54.41)2675 (50.79)4219 (50.09)Sex, male, n (%)

<.001Area of residenceb, n (%)

1241 (88.64)1508 (85.93)3868 (73.43)6617 (78.57)Rural

158 (11.28)247 (14.07)1398 (26.54)1803 (21.41)Urban

<.001Educational levelb, n (%)

908 (64.86)761 (43.36)2029 (38.52)3698 (43.91)No formal education

281 (20.07)442 (25.18)1213 (23.03)1936 (22.99)Primary school or below

201 (14.36)529 (30.14)1843 (34.99)2573 (30.55)Middle or high school

10 (0.71)21 (1.2)177 (3.36)208 (2.47)College or above

.04Smoking statusb, n (%)

855 (61.07)1079 (61.48)3130 (59.43)5064 (60.13)Nonsmoker

136 (9.71)172 (9.8)454 (8.62)762 (9.05)Former smoker

394 (28.14)486 (27.69)1623 (30.81)2503 (29.72)Current smoker

.002Drinking statusb, n (%)

897 (64.07)1001 (57.04)3148 (59.77)5046 (59.91)Nondrinker

171 (12.21)261 (14.87)740 (14.05)1172 (13.91)Former drinker

329 (23.5)491 (27.98)1368 (25.97)2188 (25.98)Current drinker

<.00110.41 (6.7)8.45 (6.34)7.67 (5.98)8.27 (6.25)Depressive symptoms scoresb,c, mean
(SD)

Health conditions (yes), n (%)

.78145 (10.36)191 (10.88)542 (10.29)878 (10.42)Diabetes

<.001602 (43)598 (34.07)1866 (35.43)3066 (36.4)Hypertension

.37387 (27.64)516 (29.4)1556 (29.54)2459 (29.2)Dyslipidemia

.5076 (5.43)110 (6.27)294 (5.58)480 (5.7)Chronic kidney disease

History of medication use (yes)b, n (%)

.0229 (2.1)54 (3.08)184 (3.49)267 (3.17)Diabetes medications

.003238 (17.2)241 (13.73)906 (17.2)1385 (16.44)Hypertension medications

.3345 (3.3)70 (3.99)215 (4.08)330 (3.92)Lipid-lowering therapy

.1823.13 (2.54)23.32 (2.25)23.19 (2.47)23.21 (2.44)BMI (kg/m2), mean (SD)

Blood pressure (mm Hg), mean (SD)

<.001135.65 (27.09)129.57 (23.84)130.36 (24.88)131.11 (25.14)Systolic pressure

.0275.39 (12.43)75.27 (12.02)76.18 (12.08)75.85 (12.13)Diastolic pressure

Metabolic biomarkersd

.16108.29 (28.25)107.80 (29.48)109.83 (36.14)109.11 (33.48)Fasting plasma glucose (mg/dL),
mean (SD)

.245.23 (0.67)5.24 (0.70)5.28 (0.83)5.26 (0.78)HbA1c (%), mean (SD)

.50195.63 (38.23)193.71 (36.69)194.19 (37.93)194.34 (37.71)Total cholesterol (mg/dL), mean (SD)

.002118.71 (96.77)125.14 (85.54)131.32 (101.87)127.75 (97.66)Triglyceride (mg/dL), mean (SD)
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P valueaSocial isolation trajectory groupOverall (N=8422)Characteristics

Consistently high
(n=1400)

Fluctuating
(n=1755)

Consistently low
(n=5267)

<.00154.11 (15.94)52.25 (15.22)50.93 (15.28)51.78 (15.42)High-density lipoprotein (mg/dL),
mean (SD)

.56118.90 (35.11)117.22 (34.31)117.91 (34.58)117.92 (34.61)Low-density lipoprotein (mg/dL),
mean (SD)

.151.01 (1.78)0.92 (1.36)1.04 (1.68)1.00 (1.63)hs-CRPe (mg/L), median (IQR)

.0288.42 (28.99)89.36 (31.72)91.98 (36.09)90.82 (34.11)eGFRf (mL/min/1.73 m2), mean (SD)

aP value was based on the chi-square test, ANOVA, or the Kruskal-Wallis test where appropriate.
bMissing data: 1 for the area of residence, 7 for educational level, 93 for smoking, 16 for drinking, 629 for depressive symptoms scores, 67 for diabetes
medications, 37 for hypertension medications, and 178 for lipid-lowering therapy.
cDepressive symptom scores were measured using the 10-item Center for Epidemiology Scale for Depression, ranging from 0 to 30, with higher scores
indicating a higher level of depressive symptom severity.
dMeasured in the subpopulation of 5196 participants.
ehs-CRP: high-sensitivity C-reactive protein.
feGFR: estimated glomerular filtration rate.

Associations of Social Isolation With Incident CVD
During the follow-up period between 2015 and 2019, a total of
746 incident CVDs occurred (heart disease: 450 cases and
stroke: 336 cases). The incidence rate of CVD was 28.14 per
1000 person-years among individuals with consistently low
social isolation, 34.81 per 1000 person-years among the
fluctuating social isolation group, and 35.26 per 1000
person-years among those with consistently high social isolation.
Table 2 shows that after adjusting for covariates in models 2 to
4, compared with individuals with consistently low social
isolation (reference), those with fluctuating social isolation
(adjusted HR 1.27, 95% CI 1.01-1.59; model 4) and those with
consistently high social isolation (adjusted HR 1.45, 95% CI
1.13-1.85; model 4) had a higher risk for incident CVD. For
CVD components, compared with the reference group,
individuals with fluctuating social isolation (adjusted HR 1.59,
95% CI 1.16-2.17; model 4) and those with consistently high
social isolation (adjusted HR 1.75, 95% CI 1.25-2.47; model
4) had a higher risk of stroke, but not heart disease (Table 2).

As shown in Figure 2, the association between the social
isolation trajectory group and incident CVD events was not
moderated by age, sex, residence, smoking status, drinking
status, diabetes, hypertension, dyslipidemia, chronic kidney

disease, BMI, and depressive symptoms scores. The association
between consistently high social isolation and incident CVD
was significant among participants with middle or high school
or above educational level (adjusted HR 2.02, 95% CI 1.25-3.27;
P=.03 for interaction). Moreover, we assessed the risk of
incident CVD between fluctuating and consistently high social
isolation subgroups. As shown in Table 3, we found that
compared with individuals with fluctuating social isolation,
those with consistently high social isolation were not
significantly associated with an increased risk of incident CVD
(P>.05).

Intercorrelations of the metabolic biomarkers used in this study
are presented in Table S3 in Multimedia Appendix 1. Sensitivity
analyses showed that after further adjusting for metabolic
biomarkers, the associations of fluctuating social isolation and
consistently high social isolation with incident stroke remained
statistically significant (Table S4 in Multimedia Appendix 1).
Our findings were not largely attenuated by health conditions
and behaviors at wave 3 (Table S5 in Multimedia Appendix 1),
and similar results were found when complete data analyses
were performed (Table S6 in Multimedia Appendix 1) or using
inverse-probability weighting (Table S7 in Multimedia
Appendix 1).
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Table 2. Cox proportional hazard ratios (HRs) for the association of social isolation trajectories with incident cardiovascular disease (CVD).

HR (95% CI)Incidence rate (per
1000 person-years)

Number of cases,
n

Outcome

Model 4dModel 3cModel 2bModel 1a

CVD

Social isolation trajectory group

1.00 (reference)1.00 (reference)1.00 (reference)1.00 (reference)28.14428Consistently low

1.27 (1.01-1.59)1.25 (1.00-1.55)1.26 (1.02-1.56)1.26 (1.02-1.56)34.81175Fluctuating

1.45 (1.13-1.85)1.38 (1.09-1.75)1.40 (1.11-1.76)1.45 (1.16-1.80)35.26143Consistently high

Heart disease

Social isolation trajectory group

1.00 (reference)1.00 (reference)1.00 (reference)1.00 (reference)17.77273Consistently low

1.03 (0.75-1.40)1.04 (0.74-1.43)1.07 (0.77-1.49)1.06 (0.83-1.47)20.24103Fluctuating

1.11 (0.78-1.58)1.06 (0.79-1.43)1.11 (0.83-1.48)1.10 (0.83-1.47)18.0874Consistently high

Stroke

Social isolation trajectory group

1.00 (reference)1.00 (reference)1.00 (reference)1.00 (reference)11.60181Consistently low

1.59 (1.16-2.17)1.44 (1.06-1.96)1.43 (1.05-1.93)1.43 (1.06-1.94)15.4180Fluctuating

1.75 (1.25-2.47)1.68 (1.21-2.32)1.66 (1.21-2.27)1.83 (1.36-2.47)18.0875Consistently high

aModel 1 was an unadjusted model.
bModel 2 was adjusted for age and sex.
cModel 3 was adjusted for age, sex, residence, educational level, smoking status, and drinking status.
dModel 4 was adjusted as model 3 plus BMI; history of diabetes, hypertension, dyslipidemia, chronic kidney disease; use of diabetes medications,
hypertension medications, lipid-lowering therapy; and depressive symptoms scores.
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Figure 2. Longitudinal association of social isolation trajectories with incident cardiovascular disease (CVD) during the follow-up period. Graphs show
hazard ratios (HRs) and 95% CIs for (A) CVD, (B) heart disease, and (C) stroke, adjusted for age; sex; residence; educational level; smoking status;
drinking status; BMI; history of diabetes, hypertension, dyslipidemia, and chronic kidney disease; use of diabetes medications, hypertension medications,
and lipid-lowering therapy; and depressive symptoms scores. *Consistently low social isolation (reference).
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Table 3. Cox proportional hazard ratios (HRs) for the association of social isolation trajectories with incident cardiovascular disease (CVD).

HR (95% CI)Incidence rate (per
1000 person-years)

Number of cases,
n

Outcome

Model 4dModel 3cModel 2bModel 1a

CVD

Social isolation trajectory group

1.00 (reference)1.00 (reference)1.00 (reference)1.00 (reference)34.81175Fluctuating

1.12 (0.83-1.50)1.11 (0.84-1.47)1.10 (0.83-1.45)1.15 (0.88-1.48)35.26143Consistently high

Heart disease

Social isolation trajectory group

1.00 (reference)1.00 (reference)1.00 (reference)1.00 (reference)20.24103Fluctuating

1.08 (0.70-1.65)0.97 (0.65-1.46)0.96 (0.64-1.43)0.96 (0.66-1.40)18.0874Consistently high

Stroke

Social isolation trajectory group

1.00 (reference)1.00 (reference)1.00 (reference)1.00 (reference)15.4180Fluctuating

1.09 (0.74-1.62)1.20 (0.82-1.75)1.19 (0.82-1.73)1.28 (0.90-1.81)18.0875Consistently high

aModel 1 was an unadjusted model.
bModel 2 was adjusted for age and sex.
cModel 3 was adjusted for age, sex, residence, educational level, smoking status, and drinking status.
dModel 4 was adjusted as model 3 plus BMI; history of diabetes, hypertension, dyslipidemia, chronic kidney disease; use of diabetes medications,
hypertension medications, and lipid-lowering therapy; and depressive symptoms scores.

Discussion

Principal Findings
In this cohort study of middle-aged and older Chinese adults,
individuals in the fluctuating and consistently high social
isolation trajectory groups had a 27% and 45% higher risk for
developing incident CVD than those with consistently low social
isolation. The association between consistently high social
isolation and incident CVD remained statistically significant
after demographics, baseline health behaviors and conditions,
and baseline depressive symptoms (including loneliness
measurement) had been taken into account in multivariable
models. However, after further adjusting for metabolic
biomarkers, only the associations of fluctuating social isolation
and consistently high social isolation with incident stroke
remained statistically significant.

Several cross-sectional and longitudinal studies have suggested
that the presence of social isolation is associated with a higher
risk of coronary heart disease, heart failure [9], stroke [10],
CVD diagnoses [38-40], and CVD risks [41]. Nagayoshi et al
[10] demonstrated that community-dwelling men and women
in the United States who reported having a small social network
had an approximately 40% greater risk of incident stroke
compared with their counterparts who reported a large social
network, even after adjusting for demographics, socioeconomic
variables, behavioral risk factors, and major stroke risk factors.
Freak-Poli et al [40] reported a positive association between
social isolation and incident CVDs, particularly stroke.
However, these studies only assessed social isolation at a single
time point, which may not provide a complete picture of the
role of social isolation over the life span. In reality, the level of

exposure to social isolation may be dynamic and vary over time
[19]. Our study observed that 62.54% (5267/8422) of the study
population had consistently low social isolation, 16.62%
(1400/8422) had consistently high social isolation, and 20.83%
(1755/8422) had fluctuating social isolation over the exposure
period. Research on the longitudinal association between social
isolation trajectories and CVD events is limited. Our study used
repeated measures of social isolation and found that repeated
occurrences of social isolation (ie, consistently high social
isolation) may increase the risk of incident CVD, particularly
stroke. The potential mechanisms underlying the association
include elevated adrenaline levels in the blood, increased
sympathetic nervous system activity, dysregulated heart rate
and blood pressure, and modulated cardiovascular reactivity,
a s  w e l l  a s  t h e  a c t i v a t i o n  o f  t h e
hypothalamic-pituitary-adrenocortical axis and the sympathetic
nervous system, or dysregulated inflammation [14,15,42]. In
addition, social isolation is associated with unhealthy behavioral
factors (eg, smoking, drinking, obesity, and lack of medication
compliance) and psychological status (eg, depression), which
may increase vascular risk and are considered CVD risk factors
[43-47]. Consistent with previous literature [42,48-50], our
study also observed that individuals in the consistently high
social isolation group were more likely to be older, be female,
live in more deprived areas, have higher systolic pressure, have
higher depressive symptoms scores, and have poor medication
compliance relative to those with consistently low social
isolation. Our adjusted Cox regression models indicated that
these factors might modestly explain the observed association
between social isolation and CVD events. Furthermore, our
sensitivity analysis, which was additionally adjusted for health
conditions and behaviors at wave 3, resulted in attenuated risk
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estimates. Similarly, a large-scale prospective study using data
from the UK Biobank reported that the association of social
isolation with acute myocardial infarction and stroke was
attenuated after adjusting for demographics, biological factors,
health behaviors, and depressive symptoms [11]. Another
large-scale prospective study using data from the UK Biobank
and Million Women’s study found that after controlling for
established cardiovascular risk factors (eg, age, sex, and
self-rated health) and health behaviors, no significant overall
association between social isolation and nonfatal coronary heart
disease and stroke was observed. However, in contrast, social
isolation had clear associations with fatal coronary heart disease
and stroke [49]. Furthermore, the association between social
isolation and increased levels of inflammatory biomarkers, such
as hs-CRP, are well documented [51,52]. In this study, after
adjusting for hs-CRP and other metabolic biomarkers, the
association of fluctuating social isolation and consistently high
social isolation with incident stroke remained significant,
suggesting that these findings are robust. Apart from the
abovementioned mechanisms linking social isolation and CVD
events, there may also be trajectory-specific mechanisms that
require further investigation.

In addition, our study found that the association between the
social isolation trajectory group and incident CVD events was
not moderated by age, sex, residence, smoking status, drinking
status, diabetes, hypertension, dyslipidemia, chronic kidney
disease, BMI, and depressive symptoms scores. Only
educational level modestly moderated the association between
social isolation and incident CVD, with the highest HR observed
in individuals with middle or high school education or above
educational level. Similarly, Cené et al [9] did not observe the
moderation effects of age, race, and ethnicity on the association
between social isolation and incident heart failure among older
women in the United States. Bu et al [39] reported no evidence
of a moderation effect of age, sex, socioeconomic status, and
CVD risk (established by obesity, high cholesterol, hypertension,
diabetes, smoking, diet, physical activity, abnormal sleep, and
depression) on the association between social isolation and CVD
events among participants from the ELSA. Although we have
no clear explanation for this finding, our study indicates that
the social isolation trajectory and incident CVD may not differ
in individuals with different ages, sexes, residences, BMI, or
other abovementioned characteristics. However, for individuals
with higher educational levels, the influences of social isolation
trajectory on incident CVD may be greater than that for those
with lower education levels. Nevertheless, the observed
moderation effects of educational level or other unobserved
findings still require further investigation.

Our study also found that individuals in the consistently high
social isolation group did not have a higher risk of incident
CVD than those with fluctuating social isolation. This result
may be because individuals with fluctuating social isolation
may also have increased risks of other health conditions, such
as depressive symptoms, hypertension, and obesity, which may,
in turn, increase their risk of developing CVDs [53,54].
Moreover, the fluctuating social isolation trajectory group in
our study included a subgroup of individuals who were older,
lived in rural areas, and had higher depressive symptoms scores

than those with consistently low social isolation. On the basis
of our findings, we recommend early identification and lifestyle
interventions for socially isolated individuals as a means of
combating CVDs and promoting healthy aging, with particular
attention paid to the persistent occurrence of social isolation.
Future research is needed to examine how frequently social
isolation should be assessed and how many assessments would
be sufficient to present the course of social isolation to determine
high-risk groups for CVDs.

Strengths and Limitations
The strengths of our study include its prospective design,
repeated measures of social isolation, a long follow-up period,
and a wide range of covariates that include health conditions
and behaviors and metabolic biomarkers. Repeated social
isolation measurements over a long exposure period can
minimize the likelihood of reverse causation or the potential
bidirectionality of the estimated association between social
isolation and CVD event. However, this study has several
limitations. First, the diagnosis of CVD relied on self-reported
data, which may be subject to reporting bias. Although medical
records were not available in the CHARLS [33], previous
large-scale studies using data from the Health and Retirement
Study [55] or the ELSA [56] found that self-reported CVDs
correspond well with CVDs coded according to the International
Classification of Diseases in medical records. Second,
individuals with missing social isolation measures and those
who experienced CVD during the exposure assessment period
were excluded from the analyses, which may limit the
generalizability of our findings to middle-aged and older adults.
Third, the predefined trajectory group definition of social
isolation in our study may be only one possible representation
of the accumulative progression of social isolation over time.
Fourth, our study sample only included Chinese adults, and
therefore our study findings may not be fully generalizable to
other ethnicities. Fifth, although our social isolation index was
based on previous research [22,23], it was not a standardized
scale or instrument. Sixth, our analyses did not consider physical
activity as a covariate because it was not assessed using a
standardized scale and may be an intermediate variable between
social isolation and CVD [57-61]. Finally, in one of our
sensitivity analyses presented in Table S4 in Multimedia
Appendix 1, all metabolic biomarkers were adjusted to test the
robustness of our main findings. However, some of these
markers appeared to be moderately correlated, which may have
led to collinearity issues.

Conclusions
In this cohort study, both fluctuating and consistently high social
isolation exposure were associated with a higher risk of incident
CVD among middle-aged and older Chinese adults, especially
for stroke. Our findings provide new evidence supporting the
longitudinal link between social isolation trajectories and CVD,
highlighting the importance of routine screening for social
isolation, and providing preventive or intervention strategies to
both fluctuate isolated or consistently isolated individuals to
reduce the incidence of CVD and promote healthy aging. In
addition, our results suggest that efforts to improve social
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connectedness and reduce social isolation among middle-aged and older adults are recommended.
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Abstract

Background: Rapid increases in the morbidity and mortality of patients with upper gastrointestinal cancer (UGC) in high-incidence
countries in Asia have raised public health concerns. Screening can effectively reduce the incidence and mortality of patients
with UGC, but the low population uptake rate seriously affects the screening effect.

Objective: We aimed to determine the characteristics that influence residents’ preference heterogeneity for a UGC-screening
program and the extent to which these characteristics predict residents’ uptake rates.

Methods: A discrete choice experiment was conducted in 1000 residents aged 40-69 years who were randomly selected from
3 counties (Feicheng, Linqu, and Dongchangfu) in Shandong Province, China. Each respondent was repeatedly asked to choose
from 9 discrete choice questions of 2 hypothetical screening programs comprising 5 attributes: screening interval, screening
technique, regular follow-up for precancerous lesions, mortality reduction, and out-of-pocket costs. The latent class logit model
was used to estimate residents’ preference heterogeneity for each attribute level, their willingness to pay, and the expected uptake
rates.

Results: Of the 1000 residents invited, 926 (92.6%) were included in the final analyses. The mean age was 57.32 (SD 7.22)
years. The best model contained 4 classes of respondents (Akaike information criterion=7140.989, Bayesian information
criterion=7485.373) defined by different preferences for the 5 attributes. In the 4-class model, out of 926 residents, 88 (9.5%)
were assigned to class 1, named as the negative latent type; 216 (3.3%) were assigned to class 2, named as the positive integrated
type; 434 (46.9%) were assigned to class 3, named as the positive comfortable type; and 188 (20.3%) were assigned to class 4,
named as the neutral quality type. For these 4 latent classes, “out-of-pocket cost” is the most preferred attribute in negative latent
type and positive integrated type residents (45.04% vs 66.04% importance weights), whereas “screening technique” is the most
preferred factor in positive comfortable type residents (62.56% importance weight) and “screening interval” is the most valued
attribute in neutral quality type residents (47.05% importance weight). Besides, residents in different classes had common
preference for painless endoscopy, and their willingness to pay were CNY ¥385.369 (US $59.747), CNY ¥93.44 (US $14.486),
CNY ¥1946.48 (US $301.810), and CNY ¥3566.60 (US $552.961), respectively. Residents’ participation rate could increase by
more than 89% (except for the 60.98% in class 2) if the optimal UGC screening option with free, follow-up for precancerous
lesions, 45% mortality reduction, screening every year, and painless endoscopy was implemented.

Conclusions: Public preference heterogeneity for UGC screening does exist. Most residents have a positive attitude toward
UGC screening, but their preferences vary in selected attributes and levels, except for painless endoscopy. Policy makers should
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consider these heterogeneities to formulate UGC-screening programs that incorporate the public’s needs and preferences to
improve participation rates.

(JMIR Public Health Surveill 2023;9:e42898)   doi:10.2196/42898

KEYWORDS

upper gastrointestinal cancer; screening programs; discrete choice experiment; latent class logit model; public preference
heterogeneity; uptake rate

Introduction

Upper gastrointestinal cancer (UGC; including gastric cancer
and esophageal cancer) is one of the most common malignant
neoplasms worldwide, and 1.60 million new UGC cases were
reported and 1.31 million UGC deaths occurred in 2020, with
China alone accounting for more than half of the cases and
deaths, respectively [1]. Among patients diagnosed with UGC,
the 5-year survival rate is approximately 30% [2]. The main
reason for the poor prognosis is that most patients are diagnosed
at an advanced stage when tumors are not resectable and
nonsurgical therapeutic modalities are ineffective [3].
Nevertheless, UGC can be detected and treated with endoscopic
screening at an earlier stage, with a survival rate of >90% [4].
Endoscopic screening, the gold standard for the early diagnosis
of UGC, has been widely adopted in many countries and proven
to be highly effective in reducing the morbidity and mortality
rates of UGC [5,6]. Furthermore, recent studies have confirmed
that endoscopic screening is a more cost-effective screening
method for UGC than no screening [7-9]. However, the
effectiveness of endoscopic screening is reduced by the low
population uptake rate.

In some high-income countries, such as Japan and South Korea,
the participation rate is lower than 50% despite the launch of
nationwide endoscopic screening programs for gastric cancer
for a long time [10,11]. Similarly, as a low-income country with
high UGC incidence and mortality, China has performed
endoscopic screening for patients with gastric cancer and
esophageal cancer in more than 110 high-risk areas throughout
the country since 2005, but residents’ compliance to date was
still only 48.62% [6]. This low uptake rate for UGC screening
has become a huge public health challenge and needs to be
addressed to maximize the benefits that can be achieved by
endoscopic screening. Recent studies have shown that the
characteristics (attributes and levels) of the UGC-screening
program may impact whether individuals participate in the
screening [12-16]. Nevertheless, if and how these characteristics
affect residents’ screening preferences remains poorly
understood.

The discrete choice experiment (DCE) is a stated preference
method that has been used from 1990s to obtain individuals’
preferences for health care and for a wide range of health care
topics [17]. In a DCE, participants are presented with alternative
options that are systematically described according to several
attributes and are asked to make a choice among these options
[18]. Their choice can be analyzed using a discrete choice
model. The latent class logit (LCL) model is the most commonly
used choice model for exploring individuals’ preference
heterogeneity, which permits the potential classification of the

target population and estimation of their preference
heterogeneity in different classes [19]. However, to date, no
published studies have used LCL to explore individuals’
UGC-screening preference heterogeneity.

Therefore, in this study, we constructed a DCE and used the
LCL model to elicit public preference heterogeneity regarding
UGC-screening programs and explore the influence of personal
characteristics on the variation, willingness to pay (WTP), and
uptake rate in their choices. These results will be helpful for
policy makers in understanding the heterogeneity of public
preferences, resulting in a sustainable and effective
UGC-screening policy.

Methods

Sampling and Participants
This is an extension of our previously published study [12],
which also used contemporaneous data but where the new
methods are used to obtain more essential and meaningful
findings and conclusions. In our study, a stratified (cluster)
random sampling method was used to select participants. First,
located in the east, central, and west of Shandong Province, 3
cities (Weifang, Taian, and Liaocheng) were chosen as sample
areas, which represent high, medium, and low economic levels
according to the gross domestic product (GDP) per capita
(2020), respectively. Then, 3 counties (Linqu, Feicheng, and
Dongchangfu) were selected from each sample area as the
survey points, respectively. Finally, rural residents aged 40 to
69 years in 2 to 4 villages were randomly chosen from each
county for a face-to-face DCE questionnaire survey.

DCE Design

Overview
In this study, a DCE was conducted to determine the factors
(attributes and attribute levels) that influence residents’
preference heterogeneity to participate in a UGC-screening
program and the weightage that residents give to the selected
attributes and attribute levels. The DCE was developed
according to the methodological standards issued by the
International Society for Pharmacoeconomics and Outcomes
Research (ISPOR) [20]. The design process is as follows. More
details on the DCE design process, sample size calculation, and
data collection are available in our previously published study
[12].

Selection of Attributes and Attribute Levels
The attributes and attribute levels of the DCE were derived from
a literature review [5,12-14,21-29], expert interviews, and focus
group discussions with residents of the target population.
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Finally, the survey results described 5 attributes with 2 to 4
levels: out-of-pocket costs (CNY ¥0 [US $0], CNY ¥100 [US
$15.503], CNY ¥300 [US $46.511], and CNY ¥500 [US
$77.519]), screening interval (every year, every 2 years, every
5 years, and once in a lifetime), screening technique (endoscopy
and painless endoscopy), mortality reduction (15%, 30%, 45%,
and 60%), and regular follow-up for precancerous lesions (yes
or no). Notably, the “mortality reduction” attribute in this study
refers to the respondents’expected reduction extent of mortality
because of UGC if they chose to participate in UGC screening.

Questionnaire Design
SAS (version 9.4) software was used to design the questionnaire.
The combination of 5 attributes with 2 to 4 levels yielded 256

(ie, 43 × 22) possible scenarios using full factor design [30]. To

minimize the respondents’burden, a smaller fractional factorial
design was selected according to the D-efficiency criteria. The
final design randomly generated 16 choice sets into 2 blocks
with 8 choice tasks. For each choice task, 2 screening programs
(options A and B) and an opt-out option (whether to choose to
be screened in real life) were included. In addition, a rationality
test (choice set 1=choice set 5) was included in the DCE to
investigate residents’ understanding of the questionnaire [31].
Table 1 presents an example of a discrete choice task.

The questionnaire also contained sociodemographic questions,
including age, sex (male and female), educational level, and
medical insurance. As a result, the questionnaire had 2 sections:
the first section comprised sociodemographic questions and the
second comprised information about the 9 DCE choice sets
(Multimedia Appendices 1-4).

Table 1. Example of a discrete choice taska.

Option BOption AAttributes

300 or 46.511100 or 15.503Out-of-pocket costs (CNY ¥ or US $)b

Every yearEvery 2 yearsScreening interval

NoYesRegular follow-up for precancerous lesions

4515Mortality reduction (%)

Painless endoscopyEndoscopyScreening technique

Option BOption AWhich of these options would you prefer?

NoYesWould you screen as you choose in real life?

aSee the study by Liu et al [12] for more details.
bCNY ¥6.45=US $1.00.

Pilot Study
Before the main study, we conducted a pilot test with residents
of the target population to ascertain whether respondents could
manage the length of the questionnaire and examine the validity,
acceptability, and intelligibility of the questionnaire.

In total, 30 residents were recruited for the pilot test and
interviewed by 8 trained investigators. Respondents were
provided with descriptions of the attributes and levels and were
given the opportunity to comment on the questionnaire design
and layout. They found the questionnaire acceptable and easy
to complete. No major changes were made to the questionnaires.

Sample Size and Data Collection
Calculating the optimal DCE sample size is complicated by the
fact that it depends on the question format, complexity of the
choice tasks, degree of heterogeneity in the target population,
and need to conduct subgroup analyses [21,32]. However, there
is a generally accepted rule of thumb proposed by Orem and
Johnson [33,34] for calculating sample size:

The required sample size depends on the largest number of
levels for any 1 attribute (c), number of alternatives per choice
task (a), and number of choice tasks (t). Therefore, this
questionnaire required at least 125 respondents [(500 × 4) / (8
× 2)] to estimate the main effect alone. Because 2 blocks were

included in the design, there was a need for at least 300
respondents (125 × 2). Other studies found that the sample size
of foreign DCE studies in the field of health care ranged from
150 to 1200, and 77% of the studies had a sample size 600,
whereas most of the studies in China had a sample size below
600 [30,35,36]. Therefore, we combined the abovementioned
literature reviews, the need for LCL model analysis, and an
expected response rate of 20% to determine a total sample size
of 1000 residents.

The final survey was conducted from April 1, 2021, to May 31,
2021. A total of 1000 permanent residents of the sample area
were invited to participate in the survey, and they were assisted
in completing the questionnaire by 8 trained investigators. A
2-step survey was conducted to interview the residents. In the
first step, respondents were asked to describe their basic
information, such as age, sex, and health insurance. In the
second step, they were repeatedly asked to choose between 2
alternative options from the per-choice task (a total of 9 choice
tasks).

Statistical Analysis

Overview
Statistical analyses were performed using Stata 16.0 software,
with the commands lclogit2 and lclogitml2 for the analysis of
the preference data. All attributes other than cost were treated
as classification variables coded by dummy variables, whereas
the cost parameter was modeled as a continuous variable to
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allow for WTP estimation. Sociodemographic data were
summarized using descriptive statistics.

LCL Model and Model Fitting
The LCL model is the most commonly used preference
heterogeneity model, assuming that preferences differ across
respondents and that respondents can be grouped
probabilistically according to distinct preference classes, each
corresponding to a unique program preference [37,38]. It is
based on random utility theory [39]:

U = ASC + β1 (screening interval: every year) + β2

(screening interval: every 2 years) + β3 (screening
interval: every 5 years) + β4 (follow-up: yes) + β5

(follow-up: yes) + β6 (mortality reduction: 30%) +
β7 (mortality reduction: 45%) + β8 (mortality
reduction: 60%) + β9 (screening technique: endoscopy
screening) + β10 (screening technique: painless
endoscopy screening) + β11 (out-of-pocket costs) + ε

where U refers to the utility of the respondents’ (in particular,
latent class) choice of option across the different choice sets in
the formal investigation stage; ASC (alternative specific
constant) represents a fixed constant term (reflecting the
screening attitudes of respondents in different classes), which
was used to capture unobservable influences beyond attributes
present in the choice sets; β provides quantitative information
on the strength of preference for each attribute level; and ε is
an unobservable random component. A positive β coefficient
indicates that the attribute level combination is preferred relative
to the reference level, whereas a negative β coefficient indicates
the opposite. The higher the absolute value of β coefficient, the
stronger is the preference for that level relative to the reference
level. Then, using the expectation-maximization algorithm, we
constructed an LCL model with different numbers of classes.
The Akaike information criterion (AIC) and Bayesian
information criterion (BIC) were used to compare the model
fit, with lower AIC and BIC values indicating better models
[40].

Parameter Estimation
Importance weights are a measure of the importance of an
attribute relative to other attributes in the model for an
individual’s preferences [41]. It is calculated by dividing the
maximum utility of an attribute by the total utility of all the
attributes.

WTP refers to the fee that residents of different classes were
willing to spend or want to be compensated for the change in a

certain attribute level in a specific program. To calculate the
respondents’ WTP, the estimation of cost attributes was used
as a measure of the marginal utility of money. The ratio of the
value of the coefficient of other attribute levels to the negative

of the cost attribute was calculated to elicit respondents’
WTP for contribution to a UGC-screening program.

From a policy perspective, the uptake rate is a useful output for
estimating the effect of policies yet to be implemented, such as
the change in the participation rate of rural residents with
increasing screening costs [39]. The logit probability of choosing
alternative i rather than alternative j is given by the following
equation where x is a vector of the attribute coefficients:

With the level of attribute improving from k (baseline reference
level) to g, the change in the uptake rate when choosing the
baseline program is given by the following equation:

Ethics Approval
The Institutional Ethical Review Board of Shandong Cancer
Hospital and Institute approved this study (reference no.
SDTHEC201909001).

Results

Study Participation
A total of 959 of 1000 invited residents completed the
questionnaire (for a response rate of 95.9%), of which 33
residents failed the consistency test. The sensitivity analysis
indicated that there were no substantial differences in preference
between the full sample and those who passed the consistency
test. However, from the model fitting results, the likelihood,
AIC, and BIC values of model 2 (removing samples of residents
who did not pass the consistency test) were smaller than those
of model 1, indicating that model 2 has a better fit (Multimedia
Appendix 5). Considering the accuracy of the results, the 926
respondents who passed the consistency test were finally
included in the preference estimation using the LCL model.
Table 2 presents the characteristics of the 926 respondents. In
all, 44.7% (414/926) of respondents were aged 50 to 59 years,
and 95.9% (888/926) had a partner. Most respondents (743/926,
80.2%) had no family history of cancer, and 56.2% (520/926)
had experience in cancer screening.
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Table 2. Characteristics of study participantsa.

Respondents (n=926)Characteristics

57.32 (7.22)Age (years), mean (SD)

Sex, n (%)

315 (34)Male

611 (66)Female

Age group (years), n (%)

139 (15)40-49

414 (44.7)50-59

373 (40.3)60-70

Marital statusb, n (%)

888 (95.9)With a partner

38 (4.1)Without a partner

Annual family income (CNY ¥>)c, n (%)

434 (46.9)＜10,000

294 (31.7)10,000-29,999

198 (21.4)≥30,000

Location, n (%)

322 (34.8)Linqu

310 (33.5)Feicheng

294 (31.7)Dongchangfu

Family history of cancerd, n (%)

183 (19.8)Yes

743 (80.2)No

Screening for cancer, n (%)

520 (56.2)Ever

406 (43.8)Never

aFor more details, see the study by Liu et al [12].
bMarital status: with a partner, reflecting that the individual is married and the spouse is alive; and without a partner, including single, divorced, and
widowed.
cThe per capita gross domestic product in 2020 in Linqu, Feicheng, and Dongchangfu was CNY ¥39,910, CNY ¥80,696, and CNY ¥50,726, respectively.
The average exchange rate between US $ and CNY ¥ in 2021 was US $1=CNY ¥6.45.
dHistory of cancer in blood relatives, including parents, grandparents, siblings, uncles, aunts, and cousins.

Model Fitting Results
To select the appropriate number of classes, different numbers
of classes were tested, from 2 to 5. The AIC and BIC values
were used to select the final number of clusters that best fit the
data. As presented in Table 3, there is a gradual decline in the

values of AIC and BIC with an increase in the latent class
number. When the number of latent classes is 4, the values reach
a minimum (AIC=7140.989; BIC=7485.373) and subsequently
increase. Accordingly, the 4-class model has the best fit for the
data. The respondents’ preference heterogeneity was analyzed
by constructing an LCL model with 4 classes.

JMIR Public Health Surveill 2023 | vol. 9 | e42898 | p.818https://publichealth.jmir.org/2023/1/e42898
(page number not for citation purposes)

Liu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 3. Results of model fitting under different classes.

BICcAICbLLadfObservation, nClass

8488.9108320.722−4139.3612122,2242

7776.7777520.492−3728.2463222,2243

7485.3737140.989−3527.4954322,2244

7607.6957175.213−3533.6065422,2245

aLL: likelihood.
bAIC: Akaike information criterion.
cBIC: Bayesian information criterion.

Preferences Estimation
Table 4 shows that respondents’ preferences varied at each
attribute level, except for painless endoscopy. The detailed
preference differences and the naming of different classes are
as follows.

The residents (88/926, 9.5%) in class 1 responded negatively
for UGC screening (β=3.372; P<.001), but they preferred lower
screening costs. Theoretically, the respondents’ negative
screening attitudes can be changed once the cost of screening
programs is reduced, so they were defined as the negative latent
type (NLT).

Table 4. Parameters estimation results of latent class logit model.

Class 4 (n=188; class
share=0.203)

Class 3 (n=434; class
share=0.469)

Class 2 (n=216; class
share=0.233)

Class 1 (n=88; class
share=0.095)

Attributes and levels

P valueβ coefficientP valueβ coefficientP valueβ coefficientP valuebβ coefficienta

.85.076<.001−2.165<.001−3.843<.0013.372ASCc (opt-outd)

Screening interval (once in a lifetimee)

<.0012.294.33−.280.003.432.19.514Every year

<.0012.336.72.141.92.015.37.298Every 2 years

<.0011.277.37.286.02.359.03.764Every 5 years

Follow-up (yese)

.02−.247.01−.535<.001−.274.01.396No

Morality reduction (15%e)

.007.503.13.605.82−.039.60−.16130%

<.001.867.67.147.03.366.13−.47745%

<.0011.142.69.124.02−.208.37−.28560%

Screening technique (endoscopye)

<.0011.088<.0014.173<.001.612<.0012.804Painless en-
doscopy

.32−.0003.004−.002<.001−.007<.001−.007Out-of-pocket cost

aβ coefficient: it reflects the values of each attribute level and the horizontal regression coefficient.
bItalicized P values denote a significance level at P<.05.
cASC: alternative specific constant.
dSpecific constant item for opt-out.
eReference, reflecting the reference level for each attribute.

The residents (216/926, 23.3%) in class 2 responded most
positively for UGC screening (β=−3.843; P<.001), and they
preferred the program with every year, follow-up, 45% mortality
reduction, and painless endoscopy, indicating that they had
equal consideration in each attribute, so they were defined as
the positive integrated type (PIT).

The residents (434/926, 46.8%) in class 3 responded positively
for UGC screening (β=−2.165; P<.001), and they preferred
follow-up, painless endoscopy, and lower out-of-pocket cost
attribute levels over the screening interval and mortality
reduction attributes. This group of people paid more attention
to the comfort and experience of the screening process;
therefore, they were defined as a positive comfortable type
(PCT).

JMIR Public Health Surveill 2023 | vol. 9 | e42898 | p.819https://publichealth.jmir.org/2023/1/e42898
(page number not for citation purposes)

Liu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


The residents (188/926, 20.3%) in class 4 had a neutral attitude
toward UGC screening (β=.076; P>.05), and they preferred
screening programs with shorter screening intervals,
painlessness, follow-up, and a much lower risk of death
regardless of the costs, indicating that they place more value
on the quality and effect of the screening program, so they were
defined as the neutral quality type (NQT).

Participants’ WTP
Table 5 shows that NLT residents were willing to spend CNY
¥385.369 (US $59.747) to improve screening technique, that

is, to upgrade endoscopy to painless endoscopy; PIT residents
had more WTP for screening every year (CNY ¥65.966 [US
$10.227]) compared with once in a lifetime, and they should
be compensated CNY ¥41.776 (US $6.477) if there is no regular
follow-up for precancerous lesions; PCT residents had the
highest WTP for painless endoscopy (CNY ¥1946.482 [US
$301.780]), and the participants should be compensated CNY
¥249.753 (US $ 38.721) if there is no follow-up after screening
in theory. For the NQT population, there was no statistically
substantial difference in costs attribute.

Table 5. Results of participants’ willingness to pay (WTP).

Class 4 (n=188)Class 3 (n=434)Class 2 (n=216)Class 1 (n=88)Attributes and levels

P valueWTPP valueWTPP valueWTPP valueaWTP

Screening interval (once in a lifetimeb)

.337524.14.35−130.71<.001 b65.97.1970.622Every year

.347660.38.7465.56.912.35.3940.950Every 2 years

.334187.49.33133.22.0254.73.051104.981Every 5 years

Follow-up (yesb)

.38−810.56.02−249.75<.001−41.78.0954.381No

Morality reduction (15%b)

.371649.85.18281.99.81−5.98.06−22.08830%

.362841.79.6768.79.0255.93.14−65.49545%

.353744.69.7157.63.13−31.78.38−39.17760%

Screening technique (endoscopyb)

.343566.60<.0011946.48<.00193.44<.001385.369Painless endoscopy

aItalicized P values denote a significance level at P<.05.
bReference, reflecting the reference level in each attribute; WTP reflects residents’ willingness to pay for a certain screening program.

Personal Characteristics Influencing Factors
Sociodemographic characteristics influencing factors are
presented in Table 6. Class 4 was automatically identified as
the reference class in the LCL model. Accordingly, the residents
living in Linqu were included in class 1 easily, whereas male
respondents and those with an experience of UGC screening

were more likely to be excluded from class 1. Residents who
had a family history of cancer were more likely to be assigned
to class 2 than those without a family history. Compared with
female respondents, male respondents were less likely to be
included in class 3, and residents aged 60 to 69 years were more
likely to be included in class 3.
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Table 6. Personal characteristics influencing factors.

Class 3Class 2Class 1Attributes and levels

P valueβ (SE)P valueβ (SE)P valueaβ (SE)

Location (Feichengb)

<.001.883 (0.269).98−.008 (0.325)<.0012.083 (0.386)Linqu

.06.530 (0.279).57.181 (0.319).27−.575 (0.518)Dongchangfu

Annual family incomec (¥<10,000b)

.810.067 (0.291).25−.392 (0.342).74−.143 (0.427)10,000-29,999

.130.428 (0.283).19.409 (0.318).33.371 (0.383)≥30,000

Sex (femaleb)

.008−.608 (0.230).73−.094 (0.271).002−1.095 (0.356)Male

Age group (years; 40-49b)

.007.844 (0.315).01.951 (0.406).011.244 (0.492)60-69

.21.338 (0.270).07.640 (0.361).180.592 (0.445)50-59

Education level (university and aboveb)

.53−.496 (0.791).79.327 (1.266).02−2.341 (1.003)Below junior high school

.29−.802 (0.762).92.124 (1.237).004−2.737 (0.957)Junior high and high school

Family history of cancerd(nob)

.09−.396 (0.238).01−.769 (0.303).08−.647 (0.363)Yes

Screening for cancere (neverb)

.52−.144 (0.223).42−.217 (0.272).03−.657 (0.310)Ever

.41.722 (0.869).69−.535 (1.348).47.801 (1.114)Constant

aItalicized P values denote a significance level at P<.05.
bReference, reflecting the reference level.
cThe average exchange rate between US $ and CNY ¥ in 2021 was US $1=CNY ¥6.45.
dFamily history of cancer, including parents, grandparents, siblings, uncles, aunts, and cousins having a history of cancer.
eScreening for cancer means attending endoscopy screening at any time in the past.

Relative Importance of Attributes
As presented in Figure 1, we calculated the importance weights
for the 5 attributes in different classes. The out-of-pocket cost
attribute was the factor that most influenced class 1 and class
2 residents’willingness to participate in UGC screening (45.04%

and 66.04% importance weights, respectively). The screening
technique was the most important for class 3 respondents
(62.56% importance weight). The screening interval was the
most important for class 4 residents (47.05% importance weight)
and the out-of-pocket cost was not important (3.07% importance
weight).
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Figure 1. Relative importance of attributes in different classes. Relative scores expressed in percent as weighted out of 100.

Uptake Rate
Figure 2 depicts the change in choice probability for different
classes of respondents, as attributes and levels were changed at
the baseline level (baseline: once in a lifetime, follow-up, 15%
mortality reduction, endoscopy, and CNY ¥0). The screening
uptake rate of residents in classes 1, 2, and 3 dramatically
decreased by ≥48% (94.84%, 92.67%, and 48.91%, respectively)
when the out-of-pocket costs increased to CNY ¥500 (US
$71.903), whereas the uptake rate in class 4 remained constant.

For class 1 and class 3 residents, the participation rate was
strongly driven by painless endoscopy, with an increase of
88.66% and 96.97%, respectively. Among residents in class 4,
the participation rate would increase by 81.69% if the screening
interval was improved from once in a lifetime to every year.
The expected uptake rate for the best UGC-screening program
(CNY ¥0, 45% mortality reduction, every year screening, and
painless endoscopy) would increase by 89% and above in classes
1, 3, and 4, and class 2 residents’ participation rate would remain
≥60%.

Figure 2. Uptake rate of residents in different classes. Null percent and 50% reference line represents the reference in uptake rate as 0% and 50%,
respectively. The horizontal comparison between points can see the change of the participation rate of residents in different classes under the same
attribute level, and the longitudinal comparison between points can show the change of participation rate of individuals in the same class under the
change of different attribute levels. OOP: out-of-pocket costs.
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Discussion

Principal Findings
To the best of our knowledge, this is the first study to explore
public preference heterogeneity for a UGC-screening program
by classifying the population. This study is a continuation and
extension of our previous study [12]. We used novel analytic
methods to explore population preference heterogeneity and
found that preference heterogeneity exists when residents choose
to participate in UGC-screening programs. Preference
heterogeneity was explorable: the target population was divided
into 4 categories, including NLT, PIT, PCT, and NQT. Residents
in different classes had different preferences for the selected
attributes and attribute levels, except for the screening technique
attribute (preferably painless endoscopy). On the basis of this,
we found that the optimal screening strategy with free, 45%
mortality reduction, screening every year, and painless
endoscopy could ensure that the screening participation rate of
class 1, class 3, and class 4 residents reached ≥89%, and the
screening uptake rate of residents in class 2 could reach 60.98%.

Nearly half (434/926, 46.8%) of the respondents were divided
into the PCT group, indicating that they paid more attention to
their experience and comfort levels regarding the screening
procedure rather than the outcome. This is consistent with
previous findings, in which the author found that residents’
screening participation rate was significantly associated with
severe pain and endoscopy experience [13]. Similarly, a DCE
study of immediate family members with UGC indicated that
participants preferred a pain-none program, increasing the
participation rate by 58.85% compared with the reference level
(pain-mild) [42]. Further analysis revealed that the uptake rate
of residents of different classes was mostly driven by painless
endoscopy. Accordingly, if painless endoscopic screening
technology can be widely promoted, it will be able to satisfy
the screening needs and preferences of residents in different
categories, greatly improving population screening enthusiasm
and participation rate. Areas with a good economic level and
sufficient screening resources should take painless endoscopy
as the essential element, paying more attention to the population
screening experience.

Compared with other classes, NQT residents valued the
screening quality and outcome most, such as screening interval
and mortality reduction attributes (47.05% and 23% importance
weights, respectively), and their screening compliance increased
once the accuracy of endoscopy was improved. An unlabeled
DCE assessing the attributes of an optimal esophageal
adenocarcinoma screening test found that test accuracy generally
outweighs the importance of potential pain and discomfort [13].
Consistent with our results, various DCEs evaluating preferences
for breast, cervical, and colorectal cancer screening reported
that attributes related to test accuracy were more important than
attributes related to the screening procedure [43-45]. Although
these studies targeted different cancer types and populations,
their results provide face validity for the results of this study.
This study provides an important reference for the clinical
development of scientific and effective screening. Improving
the accuracy of screening techniques and health care services

is the main way to satisfy residents’ growing demand for health
care services and to increase their participation rate in a UGC
screening program.

All residents, except those in class 4, strongly preferred the
UGC-screening program with lower costs, particularly for the
residents in class 1, and their negative attitude will be
theoretically improved if the screening fee is reduced. These
results are consistent with a recent South Australian study in
which the uptake rate of participants decreased by 48% after
the screening fee was changed from A$0 to A$500 (US $0 to
US $328.62) [24]. Li et al [42] also pointed out that the
probability of screening program selection increased by 11.30%
when the cost changed from CNY ¥600 (US $86.28) to CNY
¥200 (US $28.76). Other studies regarding lung cancer screening
and colorectal cancer screening found that cost-related attributes
had an important impact on the residents’participation rate, and
they all preferred the screening program with a lower cost
[18,46]. However, it is unrealistic to provide a nationwide free
UGC-screening strategy because of the large population size
and limited medical resources. These results provide support
and guidance for policy makers to explore the multifinancing
and cost sharing of different interventions.

Only 9.5% of the respondents had a negative response for UGC
screening, which is consistent with the screening status in rural
China. These residents did not proactively seek medical attention
or predisease screening influenced by their family income and
the traditional concept of medical treatment. Other studies have
also pointed out that some residents do not think it is necessary
to screen before the onset of noticeable symptoms [47].
Therefore, policy makers should strengthen primary prevention
and emphasize the importance of screening for cancer to
promote more high-risk groups to take the initiative to screen,
reduce their morbidity and mortality, and reduce the
socioeconomic burden.

Differences in health care delivery systems across countries
may affect public-related medical needs and preferences. A
label DCE study conducted in the Netherlands indicated that
respondents preferred video capsule over saliva swab and least
preferred endoscopy, but a study performed in China showed
that respondents have a strong preference for endoscopy [12,22].
In addition, we found that the population in different countries
has a common preference for out-of-pocket cost attributes,
preferring free or less-expensive screening programs
[13,42,48,49]. Notably, in this study, we did not investigate the
preference differences between health care systems in China
and other countries. Accordingly, caution should be exercised
when applying our results to other countries with different health
care systems.

Limitations
This study has some limitations that should be considered. First,
DCE as a stated preference method differs from revealed
preferences (ie, a difference between what people say they will
choose and what they actually choose) [50]. The revealed
preferences should be examined after implementing the
UGC-screening programs. Second, the development of
UGC-screening programs depends not only on the population
uptake rate but also on the cost-effectiveness of those programs.
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In this study, we mainly analyzed the residents’screening uptake
rate. However, other studies have reported that UGC screening
is always more cost-effective than not screening [7,8]. Third,
the respondents were selected from Shandong Province and
interviewed during a specific period; thus, the results need to
be carefully applied to all rural residents in China and other
resource-limited countries.

Conclusions
Most rural residents have a positive attitude toward UGC
screening, but they expressed preference heterogeneity in
selected attributes and levels, except for painless endoscopy.
The optimal UGC-screening program that is free with 45%

mortality reduction, screening every year, and painless
endoscopy should be implemented to maximize participation
rates if resources permit. In areas with limited health resources,
the population uptake rate can be controlled by adjusting
steerable screening attributes such as screening intervals and
out-of-pocket costs. In addition, differentiated screening
programs suitable for residents belonging to different categories
should be developed within certain regions. These findings will
provide input for the design of a UGC-screening strategy that
incorporates the public’s preference heterogeneity to improve
their participation rate and provide practical evidence for other
resource-limited countries with high UGC incidence and
mortality.
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Abstract

Background: Metabolic syndrome (MetS) is a constellation of risk factors increasingly present in the world’s population. People
with this syndrome are at an increased risk of cardiovascular disease and type 2 diabetes mellitus. Moreover, evidence has shown
that it affects different organs. MetS and its risk factors are independently associated with impaired lung function, which can be
quantified through spirometric variables.

Objective: This study aims to determine whether a high number of MetS criteria is associated with increased lung function
decline.

Methods: We conducted a descriptive cross-sectional study with a random sample of 1980 workers. Workers with acute
respiratory pathology (eg, influenza), chronic respiratory pathology (eg, chronic bronchitis), or exposure to substances harmful
to the lungs (eg, organic and inorganic dust) were not included. MetS was established based on harmonized criteria, and lung
function was assessed according to spirometric variables. On the basis of these, classification into restrictive lung disease (RLD),
obstructive lung disease, and mixed lung disease (MLD) was performed. In addition, the association between MetS and lung
function was established based on analysis of covariance, linear trend analysis, and multiple linear regression.

Results: MetS was associated with worse lung function according to all the spirometric parameters analyzed (percentage of
predicted forced expiratory volume in 1 second: mean 83, SD 13.8 vs mean 89.2, SD 12.8; P<.001 and percentage of predicted
forced vital capacity: mean 85.9, SD 11.6 vs mean 92, SD 11.3; P<.001). Moreover, those diagnosed with MetS had a higher
prevalence of lung dysfunction (41% vs 21.9%; P<.001), RLD (23.4% vs 11.2%; P<.001), and MLD (7.3% vs 2.2%; P<.001).
Furthermore, an increasing number of MetS criteria was associated with a greater impairment of pulmonary mechanics (P<.001).
Similarly, with an increasing number of MetS criteria, there was a significant linear trend (P<.001) in the growth of the prevalence
ratio of RLD (0 criteria: 1, 1: 1.46, 2: 1.52, 3: 2.53, 4: 2.97, and 5: 5.34) and MLD (0 criteria: 1, 1: 2.68, 2: 6.18, 3: 9.69, and 4:
11.37). Regression analysis showed that the alteration of all MetS risk factors, adjusted for various explanatory variables, was
significantly associated with a worsening of spirometric parameters, except for forced expiratory volume in 1 second/forced vital
capacity.

Conclusions: The findings have shown that an increase in cardiometabolic risk factors is associated with a more significant
worsening of spirometric variables and a higher prevalence of RLD and MLD. As spirometry could be a crucial tool for monitoring
patients at risk of developing chronic pathologies, we conclude that this inexpensive and easily accessible test could help detect
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changes in lung function in patients with cardiometabolic disorders. This highlights the need to consider the importance of
cardiometabolic health in lung function when formulating public health policies.

(JMIR Public Health Surveill 2023;9:e43737)   doi:10.2196/43737

KEYWORDS

cardiometabolic risk factor; lung function; metabolic syndrome; restrictive lung disease; spirometry

Introduction

Background
The impact of noncommunicable chronic diseases worldwide
is increasingly important. Their prevalence and social and
economic impact have increased in the recent years, placing
them at the center of public health interest [1-4].

Among the most worrying pathological conditions, metabolic
syndrome (MetS) stands out because it is a risk factor for
cardiovascular disease and type 2 diabetes mellitus (DM), which
are, in turn, the noncommunicable chronic diseases with the
most significant impact worldwide [5,6]. MetS, according to
the harmonized definition, is characterized by the comorbid
presence of ≥3 of the following risk factors: dysglycemia,
increased blood pressure, hypertriglyceridemia, abdominal
obesity, and altered high-density lipoprotein (HDL) cholesterol
levels [6]. The prevalence of MetS exceeds 30% in several
countries and is expected to increase in the coming years [7,8].
All these make MetS one of the public health challenges of the
21st century; therefore, early detection is essential to avoid
associated complications, even at an early age [9,10].

Lung Dysfunction and MetS
In addition to cardiovascular pathologies and type 2 DM, MetS
has been associated with alterations in other systemic organs,
most notably alterations in lung function [11,12]. For example,
researchers have observed that MetS is associated with the
worsening of parameters measuring pulmonary mechanics,
leading to respiratory diseases (asthma, chronic obstructive
pulmonary disease, pulmonary hypertension, etc) [12-14].
Several MetS-related lung pathologies are currently the most
prevalent, have significant morbidity and mortality, and are a
major public health concern [15,16]. This link could be
explained by insulin resistance, one of the main
pathophysiological mechanisms of MetS, although its
involvement in the modification of pneumocyte function is not
yet clear [17-19].

Parameters for pulmonary function status are obtained through
spirometry, which is the test of choice to assess lung function
[20]. It is simple to execute for those who are well instructed
and is routinely performed by health care professionals, for
example, in primary care or during health examinations of
workers [21,22]. A comparison of the values obtained in the
test with the theoretical values, estimated from validated
formulas (according to age, sex, height, etc), provides
information on the lung condition [23,24]. It is, therefore, an
essential public health tool for primary, secondary, and tertiary
prevention of pathologies with a high impact on the population
[25].

In this context, health care professionals, who play an essential
role in disease prevention and health promotion, have a tool
that, when used efficiently, would help to detect problems
beyond pulmonary deterioration [26]. Regarding the latter, given
that the onsets of MetS is reflected in spirometric variables, and
its risk factors also do so independently, it is relevant to know
whether a progressive deterioration of lung function is caused
by the individual presence of the risk factors characterizing
MetS. Thus, through public health programs (hospitals,
communities, workplaces, etc) that include the study of these
parameters from the perspective of cardiometabolic alterations,
it would be possible to detect the risk factors and treat them
early to prevent the development of MetS.

Therefore, the researchers hypothesized that the increase in the
number of MetS components is associated with a greater decline
in spirometric parameters and, therefore, an alteration in lung
function. On this basis, the objective of this study was to
determine how spirometric variables are affected because of
the increase in the number of the MetS risk factors present.

Methods

Design, Population, and Sample
A descriptive cross-sectional study was conducted in the
working population of the Cordoba City Council (Spain). The
minimum sample size estimated was 1685 workers based on an
expected prevalence of MetS of 14.9%, a power of 80%, a
precision of 1.5%, and a confidence of 95%. The sample was
randomly selected from workers who underwent a health
examination between 2015 and 2019 at the occupational health
unit of the City Council. All employees of the Cordoba City
Council (blue-collar workers and white-collar workers) undergo
an annual occupational health test. Each of the measurements
carried out is stored in a computer program of the occupational
health unit, which allows for the subsequent extraction of
anonymized data. For this study, the number of workers selected
was increased by 20% over the minimum sample size calculated
to compensate for losses owing to noncompliance with the
eligibility criteria.

Workers who were diagnosed with any acute respiratory
pathology (influenza, common cold, etc) or chronic pulmonary
disease (chronic bronchitis, emphysema, pneumonia, chronic
obstructive pulmonary disease, etc) and those who could not
perform the spirometry test according to the protocol were
excluded from the study. In addition, the occupational risk of
the positions held by the workers was assessed, and it was
confirmed that there was no exposure to organic and inorganic
dust or substances of high molecular weight that could lead to
occupational lung pathologies or affect, transiently, the
spirometry test results.
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Variables and Measures
Lung function was studied through spirometric parameters:
forced expiratory volume in 1 second (FEV1; in L), forced vital
capacity (FVC; in L), and the FEV1/FVC ratio. To determine
the status of pulmonary function, the expected values of FEV1
and FVC were estimated and related to those obtained in
spirometry by calculating the percentage of predicted FEV1
(FEV1%) and percentage of predicted FVC (FVC%) [24].

In addition, the percentage reductions of FEV1 and FVC with
respect to the theoretical or expected values of FEV1 and FVC
were calculated:

FEV1 reduction (%) = ([FEV1 – expected
FEV1]/FEVI) × 100 (1)

FVC reduction (%) = ([FVC – expected FVC]/FVC)
× 100 (2)

Workers were also categorized according to their dysfunctional
pattern [27]: normal: FEV1/FVC>0.7 and FVC%>0.8; restrictive
lung disease (RLD): FEV1/FVC>0.7 and FVC%<0.8;
obstructive lung disease (OLD): FEV1/FVC<0.7 and
FVC%>0.8; and mixed lung disease (MLD): FEV1/FVC<0.7
and FVC%<0.8. In addition, the aforementioned categories
were grouped into a new dichotomous variable with the
following values: normal and lung dysfunction (encompassing
RLD, OLD, and MLD).

The spirometry test was performed using the DATOSPIR 120
C spirometer (Silbemed) and following the recommendations
of the Spanish Society of Pneumology and Thoracic Surgery
[27]. Workers were instructed not to use bronchodilators during
the previous 6 to 48 hours (depending on the drug), to avoid
caffeine during the previous 8 hours, not to smoke during the
previous 24 hours, avoid alcohol and sedatives during the last
4 hours, and not to exercise during the previous 30 minutes.
During the measurement, the worker wore a nose clip and was
seated upright with his back against the backrest. Once the
posture was correct, the worker was asked to inhale as much
air as possible and then exhale as fast and hard as possible until
they were told to stop. Workers had to perform at least 3 valid
tests, with the highest spirometric values being chosen. The
researchers considered a test valid when the test had a rapid
start (back-extrapolated volume <5% of the FVC) and was
performed without hesitation, involved continuous expiration
for a duration not <6 seconds, had no abrupt end (last changes
in volume lower than 0.025 L for ≥1 s), and had no anomalies
in the technique (cough, new inhalation, among others). Overall,
2 or 3 acceptable maneuvers were necessary for spirometry
test’s interpretation in which the difference between the 2 best
FVC and FEV1 measures was not >0.2 L.

Moreover, risk factors included in the harmonized criteria for
the diagnosis of MetS were considered: waist circumference
(WC) ≥102 cm in men and ≥88 cm in women, triglycerides
≥150 mg/dL, HDL cholesterol <50 mg/dL in women and <40
mg/dL in men, blood pressure ≥130/85 mm Hg or being on
treatment for high blood pressure and fasting glucose ≥100
mg/dL, being on antidiabetic treatment, or diagnosed with DM.
Thus, the presence of ≥3 of these risk factors implies a diagnosis
of MetS [6].

The independent variables collected were age (years), sex
(female and male), smoking status (nonsmoker, ex-smoker, and
smoker), physical activity level (light, moderate, and heavy),

weight (kg), height (cm), BMI (kg/m2), WC (cm), hip
circumference (cm), body fat percentage (Equation Córdoba
for Estimation of Body Fat [28]), waist to hip ratio, waist to
height ratio, systolic blood pressure (mm Hg), diastolic blood
pressure (mm Hg), fasting plasma glucose (mg/dL), HDL
cholesterol (mg/dL), and triglycerides (mg/dL). In addition, the
diagnoses of DM (yes or no) and hypertension (yes or no) were
collected.

Anthropometric variables were measured according to
international recommendations [29]. Weight and height were
collected using an Atlántida S11 stadiometer and scale (Básculas
y Balanzas Añó-Sayol), with an accuracy of 0.1 kg and 0.1 cm,
respectively. BMI was calculated based on these variables, and
workers were categorized into normal weight, overweight, and
obese groups, as proposed by the World Health Organization.
WC was measured at end-expiration at the midpoint between
the last rib and the iliac crest. Hip circumference was assessed
at the most prominent point of the buttocks. Both variables were
measured using a flexible tape, with the worker standing and
their feet placed together. Blood pressure was measured
according to the recommendations of the manual of arterial
hypertension in primary care clinical practice [30], with the
patients seated, using a calibrated digital sphygmomanometer
(Omron M3, Omron Healthcare). All measurements were
performed by specialized personnel to minimize the coefficient
of variation. Each measurement was repeated 3 times, and the
mean was calculated. Finally, physical activity was estimated
in metabolic equivalents using the International Physical
Activity Questionnaire.

Ethics Approval
The study protocol complied with the Declaration of Helsinki
for medical research involving human participants and was
approved by the Andalusian Biomedical Research Ethics
Committee (4427/Acta number 295).

Informed Consent
All participants were informed, verbally and in writing, about
the objectives of the health study. The researchers obtained
informed consent following the current regulations.

Statistical Analysis
Quantitative variables were presented as mean and SD, and
qualitative variables were presented as absolute frequencies,
percentages, and prevalence ratios. The goodness of fit of the
quantitative variables to a normal distribution was studied using
a Kolmogorov-Smirnov test with Lilliefors correction.

Hypothesis testing was performed with the 2-tailed Student t
test for 2 means; z tests for independent proportions; and
chi-square and Fisher exact tests, when necessary, for qualitative
variables. In addition, linear trend tests, analysis of covariance,
and multiple linear regression were used to determine the effect
of other factors and covariates on the variation in spirometric
parameters.
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For all statistical analyses, an α error probability of <5% was
accepted, and CIs were calculated at 95%. SPSS Statistics
(version 22.0; IBM Corp) and EPIDAT 4.2 (Department of
Sanidade, Xunta de Galicia) were used for statistical analysis.

Results

Description of the Sample
Of the 2069 randomly selected workers, 168 (8.12%) were
excluded because they were diagnosed with an acute respiratory
pathology or a chronic pulmonary pathology or were exposed
to compounds that could alter their lung function, and in 41
(1.98%) other workers, it was impossible to assess MetS.
Finally, 44 (2.13%) other workers were excluded because their
clinical records did not include some spirometric variables.
Thus, the final sample size was 1816.

The age of the sample ranged from 18.8 to 67 years. The
prevalence of MetS was 18.3% (95% CI 16.5%-20.1%), being
significantly higher in men (20.6%, 95% CI 18.5%-23.4%) than
in women (16%, 95% CI 13.8%-18.5%; P<.001). BMI was
higher among those with MetS (mean difference [MD] 7.1

kg/m2; P<.001). This group showed a higher prevalence of
overweight and obesity (95.9% vs 49.3%; P<.001). In addition,
in the MetS group, higher abdominal adiposity was observed
according to the following parameters: (1) WC (MD 19.5 cm;
P<.001), (2) waist to hip ratio (MD 0.1; P<.001), and (3) waist
to height ratio (MD 0.12; P<.001).

All the other variables analyzed showed differences between
those with and those without MetS, except for height (MD 0.2
cm; P=.73). Table 1 summarizes the main variables according
to the presence or absence of MetS.
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Table 1. Characteristics of the sample according to the presence of metabolic syndrome (MetS).

P valueaWithout MetS (n=1487, 81.9%)With MetS (n=329, 18.1%)Total (n=1816)Variables

<.00142.8 (10.7)48.6 (9.5)43.8 (10.7)Age (years), mean (SD)

.01Sex, n (%)

773 (52)146 (44.4)919 (50.6)Female

714 (48)183 (55.6)897 (49.4)Male

.98167.9 (9.4)167.9 (9.3)167.9 (9.3)Height (cm), mean (SD)

<.00172.1 (15.3)91.7 (16.7)75.6 (17.3)Weight (kg), mean (SD)

<.00125.5 (4.5)32.5 (5.3)26.7 (5.4)BMI (kg/m2), mean (SD)

36 (2.4)0 (0)36 (2)Underweight, n (%)

718 (48.3)13 (4)731 (40.3)Normal weight, n (%)

540 (36.3)95 (28.9)635 (35)Overweight, n (%)

193 (13)221 (67.2)414 (22.8)Obesity, n (%)

<.00186 (12.1)105.5 (11.2)89.6 (14.1)Waist (cm), mean (SD)

<.001100.9 (9)111 (10.9)102.7 (10.1)Hip (cm), mean (SD)

<.0010.85 (0.09)0.95 (0.09)0.87 (0.097)WHRb, mean (SD)

<.0010.51 (0.07)0.63 (0.07)0.53 (0.081)WHtRc, mean (SD)

<.00129.8 (7.6)38.9 (8.2)31.4 (8.4)Body fat (%), mean (SD)

.02Physical activity, n (%)

90 (6.1)31 (9.4)121 (6.7)Light

364 (24.5)93 (28.3)457 (25.2)Moderate

1033 (69.5)205 (62.3)1238 (68.2)Heavy

<.001Smoking habit, n (%)

752 (50.6)130 (39.5)882 (48.6)Nonsmoker

238 (16)74 (22.5)312 (17.2)Ex-smoker

496 (33.4)124 (37.7)620 (34.1)Smoker

<.00195.1 (19.3)119.8 (46.8)99.5 (28.1)Glucose (mg/dL), mean (SD)

<.00165.1 (14.1)54.8 (13.2)63.2 (14.5)HDLd cholesterol (mg/dL), mean (SD)

<.001120.6 (15.4)137.4 (16.7)123.7 (16.9)SBPe (mm Hg), mean (SD)

<.00174.9 (9.7)86 (9)76.9 (10.5)DBPf (mm Hg), mean (SD)

<.00193.7 (48.4)174.2 (101.3)108.3 (68.8)Triglycerides (mg/dL), mean (SD)

<.001427 (28.7)277 (84.2)704 (38.8)HBPg, n (%)

<.00137 (2.5)73 (22.2)110 (6.1)Type 2 DMh, n (%)

<.0013.1 (0.8)2.8 (0.7)3.1 (0.8)FEV1i (L), mean (SD)

<.00189.2 (12.8)83 (13.8)88.2 (13.2)FEV1%j, mean (SD)

<.001−14.5 (19.4)−24.4 (24.4)−16.3 (20.7)FEV1 reductionk, mean (SD)

<.0014 (0.9)3.7 (0.8)4 (0.9)FVCl (L), mean (SD)

<.00192 (11.3)85.9 (11.6)90.9 (11.6)FVC%m, mean (SD)

<.001−10.4 (14.3)−18.7 (17.5)−11.9 (15.2)FVC reductionn, mean (SD)

<.0010.78 (0.07)0.76 (0.07)0.77 (0.07)FEV1/FVC, mean (SD)

<.001160 (10.8)58 (17.6)218 (12)FEV1/FVC<0.7, n (%)
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P valueaWithout MetS (n=1487, 81.9%)With MetS (n=329, 18.1%)Total (n=1816)Variables

<.001199 (13.4)101 (30.7)300 (16.5)FVC%<0.8, n (%)

<.001326 (21.9)135 (41)461 (25.4)Lung dysfunction, n (%)

<.001166 (11.2)77 (23.4)243 (13.4)Restrictive lung disease

.30127 (8.5)34 (10.3)161 (8.9)Obstructive lung disease

<.00133 (2.2)24 (7.3)57 (3.1)Mixed lung disease

aWith MetS versus without MetS.
bWHR: waist to hip ratio.
cWHtR: waist to height ratio.
dHDL: high-density lipoprotein.
eSBP: systolic blood pressure.
fDBP: diastolic blood pressure.
gHBP: high blood pressure.
hDM: diabetes mellitus.
iFEV1: forced expiratory volume in 1 second.
jFEV1%: percentage of predicted forced expiratory volume in 1 second.
kFEV1 reduction (%) = ([FEV1 – expected FEV1]/FEV1) × 100.
lFVC: forced vital capacity.
mFVC%: percentage of predicted forced vital capacity.
nFVC reduction (%) = ([FVC – expected FVC]/FVC) × 100.

MetS and Lung Function (Spirometric Parameters)
In relation to lung function, workers with MetS showed lower
values of FEV1 (MD 0.3 L; P<.001), FVC (MD 0.32 L; P<.001),
and FEV1/FVC ratio (MD 0.015; P<.001). Similarly, higher
proportions of FEV1/FVC<0.7 (17.6% vs 10.8%; P<.001) and
FVC%<0.8 (30.7% vs 13.4%; P<.001) were found among
participants with MetS. This translated into the presence of
MetS being associated with a higher prevalence of lung
dysfunction (41% vs 21.9%; P<.001). Table 1 provides more
detailed results.

Individual MetS Criteria and Lung Function
(Spirometric Parameters)
Several adjusted multiple linear regression models are presented
in Table 2, where the dependent variables, spirometric variables,
are represented in the rows, and the independent variables are
represented in the columns. The adjusted multiple linear
regression study confirms that a quantitative modification of
the variables related to MetS criteria (increased WC, elevated
plasma triglycerides, raised blood pressure, increased blood
glucose, and decreased HDL) causes an alteration of the
spirometric variables (Table 2). Specifically, it is observed that
an increase in abdominal adiposity and insulin resistance–related
variables lead to a significant decrease in FVC and FEV1.
Finally, MetS was associated with reductions of 0.220 L and
0.277 L in FEV1 and FVC, respectively.
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Table 2. Multiple linear regression for spirometric parameters (n=1816)a.

Metabolic syn-
drome

High blood
pressureTriglyceridesHDLbGlucoseWaistVariable

FEV1c

−.220−.078−.001.003−.003−.004β

−.110−.050−.130.066−.116−.065Standardized β

−6.929 (1809)−2.858 (1809)−8.090 (1809)4.026 (1809)−7.410 (1809)−3.728 (1809)t test (df)

0.5620.5520.5660.5540.5640.554R2 adjusted

<.001<.001<.001<.001<.001<.001P value

FEV1%d

−6.046−1.607−.034.096−.071−.146β

−.177−.059−.180.106−.152−.156Standardized β

−7.596 (1809)−2.345 (1809)−7.656 (1809)4.390 (1809)−6.597 (1809)−6.186 (1809)t test (df)

0.0690.0420.0690.0490.0610.059R2 adjusted

<.001.02<.001<.001<.001<.001P value

FEV1 reductione

−9.147−3.029−.051.127−.105−.237β

−.170−.071−.171.089−.142−.162Standardized β

−7.278 (1809)−2.803 (1809)−7.239 (1809)3.678 (1809)−6.201 (1809)−6.397 (1809)t test (df)

0.0610.0380.0610.0410.0540.055R2 adjusted

<.001.005<.001<.001<.001<.001P value

FVCf

−.277−.096−.002.004−.004−.004β

−.115−.050−.121.067−.115−.064Standardized β

−7.390 (1809)−2.977 (1809)−7.714 (1809)4.184 (1809)−7.532 (1809)−3.790 (1809)t test (df)

0.5850.5750.5860.5770.5860.576R2 adjusted

<.001<.001<.001<.001<.001<.001P value

FVC%g

−5.941−1.531−.029.096−.064−.147β

−.197−.064−.172.121−.154−.178Standardized β

−8.422 (1809)−2.511 (1809)−7.256 (1809)4.969 (1809)−6.640 (1809)−7.016 (1809)t test (df)

0.0560.0220.0470.0320.0420.045R2 adjusted

<.001.01<.001<.001<.001<.001P value

FVC reductionh

−7.966−2.126−.038.124−.088−.202β

−.202−.068−.173.118−.163−.187Standardized β

−8.638 (1809)−2.655 (1809)−7.270 (1809)4.870 (1809)−7.041 (1809)−7.365 (1809)t test (df)

0.0570.0220.0460.0310.0450.047R2 adjusted

<.001.008<.001<.001<.001<.001P value

FEV1/FVC

−.099−.055−.005−.003−.006−.004β

−.006−.004−.052−.007−.023−.009Standardized β
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Metabolic syn-
drome

High blood
pressureTriglyceridesHDLbGlucoseWaistVariable

−0.247 (1809)−0.161 (1809)−2.284 (1809)−0.316 (1809)−1.043 (1809)−0.376 (1809)t test (df)

0.1260.1260.1290.1260.1270.126R2 adjusted

.81.87.02.75.30.71P value

aThe variables in the rows are the dependent variables, and the variables in the columns are the independent variables. Models were adjusted by age,
height, smoking habit, sex, and physical activity (dichotomized: light and active [moderate and heavy]).
bHDL: high-density lipoprotein.
cFEV1: forced expiratory volume in 1 second (L).
dFEV1%: percentage of predicted forced expiratory volume in 1 second.
eFEV1 reduction (%) = ([FEV1 − expected FEV1]/FEV1) × 100.
fFVC: forced vital capacity (L).
gFVC%: percentage of predicted forced vital capacity.
hFVC reduction (%) = ([FVC – expected FVC]/FVC) × 100.

Number of MetS Criteria and Lung Function
(Spirometric Parameters)
Table 3 shows the effect of the spirometric variables as a
function of the number of MetS components.

FVC and FVC% showed a decrease in values with an increasing
number of MetS criteria. However, the differences found
between having 1 or 2 criteria (FVC: MD 0.046 L, P=.16;
FVC%: MD 1.330, P=.08; FVC reduction: MD 1.481%, P=.13),
3 or 4 criteria (FVC: MD 0.107 L, P=.06; FVC%: MD 2.066,
P=.13; FVC reduction: MD 3.257%, P=.07), 3 or 5 criteria

(FVC: MD 0.165 L, P=.15; FVC%: MD 4.322, P=.21; FVC
reduction: MD 7.228%, P=.11), and 4 or 5 criteria (FVC: MD
0.058 L, P=.16; FVC%: MD 2.256, P=.53; FVC reduction: MD
3.971%, P=.40) were not significant in any of the variables
studied. Nevertheless, it is worth noting that the percentage
reduction of FVC from what was expected showed a clear linear
downward trend, with an MD of 16 (SD 20) percentage points
between those with 0 criteria and those with 5 criteria (P<.001;
Figure 1). These results were also observed for FEV1, FEV1%,
and FEV1 reduction. These findings indicate that an increase
in the number of MetS criteria is associated with a significant
reduction in lung function.

Table 3. Lung function according to the number of metabolic syndrome criteria.

P valueaNumber of components, mean (SD)Variables

5 (n=11)4 (n=95)3 (n=223)2 (n=393)1 (n=554)0 (n=540)

<.0012.77 (0.45)d2.85 (0.44)d2.93 (0.43)d3.04 (0.44)c3.09 (0.42)c3.16 (0.44)FEV1b

<.00180.8 (12.7)d81.6 (12.8)d84 (12.8)d87.5 (12.7)c89.1 (12.7)c91 (13)FEV1%e

<.001−28.1

(20.1)d
−25.8

(20.1)d
−22.6 (20.1)d−17.2 (20)c−15.2 (20)c−12 (20)FEV1 reductionf

<.0013.62 (0.49)d3.68 (0.5)d3.78 (0.49)d3.95 (0.5)c3.99 (0.49)c4.07 (0.51)FVCg

<.00182.3 (11.3)d84.6 (11.4)d86.7 (11.4)d90.4 (11.3)c91.8 (11.3)c93.5 (11.5)FVC%h

<.001−24.4

(14.8)d
−20.4

(14.8)d
−17.2 (14.8)d−12.3 (14.8)c−10.8 (14.8)c−8.7 (14.8)FVC reductioni

.7377.8 (6.5)77.1 (6.5)77.3 (6.5)77 (6.5)77.4 (6.5)77.7 (6.6)FEV1/FVC

aAnalysis of covariance was adjusted for sex, age, height, smoking habits, and physical activity (dichotomized: light and active [moderate and heavy]).
bFEV1: forced expiratory volume in 1 second (L).
cThe presence of the same symbol in the same row indicates that there were no significant differences between pulmonary function and the number of
components.
dThe presence of the same symbol in the same row indicates that there were no significant differences between pulmonary function and the number of
components.
eFEV1%: percentage of predicted forced expiratory volume in 1 second.
fFEV1 reduction (%) = ([FEV1 − expected FEV1]/FEV1) × 100.
gFVC: forced vital capacity (L).
hFVC%: percentage of predicted forced vital capacity.
iFVC reduction (%) = ([FVC − expected FVC]/FVC) × 100.

JMIR Public Health Surveill 2023 | vol. 9 | e43737 | p.835https://publichealth.jmir.org/2023/1/e43737
(page number not for citation purposes)

Molina-Luque et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. Percentage reductions of forced expiratory volume in 1 second (FEV1) and forced vital capacity (FVC) according to number of metabolic
syndrome criteria. Same color means that there were no significant differences between values within a variable.

Number of MetS Criteria and Lung Dysfunction
This effect on pulmonary function variables was reflected in
the distribution of the prevalence of respiratory disorders. In
other words, the alteration of the spirometric values detailed in
the MetS and Lung Function (Spirometric Parameters),
Individual MetS Criteria and Lung Function (Spirometric
Parameters) and Number of MetS Criteria and Lung Function
(Spirometric Parameters) sections has clinical repercussions in
the appearance of pathological respiratory patterns. In this
respect, the proportion of participants who presented
FEV1/FVC<0.7 (0: 8.9%, 1: 11.2%, 2: 12.7%, 3: 16.6%, 4:
21.1%, 5: 9.1%; P=.006) and FVC%<0.8 (0: 9.3%, 1: 14.4%,

2: 17.6%, 3: 28.7%, 4: 33.7%, 5: 45.5%; P<.001) was
significantly higher among those with the most risk factors.
This trend was also observed in the rates of lung dysfunction
(0: 17.4%, 1: 23.6%, 2: 25.7%, 3: 38.1%, 4: 46.3%, 5: 45.5%;
P<.001), in RLD (0: 8.5%, 1: 12.5%, 2: 13%, 3: 21.5%, 4:
25.3%, 5: 45.5%; P<.001), and in MLD (0: 0.7%, 1: 2%, 2:
4.6%, 3: 7.2%, 4: 8.4%, 5: 0%; P<.001) but not in OLD (0:
8.1%, 1: 9.2%, 2: 8.1%, 3: 9.4%, 4: 12.6%, 5: 9.1%; P=.79).
Table 4 shows the prevalence ratios as a function of the number
of components. The results show a significant linear increase
in the prevalence ratio of all the pulmonary disorders studied
with an increasing number of components (P<.001), except for
OLD.
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Table 4. Prevalence ratios for lung disorders according to the number of metabolic syndrome criteria.

P valuebP valueaNumber of components, prevalence ratios (95% CI)Variables

5 (n=11)4 (n=95)3 (n=223)2 (n=393)1 (n=554)0 (n=540)

<.001.0061.02 (0.16-
6.78)

2.37 (1.48-
3.8)

1.87 (1.25-
2.78)

1.43 (0.99-
2.08)

1.26 (0.88-
1.80)

1 (reference)eFEV1c/FVCd<0.7

<.001<.0014.91 (2.43-
9.88)

3.64 (2.47-
5.35)

3.1 (2.22-
4.34)

1.9 (1.35-
2.66)

1.56 (1.12-
2.18)

1 (reference)FVC%f<0.8

<.001<.0013.13 (1.77-
5.54)

2.66 (2-
3.53)

2.19 (1.71-
2.81)

1.48 (1.15-
1.89)

1.36 (1.07-
1.72)

1 (reference)Lung dysfunction

<.001<.0015.34 (2.64-
10.8)

2.97 (1.91-
4.62)

2.53 (1.74-
3.67)

1.52 (1.05-
2.22)

1.46 (1.03-
2.08)

1 (reference)RLDg

.33.791.12 (0.17-
7.39)

1.55 (0.85-
2.82)

1.16 (0.70-
1.90)

1 (0.65-1.55)1.13 (0.77-
1.66)

1 (reference)OLDh

<.001<.001011.37
(3.49-
37.01)

9.69 (3.27-
28.65)

6.18 (2.11-
18.13)

2.68 (0.86-
8.37)

1 (reference)MLDi

aChi-square test.
bLinear trend.
cFEV1: forced expiratory volume in 1 second (L).
dFVC: forced vital capacity (L).
eReference category in statistical analysis.
fFVC%: percentage of predicted forced vital capacity.
gRLD: restrictive lung disease.
hOLD: obstructive lung disease.
iMLD: mixed lung disease.

Discussion

Principal Findings
This study aimed to identify the association between MetS and
changes in spirometric parameters and precisely determine
whether a higher number of MetS components is related to a
worse state of lung function.

The results show that the presence of MetS is associated with
worse lung function. In this study, participants with MetS
showed lower mean FEV1, FEV1%, FVC, and FVC%. These
findings were confirmed when adjusting for different
explanatory variables, showing a clear effect of MetS on
different spirometric parameters. In the case of FEV1/FVC,
although its mean was lower in the MetS group, this association
was lost when adjusting for other independent variables. This
trend has been evidenced in populations of different ethnicities
across cross-sectional and longitudinal designs, although
discrepancies in FEV1/FVC have been observed [31-36]. Kim
et al [32] showed that after 6 years of follow-up, participants
who had MetS at the beginning of the study or developed MetS
during the study had a greater decline in FVC and FEV1 than
those who were healthy. However, the difference was not
significant in the case of FEV1. Ford et al [33] found that
participants with MetS had lower FEV1, FEV1%, FVC, and
FVC% and higher FEV1/FVC.

These changes in spirometric parameters have clinical relevance,
as they translate into the development of lung dysfunction.
However, there are inconsistencies in the type of alteration most
present in participants with MetS. Some authors state that OLD

is more prevalent [12,34,37], whereas others show that RLD is
predominant [12,33,36,38-40]. The results of our study show a
higher proportion of participants with FEV1/FVC<0.7 and
FVC%<0.8 among those diagnosed with MetS. This was
reflected in a higher prevalence of lung dysfunction, RLD, and
MLD, with no difference observed in OLD. In contrast to our
results, Buchman et al [34] found that among men and women
aged >60 years with MetS, there was no higher prevalence of
FEV1/FVC<0.7 compared with those without MetS. However,
we did not analyze by age group, so we do not know what
happens specifically in those aged >60 years. Scarlata et al [39]
observed that participants with RLD had 3-fold higher odds of
MetS (95% CI 1.16-7.89) than those with normal spirometry,
similar to findings by other authors [33]. Inconsistencies in the
obstructive pattern may be (1) because some studies do not
consider the mixed pattern, which may increase the percentage
of patients with an obstructive pattern [37] or (2) because of the
noninclusion of the restrictive pattern in the study [34].
However, it seems clear that there is a greater tendency for the
presence of RLD in people with MetS [12,33,36,40].

Despite the clear association of MetS with lung dysfunction,
the pathophysiological process remains unclear. However,
several mechanisms that could be crucial in the process have
been described, such as insulin resistance and low-grade
inflammation, both of which are present in MetS [17,18,41],
which is reflected in the lungs through different markers [42].
Therefore, it seems reasonable to state that damage in other
body systems, identified according to MetS risk factors, is
associated with lung damage [41]. In this regard, our results
have shown that each MetS component (WC, triglycerides,
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HDL, glucose, and high blood pressure) can significantly modify
each spirometric parameter once adjusted for explanatory
variables. This fact has also been evidenced by other authors
[37,38,43,44].

The accumulation of systemic damage, measured by the number
of MetS criteria, has been associated with more significant organ
damage [45-48]. In this regard, we have shown that having a
higher number of MetS criteria was related to a significantly
worse lung function (spirometric parameters, except for
FEV1/FVC), although no statistically significant differences
were found between some analysis groups defined by the
number of MetS criteria. In addition, linear percentage
reductions of FVC and FEV1 were observed among the different
groups. This inverse relationship has been observed in other
populations, highlighting the association of central obesity with
lung function decline [31,33,35-38,49,50].

These findings are essential for public health in any country.
Therefore, it could be recommended that when health care
professionals observe a progressive loss of lung function in a
patient, they should be alerted and explore for possible
cardiometabolic impairment. Concerning the latter, it is
noteworthy that a significant linear increase in the prevalence
ratios of pulmonary disorders was observed when the number
of MetS components increased. Specifically, the decreases in
FVC% below 80% and in the restrictive pattern stand out. In
this regard, Lee et al [38] found a linear growth trend in the
prevalence of RLD in men but not in women. Chen et al [50]
reported a significant linear trend between the accumulation of
MetS components and the decline in FVC% and FEV1% in
both men and women. Similar results were found by Yoon et
al [36]. They also reported that a significant increase in the odds
ratio for RLD was observed with an increasing number of risk
factors, with the magnitude varying according to the adjustment
made. This trend was not observed for OLD [36].

Regardless of the type of lung disorder associated with MetS,
several researchers have highlighted the need to intervene in
these patients to ensure better respiratory health [12,32,33,50].
From our perspective and based on the results obtained, we
believe that governments should promote public health programs
that include the detection of cardiometabolic disorders and their
impacts on lung health. Although some organizations consider
the magnitude of the most critical public health problems as
risk factors for lung disease [15,51,52], only a few consider
metabolic disorders such as obesity [53]. The accumulation of
visceral fat, the primary pathophysiological mechanism in the
development of insulin resistance and thus of major metabolic
disturbances, requires public health attention [54]. Therefore,
metabolic disorders, such as MetS, should be included in the
programs more concretely, as the evidence is increasingly strong
regarding the relationship between metabolic disorders and lung
disorders [55,56], even pointing to lung cancer [57].

With this inclusion, health professionals could be encouraged
to perform routine spirometry in health examinations to detect

early lung disorders, both those of both respiratory origin and
those of cardiometabolic origin, not only in the working
population (higher risk) but also in the general population [25].
Health professionals are on the frontline, and public health must
provide strategies to diagnose and prevent lung disorders and
protect and promote health [58], which has been advocated for
years [59,60]. This idea gains relevance in a context where
spirometry may be underused or, when used, misused [61,62].

Limitations and Strengths
Owing to the epidemiological design, it is impossible to establish
a cause-effect relationship between the increase in the number
of cardiometabolic risk factors and the progressive alteration
of spirometric variables. It would be interesting to conduct a
retrospective cohort study to determine whether exposure to
different cardiometabolic alterations modifies lung function and
increases pulmonary disease incidence. Another possible
limitation is the small number of participants in the group with
5 MetS criteria, which makes it difficult to analyze their lung
function status. However, given the sample’s representativeness,
we consider that its small size is linked to what can be found
in real settings, where the presence of these individuals is scarce.
Moreover, given the particular characteristics of the sample
(workers, ie, the working population), extrapolation to the
general population (more sedentary) is challenging. However,
workers represent a significant proportion of the people,
meaning that the participants analyzed cover an essential
demographic stratum. Although workers’ smoking habits have
been controlled, including the number of annual packs of
cigarettes in data collection could improve the accuracy of the
analysis. Despite the limitations, the robustness of the statistical
tests, the control of confounding variables, and the large sample
size make the results consistent. Furthermore, the methodology
used has facilitated comparison with similar studies, making it
possible to reinforce knowledge on the topic.

Conclusions
The presence of a greater number of MetS criteria
(cardiometabolic risk factors) has been associated with increased
lung dysfunction and a higher prevalence of pulmonary
impairments, especially those of the restrictive and mixed types.
In addition, the findings show that the comorbid occurrence of
risk factors leads to a deterioration of FVC and FEV1. The
findings highlight the need for governments to consider the
importance of cardiometabolic health in lung function when
formulating public health policies that are to be implemented
in hospitals, health centers, companies, etc. In this context,
spirometry could be crucial for health professionals to monitor
patients at a risk of developing chronic pathologies. In addition,
routine spirometry helps detect changes in lung function related
to cardiometabolic disorders. In short, spirometry is an
accessible method that should be used to prevent and provide
early care for diseases, including those not of pulmonary origin.
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Abstract

Background: A clear understanding of the anthropometric and sociodemographic risk factors related to BMI and hypertension
categories is essential for more effective disease prevention, particularly in India. There is a paucity of nationally representative
data on the dynamics of these risk factors, which have not been assessed among healthy reproductive-age Indian women.

Objective: This cross-sectional polycystic ovary syndrome (PCOS) task force study aimed to assess the anthropometric and
sociodemographic characteristics of healthy reproductive-age Indian women and explore the association of these characteristics
with various noncommunicable diseases.

Methods: We conducted a nationwide cross-sectional survey from 2018 to 2022 as part of the Indian Council of Medical
Research–PCOS National Task Force study, with the primary aim of estimating the national prevalence of PCOS and regional
phenotypic variations among women with PCOS. A multistage random sampling technique was adopted, and 7107 healthy women
(aged 18-40 years) from 6 representative geographical zones of India were included in the study. The anthropometric indices and
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sociodemographic characteristics of these women were analyzed. Statistical analysis was performed to assess the association
between exposure and outcome variables.

Results: Of the 7107 study participants, 3585 (50.44%) were from rural areas and 3522 (49.56%) were from urban areas. The
prevalence of obesity increased from 8.1% using World Health Organization criteria to 40% using the revised consensus guidelines
for Asian Indian populations. Women from urban areas showed higher proportions of overweight (524/1908, 27.46%), obesity
(775/1908, 40.62%), and prehypertension (1008/1908, 52.83%) categories. A rising trend of obesity was observed with an increase
in age. Women aged 18 to 23 years were healthy (314/724, 43.4%) and overweight (140/724, 19.3%) compared with women
aged 36 to 40 years with obesity (448/911, 49.2%) and overweight (216/911, 23.7%). The proportion of obesity was high among
South Indian women, with 49.53% (531/1072) and 66.14% (709/1072), using both World Health Organization criteria and the
revised Indian guidelines for BMI, respectively. BMI with waist circumference and waist-to-height ratio had a statistically
significant linear relationship (r=0.417; P<.001 and r=0.422; P<.001, respectively). However, the magnitude, or strength, of the
association was relatively weak (0.3<|r|<0.5). Statistical analysis showed that the strongest predictors of being overweight or
obese were older age, level of education, wealth quintile, and area of residence.

Conclusions: Anthropometric and sociodemographic characteristics are useful predictors of overweight- and obesity-related
syndromes, including prehypertension, among healthy Indian women. Increased attention to the health of Indian women from
public health experts and policy makers is warranted. The findings of this study can be leveraged to offer valuable insights,
informing health decision-making and targeted interventions that mitigate risk factors of overweight, obesity, and hypertension.

International Registered Report Identifier (IRRID): RR2-10.2196/23437

(JMIR Public Health Surveill 2023;9:e43199)   doi:10.2196/43199

KEYWORDS

Indian Council of Medical Research–polycystic ovary syndrome study; ICMR-PCOS study; noncommunicable diseases; disease
surveillance; obesity; hypertension; anthropometry; healthy reproductive-age women; socioeconomic status

Introduction

Background
Over the past few decades, a disturbing epidemiological
transition has revealed that chronic noncommunicable diseases
(NCDs) are on the rise both at the global and regional levels.
The etiology of NCDs has remained vague and has been
attributed to many factors, ranging from genetic predispositions
to human lifestyles. The lack of physical exercise, high BMI,
increased blood pressure (BP), and obesity are a few factors
that affect people’s health and predispose them to the risk of
NCDs [1,2]. Obesity has now emerged as a major worldwide
health concern and is probably the main cause of the deranged
metabolism leading to metabolic syndrome, including insulin
resistance (IR), type 2 diabetes mellitus, hypertension, and
dyslipidemia [3,4]. Scientific evidence reveals that women with
obesity are more vulnerable to infertility, miscarriage, and other
reproductive complications [5]. Researchers have brought to
light the fact that a fast-paced lifestyle has taken a toll on human
health and is a contributor to the rise of various diseases and
disorders. The issue of obesity and overweight has increased to
epidemic proportions; one-third of the global population is
overweight or obese, and according to the global burden of
disease, >4 million people die each year as a result of these
issues. According to the Indian Council of Medical Research
(ICMR)–India Diabetes study 2015, the prevalence rates of
obesity and central obesity vary from 11.8% to 31.3% and from
16.9% to 36.3%, respectively [6]. Another cross-sectional study
reported an age-adjusted prevalence of hypertension of 10.9%
in women, 12.5% in urban areas, and 10.6% in rural areas [7].
Recent reports from the World Health Organization (WHO)
revealed that, among adults aged ≥18 years, 13% are obese and
39% are overweight [8]. The 2019 to 2021 National Family

Health Survey (NFHS)–5 anthropometric data revealed that
19% of women aged between 15 and 49 years are underweight,
24% are overweight or obese, and 57% have a BMI within the
normal range [9].

A global strategy for improving health, early detection, and
prevention of disease epidemics can be developed by adopting
appropriate, accessible, affordable, and scalable health solutions.
Anthropometry is the single most universally applicable,
inexpensive, noninvasive, and reliable method available for the
assessment of body composition, size, and proportions among
other methods such as biochemical and radiological assessments.
Anthropometric indices are being used to predict the increased
risk of several diseases at both the individual and population
levels [10-12]. These indices are combinations of anthropometric
measurements (BMI, waist circumference [WC], and
waist-to-hip ratio [WHR]) that are vital for the interpretation
of measurements and assessment of NCD risk factors in the
population [13,14]. The most frequently used anthropometric
indices are BMI and WC as predictors of overweight- and
obesity-related syndromes, including hypertension. The existing
literature includes waist-to-height ratio (WHtR) as an additional
anthropometric indicator for the assessment of overweight- and
obesity-related syndromes, including hypertension [9,15,16].
Several epidemiological studies have consistently reported an
association between hypertension and BMI, WC, WHR, and
WHtR [17,18].

The correlation between obesity and hypertension is a major
concern worldwide. The prevalence of obesity in India is not
uniform and varies according to age, gender, geographical
environment, and socioeconomic status (SES). Furthermore,
many sociodemographic indicators such as education, SES, and
occupation and ethnic and racial differences are linked to health
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status through multiple pathways; however, their clear
relationships have not yet been fully elucidated and hitherto
remain obscure. The NFHS conducted in India has depicted
substantial differences using WHO criteria in the prevalence of
overweight and obesity among adults across regions, implying
the role of geographic and regional factors. However, there is
a paucity of similar literature among reproductive age–matched
healthy women using revised consensus guidelines for Indian
populations. Myriad previous studies have revealed that the
prevalence of prehypertension is an important risk and
predisposing factor for developing hypertension in the future
[19]. Making use of Western anthropometric standards for low-
and middle-income countries (LMICs) has remained
controversial [20]; hence, country-specific anthropometric data
become indispensable in this regard. It has been very well
acknowledged that no standard is universally acceptable as the
definition of indices such as optimal growth differs with
ethnicity and genetic makeup. In addition, these anthropometric
parameters are not uniform and vary considerably from
population to population. However, these anthropometric
indicators have high predictive value for assessing risk factors
of NCDs, thus offering a robust mechanism for the identification
of risk factors in relatively easy and cost-effective ways in a
local setting.

Objectives
The pattern of overall lifestyle varies from region to region,
which necessitates a comprehensive national-level research
study, especially among young, healthy reproductive-age women
across diverse regions of the country. India has called for the
highest priority for the health needs of women, who constitute
nearly 50% of the country’s population. Taking a cue, the ICMR
has taken an initiative under the ICMR–polycystic ovary
syndrome (PCOS) Task Force study to address women-centric
issues, wherein attention has also been paid to the assessment
of various aberrations among women from representative regions
of India using anthropometric indices. As the prevalence of
overweight, obesity, and hypertension is rising in LMICs such
as India, it becomes imperative to understand the dynamics of
the various sociodemographic factors and their association with
the incidence of overweight, obesity, and BP profile among
age-matched healthy women from representative regions of
India. With this endeavor, this study attempted to address the
gaps in NFHS anthropometric data using nationally
representative data through the adoption of revised
country-specific guidelines.

Methods

Setting
We used data from the ICMR-PCOS Task Force study
conducted across representative regions of India [21]. The data
were collected from both rural and urban areas in 6 geographical
zones of the country.

Ethics Approval
The study was conducted in accordance with the Helsinki
Declaration of 1975 and has been approved by the institutional
ethics committees at all 10 study sites as:
131/IEC-SKIMS/2017-101- Sher-i-Kashmir Institute of Medical
Sciences, Srinagar; PGI/IEC/2017/47-Postgraduate Institute of
M e d i c a l  E d u c a t i o n  a n d  R e s e a r c h ,
Chandigarh;IEC-34/09.02.2017- All India Institute of Medical
Sciences, Delhi; IEC/2017/057- Institute of Post Graduate
Medical Education and Research, Kolkata;
NEIGR/IEC/2018/02- North Eastern Indira Gandhi Regional
Institute of Health and Medical Sciences;
ECR/300/Inst/AP/2017-Osmania Medical College, Hyderabad;
IEC/MHRT/302- Maternal Health and Research Trust,
Hyderabad;173/IEC-AIIMSRPR/2017- All India Institute of
Medical Sciences, Raipur; D/ICEC/Sci-33/37/2017- National
Institute for Research in Reproductive Health, Mumbai and
IEC.No.07/09/2017/MCT- Government Medical College,
Trivandrum.

Informed Consent and Safety Measures
Written informed consent was obtained from the participants,
ensuring their understanding of the purpose of the study and
the obligations and possible consequences of their participation.
During the data collection process, face masks, hand gloves,
and hand sanitizer were provided to the data collection team
and study participants to protect the data collectors and
participants from COVID-19 infection.

Study Sites
This study involved the participation of the following sites: All
India Institute of Medical Sciences, Delhi; All India Institute
of Medical Sciences, Raipur; Government Medical College,
Trivandrum; Institute of Post Graduate Medical Education and
Research, Kolkata; Maternal Health and Research Trust,
Hyderabad; North Eastern Indira Gandhi Regional Institute of
Health and Medical Sciences, Shillong; National Institute for
Research in Reproductive Health, Mumbai; Osmania Medical
College, Hyderabad; Postgraduate Institute of Medical Education
and Research, Chandigarh; and Sher-i-Kashmir Institute of
Medical Sciences, Srinagar.

Sampling Design
This multicenter study involved the recruitment of apparently
healthy women aged 18 to 40 years using a multistage sampling
technique from randomly selected polling booths across urban
and rural areas from the 6 zones (ie, North, South, East, West,
Northeast, and Central India) of the country. The states and
union territories were grouped into 6 geographical regions based
on their sociocultural similarities, with a small change from the
grouping (Table 1 shows the composition of each zone). Details
of the sample size and sampling plan are available in our
published protocol in JMIR Research Protocols [21].
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Table 1. States and union territories in each region.

State and UTaRegion or zone

West BengalEast

MaharashtraWest

Jammu and Kashmir (UT), Chandigarh (UT), and Delhi (UT)North

MeghalayaNortheast

ChhattisgarhCentral

TelanganaSouth

aUT: Union Territory.

Study Population
We approached a total of 13,166 women as per the voter ID
list, of whom 3137 (23.83%) were either not eligible or refused
to give consent and were excluded. Of the total 10,029 women,
2922 (29.14%) were excluded using the inclusion and exclusion

criteria (Textbox 1). A total of 7107 women were enrolled as
apparently healthy controls with complete sociodemographic
details, and after considering the missing clinical information,
our analysis included 3877 (54.55%) apparently healthy women
from representative regions of the country (Figure 1).

Textbox 1. Inclusion and exclusion criteria.

Inclusion criteria

• Healthy women aged between 18-40 years

• Women who were permanent residents of that area (>1 y)

• Willingness to participate in the study and sign an informed consent form

Exclusion criteria

• Participants with hypothyroidism, subclinical hypothyroidism, hyperthyroidism, hyperprolactinemia, type 2 diabetes, exogenous Cushing
syndrome, premature ovarian failure, and hypopituitarism

• Pregnant or lactating women and those with cognitive or physical limitations that prevented them from answering the questionnaire
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Figure 1. CONSORT (Consolidated Standards of Reporting Trials) diagram showing selection of participants in the cross-sectional polycystic ovary
syndrome (PCOS) Task Force study. AIIMS: All India Institute of Medical Sciences; GMC: Government Medical College; ICMR: Indian Council of
Medical Research; IPGMER: Institute of Post Graduate Medical Education and Research; MHRT: Maternal Health and Research Trust; NEIGRIHMS:
North Eastern Indira Gandhi Regional Institute of Health and Medical Sciences; NIRRH: National Institute for Research in Reproductive Health; OMC:
Osmania Medical College; PGIMER: Postgraduate Institute of Medical Education and Research; SKIMS: Sher-i-Kashmir Institute of Medical Sciences.

Data Collection
Well-trained research staff collected the requisite data as
appropriate at each study site. After obtaining written consent,
an in-depth questionnaire was presented to each woman enrolled
from the community (rural and urban) to obtain demographic
information about her age, religion, marital status, level of
education, SES, occupation, and type of family. Anthropometric
data collected included height, weight, WHR, and WC. BP
readings were taken at 5-minute intervals. The junior medical
officers were responsible for the overall management of the
field team at all sites. The investigators at all participating

centers monitored the data collection process and checked the
data during entry.

Tools and Techniques

Sociodemographic Information
Sociodemographic information pertaining to age, sex, address,
occupation, education, SES, marital status, and religion was
obtained using a paper-based questionnaire. Information related
to anthropometric and related parameters in study participants
was obtained through in-person physical evaluation during
community visits.
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Anthropometric Measurements
Participants included in the study underwent a range of
anthropometric measurements in accordance with the instruction
manual designed before the initiation of the study. Trained
research staff were engaged to take the measurements and record
the clinical data from all participants, including age, body weight

(kg), height (cm), BMI (kg/m2), WHR, and BP. The
anthropometric measurements were performed using
anthropometric tools (SECA 213, 813, and 203 scales) with
similar specifications at all participating sites. The equipment
was maintained and calibrated as per the manufacturer’s
instructions. BMI was calculated using the following formula:

BMI = weight (kg) / height2 (m2). BP was measured 3 times
with an automated sphygmomanometer in a sitting position
after at least 5 minutes of rest.

Height was measured using a portable stadiometer (SECA 213)
with precision nearest to 0.1 cm. Before measurement, the
stadiometer was checked using calibration rods. During
measurement, the participants were asked to take off their shoes.
To ensure correct measurements, the shoulder, buttocks, calf,
heel, and back of the head of each participant were to touch the
vertical stand of the stadiometer.

Body weight was measured using a digital scale (SECA 813)
with a precision of 0.1 kg. The accuracy of the scale was
checked by weighing an object of known weight. The
participants were asked to stand straight on the electronic
weighing scale barefoot and with light clothing, and the weight
displayed on the screen was recorded.

WC was measured using nonstretchable measuring tape (SECA),
and the participants were asked to raise their clothing above the
waist to avoid any interference with the measurements. WC
was measured on bare skin with the participant in a standing
position and at the narrowest indentation at the midpoint
between the costal margin and iliac crest.

BP was measured using an automatic BP monitor (OMRON
HEM-7124). To ensure adherence to WHO criteria for the
measurement of BP, the participants were asked to sit on a chair
and allowed to rest as required with their feet on the ground and
their palm facing upward. All BP measurements were performed
preferably on the left arm, ensuring that the cuff was wrapped
over the bare upper arm, 2 to 3 cm above the antecubital fossa.
The average of 3 consecutive measurements was taken as the
BP of the participant.

Categorization of Variables
The primary outcome variables of our study included prevalence
of overweight, obesity, and hypertension. The variables used
were age; place of residence; geographical region; marital status;
occupation; SES; and biological risk factors such as BMI, WC,
and WHtR of the study participants. BMI was calculated as the
ratio of weight (in kg) to the square of height (in m; BMI =

weight / height2). For the WHR, WC was divided by hip
circumference. BMI was categorized as healthy, underweight,
overweight, and obese. According to the WHO classification

of obesity, BMI is categorized as healthy (<24.9 kg/m2),

overweight (25-29.9 kg/m2), and obese (>30 kg/m2) [22].

However, in this study, BMI was calculated based on the revised
consensus guidelines for India [23,24]. Using this scale, the

participants were categorized as underweight (<18.5 kg/m2),

healthy (18.5-22.9 kg/m2), overweight (23.0-24.9 kg/m2), and

obese (≥25 kg/m2).

The explanatory variables were selected based on published
reports and the data set’s structure. The study collected
information pertaining to the participants’ age (18-23, 24-29,
30-35, and 36-40 y), place of residence (urban and rural),
geographical location (East, West, North, South, Northeast, and
Central India), marital status, educational level (ie, illiterate, up
to primary school, up to secondary school, up to high school,
and above), SES using the BG Prasad scale (eg, lower class,
middle class, lower middle class, and upper class), and religion
(ie, Hindu, Muslim, Christian, Sikh, and others).

Definition and Categorization of Hypertension
Hypertension was defined according to the Eighth Joint National
Committee on Prevention, Detection, Evaluation, and Treatment
of High Blood Pressure (JNC 8) criteria. All the participants
with a systolic BP (SBP) of ≥140 mm Hg or a diastolic BP
(DBP) of ≥90 mm Hg or who reported taking medication at
present for the treatment of high BP were classified as having
hypertension. As per the JNC 8, (1) stage-1 hypertension was
defined as an SBP of 140 to 159 mm Hg or DBP of 90 to 99
mm Hg, and (2) prehypertension was defined as an SBP of >120
mm Hg but less than the cutoff for hypertension or DBP between
80 and 89 mm Hg in the absence of a diagnosis of hypertension
or treatment with medication for high BP [23].

Statistical Analysis
The data from all study participants were entered into Excel
(Microsoft Corp) sheets, and we used SPSS (version 26.0; IBM
Corp) for data analysis. Descriptive statistical analysis was
performed, and categorical variables were stratified into groups
and then presented as numbers and percentages. Pearson
correlation analysis was performed between BMI and WC and
WHtR. A logistic regression model was used to determine the
influence of demographic characteristics on general and central
obesity. Variables included in the multivariate logistic regression
analysis were age, region, SES, education, religion, marital
status, and occupation. The data on the distribution of BMI
categories using WHO criteria and the revised consensus
guidelines for India were presented using bar charts. A 2-tailed
P value of <.05 was considered statistically significant.

Results

Description
Apparently healthy women who met the inclusion criteria were
enrolled as controls in the study. The sociodemographic
information (age, sex, address, occupation, education, SES,
marital status, and religion) of the study participants is shown
in Table 2. Of the 7107 study participants, 3585 (50.44%) were
from rural areas and 3522 (49.56%) were from urban areas.
Most of the women (2323/7107, 32.69%) were aged 30 to 35
years, followed by 24 to 29 years (1869/7107, 26.3%), 36 to 40
years (1609/7107, 22.64%), and 18 to 23 years (1306/7107,
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18.38%). Most women (4851/7107, 68.26%) were Hindu,
followed by Muslim (1300/7107, 18.29%), Christian (837/7107,
11.78%), Sikh (88/7107, 1.24%), and other religions (31/7107,
0.44%). Approximately 73.8% (5245/7107) of women were
married, and 24.22% (1721/7107) were unmarried, with
approximately 1.98% (141/7107) of women being either
widowed or un-remarried. Among the enrolled women, 22.37%
(1590/7107) had a high school education, 18.62% (1323/7107)
had a middle school education, 20.22% (1437/7107) had a
postgraduate education, only 2.41% (171/7107) had received a

professional education or honors, and 14.65% (1041/7107) were
uneducated. Furthermore, 82.43% (5858/7107) of women were
unemployed or unskilled, and 2.41% (171/7107) were in some
profession. Most of them (2176/7107, 30.62%) belonged to the
middle class, followed by the lower-middle class (1721/7107,
24.22%). Of all the enrolled women, 13.02% (925/7107)
belonged to the upper class, 22.39% (1591/7107) belonged to
the upper-middle class, and 9.62% (684/7107) belonged to the
lower class.
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Table 2. Sociodemographic characteristics of the study population from representative regions of the country (n=7107).

Total, n (%)West (n=947),
n (%)

South (n=1690),
n (%)

Central
(n=681), n (%)

East (n=744), n
(%)

Northeast
(n=829), n (%)

North (n=2216),
n (%)

Variable

Age group (years)

1306 (18.4)57 (6)252 (14.9)218 (32)120 (16.1)218 (26.3)441 (19.9)18-23

1869 (26.3)223 (23.5)481 (28.5)203 (29.8)199 (26.7)267 (32.2)496 (22.4)24-29

2323 (32.7)349 (36.9)530 (31.4)198 (29.1)260 (34.9)221 (26.7)765 (34.5)30-35

1609 (22.6)318 (33.6)427 (25.3)62 (9.1)165 (22.2)123 (14.8)514 (23.2)36-40

Area of residence

3585 (50.4)495 (52.3)822 (48.6)294 (43.2)391 (52.6)431 (52)1152 (52)Rural

3522 (49.6)452 (47.7)868 (51.4)387 (56.8)353 (47.4)398 (48)1064 (48)Urban

Religion

4851 (68.3)905 (95.6)1390 (82.2)638 (93.7)481 (64.7)123 (14.8)1314 (59.3)Hindu

1300 (18.3)22 (2.3)164 (9.7)25 (3.7)263 (35.3)9 (1.1)817 (36.9)Muslim

837 (11.8)7 (0.7)136 (8)12 (1.8)0 (0)679 (81.9)3 (0.1)Christian

88 (1.2)2 (0.2)0 (0)4 (0.6)0 (0)0 (0)82 (3.7)Sikh

31 (0.4)11 (1.2)0 (0)2 (0.3)0 (0)18 (2.2)0 (0)Other

Marital status

1721 (24.2)220 (23.2)236 (14)226 (33.2)113 (15.2)317 (38.2)609 (27.5)Unmarried

5245 (73.8)704 (74.3)1406 (83.2)447 (65.6)630 (84.7)473 (57.1)1585 (71.5)Married

66 (0.9)13 (1.4)12 (0.7)2 (0.3)0 (0)27 (3.3)12 (0.5)Un-remarried

75 (1.1)10 (1.1)36 (2.1)6 (0.9)1 (0.1)12 (1.4)10 (0.5)Widowed

Level of education

1041 (14.6)145 (15.3)221 (13.1)28 (4.1)274 (36.8)25 (3)348 (15.7)Illiterate

711 (10)78 (8.2)106 (6.3)50 (7.3)192 (25.8)97 (11.7)188 (8.5)Primary school
certificate

1323 (18.6)155 (16.4)233 (13.8)137 (20.1)243 (32.7)187 (22.6)368 (16.6)Middle school
certificate

1590 (22.4)173 (18.3)481 (28.5)158 (23.2)24 (3.2)208 (25.1)546 (24.6)High school cer-
tificate

831 (11.7)112 (11.8)231 (13.7)127 (18.6)8 (1.1)132 (15.9)221 (10)Intermediate or
post–high school
diploma

1437 (20.2)255 (26.9)296 (17.5)178 (26.1)3 (0.4)174 (21)531 (24)Graduate or post-
graduate

171 (2.4)29 (3.1)122 (7.2)3 (0.4)0 (0)3 (0.4)14 (0.6)Profession or
honors

Occupation

4778 (67.2)563 (59.5)1177 (69.6)537 (78.9)133 (17.9)517 (62.4)1851 (83.5)Unemployed

1080 (15.2)135 (14.3)208 (12.3)67 (9.8)388 (52.2)211 (25.5)71 (3.2)Unskilled worker

571 (8)81 (8.6)110 (6.5)51 (7.5)212 (28.5)43 (5.2)74 (3.3)Semiskilled
worker

309 (4.3)72 (7.6)86 (5.1)21 (3.1)11 (1.5)15 (1.8)104 (4.7)Skilled worker

62 (0.9)25 (2.6)27 (1.6)2 (0.3)0 (0)0 (0)8 (0.4)Arithmetic skill
job

109 (1.5)27 (2.9)42 (2.5)3 (0.4)0 (0)13 (1.6)24 (1.1)Semiprofessional

171 (2.4)44 (4.6)40 (2.4)0 (0)0 (0)23 (2.8)64 (2.9)Professional
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Total, n (%)West (n=947),
n (%)

South (n=1690),
n (%)

Central
(n=681), n (%)

East (n=744), n
(%)

Northeast
(n=829), n (%)

North (n=2216),
n (%)

Variable

27 (0.4)0 (0)0 (0)0 (0)0 (0)7 (0.8)20 (0.9)Other

Socioeconomic status

925 (13)227 (24)333 (19.7)163 (23.9)17 (2.3)5 (0.6)180 (8.1)Upper class

1591 (22.4)210 (22.2)265 (15.7)204 (30)466 (62.6)15 (1.8)431 (19.4)Upper-middle
class

2176 (30.6)187 (19.7)714 (42.2)180 (26.4)234 (31.5)320 (38.6)541 (24.4)Middle class

1721 (24.2)211 (22.3)289 (17.1)105 (15.4)27 (3.6)488 (58.9)601 (27.1)Lower-middle
class

694 (9.8)112 (11.8)89 (5.3)29 (4.3)0 (0)1 (0.1)463 (20.9)Lower class

Type of family

147 (2.1)7 (0.7)57 (3.4)10 (1.5)0 (0)3 (0.4)70 (3.2)Living alone

4653 (65.5)638 (67.4)997 (59)380 (55.8)569 (76.5)723 (87.2)1346 (60.7)Nuclear

2189 (30.8)297 (31.4)596 (35.3)287 (42.1)172 (23.1)103 (12.4)734 (33.1)Joint

116 (1.6)5 (0.5)40 (2.4)4 (0.6)3 (0.4)0 (0)64 (2.9)Extended

2 (0)0 (0)0 (0)0 (0)0 (0)0 (0)2 (0.1)Other

In addition, we observed that the prevalence of overweight,
obesity, and hypertension among women showed an association
with sociodemographic and other characteristics. We analyzed
how overweight, obesity, and prehypertension varied when
nonmodifiable factors such as age and modifiable factors such
as educational level were considered in accordance with the
revised consensus guidelines for India. A rising trend of obesity
was observed with an increase in age. Women aged between
36 and 40 years (448/911, 49.2%) were more obese compared
with those in other age groups. As expected, we observed the
lowest percentage of obesity among women aged 18 to 23 years.
The incidence of overweight was highest (341/1289, 26.45%)
among women aged between 30 and 35 years and lowest among
women aged between 18 and 23 years. In addition, we found a
lower percentage of prehypertension (324/1946, 16.65%) among
younger women aged between 18 and 23 years than in those
aged between 30 and 35 years.

Using the revised consensus guidelines for India, we found
varying proportions of BMI categories and prehypertension
across rural and urban areas. Urban areas showed the highest
proportions of women with obesity (775/1908, 40.62%),
overweight (524/1908, 27.46%), and prehypertension
(1008/1908, 52.83%) compared with women from rural areas.
The proportion of underweight showed an almost decreasing
trend with an increase in SES and vice versa for obesity rates.
Upper-class and upper–middle-class women presented the
lowest rates of underweight (17/308, 5.5% and 25/740, 3.4%,
respectively). However, middle-class women presented a high
incidence of underweight, obesity, and prehypertension

(80/1331, 6.01%; 552/1331, 41.47%; and 738/1946, 37.92%,
respectively). Women with a higher level of education
(professional or honors) showed the lowest rates of overweight
(6/34, 18%) and prehypertension (14/1946, 0.72%), and none
were underweight. Women with a middle school education and
illiterate women had higher obesity rates (299/665, 45% and
269/614, 43.8%, respectively). Women who had received a high
school, graduate, or postgraduate education showed high rates
of prehypertension (482/1946, 24.77% and 359/1946, 18.45%,
respectively). Predictably, we observed high percentages of
prehypertension (1409/1946, 72.4%) and overweight (706/2836,
24.89%) among unemployed women and the lowest rates of
prehypertension (31/1946, 1.59%) among women who were
either semiprofessional or professional (Table 3).

Table 4 shows the pattern of BMI and hypertension categories
in each zone stratified by BMI, central obesity (WHtR and WC),
and BP profiles. The comparative distribution of BMI categories
of the 3877 women using the WHO and revised consensus
guidelines for India are shown in Tables 4 and 5, in which
regional variations are quite evident. Using WHO criteria and
the revised consensus guidelines for India, the highest proportion
of healthy women was observed in the Northeast (126/164,
76.8% and 99/164, 60.4%, respectively), and the proportion of
overweight women was 42.1% (59/140) and 27.9% (39/140) in
the East region, respectively. Accordingly, we found the highest
rates of obesity in southern India (151/1072, 14.09% using the
WHO criteria and 531/1072, 49.53% using the revised consensus
BMI guidelines for India).
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Table 3. Association between sociodemographic variables and BMI categories stratified by the revised consensus guidelines for India and stages of
hypertension.

Prehypertension
(n=1946), n (%)

Obese (n=1552), n
(%)

Overweight (n=941),
n (%)

Healthy (n=1180), n
(%)

Underweight (n=204),
n (%)

Variable

Age group (years)

324 (16.6)198 (27.3)140 (19.3)314 (43.4)72 (9.9)18-23

484 (24.9)343 (36)244 (25.6)303 (31.8)63 (6.6)24-29

673 (34.6)563 (43.7)341 (26.5)340 (26.4)45 (3.5)30-35

465 (23.9)448 (49.2)216 (23.7)223 (24.5)24 (2.6)36-40

Area of residence

938 (48.2)777 (39.5)417 (21.2)647 (32.9)128 (6.5)Rural

1008 (52.8)775 (40.6)524 (27.5)533 (27.9)76 (4)Urban

Religion

1323 (68)1086 (41.5)677 (25.8)747 (28.5)109 (4.2)Hindu

525 (27)383 (39.8)199 (20.7)308 (32)73 (7.6)Muslim

53 (2.7)52 (25.1)33 (15.9)102 (49.3)20 (9.7)Christian

43 (2.2)30 (36.1)32 (38.6)19 (22.9)2 (2.4)Sikh

2 (0.1)1 (20)0 (0)4 (80)0 (0)Other

Level of education

379 (19.5)269 (43.8)146 (23.8)161 (26.2)38 (6.2)Illiterate

198 (10.2)158 (42.9)93 (25.3)95 (25.8)22 (6)Primary school certifi-
cate

321 (16.5)299 (45)155 (23.3)180 (27.1)31 (4.7)Middle school certifi-
cate

482 (24.8)361 (38)223 (23.4)312 (32.8)55 (5.8)High school certificate

193 (9.9)160 (35.5)104 (23.1)155 (34.4)32 (7.1)Intermediate or
post–high school diplo-
ma

359 (18.4)291 (36.6)214 (27)263 (33.1)26 (3.3)Graduate or postgradu-
ate

14 (0.7)14 (41.2)6 (17.6)14 (41.2)0 (0)Profession or honors

Socioeconomic status

133 (6.8)125 (40.6)79 (25.6)87 (28.2)17 (5.5)Upper class

353 (18.1)302 (40.8)187 (25.3)226 (30.5)25 (3.4)Upper-middle class

738 (37.9)552 (41.5)333 (25)366 (27.5)80 (6)Middle class

461 (23.7)372 (38.2)222 (22.8)331 (34)48 (4.9)Lower-middle class

261 (13.4)201 (38.3)120 (22.9)170 (32.4)34 (6.5)Lower class

Occupation

1409 (72.4)1100 (38.8)706 (24.9)878 (31)152 (5.4)Unemployed

218 (11.2)185 (45.8)98 (24.3)102 (25.2)19 (4.7)Unskilled worker

137 (7)99 (38.8)53 (20.8)84 (32.9)19 (7.5)Semiskilled worker

93 (4.8)84 (45.2)37 (19.9)57 (30.6)8 (4.3)Skilled worker

16 (0.8)13 (48.1)5 (18.5)9 (33.3)0 (0)Arithmetic skill job

31 (1.6)22 (37.9)13 (22.4)19 (32.8)4 (6.9)Semiprofessional

31 (1.6)36 (40)25 (27.8)27 (30)2 (2.2)Professional
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Table 4. Distribution of BMI stratified by the revised consensus guidelines for India and the World Health Organization (WHO) criteria along with
stratified analysis of hypertension and various anthropometric indices of the study population.

West (n=161), n
(%)

South (n=1072),
n (%)

Central (n=126),
n (%)

East (n=140), n
(%)

Northeast
(n=164), n (%)

North (n=2214),
n (%)

Category and variable

BMI category (revised Indian guidelines)

21 (13)56 (5.2)15 (11.9)3 (2.1)13 (7.9)96 (4.3)Underweight (<18.5

kg/m2)

55 (34.2)240 (22.4)55 (43.7)36 (25.7)99 (60.4)695 (31.4)Healthy (18.5-22.9 kg/m2)

29 (18)245 (22.9)19 (15.1)39 (27.9)27 (16.5)582 (26.3)Overweight (23-24.9

kg/m2)

56 (34.8)531 (49.5)37 (29.4)62 (44.3)25 (15.2)841 (38)Obese (≥25 kg/m2)

BMI category (WHO criteria)

21 (13)56 (5.2)15 (11.9)3 (2.1)13 (7.9)96 (4.3)Underweight (<18.5

kg/m2)

84 (52.2)485 (45.2)74 (58.7)75 (53.6)126 (76.8)1277 (57.7)Healthy (18.5-24.9 kg/m2)

44 (27.3)380 (35.4)33 (26.2)59 (42.1)25 (15.2)699 (31.6)Overweight (25-29.9

kg/m2)

12 (7.5)151 (14.1)4 (3.2)3 (2.1)0 (0)a142 (6.4)Obese (≥30 kg/m2)

Waist category

97 (60.2)481 (44.9)80 (63.5)27 (19.3)86 (52.4)1192 (53.8)Central_obesity_WHtrb

48 (29.8)164 (15.3)38 (30.2)7 (5)13 (7.9)498 (22.5)Central_obesity_WCc

Hypertension category (JNC 8d criteria)

118 (73.3)363 (33.9)73 (57.9)70 (50)134 (81.7)1173 (53)Normotensive

43 (26.7)709 (66.1)53 (42.1)70 (50)30 (18.3)1041 (47)Prehypertension

aNo participant identified in this category.
bWHtR: waist-to-height ratio.
cWC: waist circumference.
dJNC 8: Eighth Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure.

Table 5. Comparative distribution of BMI categories (obese, overweight, healthy, and underweight) of the women using the World Health Organization
(WHO) criteria and the revised consensus guidelines for India (n=3877).

Participants, n (%)

BMI (WHO)

312 (8.05)Obese

1240 (31.98)Overweight

2121 (54.71)Healthy

204 (5.26)Underweight

BMI (Indian)

1552 (40.03)Obese

941 (24.27)Overweight

1180 (30.44)Healthy

204 (5.26)Underweight

A clear variation in the frequency of central obesity, WHtR,
and WC was noted among women across the regions. The
central obesity WHtR and WC were highest among Central
Indian women (80/126, 63.5% and 38/126, 30.2%, respectively).

We also analyzed how BP profile varied across regions using
JNC 8 criteria. After stratifying by region, our analysis showed
that the women who were enrolled as healthy controls in the
study either were normotensive (healthy BP profile) or fell under
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the prehypertension category. The Northeast region (Shillong)
showed the highest incidence of normotensive women (134/164,
81.7%) and the lowest rates of women with prehypertension
(30/164, 18.3%). However, prehypertension was found to be
highest among South Indian women (709/1072, 66.14%),
followed by women from East (70/140, 50%), North (1041/2214,
47.02%), and Central (53/126, 42.1%) India, as well as 26.7%
(43/161) from the Western region of the country. Table 6 shows
the multivariate logistic regression analysis on the association

between demographic characteristics (age, region, residence,
occupation, SES, education, marital status, and religion of
participants) and general and central obesity. We observed that
age, region, religion, and occupation were significantly
associated with obesity. Obesity was significantly higher in
older age groups (36-40 y; odds ratio [OR] 2.57, 95% CI
1.906-3.471; P<.001), central regions (OR 1.76, 95% CI
1.144-2.719; P=.01), and the Muslim population (OR 2.73, 95%
CI 2.245-3.313; P<.001).
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Table 6. Multivariate logistic regression analysis on the association between demographic characteristics (age, region, residence, occupation,
socioeconomic status, education, marital status, and religion of the participants) and general and central obesity.

General obesity (based on WHOb guidelines)Central obesity (based on WCa)Characteristic

P valueOR (95% CI)P valueORc (95% CI)

Age group (years)

N/AN/AN/AN/Ae18-23d

.701.082 (0.725-1.1615).201.199 (0.909-1.582)24-29

.551.132 (0.755)-1.699).0021.574 (1.184-2.091)30-35

.191.334 (0.871-2.044)<.0012.572 (1.906-3.471)36-40

Region

N/AN/AN/AN/ANorthd

>.990 (0-0).080.462 (0.196-1.086)Northeast

.030.274 (0.083-0.899)<.0010.180 (0.081-0.400)East

.090.406 (0.144-1.146).011.764 (1.144-2.719)Central

<.0012.116 (1.587-2.823).0010.686 (0.549-0.858)South

.650.861 (0.453-1.635).201.284 (0.877-1.879)West

Residence

N/AN/AN/AN/ARurald

<.0010.642 (0.507-0.811).0010.757 (0.643-0.890)Urban

Occupation

N/AN/AN/AN/AUnemployedd

.281.240 (0.840-1.831).260.829 (0.597-1.149)Unskilled worker

.390.787 (0.454-1.364).571.101 (0.787-1.540)Semiskilled worker

.910.968 (0.547-1.713).651.088 (0.757-1.564)Skilled worker

.212.058 (0.673-6.288).960.974 (0.370-2.563)Arithmetic skill job

.421.424 (0.606-3.348).081.718 (0.938-3.145)Semiprofessional

.032.275 (1.103-4.695).921.028 (0.597-1.771)Professional

.312.168 (0.484-9.716).0034.029 (1.614-10.062)Other

Socioeconomic status

N/AN/AN/AN/AUpper classd

<.0010.384 (0.252-0.584)<.0010.518 (0.388-0.691)Upper-middle class

<.0010.352 (0.242-0.512)<.0010.388 (0.295-0.509)Middle class

<.0010.343 (0.234-0.504)<.0010.431 (0.326-0.568)Lower-middle class

<.0010.266 (0.167-0.424)<.0010.477 (0.352-0.647)Lower class

Educational level

N/AN/AN/AN/AIlliterated

.080.666 (0.425-1.043).240.815 (0.582-1.142)Primary school certificate

.080.722 (0.504-1.036).561.083 (0.828-1.417)Middle school certificate

.030.697 (0.501-0.968).561.076 (0.843-1.372)High school certificate

.010.555 (0.352-0.875).240.823 (0.596-1.137)Intermediate or post–high school diploma

.0010.497 (0.333-0.742).281.161 (0.885-1.521)Graduate or postgraduate

.220.473 (0.145-1.544).201.714 (0.758-3.873)Profession or honors

Marital status
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General obesity (based on WHOb guidelines)Central obesity (based on WCa)Characteristic

P valueOR (95% CI)P valueORc (95% CI)

N/AN/AN/AN/AUnmarriedd

.501.136 (0.783-1.648).311.136 (0.887-1.455)Married

.110.167 (0.019-1.485).861.081 (0.441-2.654)Un-remarried

.470.625 (0.174-2.241).861.085 (0.442-2.664)Widowed

Religion

N/AN/AN/AN/AHindud

.411.133 (0.844-1.521)<.0012.728 (2.245-3.313)Muslim

.060.312 (0.094-1.037).941.027 (0.534-1.974)Christian

.650.806 (0.313-2.074).700.897 (0.515-1.563)Sikh

>.990.000 (0.000-).681.687 (0.145-19.598)Other

aWC: waist circumference.
bWHO: World Health Organization.
cOR: odds ratio.
dReference group.
eN/A: not applicable.

Correlation Between BMI and Overweight Indicators
Pearson correlation analysis was conducted, and we observed
a positive but weak association between these variables. Figure

2 illustrates the correlation between BMI and (1) WC and (2)
WHtR of the participants.
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Figure 2. Correlation between BMI and (A) waist circumference and (B) waist-to-height ratio.

BMI and WC
BMI and WC showed a statistically significant linear
relationship (r=0.417; P<.001). The direction of the relationship
was positive, meaning that these variables tended to increase
together (ie, greater WC was associated with greater BMI).
However, the magnitude, or strength, of the association was
relatively weak (0.3<|r|<0.5).

BMI and WHtR
Similarly, BMI and WHtR showed a statistically significant
linear relationship (r=0.422; P<.001). The direction of the
relationship was positive, implying that these variables tended
to increase together (ie, greater WHtR was associated with
greater BMI). However, the magnitude, or strength, of the
association was relatively weak (0.3<|r|<0.5).
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Discussion

Principal Findings
The ongoing ICMR-PCOS Task Force study is the first
pan-Indian study conducted among urban and rural women
across representative geographical regions. To the best of our
knowledge, this is the first report on the pattern and prevalence
of overweight, obesity, and hypertension among apparently
healthy women with region-wise categorization into North,
East, West, South, Northeast, and Central India. This part of
the study uses a specific scenario of the risks to women’s health,
such as overweight and obesity, influenced by multiple
determinants of health. Although the prevalence of overweight
and obesity affects all segments of the population, there are
notable trends among certain sections wherein women are more
likely to be obese or gain weight. There are a number of studies
available in the literature that use the WHO criteria for BMI
cutoffs for defining overweight and obesity prevalence in India.
However, these are scientifically challenged as these guidelines
are based on studies of White individuals (defined as BMI ≥30
for obesity). Our study provides the comparative estimates of
overweight and obesity based on the revised consensus
guidelines for India, that is, it defines BMI as underweight

(<18.5 kg/m2), healthy (18.5-22.9 kg/m2), overweight (23.0-24.9

kg/m2), and obese (≥25 kg/m2).

Our results showed that overweight, obesity, and hypertension
are also prevalent among apparently healthy women across the
country. Health concerns in women start to creep in when
entering their second and third decades of life. Our results also
showed a rising trend of obesity with an increase in age. While
going through age categories, we found that women aged
between 36 and 40 years were more obese (448/911, 49.2%).
Overweight was observed more among women aged between
30 and 35 years. A significant proportion of women from other
age groups was found to be either overweight or obese. The
rising incidence of overweight and obesity is a challenge across
all age groups [24].

Our findings showed a high proportion of healthy women across
rural and urban areas using the revised Indian criteria (647/1969,
32.86% and 533/1908, 27.94%, respectively). These findings
are in agreement with the statement under “Patterns by
background characteristics of NFHS-5,” which states that the
proportion of healthy women was higher in rural areas than in
urban areas. Our results show higher rates of obesity among
urban women than in women from rural areas. These results are
in agreement with the data analysis of the NFHS for the
epidemiology of obesity in Indian adults and similar to the
findings of other studies [9,25-28]. Mishra et al [29] also
revealed that the urban population was at a higher risk of obesity
than the rural population, in consonance with our findings. We
believe that lifestyle and behavioral factors are the main reasons
for the differences between urban and rural populations.

Our results showed that both obesity and overweight are
significantly prevalent, along with cross-regional variations.
The revised consensus guidelines for BMI in Indians showed
an increased proportion of obese women in South India

(531/1072, 49.53%), followed by East (62/140, 44.3%) and
North (841/2214, 37.99%) India, whereas Northeast India
showed the lowest rates of obesity (25/164, 15.2%). These
findings are partially in agreement with the findings of the
NFHS-5, which reported the highest proportion of obese women
in Puducherry (south), followed by Chandigarh and Delhi
(north). These cross-regional variations highlight the role of
geographical factors in these disorders. Levels of urbanization
may be the reason for the lower prevalence in the northeastern
and eastern regions than in other regions. The northeastern,
eastern, and central regions are the 3 least urbanized regions in
India [30]. A systematic review reported that variations in the
prevalence of obesity in India are due to diverse geographical
conditions, lifestyles, and dietary patterns. As expected, we
found that only a small proportion of women belonging to the
upper class were underweight, and a good proportion (125/308,
40.6%) of women from the same class presented obesity. These
findings are similar to those of a cross-sectional study that
reported high rates of overweight and obesity (71.8%) among
the socioeconomically well-off community of Marwaris, West
Bengal, India. This can be attributed to their sedentary lifestyle
and high-calorie food intake compared with women of lower
SES. Obesity is a triggering factor for various diseases; we used
Homeostatic Model Assessment of IR as an indicator of IR and
found that 49.77% (661/1328) of participants had IR, with
Homeostatic Model Assessment of IR of >2.

Our results showed that women with the highest level of
education (with a profession or honors) were not underweight
and showed the lowest rates of overweight (6/34, 18%) and
prehypertension (14/1946, 0.72%) incidence compared with
women who were illiterate or had other levels of education.
These trends resemble the findings in other regions of the world,
wherein a better education appears to be associated with a lower
likelihood of obesity, especially among women. Data analyses
of individual-level national health surveys in countries such as
Australia, Canada, England, and Korea also reported a linear
relationship between the number of years spent in full-time
education and the probability of obesity, with most educated
individuals displaying lower rates of the condition [31]. Several
other studies have reported a strong education gradient in BMI
or obesity, with better educated women being less likely to be
overweight or obese [32-34]. Our results suggest that general
education campaigns and the design and implementation of
effective policies can play a significant role in reducing obesity
to curb the epidemic.

Hypertension is of particular importance to public health because
of its association with a number of diseases contributing to
premature deaths. The incidence of hypertension has increased
drastically in many LMICs, including India. Our analysis
showed patterns of higher incidence of prehypertension among
urban women compared with rural women, and a rising trend
was observed with an increase in age. These findings refute the
age-old concept that hypertension is not a major problem in
rural India. The increasing trend of prehypertension with age
is in agreement with the NFHS-5, which reported an increase
in all categories of hypertension, including prehypertension,
with age for both women and men. We also found patterns of
greater prevalence of prehypertension among women belonging
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to the middle class (738/1946, 37.92%) and the lower middle
class (461/1946, 23.69%) than among women from the upper
class, with an incidence rate of 6.89% (133/1931). This may be
linked to the tendencies toward sedentary living and eating
unhealthy foods, among other things. These findings are in
contradiction to the findings of studies from Nigeria and Kenya
that reported a greater prevalence of hypertension among
wealthier groups [35,36]. Prehypertension was found to be more
prevalent in women who had a lower educational level (high
school) and women who were illiterate (379/1946, 19.48%)
compared with women with higher levels of education
(professional or honors). These findings support the belief that
a higher educational level increases awareness and information
regarding hypertension and, subsequently, encourages adaptation
to healthy lifestyles, and that could be the possible reason behind
it. Reddy et al [37] reported based on a cross-sectional study
that hypertension was significantly more prevalent in the group
with a lower educational level compared with that with a higher
educational level. Our results showed that age, level of
education, occupation, geographical background, and SES were
significant predictors of hypertension. The possible explanations
for the lower incidence rates of overweight, obesity, and
hypertension in women with a higher education and from the
upper socioeconomic class in this study may be attributed to
good awareness of preventive measures, better adherence to
medical advice, and lifestyle modifications. We believe that
there is an urgent need to implement strategies to increase
awareness of hypertension and promote healthier lifestyles.

Region-wise categorization into North, East, West, South,
Central, and Northeast India allowed us to capture and present
the regional estimates of prehypertension and BMI categories
among healthy subsets of women, which showed the highest
rates of prehypertension among women from southern parts of
India (709/1072, 66.14%) followed by East Indian women
(70/140, 50%) and the lowest rates among Northeast Indian
women. Overall, the identification of women who might face
greater challenges with their disease management suggests a
role for relevant health authorities in executing appropriately
targeted public health measures and policies to ensure good
hypertension management in this population.

Strengths
The major strength of our study is its large sample size with
apparently healthy reproductive-age women recruited from the
6 regions of India. Hence, it provides region-specific incidences
of overweight, obesity, and prehypertension. The findings of
our study may be used to plan interventions or policies for the
prevention and control of obesity and hypertension among
different populations. The results of this study should be
interpreted in the context of the potential limitations.

Furthermore, we adopted a common instruction manual and
standard equipment of similar specifications at all study centers
to ensure the accuracy and reliable quality of all the
measurements throughout the entire study period so as to
generate quality data.

Limitations
There are some limitations to our study. First, to overcome
population heterogeneity, we attempted to divide the study areas
geographically into North, East, West, South, Northeast, and
Central India and arrive at region-specific rates. However, the
cultural and dietary practices vary drastically state-wise, and
this may have a bearing on the results. Second, we did not report
on the awareness and control of obesity and BP and the
association of sociodemographic factors such as SES and
nutrition with height. We used the BG Prasad social
classification, which is applicable to rural and urban areas, but
it only considers income and excludes the other SES criteria.
In addition, this study provides estimates from 6 regions that
include only a few states and union territories and did not
include several major Indian states such as Rajasthan and
Madhya Pradesh. Above all, the findings are limited to only
feminine (female individuals) aged between 18 and 40 years.

Conclusions
To conclude, overweight, obesity, and hypertension epidemics
are highly prevalent among healthy subsets of reproductive-age
Indian women across rural and urban strata with cross-regional
variations. Age, level of education, geographical background,
and SES were found to be predictors of BMI and hypertension
categories. Genetic and environmental factors such as diet and
activity level are likely contributors to these aberrations;
however, role of the type of family and marital status need to
be explored further. Our results highlight the importance of both
nonmodifiable (such as age) and modifiable (such as educational
level) factors in determining patterns of overweight, obesity,
and hypertension. Education plays an important role in tackling
overweight and obesity. This study may serve as an indicator
providing early clues and recommending further research using
more rigorous scientific methods. In light of our findings, there
is a need for targeted attention to both prevent future epidemics
in a population that has not developed obesity or hypertension
and help maintain healthy weight and BP in individuals with
hypertension. Public health awareness regarding overweight,
obesity, and BP needs to be tailored differently for women
considering the regional, rural, and urban dimensions. We
advocate for multidisciplinary efforts to address these issues,
and policy makers need to consider what level of evidence
should be deemed sufficient to prompt action and tackle these
issues.
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Abstract

Background: Although many studies have reported on the associations between the amount of physical activity (PA) and the
transitions of cardiometabolic multimorbidity (CMM), the evidence for PA intensity has not been fully evaluated.

Objective: This study aimed to explore the impact of PA intensity on the dynamic progression of CMM.

Methods: The prospective cohort of this study using data from the UK Biobank included 359,773 participants aged 37-73 years
who were recruited from 22 centers between 2006 and 2010. The diagnoses of CMM, which included the copresence of type 2
diabetes (T2D), ischemic heart disease, and stroke, were obtained from first occurrence fields provided by the UK Biobank,
which included data from primary care, hospital inpatient record, self-reported medical condition, and death registers. The PA
intensity was assessed by the proportion of vigorous PA (VPA) to moderate to vigorous PA (MVPA). Multistate models were
used to evaluate the effect of PA intensity on the dynamic progression of CMM. The first model (model A) included 5 transitions,
namely free of cardiometabolic disease (CMD) to first occurrence of CMD (FCMD), free of CMD to death, FCMD to CMM,
FCMD to mortality, and CMM to mortality. The other model (model B) used specific CMD, namely T2D, ischemic heart disease,
and stroke, instead of FCMD and included 11 transitions in this study.

Results: The mean age of the included participants (N=359,773) was 55.82 (SD 8.12) years at baseline, and 54.55%
(196,271/359,773) of the participants were female. Compared with the participants with no VPA, participants with intensity levels
of >0.75 to <1 for VPA to MVPA had a 13% and 27% lower risk of transition from free of CMD to FCMD (hazard ratio [HR]
0.87, 95% CI 0.83-0.91) and mortality (HR 0.73, 95% CI 0.66-0.79) in model A, respectively. The HR for the participants with
no moderate PA was 0.82 (95% CI 0.73-0.92) compared with no VPA. There was a substantially protective effect of higher PA
intensity on the transitions from free of CMD to T2D and from T2D to mortality, which reveals the importance of PA intensity
for the transitions of T2D. More PA and greater intensity had a synergistic effect on decreasing the risk of the transitions from
free of CMD to FCMD and mortality. Male participants, younger adults, adults with a higher BMI, current or previous smokers,
and excessive alcohol drinkers could obtain more benefits from higher PA intensity for the lower risk of at least 1 transition from
free of CMD, then to CMM, and finally to mortality.

Conclusions: This study suggests that higher PA intensity is an effective measure for preventing CMM and mortality in the
early period of CMM development. Relevant interventions related to higher PA intensity should be conducted.

(JMIR Public Health Surveill 2023;9:e46991)   doi:10.2196/46991
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physical activity intensity; PA; dynamic progression; cardiometabolic multimorbidity; cohort study; CMM
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Introduction

Background
Multimorbidity, defined as the coexistence of ≥2 chronic
conditions from noncommunicable disease, mental disease, or
infectious disease of long duration, is an unignorable public
health issue that brings great physical and mental burden to
families [1]. Cardiometabolic multimorbidity (CMM), namely
the copresence of type 2 diabetes (T2D), ischemic heart disease
(IHD), and stroke, is associated with significantly multiplicative
mortality risk and lower life expectancy [2,3]. The prevalence
of CMM for adults in the United States is 14.4% and is higher
among the male population and older adults [4]. Previous studies
characterized a troubling rise in the prevalence of CMM from
1999 to 2018 [4]. Early prevention is needed in consideration
of the many adverse health outcomes related to CMM, such as
cognitive decline, dementia, depression, and even a worse
COVID-19 prognosis [5-8]. Previous studies have mentioned
that many variables such as handgrip strength, sleep pattern,
beverage consumption, shift work, and ambient air pollution
are independent factors for predicting CMM [9-13]. Exploring
more factors affecting the early stage of CMM, which means
free of cardiometabolic disease (CMD) or first occurrence of
CMD (FCMD), is necessary for preventing adverse and severe
outcomes in the future.

A high level of physical activity (PA), especially for a longer
duration of moderate to vigorous PA (MVPA), has been shown
to be the common protective factor for CMD, including T2D
[14-16], IHD [17-19], stroke [20-22], CMM [23-26], and death
[27-30]. Previous studies also reported that a higher intensity
of PA, namely a higher proportion of vigorous PA (VPA), could
bring additional benefits for reducing the risk of mortality
[31-34]. However, there is limited evidence for the associations
of PA intensity with CMD and CMM. In other words, it is
unclear whether a higher intensity of PA has a positive effect
on decreasing the risk of mortality among the participants with
CMD or CMM. Furthermore, previous studies also reported
that the amount of PA, namely the duration or metabolic
equivalent task (MET) for PA, could affect all the stages from
healthy status to CMD, then to CMM, and finally to mortality
[23,24]. To the best of our knowledge, no previous studies have
evaluated the association of PA intensity with all the transitions
simultaneously. Considering the studies focusing on a single
transition might overlook some competing risks of mortality,
future studies should investigate how PA intensity affects the
dynamic progression from the free of CMD status to CMM and
from other status to mortality.

Objectives
This study aimed to explore the associations of PA intensity
with the dynamic progression of CMM, namely from free of
CMD to FCMD, then to CMM, and finally to mortality. In
addition, the effect of PA intensity on the transitions from
specific CMD, namely T2D, IHD, and stroke, to CMM and
mortality was further assessed. Furthermore, the effect of
modification by sociodemographic factors and the amount of
PA was also assessed. The findings of this study would provide
some evidence of the benefits and help relevant departments to

develop some interventions related to the PA intensity for CMM
and mortality.

Methods

Study Design and Participants
The UK Biobank (UKB) is an ongoing population-based and
prospective cohort, which includes >500,000 participants aged
37 to 73 years. The details of recruitment for the UKB can be
found elsewhere [35]. The main aims of the UKB are to explore
genetic and nongenetic determinants of the diseases among
middle-aged adults and older adults. Briefly, UKB participants
were recruited from 22 centers in the United Kingdom (England,
Wales, and Scotland) between 2006 and 2010 at baseline. After
obtaining electronic consent for the use of deidentified data,
every participant finished a self-completed touchscreen
questionnaire, including socioeconomic factors and lifestyles.
In addition, computer-assisted interviews, physical
measurements, and sample collection were also conducted. The
records from national health-related hospitals, primary care,
and death registers were also matched with the included
participants, which could help us comprehensively understand
their health status.

In this study, we excluded participants whose records were
withdrawn or could not be followed up from the cohort. In
addition, the participants with missing PA data at baseline were
also excluded. Finally, we excluded the participants with CMD
at baseline to avoid inverse causality. Finally, 359,773
participants were included in this study (Figure S1 in Multimedia
Appendix 1).

Measures

Exposures
In this study, PA was assessed by using the short-form
International Physical Activity Questionnaire, which has good
validity and reliability [36]. The MET of moderate PA (MPA)
and VPA calculated by the UKB was used in this study (data
field 22038 and 22039). MVPA, which is the sum of MET
associated with MPA and VPA, was used to assess the amount
of PA according to the recommendations of the World Health
Organization PA guidelines [37]. First, the amount of PA was
categorized into <600, 600 to 1200, and >1200 MET minutes
per week associated with MVPA. Second, PA intensity, which
is the ratio of VPA to MVPA, was measured by using the MET
of VPA to MVPA as follows: MET (VPA) / MET (MVPA).
The PA intensity ranged from 0 to 1, and a higher ratio indicated
higher PA intensity. Different categories (0, >0 to 0.25, >0.25
to 0.5, >0.5 to 0.75, >0.75 to <1, and 1) of PA intensity were
used to assess the associations with all the transitions from the
free of CMD status to FCMD, then to CMM, and finally to
mortality. In addition, the ordinal scale, which coded the PA
intensity from 0 to 5, was also used to measure the associations.

Outcomes
The incidence, progression, and prognosis of CMM, namely
the occurrence of at least 2 diseases of T2D, IHD, and stroke,
were the main outcomes in this study. The diagnoses and time
of occurrence were obtained from first occurrence fields
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provided by UKB (data category: 2409) and were coded using
the International Classification of Disease, 10th version, which
included data from primary care, hospital inpatient record,
self-reported medical condition, and death registers. T2D was
coded by E11 and E14, as recommended in previous studies
related to CMM diagnoses [9,24]. IHD was coded by I20-I25,
and stroke was coded by I60-I69.

The records related to all-cause mortality were identified by
linking to death registries of the National Health Service
Information Centre for participants from England and Wales
and the National Health Service Central Register for participants
from Scotland [35]. The participants entered the cohort from
the date of being recruited at the centers and exited at the date
of death, occurrence of outcomes at respective progression, or
censorship.

Covariates
The covariates in this study, which were chosen according to
previous studies on CMM [9,23,24], included age, sex, ethnicity,
socioeconomic status (SES), BMI, household income before
tax per year, study center region, education group, smoking
status, and alcohol drinking status. According to previous studies
[38,39], an a priori–defined directed acyclic graph [40] was
drawn to show the relationship between the covariates and
outcomes (Figure S2 in Multimedia Appendix 1). Ethnicity was
classified as either White or Others. The SES was measured
using the Townsend area deprivation index [41]. Higher scores
indicated greater socioeconomic deprivation and lower SES,
and quartiles of the score for SES were included in the analyses.
The data field and definition of other included covariates are
shown in Table S1 in Multimedia Appendix 1. Missing values
for the covariates were regarded as a classification when
performing the analyses.

Statistical Analysis
We used R (version 4.1.2; R Foundation for Statistical
Computing) software to perform statistical analyses. Initially,
traditional Cox proportional hazards models were used to
explore the association of the amount of PA and intensity with
FCMD, CMM, and all-cause mortality. No obvious violations
to the proportional hazards assumption were noted for interested
exposures. All the models were adjusted for age, sex, ethnicity,
SES, BMI, household income before tax per year, study center
region, education group, smoking status, and alcohol drinking
status.

Furthermore, multistate models [42,43] were used to assess the
effect of PA amount and intensity on the transitions from free
of CMD to FCMD, then to CMM, and finally to mortality. The
multistate model, which was an extension of the traditional Cox
proportional hazards model and competing risk model, was
widely used to explore the effect of interested risk factors on
multiple transitions related to multistate outcomes. In this study,
we adopted 2 series of multistate models, as recommended by
previous studies [9,23,24]. The first model (model A) included
5 transitions, namely free of CMD to FCMD, free of CMD to
death, FCMD to CMM, FCMD to mortality, and CMM to
mortality (Figure 1). The other model (model B) used specific
CMD, namely T2D, IHD, and stroke, instead of FCMD and
included 11 transitions (Figure 1). When the participants had
the same date for different transitions, we adopted a theoretically
time of pushing entering date forward by 0.5 day, which was
based on previous studies related to a similar topic [9,24]. When
performing model B, we excluded 962 participants with the
same date of diagnosis for T2D, IHD, or stroke to explore
disease-specific associations, as we were unsure which disease
occurred first.

Figure 1. Transitions from free of cardiometabolic disease (CMD) to mortality outcomes: (A) 5-transition model and (B) 11-transition model. CMM:
cardiometabolic multimorbidity; FCMD: first cardiometabolic disease; IHD: ischemic heart disease; T2D: type 2 diabetes.
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A series of subgroup analyses related to age (≤60 vs >60 y),
sex (female vs male), BMI (underweight or normal weight vs
overweight), smoking status (never vs previous or current), and
alcohol drinking status (daily or almost daily vs ≤1-3 times/wk)
were performed to identify the susceptible populations
associated with PA intensity. Z test was used to compare the
estimates of different subgroups, as recommended by Altman
and Bland [44].

We performed several sensitivity analyses to verify the
robustness of the estimates of model A. First, we used different
time intervals (0.5 y, 1 y, 2 y, 3 y, and 5 y) to theoretically
change the entering time to test the stability of the estimates.
Second, we excluded the participants who entered different
transitions on the same day. Third, we omitted the participants
with FCMD for the first 2 years of follow-up to account for
reverse causality. Fourth, considering the interactive effect of
cancer and CMD, we reanalyzed the associations by omitting
the participants with cancer at baseline. In addition, the
participants with missing covariate values were excluded from
the analyses. Finally, considering the correlation of air pollution
with PA and CMM, we separately added particulate matter 2.5,
particulate matter 10, nitric oxide, and nitrogen dioxide at
baseline in the multistate models. The data of air pollution were
estimated using the Land Use Regression model developed as
part of the European Study of Cohorts for Air Pollution Effects
and can be found in the UKB database (field id: 24003, 24004,
24005, and 24006).

Ethical Considerations
UKB received ethics approval from the North West Multi-centre
Research Ethics Committee (reference 21/NW/0157). All
participants provided written informed consent before
enrollment in the study, which was conducted in accordance
with the principles of the Declaration of Helsinki. The data used
in this study were anonymized and deidentified for privacy and
confidentiality protection. More details about ethics approval
can be found on the UKB website.

Results

Participant Characteristics at Baseline and Transitions
From Baseline to Mortality
Of the included participants, 54.55% (196,271/359,773) were
female and 94.91% (341,474/359,773) were White. The mean
age of the participants was 55.82 (SD 8.12) years at baseline.
Moreover, 64.12% (230,676/359,773) of the participants were
overweight and obese, and 88.68% (319,043/359,773) of the
participants were recruited from England; 56.06%
(201,671/359,773) of the participants never smoked, and 70.21%
(252,589/359,773) of the participants drank daily, almost daily,
or more than once per week. Furthermore, 38.9%
(139,963/359,773), 19.55% (70,329/359,773), and 41.55%
(149,481/359,773) of the included participants had MVPA of
<600, 600 to 1200, and >1200 MET minutes per week,
respectively. The participants with lower PA intensity were
more likely to be female; be of younger age, belong to a different
ethnicity, have a lower SES, have a higher BMI, have lower
income, have a lower education level, engage in more frequent
drinking, and have less PA; and be current smokers. All the
differences for different groups of PA intensity were statistically
significant. More characteristics for included participants are
shown in Table 1.

There were 2 patterns for the transitions from free of CMD to
FCMD, then to CMM, and finally to mortality. The 5-transition
model and 11-transition model are shown in Figure 1. For
pattern A, 11.46% (41,237/359,773) of the participants
developed FCMD and 4.02% (14,451/359,773) of the
participants among baseline participants free of CMD died
eventually. Moreover, 10.58% (4363/41,237) of the participants
developed CMM, and 14.53% (5991/41,237) of the participants
died after FCMD. Finally, 24.23% (1057/4363) of the
participants died after a CMM diagnosis. For pattern B, 3.36%
(12,059/358,811), 6.12% (21,966/358,811), and 1.74%
(6250/358,811) of the participants, among the baseline
participants free of CMD, first developed T2D, IHD, and stroke,
respectively. Moreover, 8.44% (3401/40275) of the participants
developed CMM, and 14.88% (5991/40275) of the participants
died after a diagnosis of T2D, IHD, and stroke. Eventually,
25.52% (868/3401) of the participants died after having a
diagnosis of CMM. More details are presented in Figure 1.
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Table 1. Descriptive statistics by physical activity (PA) intensity (N=359,773).

PA intensity: the proportion of VPAc to MVPANo MVPAb

(n=47,514)

OverallCharacteristicsa

1 (n=8903)>0.75 to <1
(n=24,606)

>0.5 to 0.75
(n=75,480)

>0.25 to 0.5
(n=65,347)

>0 to 0.25
(n=42,934)

0 (n=94,989)

Sex, n (%)

4394 (49.35)11,154 (45.33)36,792 (48.74)35,951 (55.02)24,332
(56.67)

57,040 (60.05)26,608 (56)196,271
(54.55)

Female

4509 (50.64)13,452 (54.67)38,688 (51.25)29,396 (44.98)18,602
(43.33)

37,949 (39.95)20,906 (44)163,502
(45.44)

Male

53.47 (8.1)53.11 (8.01)54.45 (8.15)56.00 (8.11)57.54 (7.87)57.05 (7.92)55.60 (7.91)55.82 (8.12)Age (years), mean
(SD)

Ethnicity, n (%)

8220 (92.33)23,188 (94.24)71,274 (94.43)62,396 (95.48)41,432
(96.5)

90,312 (95.08)44,652
(93.98)

341,474
(94.91)

White

645 (7.24)1349 (5.48)4002 (5.3)2768 (4.23)1386 (3.23)4429 (4.66)2677 (5.63)17,256 (4.8)Others

38 (0.04)69 (0.28)204 (0.27)183 (0.28)116 (0.27)248 (0.26)185 (0.39)1043 (0.29)Unknown

Socioeconomic status, n (%)d

2279 (25.6)6722 (27.31)19,662 (26.05)16,946 (25.93)11,253
(26.21)

22,203 (23.37)10,834
(22.8)

89,899
(24.99)

First quartile

2148 (24.13)6341 (25.77)18,996 (25.17)16,653 (25.48)11,122
(25.9)

23,192 (24.41)11,309
(23.8)

89,761
(24.95)

Second quartile

2198 (24.69)6009 (24.42)18,852 (24.98)16,404 (25.1)10,849
(25.27)

23,831 (25.09)11,689
(24.6)

89,832
(24.97)

Third quartile

2269 (25.48)5501 (22.36)17,874 (23.68)15,264 (23.36)9666 (22.51)25,640 (26.99)13,613
(28.65)

89,827
(24.97)

Fourth quartile

9 (0.1)33 (0.13)96 (0.13)80 (0.12)44 (0.1)123 (0.13)69 (0.14)454 (0.13)Unknown

BMI (kg/m2), n (%)

28 (0.31)95 (0.39)313 (0.41)325 (0.5)244 (0.57)638 (0.67)296 (0.62)1939 (0.54)Underweight
(<18.5)

3102 (34.84)9536 (38.75)28,015 (37.11)24,794 (37.94)16,229
(37.8)

30,952 (32.58)12,981
(27.32)

125,609
(34.91)

Normal weight
(18.5-24.9)

3869 (43.46)10,843 (44.07)33,311 (44.13)28,244 (43.22)18,632
(43.4)

40,039 (42.15)19,466
(40.97)

154,404
(42.92)

Overweight
(25.0-29.9)

1869 (20.99)4076 (16.56)13,574 (17.98)11,774 (18.02)7691 (17.91)22,929 (24.14)14,359
(30.22)

76,272
(21.2)

Obese (≥30)

35 (0.39)56 (0.23)267 (0.35)210 (0.32)138 (0.32)431 (0.45)412 (0.87)1549 (0.43)Unknown

Household income before tax/y (£e), n (%)

1108 (12.44)2556 (10.39)10,553 (13.98)10,569 (16.17)8107 (18.88)19,972 (21.02)9501 (20.15)62,366
(17.33)

<18,000

1416 (15.9)4174 (16.96)14,902 (19.74)14,942 (22.86)11,395
(26.54)

21,950 (23.11)9601 (20.21)78,380
(21.78)

18,000-30,999

2154 (24.19)6184 (25.13)18,796 (24.9)16,194 (24.78)10,544
(24.56)

21,890 (23.04)11,069
(23.3)

86,831
(24.13)

31,000-51,999

2382 (26.75)7112 (28.9)17,951 (23.78)12,909 (19.75)6560 (15.28)15,859 (16.7)9043 (19.03)71,816
(19.96)

52,000-100,000

744 (8.36)2557 (10.39)5634 (7.46)3532 (5.4)1551 (3.61)3726 (3.92)2129 (4.48)19,873
(5.52)

>100,000

1099 (12.34)2023 (8.22)7644 (10.13)7201 (11.02)4777 (11.13)11,592 (12.2)6171 (12.99)40,507
(11.26)

Unknown
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PA intensity: the proportion of VPAc to MVPANo MVPAb

(n=47,514)

OverallCharacteristicsa

1 (n=8903)>0.75 to <1
(n=24,606)

>0.5 to 0.75
(n=75,480)

>0.25 to 0.5
(n=65,347)

>0 to 0.25
(n=42,934)

0 (n=94,989)

Study center region, n (%)

7887 (88.59)21,773 (88.49)66,963 (88.72)58,252 (89.15)38,619
(89.95)

83,956 (88.38)41,593
(87.54)

319,043
(88.68)

England

367 (4.12)996 (4.05)3057 (4.05)2496 (3.82)1639 (3.82)3965 (4.17)2309 (4.86)14,829
(4.12)

Wales

649 (7.29)1837 (7.46)5460 (7.23)4599 (7.04)2676 (6.23)7068 (7.44)3612 (7.6)25,901 (7.2)Scotland

Education group, n (%)

3727 (41.86)11,581 (47.06)30,087 (39.86)24,849 (38.03)14,510
(33.8)

30,719 (32.34)14,438
(30.39)

129,911
(36.11)

College or uni-
versity degree

3297 (37.03)8707 (35.38)28,106 (37.24)24,817 (37.98)17,251
(40.18)

37,065 (39.02)19,240
(40.49)

138,483
(38.49)

Any school de-

gree (A-levelf,

AS-levelg, O-

levelh, GCSEi,

and CSEj)

790 (8.87)2329 (9.46)8154 (10.8)7747 (11.85)5524 (12.87)10,947 (11.52)5054 (10.64)40,545
(11.27)

Vocational
qualification

(NVQk, HNDl,

or HNCm) or
other profession-
al qualifications

1012 (11.37)1878 (7.63)8644 (11.45)7548 (11.55)5414 (12.61)15,565 (16.39)8351 (17.57)48,412
(13.46)

None of the
above

77 (0.86)111 (0.45)489 (0.65)386 (0.59)235 (0.55)693 (0.73)431 (0.91)2422 (0.67)Unknown

Smoking status, n (%)

5160 (57.96)14,705 (59.76)43,488 (57.61)37,116 (56.8)23,844
(55.54)

51,901 (54.64)25,457
(53.58)

201,671
(56.06)

Never

2965 (33.3)8061 (32.76)25,374 (33.61)22,407 (34.29)15,045
(35.04)

31,669 (33.34)15,493
(32.61)

121,014
(33.64)

Previous

754 (8.47)1787 (7.26)6454 (8.55)5706 (8.73)3951 (9.2)11,144 (11.73)6385 (13.44)36,181
(10.06)

Current

24 (0.27)53 (0.21)164 (0.22)118 (0.18)94 (0.22)275 (0.29)179 (0.38)907 (0.25)Unknown

Alcohol drinking status, n (%)

1709 (19.19)5028 (20.43)15,753 (20.87)14,441 (22.1)10,029
(23.36)

20,644 (21.73)9664 (20.34)77,268
(21.48)

Daily or almost
daily

4714 (52.95)13,925 (56.59)41,242 (54.64)34,130 (52.23)21,470
(50.01)

44,118 (46.44)21,422
(45.08)

181,021
(50.31)

Above 1
time/wk

981 (11.02)2563 (10.42)7664 (10.15)6943 (10.62)4604 (10.72)10,895 (11.47)5740 (12.08)39,390
(10.95)

1-3 times/mo

899 (10.1)1850 (7.52)6511 (8.63)5969 (9.13)4323 (10.07)11,479 (12.08)6042 (12.72)37,073
(10.3)

Special occa-
sions only

594 (6.67)1231 (5)4277 (5.67)3840 (5.88)2496 (5.81)7791 (8.2)4601 (9.68)24,830 (6.9)Never

6 (0.07)9 (0.04)33 (0.04)24 (0.04)12 (0.03)62 (0.06)45 (0.09)191 (0.05)Unknown

PA amount (METn min/wk), n (%)

3863 (43.39)2726 (11.08)10,695 (14.17)12,729 (19.48)3780 (8.8)58,656 (61.75)47,514 (100)139,963
(38.9)

<600

2537 (28.5)7118 (28.93)17,574 (23.25)16,019 (24.51)9121 (21.24)17,960 (18.91)0 (0)70,329
(19.55)

600-1200
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PA intensity: the proportion of VPAc to MVPANo MVPAb

(n=47,514)

OverallCharacteristicsa

1 (n=8903)>0.75 to <1
(n=24,606)

>0.5 to 0.75
(n=75,480)

>0.25 to 0.5
(n=65,347)

>0 to 0.25
(n=42,934)

0 (n=94,989)

2503 (28.11)14,762 (60)47,211 (62.5)36,599 (56.01)30,033
(69.95)

18,373 (19.34)0 (0)149,481
(41.55)

>1200

aUnknown included prefer not to answer, do not know, and missing values in the UK Biobank database.
bMVPA: moderate to vigorous PA.
cVPA: vigorous PA.
dSocioeconomic status was measured by using the Townsend area deprivation index.
eA currency exchange rate of £1=US $1.26 is applicable.
fA-level: Advanced level.
gAS-level: Advanced Subsidiary level.
hO-level: Ordinary level.
iGCSE: General Certificate of Secondary Education.
jCSE: General Certificate of Education.
kNVQ: National Vocational Qualification.
lHND: Higher National Diploma.
mHNC: Higher National Certificate.
nMET: metabolic equivalent task.

Traditional Cox Proportional Hazards Model
The estimates of the associations of PA amount and intensity
with FCMD, CMM, and mortality are presented in Table S2 in
Multimedia Appendix 1. More MVPA with 600-1200 and >1200
MET minutes per week lowered the risk of FCMD, CMM, and
mortality than MVPA with <600 MET minutes per week. A
decreased risk of FCMD, CMM, and mortality was also found
in the participants with more VPA to MVPA (>0 to <1) than in
the participants with no VPA. However, the associations of no
MPA, namely total VPA with FCMD (P=.073), CMM (P=.294),
and mortality (P=.123), were not statistically significant
compared with no VPA. Similar results were found when the
ordinal scale of PA intensity was used in the models.

Multistate Models
Multistate models for the associations of PA amount (Table S3
in Multimedia Appendix 1) and intensity (Table 2) with all the
transitions were performed. First, meeting the recommendations
of the World Health Organization, namely no less than 600
MET minutes per week for MVPA were found to be negatively
associated with transitions from free of CMD to FCMD and
mortality. In addition, >1200 MET minutes per week for MVPA
was significantly associated with a decreased risk of transition
from FCMD to CMM. When focusing on specific FCMD, more
PA was found to be associated with a decreased risk of
transitions from free of CMD to T2D, IHD, stroke, and mortality
as well as transitions from stroke to CMM and from T2D to
mortality.

A greater proportion of VPA to MPA, namely >0.5 for the
proportion of VPA to MVPA, was associated with a lower risk
of different transitions. Our analyses showed that compared
with the participants with no VPA, participants with >0.75 to
<1 of VPA to MVPA had a 13% and 27% lower risk of
transition from free of CMD to FCMD (hazard ratio [HR] 0.87,
95% CI 0.83-0.91) and mortality (HR 0.73, 95% CI 0.66-0.79),
respectively. Furthermore, the HR for the participants with no
MPA was 0.82 (95% CI 0.73-0.92) compared with those with
no VPA. The participants with >0.75 to <1 VPA to MVPA had
the lowest risk of transitions from free of CMD to FCMD and
mortality. The decreased risk of transitions from free of CMD
to FCMD and mortality was also related to higher PA intensity
in consideration of the ordinal scale. However, we did not find
significant associations of PA intensity with other transitions
in model A.

Model B showed different associations of PA intensity with the
transitions related to specific FCMD. Specifically, a greater
proportion of VPA to MPA was associated with a lower risk of
transitions from free of CMD to T2D and stroke. In addition, a
decreased risk of transitions from stroke to CMM and from T2D
to mortality was found to be associated with >0.5 to 0.75 of
VPA to MVPA. It was noted that lower PA intensity, that is,
>0 to 0.5 of VPA to MVPA, was also found to be associated
with a lower risk of transition from T2D to mortality. The
ordinal scale of higher PA intensity was significantly associated
with a lower risk of transition from free of CMD to T2D, stroke,
and mortality.
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Table 2. Associations of physical activity (PA) intensity with transitions from free of cardiometabolic disease (CMD) to first occurrence of CMD
(FCMD), cardiometabolic multimorbidity (CMM), and mortality.

PA intensity: the proportion of VPAa to MVPAb, HRc (95% CI)Transitions

Ordinal scale1>0.75 to <1>0.5 to 0.75>0.25 to 0.5>0 to 0.250

Model Ad

0.97 (0.97-

0.98)e
0.97 (0.90-1.03)0.87 (0.83-

0.91)e
0.89 (0.87-0.92)e0.90 (0.87-

0.92)e
0.90 (0.87-

0.93)e
ReferenceFrom free of CMD

to FCMD

0.94 (0.92-

0.95)e
0.82 (0.73-

0.93)f
0.73 (0.67-

0.79)e
0.80 (0.76-0.84)e0.85 (0.81-

0.89)e
0.90 (0.85-

0.95)e
ReferenceFrom free of CMD

to mortality

1.00 (0.97-1.02)1.05 (0.85-1.30)1.04 (0.90-1.21)0.91 (0.83-1.00)0.98 (0.89-
1.08)

0.91 (0.82-
1.01)

ReferenceFrom FCMD to
CMM

0.99 (0.97-1.01)0.98 (0.82-1.18)0.94 (0.83-1.08)0.93 (0.86-1.01)0.92 (0.85-
1.00)

0.93 (0.85-
1.02)

ReferenceFrom FCMD to
mortality

1.01 (0.96-1.06)1.16 (0.76-1.77)0.93 (0.66-1.32)1.04 (0.85-1.26)0.97 (0.80-
1.18)

1.07 (0.86-
1.32)

ReferenceFrom CMM to mor-
tality

Model B d

0.94 (0.93-

0.95)e
0.99 (0.88-1.12)0.73 (0.66-

0.79)e
0.77 (0.73-0.82)e0.77 (0.72-

0.81)e
0.74 (0.69-

0.79)e
ReferenceFrom free of CMD

to T2Dg

1.00 (0.99-1.01)1.02 (0.93-1.11)0.95 (0.89-1.01)0.97 (0.93-1.01)0.95 (0.91-

0.99)i
0.96 (0.91-
1.00)

ReferenceFrom free of CMD

to IHDh

0.97 (0.95-

0.99)f
0.75 (0.62-

0.92)f
0.91 (0.81-1.03)0.91 (0.85-0.99)i0.97 (0.90-

1.05)
1.06 (0.97-
1.15)

ReferenceFrom free of CMD
to stroke

0.94 (0.92-

0.95)e
0.82 (0.73-

0.93)f
0.73 (0.67-

0.79)e
0.80 (0.76-0.84)e0.85 (0.81-

0.89)e
0.90 (0.85-

0.95)e
ReferenceFrom free of CMD

to mortality

1.00 (0.96-1.05)1.12 (0.76-1.64)0.91 (0.66-1.25)0.98 (0.82-1.18)1.01 (0.84-
1.21)

0.87 (0.70-
1.08)

ReferenceFrom T2D to CMM

0.97 (0.93-1.02)1.04 (0.70-1.55)0.74 (0.52-1.05)0.95 (0.80-1.14)0.84 (0.69-
1.02)

0.96 (0.78-
1.18)

ReferenceFrom IHD to CMM

0.98 (0.94-1.01)1.09 (0.78-1.53)0.96 (0.75-1.22)0.84 (0.72-0.98)i0.89 (0.76-
1.04)

0.94 (0.79-
1.10)

ReferenceFrom stroke to
CMM

0.99 (0.96-1.01)1.08 (0.86-1.36)1.03 (0.87-1.21)0.87 (0.79-0.97)f0.86 (0.77-

0.95)f
0.80 (0.71-

0.90)e
ReferenceFrom T2D to mortal-

ity

1.01 (0.95-1.08)0.84 (0.41-1.70)1.30 (0.91-1.86)0.90 (0.70-1.16)0.98 (0.77-
1.25)

0.82 (0.62-
1.08)

ReferenceFrom IHD to mortal-
ity

0.98 (0.94-1.02)0.77 (0.48-1.23)0.78 (0.59-1.04)1.01 (0.86-1.17)1.05 (0.90-
1.22)

1.09 (0.93-
1.28)

ReferenceFrom stroke to mor-
tality

1.00 (0.95-1.05)1.08 (0.66-1.76)0.92 (0.63-1.34)1.00 (0.81-1.24)0.92 (0.75-
1.15)

0.95 (0.75-
1.21)

ReferenceFrom CMM to mor-
tality

aVPA: vigorous PA.
bMVPA: moderate to vigorous PA.
cHR: hazard ratio.
dThe models were adjusted for age, sex, ethnicity, socioeconomic status, BMI, household income, study center region, education group, smoking status,
alcohol drinking status, and PA amount. Model A included 5 transitions from free of CMD to FCMD, then to CMM, and finally to mortality (Figure
1A), and model B included 11 transitions by including specific FCMD (Figure 1B).
eP<.001.
fP<.01.
gT2D: type 2 diabetes.
hIHD: ischemic heart disease.
iP<.05.
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Subgroup Analyses
Several important findings were involved in the subgroup
analyses of PA amount, and details are presented in Table 3.
First, lower PA (<600 MET min/wk) accompanied by lower
PA intensity, that is, >0 to 0.25 of VPA to MVPA, was not
significantly associated with a decreased risk of any transition
compared with no VPA. Second, the participants with a greater
proportion of VPA to MPA were highly associated with a
reduced risk of transitions from free of CMD to FCMD and
mortality regardless of the amount of PA. Third, higher PA
intensity was associated with a decreased risk of transitions
from free of CMD to T2D and stroke for the participants with
the recommended amount of PA (no less than 600 MET min/wk)
and IHD for the participants under the threshold of the
recommended amount of PA (<600 MET min/wk). These
findings were similar when using the ordinal scale of PA
intensity.

A significant effect of modification related to age, sex, PA
amount, BMI, smoking, and alcohol drinking status was found
among at least 1 transition (Table 4; Tables S4 and S5 in
Multimedia Appendix 1). The protective effect of higher PA
intensity on the transition from free of CMD to FCMD was
larger among younger participants, participants with overweight,
and previous or current smokers. Specifically, the decreased
risk of the transitions from free of CMD to IHD and stroke
associated with higher PA intensity was only found in previous
or current smokers. Male participants, current or previous
smokers, excessive alcohol drinkers, and participants with more
PA could have more benefits of higher PA intensity for reducing
mortality from free of CMD. In addition, the protective effect
of higher PA intensity on the transitions from FCMD to
mortality was more pronounced among the current or previous
smokers. Younger populations aged ≤60 years could benefit
from higher PA intensity when having CMM.
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Table 3. Associations of physical activity (PA) intensity with transitions from free of cardiometabolic disease (CMD) to first occurrence of CMD
(FCMD), cardiometabolic multimorbidity (CMM), and mortality by PA amount.

PA intensity: the proportion of VPAa to MVPAb, HRc (95% CI)Transitions

Ordinal scale1>0.75 to <1>0.5 to 0.75>0.25 to 0.5>0 to 0.250

<600 METd min/wk

Model Ae

0.98 (0.96-

0.99)g
1.04 (0.94-
1.14)

0.89 (0.78-
1.02)

0.89 (0.83-

0.95)f
0.88 (0.83-

0.94)f
0.96 (0.87-
1.06)

ReferenceFrom free of CMD to
FCMD

0.94 (0.91-

0.96)f
0.87 (0.73-
1.04)

0.69 (0.53-

0.88)g
0.76 (0.67-

0.85)f
0.85 (0.76-

0.94)g
0.91 (0.76-
1.07)

ReferenceFrom free of CMD to
mortality

0.96 (0.92-1.00)0.93 (0.68-
1.27)

1.16 (0.75-
1.80)

0.75 (0.59-

0.96)h
0.82 (0.66-
1.01)

1.28 (0.97-
1.69)

ReferenceFrom FCMD to CMM

0.98 (0.95-1.02)0.91 (0.70-
1.19)

1.08 (0.74-
1.57)

0.90 (0.74-
1.08)

0.97 (0.82-
1.14)

1.07 (0.83-
1.37)

ReferenceFrom FCMD to mortal-
ity

1.03 (0.94-1.13)1.33 (0.74-
2.39)

0.82 (0.26-
2.56)

1.15 (0.70-
1.89)

0.97 (0.61-
1.54)

0.77 (0.40-
1.51)

ReferenceFrom CMM to mortali-
ty

Model Be

0.98 (0.96-1.01)1.14 (0.97-
1.34)

0.87 (0.69-
1.10)

0.90 (0.81-
1.02)

0.81 (0.73-

0.91)f
0.94 (0.79-
1.12)

ReferenceFrom free of CMD to

T2Di

0.98 (0.96-

1.00)h
1.03 (0.90-
1.18)

0.90 (0.75-
1.08)

0.87 (0.80-

0.96)g
0.90 (0.83-

0.98)h
0.93 (0.81-
1.07)

ReferenceFrom free of CMD to

IHDj

0.98 (0.94-1.01)0.85 (0.64-
1.12)

0.90 (0.64-
1.28)

0.94 (0.79-
1.12)

0.99 (0.85-
1.16)

1.09 (0.85-
1.39)

ReferenceFrom free of CMD to
stroke

0.94 (0.91-

0.96)f
0.87 (0.73-
1.04)

0.69 (0.54-

0.88)g
0.76 (0.67-

0.85)f
0.85 (0.76-

0.94)g
0.91 (0.76-
1.07)

ReferenceFrom free of CMD to
mortality

0.98 (0.90-1.06)1.01 (0.60-
1.70)

1.33 (0.63-
2.83)

0.75 (0.49-
1.17)

0.89 (0.61-
1.31)

1.07 (0.62-
1.83)

ReferenceFrom T2D to CMM

0.95 (0.87-1.03)0.88 (0.51-
1.55)

0.57 (0.18-
1.80)

0.82 (0.54-
1.24)

0.81 (0.54-
1.20)

1.33 (0.82-
2.14)

ReferenceFrom IHD to CMM

0.93 (0.86-1.00)0.80 (0.46-
1.39)

0.99 (0.44-
2.22)

0.72 (0.48-
1.08)

0.76 (0.53-
1.08)

0.94 (0.54-
1.63)

ReferenceFrom stroke to CMM

0.98 (0.93-1.03)1.00 (0.71-
1.40)

1.41 (0.90-
2.19)

0.81 (0.62-
1.05)

0.81 (0.64-
1.02)

0.85 (0.57-
1.25)

ReferenceFrom T2D to mortality

0.93 (0.81-1.06)1.10 (0.45-
2.71)

0.64 (0.16-
2.61)

0.62 (0.29-
1.34)

0.61 (0.32-
1.16)

2.60 (1.46-

4.64)g
ReferenceFrom IHD to mortality

1.04 (0.97-1.12)0.93 (0.49-
1.75)

0.70 (0.29-
1.71)

1.24 (0.87-
1.75)

1.41 (1.06-

1.88)h
1.43 (0.90-
2.29)

ReferenceFrom stroke to mortali-
ty

1.08 (0.98-1.20)1.53 (0.78-
3.00)

1.18 (0.38-
3.72)

1.30 (0.76-
2.21)

1.15 (0.71-
1.88)

0.81 (0.38-
1.73)

ReferenceFrom CMM to mortali-
ty

600-1200 MET min/wk

Model Ae

0.98 (0.97-

1.00)h
0.96 (0.84-
1.09)

0.95 (0.87-
1.04)

0.91 (0.85-

0.97) g
0.88 (0.83-

0.94)f
0.88 (0.81-

0.95)f
ReferenceFrom free of CMD to

FCMD

0.96 (0.93-

0.98)g
0.93 (0.75-
1.17)

0.80 (0.68-

0.94)g
0.85 (0.77-

0.95)g
0.89 (0.80-

0.99)h
0.95 (0.84-
1.07)

ReferenceFrom free of CMD to
mortality

1.01 (0.96-1.06)1.39 (0.95-
2.03)

0.86 (0.63-
1.17)

0.99 (0.81-
1.20)

0.98 (0.81-
1.20)

0.86 (0.67-
1.09)

ReferenceFrom FCMD to CMM

0.99 (0.95-1.03)0.98 (0.68-
1.42)

0.97 (0.76-
1.25)

0.92 (0.77-
1.09)

0.92 (0.77-
1.09)

0.89 (0.72-
1.09)

ReferenceFrom FCMD to mortal-
ity
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PA intensity: the proportion of VPAa to MVPAb, HRc (95% CI)Transitions

Ordinal scale1>0.75 to <1>0.5 to 0.75>0.25 to 0.5>0 to 0.250

1.02 (0.92-1.12)0.97 (0.45-
2.12)

1.20 (0.64-
2.27)

1.02 (0.68-
1.54)

0.97 (0.64-
1.46)

0.84 (0.49-
1.44)

ReferenceFrom CMM to mortali-
ty

Model Be

0.96 (0.93-

0.99)h
0.92 (0.72-
1.18)

0.87 (0.74-
1.04)

0.84 (0.75-

0.95)g
0.72 (0.63-

0.81)f
0.77 (0.66-

0.89)f
ReferenceFrom free of CMD to

T2D

1.00 (0.98-1.03)1.05 (0.87-
1.25)

1.03 (0.91-
1.16)

0.97 (0.89-
1.06)

0.94 (0.86-
1.02)

0.90 (0.81-

1.00)h
ReferenceFrom free of CMD to

IHD

0.95 (0.91-

0.99)h
0.71 (0.48-
1.06)

0.89 (0.70-
1.13)

0.84 (0.71-

1.00)h
0.97 (0.83-
1.14)

1.04 (0.87-
1.25)

ReferenceFrom free of CMD to
stroke

0.96 (0.93-

0.98)g
0.94 (0.75-
1.18)

0.80 (0.68-

0.94)g
0.86 (0.77-

0.95)g
0.89 (0.80-

0.99)h
0.95 (0.84-
1.07)

ReferenceFrom free of CMD to
mortality

0.98 (0.89-1.08)1.43 (0.66-
3.10)

0.56 (0.26-
1.21)

1.05 (0.71-
1.53)

0.90 (0.59-
1.36)

1.09 (0.70-
1.72)

ReferenceFrom T2D to CMM

1.05 (0.96-1.16)1.63 (0.75-
3.55)

1.02 (0.54-
1.93)

1.17 (0.78-
1.75)

1.08 (0.71-
1.65)

0.95 (0.57-
1.59)

ReferenceFrom IHD to CMM

1.00 (0.92-1.08)1.50 (0.86-
2.62)

0.83 (0.52-
1.34)

0.92 (0.67-
1.26)

0.70 (0.50-

0.99)h
0.77 (0.52-
1.14)

ReferenceFrom stroke to CMM

0.99 (0.93-1.05)1.19 (0.77-
1.85)

1.02 (0.75-
1.40)

0.83 (0.65-
1.04)

0.81 (0.64-
1.02)

0.75 (0.57-
1.00)

ReferenceFrom T2D to mortality

1.00 (0.87-1.15)0.76 (0.18-
3.14)

1.09 (0.51-
2.34)

0.86 (0.48-
1.52)

0.96 (0.57-
1.63)

0.45 (0.20-
1.01)

ReferenceFrom IHD to mortality

0.94 (0.86-1.02)0.14 (0.02-
1.03)

0.74 (0.42-
1.29)

0.98 (0.70-
1.36)

0.94 (0.69-
1.30)

1.01 (0.70-
1.44)

ReferenceFrom stroke to mortali-
ty

1.01 (0.90-1.13)0.90 (0.36-
2.25)

1.29 (0.64-
2.60)

1.02 (0.65-
1.61)

0.72 (0.43-
1.22)

0.62 (0.32-
1.21)

ReferenceFrom CMM to mortali-
ty

>1200 MET min/wk

Model Ae

0.97 (0.96-

0.98)f
0.86 (0.75-

0.99)h
0.85 (0.79-

0.91)f
0.91 (0.86-

0.95)f
0.92 (0.88-

0.97)g
0.91 (0.87-

0.96)f
ReferenceFrom free of CMD to

FCMD

0.92 (0.90-

0.93)f
0.62 (0.48-

0.80)f
0.67 (0.59-

0.75)f
0.75 (0.69-

0.81)f
0.79 (0.73-

0.86)f
0.83 (0.76-

0.90)f
ReferenceFrom free of CMD to

mortality

1.01 (0.97-1.05)0.95 (0.60-
1.52)

1.11 (0.90-
1.36)

0.93 (0.80-
1.07)

1.03 (0.89-
1.20)

0.88 (0.76-
1.03)

ReferenceFrom FCMD to CMM

0.99 (0.96-1.02)1.14 (0.80-
1.62)

0.91 (0.76-
1.09)

0.95 (0.84-
1.07)

0.92 (0.81-
1.04)

0.93 (0.82-
1.06)

ReferenceFrom FCMD to mortal-
ity

0.95 (0.88-1.03)1.02 (0.37-
2.78)

0.77 (0.48-
1.23)

0.93 (0.70-
1.25)

0.89 (0.66-
1.19)

1.07 (0.80-
1.44)

ReferenceFrom CMM to mortali-
ty

Model Be

0.95 (0.93-

0.97)f
0.84 (0.64-
1.09)

0.71 (0.62-

0.82)f
0.80 (0.73-

0.88)f
0.86 (0.78-

0.94)g
0.79 (0.71-

0.87)f
ReferenceFrom free of CMD to

T2D

0.99 (0.98-1.01)0.97 (0.81-
1.16)

0.93 (0.85-
1.02)

0.99 (0.93-
1.06)

0.98 (0.92-
1.05)

0.98 (0.91-
1.05)

ReferenceFrom free of CMD to
IHD

0.94 (0.91-

0.97)f
0.62 (0.42-

0.91)h
0.82 (0.69-

0.96)h
0.82 (0.73-

0.93)g
0.86 (0.76-

0.96)h
0.93 (0.82-
1.04)

ReferenceFrom free of CMD to
stroke

0.92 (0.90-

0.93)f
0.62 (0.48-

0.80)f
0.67 (0.59-

0.75)f
0.75 (0.69-

0.81)f
0.79 (0.73-

0.86)f
0.83 (0.76-

0.90)f
ReferenceFrom free of CMD to

mortality
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PA intensity: the proportion of VPAa to MVPAb, HRc (95% CI)Transitions

Ordinal scale1>0.75 to <1>0.5 to 0.75>0.25 to 0.5>0 to 0.250

1.02 (0.95-1.10)1.13 (0.49-
2.60)

0.94 (0.61-
1.44)

0.97 (0.73-
1.29)

1.04 (0.78-
1.38)

0.75 (0.54-
1.03)

ReferenceFrom T2D to CMM

0.94 (0.87-1.02)1.05 (0.46-
2.39)

0.62 (0.38-
1.01)

0.86 (0.65-
1.13)

0.73 (0.54-

0.98)h
0.83 (0.62-
1.12)

ReferenceFrom IHD to CMM

0.98 (0.92-1.05)1.18 (0.60-
2.34)

1.05 (0.75-
1.48)

0.89 (0.70-
1.13)

1.05 (0.83-
1.34)

1.04 (0.81-
1.33)

ReferenceFrom stroke to CMM

1.02 (0.97-1.06)1.15 (0.73-
1.82)

1.03 (0.82-
1.30)

0.96 (0.81-
1.12)

0.94 (0.79-
1.11)

0.86 (0.72-
1.02)

ReferenceFrom T2D to mortality

1.06 (0.96-1.17)0.44 (0.06-
3.18)

1.47 (0.91-
2.37)

0.95 (0.66-
1.36)

1.06 (0.74-
1.53)

0.74 (0.49-
1.10)

ReferenceFrom IHD to mortality

0.98 (0.92-1.04)1.27 (0.59-
2.73)

0.82 (0.56-
1.21)

1.00 (0.79-
1.26)

0.99 (0.78-
1.27)

1.11 (0.87-
1.41)

ReferenceFrom stroke to mortali-
ty

0.92 (0.84-1.00)0.66 (0.21-
2.10)

0.64 (0.38-
1.07)

0.79 (0.58-
1.09)

0.78 (0.57-
1.07)

0.87 (0.62-
1.20)

ReferenceFrom CMM to mortali-
ty

aVPA: vigorous PA.
bMVPA: moderate to vigorous PA.
cHR: hazard ratio.
dMET: metabolic equivalent task.
eThe models were adjusted for age, sex, ethnicity, socioeconomic status, BMI, household income, study center region, education group, smoking status,
alcohol drinking status, and PA amount. Model A included 5 transitions from free of CMD to FCMD, then to CMM, and finally to mortality (Figure
1A), and model B included 11 transitions by including specific FCMD (Figure 1B).
fP<.001.
gP<.01.
hP<.05.
iT2D: type 2 diabetes.
jIHD: ischemic heart disease.
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Table 4. Subgroup analyses for the associations of physical activity (PA) intensity with transitions from free of cardiometabolic disease (CMD) to first
occurrence of CMD (FCMD), cardiometabolic multimorbidity (CMM), and mortality.

Model Aa, HRb (95% CI)Factors for subgroup analy-
ses

From CMM to mortal-
ity

From FCMD to mor-
tality

From FCMD to CMMFrom free of CMD to
mortality

From free of CMD to
FCMD

Age (years)

0.89 (0.81-0.98)d0.96 (0.93-1.00)d0.97 (0.93-1.00)0.92 (0.90-0.94)c0.95 (0.94-0.96)c≤60

1.05 (0.99-1.11)0.98 (0.95-1.00)0.98 (0.95-1.01)0.94 (0.93-0.96)c0.97 (0.96-0.98)c>60

Sex

1.03 (0.98-1.10)0.98 (0.96-1.01)1.01 (0.98-1.04)0.92 (0.91-0.94)c0.97 (0.96-0.98)cMale

0.97 (0.89-1.06)1.01 (0.98-1.04)0.99 (0.95-1.03)0.96 (0.94-0.98)c0.97 (0.95-0.98)cFemale

BMI (kg/m2)

0.93 (0.83-1.04)0.97 (0.94-1.01)0.98 (0.93-1.04)0.93 (0.91-0.95)c0.99 (0.97-1.00)<25

1.02 (0.97-1.08)0.99 (0.96-1.01)0.99 (0.97-1.02)0.94 (0.92-0.95)c0.97 (0.96-0.98)c≥25

Smoking status

0.99 (0.92-1.07)1.01 (0.98-1.04)1.00 (0.97-1.04)0.95 (0.93-0.96)c0.99 (0.97-1.00)eNever

1.02 (0.96-1.08)0.96 (0.94-0.99)e0.98 (0.95-1.02)0.92 (0.91-0.94)c0.96 (0.95-0.97)cPrevious or current

Alcohol drinking status

0.98 (0.93-1.04)0.99 (0.97-1.01)0.99 (0.96-1.02)0.94 (0.93-0.96)c0.97 (0.96-0.98)c≤1-3 times/wk

1.08 (0.97-1.19)0.97 (0.93-1.01)1.01 (0.96-1.07)0.91 (0.89-0.93)c0.98 (0.96-0.99)eDaily or almost daily

aThe models were adjusted for age, sex, ethnicity, socioeconomic status, BMI, household income, study center region, education group, smoking status,
alcohol drinking status, and PA amount. Age, sex, BMI, smoking status, and alcohol drinking status were not included in the models for the subgroup
analyses. Model A included 5 transitions from free of CMD to FCMD, then to CMM, and finally to mortality (Figure 1A). PA intensity refers to the
proportion of vigorous PA to moderate to vigorous PA, and an ordinal scale of PA intensity was used in the subgroup analyses.
bHR: hazard ratio.
cP<.001.
dP<.05.
eP<.01.

Sensitivity Analysis
We did not find substantial changes for the associations of PA
intensity with the transitions from free of CMD to FCMD, then
to CMM, and finally to mortality by performing additional
analyses (Table S6 in Multimedia Appendix 1) using different
time intervals (0.5 y, 1 y, 2 y, 3 y, and 5 y) for the participants
entering different transitions on the same day, excluding the
participants who entered different transitions on the same day,
excluding FCMD in the first 2-year follow-up, excluding the
participants with cancer, and excluding the participants with
missing values at baseline for the covariates, which revealed
robust estimates in this study.

Discussion

Principal Findings
This is the first prospective cohort study using large-scale
population–based data to explore the associations of PA intensity
with different transitions from free of CMD, then to CMM, and
finally to mortality. This study reported the effect of the

proportion of VPA to MVPA on the incidence, progression,
and prognosis of CMM using multistate models, and the
principal findings are discussed next. Compared with the
participants with no VPA, the participants with >0.75 to <1 of
VPA to MVPA had the lowest risk of transitions from free of
CMD to FCMD and mortality regardless of model A or B. The
protective effect of higher PA intensity on the transitions from
free of CMD to T2D (P<.001) and from T2D to mortality
(P<.001) was statistically significant, which revealed the
importance of PA intensity for the transitions of T2D. More PA
and greater intensity had a synergistic effect on decreasing the
risk of transitions from free of CMD to FCMD and mortality.
Male participants, younger adults, participants with a higher
BMI, current or previous smokers, and excessive alcohol
drinkers could obtain more benefits from higher PA intensity
for the lower risk of at least 1 transition from free of CMD, then
to CMM, and finally to mortality.
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Interpretations, Implications, and Comparisons With
Existing Literature
In line with previous studies focusing on PA amount, this study
had similar findings that meeting the recommendations of PA
amount could significantly decrease the risk of FCMD, CMM,
and mortality, regardless of whether the traditional Cox
proportional hazards regression model or multistate model was
used [23-30]. This study also provided some evidence for the
additional benefits of more PA (>1200 MET min/wk) for
FCMD, CMM, and mortality. It is worth noting that more PA
did not provide a lower risk of mortality when including CMM
in the consideration of estimates from the multistate model. The
aforementioned findings might be explained by the fact that the
participants with CMM might have cardiovascular organic
lesions and the benefits from more PA might be offset.

In line with previous studies [31-34], this study also found that
higher PA intensity was significantly associated with all-cause
mortality. In addition, this study added new evidence to recent
knowledge that a greater proportion of VPA to MVPA (>0.75
to <1) could provide more benefits, including a decreased risk
of 27% and 13% for the transitions from free of CMD to
mortality and FCMD, respectively. Simultaneously, it was noted
that no strong evidence was observed that a higher proportion
of VPA to MVPA was associated with a lower risk of transition
from free of CMD to IHD, which indicated that a suitable
intensity was more effective for preventing IHD than no VPA.
Another important finding in this study was that median PA
intensity (the proportion of VPA to MVPA >0 to 0.75) was
associated with a lower risk of transition from T2D to mortality,
which suggests that stronger interventions of higher PA intensity
for the participants with T2D are necessary to decrease all-cause
mortality. In addition, we did not find that higher PA intensity
was associated with other transitions related to CMM, which
emphasizes that higher PA intensity at baseline plays an
important role in the primary and secondary prevention for
CMM and has a weaker role in the prognosis of CMM.

A national cohort study of >400,000 US adults reported a
decreased risk of all-cause mortality associated with the
synergistic effect of more PA and greater intensity [32]. This
study reported similar results for the associations of an
interactive effect of PA amount and intensity on transitions from
free of CMD to mortality. The aforementioned associations
were also significant in the transition from free of CMD to
FCMD, which not only emphasized the importance of PA
amount but also highlighted the importance of higher PA
intensity for healthy outcomes and the development of CMM.

Inconsistent with a previous study reporting no interactions for
the associations of sex with all-cause mortality [31,32], this

study found that male participants could benefit more from
higher PA intensity for reducing mortality from the free of CMD
status. In line with the study by Wang et al [32], we also found
significant interactions of current or previous smoking status
and PA intensity with all-cause mortality. These differences
might be caused by the different models used in this study.
Instead of traditional Cox proportional hazard models used in
previous studies, this study used the multistate models, which
introduced a competing risk for all-cause mortality and could
more validly show the transitions from free of CMD to mortality.
In addition, this study provided additional evidence for
identifying sensitive populations for other transitions in the
incidence, progression, and prognosis of CMM, which could
help develop preventive, targeted strategies for sensitive
populations in the transitions.

Strengths and Limitations
This study has several strengths. First, this study used multistate
models considering the competing risk for all-cause mortality
to assess the associations of PA intensity, namely the proportion
of VPA to MVPA with the transitions from free of CMD to
FCMD, then to CMM, and finally to mortality. Second, this
study used a large-scale population–based cohort, which allowed
us to explore the associations among different transitions using
the prospective design. Third, long-term follow-ups of UKB in
this study could provide a sufficient duration to observe the
incidence, progression, and prognosis of CMM. Certain
limitations should be approached with caution when interpreting
the results of this study. First, the PA amount and intensity were
self-reported, and more studies using portable equipment are
needed to verify these associations. In addition, we only captured
the baseline characteristics of PA in this study. Further studies
should focus on the effects of the trajectory of PA on the
transitions. In addition, although UKB had a low recruitment
rate [35] and a limited age group from 37 to 73 years, a previous
study proved that the associations of PA with mortality were
not materially changed [45].

Clinical Implications and Conclusions
This study suggests that higher PA intensity is an effective
measure for preventing CMM and mortality in the early period
of CMM development. Higher PA intensity accompanied by
higher PA levels could provide the lowest risk of all-cause
mortality and FCMD. Targeted populations including male
participants, younger adults, people with overweight, current
or previous smokers, and excessive alcohol drinkers could obtain
more benefits from higher PA intensity for FCMD and all-cause
mortality. Relevant interventions related to higher PA intensity
should be performed.
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Abstract

Background: Esophageal cancer (EC) is the sixth leading cause of cancer-related burden with distinct regional variations
globally. Although the burden of EC has decreased, the specific reasons for this decline are still unclear.

Objective: This study aims to uncover the spatiotemporal patterns of EC risk–attributable burden in 204 countries and territories
from 1990 to 2019 so that prevention and control strategies of EC can be prioritized worldwide.

Methods: We extracted EC risk–attributable deaths, disability-adjusted life years (DALYs), age-standardized mortality rates
(ASMRs), and age-standardized DALY rates (ASDRs) from the global burden of disease (GBD) study from 1990 to 2019, in
terms of behavioral, metabolic, and dietary factors by age, sex, and geographical location. Average annual percentage change
(AAPC) was used to assess the long-term trends in the ASMRs and ASDRs of EC due to specific risk factors.

Results: Between 1990 and 2019, the greatest decrease in EC burden was attributed to low intake of fruits and vegetables. An
AAPC of –2.96 (95% CI –3.28 to –2.63) and –3.12 (95% CI –3.44 to –2.79) in ASMR and ASDR was attributable to a low-fruit
diet, while an AAPC of –3.60 (95% CI –3.84 to –3.36) and –3.64 (95% CI –3.92 to –3.35) in ASMR and ASDR was attributed
to a low-vegetable diet. However, the trends in ASMRs and ASDRs due to high BMI showed significant increases with an AAPC
of 0.52 (95% CI 0.29-0.75) in ASMR and 0.42 (95% CI 0.18-0.66) in ASDR from 1990 to 2019 compared to significant decreases
in other attributable risks with AAPC<0 (P<.05). East Asia had the largest decrease in EC burden due to low-vegetable diets,
with an AAPC of –11.00 (95% CI –11.32 to –10.67) in ASMR and –11.81 (95% CI –12.21 to –11.41) in ASDR, followed by
Central Asia, whereas Western Sub-Saharan Africa had the largest increase in ASMR and ASDR due to high BMI, with an AAPC
of 3.28 (95% CI 3.14-3.42) and 3.09 (95% CI 2.96-3.22), respectively. China had the highest EC burden attributed to smoking,
alcohol use, high BMI, and low-fruit diets. Between 1990 and 2019, there was a significant decrease in EC burden attributable
to smoking, alcohol use, chewing tobacco, low-fruit diets, and low-vegetable diets in most countries, wherein a significant increase
in the EC burden was due to high BMI.

Conclusions: Our study shows that smoking and alcohol consumption are still the leading risk factors of EC burden and that
EC burden attributable to low intake of fruits and vegetables has shown the largest decline recently. The risks of ASMRs and
ASDRs of EC showed distinct spatiotemporal patterns, and future studies should focus on the upward trend in the EC burden
attributed to high BMI.

(JMIR Public Health Surveill 2023;9:e46051)   doi:10.2196/46051
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Introduction

In 2019, esophageal cancer (EC) was the sixth leading cause of
cancer deaths and disability-adjusted life years (DALYs), with
over 0.54 million deaths and 1.17 million DALYs, representing
50% of all cancers worldwide [1]. Early diagnosis and treatment
have been implemented to reduce EC incidence and mortality
rates and to improve survival rates over years. However, patients
with EC still have low 5-year survival rates (about 30.3%) due
to unclear and nonspecific early clinical symptoms, and most
patients are diagnosed at an advanced stage [2]. Therefore, EC
is still an important public health and clinical challenge for early
diagnosis and prevention, especially in low-income countries.
Besides, EC burden greatly varies with geographical locations,
and the “EC belt” has substantially high EC incidence and
mortality rates worldwide [3]. The disparities in the burden of
cancer and the poor treatment outcomes across regions
worldwide are reflected in the Sustainable Development Goal
target 3.4 that focuses on reducing premature mortality from
noncommunicable diseases (eg, cancers) by one-third by
promoting mental health and well-being by 2030 through
prevention and treatment [4].

EC has 2 main histological subtypes, that is, esophageal
squamous cell carcinoma (ESCC) and esophageal
adenocarcinoma (EAC), which have analogous and distinct
etiologies with modifiable risk factors (eg, smoking, alcohol
use, obesity, diet) [5,6]. EC cases with over 85% ESCC
histological subtype cluster in low-income countries and has
recently shown a significantly downward trend worldwide [7,8].
Previous studies have reported the epidemiological
characteristics of EC, such as incidence, mortality, and DALY
rates in several countries or regions over several years [9,10].
Age-standardized incidence rates of EC in China have declined
significantly from 1990 to 2019, and the decrease is more
pronounced among females than among males [11]. Moreover,
there are significant differences in the risk factors between sexes
[11]. There was a significant male predominance in EC cases
with a male-to-female incidence ratio of 3.3:1 for ESCC and
6.7:1 for EAC [8]. Further, the interaction effect of sex and
smoking in ESCC has been reported in a cohort study with 13
years of median follow-up [12]. However, comprehensive
understanding of EC risk–attributable burden does not exist in
many countries, leading to a void in the up-to-date prevention
strategies and adjustment in the EC treatment research focus.
At this point, the latest changes in the specified risk-attributable
burden of EC should be scheduled at global, regional, and
national scales to elucidate the trend in EC cases that are
attributable to primary factors (eg, smoking, alcohol use,
metabolism, diet). Addressing the primary factors contributing
to EC burden can lead to advances in the prognosis and
treatment of EC in countries worldwide that require EC
prevention and control measures.

To date, the Global Burden of Disease (GBD) study has assessed
cancer burden by broadly considering the major modifiable risk

factors across countries, ages, and sexes worldwide over time.
To our knowledge, GBD is the only database that quantifies
and provides a comprehensive picture of the cancer burden
attributable to a set of risk factors through stringent quality
assurance procedures to model at different scales over time.
Further, GBD 2019 provides the latest information on each
risk-outcome pair for EC in 204 countries and territories and
its aggregation regions from 1990 to 2019, which enables the
evaluation of the risk-attributable burden for low-income
countries. Herein, we analyzed the spatiotemporal patterns in
the burden of EC attributable to specific behavioral, metabolic,
and dietary risk factors at global, regional, and national levels
over 3 decades, which can help policy makers implement
prevention measures and tackle the growing EC burden driven
by specific risk factors.

Methods

Data Source
We collected the annual number of EC (International
Classification of Diseases 10th revision code C15) deaths,
DALYs, age-standardized mortality rates (ASMRs), and
age-standardized DALY rates (ASDRs) related to
risk-attributable factors by sex and age at global, regional, and
national levels from GBD 2019 estimations from 1990 to 2019.
The data included EC risk–attributable deaths, DALYs, ASMRs,
and ASDRs in 204 countries and territories and were clustered
in 21 GBD regions according to geographical proximity and
economic similarities [13]. Subsequently, according to the
sociodemographic index (SDI) ranging from 0 to 1, 204
countries and territories were classified under 5 SDI levels: low
SDI (<0.45), low-middle SDI (≥0.45 to <0.61), middle SDI
(≥0.61 to <0.69), high-middle SDI (≥0.69 to <0.80), and high
SDI (≥0.80). The SDI is a composite indicator of a country’s
lag-distributed income per capita, average years of schooling
(aged >15 years), and fertility rate in females younger than 25
years [14].

Exposure Selection and Definition
By reviewing previous literature and studies in terms of the
leading risk factors of EC burden, we targeted the EC burden
attributable to the most prominent risk factors, including
behavioral risk (ie, smoking, alcohol use, and chewing tobacco),
metabolic risk (ie, high BMI), and diet risk (ie, diet with less
vegetables and fruits) [15,16]. We focused on these leading
factors (established EC risk factors with available data in GBD)
to analyze the spatiotemporal patterns of EC burden in different
regions in order to implement EC prevention and intervention
measures. In this study, smoking is defined as the prevalence
of current use of any smoked tobacco product and prevalence
of the former use of any smoked tobacco product. Alcohol use
is defined as the average daily alcohol consumption of pure
alcohol (measured in grams per day) by current drinkers who
had consumed alcohol during the past 12 months. Chewing
tobacco is defined as the current use of any chewing tobacco
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product. High BMI is defined as BMI above the normal range

(18.5-24.9 kg/m2). Diet low in vegetables and fruits is defined
as the average daily consumption of vegetables and fruits
(measured in grams per day). These variables are
well-established risk factors for EC with available data in GBD
and whose detailed definitions and risk gradients for EC are
elaborated elsewhere [17]. Because EC incidence and mortality
have been hardly reported among individuals younger than 40
years [18], we considered 0-39 years old as one age group,
individuals aged 40-94 years as smaller subgroups each with
an age range of 5 years, and >95 years old as the last age group.

Statistical Analysis

Estimation of the EC Burden
Data on deaths, DALYs, ASMRs, and ASDRs were reported
with numbers and their 95% uncertainty intervals (UIs),
generating values at the 2.5th and 97.5th percentile from 1000
draws. The methods for the estimation of explaining uncertainty
in the risk-attributable burden have been described in detail
elsewhere [15]. Briefly, the GBD comparative risk assessment
was divided into 6 key processes for each risk-outcome
estimation. First, we identified convincing or probable evidence
for causal association with EC based on systematic reviews and
meta-regression. Second, we estimated the relative risks for
each risk-outcome pair as risk-attributable function of EC by
using GBD’s meta-regression-Bayesian, regularized, and
trimmed method. Third, we analyzed the model risk exposure
level and distribution by age, sex, location, and year by using
Bayesian meta-regression modelling (DisMod-MR 2.1). Fourth,
we determined the theoretical minimum risk exposure level
based on a counterfactual scenario (a given population receives
the optimal level of risk exposure) and the 85th percentile of
exposure in cohorts and trial studies. Fifth, we calculated the
population attributable fractions for each risk-outcome pair by
age, sex, location, and year. Sixth, we estimated the EC burden
attributable to specified risk factors, wherein deaths and DALYs
were multiplied by the corresponding risk factor population
attributable fraction [19,20].

Analysis of the Time Trends of EC Burden
An average annual percentage change (AAPC) was used to
estimate the long-term trends in ASMR and ASDR in EC cases
attributable to each risk factor from 1990 to 2019. In this study,

AAPC was widely used to analyze a summary measure of time
trend over an entire period, which was fitted in a regression by
the natural logarithm of the ASMR and ASDR from 1990 to
2019, that is, y = α+βx+ , where y = ln (ASMR or ASDR) and
x = calendar year. The AAPC was calculated as 100 ×
(exp(β)-1), and its 95% CI can also be obtained from the fitted
regression model. The time trend of ASMR or ASDR was
defined as a significant increase if AAPC>0 and its lower
boundary of 95% CI>0 (P<.05). Inversely, the time trend of
ASMR or ASDR was defined as a significant decrease if the
AAPC<0 and its upper boundary of 95% CI<0 (P<.05).
Otherwise, it was not a significant trend over time. In addition,
we assessed the time trends of ASMR and ASDR attributable
to each specific risk factor for EC by age group and sex at
regional, SDI, and national levels from 1990 to 2019. These
statistical analyses were conducted using Joinpoint trend analysis
software (version 4.9.1.0; Statistical Methodology and
Applications Branch), and corresponding geographical patterns
were presented by ArcGIS 10.6 (ESRI). A P value less than .05
was considered statistically significant.

Ethical Considerations
This study did not involve human participants and animals.
Ethics approval was not applicable for this study, as this study
used existing good quality modeled data that were aggregated
at the population level.

Results

Global Trends in EC Risk–Attributable Burden
As Table 1 shows, although the total number of EC
risk–attributable deaths and DALYs globally increased in both
sexes combined between 1990 and 2019, the corresponding
ASMRs and ASDRs decreased. The deaths attributable to
smoking increased from 134,682 (95% UI 105,311-152,927)
in 1990 to 203,328 (95% UI 170,461-236,522) in 2019, while
the corresponding ASMR decreased from 3.42 (95% UI
2.69-3.86) per 100,000 people in 1990 to 2.48 (95% UI
2.08-2.89) per 100,000 people in 2019. The DALYs and ASDRs
attributable to smoking followed a similar pattern during the
same period. Besides, in 2019, the higher global EC burden was
attributable to specifically behavioral, metabolic, and dietary
factors among males (Table 1).
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Table 1. Global burden of esophageal cancer attributable to behavioral, metabolic, and diet factors in 1990 and 2019.

20191990Risk
factor

ASDR (95%
UI)DALY (95% UI)

ASMR
(95% UI)

Death (persons,
95% UI)ASDRd (95% UI)DALYc (95% UI)

ASMRb

(95% UI)

Death (persons,

95% UIa)

Smoking

56.71 (47.57-
66.14)

4,746,524
(3,983,523-
5,544,229)

2.48 (2.08-
2.89)

203,328
(170,462-
236,512)

84.38 (65.34-
96.30)

3,475,304
(2,674,422-
3,967,053)

3.42 (2.69-
3.86)

134,682
(105,311-
152,927)

Be

111.18 (92.75-
130.29)

4,425,432
(3,688,962-
5,188,276)

4.95 (4.12-
5.78)

187,234
(156,028-
219,347)

162.14 (123.89-
186.04)

3,160,591
(2,404,539-
3,635,360)

6.70 (5.22-
7.62)

120,286
(92,296-
137,575)

Mf

7.33 (5.94-
8.76)

321,092 (260,159-
383,914)

0.37 (0.29-
0.44)

16,094 (12,861-
19,289)

14.73 (11.41-
17.87)

314,713 (242,655-
382,305)

0.69 (0.53-
0.83)

14,396 (11,141-
17,351)

Fg

Alcohol use

33.55 (25.09-
42.54)

2,818,188
(2,109,628-
3,573,631)

1.38 (1.02-
1.76)

113,600
(84,063-
144,686)

42.97 (30.73-
54.66)

1,792,113
(1,277,343-
2,281,636)

1.64 (1.19-
2.11)

65,669 (47,318-
84,125)

B

64.84 (48.32-
82.39)

2,609,021
(1,943,902-
3,312,769)

2.71 (2.01-
3.46)

103,883
(77,092-
132,860)

81.57 (58.12-
103.62)

1,628,732
(1,160,091-
2,068,043)

3.17 (2.30-
4.04)

58,665 (41,912-
74,762)

M

4.80 (3.33-
6.46)

209,167 (145,394-
281,635)

0.22 (0.15-
0.30)

9718 (6701-
13,143)

7.62 (5.15-10.61)163,381 (110,272-
227,901)

0.34 (0.23-
0.47)

7004 (4724-
9732)

F

Chewing tobacco

5.66 (3.91-
7.66)

475,862 (327,634-
643,826)

0.22 (0.15-
0.30)

18,277 (12,696-
24,652)

6.25 (4.38-8.40)261,073 (182,523-
351,920)

0.24 (0.17-
0.31)

9398 (6604-
12,589)

B

8.14 (4.94-
11.74)

330,479 (200,616-
476,315)

0.32 (0.19-
0.46)

12,277 (7441-
17,718)

9.16 (5.75-13.08)184,101 (115,166-
263,107)

0.35 (0.22-
0.50)

6463 (4059-
9238)

M

3.34 (2.03-
4.99)

145,383 (88,251-
216,523)

0.14 (0.08-
0.21)

6000 (3649-
8965)

3.57 (2.18-5.38)76,972 (46,998-
116,401)

0.14 (0.08-
0.21)

2935 (1797-
4434)

F

High BMI

26.27 (8.12-
49.89)

2,202,314
(681,901-
4,173,080)

1.09 (0.34-
2.10)

89,904 (27,879-
171,255)

22.26 (6.29-
47.89)

917,929 (256,226-
1,976,144)

0.90 (0.26-
1.97)

35,283 (10,182-
75,927)

B

41.06 (7.95-
85.11)

1,653,597
(320,884-
3,422,784)

1.71 (0.33-
3.54)

65,511 (12,587-
135,689)

32.05 (5.21-
74.68)

634,186 (103,387-
1,476,891)

1.28 (0.21-
2.99)

23,273 (3778-
54,281)

M

12.59 (0.67-
27.51)

548,718 (29,096-
1,198,556)

0.56 (0.03-
1.23)

24,393 (1296-
53,852)

13.20 (0.71-
33.16)

283,743 (15,239-
714,960)

0.58 (0.03-
1.44)

12,010 (640-
30,139)

F

Diet low in fruits

14.96 (4.60-
31.05)

1,249,775
(384,470-
2,595,057)

0.63 (0.19-
1.33)

51,210 (15,227-
108,734)

32.83 (11.40-
57.97)

1,358,518
(473,229-
2,387,195)

1.32 (0.45-
2.37)

51,867 (17,816-
92,689)

B

22.31 (6.49-
48.36)

892,474 (262,854-
1,927,948)

0.94 (0.26-
2.09)

35,701 (10,018-
78,761)

46.68 (15.36-
83.83)

924,139 (307,556-
1,665,445)

1.86 (0.60-
3.39)

33,861 (11,023-
61,135)

M

8.23 (2.98-
15.36)

357,301 (128,558-
668,342)

0.35 (0.12-
0.70)

15,509 (5185-
30,419)

20.12 (7.43-
35.37)

434,380 (160,567-
761,632)

0.86 (0.31-
1.53)

18,006 (6627-
32,143)

F

Diet low in vegetables

5.03 (0.77-
9.91)

420,309 (64,154-
827,694)

0.21 (0.03-
0.42)

17,176 (2549-
33,958)

13.41 (1.41-
27.88)

550,996 (57,581-
1,145,982)

0.55 (0.06-
1.15)

21,591 (2291-
44,769)

B

7.23 (1.09-
14.42)

288,897 (43,912-
575,697)

0.31 (0.04-
0.62)

11,573 (1709-
23,211)

19.45 (1.92-
40.34)

379,595 (37,236-
789,676)

0.80 (0.08-
1.67)

14,339 (1421-
29,787)

M

3.03 (0.48-
5.95)

131,412 (20,890-
258,144)

0.13 (0.02-
0.25)

5603 (868-
10,917)

7.96 (0.92-16.31)171,401 (19,849-
350,757)

0.35 (0.04-
0.71)

7252 (797-
14,894)

F
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aUI: uncertainty interval.
bASMR: age-standardized mortality rate per 100,000 people.
cDALY: disability-adjusted life year of persons.
dASDR: age-standardized disability-adjusted life year rate per 100,000 people.
eB: both male and female.
fM: male.
gF: female.

Behavioral risks include smoking, alcohol use, and chewing
tobacco; metabolic risks include high BMI; and diet risks include
diets low in fruits and vegetables. Figure 1 shows the changes
in EC ASMR and ASDR by specific risk factors for both sexes
combined from 1990 to 2019. Globally, smoking and alcohol
use were the leading risk factors for EC burden, which declined
significantly in the past 3 decades. The ASMRs attributable to

diets low in fruits and vegetables had the most significant
decrease, falling from the third and fifth positions in 1990 to
the fourth and sixth positions in 2019, respectively. However,
EC burden related to high BMI ranked third during this period.
Notably, although the ranks of ASMR and ASDR attributable
to chewing tobacco increased, the burden of EC attributed to
chewing tobacco declined significantly (P<.05).

Figure 1. The changes in esophageal cancer (A) age-standardized mortality rate and (B) age-standardized disability-adjusted life year rate attributable
to specific risk factors for both sexes combined in 1990-2019 globally. Dashed lines indicate decrease in rank. Solid lines indicate increase or no change
in rank. Data in parentheses are 95% CIs. AAPC: average annual percentage change; ASDR: age-standardized disability-adjusted life year rate; ASMR:
age-standardized mortality rate.

Global Trends in EC Risk–Attributable Burden by
Age Groups
Figure 2 shows that smoking-related ASMRs and ASDRs
declined in each age group except for the 85-89 years age group,
with the highest decrease noted in the 40-44 years age group.
Similarly, alcohol-related ASMR and ASDR declined in the
40-44 years age group, while it increased in the >80 years age

group and peaked in the 85-89 years age group. The ASMRs
and ASDRs attributable to diets low in fruits and vegetables
declined in all age groups, but that attributable to high BMI
increased in most age groups outside the subgroups within the
age range of 40-54 years significantly (P<.05). The AAPCs of
ASMR and ASDR for males and females are presented in
Figures S1-S2 of Multimedia Appendix 1.
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Figure 2. The average annual percentage change of (A) age-standardized mortality rate and (B) age-standardized disability-adjusted life year rate for
both sexes combined by age groups in 1990-2019 globally. AAPC: average annual percentage change; ASDR: age-standardized disability-adjusted life
year rate; ASMR: age-standardized mortality rate.

Regional and SDI Trends in EC Risk–Attributable
Burden
As Figure 3 shows, there were significant downward trends in
risk-attributable ASMRs and ASDRs in most regions with
AAPC<0 compared to significant increases in high BMI–related
ASMRs and ASDRs (P<.05). The EC burden attributable to
each risk factor increased in Western Sub-Saharan Africa, while
it declined significantly in Central Asia, Central Latin America,
Eastern Europe, high-income Asia–Pacific, and Southern Latin
America (P<.05). Among the risk factors, diets low in vegetables
caused the most decline in the EC burden in East Asia and
Central Asia, while high BMI caused the most increase in the
ASMRs and ASDRs in Western Sub-Saharan Africa. Southern

Sub-Saharan Africa and Central Asia showed the highest decline
in smoking-related and alcohol use–related ASMRs and ASDRs,
respectively. Figure 3 shows that the most dramatic decrease
in EC burden was ascribed to low-vegetable diets in countries
with middle SDI, followed by countries with high-middle SDI.
In contrast, countries with low-middle SDI showed a sharp
increase in EC burden, which is attributable to high BMI. In
addition, Figures S1-S2 of Multimedia Appendix 1 show the
changes in ASMRs and ASDRs attributable to risk factors
among males and females in 21 GBD regions and 5 SDI levels.
Table S1 of Multimedia Appendix 1 shows that the
preponderance of EC burden for both sexes combined, in terms
of the number of deaths and DALYs, were attributable to
smoking, alcohol use, high BMI, and low-fruit diets in East
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Asia, while the highest number of deaths and DALYs
attributable to chewing tobacco and low-vegetable diets occurred
in South Asia in 2019 (Multimedia Appendix 1). Table S2 in

Multimedia Appendix 1 shows distinct differences and risk
gradients of ASMRs and ASDRs in 21 GBD regions and 5 SDI
levels.

Figure 3. The average annual percentage change for esophageal cancer risk–attributable age-standardized mortality rate and age-standardized
disability-adjusted life year rate in 21 global burden of disease regions classified by 5 sociodemographic index levels for both sexes in 1990-2019. Dark
green indicates the highest decline in the average annual percentage change, dark red indicates the highest increase in the average annual percentage
change, and grey indicates no significant average annual percentage change. AAPC: average annual percentage change; ASDR: age-standardized
disability-adjusted life year rate; ASMR: age-standardized mortality rate; SDI: sociodemographic index.

National Trends in EC Risk–Attributable Burden
Figure 4 shows the trends in risk-attributable ASMR in both
sexes combined in 204 countries and territories from 1990 to
2019. There was a significant downward trend in ASMRs
attributable to smoking, alcohol use, chewing tobacco,
low-vegetable diets, and low-fruit diets in 136 (66.7%), 93
(45.6%), 118 (57.8%), 141 (69.1%), and 137 (67.2%) countries
of all the 204 countries and territories, respectively. In contrast,
a significantly upward trend in ASMR attributable to high BMI
was observed in 139 (68.1%) countries and territories.
Turkmenistan showed the highest decline in ASMRs attributable
to smoking (AAPC=–5.21, 95% CI –5.99 to –4.42), high BMI
(AAPC=–3.21, 95% CI –4.03 to –2.39), chewing tobacco

(AAPC=–4.77, 95% CI –5.51 to –4.03), and low-vegetable diets
(AAPC=–13.67, 95% CI –14.69 to –12.64), while the highest
decline in ASMR attributable to alcohol use (AAPC=–8.02,
95% CI –10.94 to –5.00) and low-fruit diets (AAPC=–7.99,
95% CI –8.63 to –7.34) occurred in Sudan and Albania. São
Tomé, Príncipe, and Northern Mariana had the highest increase
in ASMR attributable to smoking (AAPC=3.40, 95% CI
3.17-3.62) and chewing tobacco (AAPC=3.58, 95% CI
3.08-4.08). Besides, Vietnam had the highest increase in ASMR
attributable to alcohol use (AAPC=8.61, 95% CI 7.77-9.45) and
high BMI (AAPC=5.94, 95% CI 5.55-6.34), but United Arab
Emirates had the highest increase in ASMR attributable to
low-vegetable diets (AAPC=11.01, 95% CI 9.47-12.56) and
low-fruit diets (AAPC=5.10, 95% CI 4.50-5.72).
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Figure 4. The average annual percentage change of esophageal cancer age-standardized mortality rate attributable to specific risk factors for both sexes
combined in 204 countries and territories from 1990 to 2019.

As Figure 5 shows, from 1990 to 2019, significant decreases in
ASDR attributable to smoking, alcohol use, chewing tobacco,
low-vegetable diets, and low-fruit diets were found in 143
(70.1%), 96 (47.1%), 116 (56.9%), 145 (71.1%), and 143
(70.1%) countries of the 204 countries and territories, while
124 (60.7%) countries and territories experienced significant
increases in ASDR attributable to high BMI. During this period,
Turkmenistan had the highest decrease in ASDR attributable

to smoking (AAPC=–5.31, 95% CI –6.09 to –4.53) and
low-vegetable diets (AAPC=–14.49, 95% CI –15.66 to –13.31),
while Uzbekistan had the highest decrease in ASDR attributable
to chewing tobacco (AAPC=–4.97, 95% CI –5.48 to –4.26) and
high BMI (AAPC=–3.37, 95% CI –3.89 to –2.84). The changes
in the risk-attributable burden in other countries and territories
are presented in Figure 5.
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Figure 5. The average annual percentage change of esophageal cancer age-standardized disability-adjusted life year rate attributable to specific risk
factors for both sexes combined in 204 countries and territories from 1990 to 2019.

As Table S3 of Multimedia Appendix 1 shows, globally in 2019,
China was the worst affected country with the highest number
of EC deaths and DALYs attributable to smoking, alcohol use,
high BMI, and low-fruit diets due to its large population and
aging, accounting for about 50% of the total number of EC
deaths and DALYs. China was followed by India, which had
the highest number of EC-related deaths and DALYs attributable
to chewing tobacco and low-vegetable diets.

Discussion

Principal Findings
This study uses the latest GBD 2019 data to analyze the
spatiotemporal patterns in the burden of EC attributable to
specific risk factors from 1990 to 2019, and our results show
that the burden of EC varied with different risk factors at
regional and national levels, among which EC disparities had
different gradients of risk factors during this period. EC
risk–attributable burden declined in most regions, countries,
and territories, except for the increasing burden of EC attributed
to high BMI. Our findings may be useful for the prognosis and
treatment of EC by identifying the burden of modifiable risk
factors worldwide for making clinical decisions about the risk
attribution, stratification, and prevention.

Although the past 3 decades have witnessed a significant
decrease in smoking-related EC burden, smoking still dominates
among the risk-attributable factors. Moreover, the risk rank of
EC burden attributable to chewing tobacco increased by 1
gradient from 1990 to 2019. The DALY of EC is estimated to
be driven by tobacco smoking and chewing tobacco worldwide

[10]. Compared with those in 1990, EC deaths and DALYs
reduced by 55.9% and 42.1% in 2019, respectively, along with
the corresponding ASMRs and ASDRs that annually declined
by –1.18% and –1.41%, respectively, of which smoking resulted
in 40.6% deaths [21]. Between 1990 and 2019, the trends in EC
burden attributable to smoking largely varied across
geographical locations, and there was a significant decrease
mostly in regions outside the Caribbean and Western
Sub-Saharan Africa. In 2003, the World Health Organization
issued the “Framework Convention on Tobacco Control,” in
which 168 countries joined this action and further worked out
their own tobacco control strategies. EC deaths attributable to
smoking continue to decrease with the reduction of smoking
prevalence in high-income countries, paralleling with a decrease
of 32.2% for males and 28.8% for females in age-standardized
prevalence of smoking since 1990 [22,23]. Therefore, reducing
smoking prevalence is an effective way to mitigate the EC
burden.

Alcohol consumption still remains the second leading risk factor
for EC burden from 1990 to 2019. The clear differences in EC
burden over time attributable to alcohol use in GBD regions,
as shown in our study, provides the most up-to-date information
on the trends in EC risk–attributable burden. Approximately
22.6% of the deaths and 33.8% DALYs in EC are attributed to
alcohol use worldwide [10,22]. Although alcohol-related EC
deaths and DALYs increased by 13.1% and 8.3%, the change
in the percentage of alcohol-related EC deaths and DALYs
reduced by 14.4% and 17.1% from 1990 to 2017 [10,24]. The
EC burden attributable to alcohol use declined in most regions
(eg, Eastern Europe) concomitantly with the decrease in alcohol
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per capita consumption (from 11.2 L per capita to 9.8 L per
capita) [25,26]. In contrast, a significant increase in EC burden
related to alcohol use was observed in Southeast Asia, South
Asia, Western Sub-Saharan Africa, and North America, largely
because alcohol per capita consumption was high from 1990 to
2017 and is expected to remain high till 2030 [27-29]. For
example, alcohol per capita consumption increased by 34% in
Southeast Asia, ranging from 3.5 L per capita in 2010 to 4.7 L
per capita in 2017 [27]. Thus, alcohol-related EC burden largely
varies across geographical locations, and this variation should
be carefully analyzed in the future.

The EC burden attributable to high BMI, in comparison with
other risk factors, increased in most regions. This is consistent
with the rising incidence of high BMI reported across the world,
which has increased from 1975 to 2016 by nearly 12% for males,
24% for females, and 40% for both sexes combined [30].
Geographical differences in EC burden related to high BMI
followed a geographical pattern of increasing obesity prevalence,
with the largest absolute increase in high-income western
countries, Central Asia, Middle East, and North Africa, and
with the most relative increase in East and South-Eastern Asia
[31]. However, previous studies have indicated that high BMI
(or obesity) was a driver for EAC and not for ESCC [23]. This
study also found that the geographical pattern of EC burden
related to high BMI with AAPC>3 was generally consistent
with that of EAC [32,33]. The slightly increased burden of EC
attributable to high BMI, especially in typical ESCC high-risk
regions such as China, suggest that EAC may show an upward
trend due to increased prevalence of high BMI.

Consistent with that reported in previous studies [21,34], the
burden of EC attributable to low-fruit and low-vegetable diets
declined significantly, even if it remained stable or increased
slightly in some regions. This aligns with the globally low
consumption of fruits by 16.58% and vegetables by 25.60%
from 1990 to 2017 [34,35]. The high dietary fibers of vegetables
and fruits show a protective effect by generating inositol
hexaphosphate to curb the growth rate of EC cells by reducing
cellular proliferation and stimulating apoptosis [36]. Another
plausible explanation is that high dietary fibers in vegetables
and fruits decrease the levels of systemic inflammation factors
such as tumor necrosis factor-α receptor-2 and interleukin-6,
which may cause carcinogenesis [37]. The largest decrease in
EC burden attributable to low intake of fruits and vegetables
occurred in East Asia because of higher incomes and better
health care. However, an upward trend in EC burden associated
with low intake of vegetables occurred in North America and
that associated with low intake of fruits occurred in Western
Sub-Saharan Africa. In light of these variations, policy makers
in each country should tailor related measures to promote
well-balanced diets according to the local risk factors.

Risk Exposure of EC burden Among Sexes and Age
Groups
In terms of the spatiotemporal pattern in the risk exposure of
EC burden, important differences in the EC burden between
sexes and age groups in different locations should be mentioned.
The time trend in EC burden attributed to smoking and chewing
tobacco among sexes and age groups followed a similar pattern

with a significant decrease, but the gradient showed a distinct
difference among locations. This is possibly caused by the
reduction of smoking prevalence in different regions, wherein
males in 135 countries and females in 68 countries showed a
prominent decrease in smoking prevalence [22]. Similarly, the
greater decreases in EC burden due to alcohol use among
females and in the 40-44 years age group indicate that
interventions should target males and >45-year-old populations.
Besides, the time trends of the EC burden attributable to high
BMI for males and females did not follow the same
pattern—with an increasing AAPC for males and a decreasing
AAPC for females within the 40-64 years old subgroups. A
previous study documented that high BMI resulted in ASDR
increase of 12.7% for males and 26.8% for females, accounting
for nearly 20% of the EC burden [38]. In the past decades, the
prevalence of obesity increased by quadruple in men and more
than double in women, and the time trend of ASMR attributable
to high BMI showed a significant upward trend in 170 countries
and territories, a downward trend only in 8 countries and
territories, and a stable trend in 26 countries and territories
[31,39]. The reason for this phenomenon is not completely
understood, but the global prevalence of high BMI and obesity
as well as deaths and DALY-related overweight are observed
to be parallel with our findings across age groups, implying that
sex differences in the prevalence of high BMI and obesity in
the age groups are a potential risk factor [38,40]. Accordingly,
the sex differences in EC burden related to high BMI should be
addressed by ad hoc strategies, which are imperative for
implementing regulations and policies targeting specific
disorders.

Public Health Implications
Our findings provide important evidence for tailored,
country-specific policy development and inventions to address
the geographical disparities in the EC burden, which can be
used by governments at the national level to meet the challenges
of the substantial burden of EC and develop strategies based on
the priority of specific risk-attributable EC burden. Strategies
such as behavioral and metabolic modifications (including
smoking control, alcohol control policies and regulations, weight
management tips) and access to abundant fruits and vegetables
are imperative to face the challenges of EC. In light of the
increase in EC burden related to high BMI in most countries,
we recommend that public health policy makers and decision
makers should prioritize their agenda by designing and
implementing ad hoc effective policies to restrain the upward
momentum of EAC. Moreover, encouraging balanced diets and
reducing alcohol consumption and tobacco should constitute
the essential component of EC prevention strategies. Educating
the general public regarding risk factor modification is urgently
needed in countries with heavy EC burden. Although it is not
clear how diet influences EC development and progression, our
study shows that EC burden attributable to low intake of fruits
and vegetables has decreased significantly.

Strengths and Limitations
This study provides a comprehensive spatiotemporal analysis
of the EC burden attributable to specific risk factors, thereby
becoming a potential reference for developing interventions
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that address similar health problems by identifying the most
prominent risk factor and monitoring the effectiveness of the
change of risk-attributable burden of EC over time. Further
studies are required to conduct early interventions targeting
behavioral and metabolic risk factors of individuals based on
our findings. Moreover, the accelerating growth of EC burden
related to high BMI alerts us to prevent and curb this issue as
early as possible. We hope these limitations can be solved in
the future. The 2 distinct histological subtypes of EC, that is,
ESCC and EAC, have completely different risk factors, trends,
and geographical patterns, but data on ESCC and EAC are
unavailable in GBD. Thus, we did not analyze the changes of
EC burden attributable to risk factors by subtype. Second, some
countries had no EC data because of the lack of registries, or
even if they had data in several registries that did not cover the
whole country and territory, the estimates were obtained by
modelling. The EC data in countries without cancer registries
were modeled, but the model did not solve the geographical
approximates of EC, because the distribution of EC showed
clear clusters. Third, we did not analyze the spatiotemporal
changes of EC burden attributable to other risk factors such as
consumption of hot meals, eating red or processed meat, physical
activity, and infectious agents, because GBD has no data on
these variables. This may overestimate the burden of EC
attributable to the included risk factors in this study. Fourth,
this study did not capture the potential synergy effects between
risk factors in which some combinations might be multiplicative.
For some risk factors such as behavior and diet, the joint effect
of smoking and alcohol use on the burden of EC is very

important for framing public policy. Further, more detailed
work is needed to strengthen the evidence base for understanding
the mediation effects of sex, age, and geographical locations on
the risk-attributable burden of EC.

Conclusion
This study analyzes the spatiotemporal patterns in the
risk-attributable burden of EC over the past 3 decades,
suggesting that smoking and alcohol use remained the dominant
risk factors and drive the burden of EC compared with other
risk-outcome pairs. The EC burden caused by smoking, alcohol
use, chewing tobacco, low-fruit diets, and low-vegetable diets
has decreased over the last 3 decades, but the EC burden
attributable to high BMI has increased significantly. In addition,
changes in the burden of EC due to modifiable risk factors varied
widely across regions, with the largest decrease in EC burden
in East Asia, especially in China. Although the exact reasons
for the marked geographical differences are still unclear, a large
number of epidemiological studies are ongoing to yield valuable
findings. Our findings targeted specific risk factors of EC burden
at different geographical scales to elucidate the key modifiable
risk factors for the prevention and control of EC in line with
achieving the target 3.4 of the Sustainable Development Goals.
Further, understanding the epidemiological trend and risk factor
stratification of EC are the key pathways for public health and
clinical decisions regarding risk stratification, screening, and
prevention. These results might be conducive for identifying
the leading modifiable risk factors for countries that might not
have previous local research on EC burden and risk factor
exposure.
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DALY: disability-adjusted life year
EAC: esophageal adenocarcinoma
EC: esophageal cancer
ESCC: esophageal squamous cell carcinoma
GBD: global burden of disease
SDI: sociodemographic index
UI: uncertainty interval
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Abstract

Background: Sleep is an important physiological behavior in humans that is associated with the occurrence and development
of various diseases. However, the association of sleep duration with health-related outcomes, including obesity-related factors,
musculoskeletal diseases, and mortality because of different causes, has not been systematically reported.

Objective: This study aims to systematically investigate the effect of sleep duration on health-related outcomes.

Methods: Overall, 54,664 participants with sleep information from 8 survey cycles of the National Health and Nutrition
Examination Survey (2005-2020) were included in the analysis. Health-related outcomes comprised obesity-related outcomes
(ie, BMI, obesity, waist circumference, and abdominal obesity), metabolism-related outcomes (ie, uric acid, hyperuricemia, and
bone mineral density [BMD]), musculoskeletal diseases (ie, osteoarthritis [OA] and rheumatoid arthritis [RA]), and mortality
because of different causes. The baseline information of participants including age, sex, race, educational level, marital status,
total energy intake, physical activity, alcohol consumption, smoking, hypertension, and diabetes was also collected as covariates.
Information about the metabolism index, disease status, and covariates was acquired from the laboratory, examination, and
questionnaire data. Survival information, including survival status, duration, and cause of death, was obtained from the National
Death Index records. Quantile regression models and Cox regression models were used for association analysis between sleep
duration and health-related outcomes. In addition, the threshold effect analysis, along with smooth curve fitting method, was
applied for the nonlinear association analysis.

Results: Participants were divided into 4 groups with different sleep durations. The 4 groups showed significant differences in
terms of baseline data (P<.001). The quantile regression analysis indicated that participants with increased sleep duration showed
decreased BMI (β=−.176, 95% CI −.220 to −.133; P<.001), obesity (odds ratio [OR] 0.964, 95% CI 0.950-0.977; P<.001), waist
circumference (β=−.219, 95% CI −.320 to −.117; P<.001), abdominal obesity (OR 0.975, 95% CI 0.960-0.990; P<.001), OA
(OR 0.965, 95% CI 0.942-0.990; P=.005), and RA (OR 0.940, 95% CI 0.912-0.968; P<.001). Participants with increased sleep
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duration also showed increased BMD (β=.002, 95% CI .001-.003; P=.005), as compared with participants who slept <5.5 hours.
A significant saturation effect of sleep duration on obesity, abdominal obesity, and hyperuricemia was detected through smooth
curve fitting and threshold effect analysis (sleep duration>inflection point). In addition, a significant threshold effect of sleep
duration on BMD (P<.001); OA (P<.001); RA (P<.001); and all-cause (P<.001), cardiovascular disease−cause (P<.001),
cancer-cause (P=.005), and diabetes-cause mortality (P<.001) was found. The inflection point was between 6.5 hours and 9
hours.

Conclusions: The double-edged sword effect of sleep duration on obesity-related outcomes, embolism-related diseases,
musculoskeletal diseases, and mortality because of different causes was detected in this study. These findings provided
epidemiological evidence that proper sleep duration may be an important factor in the prevention of multisystem diseases.

(JMIR Public Health Surveill 2023;9:e46385)   doi:10.2196/46385

KEYWORDS

sleep duration; mortality; clinical outcomes; threshold effect; National Health and Nutrition Examination Survey

Introduction

Background
A third of our lives is spent sleeping, a crucial activity for
maintaining our physiological functions. It is increasingly
believed to influence the development of many diseases such
as diabetes and death. Some studies have found that sleep
deprivation can reduce energy expenditure by slowing
metabolism and may also increase the risk of cardiovascular
disease (CVD) [1]. Many meta-analyses have shown that short
and long sleep durations are associated with all-cause mortality
[2-4]. Moreover, sleep may improve musculoskeletal disease
at the psychological level [5-8]. It has also been reported that
sleep duration is associated with obesity and diabetes [9-11].
However, the problems that cannot be ignored are that there are
opposite results reported, differences between different types
of studies, diverse target populations and reference groups,
insufficient sample size, and other factors; therefore, the benefits
of sleep duration on human disease and mortality are still in an
uncertain stage.

In addition, different ages, sex, race, education, marital status,
body size, lifestyle habits, and the presence of chronic diseases
all influenced the outcome variables [12,13]. They are similar
to spiderwebs, which have complex connections and restrict or
promote each other. At present, few studies include multiple
influential factors to establish a prediction model of
multiple-disease and multiple-factor mortality and a large sample
size to evaluate the correlation between sleep duration and
obesity, metabolism-related factors, musculoskeletal disease,
and different types of mortalities.

Objectives
The US National Health and Nutrition Examination Survey
(NHANES) database collected sleep data from participants in
the survey program between 2005 and 2020. We used these data
to evaluate the complex relationship between sleep duration
and obesity metabolism, musculoskeletal disease, and mortality
and to elaborate on their essential roles systematically (Figure
1).
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Figure 1. The schematic graph of the relationship between sleep duration and metabolism, musculoskeletal disease, and mortality in the general US
population. CVD: cardiovascular diseases.

Methods

Data Source and Population
All data used in this study were acquired from 8 survey cycles
(2005-2006, 2007-2008, 2009-2010, 2011-2012, 2013-2014,
2015-2016, 2017-2018, and 2019-2020) of the NHANES
program. The NHANES database is designed to survey the
nutritional health of the US population every 2 years. It uses a
stratified sampling strategy that includes certain groups, such
as people aged >60 years and other ethnic groups in the United
States. The project includes demographic, inspection, laboratory,
and questionnaire data. All data used in this study are available
on the NHANES website [14].

Ethical Considerations
The investigation protocol for this national health program in
the United States was reviewed and approved by the National
Center for Health Statistics, as one of the departments of the
Centers for Disease Control and Prevention. All participants
were given an informed consent form outlining the program
details, and they would sign it before being included [15].
Furthermore, this study was reviewed and approved by the ethics
committee of Xiangya Hospital (202309188).

Measure of Sleep Duration
In the NHANES program, 8 survey cycles (2005-2020)
monitored sleep disorders in people aged >16 years. A detailed
measurement method for testing sleep disorders can be found
on the website [14]. Sleep information survey collected the
enrolled population’s sleep duration and wake duration,
including sleep and wake duration on weekdays and weekends.
Statistical sleep time was rounded to the nearest half hour. The
questions were asked at home by trained interviewers using a

computer-assisted personal interview system to ensure data
integrity, consistency, and analysis usefulness.

Obesity Evaluation
BMI assesses obesity, which is obtained as weight/square of

height (kg/m2), and participants’ obesity status was then
determined by BMI, with a BMI of ≥30 being considered obese.
For the assessment of abdominal obesity, each participant’s
waist circumference (WC; in cm) was obtained for each survey
period. Abdominal obesity was defined as WC of >102 cm for
men and >88 cm for women. Bone mineral density (BMD) was
measured using the dual-energy x-ray absorptiometry method,
which has the advantages of high speed, ease of use, and low
radiation [16]. Blood uric acid (UA) detection is based on UA
oxidation by uricase, under the action of 4-aminophenazone, to
produce color products, which the instrument can detect.

Assessment of Musculoskeletal Diseases
We evaluated musculoskeletal diseases including hyperuricemia
(HUA), osteoarthritis (OA), and rheumatoid arthritis (RA). The
diagnosis of HUA is determined using the enrolled patient’s
serum UA concentration. HUA is diagnosed with serum UA
>7mg/mL in men or 6 mg/mL in women. The OA or RA status
of participants was obtained through a questionnaire survey.
The questions included the following: Have you ever been
diagnosed with arthritis? Once the answer was confirmed, they
were asked what type of arthritis was diagnosed. Participants
were divided into OA, RA, and other groups based on their
answers to these 2 questions. A previous study showed an 81%
agreement between self-reported OA and clinically diagnosed
OA [17].
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Determination of Mortality Outcomes
Mortality information for NHANES program participants is
available for download on the National Death Index website,
the database used by the National Center for Health Statistics
to register death certificate records. The mortality data used in
this study were followed up to 2019. National Death Index
mortality data included the number of NHANES participants,
mortality status, causes of death, and survival time since
enlisting in the NHANES program. The cause of death was
determined according to the International Statistical
Classification of Diseases, 10th edition. The National Institute
of Health divided the causes of death into heart disease
(054-068) and cancer (019-043). In addition, whether the
participants died because of high blood pressure and diabetes
was included in the data. In this study, all mortality rates were
identified as all-cause mortality, and those related to malignancy
were identified as cancer-cause mortality. In addition, deaths
related to heart disease or hypertension were identified as
CVD-cause mortality. Finally, diabetes-related deaths were
identified as diabetes-cause mortality [18].

Assessment of Covariates
Covariate data were collected and included demographic data
such as age, sex, race, education, and marital status. The race
consisted of Mexican American, non-Hispanic Black,
non-Hispanic White, other Hispanic, and other race. Education
level included <9th grade, 9th to 11th grade, high school
graduate, some college or Associate of Arts degree, college
graduate or above, and others. Marital status included married,
widowed, divorced, separated, never married, living with a
partner, and others. Data also included BMI, total energy intake,
physical activity, alcohol consumption, smoking, high blood
pressure, and diabetes. There are subdivisions for each type of
data. For example, hypertension is defined as a systolic blood
pressure >140 mm Hg and a diastolic blood pressure >90 mm
Hg. Diabetes is diagnosed by fasting blood glucose >7.0 mmol/L
or the use of hypoglycemic drugs.

Statistical Analysis
This study aimed to investigate the association between sleep
duration and various health-related outcomes using
cross-sectional and follow-up data. The analysis between sleep
duration and mortality information owing to different causes
belongs to the prospective part, as the mortality information
was collected after some period of follow-up, whereas the
analysis between sleep duration and the other outcomes belongs
to the cross-sectional part, as the information of these outcomes
was collected at the same time with that of sleep duration and
the covariates information. For the prospective part, the Cox
quantile regression risk model was used for association analysis
between sleep duration and mortality, and the hazard ratio (HR)
was used for assessing the effect of sleep duration on
mortality-related outcomes. For the cross-sectional part, the

quantile regression model was used to analyze the correlation
between sleep duration and other outcomes, and the odds ratio
(OR) was used for assessing the effect of sleep duration on other
health-related outcomes. For continuous variables, β values
were used to measure the effect of risk factors on outcome
measures. An OR or HR value >1 indicates that the factor is a
risk factor. An OR or HR value <1 indicates that the element
is protective. A β value of >0 indicates that the factor positively
correlates with the outcome measure and vice versa. First, all
the participants were equally grouped into 4 quantiles from
short to long sleep duration, and the incidence or effective size
of clinical outcomes in the first quantile (Q1) was set as the
reference. Second, 3 regression models (Cox quantile or quantile
regression model) with different covariables were constructed.
A nonadjusted model without covariates is first used for the
analysis. Model 1 was adjusted for age, sex, race, education,
and marital status, and model 2 was adjusted for age, sex, race,
education, marital status, BMI, total energy intake, physical
activity, smoking, alcohol consumption, hypertension, and
diabetes. In addition, baseline data between the 4 groups of
participants were compared using the chi-square test (classified
data) and the Kruskal-Wallis test (quantitative data). The smooth
curve fitting method was used to analyze the nonlinear
relationship between sleep duration and these outcomes.
According to the results of the smooth curve fitting, the
threshold effect analysis was used to investigate whether there
were significant differences between the linear model and the
2-piecewise model. A P value of <.05 for logarithmic likelihood
ratio test was considered to detect the threshold effect of sleep
duration on outcomes. A P value <.05 was considered
statistically significant in all statistical analyses. R software (R
Foundation for Statistical Computing) was used for statistical
analysis [19].

Results

Baseline Data of Participants in Different Sleep
Duration
A total of 54,896 participants with sleep questionnaire
information in the NHANES (2005-2020) were included. After
excluding 232 participants with insufficient sleep questionnaire
information, 54,664 participants were finally included (Figure
2). Significant differences between the 4 groups were detected
in terms of various baseline data, including race composition,
educational background, marital status, BMI, total energy intake,
physical activity, alcohol consumption, smoking, hypertension,
and diabetes (Table 1).

In addition, significant differences between the 4 groups were
detected in terms of analyzed outcomes, including
obesity-related outcomes, musculoskeletal index, and diseases,
as well as mortality because of different causes (Table 2).
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Figure 2. The flow diagram of screening eligible participants from 8 survey cycles (2005-2020) of the National Health and Nutrition Examination
Survey (NHANES) program and research structure of association analysis between sleep duration and various clinical outcomes. BMD: bone mineral
density; CVD: cardiovascular disease; HUA: hyperuricemia; OA: osteoarthritis; RA: rheumatoid arthritis; UA: uric acid.
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Table 1. Baseline data comparison of 54,664 participants in different groups divided by sleep duration on the basis of the National Health and Nutrition
Examination Survey program (2005-2020; N=54,664; Q1, Q2, Q3, and Q4 represented the intervals of different sleep durations).

P valueQ4 (n=23,080)Q3 (n=14,198)Q2 (n=10,524)Q1 (n=6862)

N/Aa8-14.57-7.56-6.51-5.5Sleep duration (hours)

<.00146.65 (21.37)45.76 (18.81)46.03 (18.21)47.76 (17.97)Age (years), mean (SD)

<.001Sex, n (%)

10,695 (46.34)7111 (50.08)5345 (50.79)3452 (50.31)Male

12,385 (53.66)7087 (49.92)5179 (49.21)3410 (49.69)Female

<.001Race (Hispanic origin), n (%)

3940 (17.07)2223 (15.66)1618 (15.37)827 (12.05)Mexican American

4667 (20.22)2645 (18.63)2792 (26.53)2445 (35.63)Non-Hispanic Black

9393 (40.70)5990 (42.19)3791 (36.02)2180 (31.77)Non-Hispanic White

2176 (9.43)1331 (9.37)1050 (9.98)704 (10.26)Other Hispanic

2904 (12.58)2009 (14.15)1273 (12.10)706 (10.29)Other race

<.001Education level, n (%)

2344 (11.78)1154 (9.03)883 (9.17)684 (10.60)<9th grade

2845 (14.30)1483 (11.60)1316 (13.67)1070 (16.58)9th-11th grade

4602 (23.13)2764 (21.62)2235 (23.22)1669 (25.87)High school graduate

5685 (28.57)3670 (28.71)3026 (31.44)2095 (32.47)Some college or AAb degree

4378 (22.00)3706 (28.99)2156 (22.40)929 (14.40)College graduate or above

7 (0.04)4 (0.03)4 (0.04)4 (0.06)Refused

39 (0.20)3 (0.02)6 (0.06)1 (0.02)Do not know

<.001Marital status, n (%)

10,202 (49.86)7305 (55.84)5040 (51.28)2938 (44.83)Married

2644 (12.92)1201 (9.18)914 (9.30)715 (10.91)Widowed

2394 (11.70)1433 (10.95)1232 (12.54)987 (15.06)Divorced

473 (2.31)276 (2.11)306 (3.11)283 (4.32)Separated

3396 (16.60)2057 (15.73)1677 (17.06)1138 (17.37)Never married

1332 (6.51)802 (6.13)649 (6.60)487 (7.43)Living with partner

15 (0.07)6 (0.05)10 (0.10)5 (0.08)Refused

4 (0.02)1 (0.01)0 (0)0 (0)Do not know

<.00128.49 (7.04)28.68 (6.82)29.33 (7.19)30.09 (7.91)BMI (kg/m2), mean (SD)

<.0012064.69 (978.45)2159.49 (992.91)2166.06 (1035.51)2136.61 (1147.03)Total energy intake (kcal), mean (SD)

<.001Physical activity, n (%)

14,298 (63.53)8368 (59.77)6033 (58.04)3938 (58.14)No

8209 (36.47)5633 (40.23)4361 (41.96)2835 (41.86)Yes

N/AAlcohol consumption, n (%)

6590 (38.29)3763 (33.68)2679 (31.83)2035 (36.44)No

10,620 (61.71)7409 (66.32)5737 (68.17)3550 (63.56)Yes

<.001Smoking, n (%)

12,107 (58.44)7778 (59.59)5471 (55.89)3230 (49.43)No

8609 (41.56)5274 (40.41)4318 (44.11)3304 (50.57)Yes

<.001Hypertension, n (%)

15,542 (67.45)10,079 (71.05)6980 (66.39)4095 (59.81)No
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P valueQ4 (n=23,080)Q3 (n=14,198)Q2 (n=10,524)Q1 (n=6862)

7500 (32.55)4107 (28.95)3534 (33.61)2752 (40.19)Yes

<.001Diabetes, n (%)

19,728 (87.29)12,434 (89.67)9040 (87.86)5684 (85.15)No

2873 (12.71)1433 (10.33)1249 (12.14)991 (14.85)Yes

aN/A: not applicable.
bAA: Associate of Arts.
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Table 2. The comparison of health-related metabolism index, disease information, and mortality information in different groups divided by sleep
duration among 54,664 participants in 8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020; N=54,446; Q1,
Q2, Q3, and Q4 represented the intervals of different sleep durations).

P valueQ4 (n=23,080)Q3 (n=14,198)Q2 (n=10,524)Q1 (n=6862)

N/Aa8-14.57-7.56-6.51-5.5Sleep duration (hours)

<.001Obesity, n (%)

13,999 (65.14)8647 (64.45)6142 (61.34)3713 (57.16)No

7491 (34.86)4770 (35.55)3871 (38.66)2783 (42.84)Yes

<.00197.18 (17.02)97.44 (16.38)98.87 (17.09)100.46 (17.81)Waist circumference, mean (SD)

<.001Abdominal obesity, n (%)

9641 (47.21)6173 (47.83)4368 (45.40)2600 (42.08)No

10,779 (52.79)6734 (52.17)5254 (54.60)3579 (57.92)Yes

<.0011.00 (0.18)1.01 (0.18)1.02 (0.18)1.02 (0.19)Femur BMDb, mean (SD)

<.0015.37 (1.46)5.38 (1.40)5.46 (1.45)5.50 (1.47)Uric acid, mean (SD)

<.001Hyperuricemia, n (%)

16,747 (82.57)10,550 (83.28)7741 (81.78)4935 (80.43)No

3534 (17.43)2118 (16.72)1725 (18.22)1201 (19.57)Yes

<.001Osteoarthritis, n (%)

14,169 (85.99)9680 (88.53)7101 (88.41)4267 (86.25)No

2308 (14.01)1254 (11.47)931 (11.59)680 (13.75)Yes

<.001Rheumatoid arthritis, n (%)

14,169 (92.98)9680 (94.91)7101 (93.47)4267 (89.31)No

1069 (7.02)519 (5.09)496 (6.53)511 (10.69)Yes

<.001All-cause mortality, n (%)

14,529 (87.47)10,064 (92.09)7830 (90.33)4959 (87.32)No

2082 (12.53)864 (7.91)838 (9.67)720 (12.68)Yes

<.001CVDc-cause mortality, n (%)

15,849 (95.41)10,645 (97.41)8367 (96.53)5430 (95.62)No

762 (4.59)283 (2.59)301 (3.47)249 (4.38)Yes

<.001Cancer-cause mortality, n (%)

16,169 (97.34)10,703 (97.94)8475 (97.77)5514 (97.09)No

442 (2.66)225 (2.06)193 (2.23)165 (2.91)Yes

<.001Diabetes-cause mortality, n (%)

16,389 (98.66)10,842 (99.21)8579 (98.97)5581 (98.27)No

222 (1.34)86 (0.79)89 (1.03)98 (1.73)Yes

aN/A: not applicable.
bBMD: bone mineral density.
cCVD: cardiovascular disease.

Correlation Between Sleep Duration and
Musculoskeletal Diseases, Obesity, and
Metabolism-Related Outcomes
As shown in Tables 3-6, a negative association between sleep
duration and negative association was detected in the whole
quantile of all the 3 models. In model 2, the β values of sleep
duration on BMI in Q2, Q3, and Q4 were −.308, −.687, and

−.931, respectively, and the ORs for obesity in Q2, Q3, and Q4
were 0.924, 0.874, and 0.810, respectively. The β values of
sleep duration on WC in Q2, Q3, and Q4 of model 2 were −.593,
−1.449, and −1.456, respectively. A negative correlation with
abdominal obesity in Q3 (OR 0.898, 95% CI 0.831-0.971) and
Q4 (OR 0.871, 95% CI 0.809-0.937) in model 2 was also
detected. In contrast, a positive correlation with BMD in Q3
(OR 0.012, 95% CI 0.006-0.008) and Q4 (OR 0.008, 95% CI
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0.002-0.013) in model 2 was found, whereas no significant
association was detected between sleep duration and UA as well
as HUA. In addition, a negative correlation between sleep
duration and OA was detected in Q2 (OR 0.839, 95% CI
0.733-0.959), Q3 (OR 0.780, 95% CI 0.686-0.887), and Q4 (OR
0.771, 95% CI 0.683-0.870) in model 2. Similarly, a negative
association between sleep duration and RA was detected in the
whole quantile of all the 3 models. Subsequently, the nonlinear
association using the smooth curve fitting method indicated that
sleep duration showed a negative association with BMI, obesity,
WC, and abdominal obesity (Figures 3A and 4D). In addition,
a n-shaped association between sleep duration and BMD and

HUA was detected (Figures 3E and 4F). However, an L-shaped
association was observed between sleep duration and OA and
RA (Figures 3G and 4H). The threshold effect analysis detected
a significant threshold effect of sleep duration on BMI, obesity,
and WC (Table 7) as well as on BMD, HUA, OA, and RA
(Table 8). The relative inflection points in BMI, obesity, and
WC were 8 hours. The relative inflection points in BMD, HUA,
OA, and RA were 7.5 hours, 5 hours, 8 hours, and 6.5 hours,
respectively. Below the inflection point, negative correlations
were detected with BMI, obesity, WC, OA, and RA, whereas
a positive correlation was observed between BMD and HUA.
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Table 3. The association between sleep duration and obesity-related outcomes using the quantile regression method among 51,416 participants in 8
survey cycles of the National Health and Nutrition Examination Survey program (2005-2020). Model 1 was adjusted for age, sex, race, educational
level, and marital status; model 2 was adjusted for age, sex, race, educational level, marital status, total energy intake, physical activity, alcohol
consumption, smoking, hypertension, and diabetes.

P valueβ (95% CI)Body index

BMI

Nonadjusted (N=51,416)

N/Aa0 (0)1-5.5

<.001−.756 (−.979 to .534)6-6.5

<.001−1.407 (−1.618 to 1.196)7-7.5

<.001−1.595 (−1.793 to 1.397)8-14.5

Model 1 (N=45,818)

N/A0 (0)1-5.5

<.001−.433 (−.658 to .208)6-6.5

<.001−.843 (−1.059 to .627)7-7.5

<.001−1.034 (−1.236 to .831)8-14.5

Model 2 (N=37,979)

N/A0 (0)1-5.5

.01−.308 (−.545 to .070)6-6.5

<.001−.687 (−.916 to .458)7-7.5

<.001−.931 (−1.146 to .716)8-14.5

WCb

Nonadjusted (N=49,128)

N/A0 (0)1-5.5

<.001−1.587 (−2.129 to 1.044)6-6.5

<.001−3.015 (−3.529 to 2.500)7-7.5

<.001−3.276 (-3.759 to 2.793)8-14.5

Model 1 (N=43,676)

N/A0 (0)1-5.5

.001−.860 (−1.386 to .334)6-6.5

<.001−1.875 (−2.380 to 1.370)7-7.5

<.001−1.791 (−2.266 to 1.316)8-14.5

Model 2 (N=37,195)

N/A0 (0)1-5.5

.03−.593 (−1.143 to .042)6-6.5

<.001−1.449 (−1.979 to 0.919)7-7.5

<.001−1.456 (−1.955 to 0.957)8-14.5

aN/A: not applicable.
bWC: waist circumference.
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Table 4. The association between sleep duration and obesity-related outcomes using the quantile regression method among 51,416 participants in 8
survey cycles of the National Health and Nutrition Examination Survey program (2005-2020).

P valueORa (95% CI)Obesity outcomes

Obesity

Nonadjusted (N=51,416)

N/Ab1 (0)1-5.5

<.0010.841 (0.789-0.896)6-6.5

<.0010.736 (0.693-0.782)7-7.5

<.0010.714 (0.675-0.755)8-14.5

Model 1 (N=45,818)

N/A1 (0)1-5.5

.0030.903 (0.845-0.966)6-6.5

<.0010.844 (0.791-0.900)7-7.5

<.0010.799 (0.752-0.849)8-14.5

Model 2 (N=37,979)

N/A1 (0)1-5.5

.040.924 (0.857-0.996)6-6.5

<.0010.874 (0.813-0.940)7-7.5

<.0010.810 (0.756-0.867)8-14.5

Abdominal obesity

Nonadjusted (N=49,128)

N/A1 (0)1-5.5

<.0010.874 (0.819-0.932)6-6.5

<.0010.792 (0.745-0.842)7-7.5

<.0010.812 (0.767-0.860)8-14.5

Model 1 (N=43,676)

N/A1 (0)1-5.5

.100.940 (0.875-1.011)6-6.5

<.0010.871 (0.812-0.933)7-7.5

<.0010.856 (0.802-0.914)8-14.5

Model 2 (N=37,195)

N/A1 (0)1-5.5

.330.961 (0.886-1.041)6-6.5

.0070.898 (0.831-0.971)7-7.5

<.0010.871 (0.809-0.937)8-14.5

aOR: odds ratio.
bN/A: not applicable.
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Table 5. The association between sleep duration and bone mineral density, uric acid level, using the quantile regression method among participants in
8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020). Model 1 was adjusted for age, sex, race, educational
level, and marital status; model 2 was adjusted for age, sex, race, educational level, marital status, total energy intake, physical activity, alcohol
consumption, smoking, hypertension, and diabetes.

P valueβ (95% CI)Metabolism index

BMDa (g/cm2)

Nonadjusted (N=31,008)

N/Ab0 (0)1-5.5

.61.002 (−.005 to .009)6-6.5

.74−.001 (−.008 to .006)7-7.5

<.001−.020 (−.026 to −.013)8-14.5

Model 1 (N=27,966)

N/A0 (0)1-5.5

.16.004 (−.002 to .010)6-6.5

.03.006 (.001 to .012)7-7.5

.84.001 (−.005 to .006)8-14.5

Model 2 (N=24,485)

N/A0 (0)1-5.5

.06.006 (−.000 to .012)6-6.5

<.001.012 (.006 to .017)7-7.5

.006.008 (.002 to .013)8-14.5

UAc(mg/dL)

Nonadjusted (N=48,551)

N/A0 (0)1-5.5

.07−.043 (−.089 to .004)6-6.5

<.001−.117 (−.161 to −.073)7-7.5

<.001−.134 (−.176 to −.093)8-14.5

Model 1 (N=43,437)

N/A0 (0)1-5.5

.53−.014 (−.058 to .030)6-6.5

.005−.060 (−.102 to −.018)7-7.5

.03−.044 (−.084 to .005)8-14.5

Model 2 (N=36,060)

N/A0 (0)1-5.5

.73.008 (−.037 to .053)6-6.5

.70.008 (−.035 to .052)7-7.5

.43.017 (−.024 to .057)8-14.5

aBMD: bone mineral density.
bN/A: not applicable.
cUA: uric acid.
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Table 6. The association between sleep duration and hyperuricemia, osteoarthritis, and rheumatoid arthritis using the quantile regression method among
participants in 8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020).

P valueORa (95% CI)Diseases

HUAb

Nonadjusted (N=48,511)

N/Ac1 (0)1-5.5

.030.916 (0.844-0.994)6-6.5

<.0010.825 (0.763-0.892)7-7.5

<.0010.867 (0.806-0.933)8-14.5

Model 1 (N=43,437)

N/A1 (0)1-5.5

.770.987 (0.906-1.075)6-6.5

.050.921 (0.848-1.001)7-7.5

.180.949 (0.879-1.025)8-14.5

Model 2 (N=36,060)

1 (0)1-5.5

.421.041 (0.944-1.149)6-6.5

.241.059 (0.963-1.164)7-7.5

.221.057 (0.967-1.155)8-14.5

OAd

Nonadjusted (N=40,390)

N/A1 (0)1-5.5

<.0010.823 (0.740-0.915)6-6.5

<.0010.813 (0.736-0.898)7-7.5

.641.022 (0.932-1.121)8-14.5

Model 1 (N=40,390)

N/A1 (0)1-5.5

<.0010.796 (0.709-0.895)6-6.5

<.0010.705 (0.630-0.788)7-7.5

<.0010.728 (0.657-0.808)8-14.5

Model 2 (N=31,502)

N/A1 (0)1-5.5

.010.839 (0.733-0.959)6-6.5

<.0010.780 (0.686-0.887)7-7.5

<.0010.771 (0.683-0.870)8-14.5

RAe

Nonadjusted (N=37,812)

N/A1 (0)1-5.5

<.0010.583 (0.513-0.664)6-6.5

<.0010.448 (0.394-0.509)7-7.5

<.0010.630 (0.564-0.704)8-14.5

Model 1 (N=37,812)

N/A1 (0)1-5.5
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P valueORa (95% CI)Diseases

<.0010.647 (0.564-0.741)6-6.5

<.0010.515 (0.450-0.589)7-7.5

<.0010.587 (0.521-0.660)8-14.5

Model 2 (N=29,476)

N/A1 (0)1-5.5

<.0010.667 (0.572-0.779)6-6.5

<.0010.561 (0.481-0.654)7-7.5

<.0010.631 (0.551-0.724)8-14.5

aOR: odds ratio.
bHUA: hyperuricemia.
cN/A: not applicable.
dOA: osteoarthritis.
eRA: rheumatoid arthritis.
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Figure 3. The nonlinear association analysis between sleep duration and (A) BMI; (B) obesity; (C) waist circumference; (D) abdominal obesity; (E)
bone mineral density; (F) hyperuricemia; (G) osteoarthritis; (H) rheumatoid arthritis; and (I) Aal-cause, (J) cardiovascular disease (CVD)–cause, (K)
cancer-cause, and (L) diabetes-cause mortality among participants in 8 survey cycles of the National Health and Nutrition Examination Survey program
(2005-2020) through smooth curve fitting. Note: Except for diabetes-cause mortality, the analysis was adjusted for age, sex, race, educational level,
marital status, total energy intake, physical activity, alcohol consumption, smoking, hypertension, and diabetes; the analysis of diabetes-cause mortality
was adjusted for age, sex, race, educational level, marital status, total energy intake, physical activity, alcohol consumption, smoking, and hypertension.
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Figure 4. The nonlinear association analysis between sleep duration and mortality of participants experiencing diseases or metabolism disorders through
smooth curve fitting: the nonlinear association between sleep and all-cause mortality in 8 survey cycles of the National Health and Nutrition Examination
Survey program (2005-2020; (A) all-cause mortality, (B) cardiovascular disease (CVD)–cause mortality, (C) cancer-cause mortality, and (D) diabetes-cause
mortality of participants in the US hyperuricemia population; the nonlinear association between sleep and (E) all-cause mortality, (F) CVD-cause
mortality, (G) cancer-cause mortality, and (H) diabetes-cause mortality of participants in the US osteoarthritis population; the nonlinear association
between sleep and (I) all-cause mortality, (J) CVD-cause mortality, (K) cancer-cause mortality, and (L) diabetes-cause mortality of participants in the
US rheumatoid arthritis population. Except for diabetes-cause mortality, the analysis was adjusted for age, sex, race, educational level, marital status,
total energy intake, physical activity, alcohol consumption, smoking, hypertension, and diabetes; the analysis of diabetes-cause mortality was adjusted
for age, sex, race, educational level, marital status, total energy intake, physical activity, alcohol consumption, smoking, and hypertension.
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Table 7. Threshold effect analysisa of sleep duration on obesity-related outcomes among 37,979 participants in 8 survey cycles of the National Health
and Nutrition Examination Survey program (2005-2020).

AB obesityd (n=37,195),
OR (95% CI)

WCc (n=37,195), β (95%
CI)

Obesity (N=37,979),

ORb (95% CI)

BMI (N=37,979), β (95% CI)Obesity-related outcomes

0.975e (0.960 to 0.990)−0.219e (−0.320 to
−0.117)

0.964e (0.950 to 0.977)−0.176e (−0.220 to −0.133)Effect analysis by one linear model

Effect analysis by 2-fold piecewise model

0.963e (0.943 to 0.982)−0.407e (−0.546 to
−0.269)

0.943e (0.925 to 0.961)−0.249e (−0.309 to −0.190)Effect difference

1.008 (0.970 to 1.047)0.258f (0.000 to 0.516)1.018 (0.983 to 1.054)0.006 (−0.104 to 0.116)Sleep duration<inflection point

1.047 (0.997 to 1.099)0.666e (0.335 to 0.997)1.079g (1.032 to 1.129)0.255e (0.114 to 0.397)Sleep duration≥inflection point

aThe model used for the threshold effect analysis was adjusted for age, sex, race, educational level, marital status, total energy intake, physical activity,
alcohol consumption, smoking, hypertension, and diabetes.
bOR: odds ratio.
cWC: waist circumference.
dAB obesity: abdominal obesity.
eP<.001.
fP<.05.
gP<.01.

Table 8. Threshold effect analysisa of sleep duration on bone mineral density (BMD), hyperuricemia, osteoarthritis, and rheumatoid arthritis (RA)
among 36,060 participants in 8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020; N=36,060).

RA (n=29,476), OR
(95% CI)

Osteoarthritis (n=31,502),
OR (95% CI)

Hyperuricemia (N=36,060),

ORb (95% CI)

BMD (n=24,485), β (95%
CI)

Obesity-related outcomes

0.940d (0.912 to 0.968)0.965c (0.942 to 0.990)1.015 (0.997 to 1.033)0.002c (0.001 to 0.003)Effect analysis by one linear model

Effect analysis by 2-fold piecewise model

0.726d (0.681 to 0.773)0.901d (0.871 to 0.932)1.139c (1.035 to 1.253)0.006d (0.004 to 0.007)Sleep duration<inflection
point

1.103d (1.055 to 1.154)1.135d (1.070 to 1.203)1.002 (0.981 to 1.023)−0.005d (−0.007 to −0.002)Sleep duration≥inflection
point

1.520d (1.385 to 1.668)1.259d (1.166 to 1.360)0.880e (0.793 to 0.976)−0.010d (−0.014 to −0.006)Effect difference

aThe model used for threshold effect analysis was adjusted for age, sex, race, educational level, marital status, BMI, total energy intake, physical activity,
alcohol consumption, smoking, hypertension, and diabetes.
bOR: odds ratio.
cP<.01.
dP<.001.
eP<.05.

Association Between Sleep Duration and Mortality in
General Population
As shown in Table 9, a significantly negative correlation
between sleep duration and all-cause mortality was found in
Q2 (HR 0.844) and Q3 (HR 0.749) of model 2, respectively.
Consistently, a significantly negative correlation with
CVD-cause mortality in Q2 (HR 0.773) in model 2 was
discovered. For cancer-cause mortality, a significant HR in Q2
(HR 0.801) and Q3 (HR 0.798) of model 1 was detected, which
was absent in model 2. For diabetes-cause mortality, a
significantly negative HR was detected in Q2 (HR 0.654) and
Q3 (HR 0.0.562) of model 1 as well as Q3 (HR 0.633) of model

2. The analysis results of smooth curve fitting indicated an
L-shaped association between sleep duration and all-cause,
CVD-cause, cancer-cause, and diabetes-cause mortality (Figures
3I and 4L). The threshold effect analysis detected a significant
threshold effect of sleep duration on all-cause, CVD-cause,
cancer-cause, and diabetes-cause mortality, and an inflection
point of 6.5 hours was detected (Table 10). When below the
inflection point, a significantly protective HR of sleep duration
was detected in terms of all-cause, CVD-cause, cancer-cause,
and diabetes-cause mortality. However, when above the
inflection point, a significant risk HR of sleep duration was
detected in terms of all-cause, CVD-cause, cancer-cause, and
diabetes-cause mortality.
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Table 9. The association between sleep duration and hazard ratios for mortality in population using the quantile regression method among 51,416
participants in 8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020).

P valueModel 2P valueModel 1P valueNonadjusted

N/A31,419 (100)N/A39,501 (100)N/Aa41,886 (100)All-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HRb (95% CI)

.0050.844 (0.751-0.949)<.0010.800 (0.724-0.884)<.0010.752 (0.681-0.831)6-6.5, HR (95% CI)

<.0010.749 (0.666-0.842)<.0010.708 (0.641-0.783)<.0010.651 (0.589-0.718)7-7.5, HR (95% CI)

.630.975 (0.879-1.081).470.969 (0.888-1.056)<.0011.171 (1.076-1.275)8-14.5, HR (95% CI)

N/A31,419 (100)N/A39,501 (100)N/A41,886 (100)CVDc-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.370.909 (0.745-1.107).0470.843 (0.712-0.998).0040.781 (0.661-0.924)6-6.5, HR (95% CI)

.010.773 (0.632-0.945)<.0010.689 (0.579-0.818)<.0010.617 (0.520-0.731)7-7.5, HR (95% CI)

.821.020 (0.857-1.215).891.010 (0.873-1.169).0031.241 (1.076-1.432)8-14.5, HR (95% CI)

N/A31,419 (100)N/A39,501 (100)N/A41,886 (100)Cancer-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.080.805 (0.632-1.025).040.801 (0.650-0.987).0080.756 (0.614-0.931)6-6.5, HR (95% CI)

.090.813 (0.642-1.030).030.798 (0.650-0.978).0030.738 (0.604-0.903)7-7.5, HR (95% CI)

.740.964 (0.780-1.192).400.925 (0.771-1.110).411.078 (0.902-1.290)8-14.5, HR (95% CI)

N/A31,419 (100)N/A39,501 (100)N/A41,886 (100)Diabetes-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.080.738 (0.525, 1.038).0040.654 (0.490-0.873)<.0010.587 (0.441-0.782)6-6.5, HR (95% CI)

.010.633 (0.446-0.899)<.0010.562 (0.419-0.754)<.0010.476 (0.357-0.636)7-7.5, HR (95% CI)

.631.072 (0.805-1.429).160.842 (0.661-1.072).500.922 (0.726-1.169)8-14.5, HR (95% CI)

aN/A: not applicable.
bHR: heart rate.
cCVD: cardiovascular disease.

Table 10. Threshold effect analysis of sleep duration on mortality with different causes among 31,419 participants in 8 survey cycles in the National
Health and Nutrition Examination Survey program (2005-2020; N=31,419).

Diabetes-cause mortali-

ty (n=32,173)c, HR
(95% CI)

Cancer-cause mortali-

ty (N=31,419)a, HR
(95% CI)

Cardiovascular dis-
ease–cause mortality

(N=31,419)a, HR (95% CI)

All-cause mortality

(N=31,419)a, HRb

(95% CI)

Mortality

1.018 (0.955-1.084)1.028 (0.980-1.079)1.043e (1.003-1.084)1.036d (1.012-1.060)Effect analysis by one linear model

Effect analysis by 2-fold piecewise model

0.813d (0.709-0.933)0.892e (0.804-0.990)0.835f (0.770-0.906)0.847f (0.806-0.889)Sleep duration<inflection point

1.150d (1.050-1.260)1.120d (1.041-1.206)1.188f (1.122-1.258)1.169f (1.129-1.210)Sleep duration≥inflection point

1.414f (1.161-1.722)1.255f (1.077-1.462)1.422f (1.262-1.603)1.381f (1.285-1.484)Effect difference

aThe model used for the threshold effect analysis was adjusted for age, sex, race, educational level, marital status, total energy intake, BMI, physical
activity, alcohol consumption, smoking, hypertension, and diabetes.
bHR: hazard ratio.
cThe model used for threshold effect analysis was adjusted for age, sex, race, educational level, marital status, total energy intake, BMI, physical activity,
alcohol consumption, smoking, and hypertension.
dP<.01.
eP<.05.
fP<.001.
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Association Between Sleep Duration and Mortality in
RA, OA, and HUA Populations
As shown in Table 11, in the HUA population, the HR of
all-cause mortality in Q2, Q3, and Q4 was 0.784 (95% CI
0.633-0.972; P=.03), 0.669 (95% CI 0.538-0.832; P<.001), and
0.786 (95% CI 0.649-0.953; P=.01), respectively. The HR of
CVD-cause mortality in Q3 was 0.667 (95% CI 0.471-0.944;
P=.02). The HR of diabetes-cause mortality in Q2 and Q3 was
0.587 (95% CI 0.345-0.996; P=.048) and 0.464 (95% CI
0.266-0.810; P=.007), respectively. In the OA population, sleep
duration was identified as a protective factor for OA in Q3 of
all-cause mortality. The HR for all-cause mortality in Q3 was
0.647 (95% CI 0.487-0.861; P=.003). In the RA population,
sleep duration was identified as a protective factor for RA in
Q3 (HR 0.500, 95% CI 0.338-0.742; P<.001) of all-cause

mortality and Q3 (HR 0.302, 95% CI 0.143-0.638; P=.002) of
CVD-cause mortality. The analysis results of the smooth curve
fitting showed an L-shaped association between sleep duration
and mortality in participants with HUA (Figure 4) and a
n-shaped association between sleep duration and cancer-cause
mortality in the OA population. The threshold effect analysis
found a significant threshold effect of sleep duration on
all-cause, CVD-cause, cancer-cause, and diabetes-cause
mortality in the HUA population, which was also detected for
all-cause and CVD-cause mortality in the OA and RA
populations as well as diabetes-cause mortality in the OA
population. In the OA population, the detected inflection points
of sleep duration for all-cause, CVD-cause, and diabetes-cause
mortality were 6.5 hours, 8.5 hours, and 7.5 hours, respectively
(Table 12).

Table 11. The effect of sleep duration on mortality of population experiencing musculoskeletal disorders using the quantile regression method among
5538 participants in 8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020). The model was adjusted by age,
sex, race, educational level, marital status, total energy intake, physical activity, alcohol consumption, smoking, hypertension, and diabetes.

P valueRAc populationP valueOAb populationP valueHUAa population

N/A1615 (100)N/A3209 (100)N/Ad5538 (100)All-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HRe (95% CI)

.790.956 (0.683-1.337).080.782 (0.591-1.034).030.784 (0.633-0.972)6-6.5, HR (95% CI)

<.0010.500 (0.338-0.742).0030.647 (0.487-0.861)<.0010.669 (0.538-0.832)7-7.5, HR (95% CI)

.560.913 (0.675-1.236).250.863 (0.670-1.110).010.786 (0.649-0.953)8-14.5, HR (95% CI)

N/A1615 (100)N/A3209 (100)N/A5538 (100)CVD-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.960.985 (0.575-1.688).300.772 (0.471-1.266).240.818 (0.583-1.147)6-6.5, HR (95% CI)

.0020.302 (0.143-0.638).350.795 (0.492-1.285).020.667 (0.471-0.944)7-7.5, HR (95% CI)

.360.791 (0.477-1.311).671.097 (0.720-1.672).160.804 (0.594-1.088)8-14.5, HR (95% CI)

N/A1615 (100)N/A3209 (100)N/A5538 (100)Cancer-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.550.817 (0.421-1.584).231.489 (0.778-2.848).730.919 (0.565-1.494)6-6.5, HR (95% CI)

.090.522 (0.246-1.107).821.080 (0.552-2.114).360.796 (0.486-1.303)7-7.5, HR (95% CI)

.540.833 (0.463-1.497).551.211 (0.646-2.272).810.947 (0.610-1.469)8-14.5, HR (95% CI)

N/A1669 (100)N/A3345 (100)N/A5725 (100)Diabetes-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.950.970 (0.342-2.746).520.763 (0.338-1.723).0480.587 (0.345-0.996)6-6.5, HR (95% CI)

.180.396 (0.101-1.552).470.737 (0.323-1.685).0070.464 (0.266-0.810)7-7.5, HR (95% CI)

.671.220 (0.490-3.036).940.975 (0.481-1.975).080.661 (0.418-1.046)8-14.5, HR (95% CI)

aHUA: hyperuricemia.
bOA: osteoarthritis.
cRA: rheumatoid arthritis.
dN/A: not applicable.
eHR: heart rate.
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Table 12. Threshold effect analysisa of sleep duration on mortality with different causes among 3345 participants with osteoarthritis (OA), 1669
participants with rheumatoid arthritis (RA), and 5725 participants with hyperuricemia (HUA) in 8 survey cycles of the National Health and Nutrition
Examination Survey program (2005-2020).

Diabetes-cause mortalityCancer-cause mortalityCVDb-cause mortalityAll-cause mortalitySpecific population

3345 (100)3209 (100)3209 (100)3209 (100)OA population, n (%)

1.164 (0.988-1.370)0.978 (0.863-1.109)1.153d (1.052-1.264)1.037 (0.980-1.098)Effect analysis by one linear model, HRc

(95% CI)

Effect analysis by 2-fold piecewise model, HR (95% CI)

0.851 (0.665-1.087)1.003 (0.874-1.152)0.961 (0.855-1.079)0.755e (0.671-0.851)Sleep duration＜inflection point

1.663e (1.288-2.148)0.558 (0.138-2.259)1.778e (1.470-2.150)1.236e (1.140-1.339)Sleep duration≥inflection point

1.956d (1.274-3.003)0.556 (0.132-2.339)1.850e (1.424-2.404)1.636e (1.377-1.942)Effect difference

1669 (100)1615 (100)1615 (100)1615 (100)RA population, n (%)

1.073 (0.876-1.314)0.980 (0.859-1.119)0.984 (0.875-1.106)1.000 (0.934-1.070)Effect analysis by one linear model, HR
(95% CI)

Effect analysis by 2-fold piecewise model, HR (95% CI)

0.985 (0.782-1.241)0.794 (0.619-1.019)0.753d (0.608-0.933)0.845f (0.739-0.965)Sleep duration＜inflection point

1.893 (0.897-3.995)1.161 (0.940-1.434)1.215f (1.014-1.457)1.133f (1.017-1.262)Sleep duration≥inflection point

1.921 (0.807-4.575)1.462 (0.984-2.173)1.614d (1.151-2.264)1.341d (1.091-1.649)Effect difference

5725 (100)5538 (100)5538 (100)5538 (100)HUA population, n (%)

0.988 (0.881-1.108)1.042 (0.946-1.149)0.978 (0.913-1.049)0.979 (0.937-1.023)Effect analysis by one linear model, HR
(95% CI)

Effect analysis by 2-fold piecewise model, HR (95% CI)

0.743f (0.633-0.871)0.942 (0.843-1.053)0.852d (0.766-0.947)0.852f (0.797-0.911)Sleep duration＜inflection point

1.546f (1.264-1.891)1.731f (1.300-2.305)1.212d (1.055-1.393)1.216f (1.113-1.328)Sleep duration≥inflection point

2.083f (1.527-2.840)1.838f (1.300-2.597)1.423d (1.154-1.755)1.427f (1.250-1.629)Effect difference

aThe model used for the threshold effect analysis was adjusted for age, sex, race, educational level, marital status, total energy intake, BMI, physical
activity, alcohol consumption, smoking, hypertension, and diabetes.
bCVD: cardiovascular disease.
cHR: hazard ratio.
dP<.01.
eP<.001.
fP<.05.

Below the inflection point, a significantly decreased HR for
all-cause mortality was detected, whereas a significantly
increased HR for all-cause, CVD-cause, and diabetes-cause
mortality was detected above the inflection point. In the RA
population, the detected inflection point of sleep duration for
all-cause and CVD-cause mortality was 6.5 hours. Below the
inflection point, a significantly decreased HR for all-cause and
CVD-cause mortality was detected. Above the inflection point,
a significantly increased HR for all-cause and CVD-cause
mortality was detected. In the HUA population, the inflection
point of sleep duration for all-cause, CVD-cause, cancer-cause,
and diabetes-cause mortality in model 2 was 7.5 hours, 7.5
hours, 9 hours, and 7.5 hours, respectively. Below the inflection
point, a significantly decreased HR for all-cause, CVD-cause,
and diabetes-cause mortality was detected. Above the inflection
point, a significantly increased HR for all-cause, CVD-cause,
cancer-cause, and diabetes-cause mortality was detected.

Discussion

Principal Findings
In this study, we found that increased sleep duration was
associated with decreased BMI, obesity, WC, abdominal obesity,
OA, and RA but increased BMD. The nonlinear analysis
indicated that sleep duration caused a saturation effect on
obesity, abdominal obesity, and HUA. In addition, a significant
threshold effect of sleep duration on BMD; OA; RA; and
all-cause, CVD-cause, cancer-cause, and diabetes-cause
mortality was found.

Sleep is an indispensable physiological activity for human
beings that is closely associated with physical and mental health
and the incidence and development of various diseases. Despite
the critical significance of healthy sleep, sleep disorders have
gradually increased over the past 2 decades, with more than a
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third of adults and 57% of teenagers in the United States
experiencing insomnia [20]. With aggravating the worrying
sleep dilemma, accumulating interests have been aroused in
exploring sleep’s physiological and pathological role in human
beings. According to the International Classification of Sleep
Disorders published by the American Academy of Sleep
Medicine, the diagnosis of sleep disorders can be divided into
7 types, including insomnia, sleep-related breathing disorders,
central disorders of hypersomnolence, circadian rhythm
sleep-wake disorders, parasomnias, sleep-related movement
disorders, and other sleep disorders [21]. These sleep disorders
would significantly impair sleep duration, which is essential to
maintain mental health [22,23].

Many studies have investigated the association between obesity
and sleep duration, with controversial conclusions achieved. A
negative association between obesity and sleep duration has
been detected in some studies [24-27], whereas none of these
studies have a sample size of>10,000 participants. In addition,
Kripke et al [28] reported a U-shaped association between BMI
and sleep duration in 636,095 female participants in the United
States, with an inflection point of sleep duration (7 to 8 hours).
In comparison, no significant association between BMI and
sleep duration was detected in 480,841 male participants. To
the best of our knowledge, we are the first to find the saturation
effect of sleep duration on obesity-related outcomes, indicating
a negative association between obesity and sleep duration when
sleep duration is <8 hours. Some epidemiological studies have
pointed out that sleep duration may cause obesity and endocrine
changes such as decreased glucose tolerance and insulin
sensitivity, increased evening concentrations of cortisol,
increased levels of ghrelin, decreased levels of leptin, and
increased hunger and appetite [29,30]. Although only a few
experimental studies have explored the underlying mechanism
behind this phenomenon, it could be hypothesized that the
underlying mechanism is complex and works in multiple
networks.

In this study, we have found a n-shaped association between
BMD and sleep duration, with the inflection point of 7.5 hours
sleep duration detected. On the basis of the NHANES program
2017-2018, Lee et al [6] found that the osteoporosis incidence
of female participants aged >50 years with a sleep duration of
<5 hours was significantly higher than that of normal
participants (OR 7.35) in the NHANES program 2005-2010,
which was almost consistent with the findings of Shiao et al
[31]. In addition, Tang et al [32] found that participants with
shorter or longer sleep durations showed lower BMD than those
with normal sleep duration (7 to 9 hours), which was consistent
with our findings. It should not be ignored that some studies
reported no significant association between sleep duration and
BMD [33] and osteoporosis [34]. These epidemiological studies
revealed that sleep duration seems to be a double-edged sword
in affecting the change of BMD. However, more experimental
evidence should be provided to demonstrate this phenomenon.
Swanson et al [35] found that the level of P1NP, a biomarker
of bone formation, decreased when the sleep circadian rhythm
was disrupted, which was more pronounced among younger
people and indicated a detrimental effect of sleep disorders on
normal bone turnover. In addition, it was reported that growth

hormone might be an important effective agent involving sleep
duration affecting bone mass [36]. In general, many
epidemiological studies have demonstrated the detrimental
effect of sleep disorders on BMD, although exploring specific
molecular mechanisms needs further work.

UA is the terminal metabolite of purine compounds, of which
approximately 80% are endogenous and 20% are derived from
exogenous food rich in purine or nucleic acid proteins [37].
Under normal physiological conditions, the production and
catabolism of UA are in dynamic homeostasis, mainly regulated
by liver synthesis and excretion from or absorption in the kidney
and intestine [38]. Excessive serum UA, HUA, was reported to
be closely associated with various diseases, including gout,
chronic kidney disease, and CVD [39,40]. A few
epidemiological studies have investigated the association
between sleep duration and UA or HUA. Lee et al [41] found
a U-shaped association between sleep duration and UA in
Korean women, indicating that female individuals with a sleep
duration of 7 to 8 hours showed the lowest UA level. In addition,
many related studies have reported the negative association that
increased sleep duration was significantly associated with a
lower risk of HUA [42-44]. However, in this study, we found
a threshold effect between sleep duration and HUA, indicating
a positive association between HUA and sleep duration when
sleep duration was <5 hours. This finding was different from
that of previous studies. Owing to the lack of experimental
evidence and controversy regarding epidemiological studies, it
could be challenging to draw an affirmative conclusion related
to the association between sleep duration and UA level up till
now.

OA is one of the most common musculoskeletal diseases,
seriously impairing the health and social functioning of the US
population. Recent epidemiological studies have investigated
the association between sleep duration and OA. On the basis of
the Korea NHANES program, Park et al [45] found a U-shaped
association between sleep duration and OA in the older woman
population (aged >50 years), with a lower incidence of OA
occurring in the group reporting a 7 to 8 hours sleep duration.
Ni et al [46] found that the increased OA incidence was
positively correlated with a shorter sleep duration. These studies
were conducted within a specific population in Korea. At the
same time, there were few studies to investigate the association
between sleep duration and OA in the general US population.
What we performed in this study tried to answer this question,
and we found a threshold effect of sleep duration on OA
incidence in the US population. The OA incidence increased
with the increase in sleep duration; however, this synergistically
positive association disappeared when sleep duration increased
to 8 hours. It is worth noting that Ni et al [46] found that patients
with OA aged >60 years in the NHANES program (2011 to
2018) experienced a higher incidence of sleep trouble [46].
These studies and our findings have demonstrated a positive
association between sleep duration and OA incidence, although
the causal association between them is yet to be clarified. It is
well known that progressing OA pathology into the advanced
stage causes severe pain and impairs the patient’s function and
sleep quality [47,48]. Therefore, the more profound association
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between sleep duration and OA, such as a causal relationship,
should be verified by more prospective clinical studies.

As an autoimmune disease, RA is caused by multiple factors,
including genetic susceptibility and environmental factors [49].
Kim et al [50] found that the RA incidence in the Korean
population decreased with an increase in sleep duration when
sleep duration was <6 hours. They also found that severe RA
pain was closely associated with sleep duration when it was <6
hours [50]. Meanwhile, Wu et al [51] found that shorter sleep
duration, <6 hours, and poor sleep quality were positively
associated with RA incidence. This study found that increased
sleep duration was negatively associated with RA. A threshold
effect (inflection point: 6.5 hours) was detected in the
association analysis between sleep duration and RA. The
association we detected between sleep duration (<6.5 hours)
and RA was almost consistent with the aforementioned studies.
It is worth noting that we were the first to find that excessive
sleep duration (>6.5 hours) was a risk factor for RA. However,
the causal relationship between sleep duration and RA was
challenging to be verified because the pain symptom was one
of the main characteristics of RA, which could also cause
detrimental influences on sleep quality. Notably, Gao et al [52]
performed a Mendelian randomization study to investigate the
causal relationship between sleep traits and RA. They found no
association between sleep duration and frequent insomnia, any
insomnia, sleep duration, or snoring, although the casual effect
of shorter sleep duration (<6 hours) on RA was detected through
inverse variance weighted and weighted median methods, which
provided further evidence to support our findings. Despite this
accumulating epidemiological evidence and continuous insight
into the pathogenesis of RA, research on how sleep duration or
traits affect the occurrence and development of RA still needs
to be completed. Further experimental studies focusing on this
perspective may yield a new understanding of the pathogenesis
of RA.

Many epidemiological studies have widely investigated the
association between sleep duration and mortality [2,53,54]. The
U-shaped association (inflection point: 6.5 hours) detected in
this study between sleep duration and all-cause, CVD-cause,
and cancer-cause mortality was first detected in the general US
population, which was consistent with a previous study
involving a specific population, such as older or woman
populations [55-57]. With the change in dietary structure,
diabetes has gradually become one of the most common aging
diseases, causing serious detrimental effects on health and
longevity [58,59]. However, mortality, mainly or partly because
of diabetes, has been less investigated, especially for
investigating the effect of life behaviors on diabetes-cause
mortality in the general or specific population. Hou et al [60]
investigated the association between diabetes-cause mortality
and carbohydrate intake behaviors and found that low-quality
carbohydrates at dinner were positively associated with
diabetes-cause mortality. We first explored the association
between sleep duration and diabetes-cause mortality, with a
U-shaped association detected in the general US population.
We also detected a similar U-shaped association between sleep
duration and diabetes-cause mortality in the OA and HUA
populations. These findings provide a strong epidemiological

evidence that lifestyle behaviors, such as dietary and sleep
behaviors, may have played an essential role in affecting poor
diabetes-related outcomes. A large amount of epidemiological
evidence have been provided to demonstrate that shorter or
excessive sleep duration causes a detrimental effect on mortality
outcomes. Unlike previous studies, we are the first to identify
a threshold effect of sleep duration on mortality in the OA, RA,
and HUA populations. This discovery offers new clinical
evidence about the impact of sleep duration on mortality
outcomes within these specific populations, highlighting the
potential benefits of maintaining an appropriate sleep duration
for individuals in these groups. There are some potential
explanations from the perspective of mechanisms to clarify the
negative association between shorter sleep duration and
mortality, including increased cortisol secretion, altered growth
hormone metabolism, inflammation activation, and changes in
circulating leptin and ghrelin [2,61,62]. Although no such
hypothesis has been provided to clarify the detrimental effect
of excessive sleep duration on mortality in the general or specific
population, further experimental studies must be conducted.

Study Limitations
Some limitations should be addressed when generalizing the
conclusions. First, as a cross-sectional study, this study
highlighted the association between sleep duration and various
outcomes; however, it was not possible to infer the causal
association between sleep duration and these outcomes.
Mendelian randomization analysis could be an alternative
method to investigate their causal association, which may be
conducted to further determine their causal association in the
US population. Second, the diagnosis of OA and RA was
defined through a questionnaire survey method, which may lead
to misdiagnosing or missed diagnosis of some participants and
impair the evidence level of our conclusion. Third, although we
included various covariates for adjustment in the analysis, there
must be missing covariates associated with the outcomes
analyzed in this study. For example, genetic factors, family
history, and environmental exposures have been considered as
the risk factors for some diseases, such as RA and obesity.
Owing to the limitation of data availability, it was difficult to
include these individual information as covariates. Furthermore,
the sleep duration information of children was absent in the
NHANES program. Therefore, we should be careful when
generalizing the conclusions to specific populations. In addition,
the quality of sleep is an important factor influencing the health
status; however, the lack of this individual information in the
NHANES program makes it difficult to analyze the role of sleep
quality on individual health, which should be investigated in
future studies. In general, more prospective and related
experimental studies or Mendelian randomization studies are
needed to further validate the conclusions of this study.

Conclusions
In our study, which included a total of 54,664 participants across
8 survey cycles of the NHANES program, we observed that
longer sleep duration was associated with decreased BMI,
obesity, WC, abdominal obesity, OA, and RA but increased
BMD. Furthermore, we found that sleep duration caused a
saturation effect on obesity, abdominal obesity, and HUA. In
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addition, a significant threshold effect of sleep duration on
BMD; OA; RA; and all-cause, CVD-cause, cancer-cause, and
diabetes-cause mortality was found. In conclusion, this study
provided further evidence about the double-edged sword effect

of sleep duration on health, and proper sleep duration plays a
critical role in maintaining good health status. These findings
suggested that ensuring adequate sleep duration should be an
integral part of public health programs.
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Abstract

Background: Cataracts now account for the largest proportion of the global burden of blindness and vision loss. Understanding
the changing trends in the global burden of cataracts over the past 30 years and the next 15 years is of clear significance for the
prevention and control of cataracts in key populations. As far as we know, research on the future burden of cataracts is lacking.

Objective: This study aims to assess the global burden of cataracts over the past 30 years by using age-period-cohort modeling
and to estimate trends in the next 15 years.

Methods: Data were obtained from the Global Burden of Disease Study 2019, the United Nations Development Programme,
and the WHO (World Health Organization) Global Health Observatory data repository. The assessment of trends and disparities
in the number and rate of disability-adjusted life years (DALYs) for cataracts from 1990 to 2019 was conducted. The association
between the age-standardized DALY rate (ASDR) and the socio-demographic index (SDI), human development index (HDI),
national levels of particulate matter <2.5 μm in diameter (PM2.5), and ambient ultraviolet radiation (UVR) was determined using
linear regression analysis. Additionally, we used the Nordpred (Harald Fekjær and Bjørn Møller) age-period-cohort model to
predict the cataract burden from 2020 to 2034.

Results: Globally, the number of DALYs due to cataract increased from 3,492,604 (95% uncertainty interval [UI]
2,481,846-4,719,629) in 1990 to 6,676,281 (95% UI 4,761,210-9,006,193) in 2019. The ASDRs due to cataract decreased from
93.17 (95% UI 66.14-125.32) in 1990 to 82.94 (95% UI 59.06-111.75) in 2019, with an average annual percentage change of
–0.37 (95% CI –0.44 to –0.3; P<.001). Age, female sex, air pollution, smoking, high fasting plasma glucose levels, and a high
body mass index were risk factors for the burden of cataracts. SDI and HDI were negatively correlated with ASDRs of cataracts,

while PM2.5 and UVR were positively associated with them. Higher DALY rates were also associated with lower SDI (R2=0.1939;

P<.001), lower HDI (R2=0.2828; P<.001), national PM2.5 concentration (R2=0.1874; P<.001), and ambient UVR levels (R2=0.2354;
P<.001). The prediction model suggested that the number of DALYs due to cataract will continue to rise globally, while the
cataract DALY rate will continue to decrease.

Conclusions: While the ASDR of cataracts has decreased, there has been a notable increase in the number of DALYs over the
past 30 years. Projections suggest that the global burden of cataracts will continue to rise over the next 15 years. To address this
challenge, appropriate prevention and treatment policies must be implemented.

(JMIR Public Health Surveill 2023;9:e47349)   doi:10.2196/47349
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Introduction

With the progressive aging of the world’s population, health
issues, such as ocular health, have drawn more attention [1].
Cataracts are among the main causes of blindness globally,
accounting for nearly half of all cases of blindness in
low-income countries and 5% in high-income countries [2,3].
Recently, researchers have focused on the disability-adjusted
life years (DALYs), which are defined as the sum of years lived
with disability and years of life lost due to premature death and
reflect the difference between the real state of health and the
standard condition [4,5]. Moreover, DALYs attributed to
cataracts exceed 90% in low-income countries and generally
indicate the sum of years lived with disability, underscoring the
significant impairments cataracts deal to the patients’ quality
of life [4]. As the global burden of cataracts continues to grow
due to the rise in global population and aging, this phenomenon
will inevitably increase the economic burden, decrease the
quality of life, and lead to cognitive function impairments [3,5].
Therefore, investigating the trends in the global cataract burden
and associated risk factors will allow more targeted prevention
strategies to be initiated, thereby promoting targeted prevention
and treatment of cataracts.

A trend analysis of the Global Burden of Disease (GBD) Study
2019 data showed that the global burden of visual impairment
due to cataracts exhibited a substantial increase, with the
prevalence rate rising by 58.45% and the DALY rate increasing
by 32.18% over the past 30 years [6]. Cataract is a multifactorial
disease manifested by transparency loss of the eye lens, owing
to tissue degradation and protein clumping, as well as pathogenic
environmental and genetic factors [7]. Previous publications
have reported risk factors such as aging, female sex, diabetes,
excess weight, diet and nutritional status, smoking, drinking,
exposure to ultraviolet light, socioeconomic status, and air
pollution [8-23]. In addition, cataracts can also be innate, owing
to a variety of genetic and molecular mechanisms [7]. However,
the extent to which these risk factors affect cataracts remains
unclear. Additionally, the long-term global trend of DALYs
due to cataracts has not been visually demonstrated and
analyzed, necessitating further research.

To address these gaps, we conducted an evaluation of the global
trend in the DALYs of cataract by year, age, and sex from 1990
to 2019 and estimated its prediction over the next 15 years.
Additionally, we conducted correlation analyses between
age-standardized DALY rates (ASDRs) and the
socio-demographic index (SDI) and human development index
(HDI) separately. We then estimated the proportion of DALYs
that could be attributed to several important risk factors for
cataracts, including air pollution, smoking, high fasting plasma
glucose, and a high BMI. Finally, the association between HDI,
particulate matter <2.5 μm in diameter (PM2.5), and ultraviolet
radiation (UVR) and ASDRs of cataracts was analyzed. Our
results represented a significant extension of previous reports
and offered valuable insights for future initiatives aimed at
preventing cataracts.

Methods

Data Sources
This study was based on the GBD Study 2019, the United
Nations Development Programme, and the WHO (World Health
Organization) Global Health Observatory data repository. We
collected related data on cataracts and SDI from the GBD
database. The HDI data were obtained from the United Nations
Development Programme, and concentrations of PM2.5 and
average daily UVR data were collected from the WHO Global
Health Observatory data repository. We estimated the global
population using data from the GBD database.

Study Variable Description
Study results are presented by number of DALYs, ASDRs,
crude DALY rates, and average annual percentage changes
(AAPCs) between 1990 and 2019 using 95% uncertainty
intervals (UIs) and 95% CIs, age, sex, SDI, HDI, PM2.5

concentration, and UVR. The SDI gauges a nation’s economic
development using per capita income distribution, average
schooling years, and the fertility rate of women under 25 years
of age [24]. The SDI ranges from 0 to 1, with higher values
indicating greater economic advancement. The HDI was used
as a measure of health, education, and living conditions [25];
it is calculated from life expectancy, education years, schooling
expectancy, and per capita gross national income. HDI values
range from 0 to 1, with higher values indicating greater
socioeconomic development. The UNDP classifies countries
into subgroups based on HDI: low (<0.550), moderate
(0.550-0.699), high (0.700-0.799), and very high (≥0.800). The
PM2.5 concentration is a common measurement for air pollution
in a country and is defined as the annual average concentration
of suspended fine particulate matter smaller than 2.5 μm in
diameter. The UVR was defined as the average daily level of

ambient solar UVR (in J/m2).

Statistical Analysis
Temporal trends in DALYs due to cataract were assessed using
the Joinpoint regression software (version 4.9.0.0; National
Cancer Institute). This model uses segmented regression to
capture disease distribution patterns over time. For each juncture
point, the annual percentage change (APC) was computed,
accompanied by a 95% CI. Additionally, the AAPC was
determined as the weighted mean of individual APCs, offering
a consolidated overview of the study period’s overall trend. In
summary, a rising cataract rate was noted if both the APC and
the lower 95% CI bound exceeded 0, while a declining rate was
indicated if both values fell below 0. Linear regression analysis
was used to determine the relationship between ASDR and SDI,
HDI, national PM2.5, and ambient UVR. To predict DALYs due
to cataract from 2020 to 2035, we used the Nordpred
age-period-cohort model implemented in the Nordpred package
in R (version 4.2.2; R Foundation for Statistical Computing).
To validate the stability of the prediction results, the Bayesian
age-period-cohort model was further applied to perform a
sensitivity analysis using the R package “BAPC.” All statistical
analyses and data visualization were conducted using R, the
Joinpoint Regression Program, and GraphPad Prism 9.0
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(GraphPad Software, Inc). A significance level of α=.05 was
used, with P<.05 indicating statistical significance.

Ethical Considerations
The authors received an exemption from ethical review from
the institutional review board of the First Affiliated Hospital of
Soochow University, and the study was also exempt from ethical
review by the National Health Research Ethics Council of China.
The research adhered to the principles of the Declaration of
Helsinki. Due to the retrospective nature of the study, the
requirement for informed consent regarding data processing
and disease models was waived.

Results

Temporal Trends of Disease Burden Due to Cataract
From 1990 to 2019
Globally, the number of DALYs due to cataracts increased from
3,492,604 (95% UI 2,481,84-4,719,629) to 6,676,281.11 (95%
UI 4,761,210-9,006,193) in 2019 (Table 1). The ASDR exhibited
a dramatic decrease from 1990 to 1995 (APC=–0.63; P<.05),
a dramatic increase from 1995 to 2000 (APC=1.05; P<.05), and
another dramatic decrease from 2000 to 2010 (APC=–0.56;
P<.05), followed by a slight increase from 2010 to 2017
(APC=0.25; P>.05). However, a remarkable decrease in ASDR
was observed between 2017 and 2019 (APC=–3.21; P<.05)
(Figure 1).
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Table 1. Disability-adjusted life years (DALYs) of cataract and its average annual percentage changes from 1990 to 2019 at the global and regional
levels.

P value1990-201920191990Characteristics

AAPCc (95% CI)ASDR (95% UI)Number (95% UI)ASDRb (95% UI)Value (95% UIa)

<.001–0.37 (–0.44 to –0.3)82.94 (59.06-
111.75)

6,676,281
(4,761,211-
9,006,194)

93.17 (66.14-
125.32)

3,492,605
(2,481,846-
4,719,629)

Global

Sex

<.001–0.25 (–0.33 to
–0.16)

89.82 (63.97-120.6)3,928,327
(2,798,531-
5,275,330)

97.44 (69.34-
130.79)

2,025,405
(1,442,842-
2,729,748)

Female

<.001–0.54 (–0.6 to –0.49)74.91 (53.35-
101.18)

2,747,954
(1,954,020-
3,725,738)

88.46 (62.56-118.7)1,467,199
(1,038,553-
1,989,939)

Male

SDId region

<.001–0.2 (–0.23 to –0.17)20.57 (14.49-28.1)407,175 (289,682-
556,589)

21.86 (15.5-29.71)226,706 (161,075-
309,553)

High SDI

.6870.03 (–0.1 to 0.15)53.72 (38.45-72.57)1,079,895 (770,486-
1,455,305)

54.05 (38.26-71.81)527,854 (374,258-
709,159)

High-middle SDI

<.001–0.87 (–0.95 to
–0.79)

107.61 (75.96-
144.28)

2,469,946
(1,747,303-
3,330,111)

139.91 (99.06-
188.58)

1,238,750 (878,931-
1,687,529)

Middle SDI

<.001–1 (–1.04 to –0.97)160.43 (114.24-
215.23)

2,009,356
(1,432,490-
2,712,777)

216.76 (153.53-
292.32)

1,126,634 (800,056-
1,538,168)

Low-middle SDI

<.001–0.55 (–0.57 to
–0.54)

153.38 (108.77-
206.59)

706,519 (502,216-
953,371)

180.68 (128.63-
244.99)

370,745 (264,016-
506,463)

Low SDI

South–East Asia, East Asia, and Oceania

.083–0.26 (–0.56 to
–0.03)

57.37 (40.44-77.8)1,097,095 (767,203-
1,501,496)

63.9 (45-86.66)453,089 (319,903-
623,402)

East Asia

<.001–1.22 (–1.24 to –1.2)195.67 (138.4-
262.38)

1,079,918 (764,186-
1,467,494)

279.06 (198.51-
378.15)

632,885 (447,942-
866,995)

Southeast Asia

<.001–0.38 (–0.45 to
–0.31)

163.72 (116.76-
222.47)

9854 (7084-13,440)181.65 (128.83-
242.25)

4572 (3228-6213)Oceania

Sub-Saharan Africa

<.001–0.67 (–0.7 to –0.63)129.15 (91.78-
176.19)

195,926 (138,353-
268,562)

156.81 (112.06-
215.18)

110,011 (78,056-
152,266)

Eastern Sub-Saharan
Africa

<.001–0.79 (–0.81 to
–0.76)

26.13 (18.05-35.82)11,403 (7827-
15,764)

32.86 (22.99-45.35)5896 (4127-8269)Central Sub-Saharan
Africa

<.001–1.35 (–1.38 to
–1.33)

80.48 (57.65-
110.15)

41,255 (29,230-
56,630)

119.28 (84.16-
164.15)

30,885 (21,678-
42,767)

Southern Sub-Saha-
ran Africa

<.001–0.3 (–0.34 to –0.26)152.14 (107.71-
205.16)

258,586 (182,989-
352,960)

165.62 (117.94-
224.66)

129,494 (91,237-
176,192)

Western Sub-Saha-
ran Africa

<.001–1.07 (–1.09 to
–1.04)

198.39 (142.54-
264.15)

2,544,708
(1,812,812-
3,422,950)

273.27 (194.6-
366.72)

1,303,763 (924,771-
1,774,799)

South Asia

Latin America and Caribbean

<.001–0.93 (–0.94 to
–0.93)

42.9 (30.02-58.37)22,146 (15,531-
30,169)

56.3 (39.63-76.84)13,961 (9858-
19,244)

Caribbean

<.001–1.17 (–1.2 to –1.14)64.7 (46-87.16)146,616 (104,295-
197,476)

90.64 (64.33-
121.65)

67,300 (47,685-
90,784)

Central Latin Ameri-
ca

<.001–1.06 (–1.13 to
–0.99)

70.86 (50.45-94.07)164,285 (117,096-
218,938)

96.82 (68.48-
130.47)

76,104 (54,205-
104,197)

Tropical Latin
America
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P value1990-201920191990Characteristics

AAPCc (95% CI)ASDR (95% UI)Number (95% UI)ASDRb (95% UI)Value (95% UIa)

<.001–1.31 (–1.45 to
–1.17)

96.22 (68.28-
129.43)

52,092 (36,890-
69,969)

140.25 (99-188.37)26,053 (18,322-
35,146)

Andean Latin Amer-
ica

<.001–1.3 (–1.32 to –1.27)98.21 (69.44-
134.06)

376,380 (264,296-
513,801)

143.15 (101.05-
195.59)

211,075 (149,404-
288,143)

North Africa and Middle
East

Central Europe, Eastern Europe, and Central Asia

<.001–0.54 (–0.57 to
–0.51)

66.22 (45.77-89.99)41,305 (28,608-
56,756)

77.49 (54.76-
104.16)

32,930 (23,072-
44,833)

Central Asia

<.001–0.5 (–0.52 to –0.48)28.94 (20.29-39.35)100,478 (70,300-
136,392)

33.49 (23.53-44.81)86,076 (60,611-
115,280)

Eastern Europe

<.001–0.32 (–0.33 to
–0.31)

19.36 (13.34-26.63)42,190 (29,051-
58,232)

21.26 (14.81-28.96)28,961 (19,939-
39,952)

Central Europe

High-income regions

<.001–0.58 (–0.61 to
–0.55)

32.5 (22.74-44.1)27,402 (19,214-
37,237)

38.56 (26.81-51.96)16,633 (11,565-
22,343)

Southern Latin
America

<.001–0.18 (–0.2 to –0.16)25.31 (17.75-34.81)246,102 (172,914-
338,143)

26.68 (18.64-36.59)153,209 (107,373-
210,703)

Western Europe

<.001–0.12 (–0.15 to
–0.08)

17.43 (12.34-23.78)112,884 (80,414-
152,299)

18.06 (12.84-24.71)65,177 (46,278-
88,463)

North America

<.001–0.17 (–0.21 to
–0.13)

20.3 (14.25-27.82)10,416 (7336-
14,137)

21.32 (14.83-29.03)4791 (3315-6506)Australasia

<.001–0.27 (–0.29 to
–0.25)

19.5 (13.59-26.89)95,238 (67,107-
130,641)

21.09 (14.83-28.65)39,741 (28,017-
54,026)

Asia Pacific

aUI: uncertainty interval.
bASDR: age-standardized DALY rate.
cAAPC: average annual percent change.
dSDI: socio-demographic index.
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Figure 1. Joinpoint regression analysis of global age-standardized disability-adjusted life-years (DALYs) rates due to cataract for both female and
male from 1990 to 2019. *P<.05; APC: annual percentage change.

Regional Differences in Disease Burden Due to
Cataract
At the regional level in 1990 and 2019, the number of DALYs
due to cataracts was highest in South Asia and lowest in Oceania
(Table 1). The ASDR was highest in Southeast Asia in 1990
and highest in South Asia in 2019. From 1990 to 2019, the
AAPC of ASDR in Southern Sub-Saharan Africa was lowest
at –1.35 (95% CI –1.38 to –1.33; P<.001), followed by Andean
Latin America at –1.31 (95% CI –1.45 to –1.17; P<.001). In
contrast, the AAPC of ASDR in North America was highest at
–0.12 (95% CI –0.15 to –0.08; P<.001).

Age-Specific and Gender-Specific Disease Burden Due
to Cataract
With increasing age, the global number of DALYs due to
cataracts gradually increased (up to the age of 75 years) in 1990,

reaching a peak at the ages of 70-74 years, after which it
declined with increasing age. Similar trends were observed in
2005 and 2019. The DALYs due to cataracts were relatively
low in individuals aged less than 30 years or more than 95 years.
The crude DALY rates of cataracts rose with increasing age,
with the fastest increment observed between the ages of 60 and
85 years in 1990. In 2005 and 2019, the general trend of the
crude DALY rates was similar to 1990; however, the rate of
increase after the age of 85 years slowed down more
significantly (Figure 2). The global number of DALYs due to
cataracts was lower in males than in females in 1990 and 2019,
while ASDR was also smaller in males (Table 1). Moreover,
the ASDR of male cataracts decreased more than that of females
between 1990 and 2019, with AAPCs of –0.54 (95% CI –0.60
to –0.49; P<.001) and –0.25 (95% CI –0.33 to –0.16; P<.001),
respectively (Table 1 and Figure 1).
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Figure 2. Global number of disability-adjusted life years (DALYs) and crude DALY rates due to cataract by age and sex in (A) 1990, (B) 2005, and
(C) 2019. The black bar indicates the upper and lower limits of the 95% uncertainty intervals (UIs) for females and males, respectively.

Characteristics of the Cataract Burden Attributable
to Risk Factors
Areas with high SDI have lower ASDRs for cataracts than those
with low SDI, with high-income North America having the
lowest ASDRs and South Asia having the highest between 1990
and 2019 (Table 1 and Figure 3A). In addition, the ASDRs of
cataracts were lower in countries with a high SDI than in those

with a low SDI. Linear regression analysis revealed that ASDRs

were negatively correlated with SDI (R2=0.1939; P<.001; Figure
3B). ASDRs of cataracts due to air pollution, smoking, high
fasting plasma glucose, and high BMI in 21 GBD regions in
2019 were obtained and presented in Figure 4. Apart from high
SDI regions, air pollution accounted for the largest proportion
of the 4 listed factors leading to cataracts, which increased as
the SDI declined. The scatter plots between ASDRs of cataract
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and other country-level indicators were presented in Multimedia
Appendix 1, and a linear trend was observed between ASDRs

of cataract and HDI level (R2=0.2828; P<.001), national PM2.5

concentration (R2=0.1874; P<.001), and ambient UVR

(R2=0.2354; P<.001). Based on the aforementioned results,

HDI, national PM2.5 concentration, and ambient UVR were
included as independent variables to construct the multivariate
linear regression model for ASDRs. A significant relationship
was identified (P<.001), and this model accounted for 37.6%
of the variance in the national differences in cataract burden.

Figure 3. Age-standardized disability-adjusted life year (DALY) rate (per 100,000 persons) of cataract by socio-demographic index (SDI) for (A) 21
Global Burden of Disease (GBD) Study regions from 1990 to 2019, and (B) 204 countries and territories in 2019. The black line represents the expected
values based on age-standardized DALY rates and SDI in all locations.
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Figure 4. The proportion of cataract disability-adjusted life year (DALY) attributable to air pollution, smoking, high fasting plasma glucose, and high
body-mass index for (A) 21 Global Burden of Disease (GBD) Study regions in 1990 and (B) 2019. SDI: socio-demographic index.

Predictions of DALYs Due to Cataract
We predicted that, due to population growth and aging, the
DALYs due to cataracts for both sexes are expected to continue
to increase over the next 15 years. Further, over the next 15
years, a decrease in the ASDRs of cataracts is expected,
particularly among women (Figure 5 and Multimedia Appendix

2). While the patterns of changes in DALY rates in men were
similar to those in women, the DALY rates of cataracts were
notably lower among men. To assess the robustness of our
predictions, we further performed a sensitivity analysis using
the BAPC package to predict the future global burden of
cataracts; the results showed consistent trends with the
abovementioned results (Multimedia Appendix 3).
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Figure 5. Trends in global number of disability-adjusted life years (DALYs) and age-standardized DALY rates (per 100,000 persons) due to cataract
by sex: observed (1990-2019) and predicted (2020-2034).

Discussion

Principal Findings
This study reported on the number of DALYs and ASDRs due
to cataracts from 1990 to 2019, revealing disparities by region,
nation, age, and sex. Although the ASDRs decreased overall,
the overall DALYs due to cataracts still increased. Our findings
showed that over the last 3 decades, higher DALY rates were
also associated with lower SDI, HDI, national PM2.5, and
ambient UVR. Furthermore, we predicted that the global burden
of cataracts will continue to increase over the next 15 years due
to the growth and aging of the global population. To the best
of our knowledge, this report acts as an essential complement
to previous studies, and the results of our research can provide
crucial insights into evidence-based health care planning and
reduce the global burden of cataracts by allocating resources to
cataract prevention.

Global policy making and economic restructuring can guide the
prevention and treatment of cataract. Initially, the WHO and
International Agency for the Prevention of Blindness started
the VISION 2020 global initiative in 1999 to prevent, control,
and eliminate avoidable blindness at the national level by 2020
[26]. In line with earlier studies, the number of DALYs in
cataracts has increased globally over the last 30 years, although
the ASDRs fell between 1990 and 2019 [6,10,20]. According
to our findings, low-income regions exhibited higher ASDRs
compared to high-income regions, indicating a greater burden
of cataract in the former. Several factors could potentially
explain this pattern, including elevated UVR levels in southern
countries and the prevalence of conditions such as arterial
hypertension and diabetes, which might contribute to the
proliferation of this ailment. Notably, in response to VISION
2020, high-income regions allocated funding for diverse
programs aimed at reducing rates of low vision and blindness.

The adoption of more proactive diagnostics, early detection,
and treatment strategies could potentially bolster the
performance of high-income regions [27]. Addressing this
phenomenon warrants increased attention and further
investigations into the mechanisms underlying these disparities.

Although previous studies have implicated many risk factors
for cataracts, age is uniquely important. Cataracts can be divided
by age-related, pediatric, and secondary causes. Age-related
cataract is the most common type in adults, starting between
the ages of 45 and 50 years [28]. Aging is the most meaningful
risk factor for cataract because structural and functional changes
to the lens can promote cataract development. The lens consists
of soluble proteins, and the fiber cell organization in the lens is
tight, which enables intercellular space reduction. These
mechanisms prevent light content and support lens transparency.
Increasing age leads to slower protein metabolism, reducing
their solubilization, which in turn impairs lens transparency and
may cause other pathological risk factors to have cumulatively
detrimental effects [29,30].

According to our findings, both the number of DALYs and
ASDRs caused by cataracts in females was greater than that in
males from 1990 to 2019. The following is consistent with other
studies that found similar situations of sex disparity in ocular
diseases, such as cataracts, age-related macular degeneration,
and diabetic retinopathy [5,21,30,31]. Possible explanations for
these results include differences in follow-up time points and
longer life expectancies in female patients [10]. Another
explanation could be related to the inequality between men and
women, as women can be disadvantaged in terms of access to
education, employment opportunities, income distribution, and
health care services [32]. Other research has also focused on
the function of estrogen in cataract formation, which has been
shown to play a role due to antioxidant effects on reactive
oxygen species, which are important factors for cataracts.
Menopause is hypothesized to cause an elevated risk of cataract
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in older females, caused by the withdrawal effect [9]. More
attention and further studies regarding female eye care are
required to explore the possible mechanisms between sex and
cataract.

Furthermore, health inequalities are largely caused by
socioeconomic disparities. According to our findings, the
ASDRs of cataracts varied significantly between regions and
nations and were lower in high-income regions and countries,
while SDI and HDI were negatively correlated with cataract
ASDR. A higher quality of eye care and increasing opportunities
for cataract surgery may explain this association in countries
with high SDI and HDI scores. Although surgery is the definitive
therapy for cataract, many major barriers to cataract treatment
still exist [33]. One aspect is that the outcome of cataract surgery
is related to the quality of the surgery. Access to quality cataract
surgery remains difficult in many countries, while the coverage
of cataract surgery is influenced by GDP and health expenditure
[18,20]. The lack of education and medical knowledge, as well
as the cost of surgery, may discourage patients in low-income
areas from choosing treatment [19]. As a result, the cataract
surgical rate is over 10,000 in developed countries and below
500 in low-income countries [34]. Thus, in low-income
countries, the emphasis on reducing the burden of cataracts in
the formation of health policies should be as important as in
high-income countries.

We also found that air pollution, smoking, high fasting plasma
glucose, and high BMI were all significant cataract risk factors
that contributed to most of the burden. In this study, air pollution
referred mainly to household air pollution from solid fuels,
which was associated with a higher risk of cataracts in
agreement with previous studies [35,36]. Smoking is a risk
factor for many diseases, including cataracts, glaucoma, and
age-related macular degeneration, with studies reporting an
elevated risk of nuclear sclerotic cataract in patients of both
sexes [37-39]. Tobacco contains large quantities of toxic heavy
metals, including cadmium, lead, and copper, and the
accumulation of these metals on the lens can eventually
contribute to cataract development [15,40,41]. More specifically,
the ratio of the indirect impact of tobacco to the total impact of
cadmium exceeded 50% [42]. This study also indicated that
high fasting blood glucose levels were correlated with cataracts.
The Blue Mountains Eye Study recently demonstrated that
fasting blood glucose levels were associated with long-term
cortical cataract formation and long-term progression of cortical,
nuclear, and posterior subcapsular cataracts, which is consistent
with our findings [43]. Similarly, the Beaver Dam Eye Study
evaluated diabetic participants as having an increased risk of
developing cataracts [44]. The study proposed strategies to
address the increased risk of cataracts in diabetic patients, which
include targeting the polyol pathway, oxidative stress, and
nonenzymatic glycation of lens proteins [45,46]. Moreover, a
study indicated that diabetic retinopathy is an independent risk
factor for cataract formation in patients with type 2 diabetes,
alongside BMI, HbA1c, and insulin usage [12]. The Blue
Mountain Eye Study also showed an increased risk of cataract
in relation to metabolic syndrome [47]. Therefore, obesity is
correlated with increased DALY rates in cataract. Obesity,
especially central obesity, is associated with insulin resistance,

which indirectly leads to type 2 diabetes [48]. In addition, the
lipid composition of the lens changes during cataract formation,
possibly because high BMI and excess body weight alter lipid
metabolism in the lens [14]. The results of this study may have
implications for public health, as cataracts are susceptible to air
pollution, smoking, high fasting plasma glucose, and high BMI,
and increased health awareness may be a cost-effective
intervention to prevent blindness in patients with cataract.

This study illustrated that exposure to PM2.5 and solar UVR
accelerated cataract development. Current evidence suggests
that air pollution may affect ocular diseases, including cataracts,
age-related macular degeneration, and glaucoma [22]. After
exposure to air pollutants such as PM2.5, NO2 (nitrogen dioxide),
and NOx (nitrogen oxide), the risk of cataract surgery increased
by 5%, but the effects were relatively small [49]. The most
common assessment of air pollution is PM2.5. The Canadian
Longitudinal Study on Aging illustrated that PM2.5 had a
borderline-adjusted correlation with cataracts [23]. Evidence
suggests that exposure to high-dose UVR can cause acute
photokeratitis and photoconjunctivitis while chronic exposure
to low-dose UVR can cause cataract, pterygium, and corneal
and conjunctival squamous cell carcinoma [50]. Interestingly,
cataract DALY rates were lower in urbanized areas because the
work of most individuals could be completed indoors, and their
UVR exposure could be at a lower level [51]. Evidence suggests
that oxidation accumulation, antioxidant potential, and repair
function of the lens decrease with age, which are all related to
age-related cataracts. The most significant cause of cataract
may be the formation of reactive oxygen species caused by
UVR. This decreased the activity of a series of enzymes that
catalyze the reduction of hydrogen peroxide and peroxide
radicals [50]. Our results indicate that improving the living
environment and increasing UV radiation protection may be
effective interventions to delay the occurrence of cataract
blindness, while the pathogenic roles of PM2.5 and UV light in
cataracts require further study.

While the DALY rates for cataract decreased overall in most
age and sex groups between 1990 and 2019, there was a
significant increase in the total number of DALYs due to
cataract. This upward trend in cataract DALYs, coupled with
an aging population and expanding economy, is likely to lead
to a greater economic burden on health care. We anticipate that
the number of DALYs due to cataract will continue to rise
steadily from 2020 to 2034. In light of the anticipated increase
in the global burden of cataract, efforts should be made to
strengthen prevention and management strategies for both
established and emerging risk factors such as air pollution,
smoking, and UV radiation. Effective global policies aimed at
reducing the prevalence of these risk factors could play a critical
role in mitigating the impact of cataract and reduce its burden.

Study Limitations
Although this study enabled us to examine the global cataract
burden and its relationship to risk factors with high confidence,
some limitations should be noted. First, all data come from the
GBD 2019, UNDP, and GHO. As such, the authenticity and
reliability of the results depend on the data source. Second,
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cataract is a multifactorial disease, and some key factors, such
as congenital, traumatic, and drug-induced factors, have not
been analyzed in this study; therefore, the factors included in
our model may also be affected. Third, the prevalence and
incidence of cataracts were not investigated in this study.
Moreover, this study did not conduct a decomposition analysis
of the disease burden of cataract over time. This omission
indicates a potential gap in understanding the complex dynamics
underlying the changing disease burden of cataract. Therefore,
it is essential to explore and gather more information on cataract
to improve our understanding of this important public health
issue.

Conclusions
Over the past 3 decades, the global burden of cataract has
increased, as evidenced by the increasing number of DALYs.
Furthermore, given the changing demographics of the world,
this trend is expected to persist over the coming 15 years. Age,
female sex, air pollution, smoking, high fasting plasma glucose,
high BMI, UVR, and low socioeconomic status were risk factors
for the burden of cataracts. Our findings showed that the older
adults and female populations in low-income countries have a
greater burden caused by cataract; therefore, health services for
cataract should be strengthened for these populations. Effective
resource allocation and health-service planning will be essential
in managing the anticipated increase in the global burden of
cataract in the next 15 years.
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Abstract

Background: Over-the-counter (OTC) medications are frequently used to self-care for nonspecific ovarian cancer symptoms
prior to diagnosis. Monitoring such purchases may provide an opportunity for earlier diagnosis.

Objective: The aim of the Cancer Loyalty Card Study (CLOCS) was to investigate purchases of OTC pain and indigestion
medications prior to ovarian cancer diagnosis in women with and without ovarian cancer in the United Kingdom using loyalty
card data.

Methods: An observational case-control study was performed comparing purchases of OTC pain and indigestion medications
prior to diagnosis in women with (n=153) and without (n=120) ovarian cancer using loyalty card data from two UK-based high
street retailers. Monthly purchases of pain and indigestion medications for cases and controls were compared using the Fisher
exact test, conditional logistic regression, and receiver operating characteristic (ROC) curve analysis.

Results: Pain and indigestion medication purchases were increased among cases 8 months before diagnosis, with maximum
discrimination between cases and controls 8 months before diagnosis (Fisher exact odds ratio [OR] 2.9, 95% CI 2.1-4.1). An
increase in indigestion medication purchases was detected up to 9 months before diagnosis (adjusted conditional logistic regression
OR 1.38, 95% CI 1.04-1.83). The ROC analysis for indigestion medication purchases showed a maximum area under the curve
(AUC) at 13 months before diagnosis (AUC=0.65, 95% CI 0.57-0.73), which further improved when stratified to late-stage
ovarian cancer (AUC=0.68, 95% CI 0.59-0.78).

Conclusions: There is a difference in purchases of pain and indigestion medications among women with and without ovarian
cancer up to 8 months before diagnosis. Facilitating earlier presentation among those who self-care for symptoms using this novel
data source could improve ovarian cancer patients’ options for treatment and improve survival.

Trial Registration: ClinicalTrials.gov NCT03994653; https://clinicaltrials.gov/ct2/show/NCT03994653

(JMIR Public Health Surveill 2023;9:e41762)   doi:10.2196/41762
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ovarian cancer; early diagnosis; transactional data; health informatics; cancer risk; medication; self-medication; self-care;
over-the-counter medication; nonspecific symptoms; pain medication; indigestion medication
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Introduction

Ovarian cancer is the eighth most common cancer in females
worldwide and is the sixth most common cause of cancer-related
death in females in the United Kingdom [1,2]. There is an urgent
need for earlier diagnosis to improve survival outcomes since
5-year survival rates decrease from 93% for women diagnosed
at the earliest stage to 20% for women diagnosed at the latest
stage[2]; however, a population-based ovarian cancer screening
program is not currently recommended in the United Kingdom
[3]. One possible approach for improvement is to encourage
earlier help-seeking behavior among women experiencing
symptoms such as abdominal/pelvic pain, bloating, loss of
appetite, and urinary symptoms, which can often be associated
with other more common illnesses [4]. Awareness of these
nonspecific symptoms among women in the United Kingdom
is low [5,6]; consequently, the average time between
experiencing a symptom and presenting to primary care with
these symptoms is 39 days [7].

A proof-of-concept study conducted in 2019 concluded that
there may be an increase in purchases of pain and indigestion
medications 10-12 months before ovarian cancer diagnosis to
treat symptoms [8], although larger studies were needed to
validate this finding. The Cancer Loyalty Card Study (CLOCS)
was therefore proposed to investigate this further through an
observational case-control study design, which hypothesized
that a significant change in purchasing behavior, specifically
an increase in self-medication prior to presentation in primary
care, could be an indication for early signs of ovarian cancer
[9]. The primary objective of the CLOCS is to investigate the
purchasing behaviors of women with and without ovarian cancer

using commercial data collected through loyalty card use at two
participating high street retailers in the United Kingdom with
the aim to reduce delays in ovarian cancer diagnosis.

Methods

Study Design, Setting, and Participants
The CLOCS case-control study design and protocol have been
described previously [9]. Eligible participants were women in
the United Kingdom, 18 years or older, who owned at least one
of the participating retailers’ loyalty cards. Patients diagnosed
with ovarian cancer within 2 years of recruitment to the study
until January 31, 2022, were considered cases, whereas controls
did not have a previous diagnosis of ovarian cancer. When
face-to-face interactions between patients with ovarian cancer
and clinics were minimized due to the COVID-19 pandemic,
the protocol was amended to allow for patients to be recruited
from National Health Service (NHS) clinics over the phone.

Patients were recruited from 12 NHS clinic sites in England,
Wales, and Scotland from November 1, 2019, to January 31,
2022. Participants without ovarian cancer were recruited
indirectly through an online experiment that investigated the
effects of an animated decision aid on willingness to take part
in the CLOCS in July 2020 (unpublished), and directly through
paid social media advertisements using Meta (formerly known
as Facebook), a test recruitment email from one of the
participating retailers, word of mouth, and the advocate network
VOICE [10] from September 1, 2020, to May 31, 2021. A
CONSORT (Consolidated Standards of Reporting Trials)
diagram of CLOCS participant recruitment and eligibility for
analysis is shown in Figure 1.

Figure 1. CONSORT (Consolidated Standards of Reporting Trials) diagram for Cancer Loyalty Card Study (CLOCS) case-control recruitment and
loyalty card data collection. NHS: National Health Service.
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After obtaining explicit consent, up to 6 years of loyalty card
purchase history, starting from the date of recruitment, was
requested from two high street retailers, hereafter referred to as
high street retailer 1 (HSR1) and high street retailer 2 (HSR2),
for eligible participants using the name and number on their
loyalty card(s). One of the participating retailers offers a supply
of health and beauty items, while the other stocks a wider range
of health, beauty, and grocery items, thereby providing CLOCS
with a variety of purchases related to the participants’ intentions
to shop at either retailer. If these details matched the retailers’
records, then the participant purchase history was transferred
to the CLOCS team. If the details did not match, then the
purchase history was not shared, and the participant was
recontacted up to two times to clarify their details. Once
clarified, the participant’s card history was requested once again
as described previously [9].

Patient and Public Involvement
The CLOCS team included two ovarian cancer patient advocates
who were involved in the project from the inception of the idea
to study design, ethical approval applications, and development
of recruitment strategies throughout the CLOCS. We presented
two public-facing seminars to engage with the wider audience
about the CLOCS in December 2020 and March 2021 during
Ovarian Cancer Awareness month. Furthermore, we held three
annual scientific meetings inviting academics, patient
representatives, and participating high street retailers.

Variables
Participants completed a short questionnaire about ovarian
cancer risk factors, including ethnicity, marital status, BMI, age
at menarche, menopausal status, age at menopause, parity,
breastfeeding, hysterectomy, tubal ligation, cancer history,
endometriosis, aspirin use, oral contraceptive (OC) use, hormone
replacement therapy (HRT) use, family history of ovarian and
breast cancers, vaping, and cigarette smoking. The questionnaire
also requested information about the symptoms experienced (if
any) and number of visits to the general practitioner (GP) in the
year before participating in the study for controls or leading up
to cancer referral or diagnosis for cases.

In addition, participants were asked about which food and
pharmacy stores they shop at regularly, at which stores they
own a loyalty card, frequency of use of those loyalty cards, and
where they heard about the study (for controls only). The
questionnaire was amended to include a question about the
number of people in their household. To gain a better
understanding of the impact of COVID-19 on purchase history
patterns and ovarian cancer diagnosis delays, the questionnaire
was amended to include a question about whether participants
had been diagnosed with COVID-19 (responses limited to the
following: diagnosed and recovered, diagnosed and still ill,
suspected but not formally diagnosed, did not have COVID-19).
The date of diagnosis, type, stage, grade, BRCA1 and BRCA2
mutation status, and any surgical outcomes for cases were
provided by the clinical team at their respective recruitment
sites.

Statistical Methods

Ovarian Cancer Risk
Unconditional logistic regression was used to calculate the risk
of ovarian cancer among CLOCS participants, first using an
unadjusted model and then with adjustment for age, OC use
( e v e r / n e v e r ) ,  m e n o p a u s a l  s t a t u s
(premenopausal/postmenopausal), and HRT use (ever/never).

An ovarian cancer risk score was calculated for all participants
stratified by age (<50 years and ≥50 years) using an additive
model described previously [11]. The risk score was the sum
of the product of the median log odds ratio (OR) and the values
of the following risk factors: low- and high-dose aspirin use
(regular use ever/never), BMI (continuous), breastfeeding
(ever/never), number of months breastfeeding (continuous),
endometriosis (ever diagnosed/never), family history of breast
cancer in first-degree relative (ever/never), family history of
ovarian cancer in first-degree relative (ever/never), hysterectomy
and no HRT use (ever/never), age at the end of the last
pregnancy (continuous), age at menarche (continuous),
menopausal status (pre-/postmenopausal), OC use (ever/never),
duration of OC use (continuous), number of nonfull-term
pregnancies (continuous), number of full-term pregnancies
(continuous), and tubal ligation status (ever/never). Instead of
limiting the analysis to participants with complete data or
eliminate risk factors from the risk score, missing values were
imputed using the k-nearest neighbors imputation method in
the Visualization and Imputation of Missing Values (vim)
package in R. Participants were grouped into low-, medium-,
or high-risk score groups using cut-off points based on tertiles
of the risk score among controls.

Purchase History Analysis
For purchase history analyses, two controls were matched with
each case according to age (continuous) and which HSR loyalty
card they had (HSR1 only, HSR2 only, HSR1 and HSR2), with
replacement. The analysis was focused on the period of 24
months prior to diagnosis for cases to maximize the amount of
purchase history data available from participants and to detect
a difference in purchases between cases and controls up to 10
months before diagnosis, according to the prior power
calculations [9]. Owing to the differing periods of recruitment
of cases and control, where possible, the same 24 months of
purchases from controls were aligned with each matched case
leading up to diagnosis; otherwise, the latest 24 months of
purchases were used for controls. Purchases of items commonly
used to treat symptoms of ovarian cancer, such as stomach pain
and indigestion, were averaged and cumulatively summed for
each participant per month over 24 months. Pain and indigestion
medication purchases were selected using the categories
predetermined by the retailers.

For statistical analysis, purchases for each individual were
summed on a sliding 3-month window to smooth the signal and
to represent a pattern of individual purchase behavior for cases
and controls comparing all purchases to the purchase of both
pain and indigestion medication bought together. The Fisher
exact test was used to calculate the ORs, 95% CIs, and
significance of enrichment at each month prior to diagnosis.
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A conditional logistic regression model was used to investigate
the association between purchase of medications that treat pain
and indigestion over the 24-month period as well as pain and
indigestion medication purchases separately, where the
medication purchase was the exposure and ovarian cancer
diagnosis was the outcome.

A receiver operating characteristic (ROC) analysis was
performed for purchases of pain and indigestion medications
separately at each month prior to diagnosis for cases and the
latest 24 months available for controls. For cases, the ROC
analysis was repeated and stratified by stage at diagnosis, where
stages 1 and 2 were grouped together and considered the early
stage and stages 3 and 4 were considered the late stage.

Sensitivity analyses were performed to assess the impact of
several factors on purchase behaviors among CLOCS
participants. First, conditional logistic regression was used to
assess the association between ovarian cancer diagnosis and
purchases of pain and indigestion medications before and after
the COVID-19 pandemic (before and after March 2020).
Second, to account for seasonal purchase behaviors (eg,
painkillers linked to flu and cold season in autumn and winter),
the conditional logistic regression model was repeated with
adjustment for seasons. Finally, to investigate whether the
number of members in a household affects the association
between ovarian cancer and purchases, the model was run with
adjustment for the number of members in the household and
OC use.

Further sensitivity analyses related to ovarian cancer symptom
behaviors were performed using the same conditional logistic
regression model with adjustment for whether participants
reportedly attended the GP in the 12 months prior to diagnosis
for cases and prior to participation for controls, as well as with
adjustment for whether participants reported experiencing
nonspecific ovarian cancer symptoms.

All statistical analyses were conducted in the ISO27001-certified
Secure Enclave environment at Imperial College London using
R (version 4.1.2).

Ethics Considerations
The CLOCS was reviewed and approved by the North
West-Greater Manchester South Research Ethics Committee
(19/NW/0427). Explicit consent for the research team to request
loyalty card data from participating retailers and to take part in
the study was given from all participants.

Results

Participant Characteristics
As of January 31, 2022, 182 cases and 441 controls consented
to take part in the CLOCS. As shown in the CONSORT diagram
in Figure 1, one case was excluded for providing insufficient
consent and 14 control participants withdrew or were excluded.
Of the remaining 427 controls, only 160 (37.5%) provided
sufficient ID verification and were therefore eligible for loyalty
card data requests. There were 4 cases who completed the risk
factor questionnaire but did not provide loyalty card details and
therefore were excluded from purchase history requests.

The characteristics of CLOCS participants are shown in Table
1. On average, cases were about 13 years older than controls.
In terms of loyalty card ownership, 47% of cases and 33% of
controls owned cards from both retailers, while the remaining
participants had one or the other. The majority of cases who
took part in the CLOCS were diagnosed with serous ovarian
cancer (75.8%) and of those, 94% were diagnosed at stage 3 or
4 (see Table S1 in Multimedia Appendix 1 for details).

Ovarian cancer risk and risk scores among participants are
shown in Table S2 and Table S3, respectively, of Multimedia
Appendix 1. The majority of cases (46.7%) fell into the high
ovarian cancer risk score tertile, while 24.7% had a medium
risk score and 28.6% of cases were in the low risk score tertile.

Purchase histories were requested for 178 cases and 160 controls
from HSR1 and HSR2, as described in Figure 1. After consent,
ID verification, matching loyalty card details with retailers’
records, and recontacting participants who did not match to
clarify loyalty card details, purchase histories from 173 (97.2%)
cases and 138 (86.3%) controls were transferred to the CLOCS
team for analysis. There were 5 (2.8%) cases and 22 (13.8%)
controls whose loyalty card details did not match the records
at either HSR1, HSR2, or both. There were 20 cases and 18
controls with a previous cancer diagnosis before participating
in the study and were excluded from all purchase history
analyses (participants with a previous nonmelanoma skin cancer
were included). After exclusion of participants with a previous
cancer diagnosis and matching cases and controls on age and
cardholder status, purchase histories of 153 cases and 306
controls (77 unique individuals) were included in purchase
history analyses. The median age difference for matched pairs
was 0.3 years (IQR –0.4 to 1.7 years). Among this reduced set
of participants, only OC use was associated with ovarian cancer
risk and was therefore the only risk factor adjusted for in
subsequent purchase history analyses.
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Table 1. Characteristics of participants.

Controls (n=427)Cases (n=182)Characteristic

51.6 (13.7)64.7 (10.9)Age (years), mean (SD)a

Age group (years), n (%)

61 (16.2)6 (3.6)18-39

96 (23.8)7 (4.7)40-49

125 (31.8)32 (21.3)50-59

107 (21.2)64 (36.7)60-69

33 (5.9)73 (33.7)≥70

Ethnicity, n (%)

400 (93.7)173 (95.1)White

11 (2.6)8 (4.4)Nonwhite

0 (0)0 (0)Prefer not to say

16 (3.7)1 (0.5)Missing

Loyalty card, n (%)

169 (39.6)48 (26.4)HSR1b card only

116 (27.2)44 (24.2)HSR2c card only

142 (33.3)86 (47.3)Both HSR1 and HSR2

0 (0)4 (2.2)Neither

Loyalty card use, n (%)

2 (0.5)1 (0.5)Not at all

10 (2.3)9 (4.9)Not very often

42 (9.8)18 (9.9)Sometimes

117 (27.4)42 (23.1)Often

256 (60.0)109 (59.9)All the time

0 (0)3 (1.6)Missing

Number of members in the household (including participant)d, n (%)

43 (14.5)32 (22.2)1

120 (40.5)75 (52.1)2

131 (44.3)29 (20.1)≥3

2 (0.7)8 (5.6)Missing

aMissing data for n=5 (0.9%) controls.
bHSR1: high street retailer 1.
cHSR2: high street retailer 2.
dNumber of members in the household question was added to the questionnaire after amendment and during active recruitment. Missingness describes
those who participated before the question was available.

Cumulative Purchases
The average cumulative number of purchases of pain and
indigestion medications together are shown in Figure 2A.
Throughout the 24 months, there was an increased number of
these purchases among cases before diagnosis compared with
that of controls, with an increased rate of purchases 8 months
before diagnosis. The mean numbers of purchases of pain and

indigestion medications were greater for cases in the 6 months,
12 months, and 24 months before diagnosis, with a significant
association between these purchases and ovarian cancer
diagnosis in the 6 months before diagnosis (OR 1.05, 95% CI
1.01-1.10; Table S4 in Multimedia Appendix 1). The Fisher
exact test (Figure 2B) showed maximum discrimination between
cases and controls 8 months before diagnosis (OR 2.91, 95%
CI 2.07-4.12).
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Figure 2. Combined pain and indigestion medications in the Cancer Loyalty Card Study (CLOCS). Cases (n=153) were matched with controls with
respect to age and store card use (HSR1 only, HSR2 only, or HSR1+HSR2) at a 2:1 ratio with replacement (n=306 controls in matched analysis, 77
unique individuals). Participants with a previous diagnosis of cancer were excluded. Where possible, the same 24 months of purchases from controls
were aligned to each matched case leading to their diagnosis (–24 months to –1 month on the X-axis); otherwise, the last 24 months of purchases were
used for controls. (A) Average cumulative purchases of combined pain and indigestion medications in cases (red) and controls (black). (B) Purchases
summed on a sliding 3-month window for cases and controls comparing all purchases to purchase of both pain and indigestion medication bought
together. The Fisher exact test was used to calculate the odds ratios and significance of enrichment at each month prior to diagnosis. Dx: diagnosis;
HSR: high street retailer.

Adjusted Models
As shown in Figure 3A, the likelihood of being diagnosed with
ovarian cancer was significantly lower at 15 months before
diagnosis in combined purchases of pain and indigestion
medications, and there was no significant increase in risk of
ovarian cancer diagnosis. However, when pain medication

purchases were considered alone, there was a significantly
increased likelihood of ovarian cancer 19 months before
diagnosis (OR 1.18, 95% CI 1.05-1.32), as shown in Figure 3B.
There was a significantly increased association between ovarian
cancer diagnosis and indigestion medication purchases alone 9
months before diagnosis (OR 1.38, 95% CI 1.04-1.83), as shown
in Figure 3C and Table S5 of Multimedia Appendix 1.
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Figure 3. Conditional logistic regression for purchases prior to diagnosis (Dx). Cases (n=153) were matched with controls according to age and store
card use (HSR1 only, HSR2 only, or HSR1+HSR2) at a 2:1 ratio with replacement (n=306 controls in matched analysis, 77 unique individuals).
Participants with a previous diagnosis of cancer were excluded. Where possible, the same 24 months of purchases from controls were aligned to each
matched case leading to their diagnosis (–24 months to –1 month on the X-axis); otherwise, the last 24 months of purchases were used for controls.
Conditional logistic regression of matched case-control sets adjusting for oral contraceptive pill use and household number for combined sum of pain
and indigestion medication (A), pain medication only (B), or indigestion medication only (C). HSR: high street retailer; OR: odds ratio.

ROC Analyses
Restricting the analysis to only participants who purchased any
pain medication over the 24-month period, 98 cases and 206
controls remained. The ROC analysis for pain medication
purchases alone (Figure 4A and Table S6 in Multimedia
Appendix 1), excluding participants who did not purchase any
pain medication, showed a maximum area under the curve
(AUC) at 13 months before diagnosis (AUC=0.63, 95% CI
0.56-0.69). When further stratified on early stage at diagnosis,
the AUC reached a maximum of 0.72 (95% CI 0.60-0.84) 15
months before diagnosis (Figure 4B).

Among those who only purchased any indigestion medication
over the 24-month period, 63 cases and 112 controls remained.
The ROC analysis for indigestion medication purchases alone
(Figure 4C and Table S6 of Multimedia Appendix 1) also
showed a maximum AUC at 13 months before diagnosis
(AUC=0.65, 95% CI 0.57-0.73), and this further improved when
restricted to late-stage ovarian cancer diagnosis (AUC=0.68,
95% CI 0.59-0.78), as shown in Figure 4D. Overall, the AUC
was greater for late-stage diagnosis than early-stage diagnosis
in all 24 months before diagnosis.
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Figure 4. Receiver operating characteristic (ROC) analysis stratifying by stage of diagnosis (Dx). Purchases in cases and controls were aligned as per
Figure 3. (A) ROC analysis of pain medications at each month prior to diagnosis in cases (n=98) and controls (n=206) that purchased any pain medication
in the 24-month period. Area under the curve (AUC) and 95% CIs are presented. (B) Stratification into cases diagnosed at a low stage (1,2) (n=18, red
line) or high stage (3,4) (n=78, blue line). (C) ROC analysis of indigestion medications at each month prior to diagnosis in cases (n=63) and controls
(n=112) that purchased any indigestion medication in the 24-month period. AUC and 95% CIs are presented. (D) Stratification into cases diagnosed at
a low stage (1,2) (n=12, red line) or high stage (3,4) (n=50, blue line).

Sensitivity Analyses
Adjusting for purchase behaviors before and after the COIVD-19
pandemic, different seasons, number of household members,
and OC use showed little to no effect on the association of
purchases with ovarian cancer over 24 months before diagnosis
(Tables S7-S9 in Multimedia Appendix 1).

After adjustment for the ovarian cancer risk score (Tables
S10-S12 in Multimedia Appendix 1), there was no significant
change in the OR for detecting cancer symptoms among CLOCS
participants who purchased pain and indigestion medications
compared with only adjusting for OC use and number of
household members.

Discussion

Principal Results
The primary aim of the CLOCS was to investigate purchasing
behaviors of women with and without ovarian cancer before
diagnosis to determine whether there is a difference in purchases

of OTC medications among ovarian cancer patients before
diagnosis. Purchases among CLOCS participants indicated an
increase of pain and indigestion medication purchases prior to
diagnosis of ovarian cancer. Specifically, we detected an
increase in purchases of pain and indigestion medications bought
together at 8 months before diagnosis. When considered
separately in conditional logistic regression models adjusting
for confounders, the signal for increased purchases of indigestion
medications occurred from 9 months before diagnosis. For pain
medication, we observed a period of increased purchases at 19
months prior to diagnosis, but no significant differences in the
12 months leading up to diagnosis. This suggests that there may
be a difference in the timeline along which the patients with
ovarian cancer included in this study may have experienced and
cared for symptoms that can be treated with pain or indigestion
medication.
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Comparison With Prior Work and Clinical
Implications
The guidelines for investigation and initial assessment of ovarian
cancer in symptomatic women vary greatly internationally
partially due to the nonspecific nature of symptoms [12], and
almost 1 in 4 cancer patients present with a broad range of
abdominal symptoms before diagnosis [13]. Specifically, for
an effective treatment of ovarian cancer, while symptom
presentation may not always correlate with early-stage diagnosis,
an earlier diagnosis even at stage IV could mean that patients
may receive treatments that could improve their chances of
surviving 1 year or longer. In the context of this study, when
stratified by stage of diagnosis, for those diagnosed at an early
stage, we identified that the purchase of pain medications
occurred at 15 months before diagnosis, whereas indigestion
medications were much more closely associated to diagnosis,
at 4 months. For those diagnosed at a late stage, we identified
indigestion medication purchases as early as 13 months prior
to diagnosis and then in every month from 6 months up to
diagnosis, but no significant change in pain medication
purchases was found in the 12 months prior to diagnosis. From
a clinical point of view, this highlights a unique interval in the
tumor development where symptoms are presenting at different
times. However, our sample sizes were too small to further
stratify according to patient characteristics based on their OTC
use associated with reported symptoms and stage at diagnosis.

While these differences could reflect the nonspecific nature of
symptoms that occur during the development of ovarian cancer,
they could also indicate the complex symptom appraisal
processes for nonspecific cancer symptoms and presentation in
health care [14]. For example, patients with pain 1 year before
diagnosis might have already seen a health care professional
following the initial presentation of their symptoms. However,
in the absence of other symptoms not warranting an urgent
cancer referral (ie, diagnostic pathway in the United Kingdom
where patients with suspected cancer are seen within 2 weeks
of presentation), patients’ symptoms may have been treated for
other illnesses, resulting in a longer diagnostic interval from
the first onset of symptoms [15]. In fact, we identified no
differences in the number of GP visits in the 12 months leading
up to diagnosis or participation in the study between cases and
controls, indicating that transactional data could be useful to
further explore self-care behaviors even after patients may have
presented in health care for their symptoms. A previous study
reported that 36% of ovarian cancer patients presented to their
GP at least three times before diagnosis [16], while
approximately 25.8% of cases in the CLOCS reported attending
three or more visits to the GP before diagnosis (see Table S3
in Multimedia Appendix 1). Much lower rates of help-seeking
behaviors could be attributed to the fact that approximately 64%
of cases were diagnosed with ovarian cancer throughout the
COVID-19 pandemic, during which many people avoided
contacting or seeking help about their symptoms from their
local GP [17]. Our results further emphasize the importance of
safety nets to be in place between community pharmacies and
primary care to ensure that patients who continue to care for
their ongoing symptoms are identified and referred promptly.

Alternatively, the duration and the effectiveness of self-care
using OTC indigestion and pain medication may be related to
the type of abdominal symptom experienced [13]. However,
there is little qualitative evidence on patients’ accounts of when
they experienced pain and indigestion, or how they coped with
these symptoms and cared for them before they received a
diagnosis [18]. Nevertheless, the number of cases in the CLOCS
with early-stage diagnosis was small; therefore, further studies
with a larger number of patients with early-stage diagnosis
would be needed to verify if self-care behaviors and earlier
presentation are moderated by symptom development and
individuals’ symptom appraisal processes.

Strengths and Limitations
The main strength of this study is that this is the first study to
investigate transactional data for understanding individuals’
self-care behaviors prior to a cancer diagnosis using a
case-control study design. The use of prospectively collected
data prior to cancer diagnosis avoids potential recall bias that
would have occurred from querying as to when patients
purchased OTC products for nonspecific symptoms using
questionnaires. In the CLOCS, exposure to pain and indigestion
medication purchases was measured using loyalty card data that
are recorded by retailers, thereby adjusting for the potential
recall bias as well as respondents’ bias to provide desirable
outcomes. For example, although there was a significant
difference between purchases of indigestion medications among
cases and controls, the self-reported indigestion symptoms were
not significantly different between cases and controls in this
study (see Table S13 in Multimedia Appendix 1). Recall bias
is a common issue reported for case-control studies; thus, to
overcome recall bias associated with symptoms experienced
before diagnosis, we aimed to recruit patients soon after their
cancer diagnosis and/or exclude patients diagnosed before 2018.

One of the main limitations of this study is that purchase of an
item is not the same as consumption of the item. The majority
of participants reported that they lived with others in their
household, and therefore could have been purchasing pain and
indigestion medications for others instead of directly consuming
these themselves. This limitation is applied equally to cases and
controls who might also be buying products for others. There
was no difference in the effect of purchases and ovarian cancer
diagnosis when adjusting for other household members.
Similarly, the analysis was restricted to purchases recorded only
when participants used their loyalty cards, and any items
purchased without the loyalty card were not recorded. However,
85% of participants reported that they used their loyalty card
often or all the time. It is also likely that participants could be
shopping for these medications at other retailers not included
in this study, resulting in an underrepresentation of purchases
with the limited participating retailers. Therefore, it is possible
that the significant association observed here could be stronger
with the inclusion of purchases of these items from other
retailers, although further studies including more retailers are
needed to verify this possibility.

Furthermore, most of the timeline for recruitment of cases and
controls to this case-control study occurred during the
COVID-19 pandemic. As a result of the paused recruitment and
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necessary amendments, the study did not meet the original goal
to recruit 500 cases and 500 controls, and the sample size for
analysis was smaller than originally intended. Due to the nature
of recruitment of cases and controls, there was on average a
13-year age difference between cases and controls, reflecting
an age bias in acceptability of sharing data, participating in
research, and online recruitment of controls (HRB, YH, and
JMF preliminary data, August 8, 2022). However, this age
difference was accounted for in all analyses either through age
adjustment or matching on age.

Future Research
This study highlights the significant timeframe (9 to 19 months
prior to diagnosis) in the patient interval in cancer diagnosis for
when individuals who have yet to receive an ovarian cancer
diagnosis and may have been reacting to the bodily changes
and caring for their symptoms using OTC medications to
maintain their health status. In the landscape of cancer
epidemiology and symptom presentation research [5,6], this
result contradicts with the timelines reported for the first
symptoms recorded on primary care–based records to calculate
the patient interval, which potentially highlights the need to
have better data collection methods on patient well-being.

Likewise, this study only reported the temporal associations
between OTC purchases and ovarian cancer diagnosis, and

future data analyses will include understanding the
characteristics of changing patterns of purchases, as well as
combining other purchase categories that are not linked to
symptom management using unbiased machine-learning
approaches. Future analysis may also consider the association
between OTC purchases and other diseases with similar
symptoms, such as gastrointestinal diseases. With growing
literature on utilizing other data sources in health research,
transactional data have already been used to evaluate dietary
patterns, and such analysis is considered to be a tool that can
supplement our understanding of people’s dietary behaviors
[19,20]. Similarly, this type of surveillance could provide an
opportunity to utilize loyalty card programs, where available
around the world, to assess purchases related to OTC treatment
of many cancer types to improve earlier detection.

Conclusions
To date, the CLOCS has identified an increase in purchases of
OTC pain and indigestion medications among ovarian cancer
patients before diagnosis compared with those of women without
ovarian cancer. Further studies with larger numbers of ovarian
cancer patients, diagnosed at different stages, and more
participating retailers are needed to verify these findings, which
can lead to the future development of an alert system for
individuals to seek medical attention for the symptoms they are
experiencing sooner than they might otherwise.
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Abstract

Background: Unintentional injury is the leading cause of death in young children. Emergency department (ED) diagnoses are
a useful source of information for injury epidemiological surveillance purposes. However, ED data collection systems often use
free-text fields to report patient diagnoses. Machine learning techniques (MLTs) are powerful tools for automatic text classification.
The MLT system is useful to improve injury surveillance by speeding up the manual free-text coding tasks of ED diagnoses.

Objective: This research aims to develop a tool for automatic free-text classification of ED diagnoses to automatically identify
injury cases. The automatic classification system also serves for epidemiological purposes to identify the burden of pediatric
injuries in Padua, a large province in the Veneto region in the Northeast Italy.

Methods: The study includes 283,468 pediatric admissions between 2007 and 2018 to the Padova University Hospital ED, a
large referral center in Northern Italy. Each record reports a diagnosis by free text. The records are standard tools for reporting
patient diagnoses. An expert pediatrician manually classified a randomly extracted sample of approximately 40,000 diagnoses.
This study sample served as the gold standard to train an MLT classifier. After preprocessing, a document-term matrix was
created. The machine learning classifiers, including decision tree, random forest, gradient boosting method (GBM), and support
vector machine (SVM), were tuned by 4-fold cross-validation. The injury diagnoses were classified into 3 hierarchical classification
tasks, as follows: injury versus noninjury (task A), intentional versus unintentional injury (task B), and type of unintentional
injury (task C), according to the World Health Organization classification of injuries.

Results: The SVM classifier achieved the highest performance accuracy (94.14%) in classifying injury versus noninjury cases
(task A). The GBM method produced the best results (92% accuracy) for the unintentional and intentional injury classification
task (task B). The highest accuracy for the unintentional injury subclassification (task C) was achieved by the SVM classifier.
The SVM, random forest, and GBM algorithms performed similarly against the gold standard across different tasks.

Conclusions: This study shows that MLTs are promising techniques for improving epidemiological surveillance, allowing for
the automatic classification of pediatric ED free-text diagnoses. The MLTs revealed a suitable classification performance, especially
for general injuries and intentional injury classification. This automatic classification could facilitate the epidemiological
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surveillance of pediatric injuries by also reducing the health professionals’ efforts in manually classifying diagnoses for research
purposes.

(JMIR Public Health Surveill 2023;9:e44467)   doi:10.2196/44467

KEYWORDS

machine learning; pediatrics; child and adolescent health; text mining; injury; death; surveillance; pediatric admission;
hospitalization; patient record; unintentional injury; emergency department; emergency; epidemiological surveillance

Introduction

Unintentional injury is the leading cause of morbidity and
mortality in children worldwide [1]. An injury is defined as
tissue damage that occurs secondary to acute exposure to
physical agents (eg, thermal, kinetic, chemical, electrical, or
electrical energy or water) or chemicals (eg, poisoning). An
injury can be fatal or nonfatal and can occur unintentionally or
as a result of purposeful acts of harm (intentional) [2].
Unintentional injuries can be prevented or controlled because
they are potentially understandable and predictable [3].

In 2013, 15.4% of 2.6 million unintentional injuries worldwide
involved a fatal outcome for children between 1 and 14 years
of age [1]. In Europe, 42,000 children and adolescents aged
0-19 years died of unintentional injuries in 2004 [4]. Moreover,
a considerable number of children may incur some form of
disability as a result of injury, often with lifelong consequences
[5]. Decreasing the injury burden is the main challenge for child
and adolescent public health policies over the next century [6].
For this reason, public health departments must pay more
attention to the problem to implement prevention policies [6].

Injury surveillance is made difficult by a series of logistic and
structural challenges, the most important of which is the accurate
coding of injury mechanisms, products involved, types of injury,
and body parts involved, given that emergency department (ED)
admission and discharge records are largely based on narrative
free-text notes [7]. Injury surveillance integrated with timely
data dissemination is crucial for planning and evaluating
prevention policies [8] and quantifying injury burden and related
risk factors [9,10].

In Italy and other European and newly developed countries [11],
narratives and free-text records are standard tools for reporting
patient diagnoses. Automatic classification of such free-text
information using machine learning techniques (MLTs) would
be a powerful tool to improve injury surveillance [12].

This is true, especially for the ED, where physicians and medical
personnel often face stressful situations from a clinical and
management perspective [13]. Within this general framework,
it could be promising to provide an automated MLT-based
system aimed at facilitating free-text diagnosis encoding, by
also limiting an additional burden for the overwhelmed medical
staff. This MLT-based system could be tailored for research

and epidemiological surveillance purposes. Furthermore, this
surveillance system could be promising for pediatric injury
surveillance purposes because most of the incidents that occur
on the ground are referred to such departments, especially large
pediatric EDs [13].

The literature over the past 10 years indicates an increasing
interest in the automated categorization of free-text diagnoses
due to the increased availability of documents in digital form
[14,15]. Automatic MLT classifiers can learn (during the
training phase) from a set of manually classified documents
with complex free-text lexical patterns. A properly trained MLT
tool can categorize a free-text record into its corresponding
class. The advantages of this approach over manual methods
are efficiency and saving time (in terms of expert labor) for
free-text classification [15].

Statistical text mining methods can also be useful tools to
classify electronic ED admission records and properly identify
unintentional injury events [15].

This study represents, to our knowledge, the first effort in the
literature in proposing an automatic injury classification system
based on the free-text data of pediatric ED diagnoses. We
propose this algorithm to facilitate injury epidemiological
surveillance. The system is aimed at limiting the burden of
health care professionals, who are overburdened by patient care
and management tasks, in manually classifying diagnoses for
epidemiological research.

Methods

Data Selection
The study included 283,468 pediatric ED records with a filled
discharge diagnosis field among 293,215 records [16] from the
local electronic medical record system of Padova University
Hospital in Northeast Italy between 2007 and 2018 (Figure 1).

The average ED annual workload is approximately 25,000 visits.
The upper age limit to access the pediatric ED is 15 years. A
higher and more variable age limit applies to children followed
by the Department of Pediatrics for chronic illnesses. The
Padova Hospital Pediatrics ED is characterized by high patient
turnover with an average hospitalization time of 4-5 days. The
number of admissions after ED access is approximately 850 per
year.
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Figure 1. Study flowchart—emergency department (ED) selection and gold standard identification together with manual injury classification procedure.
Machine learning technique (MLT) cross-validation and prediction procedures for tasks A, B, and C are represented by the dark grey box.

Ethics Approval
The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee
of Azienda Ospedaliera of Padova (Hospital Ethics Committee;
0022925) on April 8, 2021. The analysis is carried out on
observational data of a secondary nature; however, patients
signed a consent form to allow the data to be used for scientific
purposes at the time of collection. The records of each patient
are kept anonymous with an appropriate identification key

excluding personal information. No Compensation has been
provided for subjects involved in the research.

Learning Algorithm for Epidemiological Surveillance
The definition of the free-text classification algorithm and its
use for epidemiological surveillance purposes consisted of
several phases, as reported in Figure 2. These phases are the
following:

1. A training set was defined as a gold standard and was
composed of a random sample of ED diagnoses.
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2. The gold standard diagnoses were manually classified by
an expert physician into injury versus noninjury (task A),
intentional versus unintentional injury (task B), and type
of unintentional injury (task C), according to the World
Health Organization (WHO) classification of injuries.

3. The preprocessed and manually classified gold standard
cases were used to train the MLTs algorithms in classifying
the diagnoses according to tasks A, B, and C. Several
algorithms were considered to define the MLT tools; the

most performing algorithms would be considered for the
predictive tool definition.

4. The trained tool served to automatically classify the
remaining ED diagnoses by providing a proof of concept
of the injury epidemiology in the geographical area referring
to the Padua ED center.

5. Once optimal algorithms were defined, they could be used
to classify diagnoses on a new ED referral pediatric patient
by defining an automated epidemiological surveillance
system.

Figure 2. Flowchart of learning algorithm development for injury epidemiological surveillance. ED: emergency department; MLT: machine learning
technique.

Gold Standard Definition
A randomly extracted subset of 40,031 ED records was manually
classified (Figure 1) by a clinician for the following 3
classification tasks:

1. Injury or noninjury events, characterized as classification
task A.

2. Intentional or unintentional injury events as classification
task B (performed on diagnoses classified as injury in
classification task A).

3. Unintentional injury category as classification task C
(performed on records classified as unintentional injury in
classification task B).

In this study, unintentional injury ED records were classified
based on the WHO [17] classification of 5 types of unintentional
injuries: road traffic injuries, poisoning, falls, fires, and
drowning. We added a sixth category of unintentional injury
exclusive of the WHO categories called “other unintentional
injury.” In addition, the WHO classes represented by fewer than
15 records were not considered for cross-validation of the
automatic MLT classifier.

Foreign body or choking injury events were also excluded
because they constitute a separate epidemiological category
conducive to purpose-specific studies [18].

Data Preprocessing
Free-text diagnoses were preprocessed by removing punctuation,
as reported in the literature [19], stop words, white spaces, and
numbers, leaving only word stems. All words were converted
to the lowercase font.

After cleaning the text corpus, the free-text data were
represented via a document-term matrix (DTM) that represented
the diagnostic text data in the form of a matrix. The rows of the
matrix reported the sentence for the single diagnosis, and the
columns of the matrix represented the single word that composed
the sentence. The DTM was filled by weighting each word term
with the inverse of its frequency.

The most frequent words in the ED free-text records were also
reported considering the unprocessed DTM in manually
classified gold standard cases.

Different MLT algorithms were trained and tuned to classify
injury diagnoses, as follows:
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• The decision tree (DT), random forest (RF), and gradient
boosting method (GBM) tree-based models.

• The support vector machine (SVM) method served as a
comparison tool against the tree-based models.

MLT Classifier Cross-Validation
The filtered manual classification of 39,576 cases (Figure 1)
served as the gold standard for training and cross-validating
(4-fold) the MLT tool. In the literature, it is documented that
4- or 5-fold cross-validation is appropriate to minimize the SD
accuracy estimate of a tuned model [20].

Tree-Based Methods and the Comparator

Decision Trees (DTs)
DTs are classification or regression models based on a top-down
methodology in which, starting from the root node, binary splits
of data are generated until a certain criterion is satisfied. The
classification error rate has been considered as the fraction of
training observations in a particular tree partition that doesn’t
belong to the most widely occurring class [21].

The DT is a classification method that in several cases suffers
from overfitting; for this reason, ensemble methods are provided
in the literature. For example, bagging or bootstrap aggregation
is a technique for reducing the variance of an estimated
prediction function. Bagging seems to work especially well
with high variance and low-bias procedures, such as trees [22].

Random Forest (RF)
Rf is a modification of the bagging method that constructs a
large collection of poorly correlated trees and then calculates
the average. In many problems, the performance of RF is high;
RFs are also easy to train and regularize. As a result, they have
become quite popular [23]. The RF tree-based algorithm
involves the computation of hundreds to thousands of DTs and
merges them to increase the generalizability of the model. The
DT combination essentially takes the form of an ensemble
method. Weak learner (or single DT) pooling is used as a
strategy to obtain more powerful learners [22].

Gradient Boosting Method (GBM)
The GBM is based on sequential boosting improvements of
weak classifiers (high bias and low variance). The GBM
sequentially adds one classifier at a time so that the next
classifier is trained to improve the previously trained DT. In
contrast, the RF algorithm trains each classifier independently
of the others [22].

Support Vector Machine (SVM) as the Comparator
The main objective of the SVM algorithm is to find an optimal
hyperplane of a feature space of N dimensions (where N is the
number of features) that distinctly classifies the data points into
a binary partition [24]. Several hyperplanes may separate the
resulting classes of data points. The SVM algorithm considers
the hyperplanes that maximize the margin (the distance between
the data points of the classes). The SVM algorithm was selected
as a comparator for tree-based algorithms. The kernel hyperplane
approach has been considered for the computation.

Classification Tasks
Three classification tasks were considered for the analysis, as
follows:

• Classification of injury versus noninjury events (task A)
• Classification of intentional versus unintentional injury

events (task B)
• Classification of unintentional injuries (task C) based on

the WHO categorization (poisoning, road traffic, falls, fires
and burns, drowning, and other unintentional injuries) [5].

Performance Evaluation
The performance of the MLT classifiers was evaluated using
cross-validated accuracy and Kappa agreement values compared
to the gold standard. In particular, the training set represented
by the gold standard is one of the largest such sets produced to
classify injuries.

For classification scenarios that involved severe class imbalance
(where the minority class is represented by less than 15% of
the cases), balanced accuracy was reported.

The mean and maximum accuracies computed for all classes
that included unintentional injuries in the gold standard records
were also calculated. Other performance measures were reported
concerning positive and negative predictive values, sensitivity,
and specificity.

MLT Predictions
MLT predictions for classification tasks A, B, and C were
calculated for admissions to the ED of children residing in Padua
(221,175 records; Figure 1). Subsequently, Poisson 95% CIs
for injury incidence rates over the Padova province resident
child (aged 0-18 years) population were computed to compare
the predictions of the different MLT methods. The person-time
was identified in the period of 2007-2018 by considering the
official Italian statistic data source ISTAT [25]. The number of
cases in the period was estimated using the RF, GBM, DT, and
SVM algorithms.

Synthesis of Data
Summary statistics of the gold-standard case data were reported
as follows: continuous data were summarized as first quartile,
median, and third quartile; categorical data were reported as
percentages and absolute frequencies. Wilcoxon-type tests were
performed for continuous variables, and Pearson chi-square test
or Fisher exact test, as appropriate, were performed for
categorical variables.

The computations were performed using R 3.4.2 (R Foundation
for Statistical Computing) [26] with the caret package [27] as
a machine learning R interface and the rms package [28] for
descriptive and standard statistical analyses.

Results

Gold Standard Description
The gold standard set used to train the MLT classifiers (39,576
cases) was composed of 19,659 female and 19,917 male
individual admissions (Table 1). The sample was mainly
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composed of Italians, and 33,474 (85%) gold standard cases
were aged between 1 month and 15 years (Table 1).

Injury events were mainly represented by Italian male children
between 6 and 15 years of age (Table 1). Among the 8232
injuries in Table 1, only 50 (0.6%) cases were intentional
injuries.

Manually classified WHO unintentional injury drowning cases
were not considered in the analyses because there were only 12
such cases (Figure 1). Falls and road traffic injuries were the
main types of unintentional cases in the gold standard set (Table
1).

Table 1. Characteristics of the gold standard cases. Continuous data are reported as medians (first and third quartiles); categorical data are reported as
percentages and absolute frequencies. Wilcoxon-type tests were performed for continuous variables; Pearson chi-square test or Fisher exact test, as
appropriate, were performed for categorical variables.

P valueOverall (N=39,576), n (%)Injury (N=8232), n (%)Noninjury (N=31,344), n (%)Characteristics

<.001Gender

19,659 (50)3897 (47)15,762 (50)Female

19,917 (50)4335 (53)15,582 (50)Male

<.001Age

4159 (11)103 (1)4056 (13)1-28 days

6737 (17)702 (9)6035 (19)29 days-1 year

6681 (17)1388 (17)5293 (17)1-3 years

6657 (17)1387 (17)5270 (17)4-5 years

6665 (17)1945 (24)4720 (15)6-10 years

6734 (17)2564 (31)4170 (13)11-15 years

1943 (5)143 (2)1800 (6)≥16 years

<.001Nationality

18,270 (46)3395 (41)14,875 (47)Other countries

21,306 (54)4837 (59)516,469 (53)Italian

<.001Season

9704 (25)2114 (26)7590 (24)Spring

9921 (25)2381 (29)7540 (24)Summer

9958 (25)2175 (26)7783 (25)Autumn

9993 (25)1562 (19)8431 (27)Winter

<.001Manual classification of events

31,344 (79)—a31,344 (100)Noninjury

50 (0)50 (1)—Injury (intentional)

176 (0)176 (2)—Injury (unintentional: poisoning)

589 (1)589 (7)—Injury (unintentional: falls)

520 (1)520 (6)—Injury (unintentional: road traffic)

194 (0)194 (2)—Injury (unintentional: fires and burns)

6703 (17)6703 (81)—Injury (unintentional: other)

aNot applicable.

Free-Text Diagnosis Description
The free-text diagnosis field of the gold standard cases was
preprocessed, and the DTM was synthesized based on word
occurrence. A manual frequency evaluation of noninjury
diagnoses found the most frequent words were “high,”
“respiratory,” “tract,” “inflammatory,” and “fever,” whereas
the most frequent words in injury diagnoses were “skull,”

“trauma,” “wound,” “fracture,” and “hand” (Figure S1 in
Multimedia Appendix 1).

Regarding the unintentional injury classes (Figure S2 in
Multimedia Appendix 1), “trauma” was the most frequent word
found in falls, road traffic, and other unintentional injury
diagnoses.

Burn events were mainly described with hand-related attributes
such as “right” and “left.” No drowning events were reported.
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The words “ingestion” and “suspected” were mainly associated
with poisoning diagnoses.

MLT Classifier Performance

Classification Task A: Injury Versus Noninjury
The average cross-validated accuracy reported as percentages
for the different MLT classifiers was greater than 85% in every
case and was very similar for the SVM, GBM, and RF models
(Table 2).

A high level of agreement among the methods can be found
using the kappa measure, which was greater than 79% in every
case with the exception of DT (Table 2). In addition, the kappa
performance of the RF and SVM methods was very similar.

Most disagreement cases stemmed from a mismatch with the
gold standard, and the methods exhibited a high level of
consistency in this regard. For example, the percentage of
correctly evaluated injuries was very similar for the SVM and
RF disagreement cases (Table S1 in Multimedia Appendix 1).

Table 2. Injury versus noninjury classification task comparative cross-validated accuracies and kappa scores of the machine learning technique (MLT)
classifiers.

Support vector machineGradient boosting methodDecision treeRandom forestFeature

94.1494.188.3894.09Overall accuracy (%)

81.7781.6358.6681.76Overall kappa (%)

0.9832180.9850650.9933960.980475Sensitivity

0.7904920.75180.3814130.795633Specificity

0.9442370.9347270.8528190.945387Positive predictive value

0.9288520.9331170.9411990.918657Negative predictive value

Classification Task B: Intentional Versus Unintentional
Injury
The balanced accuracy performance was greater than 70% for
RF, GBM, DT, and SVM (Table 3).

Considering the other metrics (ie, sensitivity, specificity,
negative predictive values, and positive predictive values), the
algorithms were able to classify unintentional cases, as the
negative predicted values were greater than 99% in every
unintentional case. Intentional injuries, in contrast, were
misclassified in several cases, and the positive predictive values
were less than 2% in every case (Table 3).

Table 3. Intentional versus unintentional injury classification task comparative cross-validated performance measures of the machine learning technique
(MLT) classifiers.

Support vector machineGradient boosting methodDecision treeRandom forestFeature

70.8676.6575.6371.33Balanced accuracy (%)

0.640.76440.70.6867Sensitivity

0.76310.75630.77870.7401Specificity

0.01540.01780.0180.0151Positive predictive value

0.99730.99820.99780.9976Negative predictive value

Classification Task C: Unintentional Injury Category
The algorithms were trained and tuned on different subclasses
of unintentional injuries, and the scores of a balanced accuracy
measure were found to be relatively greater and similar for RF,
SVM, and GBM, and smaller for DT (Table 4).

For the other metrics, all the algorithms correctly identified
poisoning and other unspecified injuries. For these classes, the

classification positive predictive values were greater than 60%
in every case for the different MLT methods (Table S2 in
Multimedia Appendix 1). The metrics reported in Table S2
(Multimedia Appendix 1) also revealed decreased performance
for the identification of trauma-related injuries, such as “burns,”
“falls,” and “road traffic,” where the sensitivity was less than
15%.

Table 4. Unintentional injury classification task (in every case, maximum accuracy is achieved for the poisoning class).

Support vector machineGradient boosting methodDecision treeRandom forestFeature

91.6291.6381.0991.42Maximum balanced accuracy (%)

64.9565.0759.2664.59Mean balanced accuracy (%)

JMIR Public Health Surveill 2023 | vol. 9 | e44467 | p.954https://publichealth.jmir.org/2023/1/e44467
(page number not for citation purposes)

Azzolina et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Predicted MLT Injury Incidence Rates
For the 221,175 ED visits studied (Table S3 in Multimedia
Appendix 1), the median age was 4 years, and the majority of
the children were of Italian nationality (172,577, 78%). The
estimated number of injury cases was similar for RF, GBM,
and SVM but relatively lower for DT (Table S4 in Multimedia
Appendix 1).

The estimated incidence rates of ED entrance for Padova
residents (2007-2018) were very similar across the GBM, RF,
and SVM methods and slightly lower for DT (Figure S3 in
Multimedia Appendix 1).

Discussion

Principal Findings
In Italy, unintentional injuries in children have been scarcely
investigated. Padova Hospital is an important health center in
Northeast Italy, characterized by a high number of daily ED
visits due to unintentional injuries. Analysis of the Padova
Hospital ED database represents a suitable starting point for the
development of a reliable and generalizable epidemiological
injury surveillance system.

The free-text classification may improve the epidemiologic
surveillance of pediatric ED injuries. However, the manual
classification of free-text diagnoses is often time-consuming
and requires highly trained clinicians [29]. On the contrary,
automated text classification approaches require relatively fixed
data sources and can improve the efficiency and timeliness of
ED surveillance systems [29].

Several MLT methods are currently used to perform automatic
text classification. The methodological comparison of different
MLTs is useful to achieve a valid and accurate text classification
[30]. This study demonstrates that ensemble tree-based
resampling methods (RF and GBM) and SVMs are consistent
with each other [31], reporting good classification accuracy [11]
over different classification tasks, as corroborated in the
literature [12]. DT is known to have a high variance when using
training or test sets different from the same data set because it
is prone to overfitting. Moreover, the optimal choice of an MLT
classifier should be integrated and tailored to gold-standard data
characteristics, such as the number of classes, class imbalance,
and the correlation structure of predictors. In the literature,
ensemble methods (ie, RF and GBM) have been shown to be
more robust in relation to these previously mentioned issues
[32].

Cross-validation is a useful method that limits overfitting and
allows tuning of DT parameters to optimize model accuracy
[33]. The best classifier performance in this study was achieved
on the task of identifying injury versus noninjury cases in ED
visits (task A).

Regarding surveillance, the implications of our results are clear;
current injury surveillance systems are largely based on
mortality or hospital discharge data [13]. However, thousands
of pediatric patients are treated in the EDs and subsequently
discharged [13]. In Italy and other European and newly
developed countries, ED data often contain narratives and free

text to describe patient diagnoses [11]. Thus, an automated ED
surveillance system, not requiring additional physician work,
would be a suitable tool for comprehensive surveillance of
childhood injuries. A negative predictive value of at least 99%
was found to identify unintentional injuries; this indicates that
there is a high probability that the cases identified as
unintentional by this algorithm were unintentional. MLTs are
capable of correctly classifying unintentional cases, which are
highly prevalent injury events. In the literature [34],
unintentional injury ED visits were found nearly 20 times more
than intentional injury ED visits in the United States, and the
pattern is similar in European countries [35].

The algorithms in this study performed poorly on the
identification of intentional events. The reason for this poor
performance was due to a lack of intentional injury cases (n=50,
0.6%) in the data [19]. Other methods are needed to develop a
more accurate free-text classifier for intentional injury events.
Poor performance was also evident in the distinction of
trauma-related injuries (eg, falls and road traffic injuries).

MLTs (especially ensemble algorithms) have shown good
classification performance in poisoning events. From an
epidemiological perspective, poisoning events remain the third
most common cause of unintentional injuries in Italy and Europe
[4].

Large EDs are important sources of surveillance for pediatric
diseases, especially for trauma and injury-related issues, given
that most of such events refer to these departments [13].
However, the staff employed in such facilities often work in
stressful situations, and the time and human resources to devote
to data collection and accurate diagnosis coding may be very
limited. In this general framework, our proposed MLT-based
tool could facilitate the automatic classification of events for
surveillance purposes. Once implemented, this algorithm could
be easily improved by accumulating more data on less prevalent
injury categories. It is hereby possible to obtain a general
overview of the phenomenon on the territory by monitoring its
epidemiological evolution over time. This system could facilitate
the timely activation of intervention policies, regardless of the
alarming concentrations of injury events.

Moreover, it is also important to improve surveillance systems
using classified ED data integrated with hospital discharge or
mortality records to design effective injury prevention programs
and interventions. In this general context, the proposed
ML-based injury classification tool could be a first step toward
addressing the burden of pediatric injuries from a new holistic
perspective [36].

Limitations
One first limitation of this study is that the data used for injury
classification provide little information on what happens
between ED admission and the final diagnosis. Moreover, as
the triage service is extremely operator dependent, human factors
represent an important confounding aspect of injury
classification.

Another possible limitation is the small prevalence of certain
types of injury, such as intentional injuries and drowning (among
unintentional ones); this issue makes the algorithm’s

JMIR Public Health Surveill 2023 | vol. 9 | e44467 | p.955https://publichealth.jmir.org/2023/1/e44467
(page number not for citation purposes)

Azzolina et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


performance on these types of events lacking. The injury and
unintentional injury classifications constitute the leading
classification task for this research; however, further research
developments are needed to enrich the diagnosis data on these
types of injuries and train the classification machine for a more
refined surveillance tool. Moreover, the poorly represented
classes of unintentional injuries constitute an issue to be
deepened from a technical standpoint. Within this framework,
further research is needed to develop algorithms tailored to
handle severe class imbalance.

Another point to explore is the generalization of the algorithm;
the MLT performance may be influenced by a training process
performed on diagnoses data retrieved from the same center,
where the referring physicians could maintain the same writing
style across the data set. For this reason, data from other centers
would be needed to generalize the validity of the
epidemiological tool. Despite this limitation, this tool constitutes
a proof of concept of an epidemiological surveillance attempt
performed using a machine trained on data from a large pediatric
ED referral center in Northeast Italy.

Conclusions
This research paper reports an MLT-based free-text
classification application conducted for the epidemiological
surveillance of pediatric injuries. The algorithms have been
trained considering the free-text diagnoses data of the Padova
University Hospital ED unit, a large referral center in Northeast
Italy.

The results of this study, for the injury classification task,
showed that MLTs are a promising tool for improving
epidemiological surveillance, allowing for the characterization
of pediatric injuries in the ED by considering the free-text
diagnoses as data sources.

The reported classification performance is satisfactory,
especially for general injuries and intentional injury
classification. These research results could facilitate the
surveillance of a phenomenon that is often not easy to identify.
Moreover, the approach could save time for health professionals
working in the ED in manually classifying diagnoses for
research purposes.
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Abstract

Background: The COVID-19 outbreak has revealed a high demand for timely surveillance of pandemic developments. Google
Trends (GT), which provides freely available search volume data, has been proven to be a reliable forecast and nowcast measure
for public health issues. Previous studies have tended to use relative search volumes from GT directly to analyze associations
and predict the progression of pandemic. However, GT’s normalization of the search volumes data and data retrieval restrictions
affect the data resolution in reflecting the actual search behaviors, thus limiting the potential for using GT data to predict disease
outbreaks.

Objective: This study aimed to introduce a merged algorithm that helps recover the resolution and accuracy of the search volume
data extracted from GT over long observation periods. In addition, this study also aimed to demonstrate the extended application
of merged search volumes (MSVs) in combination of network analysis, via tracking the COVID-19 pandemic risk.

Methods: We collected relative search volumes from GT and transformed them into MSVs using our proposed merged algorithm.
The MSVs of the selected coronavirus-related keywords were compiled using the rolling window method. The correlations
between the MSVs were calculated to form a dynamic network. The network statistics, including network density and the global
clustering coefficients between the MSVs, were also calculated.

Results: Our research findings suggested that although GT restricts the search data retrieval into weekly data points over a long
period, our proposed approach could recover the daily search volume over the same investigation period to facilitate subsequent
research analyses. In addition, the dynamic time warping diagrams show that the dynamic networks were capable of predicting
the COVID-19 pandemic trends, in terms of the number of COVID-19 confirmed cases and severity risk scores.

Conclusions: The innovative method for handling GT search data and the application of MSVs and network analysis to broaden
the potential for GT data are useful for predicting the pandemic risk. Further investigation of the GT dynamic network can focus
on noncommunicable diseases, health-related behaviors, and misinformation on the internet.

(JMIR Public Health Surveill 2023;9:e42446)   doi:10.2196/42446
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internet search volumes; network analysis; pandemic risk; health care analytics; network connectedness; infodemiology;
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Introduction

Background
Since the discovery of the first case of COVID-19 in December
2019, the pandemic has continued to develop and spread
globally for >3 years. With the new wave of COVID-19 that
began in early 2022 owing to the Omicron variant [1], confirmed
cases rose to 540 million and deaths rose to 6.3 million by the
end of June 2022 [2]. To deal with such serious disease
outbreaks, real-time disease surveillance plays a crucial role for
policy makers in their efforts to effectively implement timely
health measures and allocate resources. However, disease
surveillance generally relies on laboratory testing results [3],
which are limited by testing time and capacity [4]. Relevant
clinical data, such as data for mortality, morbidity, and utility
rate of the health system, are regarded as another layer of
reliable population-scale indicators for tracking the spread of a
pandemic [5]. Unfortunately, these official statistics usually lag
behind the infection situation [4,6]. As a result, there is a need
to explore other possible population-scale data as
complementary sources for tracking pandemic risk in real time
without the limitations of the traditional surveillance methods.

Internet use is a common human behavior worldwide, as
reflected in the rapidly growing number of internet users and
social media users globally [7]. In particular, the internet has
become an important source of health care information [8].
Therefore, internet search data are now a valuable
population-level resource for tracking disease development,
complementing the traditional surveillance methods [9].
Consequently, an increasing number of infodemiological studies
have sought to address the need for public health enhancement
by applying internet user–contributed, health-related content.
Investigations of infoveillance, an emerging type of public
health syndromic surveillance that is based on information from
the web [10], have been proposed for tracking various health
issues [11-13].

Google Trends (GT) is a Google website that analyzes the
popularity of search queries and thus provides a platform for
the public’s use in retrieving the real-time search patterns of
internet users worldwide [14]. As an official Google service,
the aggregate GT data range from multiple sources of Google
search engines, including web searches, image searches, news
searches, Google shopping, and YouTube searches. There has
been an upward trend in public health and epidemiological
research on the use of GT in the last decade [15], and GT data
have been proven to be reliable forecast and nowcast measures
for official statistics and social topics, such as unemployment
[16] and waves of pathogenic infections [17,18]. As the data in
the repository are freely available and updated in real time, GT
is considered to be a timely infoveillance tool that can
complement the traditional surveillance methods well [9,19].
In particular, because the impact of an infectious disease will
likely attract the public’s attention, many previous studies have
attempted to investigate the associations between search volumes
of internet queries and disease outbreak trends, such as with the
outbreaks of Ebola [20] and Middle East respiratory syndrome
coronavirus [21]. A methodology framework was also developed

for working with GT data in infodemiology and infoveillance
[22]. However, although web-based data are a good indicator
for predicting changes in human behaviors [23], the application
of GT data to health care research is relatively novel and has
been evolving quickly only recently [24,25].

Although access to GT data is free, there are several limitations
in retrieving the data. GT does not provide the actual number
of searches for a particular topic of interest at a particular time
and in a particular geographic region. Instead, it only shows
“interest over time” by providing relative search volume (RSV)
time series data, normalized to a time and geographic region,
using a scale from 0 to 100. A value of 100 represents the peak
popularity of a particular search interest at a particular time and
location, and a value of 30 indicates that a particular search
interest was 30% as popular as that of the peak search activity.
Therefore, GT data over long time horizons will result in heavily
normalized data with reduced resolution [18], thus rendering
the gathered data noisy and limiting the predictive power of the
data. The normalization of the GT data does offer convenience
in comparison, but it also poses limitations in tracking search
behaviors longitudinally with a high frequency, such as daily
updating of search volumes. Early research on GT data also
indicated that it is a nontrivial endeavor to aggregate information
on GT data from multiple keywords. Therefore, there is a need
to search for an effective method of retrieving GT data that
increases the resolution of RSV to reflect a trend of interest and
that integrates search data from multiple keywords.

Previous studies have tended to use the retrieved GT data of
specified search queries for correlation analyses and modeling
[9,11,19,23,26]. Many previous studies have been conducted
on COVID-19–related keywords [18,27-30] and have
demonstrated the importance of using multiple keywords.
Although the inclusion of multiple search queries can help
provide valuable information for tracking human behavior and
public health issues [11], the linkage among the search queries
remains a challenge for empirical studies seeking to analyze the
data systematically [31]. Furthermore, we cannot ignore the
potential of connectedness among search interests in reflecting
the complexity of information searching behaviors among
internet users. Understanding the complex search behavior will
be crucial when using search data to develop an effective
infoveillance system for infection outbreaks.

Objectives
This study sought to extend the application of GT data in
predicting disease outbreaks by demonstrating the application
of merged internet search volumes and to propose a dynamic
network approach to tracking COVID-19 pandemic risk.
Specifically, we introduced the construction of GT networks
over time, in which the network nodes were represented by
different keywords. Our proposed GT network method can help
incorporate internet search information from multiple keywords
into a network. Using GT network structures and related network
statistics, we were able to study the dependence among
keywords—for example, COVID-19–related words—and learn
topological features of search volumes of different keywords.
We also examined the predictive power of the proposed
application of our GT network method through trend analysis
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and dynamic time warping (DTW). In the case of COVID-19,
which we studied in this research, we investigated the
implications of topological features on the COVID-19 pandemic
risk.

Methods

This section describes the methodology used in this study. A
set of custom Python scripts was used for data acquisition,
cleansing, analysis, and most of the data visualization. Gephi
0.9.7 from Gephi Consortium [32] was used to create the base
network graphs.

Data Acquisition
In this study, the aggregated data from GT were retrieved for
analysis. We used the time series data of “interest over time”
as the RSV. The numerical data, ranging between 0 and 100,
indicated the “search interest relative to the highest point” for
the defined filtering region and the period. However, according
to Google’s own definition, the value of “50” means the search
term is “half as popular,” whereas “0” means low search volume
was recorded for the term (ie, <1% of the searches attributed to
the most searched term in the search list) [33]. This reflects that
the “interest over time” can be regarded as a latent variable of
the actual volume of searching. However, noise may be
introduced through rounding and normalization. Although noise
is unavoidable, we attempted to alleviate the effects of noise
through a shingling technique, as proposed in the Transforming
Multiple RSVs Into a Single MSV section, and to focus on the
analysis of the constructed temporal network.

Discovery of Related Keywords
Many previous studies used “related queries” to widen their
scope of keyword coverage. Although this approach increases
the number of search terms drastically, we opted to use “related
topics” (RTs) because of their unambiguous characteristics and
the inclusion of translations of the same concept into other
languages.

For example, if a researcher is interested in understanding the
search volume for Apple Inc, the computer and smartphone
manufacturing company, when one enters only the word “apple,”
GT will return the results for that exact word, without much
interpretation. Therefore, the resulting data can hypothetically
include a news report for the computer company’s latest product
and the nutritional information for the fruit. Instead, researchers
can search for a “topic” that filters out searches irrelevant to the
computer manufacturer by picking “Apple (Technology
Company).”

However, to the best of our knowledge, GT does not provide a
public repository of the available topics. Yet, when a user enters
certain keywords, GT will recommend a list of related queries
and topics that can be used as our starting seed topics. On the
basis of this method, we entered several queries, namely,
“COVID-19” and “coronavirus,” which yields 3 RTs:
“Coronavirus disease 2019 (Disease),” “Severe acute respiratory
syndrome coronavirus 2 (Virus),” and “Coronavirus (Virus).”
We continuously downloaded the RTs of the 3 seed topics we
yielded in a 7-day sliding window from January 29, 2020, to
March 4, 2022. All the keywords prompted by GT were included
in the pool of keywords.

To remove the regional effects from our results, keywords
related to specific regions were excluded. We determined that
a term was region related if it was categorized by GT as one of
the following: “country,” “state,” “province,” “prefecture,”
“municipality,” “island,” “region,” “county,” “capital,” “city,”
“autonomous community,” and “town.” For example, when we
receive an RT “Stay-at-home order (Topic)” (machine tag:
“/g/11hf9srvdz”) from GT, we will include it in our network,
as it was determined as a “Topic” and is not in our exclusion
category list. In contrast, if we receive an RT “Germany
(Country in Europe)” (machine tag: “/m/0345h”) from GT, we
will discard the topic, as the topic was categorized as “country”
by Google, which is included in our exclusion category list.

After filtering, 228 topics were selected for this research,

referred to as the topic set (see Textbox 1 for the search
terms used).
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Textbox 1. Selected keywords related to the COVID-19 pandemic, used in the construction of our temporal network.

Coronavirus, Vaccine, COVID-19 vaccine, COVID-19 testing, Test, Signs and symptoms, Symptom, Symptoms of COVID-19, Strain, Severe acute
respiratory syndrome coronavirus 2, Worldometers, Statistics, Variant, AZD1222, AstraZeneca, Nasal congestion, Mutation, Emmanuel Macron,
Traffic light, GOV.UK, Bill, Preventive healthcare, Northern Beaches Council, Nueva Cepa, Certificate, Virus, Pfizer, BNT162b2, Side effect, Rapid
antigen test, Bell's palsy, Transmission, Isolation, Ivermectin, Food and Drug Administration, mRNA-1273, Centers for Disease Control and Prevention,
COVID-19 pandemic in New York City, Polymerase chain reaction, Guideline, British Columbia, CVS Pharmacy, Drive-through, CVS Health, Mink,
Regions of Italy, Galicia, TousAntiCovid, contagium, Tier 1 network, Blood type, Tier 2 network, Nasopharyngeal swab, 2020 coronavirus pandemic
in Scotland, Incubation period, Case, Donald Trump, 2019–20 coronavirus pandemic related application, NHS COVID-19, National Health Service,
Dashboard, Common cold, Silvio Berlusconi, Pandemic, Medical test, Departments of France, Serology, Infection prevention and control, Swine
influenza, Herman Cain, Hydroxychloroquine, Provinces of Vietnam, COVID-19 pandemic in Victoria, Sore throat, University of Oxford, COVID-19
party, Jair Bolsonaro, World Health Organization, Airborne transmission, 2020 coronavirus pandemic in Canada, Worldometer COVID-19 Dashboard,
County, COVID-19 pandemic in Texas, Asymptomatic, Disease outbreak, Rapid diagnostic test, Johns Hopkins University, Mortality rate, Antibody,
Maharashtra Police, DG Police Office Mumbai, COVID-19 pandemic in West Bengal expected, Oise, Lysol, Infection, 2019–20 coronavirus pandemic,
Death, Chinese language, Influenza, Pneumonia, China virus, Cruise ship, Cure, 2020 coronavirus pandemic in Singapore, Pangolins, Coronavirus
disease 2019, SARS, Antigen, Immunoglobulin G, Variety, Prefectures of Japan, Coronavirus Alpha variant, Immunity, RNA, RNA virus, Peplomer,
Roche Holding AG, Severe acute respiratory syndrome coronavirus, Roche, Disease cluster, Genome, Yahoo Japan Corporation, Robert Koch Institute,
Medical laboratory, Ebola, Avian influenza, Breaking news, Nucleic acid test, NHK, Municipalities of Japan, Federal Office of Public Health of the
Swiss Confederation, Test method, Immune system, Immunoglobulin M, Falling Number, Südwestrundfunk, interactive map, Subsidy, Remdesivir,
Microscope, Molecular biology, Study group, Oct-04, Bulletin board system, Typhoon, Host, Lockdown, DNA, Hoax, Risk, Dwayne Johnson, 爆サ
イ, Assay, Shinzo Abe, South African Revenue Service, PTT Bulletin Board System, Reverse transcription polymerase chain reaction, Severance
package, Health facility, Dabie bandavirus, Sequela, Inpatient care, Health professional, Go To Campaign, COVID-19 Contact-Confirming Application,
Jul-02, U.S. state, Middle East respiratory syndrome–related coronavirus, Chemical structure, Basic reproduction number, Micrometre, HIV/AIDS,
HIV, Accuracy and precision, Potency, Icelandic language, Interactivity, Wind wave, SARS outbreak, Genetics, Infectious disease, Bats, Patent,
MERS, Spanish flu, Tasuku Honjo, Robert Koch, Kumiko Okae, Ministry of Health, Labour and Welfare of Japan, Website about COVID-19 pandemic
in Vietnam, temporarily closed school, Case fatality rate, Mask, event, biological weapon, Diamond Princess, Vaccination rule, Point-of-care testing,
Stay-at-home order ordinance, Incidence, Tagesschau, Districts of Germany, hot spot, Press conference, Podkarpackie Voivodeship, Dashboard,
National Institute for Public Health and the Environment, Upper Austria, Child benefit, Demonstration, Travel warning, COVID-19 pandemic in Aichi
prefecture, Amitabh Bachchan, Tönnies Holding, Patanjali Ayurved, Mayu Watanabe, Logistics, Public transport, Hygiene, Public health, Emergency
medical services, Statistic, Advice, and News ticker

Downloading Search Volume Data From GT
To systematically retrieve data from GT, we used the library
pytrends [34]. We executed the custom script regularly to collect
the RSV data. Each request that was sent gathered a set of

30-day “interest over time” data :

For example, the RSV data gathered for the “Coronavirus

(virus)” from January 1, 2020, to January 30, 2020 were:

We then repeated the requests to collect data consecutively. We

list all the terms in Textbox 1 (topic set ). Our data collection
period for this research was from January 1, 2020 (t=
2020-01-30) to January 31, 2022 (t= 2022-01-31).

Merging of Multiple Short Time Series Trends Into a
Glandular Time Series Over a Longer Period
Inspired by Park et al [35], we devised a range-based merging
algorithm.

Let be an n-day actual search volume time series for a topic

on the days lying in the interval , and let Xi,t be the actual
search volume for a topic i on date t:

Assuming that GT applied the normalization with a common
correction factor Ct to the entire actual search volume time

series, the RSV returned can be considered as :

For any 2 consecutive GT RSV data sets, and , where v
= u + 1 and have the same data collection duration of n days,

based on our previous assumption, and are normalized
with the correction factors Cu and Cv within the interval [u − (n
− 1), u] and [v − (n − 1), v], respectively.

Given X(i,v) = X(i,u+1):

where

Through the moment estimator of , we can subsequently

obtain the estimate of with respect to the RSV , :

For example, considering the correction factor of the data point
for the term “Coronavirus (virus)” on January 31, 2020, from
2 RSV series of n=30 is:
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Thus, the adjusted data point for “Coronavirus (virus)” on
January 31, 2020, is as follows:

We can thus obtain a 31-day merged search volume (MSV) for
“Coronavirus (virus),” as shown in Table 1.

Through multiple iterations of estimations using a total of p
RSV time series, as shown in Tables 2 and 3, we can finally

obtain an MSV time series for the search term from t −
(n − 1) to t + (p − 1):

Continuing from our previous example, we can eventually obtain
the MSV time series for “Coronavirus (virus)” as follows:

In this study, we opted to use RSV time series data with a length
of 30 days (n=30), and the RSV time series for January 30,
2020, was used as the baseline against which other subsequent
RSV series were calibrated.

Table 1. A sample calculation of the correction factor and adjusted data point of January 31, 2020 , using data sets from January 1, 2020, to January
30, 2020, and from January 2, 2020, to January 31, 2020. Data set keyword: “Coronavirus.”

Merged Google Trends
time series

Correction factor for new data point on

January 31, 2020 

Data downloaded on January

31, 2020 

Data downloaded on January

30, 2020 

Date

0Out of scopeNot available in the sequence0January 1,
2020

00 / 0 = 1.00000January 2,
2020

00 / 0 = 1.00000January 3,
2020

...............

7575 / 78 = 0.9627875January 27,
2020

9090 / 91 = 0.9899190January 28,
2020

8989 / 88 = 1.0118889January 29,
2020

100100 / 100 = 1.000100100January 30,
2020

100 × 1.003 = 100.3100Not available in the sequenceJanuary 31,
2020
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Table 2. A sample calculation of the correction factor and adjusted data point of February 1, 2020 , using data sets from January 2, 2020, to January
31, 2020, and from January 3, 2020, to February 1, 2020. Data set keyword: “Coronavirus.”

Merged
Google
Trends time
series

Correction factor for new data point on

February 1, 2020 

Data downloaded on February 1,

2020 

Data downloaded on January 31,

2020 

Date

0Out of scopeNot available in the sequence0January 2, 2020

00 / 0 = 1.00000January 3, 2020

...............

7578 / 77 = 1.0137778January 27,
2020

9091 / 91 = 1.0009191January 28,
2020

8988 / 89 = 0.9898988January 29,
2020

100100 / 95 = 1.05395100January 30,
2020

100 × 1.003
= 100.3

100 / 100 = 1.000100100January 31,
2020

72 × 1.008 =
72.60

72Not available in the sequenceFebruary 1,
2020

Table 3. A sample calculation of the correction factor and adjusted data point of February 1, 2022 , using data sets from January 1, 2022, to January
30, 2022, and from January 2, 2022, to January 21, 2022. Data set keyword: “Coronavirus.”

Merged Google
Trends time se-
ries

Correction factor for new data point on

January 31, 2022 

Data downloaded on January 31,

2022 

Data downloaded on January 30,

2022 

Date

76 × 0.3007 =
22.85

Out of scopeNot available in the sequence55January 1,
2022

90 × 0.2764 =
24.88

24.88 / 60 = 0.41466064January 2,
2022

...............

95 × 0.4018 =
38.17

38.17 / 90 = 0.42419094January 26,
2022

88 × 0.4107 =
36.14

36.14 / 87 = 0.41548789January 27,
2022

82 × 0.4107 =
36.14

33.87 / 82 = 0.41308286January 28,
2022

80 × 0.4010 =
33.87

32.08 / 77 = 0.41677783January 29,
2022

79 × 0.4022 =
31.77

31.77 / 76 = 0.41817679January 30,
2022

78 × 0.4149 =
32.36

78Not available in the sequenceJanuary 31,
2022

Construction of Daily Search Volume Networks Using
Merged GT Time Series Data

Let N be the size of the search term set . We considered the
temporal network construction in an R-day rolling window. To
better focus on the changes of MSVs and to ease the magnitude
of differences between MSVs, we followed the studies by Chu
et al [36] and So et al [37] to obtain square-rooted-differenced

data. Thus, the square-rooted-differenced MSV matrix (Yt) at
time t is as follows:

A covariance matrix (ρt) of each search term in the
square-rooted-differenced MSV matrix (Yt) can be determined,
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where the correlation between the search terms i and j at time

t is .

Using the correlation matrix ρt, we can then construct an
undirected network of search terms with an adjacency matrix
At formation at time t as:

In this study, we used a rolling window length (R) of 30 days
to construct the network.

Calculation of Network Statistics

Network Density
On the basis of the method proposed by Chu et al [36], we
defined the network density (Dt) of a network at time t as
follows:

where Et is the number of edges in the network at time t and Ct

is the number of possible connections between all nodes (ie,
search terms) at time t. Dt assesses the connectedness of the
nodes present at time t. Higher values represent higher
connectedness at a given moment.

Global Clustering Coefficient
As defined by So et al [37], the global clustering coefficient
(GCt) was calculated based on the local clustering coefficients

ci,t of all nodes in the network at the time (ie, ). We first
defined the calculation of the local clustering coefficients for
the search term i as follows:

where ei,t is the “number of connected pairs among the neighbors
of vertex i at time t” and ki,t is the “number of neighbors for
each vertex.”

Thus, the global clustering coefficient (GCt) can be calculated
as follows:

GCt represents the ratio of the number of established connections
(edges) to the number of possible connections. The higher the
value of the coefficient, the more interconnected the network
nodes are.

Calculation of DTW
DTW is an algorithm for measuring the similarity between 2
time series by determining the shortest total distances between
the 2 series [38]. It is useful to detect the leader-follower
interaction. We used the Python library dtw-python (version
1.1.12) to create the DTW-aligned plots [39]. The algorithm in

the library associates a node from the query time series (in our
case, network statistics, network density, and global clustering
coefficients) to a node from the template time series (confirmed
COVID-19 cases in and severity risk score [SRS]) with the
lowest distances.

Calculation of DTW Metric
To quantify the DTW results, we adopted the DTW-based metric
proposed by Laperre et al [40]. The proposed algorithm
augments the existing DTW algorithm by including a
“forward-looking only” constraint, that is, a latent variable (such
as network density and global clustering coefficient) observed
at time t + p can only be mapped to a historical or the current
observation (such as number of COVID-19 cases or SRSs) from

t to t + p, where the time shift value . A time shift value of
0 indicates that the latent variable moves in sync with the
observation, whereas a value >0 indicates a leading effect of
the latent variable on the observation.

Calculation of the SRS
Adopted from the study by So et al [37], the SRS represents the
presymptomatic transmission owing to possible interaction
between the susceptible population in one country and currently
infected cases in another country, before the confirmed cases
are identified and force isolated or quarantined. Higher scores
indicate stronger signals that the pandemic is uncontrolled,
which could be regarded as a systematic risk assessment.

Ethical Considerations
Ethics approval is not required as no individually identifiable
information was gathered, processed, or analyzed in this
research.

Results

Transforming Multiple RSVs Into a Single MSV
To extract a search volume time series to reflect the trend of a
specific search interest, we adopted a data transformation
algorithm to construct MSVs using the rolling window approach.
The primary idea was to produce a long time series of MSVs
that could serve as a proxy for the search volume of keywords.
Thus, the MSV series can be used to draw statistical inferences
and predictions. MSV was produced by aggregating the RSV
data while also exhibiting the trend indicated by the RSVs. With
MSV, we were able to extend the investigation horizon beyond
9 months for daily observations and beyond 270 weeks for
weekly observations, which was of interest because 9 months
and 270 weeks are the longest periods for retrieving daily and
weekly RSV data, respectively, from GT. Therefore, MSVs
could be very helpful for tracking search interests over a long
period in public health studies, such as in following the status
of the COVID-19 pandemic, which has now lasted for >2.5
years.

We focused on “interest over time” as the proxy for the actual
search volumes in Google. In this study, we did not specify any
geographic regions but instead adopted the global web search
data to obtain a more generic and globally inclusive searching
phenomenon. Using these filter settings, the daily RSV data
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were extracted from GT for further data transformation,
following the calculation procedure shown in Tables 1-3. Using
the ratio of the “interest over time” data points for the same date
in the 2 consecutive sequences, we calculated the correction
factors for each day that existed in both sequences (as tabulated
in the fourth column in the tables) to obtain the averages of the
factors (as shown in the last cell in the fourth columns). The
newly discovered data points (in this example, the data points
on January 31, 2020; February 1, 2020; and January 31, 2022,
respectively) were multiplied by the appropriate average
correction factors (in this example, 1.003, 1.008, and 0.4149,
respectively) to obtain the adjusted data point in the merged
series. This process was repeated consecutively, as shown in
Tables 1-3.

We further visualized and herein presented the process of
creating the MSV series in Figure 1. Using the GT RSV data
of the COVID-19 pandemic during the first 9 months as a
demonstration, the 30-day “interest over time” data set (shown
as 245 dotted lines) for the dates between January 1, 2020, and
September 30, 2020, was downloaded from GT. We then
calculated the next-day interest based on the data from the
previous 29-day data and replicated the steps to compile the
final MSV series (shown as the blue line in Figure 1) with 274
data points of daily MSV. The daily RSVs shown in the 245

dotted lines produced the relative search interest over a fixed
period of 30 days. Extending the investigation period to longer
than 30 days could reduce the sensitivity of the daily RSV in
reflecting the daily time trend of the search interest. In contrast,
the data directly retrieved from GT between January 1, 2020,
and September 30, 2020, contained only 39 data points of
weekly RSVs (shown by the red line in Figure 1). This reduction
of data points implied that we needed to lower the time interval
of investigation to 1 week, meaning that we could not study a
daily dynamic in the search interest. Owing to the constraints
of GT, we could only retrieve weekly RSVs of an interval of at
most 270 weeks. Using our proposed MSV approach, we merged
the 733 RSV series into one singular, extended MSV time series,
aiming to recover the daily trend of the search interest. In fact,
the patterns of the MSV (the blue line) and the weekly RSV
(the red line) were similar, indicating that the transformation
algorithm for constructing the MSV was reasonable in the sense
that the trend of the search interest revealed by the MSV was
consistent with the trend of the search interest revealed by the
weekly RSV provided by GT. This example shows that although
GT restricts the search data retrieval into weekly data points
over a long period, our proposed approach could recover the
daily search volume over the same investigation period to
facilitate subsequent research analyses.

Figure 1. An example of the process of creating a merged search volume series (data set keyword: “Coronavirus”; dates: from January 31, 2020, to
September 30, 2020). Dotted lines: the 30-day “interest over time” relative search volume (RSV) data set from Google Trends (GT). Red line: the
weekly RSV series retrieved from GT. Blue line: the daily merged search volume series using our transformation algorithm to merge RSVs through a
rolling window approach.

Selection of Coronavirus-Related Search Keywords
To understand the associations between the search interest and
the pandemic spread, we explored a list of coronavirus-related
keywords based on the metrics of “related topic” provided by
GT. We searched the related keywords for 3 seed topics:
“Coronavirus disease 2019,” “Severe acute respiratory syndrome
coronavirus 2,” and “Coronavirus,” with a 7-day sliding window.

By combining the shorter lists of keywords returned by GT
when searching for the 3 seed terms in each 7-day period over
108 weeks (from January 1, 2020, to January 31, 2022), we

obtained a raw list of keywords. Then, we filtered out the
duplicates and irrelevant keywords and eventually settled on a
keyword set of 228 elements (search topics), which are listed
in Textbox 1. Using the transformation algorithm proposed in
the Transforming Multiple RSVs Into a Single MSV section, the
MSV of each keyword was calculated for dynamic network
analysis, which involved compiling network statistics using
related keywords as network nodes for a pandemic risk
assessment.
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MSVs and COVID-19 Waves
To understand the relationship between internet search interest
and pandemic development, the MSV trends of several selected
keywords were compared in parallel with the newly confirmed
COVID-19 cases (Figures 2 and 3). Owing to the severity of
the COVID-19 pandemic in the United States compared with
other countries, we evaluated the MSV data against the new
COVID-19 cases in the United States in Figure 2, in addition
to the global cases, as shown in Figure 3. We noticed a similar
pattern between MSV data and the number of COVID-19 cases
in the United States and globally. Therefore, we used the
situation with COVID-19 in the United States as a basis for
further discussion, and the peaks of the 5 waves of COVID-19
in the United States were highlighted in different colors as a
reference to illustrate the different stages in the development
of the pandemic. Diverse associations with the waves can be
observed in the trend comparisons. For example, drastic
reactions in MSVs can be observed for the keywords
“Coronavirus,” “Symptom,” “Airborne transmission,” “Travel
warning,” “Hygiene,” and “Emergency medical service” in
Figures 2A-2D, 2F, and 2H before the number of COVID-19
cases reached the first wave peak (highlighted in light blue) in
early April 2020. These abrupt increases in the search interest

of the general pandemic-related keywords provide evidence of
the capabilities of MSVs in the early detection of outbreak risks.

In contrast, the MSV trends for “Vaccine” and “Rapid diagnostic
test” in Figures 2G and 2I show different variations during the
latter waves of the COVID-19 pandemic. Although vaccination
and efficient diagnostic tests are typically developed in the later
phase of an emerging infectious disease, the corresponding
MSV trends still aligned with symbolic milestones in COVID-19
control efforts. This occurred when effective rapid diagnostic
tests and vaccines for COVID-19 became available in the United
States, during and after the third pandemic waves, respectively.
These diverse associations between the search interest of
keywords and pandemic developments also motivated and
supported our approach to investigating the dynamic
connectedness among the coronavirus-related search keywords
through network analysis.

We also compared the MSV trends of the selected keywords
with the number of confirmed new COVID-19 cases worldwide
in Figure 3. In Figure 3, we can draw similar conclusions to
Figure 2. We also noted an increase in confirmed cases of
COVID-19 globally from April to May 2021, which correlated
with the sharp rise in the MSVs of “Airborne transmission” and
“Vaccine.”
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Figure 2. Comparison of US-confirmed new cases (blue line) sourced from the World Health Organization and the merged search volume of selected
keywords, including (A) Coronavirus, (B) Symptom, (C) Airborne transmission, (D) Travel warning, (E) Public transport, (F) Hygiene, (G) Vaccine,
(H) Emergency medical services, and (I) Rapid diagnostic test (red line), constructed by transforming the relative search volume of Google Trends from
January 1, 2020, to February 3, 2022. Highlighted areas: the 5 wave peaks observed in confirmed new cases in the United States.
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Figure 3. Comparison of worldwide confirmed new cases (cyan line) sourced from the World Health Organization and the merged search volume of
selected keywords, including (A) Coronavirus, (B) Symptom, (C) Airborne transmission, (D) Travel warning, (E) Public transport, (F) Hygiene, (G)
Vaccine, (H) Emergency medical services, and (I) Rapid diagnostic test (red line), constructed by transforming the relative search volume of Google
Trends from January 1, 2020, to February 3, 2022. Highlighted areas: the 5 wave peaks observed in confirmed new cases in the United States.

Dynamic GT Network Construction
After computing the MSVs of all the selected keywords, we
constructed a dynamic GT network based on the correlations
between the search volume data of pairs of selected keywords.
In the network analysis terminology, we established an edge (a
connection) between 2 keywords (also known as nodes in a

network) if the corresponding correlation coefficients were
significantly high (when the correlation coefficient is >0.5; the
threshold we adopted) [36,37]. This approach allowed us to
quantify the connectedness of the relevant search queries using
temporal dynamic network statistics.
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As the search volume of keywords from a common topic
(COVID-19, in our case) represents people’s concerns about
the topic, we anticipated that any common trend or comovement
of the COVID-19–related keywords could indicate people’s
interest in the pandemic as they looked for relevant helpful
information through internet searches. An increase in the MSVs
of different keywords simultaneously might indicate an
increasing concern about the common topic associated with the
keywords.

To incorporate common trends in the search interest of multiple
keywords, network analysis is a viable approach [41-45]. A
network is a natural configuration that integrates common trends
of information about multiple keywords together, from which
we can perform a network analysis; for example, based on
network statistics, we can understand the general interest in a
collection of keywords simultaneously. Through the
connectedness of a GT network [43,46-48], we quantified the
coherence of changes in search interest for different keywords
over time and studied the implications of the pandemic risk in
this research. The set of network nodes is represented by the
set of keywords, which is constant over time. However, the set
of edges changes over time to reflect time-varying patterns of
search interests. By construction, the MSV represents a proxy
time series of the search volume, and the correlation of changes
in the MSVs of 2 keywords exceeding a certain threshold can
be interpreted as a strong comovement whose occurrence can
be used to define an edge of the 2 keywords. For example, if
the correlation between changes in the MSV of “Coronavirus”
and “Symptom” at time t is >0.5 (the correlation threshold we
took in this research), we created an edge between the nodes
“Coronavirus” and “Symptom” in the GT network at time t.
This construction mechanism used the same rationale that was
used in the pandemic network constructions in other studies
[43,46,49]; however, instead of using the number of confirmed
COVID-19 cases in regions, we used the MSVs of keywords.

In addition to using 0.5 as the correlation threshold, we used 2
alternating correlation thresholds—0.4 and 0.6 for sensitivity
analysis. A comparison of the network density and the global
clustering coefficient constructed by the 3 different correlation
thresholds at 0.4, 0.5 (the threshold used in this study), and 0.6
is shown in Figure 4. The pattern of the network density plots
with thresholds of 0.4 and 0.6 is very similar to that of the one
with a threshold of 0.5. We also observed a similar phenomenon
in the global clustering coefficient, with an exception in March
2020, where the coefficient with a threshold of 0.6 showed a
marginally narrower peak than those with thresholds of 0.4 and
0.5.

Following the studies by Chu et al [36], So et al [37], and So
et al [46], the correlations of changes in MSV at time t were
calculated using a rolling window approach that was based on
the past R-day (including time t) MSV changes of keywords;
therefore, the topology of the edges in the GT network would
reflect the search interest characteristics of multiple keywords
at time t. Ultimately, we had a constellation of dynamic GT
networks constructed by correlations of changes in MSVs among
keywords. Experience from the early research papers on
COVID-19 revealed that the dynamic GT network, which
summarized the infodemiology of relevant keywords, could

provide an effective visualization of a pandemic situation [46],
early warning signals of the pandemic [36], and pandemic risk
assessments [37,50].

Figure 5 depicts a snapshot of the dynamic GT networks for 4
significant events: “Public Health Emergency of International
Concern” on January 31, 2020, “COVID-19 was declared as a
global pandemic by WHO” on March 11, 2020, “the Delta
variant was named” on May 21, 2021, and “the Omicron variant
was named” on November 26, 2021. Figure 5 also highlights
the nodes with the top 5 most frequently appearing topic types:
diseases (blue nodes), viruses (orange), vaccines (green),
government agencies (red), and pharmaceutical companies
(purple). It is obvious that the nodes related to diseases (blue
nodes) occurred in the central cluster in all 4 snapshots. Several
virus-related nodes (orange nodes), such as another official
name for COVID-19 (“severe acute respiratory syndrome
coronavirus 2” or “SARS-CoV-2”), were also included in the
central clusters in most of the 4 time points we studied. These
2 observations matched our intuition that the general public
seeks unknown information about COVID-19 through the search
engine.

It was found that the vaccine-related nodes (green nodes) had
a high degree of connectedness on all sampling days, even
before any COVID-19 vaccine was approved for administration.
In Figures 5C and 5D, disease-related and virus-related nodes
drifted away from the cluster center, whereas nodes related to
vaccines and pharmaceutical industry companies moved toward
the center of the cluster.

To study the network macroscopically, we computed 2 network
statistics over time—the network density and the global
clustering coefficient—by using a 30-day rolling window. The
network density is a measure of the node connectedness of a
network, whereas the global clustering coefficient represents
the ratio of the number of established connections (edges) to
the number of possible connections. The higher their values,
the more interconnected the network nodes are. Figure 6 presents
a time series of the GT network density (blue line) and a time
series of the GT network clustering coefficient (green line). In
Figure 6, we also mark the 4 time points from Figure 5 to assess
the relationships among the 2 network statistics, network density
and global clustering coefficient, and the propagation of
COVID-19. In the very early stage of COVID-19, on January
31, 2020, both the network density and global clustering
coefficient were in the middle level of approximately 0.2 for
the network density and 0.12 for the global clustering coefficient
(the maximum value is 1.0). Probably because of the warnings
of an emerging public health concern and because some
keywords are not directly related to the pandemic, the search
interest intensity was already quite high in January 2020. Both
network statistics climbed to a peak of approximately 0.35,
which alerted people to the severity of the disease’s spread, thus
inducing more search interest for the keywords at the same time.
Subsequently, the network density remained at a relatively low
level of approximately 0.15, even when the Delta variant was
named on May 31, 2021. This reflects a relatively lower
attention to the pandemic among the general public owing to
people’s adaptation to and fatigue from the long-term
antipandemic living environment. What is particularly alarming
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is the occurrence of another peak in the 2 network statistics
during October to early November 2021, before the Omicron
variant was named. The GT network density and global
clustering coefficients show a substantial increase in the public’s

interest in searching for keywords, probably indicating growing
public awareness about and panic toward the next phase of the
pandemic. Not long after that, in early 2022, the Omicron variant
had a great impact on many countries.

Figure 4. A comparison of network density and clustering coefficient constructed by 3 different correlation thresholds at 0.4, 0.5 (the threshold used
in the study) and 0.6.

JMIR Public Health Surveill 2023 | vol. 9 | e42446 | p.971https://publichealth.jmir.org/2023/1/e42446
(page number not for citation purposes)

Chu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 5. Snapshots of the dynamic Google Trends network. Snapshots were taken of the network on (A) January 31, 2020, (B) March 11, 2020, (C)
April 31, 2021, and (D) November 26, 2021. Nodes are highlighted with different colors to represent the top 5 categories: diseases (blue), viruses
(orange), vaccines (green), government agencies (red), and pharmaceutical companies (purple).

Figure 6. Network density and global clustering coefficients of the merged Google Trends network over time. The occurrences of significant events
are marked with dotted lines. The 4 significant events marked are as follows: (1) COVID-19 was declared a “Public Health Emergency of International
Concern” (on January 31, 2020), (2) COVID-19 was declared a pandemic (on March 11, 2020), (3) the Delta variant was named (on April 31, 2021),
and (4) the Omicron variant was named (on November 26, 2021).
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Comparing Network Statistics and SRSs Using DTW
Figures 7 and 8 illustrate the association between network
statistics and the COVID-19 pandemic propagation in multiple
directions. As mentioned in the MSVs and COVID-19 Waves
section, the waves of COVID-19 cases represent the progression
of the pandemic. As Figure 7 shows, there was an upward trend
and peak in the dynamic network before every peak of the
COVID-19 pandemic wave (highlighted in yellow). This shows
that the dynamic networks of related keywords were capable
of providing an early signal of not only the first outbreak but
all 5 outbreaks throughout the COVID-19 pandemic (as shown
in Figures 7A and 7B).

We further examined the predictive power of the dynamic
network for the coronavirus-related keywords using the DTW
algorithm [38,39]. By evaluating the similarity between the
network and the newly confirmed cases in the United States,
the resulting paths (the dotted lines) connect the 2 series of data

and show an asymmetric step pattern. The consistently
backslashed direction of the dotted lines suggests the lag-lead
relationship between the dynamic network and the variation in
the daily confirmed cases.

To evaluate the pandemic predictive capability of the dynamic
network among the selected keywords in multiple layers, we
also computed the DTW scores between the network and SRSs).
The SRS, adopted from the studies by So et al [37,50], is
regarded as a systematic measure that assesses the risk of the
COVID-19 outbreak worldwide. A higher SRS represents a
stronger signal, indicating that the global pandemic is
uncontrolled. The DTW diagram in Figure 8 shows the lead-lag
relationship of the SRSs throughout the entire observation period
of the COVID-19 pandemic. These findings indicate that the
dynamic network of related search keywords can predict the
severity of the global risks of a pandemic. If regional search
data are used, the predictability of the regional pandemic risk
is also possible.

Figure 7. The 2-way dynamic time warping diagrams of the confirmed new COVID-19 cases in the United States (blue line) and the network statistics
(black line) of the selected keywords in Google Trends: (A) network density trend versus confirmed new cases in the United States and (B) trend of the
global clustering coefficient versus confirmed new cases in the United States. Yellow highlighted areas mark the 5 wave peaks observed in confirmed
new cases in the United States.

Figure 8. An illustrative evaluation of dynamic time warping (DTW) connections of the severity risk scores (SRSs) of the COVID-19 pandemic in the
United States and the network statistics. Top: the 2-way DTW diagrams of the SRSs of the COVID-19 pandemic in the United States (blue line) and
the network statistics (black line) of the selected keywords in Google Trends: (A) network density trend versus SRSs and (B) trend of global clustering
coefficients versus SRSs. Bottom: (C) The summary plot of the time shifts (p) in each connection in (A), drawn with orange line, and (B), drawn with
blue line. The data points at time shift p = 0 are muted in the plot.
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Quantify the Asynchronous Movement of Statistics
We further quantify our observations in the 2-way DTW plots
in Figures 8A and 8B by tabulating the portion of different time
shift values, which shows the equivalently compelling result.
As shown in Figure 8C, most of the connections between the
SRS series and the network statistics series were on days 0 and
21.

We are not particularly interested in non–time-shifted DTW
connections. Owing to the design of the DTW algorithm, the
start and end of the pair of latent variables and observations
will often warp to each other one-on-one, without any time shift,
resulting in a nontrivial portion of the connections between any
2 time series defaults to P= 0 (ie, no time shift). Thus, we can
safely assume that there is an insignificant amount of
information in these connections, and we also masked the
corresponding points in Figure 8C.

In contrast, the substantial portion of 21-day-forward-shifted
connections offers an interesting insight. As many of the DTW
connections detected have some form of forward time shift, the
connections indicate that the movement of summary network
statistics has a certain leading effect on the COVID-19 observed
statistics. On the basis of our visual inspection and the DTW
metric, the potential of summary network statistics in predicting
real-life COVID-19 events is quite evident.

Dynamic Property of the MSV Network in the
Pandemic Progression
In addition to the magnitude of the dynamic network, we
explored the pattern alterations during the progression of the
pandemic. In Figure 9, the construction of the networks on
March 11, 2020, and October 23, 2021, are depicted, where the
MSV network peaks are observable before the first and the fifth
COVID-19 outbreaks, respectively. In addition to network

density, the global clustering coefficients for these 2 dates also
form peaks, indicating high clustering coefficients in the network
of the selected coronavirus-related keywords during those
periods.

On March 11, 2020, the dense network was represented by
noticeable clusters in Figure 9A, although a small separation
was found between the 2 clusters. Although the nodes of search
queries “Travel warning,” “Airborne transmission,” and
“Vaccine” are connected within the cluster, the nodes for “rapid
diagnostic test” are located farther away from it.

Comparatively, we observe a single large cluster in Figure 9B,
which shows a generally high connectedness among the
coronavirus-related keywords. Moreover, the indicated node
“rapid diagnostic test” has shifted into the main cluster with
another node, “vaccine.” This may reflect the increasing
importance and availability of effective rapid diagnostic tests
for COVID-19 worldwide in the latter phase of the pandemic’s
progression. Conversely, the nodes “Travel warning” and
“Airborne transmission” are located outside the main cluster,
as shown in Figure 9B. This change in their position may imply
a reduced focus in the community owing to a relatively sufficient
understanding of COVID-19 transmission and control. This
finding suggests that the proposed approach to a dynamic MSV
network is a possible infoveillance application that would allow
nonstationary patterns of search interests during the progression
of a pandemic.

We also included the square root of the SRS [37,50] in Figure
10 for comparison. The pandemic network statistics showed an
upward trend that aligned with the variations in SRSs. The GT
network statistics even provided a sensible signal in late 2021,
alerting to the latter peak of SRS, which probably reflected the
notable impact of the Omicron variant worldwide.
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Figure 9. Visualization of the network construction using selected dates: (A) snapshot on March 11, 2020, and (B) snapshot on October 23, 2021.
Highlighted nodes: search queries “rapid diagnostic test,” “vaccine,” “airborne transmission,” and “travel warning.” Large red and blue circles: observable
clusters.
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Figure 10. Two network statistics of the merged Google Trends (GT) network and the pandemic network, compared against the square roots of the
severity risk scores (SRSs): (A) comparison with the GT network density and (B) comparison with the GT global clustering coefficient.

Discussion

Principal Findings
This study introduced an innovative method for handling GT
search data in research analysis, including an algorithm for
constructing an MSV series and a dynamic GT network.

The original data extracted from GT have several limitations
that affected the analysis in this study. First, the search volume
data available in GT are normalized to the specified time and
region [33]. The time series data of “interest over time” of a
particular keyword only indicate the search interest relative to
the highest point for a defined region and period. The resulting
search data were also rescaled as integers ranging from 0 to 100
[33]. The normalization and rounding processes may lead to
data inaccuracy in representing the search interest. In addition,
GT restricts the availability of data over a long period. When
one requests search data over a long duration, only weekly or
monthly data will be returned, rather than daily data [25]. This
restriction greatly reduces the resolution of the search data and
affects further investigation [31,51]. Therefore, this study
introduced a merged algorithm that helps recover the resolution
and accuracy of the search volume data extracted from GT over
long observation periods. The suggested MSVs can broaden
the potential value of GT data in long-term surveillance of health
phenomena.

Strengths and Limitations
Using our novel merged algorithm, we observed similar
phenomena in search volumes, which have been suggested in
previous work, such as certain search terms correlated with

COVID-19–confirmed cases [9], and there were increasing or
decreasing searches for some keywords before major COVID-19
events [51]. However, unlike other previous infoveillance studies
using GT [9,15-21,23-31,52-54], which often have to either
sacrifice data resolution or data time horizon, we are able to use
higher-resolution data with shorter delays for prolonged periods.

In addition to the merged algorithm, we demonstrated the
potential of network analysis as a useful tool for infodemiology
and infoveillance. Network analysis offers not only an integrated
perspective of multiple time series but also cross-sectional
visualization. In this study, we illustrated the cross-sectional
network constructions at different timestamps in Figure 5 to
investigate the clustering effect and associations of various
keywords at different moments. We further presented an overall
view of a temporal network via 2 summary statistics, namely,
network density and global clustering coefficient, and revealed
the lead-lag relationships between the official COVID-19
statistics and the summary statistics. The promising findings
suggest that network analysis could be an important component
for developing new predictive models.

Interestingly, the vaccine-related nodes (green nodes) in Figure
5 had a high degree of connectedness on all sampling days, even
before any COVID-19 vaccine was approved for administration.
It may be inferred that before the start of the pandemic, the
public, health experts, and researchers searched for information
about the coronavirus and its vaccines, resulting in a high
number of correlations at the early stage, as shown in Figure
5A. Later, as the pandemic hit harder and the public began to
understand more about COVID-19, people sought information
more targeted at recovering from the COVID-19 pandemic,
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such as information on vaccinations and medications, as
demonstrated in Figures 5C and 5D. In Figures 5C and 5D,
disease-related and virus-related nodes drifted away from the
cluster center, whereas nodes related to vaccines and
pharmaceutical industry companies moved toward the center
of the cluster.

Organizations such as government agencies and pharmaceutical
companies were also on the radar of public awareness. At the
beginning of the COVID-19 pandemic, members of the public
understandably sought information on preventive measures and
guidance from their government. As the pandemic continued,
the public became familiar with social distancing and testing
measures, and their attention shifted to vaccinations. As a result,
the vaccines and the manufacturers of COVID-19 vaccines thus
became part of the focal points, as illustrated in Figures 5C and
5D, where vaccine-related nodes (green) and nodes of
pharmaceutical companies (purple) move toward the center of
the cluster.

Our findings also revealed the capability of MSVs for the early
detection of outbreak risk of emerging infectious diseases. Early
signals are critical in controlling an emerging infection outbreak,
as they allow policy makers and governments to impose rapid
measures to curb the propagation of the disease. On the basis
of our study findings, the MSVs of the generic keywords, such
as the name of the infectious disease, symptoms, and
transmission method, can provide an early signal of the risk of
a potentially serious outbreak. This early detection may be
related to self-diagnosis or information-seeking behaviors
conducted via the internet, similar to the findings by Mangono
et al [51]. Previous studies have raised the issue that a growing
number of people will search the internet for health information
about emerging diseases and their bodily changes and will make
self-diagnoses [53] and seek preventive measures [23]. This
causes the popularity of the related keywords to increase rapidly
before an actual outbreak. In contrast, public transportation is
considered as a factor in the spread of infectious diseases during
the early stage of a pandemic. Therefore, the related keywords
(eg, “travel warning” and “public transport” in Figures 2D and
2E) could be an indicator of citizens’ mobility intentions and
provide useful information for predicting the spread of a
pandemic.

In addition to discovering the early detection capability, we also
revealed that different related keywords could have increased
in popularity in search engines based on their roles at different
stages of pandemic development. In the 5 observable waves of
the COVID-19 pandemic in the United States since January
2020, each wave consisted of unique epidemiologic
characteristics and caused the US government to take diverse
actions to respond to the outbreaks [55,56]. Unlike other chronic
diseases, the continual evolution of a pandemic and policy
making may drastically vary the association between the public’s
search interests and the progression of a disease of concern. Lu
and Reis [19] also elaborated that the association between some
search keywords and a disease’s progression may not be stable
and persistent in the later waves of an outbreak because of
increased public education about the particular disease.

By aligning the trends of MSVs with the COVID-19 pandemic
waves, we discovered the dynamic property of multiple search
queries when associated with the pandemic’s progression. This
dynamic search pattern may be related to a shift in the public’s
search interests regarding the same aspect of the pandemic. For
example, personal hygiene was a crucial precautionary measure
promoted during the first wave of the COVID-19 outbreak [54].
With appropriate health education and promotion, the public
then developed a fundamental understanding of the measures,
such as handwashing and mask wearing. With the 3 waves of
COVID-19, people raised the demand for vaccines as an
effective precaution against the disease [52]. As can be seen in
our findings (Figures 2F and 2G), there was a shift of public
search interests in precautionary measures from “hygiene” to
“vaccine” after the third wave. Similarly, people with
COVID-19 symptoms apparently considered “emergency
medical service” during the early phases of the pandemic [57],
but with the available “rapid diagnostic test” in 2021, those with
symptoms tended to conduct the rapid tests before seeking
medical services [58]. This yielded an observable shift in public
search interests in diagnostic procedures from “emergency
medical service” to “rapid diagnostic test” during the third wave.
The shifting search interest may have been owing to changes
in information-seeking behaviors before public policy
implementation [51].

As the dynamic relationship between the internet data and the
pandemic trends in the long run limited the potential of the
conventional predictive models using search volumes as
predictors [31], we mitigated this problem by considering the
connectedness of the keywords, which could reflect the actual
linkages of public concerns and human information-seeking
behaviors. In this study, we provided an innovative application
of network statistics that quantified the connectedness of MSV
data in processing the prediction. Although multiple COVID-19
variants occurred that varied the pandemic’s development and
the corresponding implementation of health measures [54], the
resulting network trends could still be longitudinally associated
with the 5 COVID-19 waves in the United States. By using
DTW, the dynamic network of the MSVs was further justified
as a leader of the trend of US-confirmed cases and of the
severity of the global pandemic risk. Although previous studies
revealed that linkages and patterns existed among the search
queries specific to the pandemic [19,51], our proposed method
took the nonstationary pattern among the relevant search queries
into account during pandemic predictions. The method was able
to demonstrate that the network of the merged GT volumes can
be considered as a new form of official web-based data, not
only associated with the pandemic but also capable of predicting
its development.

This study’s approach using network analysis is innovative in
the field of health and epidemiology research. Our early ground
research provided a comprehensive empirical foundation for
applying network statistics to investigate diverse
pandemic-related issues, including infection topology [37],
travel restrictions [43,47,49], and financial impacts [36,45,48].
In particular, pandemic networks using COVID-19 confirmed
cases have proved their capability in tracking and providing
early warnings of infection outbreaks [44,46]. We adapted the
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construction of a pandemic network to an infodemiological
setting by investigating the dynamic GT network. In Figure 10,
we compare our GT network statistics with the corresponding
pandemic network statistics proposed in multiple relevant studies
[36,37,44,46,47,49]. The pandemic network density and global
clustering coefficients were shown to provide early warning
signals of the COVID-19 pandemic [36,37,43]. Interestingly,
both the GT network density and global clustering coefficients
behaved similarly with the pandemic network statistics at the
early stage of COVID-19 progression. On the basis of this
comparison, we anticipate that both sets of network statistics
can convey and deliver useful measures for pandemic risk and
progression. As search data are considered to be complementary
infoveillance measures, our proposed methodology of GT
network analysis provides an important scientific discovery of
the potential usefulness of search volume data in
infodemiological research.

In addition to data analysis, the importance of keyword selection
in infodemiology research has also been emphasized in the
literature [59]. The procedure of excluding noisy queries is
known to be important in ensuring the validity of research
findings. However, there is a lack of a suitable framework for
research on internet searching patterns during a pandemic. To
prevent a stringent keyword selection by excluding potential
keywords, we adopted a novel keyword selection approach
based on relatively explicit data for “related topics” in GT.
Although this approach helped us discover the keywords
relevant to the pandemic and facilitated our interpretation of
the findings, future studies in infodemiology could also adopt
this approach to strengthen their selection of search queries.

We realize that our network consisted of regional topics
associated with countries that have significantly higher than
average internet coverage, such as Switzerland (internet
penetration rate [IPR]: 98%), the United Kingdom (IPR: 98%),
Japan (IPR: 94%), and the United States (IPR: 92%) [7].
Furthermore, IPR is skewed by the level of development of a
country. However, because the proportion of those topics is as
large as other nonregional terms, it is safe to assume that the
network highlighted the interests of internet users in those
regions, but the impact of the regional topics was nonsignificant
and marginal.

Furthermore, we intentionally included most of the keywords
we obtained from GT, as our research focuses on the worldwide
public behavioral pattern during the COVID-19 epidemic.
Despite the seeming irrelevance of some keywords, all the
keywords collectively indicate the information the public

received, with various levels of trustworthiness. Although only
keywords for GT categories associated with regional effects
were excluded in our study, future studies can examine the
determined GT categories and exclude the keywords that are
pathologically, psychosocially, or epidemiologically unrelated
to their specific health concerns. In addition to the time and
labor involved, researchers should consider the objectivity and
validity of manually including or excluding certain keywords
to develop the most rigorous data sets in their research.

Conclusions
As the growth of the epidemic in the United States generally
relates to the transmission across multiple countries, our research
investigates the linkage between worldwide public behavioral
patterns and the COVID-19 pandemic in the United States.
Future studies should further investigate the association between
regional GT data and noncommunicable diseases.

Although we did not focus on investigating the spread of
misinformation during COVID-19, research has shown that
receiving accurate and inaccurate information is inversely
correlated with individuals’ compliance with COVID-19 health
guidelines [60-63]. Our data also show that the public may
actively seek information on misinformation, as evidenced by
the noninsignificant search interest in the term
“hydroxychloroquine” (Textbox 1). Owing to the nature of GT,
we cannot confirm whether the users were searching for
misinformation out of their beliefs in certain misinformation,
the inclusion of users’ interest in the information of different
trustworthiness [60-62] and users’ interest in those who
propagate said information [40] is critical to a comprehensive
infoveillance instrument.

To the best of our knowledge, this study is the first of its kind
to use a rolling window ensemble method [45,64] to recover
data resolution in GT. This is also the first study to investigate
the network statistics of GT data for predicting the development
of a pandemic. The results also provide insights for researchers
in further investigating the patterns of web-based searching
behaviors, which is an important focus in infodemiological
research. With the ongoing rapid growth of internet use, people
will rely increasingly more on web-based information for
decision-making. As the search volume data are freely available
on the GT platform, it is expected that GT will become more
common as a complementary, free, and timely data resource
for traditional surveillance methods of health-related events.
Future studies can focus on expanding the dynamic networks
of search keywords to investigate noncommunicable diseases,
health-related behaviors, and misinformation on the internet.

 

Acknowledgments
The work was supported by the research grants from the Department of Social Sciences and Policy Studies, The Education
University of Hong Kong and, and The Hong Kong University of Science and Technology research grant “Risk Analytics and
Applications” (grant SBMDF21BM07). The funders had no role in the study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Data Availability
The source code and data sets generated during this study are available in the Zenodo repository [65].

JMIR Public Health Surveill 2023 | vol. 9 | e42446 | p.978https://publichealth.jmir.org/2023/1/e42446
(page number not for citation purposes)

Chu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Authors' Contributions
AMYC and MKPS conceptualized the study. MKPS and NHTL collected and analyzed the data. AMYC, ACYC, NHTL, AT,
and MKPS interpreted the results. AMYC, ACYC, and NHTL drafted the manuscript. MKPS and AT finalized the manuscript.
All authors have read and approved the final manuscript.

Conflicts of Interest
None declared.

References
1. Weekly epidemiological update on COVID-19 - 1 February 2022. World Health Organization. 2022 Feb 01. URL: https:/

/www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---1-february-2022 [accessed 2022-06-27]
2. COVID-19 Weekly epidemiological update - 6 July 2022. World Health Organization. 2022 Jul 06. URL: https://www.

who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---6-july-2022 [accessed 2022-07-28]
3. Peto J. COVID-19 mass testing facilities could end the epidemic rapidly. BMJ 2020 Mar 22;368:m1163. [doi:

10.1136/bmj.m1163] [Medline: 32201376]
4. Omori R, Mizumoto K, Chowell G. Changes in testing rates could mask the novel coronavirus disease (COVID-19) growth

rate. Int J Infect Dis 2020 May;94:116-118 [FREE Full text] [doi: 10.1016/j.ijid.2020.04.021] [Medline: 32320809]
5. Considerations for implementing and adjusting public health and social measures in the context of COVID-19: interim

guidance, 14 June 2021. World Health Organization. 2021 Jun 14. URL: https://www.who.int/publications/i/item/considera
tions-in-adjusting-public-health-and-social-measures-in-the-context-of-covid-19-interim-guidance [accessed 2022-05-23]

6. Fox SJ, Lachmann M, Tec M, Pasco R, Woody S, Du Z, et al. Real-time pandemic surveillance using hospital admissions
and mobility data. Proc Natl Acad Sci U S A 2022 Feb 15;119(7):e2111870119 [FREE Full text] [doi:
10.1073/pnas.2111870119] [Medline: 35105729]

7. Kemp S. Digital 2022: global overview report. DataReportal. 2022 Jan 26. URL: https://datareportal.com/reports/digital-2022
-global-overview-report [accessed 2022-06-27]

8. Fernández-Luque L, Bau T. Health and social media: perfect storm of information. Healthc Inform Res 2015 Apr;21(2):67-73
[FREE Full text] [doi: 10.4258/hir.2015.21.2.67] [Medline: 25995958]

9. Li C, Chen LJ, Chen X, Zhang M, Pang CP, Chen H. Retrospective analysis of the possibility of predicting the COVID-19
outbreak from internet searches and social media data, China, 2020. Euro Surveill 2020 Mar;25(10):2000199 [FREE Full
text] [doi: 10.2807/1560-7917.ES.2020.25.10.2000199] [Medline: 32183935]

10. Eysenbach G. Infodemiology and infoveillance: framework for an emerging set of public health informatics methods to
analyze search, communication and publication behavior on the Internet. J Med Internet Res 2009 Mar 27;11(1):e11 [FREE
Full text] [doi: 10.2196/jmir.1157] [Medline: 19329408]

11. Brownstein JS, Nahari AD, Reis BY. Internet search patterns reveal firearm sales, policies, and deaths. NPJ Digit Med
2020 Nov 20;3(1):152 [FREE Full text] [doi: 10.1038/s41746-020-00356-6] [Medline: 33299072]

12. Allem J, Dormanesh A, Majmundar A, Unger JB, Kirkpatrick MG, Choube A, et al. Topics of nicotine-related discussions
on Twitter: infoveillance study. J Med Internet Res 2021 Jun 07;23(6):e25579 [FREE Full text] [doi: 10.2196/25579]
[Medline: 34096875]

13. Shakeri Hossein Abad Z, Kline A, Sultana M, Noaeen M, Nurmambetova E, Lucini F, et al. Digital public health surveillance:
a systematic scoping review. NPJ Digit Med 2021 Mar 03;4(1):41 [FREE Full text] [doi: 10.1038/s41746-021-00407-6]
[Medline: 33658681]

14. Google trends. Google. URL: https://trends.google.com/ [accessed 2022-04-06]
15. Jun SP, Yoo HS, Choi S. Ten years of research change using google trends: from the perspective of big data utilizations

and applications. Technol Forecast Soc Change 2018 May;130:69-87 [FREE Full text] [doi: 10.1016/j.techfore.2017.11.009]
16. Borup D, Schütte EC. In search of a job: forecasting employment growth using Google trends. J Bus Econ Stat 2020 Aug

03;40(1):186-200 [FREE Full text] [doi: 10.1080/07350015.2020.1791133]
17. Ginsberg J, Mohebbi MH, Patel RS, Brammer L, Smolinski MS, Brilliant L. Detecting influenza epidemics using search

engine query data. Nature 2009 Feb 19;457(7232):1012-1014. [doi: 10.1038/nature07634] [Medline: 19020500]
18. Mavragani A, Gkillas K. COVID-19 predictability in the United States using Google Trends time series. Sci Rep 2020 Nov

26;10(1):20693 [FREE Full text] [doi: 10.1038/s41598-020-77275-9] [Medline: 33244028]
19. Lu T, Reis BY. Internet search patterns reveal clinical course of COVID-19 disease progression and pandemic spread across

32 countries. NPJ Digit Med 2021 Feb 11;4(1):22 [FREE Full text] [doi: 10.1038/s41746-021-00396-6] [Medline: 33574582]
20. Alicino C, Bragazzi NL, Faccio V, Amicizia D, Panatto D, Gasparini R, et al. Assessing Ebola-related web search behaviour:

insights and implications from an analytical study of Google Trends-based query volumes. Infect Dis Poverty 2015 Dec
10;4:54 [FREE Full text] [doi: 10.1186/s40249-015-0090-9] [Medline: 26654247]

21. Shin SY, Seo DW, An J, Kwak H, Kim SH, Gwack J, et al. High correlation of Middle East respiratory syndrome spread
with Google search and Twitter trends in Korea. Sci Rep 2016 Sep 06;6:32920 [FREE Full text] [doi: 10.1038/srep32920]
[Medline: 27595921]

JMIR Public Health Surveill 2023 | vol. 9 | e42446 | p.979https://publichealth.jmir.org/2023/1/e42446
(page number not for citation purposes)

Chu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---1-february-2022
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---1-february-2022
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---6-july-2022
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---6-july-2022
http://dx.doi.org/10.1136/bmj.m1163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32201376&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1201-9712(20)30236-8
http://dx.doi.org/10.1016/j.ijid.2020.04.021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32320809&dopt=Abstract
https://www.who.int/publications/i/item/considerations-in-adjusting-public-health-and-social-measures-in-the-context-of-covid-19-interim-guidance
https://www.who.int/publications/i/item/considerations-in-adjusting-public-health-and-social-measures-in-the-context-of-covid-19-interim-guidance
https://www.pnas.org/doi/abs/10.1073/pnas.2111870119?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1073/pnas.2111870119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35105729&dopt=Abstract
https://datareportal.com/reports/digital-2022-global-overview-report
https://datareportal.com/reports/digital-2022-global-overview-report
https://europepmc.org/abstract/MED/25995958
http://dx.doi.org/10.4258/hir.2015.21.2.67
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25995958&dopt=Abstract
http://www.eurosurveillance.org/content/10.2807/1560-7917.ES.2020.25.10.2000199
http://www.eurosurveillance.org/content/10.2807/1560-7917.ES.2020.25.10.2000199
http://dx.doi.org/10.2807/1560-7917.ES.2020.25.10.2000199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32183935&dopt=Abstract
https://www.jmir.org/2009/1/e11/
https://www.jmir.org/2009/1/e11/
http://dx.doi.org/10.2196/jmir.1157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19329408&dopt=Abstract
https://doi.org/10.1038/s41746-020-00356-6
http://dx.doi.org/10.1038/s41746-020-00356-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33299072&dopt=Abstract
https://www.jmir.org/2021/6/e25579/
http://dx.doi.org/10.2196/25579
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34096875&dopt=Abstract
https://doi.org/10.1038/s41746-021-00407-6
http://dx.doi.org/10.1038/s41746-021-00407-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33658681&dopt=Abstract
https://trends.google.com/
https://www.sciencedirect.com/science/article/pii/S0040162517315536
http://dx.doi.org/10.1016/j.techfore.2017.11.009
https://www.tandfonline.com/doi/abs/10.1080/07350015.2020.1791133?journalCode=ubes20
http://dx.doi.org/10.1080/07350015.2020.1791133
http://dx.doi.org/10.1038/nature07634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19020500&dopt=Abstract
https://doi.org/10.1038/s41598-020-77275-9
http://dx.doi.org/10.1038/s41598-020-77275-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33244028&dopt=Abstract
https://doi.org/10.1038/s41746-021-00396-6
http://dx.doi.org/10.1038/s41746-021-00396-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33574582&dopt=Abstract
https://idpjournal.biomedcentral.com/articles/10.1186/s40249-015-0090-9
http://dx.doi.org/10.1186/s40249-015-0090-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26654247&dopt=Abstract
https://doi.org/10.1038/srep32920
http://dx.doi.org/10.1038/srep32920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27595921&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


22. Mavragani A, Ochoa G. Google trends in infodemiology and infoveillance: methodology framework. JMIR Public Health
Surveill 2019 May 29;5(2):e13439 [FREE Full text] [doi: 10.2196/13439] [Medline: 31144671]

23. Ayyoubzadeh SM, Ayyoubzadeh SM, Zahedi H, Ahmadi M, R Niakan Kalhori S. Predicting COVID-19 incidence through
analysis of google trends data in Iran: data mining and deep learning pilot study. JMIR Public Health Surveill 2020 Apr
14;6(2):e18828 [FREE Full text] [doi: 10.2196/18828] [Medline: 32234709]

24. Arora VS, McKee M, Stuckler D. Google trends: opportunities and limitations in health and health policy research. Health
Policy 2019 Mar;123(3):338-341. [doi: 10.1016/j.healthpol.2019.01.001] [Medline: 30660346]

25. Mavragani A, Ochoa G, Tsagarakis KP. Assessing the methods, tools, and statistical approaches in Google trends research:
systematic review. J Med Internet Res 2018 Nov 06;20(11):e270 [FREE Full text] [doi: 10.2196/jmir.9366] [Medline:
30401664]

26. Ortiz-Martínez Y, Garcia-Robledo JE, Vásquez-Castañeda DL, Bonilla-Aldana DK, Rodriguez-Morales AJ. Can Google®
trends predict COVID-19 incidence and help preparedness? The situation in Colombia. Travel Med Infect Dis 2020
Sep;37:101703 [FREE Full text] [doi: 10.1016/j.tmaid.2020.101703] [Medline: 32360323]

27. Chang YW, Chiang WL, Wang WH, Lin CY, Hung LC, Tsai YC, et al. Google Trends-based non-English language query
data and epidemic diseases: a cross-sectional study of the popular search behaviour in Taiwan. BMJ Open 2020 Jul
05;10(7):e034156 [FREE Full text] [doi: 10.1136/bmjopen-2019-034156] [Medline: 32624467]

28. Lampos V, Majumder MS, Yom-Tov E, Edelstein M, Moura S, Hamada Y, et al. Tracking COVID-19 using online search.
NPJ Digit Med 2021 Feb 08;4(1):17 [FREE Full text] [doi: 10.1038/s41746-021-00384-w] [Medline: 33558607]

29. Effenberger M, Kronbichler A, Shin JI, Mayer G, Tilg H, Perco P. Association of the COVID-19 pandemic with internet
search volumes: a Google TrendsTM analysis. Int J Infect Dis 2020 Jun;95:192-197 [FREE Full text] [doi:
10.1016/j.ijid.2020.04.033] [Medline: 32305520]

30. Costola M, Iacopini M, Santagiustina CR. Google search volumes and the financial markets during the COVID-19 outbreak.
Financ Res Lett 2021 Oct;42:101884 [FREE Full text] [doi: 10.1016/j.frl.2020.101884] [Medline: 34903954]

31. Turk PJ, Tran TP, Rose GA, McWilliams A. A predictive internet-based model for COVID-19 hospitalization census. Sci
Rep 2021 Mar 03;11(1):5106 [FREE Full text] [doi: 10.1038/s41598-021-84091-2] [Medline: 33658529]

32. Bastian M, Heymann S, Jacomy M. Gephi: an open source software for exploring and manipulating networks. Proc Int
AAAI Conf Web Soc Media 2009;3(1):361-362 [FREE Full text] [doi: 10.1609/icwsm.v3i1.13937]

33. FAQ about Google Trends data. Google. URL: https://support.google.com/trends/answer/4365533?hl=en [accessed
2022-05-06]

34. Hogue J, DeWilde B. pytrends 4.7.3. pypi. 2020 May 22. URL: https://pypi.org/project/pytrends/ [accessed 2022-05-07]
35. Park T, Kwak H, An J. Building Longitudinal Google Trends to Measure Dynamic Local-Level Issue Attention. GitHub.

2020. URL: https://github.com/typark99/GoogleTrends_Covid19 [accessed 2021-11-03]
36. Chu AM, Tiwari A, So MK. Detecting early signals of COVID-19 global pandemic from network density. J Travel Med

2020 Aug 20;27(5):taaa084 [FREE Full text] [doi: 10.1093/jtm/taaa084] [Medline: 32463088]
37. So MK, Chu AM, Tiwari A, Chan JN. On topological properties of COVID-19: predicting and assessing pandemic risk

with network statistics. Sci Rep 2021 Mar 04;11(1):5112 [FREE Full text] [doi: 10.1038/s41598-021-84094-z] [Medline:
33664280]

38. Sakoe H, Chiba S. Dynamic programming algorithm optimization for spoken word recognition. IEEE Trans Acoust Speech
Signal Process 1978 Feb;26(1):43-49 [FREE Full text] [doi: 10.1109/TASSP.1978.1163055]

39. Giorgino T. Computing and visualizing dynamic time warping alignments in R: the dtw package. J Stat Softw 2009 Aug
14;31(7):1-24 [FREE Full text] [doi: 10.18637/jss.v031.i07]

40. Laperre B, Amaya J, Lapenta G. Dynamic time warping as a new evaluation for Dst forecast with machine learning. Front
Astron Space Sci 2020 Jul 22;7:39 [FREE Full text] [doi: 10.3389/fspas.2020.00039]

41. Newman MEJ. Coauthorship networks and patterns of scientific collaboration. Proc Natl Acad Sci U S A 2004 Apr 06;101
Suppl 1(Suppl 1):5200-5205 [FREE Full text] [doi: 10.1073/pnas.0307545100] [Medline: 14745042]

42. Newman M. Networks. Oxford, UK: Oxford University Press; 2018.
43. Chu AM, Tsang JT, Chan JN, Tiwari A, So MK. Analysis of travel restrictions for COVID-19 control in Latin America

through network connectedness. J Travel Med 2020 Dec 23;27(8):taaa176 [FREE Full text] [doi: 10.1093/jtm/taaa176]
[Medline: 32970124]

44. Chu AM, Chan JN, Tsang JT, Tiwari A, So MK. Analyzing cross-country pandemic connectedness during COVID-19
using a spatial-temporal database: network analysis. JMIR Public Health Surveill 2021 Mar 29;7(3):e27317 [FREE Full
text] [doi: 10.2196/27317] [Medline: 33711799]

45. So MK, Chan LS, Chu AM. Financial network connectedness and systemic risk during the COVID-19 pandemic. Asia-Pac
Financial Mark 2021 Jun 14;28(4):649-665 [FREE Full text] [doi: 10.1007/s10690-021-09340-w]

46. So MK, Tiwari A, Chu AM, Tsang JT, Chan JN. Visualizing COVID-19 pandemic risk through network connectedness.
Int J Infect Dis 2020 Jul;96:558-561 [FREE Full text] [doi: 10.1016/j.ijid.2020.05.011] [Medline: 32437929]

47. Tiwari A, So MK, Chong AC, Chan JN, Chu AM. Pandemic risk of COVID-19 outbreak in the United States: an analysis
of network connectedness with air travel data. Int J Infect Dis 2021 Feb;103:97-101 [FREE Full text] [doi:
10.1016/j.ijid.2020.11.143] [Medline: 33212255]

JMIR Public Health Surveill 2023 | vol. 9 | e42446 | p.980https://publichealth.jmir.org/2023/1/e42446
(page number not for citation purposes)

Chu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://publichealth.jmir.org/2019/2/e13439/
http://dx.doi.org/10.2196/13439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31144671&dopt=Abstract
https://publichealth.jmir.org/2020/2/e18828/
http://dx.doi.org/10.2196/18828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32234709&dopt=Abstract
http://dx.doi.org/10.1016/j.healthpol.2019.01.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30660346&dopt=Abstract
https://www.jmir.org/2018/11/e270/
http://dx.doi.org/10.2196/jmir.9366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30401664&dopt=Abstract
https://europepmc.org/abstract/MED/32360323
http://dx.doi.org/10.1016/j.tmaid.2020.101703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32360323&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=32624467
http://dx.doi.org/10.1136/bmjopen-2019-034156
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32624467&dopt=Abstract
https://doi.org/10.1038/s41746-021-00384-w
http://dx.doi.org/10.1038/s41746-021-00384-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33558607&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1201-9712(20)30249-6
http://dx.doi.org/10.1016/j.ijid.2020.04.033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32305520&dopt=Abstract
https://europepmc.org/abstract/MED/34903954
http://dx.doi.org/10.1016/j.frl.2020.101884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34903954&dopt=Abstract
https://doi.org/10.1038/s41598-021-84091-2
http://dx.doi.org/10.1038/s41598-021-84091-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33658529&dopt=Abstract
https://ojs.aaai.org/index.php/ICWSM/article/view/13937
http://dx.doi.org/10.1609/icwsm.v3i1.13937
https://support.google.com/trends/answer/4365533?hl=en
https://pypi.org/project/pytrends/
https://github.com/typark99/GoogleTrends_Covid19
https://europepmc.org/abstract/MED/32463088
http://dx.doi.org/10.1093/jtm/taaa084
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32463088&dopt=Abstract
https://doi.org/10.1038/s41598-021-84094-z
http://dx.doi.org/10.1038/s41598-021-84094-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33664280&dopt=Abstract
https://ieeexplore.ieee.org/document/1163055
http://dx.doi.org/10.1109/TASSP.1978.1163055
https://www.jstatsoft.org/article/view/v031i07
http://dx.doi.org/10.18637/jss.v031.i07
https://www.frontiersin.org/articles/10.3389/fspas.2020.00039/full
http://dx.doi.org/10.3389/fspas.2020.00039
https://europepmc.org/abstract/MED/14745042
http://dx.doi.org/10.1073/pnas.0307545100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14745042&dopt=Abstract
https://europepmc.org/abstract/MED/32970124
http://dx.doi.org/10.1093/jtm/taaa176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32970124&dopt=Abstract
https://publichealth.jmir.org/2021/3/e27317/
https://publichealth.jmir.org/2021/3/e27317/
http://dx.doi.org/10.2196/27317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33711799&dopt=Abstract
https://link.springer.com/article/10.1007/s10690-021-09340-w
http://dx.doi.org/10.1007/s10690-021-09340-w
https://linkinghub.elsevier.com/retrieve/pii/S1201-9712(20)30317-9
http://dx.doi.org/10.1016/j.ijid.2020.05.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32437929&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1201-9712(20)32454-1
http://dx.doi.org/10.1016/j.ijid.2020.11.143
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33212255&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


48. So MK, Chu AM, Chan TW. Impacts of the COVID-19 pandemic on financial market connectedness. Financ Res Lett 2021
Jan;38:101864 [FREE Full text] [doi: 10.1016/j.frl.2020.101864]

49. So MK, Mak AS, Chu AM. Assessing systemic risk in financial markets using dynamic topic networks. Sci Rep 2022 Feb
17;12(1):2668 [FREE Full text] [doi: 10.1038/s41598-022-06399-x] [Medline: 35177679]

50. COVID-19 analytics. GitHub. URL: https://covid-19-dev.github.io/ [accessed 2022-02-17]
51. Mangono T, Smittenaar P, Caplan Y, Huang VS, Sutermaster S, Kemp H, et al. Information-seeking patterns during the

COVID-19 pandemic across the United States: longitudinal analysis of Google Trends data. J Med Internet Res 2021 May
03;23(5):e22933 [FREE Full text] [doi: 10.2196/22933] [Medline: 33878015]

52. An L, Russell DM, Mihalcea R, Bacon E, Huffman S, Resnicow K. Online search behavior related to COVID-19 vaccines:
infodemiology study. JMIR Infodemiology 2021 Nov 12;1(1):e32127 [FREE Full text] [doi: 10.2196/32127] [Medline:
34841200]

53. Tkachenko N, Chotvijit S, Gupta N, Bradley E, Gilks C, Guo W, et al. Google Trends can improve surveillance of Type 2
diabetes. Sci Rep 2017 Jul 10;7(1):4993 [FREE Full text] [doi: 10.1038/s41598-017-05091-9] [Medline: 28694479]

54. Husnayain A, Fuad A, Su EC. Applications of Google Search trends for risk communication in infectious disease management:
a case study of the COVID-19 outbreak in Taiwan. Int J Infect Dis 2020 Jun;95:221-223 [FREE Full text] [doi:
10.1016/j.ijid.2020.03.021] [Medline: 32173572]

55. National COVID-19 preparedness plan. The White House. URL: https://www.whitehouse.gov/covidplan/ [accessed
2022-07-07]

56. Public health determination and order regarding suspending the right to introduce certain persons from countries where a
quarantinable communicable disease exists. Federal Register. 2022 May 23. URL: https://www.federalregister.gov/documents/
2022/04/06/2022-07306/public-health-determination-and-order-regarding-suspending-the-right-to-introduce-certain-persons
[accessed 2022-05-23]

57. Margus C, Sondheim SE, Peck NM, Storch B, Ngai KM, Ho HE, et al. Discharge in pandemic: suspected COVID-19
patients returning to the emergency department within 72 hours for admission. Am J Emerg Med 2021 Jul;45:185-191
[FREE Full text] [doi: 10.1016/j.ajem.2020.08.034] [Medline: 33046303]

58. Public health surveillance for COVID-19: interim guidance. World Health Organization. URL: https://apps.who.int/iris/
handle/10665/351761 [accessed 2022-08-14]

59. Nuti SV, Wayda B, Ranasinghe I, Wang S, Dreyer RP, Chen SI, et al. The use of google trends in health care research: a
systematic review. PLoS One 2014 Oct 22;9(10):e109583 [FREE Full text] [doi: 10.1371/journal.pone.0109583] [Medline:
25337815]

60. Barua Z, Barua S, Aktar S, Kabir N, Li M. Effects of misinformation on COVID-19 individual responses and
recommendations for resilience of disastrous consequences of misinformation. Prog Disaster Sci 2020 Dec;8:100119 [FREE
Full text] [doi: 10.1016/j.pdisas.2020.100119] [Medline: 34173443]

61. Vaal S, Schofield MB, Baker IS, Roberts BL. Narcissism, national narcissism, COVID-19 conspiracy belief, and social
media use as predictors of compliance with COVID-19 public health guidelines. Curr Psychol (Forthcoming) 2022 Oct
05:1-8 [FREE Full text] [doi: 10.1007/s12144-022-03715-6] [Medline: 36213568]

62. Loomba S, de Figueiredo A, Piatek SJ, de Graaf K, Larson HJ. Measuring the impact of COVID-19 vaccine misinformation
on vaccination intent in the UK and USA. Nat Hum Behav 2021 Mar 05;5(3):337-348. [doi: 10.1038/s41562-021-01056-1]
[Medline: 33547453]

63. Dutta B, Peng MH, Chen CC, Sun SL. Role of infodemics on social media in the development of people's readiness to
follow COVID-19 preventive measures. Int J Environ Res Public Health 2022 Jan 25;19(3):1347 [FREE Full text] [doi:
10.3390/ijerph19031347] [Medline: 35162369]

64. Chu AM, Chan TW, So MK, Wong WK. Dynamic network analysis of COVID-19 with a latent pandemic space model.
Int J Environ Res Public Health 2021 Mar 19;18(6):3195 [FREE Full text] [doi: 10.3390/ijerph18063195] [Medline:
33808764]

65. Chu AM, Chong AC, Lai HT, Tiwari A, So MK. Source code for "enhancing the predictive power of Google Trends data
through network analysis: an infodemiology study of COVID-19". Zenodo. 2023 Jun 27. URL: https://zenodo.org/record/
8084831 [accessed 2023-06-27]

Abbreviations
DTW: dynamic time warping
GT: Google Trends
IPR: internet penetration rate
MSV: merged search volume
RSV: relative search volume
RT: related topic
SRS: severity risk score

JMIR Public Health Surveill 2023 | vol. 9 | e42446 | p.981https://publichealth.jmir.org/2023/1/e42446
(page number not for citation purposes)

Chu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://www.sciencedirect.com/science/article/pii/S1544612320316780
http://dx.doi.org/10.1016/j.frl.2020.101864
https://doi.org/10.1038/s41598-022-06399-x
http://dx.doi.org/10.1038/s41598-022-06399-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35177679&dopt=Abstract
https://covid-19-dev.github.io/
https://www.jmir.org/2021/5/e22933/
http://dx.doi.org/10.2196/22933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33878015&dopt=Abstract
https://infodemiology.jmir.org/2021/1/e32127/
http://dx.doi.org/10.2196/32127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34841200&dopt=Abstract
https://doi.org/10.1038/s41598-017-05091-9
http://dx.doi.org/10.1038/s41598-017-05091-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28694479&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1201-9712(20)30140-5
http://dx.doi.org/10.1016/j.ijid.2020.03.021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32173572&dopt=Abstract
https://www.whitehouse.gov/covidplan/
https://www.federalregister.gov/documents/2022/04/06/2022-07306/public-health-determination-and-order-regarding-suspending-the-right-to-introduce-certain-persons
https://www.federalregister.gov/documents/2022/04/06/2022-07306/public-health-determination-and-order-regarding-suspending-the-right-to-introduce-certain-persons
https://europepmc.org/abstract/MED/33046303
http://dx.doi.org/10.1016/j.ajem.2020.08.034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33046303&dopt=Abstract
https://apps.who.int/iris/handle/10665/351761
https://apps.who.int/iris/handle/10665/351761
https://dx.plos.org/10.1371/journal.pone.0109583
http://dx.doi.org/10.1371/journal.pone.0109583
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25337815&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2590-0617(20)30056-9
https://linkinghub.elsevier.com/retrieve/pii/S2590-0617(20)30056-9
http://dx.doi.org/10.1016/j.pdisas.2020.100119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34173443&dopt=Abstract
https://europepmc.org/abstract/MED/36213568
http://dx.doi.org/10.1007/s12144-022-03715-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36213568&dopt=Abstract
http://dx.doi.org/10.1038/s41562-021-01056-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33547453&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph19031347
http://dx.doi.org/10.3390/ijerph19031347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35162369&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph18063195
http://dx.doi.org/10.3390/ijerph18063195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33808764&dopt=Abstract
https://zenodo.org/record/8084831
https://zenodo.org/record/8084831
http://www.w3.org/Style/XSL
http://www.renderx.com/


Edited by A Mavragani; submitted 05.09.22; peer-reviewed by WK Wong, KF Lam, CY Sin, B Lam, S Yan, J Cuff; comments to author
11.05.23; revised version received 01.06.23; accepted 29.06.23; published 07.09.23.

Please cite as:
Chu AMY, Chong ACY, Lai NHT, Tiwari A, So MKP
Enhancing the Predictive Power of Google Trends Data Through Network Analysis: Infodemiology Study of COVID-19
JMIR Public Health Surveill 2023;9:e42446
URL: https://publichealth.jmir.org/2023/1/e42446 
doi:10.2196/42446
PMID:37676701

©Amanda MY Chu, Andy C Y Chong, Nick H T Lai, Agnes Tiwari, Mike K P So. Originally published in JMIR Public Health
and Surveillance (https://publichealth.jmir.org), 07.09.2023. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work, first published in JMIR Public Health and Surveillance, is properly
cited. The complete bibliographic information, a link to the original publication on https://publichealth.jmir.org, as well as this
copyright and license information must be included.

JMIR Public Health Surveill 2023 | vol. 9 | e42446 | p.982https://publichealth.jmir.org/2023/1/e42446
(page number not for citation purposes)

Chu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://publichealth.jmir.org/2023/1/e42446
http://dx.doi.org/10.2196/42446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37676701&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Comparison of the Users’ Attitudes Toward Cannabidiol on Social
Media Platforms: Topic Modeling Study

Yongjie Li1, PhD; Xiangyu Yan1, PhD; Zekun Wang1, PhD; Mingchang Ma2, MSc; Bo Zhang1, PhD; Zhongwei Jia1,3,4,
PhD
1School of Public Health, Peking University, Beijing, China
2School of Cyberspace Security, Beijing University of Posts and Telecommunications, Beijing, China
3Center for Intelligent Public Health, Institute for Artificial Intelligence, Peking University, Beijing, China
4Center for Drug Abuse Control and Prevention, National Institute of Health Data Science, Beijing, China

Corresponding Author:
Zhongwei Jia, PhD
School of Public Health, Peking University
38 Xueyuan Rd, Haidian District
Beijing
China
Phone: 86 18813052163
Email: urchinjj@163.com

Abstract

Background: As one of the major constituents of the cannabis sativa plant, cannabidiol (CBD) is approved for use in medical
treatment and cosmetics because of its potential health benefits. With the rapid growth of the CBD market, customers purchase
these products, and relevant discussions are becoming more active on social media.

Objective: In this study, we aimed to understand the users’ attitudes toward CBD products in various countries by conducting
text mining on social media in countries with different substance management policies.

Methods: We collected posts from Reddit and Xiaohongshu, conducted topic mining using the latent Dirichlet allocation model,
and analyzed the characteristics of topics on different social media. Subsequently, a co-occurrence network of high-frequency
keywords was constructed to explore potential relationships among topics. Moreover, we conducted sentiment analysis on the
posts’ comments and compared users’ attitudes toward CBD products on Reddit and Xiaohongshu using chi-square test.

Results: CBD-related posts on social media have been rapidly increasing, especially on Xiaohongshu since 2019. A total of
1790 posts from Reddit and 1951 posts from Xiaohongshu were included in the final analysis. The posts on the 2 social media
platforms, Reddit and Xiaohongshu, were categorized into 7 and 8 topics, respectively, by the latent Dirichlet allocation model,
and these topics on the 2 social media were grouped into 5 themes. Our study showed that the themes on Reddit were mainly
related to the therapeutic effects of CBD, whereas the themes on Xiaohongshu concentrated on cosmetics, such as facial masks.
Theme 2 (CBD market information) and theme 3 (attitudes toward CBD) on Reddit had more connections with other themes in
the co-occurrence network, and theme 3 and theme 1 (CBD therapeutic effects) had a high co-occurrence frequency (22,803/73,865,
30.87%). Meanwhile, theme 1 (CBD cosmetics) on Xiaohongshu had various connections with others (169,961/384,575, 44.19%),
and the co-occurrence frequency of theme 4 (CBD ingredients) and theme 1 was relatively prominent (27,128/49,312, 55.01%).
Overall, users’ comments tended to be positive for CBD-related information on both Reddit and Xiaohongshu, but the percentage
was higher on Xiaohongshu (82.25% vs 86.18%; P<.001), especially in cosmetics and medical health care products.

Conclusions: The CBD market has grown rapidly, and the topics related to CBD on social media have become active. There
are apparent differences in users’ attitudes toward CBD in countries with different substance management policies. Targeted
CBD management measures should be formulated to suit the prevalence of CBD use of each country.

(JMIR Public Health Surveill 2023;9:e34132)   doi:10.2196/34132
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Introduction

Background
Cannabidiol (CBD) is a nonintoxicating principal constituent
of the cannabis sativa plant discovered in 1940 [1]. In recent
years, CBD has been widely used in cosmetics, food
supplements, beverages, electronic cigarette liquids, and
prescription pharmaceuticals. There are dozens of different
forms of CBD products on the market, such as oils, capsules,
edibles, and so on. Unlike tetrahydrocannabinol (THC), which
is the main psychoactive component of cannabis, relevant studies
have shown that CBD is a relatively safe and nonaddictive
substance [2]. Moreover, there is evidence that CBD has variety
of pharmacological effects on the receptor system, producing
analgesic, anti-inflammatory, antianxiety, and antipsychotic
effects [3]. Relevant clinical studies have also shown that CBD
has the potential to treat anxiety disorders, panic disorders, and
pain [4-7]. In addition, Tóth et al [8] suggested that CBD may
be helpful in treating some skin symptoms, such as dryness and
itching. Nevertheless, owing to the lack of large-scale
randomized controlled trials, the clinical effectiveness and safety
of CBD are uncertain [9,10] and its potential side effects have
not yet been confirmed [11].

In the context of the global legalization of cannabis, government
policies regarding CBD are inconsistent. In the United States,
most states allow CBD for medical use and residents can
purchase it from pharmacies or on the web [12]. However,
products containing CBD with therapeutic claims are tightly
regulated by the Food and Drug Administration, and except
Epidiolex, no products have been approved by the Food and
Drug Administration [13]. As the second largest CBD market,
most European countries have legalized CBD products (THC
not exceeding 0.2%), and those products with medical claims
must be authorized as medical products [14,15]. Most customers
in Europe are still free to purchase CBD products on the web.
The acceleration of global cannabis legalization will lead to a
further boom in the CBD market in the United States and
European countries. In contrast, in countries such as China and
Singapore, illicit drugs are strictly regulated by the government,
including heroin, cannabis, and its derivatives. The legality of
CBD has not been approved, and its use in food, medicine, and
cosmetics is prohibited, as well as web-based or offline trade
[16,17]. However, because of the fast-growing interest in
lifestyle upgrades, customers in these countries have also begun
to pay attention to CBD products [18].

With the explosive growth in the popularity of CBD products,
related topics on social media are steadily increasing. People,
especially adults aged between 18 and 35 years, are keen to
share their feelings on social media. Moreover, users can
comment on topics that they are interested in to express their
thoughts and interact with others. Social media is an essential
channel for CBD product marketing. Users often read related
promotions when surfing on social media. Approximately 38%
of customers discovered CBD through internet searches [19].
Keeping abreast of topics on social media will assist us in
understanding the trends in CBD products, which have a
substantial impact on people’s behavior [20]. Previous studies

have demonstrated the potential of social media in perceiving
product trends in CBD [21,22]. However, these studies focus
on social media data in the United States and European
countries, where CBD has been approved for use and sale.

Objectives
Propelled by the spread of information and promotion by
celebrities, CBD products are landing on social media in China.
As China implements strict drug regulatory policies, the
popularity of CBD products on social media in China will bring
new challenges to current policies, and there is no relevant
research to date. This study aimed to extract and analyze topics
on social media in China and other countries to explore users’
attitudes toward CBD products and compare the differences
with social media users. We hope to provide suggestions to
policy makers to cope with the rapid development of the CBD
market.

Methods

Data Collection and Preprocessing
First, we chose 2 popular social media platforms, Reddit and
Xiaohongshu. Reddit is an English language–centric social
community that includes a variety of topics, and its user base
is primarily Western countries [23]. A report on the
demographics of Reddit users showed that their locations were
mainly from the United States, Australia, Brazil, Canada,
Denmark, Norway, and other countries, which were also
representative countries where CBD products were used. High
school and college education accounted for the highest
proportions, and the users’ age ranged from 18 to 49 years
[24,25]. As one of China’s fastest growing social media apps,
Xiaohongshu has approximately 100 million active users, most
of whom are from China [26]. Xiaohongshu encourages its users
to post different contents of their lives, and users can interact
based on interests, such as fashion, food, and many other
aspects. A study emphasized that posts on Xiaohongshu had a
substantial influence on the purchasing behavior of Chinese
consumers [27]. Considering that marijuana is strictly regulated
in China, related posts are not allowed to be published. As
Xiaohongshu is a platform connecting domestic and overseas
users, CBD-related posts highlighted the current attitude of
domestic users. Therefore, these posts on Xiaohongshu, as a
representative, were used to analyze attitudes of users in China.
We formulated a keyword list to retrieve CBD-related posts
from the 2 social media platforms (Figure 1). In the beginning,
we randomly searched 100 posts containing CBD from the 2
social media platforms and then 2 experts independently
reviewed these posts and selected the appropriate keywords.
Finally, the Delphi method was used to determine the completed
search keyword list (Textbox 1) [28]. We searched all posts and
the related comments from social media based on the keyword
list we formulated until May 31, 2021. Each post included the
serial number that was used to filter duplicates, titles, detailed
content, and published dates. The comments on the post were
composed of text content and comment date (Multimedia
Appendix 1, Figure S1). As unstructured data contained
considerable noise, all the original data were further processed
to facilitate subsequent analysis. Duplicate posts resulting from
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different search keywords were removed with their comments
based on the serial number. Then, nontext data (eg, video and
picture) or blank content in the posts or comments were deleted.
Subsequently, unnecessary sentence components (eg, emoji,
hyperlink, and punctuations) and meaningless words (common
stop words in English and Chinese) in the text were removed.
Moreover, regular expressions were used to eliminate
nonalphanumeric characters. In addition, we noticed that there
were still a few irrelevant posts in the data set. Two researchers

independently filtered unrelated posts. If there was a
discrepancy, a third researcher determined the final outcome.
Finally, for the Chinese posts on Xiaohongshu, we executed a
word segment on the sentence using Jieba 0.42. In addition, we
performed lemmatization on Reddit posts to extract more textual
information using NLTK 3.5. After the above preprocessing,
all the remaining data constituted the corpora of Reddit and
Xiaohongshu.

Figure 1. Flowchart of the study. LDA: Latent Dirichlet Allocation.
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Textbox 1. Search keywords on Reddit and Xiaohongshu.

Search keywords on Reddit

• cbd oil

• cbd cream

• hemp oil

• cbd hemp oil

• cbd oil anxiety

• cbd for pain

• cbd vape

• cbd benefits

• cbd liquid

• cannabidiol

• cbd cannabidiol

• cannabidiol oil

• cannabidiol cbd oil

• aceite cannabidiol

• cannabidiol capsules

• cannabidiol gummies

• cannabidiol products

Search keywords on Xiaohongshu

• cbd 油

• cbd 护肤

• cbd 面霜

• cbd 成分

• cbd 产品

• cbd 食品

• cbd 软糖

• cbd 化妆品

• cbd 胶囊

• cbd 焦虑

• cbd 失眠

• cbd 水乳

• cbd 疼痛

• cbd 抑郁

• cbd 大麻油

• cbd 烟

• cbd 电子烟

Data Analysis

Applying Topic Model
The topic model is a statistical algorithm for discovering the
latent semantic structures of large corpora that can offer insights
into ways we can better understand the main idea of the text.
Latent Dirichlet allocation (LDA) is an unsupervised generative

probabilistic method for modeling extensive text, resulting in
different topics and document clusters [29]. Before applying
LDA to the topic model, the text in the corpora was converted
to a vector of term counts using Scikit-learn, a Python library
(Figure 1). Perplexity was used as the criterion for evaluating
the effectiveness of the LDA model; the lower the perplexity,
the better the model predicts [30]. To determine the appropriate
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number of topics in the corpus of documents, the 5-fold
cross-validation was applied in LDA model training. We
randomly shuffled the corpus and divided it into 5 groups, 4 of
which were training data sets, and the remaining one was a
validation data set [31,32]. The candidate number of topics
ranged from 2 to 15. We also calculated coherence measures to
evaluate the candidate number of topics. Topic coherence
measures scored a single topic by measuring the degree of
semantic similarity between high-scoring words in the topic.
Coherence value (CV) was selected as the metric in this study,
and the higher value indicated optimal topic coherence [33,34].
Then, during each training iteration, we calculated and compared
the perplexity and coherence scores of different candidate topic
numbers in the validation data sets and presented these results
in a scatter plot. Therefore, the final number of topics in the
corpus was determined using a combination of perplexity and
coherence. After the LDA model training was completed, we
visualized the generated topics and related keywords. In the
visualization layout, topics were represented in the form of
bubbles, and each bubble represented one topic. The distance
between the bubbles was an approximation of the semantic
relationship between the topics. The overlap of bubbles indicated
that there were similar parts between the topics. On the basis
of the outcomes in the layout and combined with a better
expression of the semantics of these topics, we merged similar
topics (overlapping and closer in the distance) extracted by the
LDA model into new themes.

Construct Co-occurrence Network of High-Frequency
Keywords
A co-occurrence network was used to provide an intuitive
expression of potential relationships between topics within
corpora, and it was the collective interconnection of various
high-frequency keywords based on their paired presence within
the posts in the corpora. The top 10 high-frequency keywords
in each theme were regarded as representative high-frequency
keywords. We then formed pairs of these high-frequency
keywords (Figure 1). In this study, we defined “co-occurrence”
as a pair of keywords appearing in the same post. For example,
“cannabidiol” (keyword in theme 1) and “experience” (keyword
in theme 3) appeared in the post, so this pair
(cannabidiol-experience) was said to “co-occur.” Moreover, we
counted the frequency of co-occurrence of high-frequency
keywords in the corresponding corpora. We then constructed a
co-occurrence network diagram of high-frequency keywords,
where the nodes with colors represented the keywords of themes
and the thickness of the edges indicated the frequency of
co-occurrence in the corresponding corpora. In addition, the
corresponding heatmaps were created to provide the
relationships between various themes intuitively. In the
co-occurrence heatmap, the number represented the frequency
of co-occurrence between different themes, and the pie chart
indicated the proportion of 1 theme in all themes in each row.
This work was performed using Gephi 0.9.2 (Gephi Consortium)

and Seaborn modules in Python 3.6 (Python Software
Foundation).

Sentiment Analysis
Social media is one of the most important ways for people to
obtain information, and sentiment analysis can help understand
a person’s opinion about a particular subject or topic based on
the comments on posts [35]. Therefore, we selected posts with
comments to form subcorpora and performed sentiment analysis
on them (Figure 1). As the comments were feedback on the
content of posts, we first paid attention to the content discussed
in these posts, and we found that most of them were divided
into 3 subjects: cosmetics, food, and medical health care
products. We assigned 2 researchers with medical backgrounds
to annotate the subject of posts with labels. The 2 researchers
were asked to independently classify the posts and reach a
consensus on the final label results. If there was an
inconsistency, an expert would participate and ensure the final
agreement. Next, we arranged for 2 other researchers to
independently annotate the comments based on the detailed text
to determine sentiment polarity (positive or negative). Positive
comments referred to those messages that users liked or accepted
in the content of posts, and negative comments were just the
opposite. The process of determining positive or negative
comments was consistent with the above process. According
to the sentiment polarity annotation results on the comments,
we set a sentiment classification label for each post. For
example, the posts that had more positive comments than
negative ones would be classified as positive posts and vice
versa. Finally, we drew a scatter plot of sentiment polarity. The
horizontal coordinates indicated the subject classification of the
post, and the vertical coordinates indicated the number of
comments (positive posts used the number of positive comments
and negative posts used the number of negative comments).
The differences in sentiment distribution between the 2 social
media platforms were verified using the chi-square test executed
in SPSS (version 22.0; IBM Corp).

Ethics Approval
This study was approved by the Peking University Institutional
Review Board (IRB00001052-16016).

Results

Basic Statistics Information
By the end of May 31, 2021, 3212 Reddit posts and 2512
Xiaohongshu posts were collected. After preprocessing, 1790
and 1951 posts were included in the statistical analyses.
According to the statistics of the number of posts by years, it
was apparent that there was a rising trend of CBD-related posts,
both on Reddit and Xiaohongshu (Figure 2). In particular,
compared with posts on Reddit, the attention paid to CBD on
Xiaohongshu was hysteretic, and there had been explosive
growth since 2019.
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Figure 2. The number of posts on Reddit and Xiaohongshu per year.

Topic Modeling Result
After 5-fold cross-validation, perplexity was the lowest when
the topic number was 7 on the Reddit corpus (199.34-201.91).
Likewise, the highest CV using CV metric ranged from 0.63 to
0.67 with a topic number of 7. Therefore, 7 topics were
identified from the posts on Reddit (Multimedia Appendix 1,
Figures S2 and S3). The 7 topics were grouped into 5 themes:
CBD product treatment and effect (theme 1, including 2 topics),
market information related to CBD products (theme 2, including
2 topics), user attitudes toward CBD products (theme 3,
including 1 topic), products and forms related to CBD (theme
4, including 1 topic), and consumer-oriented CBD product
format (theme 5, including 1 topic). The keywords for each
theme with the percentage of the given documents are
summarized in Table 1. It showed that theme 1 was the most
popular, accounting for 47.64% (43,197/90,676) of the
keywords. Moreover, in theme 3 (17,565/90,676, 19.37%),
many users expressed their desire to try CBD products, as
advertisements on the CBD were readily available on similar
websites. In addition, it was clear that there were various forms
of CBD products in the consumer market, which were distinctive

from the themes of Xiaohongshu. Perplexity and coherence
varied for different values of the number of topics. On the basis
of the perplexity and coherence of the Xiaohongshu corpus, we
determined 8 as the optimal number of the topics with the
minimum perplexity (137.15-140.70) and maximum coherence
(0.64-0.68; Multimedia Appendix 1, Figures S4 and S5). We
grouped these 8 topics into 5 themes (Table 2). The most
obvious characteristic was that Xiaohongshu’s themes were
concentrated on cosmetics field. Theme 1 (including 3 topics)
had the highest percentage (25,750/55,097, 46.74%) and was
CBD-related cosmetics categories and functions, such as facial
masks, creams, and essences. In addition, the themes on Reddit
and Xiaohongshu both involved brands of CBD. However, there
were not only domestic brands on Xiaohongshu but also
international brands from the United States and Europe (theme
2, including 2 topics; 10,001/55,097, 18.15%). Moreover, theme
3 (including 1 topic) and theme 4 (including 1 topic) introduced
the effect evaluation of CBD products and the raw materials of
CBD cosmetics, respectively. Theme 5 (including 1 topic)
described medical health care products with therapeutic benefits
claims, and a similar theme also appeared in Reddit.

Table 1. Topic classification and keywords on Reddit corpora.

Values, %KeywordsClassification and topics

Theme 1: CBDa production treatment and effect

25.56pain, anxiety, body, treatment, patients, use, reduce, sleep, disorders, cancerTopic 1: CBD production treatment

22.08hemp, make, gummies, benefit, plant, oil, cannabidiol, extract, high, healthTopic 2: Multiformat CBD products effect

Theme 2: Market information related to CBD products

11.43company, products, base, business, market, release, sell, service, live, developTopic 3: Company information of CBD

8.61hemp, brand, share, report, sales, industry, grow, research, offer, hold, priceTopic 4: Brand and report of CBD

Theme 3: Attitudes toward for CBD products

19.37like, know, want, feel, work, try, think, start, experience, really, need, goodTopic 5: Attitude to use CBD products

Theme 4: Products and forms related to CBD

6.82cannabis, marijuana, medical, extract, weed, capsule, flower, smoke, foodTopic 6: Raw materials and other products

Theme 5: Consumer-oriented CBD product format

6.13vape, bottle, liquid, spectrum, cream, free, online, shop, pure, website, orderTopic 7: Product formats and distribution channels

aCBD: cannabidiol.
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Table 2. Topic classification and keywords on Xiaohongshu corpora.

Values, %KeywordsClassification and topics

Theme 1: CBDa-related cosmetics categories and functions

19.33skin (皮肤), sensitive (敏感), ingredient (成分), cream (面霜), skin care products
(护肤品), lotion (水乳), absorb (吸收), oil skin (油皮), protect (护理)

Topic 1: Skin care cosmetics

15.67facial mask (面膜), repair (修护), stay up late (熬夜), hydrating (补水), emollient
(舒缓), serum (精华液), fight against acne (消炎), antioxidant (抗氧化), emer-
gency (急救)

Topic 2: Benefits of CBD mask

11.74acne prone (痘痘), oil-control (控油), moisturize (保湿), purify (淡化), resurfacing
(清爽), nutritious (舒缓), whitening (美白), antiwrinkle (抗皱), active (活化)

Topic 3: Benefits of other CBD cosmetics

Theme 2: CBD-related cosmetics brands and research

9.32function (作用), efficacy (功效), research (研究), cell (细胞), health (健康),
control (抑制), discovery (发现), stimulate (刺激), balance (平衡)

Topic 4: Study on the effectiveness of CBD

8.83products (产品), brand (品牌), industry (工业), extract (提取物), western (欧美),
formulation (配方), America (美国), price (价格), domestic (国产)

Topic 5: CBD-related cosmetics brands

Theme 3: Effect evaluation of CBD products

12.11feel (感觉), really (真的), particular (特别), smell (味道), comfy (舒服), recom-
mend (推荐), good (不错), try (试试), share (分享)

Topic 6: Cosmetics effect evaluation

Theme 4: Main ingredients of CBD cosmetics

11.98Cannabis (大麻), ingredient (成分), essence (精华), vitamin (维生素), essential
oil (精油), extract (提取), add (添加), plant (植物), natural (天然)

Topic 7: Ingredient introduction

Theme 5: Declared disease treatment effect

11.02sleep (睡眠), anxiety (焦虑), relieve (缓解), insomnia (失眠), stress (压力),
emotion (情绪), pain (疼痛), adjustment (调节), improve (改善)

Topic 8: CBD treatment of diseases

aCBD: cannabidiol.

Co-occurrence Network of High-Frequency Keywords
For the themes on Reddit, there were wide connections between
the different themes. Obviously, theme 2 had the most
connections with other themes, which was 24.48%
(83,733/342,066) followed by theme 3 that accounted for
21.59% (73,865/342,066; Figure 3A). The heatmap of
high-frequency keywords showed that theme 3 and theme 1 had
a high co-occurrence frequency (22,803/73,865, 30.87%); that
is, users were interested in the therapeutic effects of CBD and
expressed their thoughts on trying and some even used this type
of product for the first time (Figure 4A). This study also showed
that there were various forms of CBD products for users to try
and choose, which was why the co-occurrence frequency of

theme 5 and theme 3 was relatively high (6419/28,364, 22.63%).
In contrast, as users in Xiaohongshu shared all kinds of posts
about cosmetics, the themes of CBD-related cosmetics (theme
1) categories had various connections with others
(169,961/384,575, 44.19%; Figure 3B). Furthermore, unlike
the themes of Reddit mentioned above, the themes in
Xiaohongshu that claimed the therapeutic effects (theme 5) were
simply associated with cosmetics and derivatives of CBD
ingredients (theme 4), which was only 6.89% (1758/25,503).
Xiaohongshu users were more willing to spend time introducing
ingredients in cosmetics, especially those related to CBD.
Therefore, the co-occurrence frequency of theme 4 and theme
1 was relatively prominent (27,128/49,312, 55.01%; Figure 4B).
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Figure 3. Co-occurrence network of high-frequency keywords on Reddit and Xiaohongshu. (A) The nodes represent the keywords of the themes on
Reddit. The edge between two nodes (source node and target node) indicates that two keywords appear in the same post, and the thickness of the edges
indicates the frequency of co-occurrence in the posts. The color of the edge is consistent with that of the source node. Theme 1: CBD production treatment
and effects. Theme 2: market information related to CBD products. Theme 3: attitudes toward CBD products. Theme 4: products and forms related to
CBD. Theme 5: consumer-oriented CBD product format. (B) The nodes represent keywords of the themes on Xiaohongshu. The edge between two
nodes (source node and target node) indicates that two keywords appear in the same post, and the thickness of the edges indicates the frequency of
co-occurrence in the posts. The color of the edge is consistent with that of the source node. Theme 1: CBD-related cosmetic categories and functions.
Theme 2: CBD-related cosmetic brands and research. Theme 3: effect evaluation of CBD products. Theme 4: main ingredients of CBD cosmetics.
Theme 5: declared disease treatment effect. CBD: cannabidiol.

Figure 4. Co-occurrence heatmap of high-frequency keywords on Reddit and Xiaohongshu. The number is the frequency of co-occurrence between
different themes, and the pie chart (blue part) indicates the proportion of one theme in all themes in each row. (A) The themes on Reddit—theme 1:
CBD production treatment and effect, theme 2: market information related to CBD products, theme 3: attitudes toward CBD products, theme 4: products
and forms related to CBD, and theme 5: consumer-oriented CBD product format. (B) The themes on Xiaohongshu—theme 1: CBD-related cosmetics
categories and functions, theme 2: CBD-related cosmetic brands and research, theme 3: effect evaluation of CBD products, theme 4: main ingredients
of CBD cosmetics, and theme 5: declared disease treatment effect. CBD: cannabidiol.

Distribution of Sentiment Polarity
After processing, there were 693 and 767 posts with comments
on Reddit and Xiaohongshu, respectively (Figure 1). From the
perspective of the classification subject of the posts, it was
evident that the posts on Reddit were more focused on medical
health care products (571/693, 82.4%), whereas the posts on
Xiaohongshu had the highest proportion of posts on cosmetics
(605/767, 78.88%; Figure 5). On Xiaohongshu, information
about food containing CBD ingredients did not attract much
attention (22/767, 2.87%), and discussions about cosmetics in

Reddit were also less common (47/693, 6.78%). However, we
noted that approximately 2.6% (18/693) of posts on Reddit
reported using CBD products as alternative medicines, such as
recreational cannabis and painkillers.

Overall, regardless of Reddit or Xiaohongshu, users’comments
tended to be positive for CBD-related information, but the
percentage was higher on Xiaohongshu (Reddit vs Xiaohongshu:
82.25% vs 86.18%; P<.001). Compared with Reddit,
Xiaohongshu also had a higher percentage of positive comments
on the subject of cosmetic and medical health care products
(74.47% vs 91.57% in cosmetics and 82.84% vs 86.43% in
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medical health care products; P=.02). There was no significant
difference in the proportion of posts with positive or negative

emotions on the food subject between the 2 social media
platforms (Table 3).

Figure 5. Sentiment distribution of posts on Reddit and Xiaohongshu. The horizontal coordinates indicate the subject classification of the post, and
the vertical coordinates indicate the number of comments (positive posts used the number of positive comments, and negative posts used the number
of negative comments).

Table 3. The distribution of sentiment polarity on Reddit and Xiaohongshu.

Medical health care productsFoodCosmeticsOverall

P

value

Value,
N

Value, n
(%)

P

value

Value,
N

Value, n
(%)

P

value

Value,
N

Value, n
(%)

P

value

Value,
N

Value, n
(%)

.02.30.02<.001Comments

Reddit

571443 (82.84)7562 (82.67)4735 (74.47)693540 (82.25)Positive

571128 (17.16)7513 (17.33)4712 (25.53)693153 (17.75)Negative

Xiaohongshu

140121 (86.43)2216 (72.73)605524 (91.57)767661 (86.18)Positive

14019 (13.57)226 (27.27)60581 (8.43)767106 (13.82)Negative

Discussion

Principal Findings
This novel study analyzed the posts related to CBD products
on social media and compared users’ attitudes toward CBD in
countries with different substance management policies. The
number of cannabis-related topics on social media was massive,
and CBD was one of the emerging topics that attracted more
and more attention. Benefiting from the formulated search

keywords, the corpus in this study filtered out many data with
high-noise levels, which also made the corpus relatively small.
Therefore, we could build a more effective topic model to mine
users’ attitudes toward CBD products. The results showed that
there were differences in the themes that users discussed on
social media and their attitudes toward CBD had their own
characteristics. Obviously, compared with some Western
countries, there was a “vacuum period” when the relevant theme
was first available on Xiaohongshu in China. Although China
adheres to the strict drug control policy (including cannabis and
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its derivatives), with the popularity of legalization of medical
and recreational cannabis, related themes have become
increasingly active on social media in China [36,37]. The
text-based topic model analysis in this study provided a
reference for cross-cultural research. In traditional cross-cultural
studies, qualitative methodologies were prominent and mostly
conducted by cultural anthropologists in the form of
ethnographies [38]. This required researchers to have a variety
of cultural backgrounds, which may otherwise cause research
bias. Language independence is commonly presented as one of
the advantages of modern machine learning approaches to
natural language processing (NLP), and it is an important type
of scalability [39]. NLP technology can help us achieve
cross-cultural quantitative analysis. In this study, we established
an automated topic analysis process. A sequence of NLP
functions was used to mine and extract topics from social media
texts, and these topics were compared in different cultural
contexts.

Social media serves as the vital source of information, as people
are willing to share information on social media, and we can
mine topic information from user-generated content on social
media [40]. Although China is the largest producer of industrial
hemp, its strict policy supervision has restricted the application
of CBD. Cosmetics with CBD ingredients have attracted
consumers, and it has been booming on social media. Even the
international brands from the United States and Japan are also
sold in the domestic market through e-commerce platforms (eg,
Taobao and JD). Not only cosmetics but also some medical
health care products that claimed to relieve anxiety or body pain
have also appeared on social media in China. As more countries
approved CBD for medical purposes, previous studies reported
similar trends on other social media in Western countries [22].
Currently, there is a lack of scientific evidence for its
effectiveness in treatment, and policy makers should pay
attention to this phenomenon. Although the sale of cannabis
and its derivatives is banned in China, CBD products for medical
use have bypassed the legal supervision under the cover of
cosmetics. In addition, many users claimed that taking CBD
was good for health and even advocated anticancer effects,
which may cause patients to eschew proven treatments and
increase the disease burden [15]. Although CBD is touted for
its therapeutic properties by consumers, public health
professionals should be cautious when recommending CBD
products and should ensure that regional and local laws are
followed. Health care providers should clearly inform patients
of the potential risks, especially in vulnerable groups such as
children, older adults, and patients who are chronically ill.
Moreover, our study found that users’ attention to the 2 social
media platforms was significantly different. Regarding CBD
products, Xiaohongshu users posted more frequently about CBD
in skin care, whereas Reddit users posted more frequently about
the potential medicinal value of CBD products. Therefore, the
government needs to strengthen the surveillance of the market
and guide consumers to correctly understand CBD to avoid
unnecessary risks owing to false propaganda.

There are various novel CBD product forms (eg, vaping and
gummies) on Reddit, which are popular among teenagers. We
noticed a close connection between this theme (theme 5) and

the theme of therapeutic effects (theme 1) on Reddit. When
teenagers are exposed to such information on social media,
curiosity may drive them to try these CBD products, such as
e-cigarettes, to relieve anxiety and further use CBD with high
THC levels or even cannabis [41]. Although there were few
related themes on Xiaohongshu, China would face the same
situation with the rapid growth of the e-cigarette market.
Therefore, it is urgent to conduct education and intervention in
schools or entertainment venues. In addition, it is necessary to
improve the detection of THC in CBD products. A previous
study reported several CBD products with excessive THC in
the European market [15]. The customs department should
strengthen its supervision of the imported e-liquid. On
Xiaohongshu, internet celebrities often introduced the main
ingredient CBD and its relationship with cannabis when they
shared the experience of using cosmetics. However, some of
the contents lacked scientific evidence or were fake news. These
kinds of fake news on social media mislead people and put
public health at risk [42]. Therefore, social media should
exercise professional responsibility to ensure that accurate
information is published and disseminated. Policy makers need
to penalize false or unsubstantiated CBD advertisement claims,
especially for CBD foods with unclear efficacy. Any products
making claims for therapeutic or medical use must be approved
by regulatory authorities upon submission of data. In addition,
regulators should strengthen the training of health care providers
to ensure the safety and effectiveness of the prescriptions.

Finally, the sentiment polarity of comments on the 2 social
media platforms reflected that users’ attitudes toward CBD
products differed. The almost overwhelmingly positive
comments on cosmetics showed the popularity of CBD
cosmetics among Chinese consumers. Most of the comments
on Reddit focused on CBD health care products, but the
proportion of negative comments was higher than that on
Xiaohongshu. In contrast to China’s drug policy, people in the
West (ie, the United States and European countries) are free to
buy and use medical CBD products. However, the therapeutic
efficacy with actual experience may be lower than the advertised
therapeutic efficacy, leading to more negative comments on
social media. For example, 1 user said that the use of CBD oil
did not alleviate body pain at all, and that the illness was finally
cured by routine clinical treatment. In addition, the discussion
on the legal status of CBD revolves around the question of
whether it is a drug or food supplement. Many products were
labeled as food to avoid regulation, but current data show that
consumers, both in China and the West, are not particularly
concerned about it. Overall, users were more positive about
CBD products on social media in China, even though CBD is
still illegal. As an emerging trend, domestic consumers know
little about CBD and do not know enough about its management
requirements and use risks, so the government should focus on
publicizing CBD-related scientific evidence and management
measures. Public health communities need to keep abreast of
the latest research and implement evidence-based practice
standards and guidelines to reduce the risk of potential misuse
of CBD products.
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Limitations
This study has several limitations. Our data were collected from
social media, which are mostly used by internet-savvy young
people. Therefore, there may be a lack of input from older adults
who rarely use social media. However, considering that the
primary consumers of CBD products are young people, our
study represented most of the target population. In addition, the
user demographics of Reddit and Xiaohongshu are not
representative of all Western and Chinese populations. It is
necessary to investigate more users beyond social media
platforms to evaluate actual consumer attitudes. The NLP
analysis is correlated with the amount of data, and the relatively
precise search strategy used in this study may limit the size of
the corpus. We will expand our corpus from other platforms to
train a more comprehensive topic model. Also, as a formative
study, more traditional measures of consumers’ behavior are
needed in addition to study on other social media platforms.

Therefore, future research should consider analyzing more data
on other social media platforms to explore users’ attitudes
toward CBD more comprehensively.

Conclusions
We collected posts related to CBD products from Reddit and
Xiaohongshu and conducted theme mining using the LDA
model. We analyzed the characteristics of the themes on social
media and performed sentiment polarity on posts’ comments
to compare users’attitudes toward CBD products from different
countries. The results showed that consumers in countries with
different substance management policies had significantly
different attitudes toward CBD. Therefore, more targeted CBD
management measures should be formulated to suit each
country’s national conditions. In addition, we hope that this
study can provide a reference for other countries where CBD
has not been approved for use in medicines, cosmetics, and
food.
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Abstract

Background: The rising number of migrants worldwide, including in China given its recent rapid economic development, poses
a challenge for the public health system to prevent infectious diseases, including sexually transmitted infections (STIs) caused
by risky sexual behaviors.

Objective: The aim of this study was to explore the risky sexual behaviors of international immigrants living in China to provide
evidence for establishment of a localized public health service system.

Methods: Risky sexual behaviors were divided into multiple sexual partners and unprotected sexual behaviors. Basic
characteristics, sexual knowledge, and behaviors of international immigrants were summarized with descriptive statistics.
Multivariate logistic regression analyses were used to identify factors associated with risky sexual behaviors, and the associations
of demographic characteristics and risk behaviors with HIV testing and intention to test for HIV.

Results: In total, 1433 international immigrants were included in the study, 61.76% (n=885) of whom had never heard of STIs,
and the mean HIV knowledge score was 5.42 (SD 2.138). Overall, 8.23% (118/1433) of the participants had been diagnosed with
an STI. Among the 1433 international immigrants, 292 indicated that they never use a condom for homosexual sex, followed by
sex with a stable partner (n=252), commercial sex (n=236), group sex (n=175), and casual sex (n=137). In addition, 119 of the
international immigrants had more than three sex partners. Individuals aged 31-40 years were more likely to have multiple sexual
partners (adjusted odds ratio [AOR] 2.364, 95% CI 1.149-4.862). Married participants were more likely to have unprotected
sexual behaviors (AOR 3.096, 95% CI –1.705 to 5.620), whereas Asians were less likely to have multiple sexual partners (AOR
0.446, 95% CI 0.328-0.607) and unprotected sexual behaviors (AOR 0.328, 95% CI 0.219-0.492). Women were more likely to
have taken an HIV test than men (AOR 1.413, 95% CI 1.085-1.841). Those who were married (AOR 0.577, 95% CI 0.372-0.894),
with an annual disposable income >150,000 yuan (~US $22,000; AOR 0.661, 95% CI 0.439-0.995), considered it impossible to
become infected with HIV (AOR 0.564, 95% CI 0.327-0.972), and of Asian ethnicity (AOR 0.330, 95% CI 0.261-0.417) were
less likely to have an HIV test. People who had multiple sexual partners were more likely to have taken an HIV test (AOR 2.041,
95% CI 1.442-2.890) and had greater intention to test for HIV (AOR 1.651, 95% CI 1.208-2.258).

Conclusions: International immigrants in China exhibit risky sexual behaviors, especially those aged over 30 years. In addition,
the level of HIV-related knowledge is generally low. Therefore, health interventions such as targeted, tailored programming
including education and testing are urgently needed to prevent new HIV infections and transmission among international immigrants
and the local population.

(JMIR Public Health Surveill 2023;9:e35713)   doi:10.2196/35713
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Introduction

Under globalization, the number of international travelers has
increased significantly worldwide during the past decade, from
2433 million in 2008 to 3188 million in 2019 [1,2]. Owing to
its rapid economic development, China has become a popular
country and attracted numerous international immigrants. For
example, the National Bureau of Statistics showed that
approximately 845,697 international immigrants lived in China
in 2020, increasing by 251,865 compared to that recorded in
2010 [3,4]. Thus, an increasing number of international
immigrants settled in China with different ethnic backgrounds
and cultures, and this significant number of immigrants can
inevitably cause some public health problems [5]. The health
challenges posed by migration, not only for the immigrants
themselves but also for residents, have become an important
global health issue. For example, migration has proven to be a
risk factor for sexually transmitted infections (STIs), especially
with respect to the spread of HIV to residents of the destination
country during unprotected sexual encounters [6]. Risky sexual
behaviors might increase upon immigration given the removal
of factors that might inhibit sexual freedom in the home country,
including physical separation of partners or social networks,
escaping from the pressure of home community or social culture,
and especially an increase in casual sex [7].

The total number of people living with HIV/AIDS worldwide
increased from 31.1 million in 2010 to 37.7 million in 2020 [8].
However, new HIV infections have declined by 31%, from 2.1
million in 2010 to 1.5 million in 2020 [8]. Migration has become
one of the key issues related to HIV prevention and control in
recent years considering the increasing number of HIV
infections among migrants [9]. Indeed, since the beginning of
the HIV epidemic, governments have been worried that migrants
may be largely responsible for spreading HIV [10,11]. However,
specific public health responses have not yet been established
to monitor HIV among migrants, especially international
immigrants, in most countries. Considering that the majority of
international immigrants are sexually active young people and
their interaction with local Chinese residents is inevitable, active
responses for public health and related research are particularly
important.

In China, the number of newly reported HIV-infected
international immigrants reached up to 15,319 between 2004
and 2017 [12], although there is currently no mandatory
screening for HIV or other STIs for international immigrants
in China. Most studies regarding the sexual behaviors of
international immigrants have been conducted in high-income
countries such as the United States, Canada, and the United
Kingdom [13-15]. The status of sexual behaviors among
international immigrants living in China is currently unclear.
Moreover, considering the differences in cultures and health
services, interventions that are employed in high-income
countries may not be suitable for international immigrants in
China. Therefore, we aimed to explore the risky sexual behaviors
of international immigrants living in China to provide evidence

for establishment of a localized public health service system to
address the significant increase in the number of international
immigrants under globalization.

Methods

Participants
We used a cross-sectional web-based study design to collect
data from international immigrants living in China by a snowball
sampling method. Three to six international immigrants with
different occupations, ages, home countries, and genders from
Yiwu, Guangzhou, Beijing, and Hangzhou were invited to start
the investigation. These immigrants were then asked to invite
other international immigrants living in China to participate in
the survey to expand the sample. We selected these locations
in particular because Yiwu, as one of the largest commodity
trading cities, attracts nearly half a million international
immigrants every year [16]; Guangzhou is located in the core
of the Pearl River Delta [17], and is also an important trading
port representing one of the cities receiving a significant number
of international immigrants; Beijing is the capital of China,
which is bound to attract a substantial number of foreign people
as the political center; and Hangzhou is the provincial capital
of Zhejiang and located in the eastern coast of China, which
has developed rapidly in recent years because of the high-tech
service industry, resulting in a large foreign population.

The inclusion criteria of participants were: (1) international
immigrants whose homeland was not China but were living in
China, (2) above 18 years old, (3) could read English, and (4)
willing to participate in the study. The exclusion criteria were:
(1) under 18 years old; (2) Chinese nationality; and 3) did not
pass the “attention check” in the questionnaire, which was used
to identify careless respondents and improve the data quality.

The sample size was calculated based on the 31.14% HIV
diagnosis risk among international immigrants according to
previous studies [11,18], which required at least 330 participants.
We also estimated the sample size based on 5-10 times the
number of questions in the questionnaire, which required 650
respondents. To select the maximum representative sample from
the population, 1460 participants were recruited and the
responses of 1433 international immigrants were incorporated
in the final analysis.

Data Collection
Considering the sensitivity of sexual issues and the COVID-19
pandemic, we used an online questionnaire rather than a
face-to-face survey, which was conducted between January and
September 2021, including sociodemographic information (eg,
gender, age, marital status, education level, employment, and
annual disposable income), HIV-related knowledge, STIs history
(eg, diagnosis of genital herpes, syphilis, and condyloma in the
past), HIV testing history (ie, have taken an HIV test in the
past), and intention to have an HIV test in the future.

JMIR Public Health Surveill 2023 | vol. 9 | e35713 | p.997https://publichealth.jmir.org/2023/1/e35713
(page number not for citation purposes)

Zhou et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


In addition, all participants were invited to recall their related
sexual behaviors while living in China in the past year. Sexual
behavior–related data included the number of sexual partners;
condom use; stable, casual, commercial, homosexual, and group
sexual behaviors; as well as illicit drug use. Risky sexual
behaviors were classified as having multiple sexual partners
and unprotected sexual behaviors. HIV-related knowledge was
measured using the 8-item HIV Knowledge Questionnaire
(HIV-KQ-8) [19]. If the answer was correct, a score of 1 was
assigned, whereas a score of 0 was given if the answer was
wrong or “do not know.” HIV/STIs knowledge was finally
evaluated by the total scores, with a maximum score of 8 if all
answers were correct; thus, a higher score represented a higher
level of HIV/STIs knowledge among international immigrants.
The questions regarding sexual behaviors were designed based
on the guidelines of intervention work for the prevention of
HIV/AIDS issued by the China Center for Disease Control and
our previous study [20,21]. The reliability and validity of the
questionnaires were confirmed using Cronbach α (.996) and
the Kaiser-Meyer-Olkin test (0.961).

Ethics Considerations
The study protocol and consent procedure were approved by
the Ethics Review Committee, School of Public Health, Zhejiang
University (#2019-064). Informed consent information was
provided before the questions; participants had the option to
exit the survey after reading the informed consent information
or to provide consent to continue. The confidentiality of

individuals was properly protected in the management of the
investigation and the processing of data.

Statistical Analysis
Descriptive statistics were used to analyze the basic
characteristics, sexual-related knowledge, and sexual behaviors
of international immigrants using frequency and percentage or
mean (SD) as appropriate. Univariate and multivariate logistic
regression analyses were used to identify the factors associated
with risky sexual behaviors among international immigrants
and the association with HIV test history and intention to receive
an HIV test in the future. SPSS 24.0 statistical software (IBM,
Armonk, NY, USA) was used to analyze all data. P<.05 was
considered to indicate a statistically significant association.

Results

Basic Characteristics of International Immigrants in
China
In total, 1433 international immigrants were included in the
study, with a predominance of men (Table 1). The average age
was approximately 25 years and most of the participants were
well-educated with 68.95% (988/1433) reporting more than 11
years of education. The annual disposable income of the
majority of the international immigrants was less than 50,000
yuan (~US $7200). The majority of the respondents were
unmarried, and the largest proportion of immigrants were from
Africa, followed by America, Europe, and Asia (Table 1).
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Table 1. Basic characteristics of international immigrants in China (N=1433).

ValueCharacteristics

Gender, n (%)

973 (67.90)Male

460 (32.10)Female

24.97 (4.57)Age (years), mean (SD)

Marital status, n (%)

1263 (88.14)Unmarried

110 (7.68)Married

4 (0.28)Windowed

9 (0.63)Divorced

47 (3.28)Other

Education level, n (%)

49 (3.42)Illiterate

299 (20.87)1-5 years

97 (6.77)6-10 years

157 (10.96)11-12 years

831 (58.00)>12 years

Employment, n (%)

231 (16.12)Employed

1202 (83.88)Unemployed

Annual disposable income (yuan)a, n (%)

1040 (72.58)≤50,000

212 (14.79)50,001-100,000

79 (5.51)100,001-150,000

102 (7.12)>150,000

Home continentb, n (%)

679 (47.38)Africa

67 (4.68)America

40 (2.79)Europe

610 (42.57)Asia

6 (0.42)Other

aExchange rate on December 7, 2021: 6.3708 yuan=US $1.
bThere were 31 responses missing.

Knowledge on HIV Among International Immigrants
in China
Among the 1433 international immigrants, 61.76% (885) had
never heard of STIs or HIV. Among the immigrants who had
heard of HIV/STIs, the mean knowledge score on HIV was 5.42
(SD 2.138). The percentage of respondents with an HIV
knowledge score <4, 4-6, and >6 was 6.98% (100/1433), 17.31%
(248/1433), and 13.89% (199/1433), respectively.

Self-Report of STIs Among International Immigrants
Overall, 91.77% (1315/1433) of international immigrants had
not been diagnosed with any STIs, whereas 8.23% (118/1433)

of the international immigrants had been diagnosed with at least
one STI, including gonorrhea (16/1433, 1.12%), syphilis
(12/1433, 0.84%), condyloma acuminatum (1/1433, 0.07%),
herpes progenitalis (3/1433, 0.21%), hepatitis B (9/1433,
0.63%), and hepatitis C (2/1433, 0.14%). In addition, 4.82%
(69/1433) of the participants had been diagnosed with HIV.

Risky Sexual Behaviors
As shown in Figure 1, more than 50% of international
immigrants reported using a condom during sexual behaviors.
However, 20.38% (292/1433) of international immigrants
engaging in homosexual sex reported never using condoms,
followed by 17.59% (252/1433) in stable sexual relationships,

JMIR Public Health Surveill 2023 | vol. 9 | e35713 | p.999https://publichealth.jmir.org/2023/1/e35713
(page number not for citation purposes)

Zhou et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


16.47% (236/1433) engaging in commercial sex, 12.21%
(175/1433) for group sex, and 9.56% (137/1433) for casual sex.

In addition, 8.30% (119/1433) of international immigrants had
more than three sexual partners.

Figure 1. Frequency of condom use according to sexual behavior among international immigrants.

Factors Associated With Risky Sexual Behaviors
Among International Immigrants
The binary logistic regression model showed the factors
affecting whether the respondents had multiple partners or
unprotected sex as a risky sexual behavior (see Table S1 in
Multimedia Appendix 1). We found that being aged 31-40 years
was significantly associated with having multiple partners
(adjusted odds ratio [AOR] 2.364, 95% CI 1.149-4.862). Married
respondents indicated more unprotected risk behaviors (AOR
3.096, 95% CI –1.705 to 5.620) compared with unmarried
respondents. Asians tended to have fewer multiple partners
(AOR 0.446, 95% CI 0.328-0.607) and unprotected risk
behaviors (AOR 0.328, 95% CI 0.219-0.492) compared with
Africans.

Demographic Characteristics, Risk Behaviors, and
Their Association With HIV Testing and Intention to
Test for HIV
Table S2 in Multimedia Appendix 1 shows the associations of
demographic characteristics and risk behaviors with HIV testing.
Women had a higher probability of having taken an HIV test
in the past than men (AOR 1.413, 95% CI 1.085-1.841). People
who were married had less intention to take an HIV test (AOR
0.577, 95% CI 0.372-0.894) compared to unmarried respondents.
Those considering it to be impossible to become infected with
HIV were less likely to have ever taken an HIV test (AOR 0.523,
95% CI 0.281-0.975) or to intend to take an HIV test (AOR
0.564, 95% CI 0.327-0.972) compared with those who thought
it could be possible to become infected. Compared to
respondents who did not have multiple sex partners, those who
reported having multiple sexual partners were more likely to
intend to test for HIV (AOR 1.797, 95% CI 1.324-2.438).
Furthermore, Asians were less likely to indicate an intention to
be tested for HIV (AOR 0.330, 95% CI 0.261-0.417).

Discussion

Principal Findings
International immigrants in China exhibited risky sexual
behaviors, with 22.40% and 13.19% of the respondents reporting
having multiple sexual partners and unprotected sexual
behaviors, respectively. These trends may be partly related to

the differences in the new living environment faced by
international immigrants from those of the homeland. For
example, the absence of family and peer monitoring, language
barriers, cultural barriers, and a sense of anonymity may offer
immigrants more sexual freedom [22,23]. In addition, 4.82%
of the respondents reported that they have been diagnosed with
HIV. Therefore, the risk of HIV transmission and infection
among international immigrants exists, and interventions are
urgently needed to control the HIV epidemic caused by
international migration in China.

HIV knowledge is a significant factor contributing to HIV
prevention [14]. Previous studies also showed that enhanced
knowledge moderated sexual risk behaviors, and HIV
knowledge increased safer-sex intentions, condom use,
abstinence, and HIV testing and treatment [24-27]. However,
the majority of the international immigrants surveyed in our
study had never heard of STIs, and the knowledge scores of the
participants who were aware of HIV were also quite low. A
study in Canada suggested that those born in sub-Saharan
African also scored relatively low on the HIV knowledge
questionnaire, which was consistent with our results [14]. Based
on our analysis between Chinese nationals and international
immigrants, the mean score of HIV-related knowledge of
international immigrants who had heard of HIV (5.42, SD 2.14)
was lower than that of Chinese nationals (6.68, SD 2.08), and
there was a much higher number of international immigrants
who had never heard of HIV (61.76%) compared to Chinese
nationals (5.48%). These results were consistent with previous
research [28]. The reasons may include that immigrants
represent a marginalized group, who may not receive any HIV
education in either their homeland or destination country.
However, there are also discrepancies among studies related to
the extent of HIV knowledge among immigrants. For example,
a study in Thailand indicated that immigrants exhibited a fairly
high standard of knowledge about the risk factors of HIV [5],
and this knowledge increased among immigrants who had heard
of HIV after they came to Thailand, which also showed that
they obtained adequate education from the local government.
Another study performed in South Korea also found that
immigrant workers exhibited better knowledge of HIV compared
with Korean respondents [29]. These differences may be caused
by the fact that the participants in our study mostly migrated
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from low- and middle-income countries, where HIV-related
resources are limited.

The age group of 30-60 years was significantly associated with
having more risky sexual behaviors among the international
immigrants surveyed in our study, which was consistent with
the majority of previous related studies. This may be related to
the fact that this age corresponds to a more physiologically
sexually active group, who may have sex with multiple partners
without protection. A previous study published in 2018 also
reached a similar conclusion, showing that adults of this age
group were more likely to have sex without a condom, new
sexual partners, and multiple sexual partners [30]. In addition,
consistent with a prior study showing that married people tended
to have more high-risk sexual behaviors [31], we found that
married individuals tended to have more unprotected sexual
behaviors than unmarried individuals. There are several possible
reasons for this difference. For example, a traditional culture
that does not permit engaging in sexual behaviors before
marriage could cause more risky sexual behaviors among
married than unmarried individuals. In addition, married people
may plan to have a baby, which would be accompanied by
unprotected sex [32]. Moreover, some people find it shameful
to use condoms once married or are pursuing the physical and
psychological satisfaction from unprotected sex [13]. However,
in our study, 16.13% of the married respondents indicated
engaging in unprotected sexual behaviors not with their stable
partners. For instance, a prior study also showed that married
immigrant men tended to have affairs [33], and 28.48% of the
migrant workers who lived apart from their spouses had
extramarital sexual behaviors [34]. People engaging in casual
sex, commercial sex, homosexual sex, and group sex are
considered to be a high-risk population for STIs, and the
frequency of condom use was rather low among international
immigrants; therefore, health education is necessary and
important for these international immigrants. Moreover, the
environment of field testing for HIV typically has poor privacy
protection, which may lead those at high risk of worrying about
disclosure of personal information, especially for international
immigrants who may be more insecure about whether they will
be able to settle in the destination country if they are diagnosed
with HIV.

With respect to the influence of the origin region of the
immigrants, we found that Asians exhibited less risky sexual
behaviors but also had reduced intention to be tested for HIV
compared with Africans. The possible reasons for these
differences may include that polygamy still exists in some areas
of Africa, especially in some sub-Saharan African countries
[35], and international immigrants from Africa tend to have
little knowledge about HIV [36,37]. These factors may influence
their sexual behaviors, especially increasing the risk of having
multiple sexual partners and unprotected sexual behaviors. In
addition, the fact that Africa had the highest number of people
living with HIV in 2020, suggesting that Africans are most
heavily affected by HIV [38], may cause their higher intention
to receive an HIV test in the future compared with Asians.
Among international immigrants, homosexuals were less likely
to have ever tested for HIV than heterosexuals. Generally,
homosexuals are considered to engage in risky sexual behaviors.

Without an HIV test, the infection status would be unknown,
which would place their partners at greater risk for the
transmission of HIV and other STIs. Moreover, the proportion
of HIV infections transmitted through homosexual behaviors
has increased significantly in recent years [31]; thus, there is
an urgent need to promote HIV testing among this high-risk
group.

Limitations
This study had some limitations. First, it is possible that the
participants were influenced by social and cultural norms to
hide their risky sexual behavior, including a history of
commercial or casual sexual behaviors, which may affect the
research results, although an online survey could avoid the
embarrassment caused by a face-to-face survey. Second,
although the seed participants were selected to have different
occupations, ages, homelands, and genders from different cities,
a bias caused by snowball sampling may still exist, which could
lead to misinterpretation of the related statistical results. In
addition, considering the significant number of international
immigrants living in China, our participants were mainly from
lower socioeconomic strata with a lower annual disposable
income, which represents a narrow band of the socioeconomic
system. Therefore, the results may not be generalizable to the
whole population. Third, the questionnaire regarding risky
sexual behaviors was designed based on previous work and was
amended according to our research participants and objectives.
Thus, the validity of the questionnaire in the survey should be
further tested.

Implications for Health Policy
Globalization leads to an inevitable trend of increased population
mobility. Under this situation, it is necessary to take proactive
public health approaches to manage the health of international
immigrants, especially with respect to infectious diseases. Our
study showed that the overall HIV-related knowledge of the
international immigrants in China was low along with a low
rate of intention to test for HIV. Therefore, HIV-related
education is essential, such as by community advocacy and
online propaganda delivered in their native languages, to address
the gaps in HIV knowledge among international immigrants.
More importantly, it is difficult for international immigrants to
access HIV-related services because of the lack of specified
health care and prevention upon arrival in the new country,
which may cause immigrants with an HIV-positive status to
remain undiscovered until some typical symptoms appear. To
prevent the transmission of HIV, the basic public health care
services provided by the Chinese government should be
extended to cover international immigrants. Active promotion
for antiviral treatment is less available for international
immigrants with HIV infection than for local residents in China.
Thus, an integrated health system for HIV prevention,
monitoring, and treatment for immigrants and local residents
will be important to reduce the transmission rate of HIV.
Moreover, this is also necessary to reduce the inequities in
access to health care and health outcomes for immigrants. It is
also important to consider the wider health care and
socioeconomic barriers immigrants face to be successful in
improving HIV outcomes. In addition, as a convenient and
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efficient method, HIV self-testing could be promoted among
international immigrants, such as setting up rapid detection kit
vending machine in immigrant gathering communities [39].
Moreover, online measures, including HIV testing, education,
and interventions, could be developed using the internet and
big data to solve the privacy issues that are a major concern of
international immigrants.

Conclusion
Risky sexual behaviors exist among international immigrants
in China, including multiple partners and unprotected sexual
behaviors, and the level of cognition of HIV knowledge was
quite low, especially for married immigrants and those aged
above 30 years. Therefore, there is an urgent need to promote
health education and HIV testing specified for international
immigrants. In addition, it is also important to develop and
improve health care access for international immigrants under
the current situation of increasing globalization.

 

Acknowledgments
We are grateful to all study participants for their valuable participation. This work was supported in part by the National Natural
Science Foundation of China (Project No. 71904171); China Medical Board (Project No. 20-391 and 202033); Zhejiang Provincial
Soft Science Research Project (Project No. 2021C35015); Research Fund, the Vanke School of Public Health, Tsinghua University
(Project No. 2021ZZ004); Sanming Project of Medicine in Shenzhen (Project No. SZSM202111001); and National Key R&D
Program of China during the 14th Five-Year Plan Period (Project No. 2021ZD0114102).

Availability of Data and Material
The views expressed in this publication do not represent the views of the Veterans Health Administration or the United States
Government.

Authors' Contributions
All authors were responsible for the structure of this paper. YZ conducted the literature review, data analysis, and drafted the
paper. JX contributed to the study’s conception and design, interpretation of the data, and critical revisions of the paper. FC
provided interpretation and revisions of the manuscript. All authors approved the final version of the manuscript.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Factors associated with risky sexual behaviors (Table S1), and demographic characteristics, risk behaviors, and their association
with HIV testing and intention to test for HIV (Table S2) among international immigrants.
[DOCX File , 45 KB - publichealth_v9i1e35713_app1.docx ]

References
1. The number of inbound tourists reached 130 million last year. The Central People's Government of the People's Republic

of China. 2009. URL: http://www.gov.cn/govweb/jrzg/2009-02/26/content_1243877.htm [accessed 2021-12-12]
2. China's inbound tourism development report 2020. Ministry of Culture and Tourism of the People's Republic of China.

URL: https://www.mct.gov.cn/whzx/zsdw/zglyyjy/202102/t20210201_921194.htm [accessed 2021-12-12]
3. Tabulation on the 2010 Population Census of the People's Republic of China. National Bureau of Statistics. 2010. URL:

http://www.stats.gov.cn/tjsj/pcsj/rkpc/6rp/indexch.htm [accessed 2021-12-12]
4. Bulletin of the Seventh National Census (No. 8). National Bureau of Statistics. 2021. URL: http://www.stats.gov.cn/ztjc/

zdtjgz/zgrkpc/dqcrkpc/ggl/202105/t20210519_1817701.html [accessed 2021-12-12]
5. Fuller TD, Chamratrithirong A. Knowledge of HIV risk factors among immigrants in Thailand. J Immigr Minor Health

2009 Apr 5;11(2):83-91. [doi: 10.1007/s10903-008-9163-1] [Medline: 18604584]
6. Matteelli A, Schlagenhauf P, Carvalho AC, Weld L, Davis XM, Wilder-Smith A, GeoSentinel Surveillance Network.

Travel-associated sexually transmitted infections: an observational cross-sectional study of the GeoSentinel surveillance
database. Lancet Infect Dis 2013 Mar;13(3):205-213. [doi: 10.1016/S1473-3099(12)70291-8] [Medline: 23182931]

7. Jirattikorn A, Tangmunkongvorakul A, Musumari PM, Ayuttacorn A, Srithanaviboonchai K, Banwell C, et al. Sexual risk
behaviours and HIV knowledge and beliefs of Shan migrants from Myanmar living with HIV in Chiang Mai, Thailand. Int
J Migr Health Soc Care 2020 Nov 02;16(4):543-556. [doi: 10.1108/ijmhsc-09-2019-0080]

8. 2021 UNAIDS Global AIDS Update — Confronting inequalities — Lessons for pandemic responses from 40 years of
AIDS. Joint United Nations Programme on HIV/AIDS (UNAIDS). 2021 Jul 14. URL: https://www.unaids.org/en/resources/
documents/2021/2021-global-aids-update [accessed 2021-12-12]

JMIR Public Health Surveill 2023 | vol. 9 | e35713 | p.1002https://publichealth.jmir.org/2023/1/e35713
(page number not for citation purposes)

Zhou et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v9i1e35713_app1.docx&filename=a7b811df2e594249edb749a7548c6378.docx
https://jmir.org/api/download?alt_name=publichealth_v9i1e35713_app1.docx&filename=a7b811df2e594249edb749a7548c6378.docx
http://www.gov.cn/govweb/jrzg/2009-02/26/content_1243877.htm
https://www.mct.gov.cn/whzx/zsdw/zglyyjy/202102/t20210201_921194.htm
http://www.stats.gov.cn/tjsj/pcsj/rkpc/6rp/indexch.htm
http://www.stats.gov.cn/ztjc/zdtjgz/zgrkpc/dqcrkpc/ggl/202105/t20210519_1817701.html
http://www.stats.gov.cn/ztjc/zdtjgz/zgrkpc/dqcrkpc/ggl/202105/t20210519_1817701.html
http://dx.doi.org/10.1007/s10903-008-9163-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18604584&dopt=Abstract
http://dx.doi.org/10.1016/S1473-3099(12)70291-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23182931&dopt=Abstract
http://dx.doi.org/10.1108/ijmhsc-09-2019-0080
https://www.unaids.org/en/resources/documents/2021/2021-global-aids-update
https://www.unaids.org/en/resources/documents/2021/2021-global-aids-update
http://www.w3.org/Style/XSL
http://www.renderx.com/


9. Hargreaves S, Nellums L, Friedland JS. Time to rethink approaches to migrant health screening. Lancet 2016 Nov
19;388(10059):2456-2457 [FREE Full text] [doi: 10.1016/S0140-6736(16)31703-2] [Medline: 27742166]

10. Carballo M, Hargreaves S, Gudumac I, Maclean EC. Evolving migrant crisis in Europe: implications for health systems.
Lancet Glob Health 2017 Mar;5(3):e252-e253 [FREE Full text] [doi: 10.1016/S2214-109X(17)30040-2] [Medline: 28193385]

11. Fakoya I, Álvarez-del Arco D, Woode-Owusu M, Monge S, Rivero-Montesdeoca Y, Delpech V, et al. A systematic review
of post-migration acquisition of HIV among migrants from countries with generalised HIV epidemics living in Europe:
mplications for effectively managing HIV prevention programmes and policy. BMC Public Health 2015 Jun 19;15(1):561
[FREE Full text] [doi: 10.1186/s12889-015-1852-9] [Medline: 26085030]

12. Wu Y. Epidemiological characteristics of infectious diseases and health service utilization for foreign population in China.
Doctoral dissertation. China National Knowledge Infrastructure. 2020. URL: https://tinyurl.com/yckdpymv [accessed
2023-01-03]

13. Persichino J, Ibarra L. HIV and Latino migrant workers in the USA. Ethn Rac Stud 2012 Jan;35(1):120-134. [doi:
10.1080/01419870.2011.594167]

14. Tulloch HE, Balfour L, Kowal J, Tasca GA, Angel JB, Garber G, et al. HIV knowledge among Canadian-born and
sub-Saharan African-born patients living with HIV. J Immigr Minor Health 2012 Mar 4;14(1):132-139. [doi:
10.1007/s10903-011-9480-7] [Medline: 21643728]

15. Barrett HR, Mulugeta B. Human immunodeficiency virus (HIV) and migrant "risk environments": the case of the Ethiopian
and Eritrean immigrant community in the West Midlands of the UK. Psychol Health Med 2010 May 17;15(3):357-369.
[doi: 10.1080/13548501003653192] [Medline: 20480439]

16. Yiwu's experience of expatriate management: inclusiveness to achieve "Little United Nations". ChinaNews. 2017. URL:
http://www.chinanews.com/sh/2017/06-19/8255098.shtml [accessed 2021-12-12]

17. Cai X, Liu M, Wen Y. Spatial-temporal evolvement characteristics and mechanism of foreign immigrants in Guangzhou.
J South China Normal Univ 2019;3:92-31 [FREE Full text]

18. Transcript of the regular press conference of the National Health Commission on November 23, 2018. National Health
Commission of China. URL: http://www.nhc.gov.cn/wjw/xwdt/201811/b0ca3817224e44899a3248a0f6e48948.shtml
[accessed 2022-06-12]

19. Han M, Hu Z. China HIV/AIDS Monitoring and Evaluation Framework (Trial). Beijing, China: People's Medical Publishing
House; 2007.

20. Xu J, Luo Y, Dong H, Zhao G. The effects of internet exposure on sexual risk behavior among sexually experienced male
college students in China: cross-sectional study. JMIR Public Health Surveill 2022 May 02;8(5):e31847 [FREE Full text]
[doi: 10.2196/31847] [Medline: 35499864]

21. Xu J, Wang P, Cheng F. Health related behaviors among HIV-infected people who are successfully linked to care: an
institutional-based cross-sectional study. Infect Dis Poverty 2020 Mar 10;9(1):28 [FREE Full text] [doi:
10.1186/s40249-020-00642-1] [Medline: 32169118]

22. Qiu P, Yang Y, Wu F, Cao X, Zhao S, Ma X. Progress and enlightenment of home and abroad researches on mental health
of mobile population. Chin Mental Health J 2010;1:64-68 [FREE Full text]

23. UNAIDS and IOM. Migration and AIDS. Int Migr 2002 Dec 16;36(4):445-468. [doi: 10.1111/1468-2435.00056]
24. Scott-Sheldon LA, Carey MP, Carey KB, Cain D, Simbayi LC, Mehlomakhulu V, et al. HIV testing is associated with

increased knowledge and reductions in sexual risk behaviours among men in Cape Town, South Africa. Afr J AIDS Res
2013 Dec;12(4):195-201 [FREE Full text] [doi: 10.2989/16085906.2013.863219] [Medline: 25871481]

25. Bazargan M, Kelly EM, Stein JA, Husaini BA, Bazargan SH. Correlates of HIV risk-taking behaviors among
African-American college students: the effect of HIV knowledge, motivation, and behavioral skills. J Natl Med Assoc 2000
Aug;92(8):391-404. [Medline: 10992684]

26. Ford K, Wirawan DN, Muliawan P. Social influence, AIDS/STD knowledge, and condom use among male clients of female
sex workers in Bali. AIDS Educ Prev 2002 Dec;14(6):496-504. [doi: 10.1521/aeap.14.8.496.24113] [Medline: 12512850]

27. Schroder KEE, Carey MP. Anger as a moderator of safer sex motivation among low-income urban women. J Behav Med
2005 Oct 25;28(5):493-506 [FREE Full text] [doi: 10.1007/s10865-005-9014-7] [Medline: 16247592]

28. Goldenberg SM, Liu V, Nguyen P, Chettiar J, Shannon K. International migration from non-endemic settings as a protective
factor for HIV/STI risk among female sex workers in Vancouver, Canada. J Immigr Minor Health 2015 Mar 4;17(1):21-28
[FREE Full text] [doi: 10.1007/s10903-014-0011-1] [Medline: 24700025]

29. Jung M. Immigrant workers’knowledge of HIV/AIDS and their sexual risk behaviors: a respondent-driven sampling survey
in South Korea. Sex Disabil 2011 Dec 17;30(2):199-208. [doi: 10.1007/s11195-011-9245-1]

30. Santa Maria D, Hernandez DC, Arlinghaus KR, Gallardo KR, Maness SB, Kendzor DE, et al. Current Age, age at first sex,
age at first homelessness, and HIV risk perceptions predict sexual risk behaviors among sexually active homeless adults.
Int J Environ Res Public Health 2018 Jan 26;15(2):218 [FREE Full text] [doi: 10.3390/ijerph15020218] [Medline: 29373568]

31. Jiang H, Hong H, Dong H, Jiang J, He L. HIV testing and risks of sexual behavior among HIV-negative men who have
sex with men in Ningbo, China. Int J Environ Res Public Health 2020 Mar 19;17(4):1322 [FREE Full text] [doi:
10.3390/ijerph17041322] [Medline: 32092851]

JMIR Public Health Surveill 2023 | vol. 9 | e35713 | p.1003https://publichealth.jmir.org/2023/1/e35713
(page number not for citation purposes)

Zhou et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://linkinghub.elsevier.com/retrieve/pii/S0140-6736(16)31703-2
http://dx.doi.org/10.1016/S0140-6736(16)31703-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27742166&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2214-109X(17)30040-2
http://dx.doi.org/10.1016/S2214-109X(17)30040-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28193385&dopt=Abstract
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-015-1852-9
http://dx.doi.org/10.1186/s12889-015-1852-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26085030&dopt=Abstract
https://tinyurl.com/yckdpymv
http://dx.doi.org/10.1080/01419870.2011.594167
http://dx.doi.org/10.1007/s10903-011-9480-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21643728&dopt=Abstract
http://dx.doi.org/10.1080/13548501003653192
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20480439&dopt=Abstract
http://www.chinanews.com/sh/2017/06-19/8255098.shtml
https://tinyurl.com/59p5hvav
http://www.nhc.gov.cn/wjw/xwdt/201811/b0ca3817224e44899a3248a0f6e48948.shtml
https://publichealth.jmir.org/2022/5/e31847/
http://dx.doi.org/10.2196/31847
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35499864&dopt=Abstract
https://idpjournal.biomedcentral.com/articles/10.1186/s40249-020-00642-1
http://dx.doi.org/10.1186/s40249-020-00642-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32169118&dopt=Abstract
https://tinyurl.com/mr3bh8az
http://dx.doi.org/10.1111/1468-2435.00056
https://europepmc.org/abstract/MED/25871481
http://dx.doi.org/10.2989/16085906.2013.863219
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25871481&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10992684&dopt=Abstract
http://dx.doi.org/10.1521/aeap.14.8.496.24113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12512850&dopt=Abstract
https://europepmc.org/abstract/MED/16247592
http://dx.doi.org/10.1007/s10865-005-9014-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16247592&dopt=Abstract
https://europepmc.org/abstract/MED/24700025
http://dx.doi.org/10.1007/s10903-014-0011-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24700025&dopt=Abstract
http://dx.doi.org/10.1007/s11195-011-9245-1
https://www.mdpi.com/resolver?pii=ijerph15020218
http://dx.doi.org/10.3390/ijerph15020218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29373568&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph17041322
http://dx.doi.org/10.3390/ijerph17041322
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32092851&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


32. Khan ME, Townsend JW, D'Costa S. Behind closed doors: a qualitative study of sexual behaviour of married women in
Bangladesh. Cult Health Sex 2002 Jan;4(2):237-256. [doi: 10.1080/13691050110102253]

33. Viadro CI, Earp JAL. The sexual behavior of married Mexican immigrant men in North Carolina. Soc Sci Med 2000
Mar;50(5):723-735. [doi: 10.1016/s0277-9536(99)00305-6] [Medline: 10658852]

34. Li S, Zhong Z, Lei X, Zhang M, Xu X, Yan W. A study on sexual behavior status and social strategies of married migrant
workers in Chongqing. Chinese Journal of Evidence-Based Medicine 2011;11(3):257-260 [FREE Full text]

35. Fenske J. African polygamy: past and present. J Dev Econ 2015 Nov;117:58-73. [doi: 10.1016/j.jdeveco.2015.06.005]
36. World Health Organization. Baseline report on global sexually transmitted infection surveillance 2012. Geneva: World

Health Organization; 2013.
37. General situation of legal infectious diseases in China in 2020-2021. Bureau of Disease Control and Prevention. URL:

http://www.nhc.gov.cn/jkj/s3578/202103/f1a448b7df7d4760976fea6d55834966.shtml [accessed 2021-12-12]
38. Key facts HIV. World Health Organization. 2020. URL: https://cdn.who.int/media/docs/default-source/

hq-hiv-hepatitis-and-stis-library/key-facts-hiv-2020.pdf?sfvrsn=582c3f6e_8 [accessed 2021-12-12]
39. Cheng S, Han Z, Liu F, Cao H, Xu H, Li Y. Analysis on influencing factors on HIV testing behaviors in some foreigners

in Guangzhou. Chinese Journal of Epidemiology 2020;41(07):1092-1096. [doi: 10.3760/cma.j.cn112338-20200219-00123]

Abbreviations
AOR: adjusted odds ratio
HIV-KQ-8: 8-item HIV Knowledge Questionnaire
STI: sexually transmitted infection

Edited by A Mavragani, H Bradley; submitted 14.12.21; peer-reviewed by H Akram, L Lafrado; comments to author 10.05.22; revised
version received 04.07.22; accepted 25.11.22; published 10.01.23.

Please cite as:
Zhou Y, Cheng F, Xu J
Vulnerability to HIV Infection Among International Immigrants in China: Cross-sectional Web-Based Survey
JMIR Public Health Surveill 2023;9:e35713
URL: https://publichealth.jmir.org/2023/1/e35713 
doi:10.2196/35713
PMID:36626224

©Yuyin Zhou, Feng Cheng, Junfang Xu. Originally published in JMIR Public Health and Surveillance (https://publichealth.jmir.org),
10.01.2023. This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR Public Health and Surveillance, is properly cited. The complete bibliographic
information, a link to the original publication on https://publichealth.jmir.org, as well as this copyright and license information
must be included.

JMIR Public Health Surveill 2023 | vol. 9 | e35713 | p.1004https://publichealth.jmir.org/2023/1/e35713
(page number not for citation purposes)

Zhou et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.1080/13691050110102253
http://dx.doi.org/10.1016/s0277-9536(99)00305-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10658852&dopt=Abstract
https://tinyurl.com/28aphb35
http://dx.doi.org/10.1016/j.jdeveco.2015.06.005
http://www.nhc.gov.cn/jkj/s3578/202103/f1a448b7df7d4760976fea6d55834966.shtml
https://cdn.who.int/media/docs/default-source/hq-hiv-hepatitis-and-stis-library/key-facts-hiv-2020.pdf?sfvrsn=582c3f6e_8
https://cdn.who.int/media/docs/default-source/hq-hiv-hepatitis-and-stis-library/key-facts-hiv-2020.pdf?sfvrsn=582c3f6e_8
http://dx.doi.org/10.3760/cma.j.cn112338-20200219-00123
https://publichealth.jmir.org/2023/1/e35713
http://dx.doi.org/10.2196/35713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36626224&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Risk and Protective Profile of Men Who Have Sex With Men Using
Mobile Voluntary HIV Counseling and Testing: Latent Class
Analysis

Piao-Yi Chiou1,2,3, PhD; Wei-Wen Tsao1, BA; Kuan-Chia Lin4,5, PhD; Yuan-Yuan Fang6, PhD; Kuan-Yin Lin7, PhD;

Chia-Lin Li3,8, PhD
1School of Nursing, College of Medicine, National Taiwan University, Taipei City, Taiwan
2Department of Nursing, National Taiwan University Hospital, Taipei, Taiwan
3Research and Development Committee, Taiwan AIDS Nurse Association, Taipei, Taiwan
4Community Medicine Research Center, National Yang Ming Chiao Tung University, Taipei, Taiwan
5Medical Affairs, Cheng Shin General Hospital, Taipei, Taiwan
6Department of Post Baccalaureate Nursing, College of Medicine, I-Shou University, Kaohsiung, Taiwan
7Department of Internal Medicine, National Taiwan University Hospital, National Taiwan University College of Medicine, Taipei, Taiwan
8Center for Neuropsychiatric Research, National Health Research Institutes, Taipei, Taiwan

Corresponding Author:
Piao-Yi Chiou, PhD
School of Nursing
College of Medicine
National Taiwan University
No 2-1 Xuzhou Road, Zhongzheng District
Taipei City, 100
Taiwan
Phone: 886 2 23123123 ext 288427
Fax: 886 2 23219913
Email: purechiou2@gmail.com

Abstract

Background: Mobile voluntary counseling and testing (VCT) for HIV has been carried out to improve the targeting of at-risk
populations and HIV case detection for men who have sex with men (MSM). However, the HIV-positive detection rate using
this screening strategy has declined in recent years. This may imply unknown changes in risk-taking and protective features
jointly influencing the testing results. These changing patterns in this key population remain unexplored.

Objective: The aim of this study was to identify the nuanced group classification of MSM who underwent mobile VCT using
latent class analysis (LCA), and to compare the difference in characteristics and testing results between subgroups.

Methods: A cross-sectional research design and purposive sampling were applied between May 21, 2019, and December 31,
2019. Participants were recruited by a well-trained research assistant through social networking platforms, including the most
popular instant messenger app Line, geosocial network apps dedicated to MSM, and online communities. Mobile VCT was
provided to participants at an assigned time and place. Demographic characteristics and risk-taking and protective features of the
MSM were collected via online questionnaires. LCA was used to identify discrete subgroups based on four risk-taking
indicators—multiple sexual partners (MSP), unprotected anal intercourse (UAI), recreational drug use within the past 3 months,
and history of sexually transmitted diseases—and three protective indicators—experience of postexposure prophylaxis, preexposure
prophylaxis use, and regular HIV testing.

Results: Overall, 1018 participants (mean age 30.17, SD 7.29 years) were included. A three-class model provided the best fit.
Classes 1, 2, and 3 corresponded to the highest risk (n=175, 17.19%), highest protection (n=121, 11.89%), and low risk and low
protection (n=722, 70.92%), respectively. Compared to those of class 3, class 1 participants were more likely to have MSP and
UAI within the past 3 months, to be ≥40 years of age (odds ratio [OR] 2.197, 95% CI 1.357-3.558; P=.001), to have HIV-positive
results (OR 6.47, 95% CI 2.272-18.482; P<.001), and a CD4 count ≤349/μL (OR 17.50, 95% CI 1.223-250.357; P=.04). Class
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2 participants were more likely to adopt biomedical preventions and have marital experience (OR 2.55, 95% CI 1.033-6.277;
P=.04).

Conclusions: LCA helped derive a classification of risk-taking and protection subgroups among MSM who underwent mobile
VCT. These results may inform policies for simplifying the prescreening assessment and more precisely recognizing those who
have higher probabilities of risk-taking features but remain undiagnosed targets, including MSM engaging in MSP and UAI
within the past 3 months and those ≥40 years old. These results could be applied to tailor HIV prevention and testing programs.

(JMIR Public Health Surveill 2023;9:e43394)   doi:10.2196/43394

KEYWORDS

HIV testing; latent class analysis; men who have sex with men; mobile health; postexposure prophylaxis (PEP); preexposure
prophylaxis (PrEP); risk-taking; anal sex; sexual partners; social networking

Introduction

Background
Owing to the success of antiretroviral therapy for people infected
with HIV, and the promotion of HIV screening and prophylactic
medications for at-risk populations [1-3], the annual incidence
rate of HIV infections among adults has declined globally by
31% between 2010 and 2021 [4]. In Taiwan, an estimated 90%
of people living with HIV (PLWH) know their HIV status and
93% of them have initiated antiretroviral treatment, 95% of
whom have achieved viral suppression [5]. To reach the World
Health Organization’s goal of eliminating HIV infection by
2030, improving the access of the remaining undiagnosed target
groups to screening is a critical strategy in HIV case detection
and epidemic control [6].

The remaining undiagnosed PLWH require aggressive testing
measures to facilitate an early diagnosis. Mobile voluntary
counseling and testing (VCT) for HIV is a novel screening
method in Taiwan, carried out by disseminating recruitment
messages through social networking platforms to deliver testing
services to specific groups at a specific time and location [7].
Compared to an outreach model of screening based at a
community station, mobile VCT is more flexible with respect
to the time and location of testing; therefore, the targeting of
at-risk populations and case discovery are improved in the
mobile VCT model [8,9]. However, the number of newly
diagnosed HIV infections in Taiwan has been declining annually
since 2017 [10] and the number of people that are positive for
HIV associated with mobile VCT is also decreasing [7], which
implies unknown changes in HIV risk-taking patterns and the
influence of protective features in people who are uninfected.
A possible inference could be that people who were previously
at risk of HIV may have reduced their risk-taking behaviors,
including avoiding having multiple sexual partners (MSP) and
having unprotected anal intercourse (UAI), and abstaining from
recreational drug use; concurrently, they may have adopted
higher biomedical protection measures, including regular HIV
testing, and when necessary, taking postexposure prophylaxis
(PEP) and preexposure prophylaxis (PrEP) [11-14]. To provide
HIV testing resources to those with relatively high priority needs
in a mobile VCT service, it is necessary to be able to precisely
recognize those who encompass a higher probability of
risk-taking features and a lower probability of protective
features. However, the feature classification of MSM who
participate in mobile VCT remains unknown.

Latent class analysis (LCA) is a mixture model that is used to
identify latent heterogeneity driven by class membership
according to responses to a set of observed variables [15]. The
theoretical assumption underlying LCA is that an individual
shares both latent and observed categorical variables, and
membership in unobserved classes can cause or explain patterns
of scores across assessment indicators [16,17]. More
specifically, LCA helps to identify similar characteristics among
individuals to derive subgroups. LCA has been used to discern
patterns of HIV risk based on demographic characteristics
[18,19] and behaviors [20,21], helping define and target distinct
groups. According to the theoretical basis and hypotheses of
LCA, as well as previous research findings, LCA is appropriate
for analysis of unidentified patterns in MSM who receive mobile
VCT.

Objective
The aim of this study was to identify the nuanced group
classification based on the risk and protective profile of MSM
who accepted mobile VCT using LCA, and then to compare
the characteristics and HIV testing results between subgroups
to further determine groups of individuals with different patterns.

Methods

Study Design
A cross-sectional research design and purposive sampling were
applied. Participants were recruited via social networking
platforms. After completing an online questionnaire, we offered
mobile VCT at a designated time and location, according to the
participants’ preferences, where they could obtain a rapid HIV
test.

Participants
The inclusion criteria were age ≥20 years, being literate,
self-identification as an MSM, and self-reported as participating
in HIV risk-associated behavior. The exclusion criteria included
no self-reported risk factors for HIV infection or being
HIV-positive.

Ethical Considerations
This study was approved by the Research Ethics Committee of
National Taiwan University (201903ES024), and adhered to
the regulations of the Human Subjects Research Act issued by
the Ministry of Health and Welfare of Taiwan and the Personal
Data Protection Act issued by the National Development

JMIR Public Health Surveill 2023 | vol. 9 | e43394 | p.1006https://publichealth.jmir.org/2023/1/e43394
(page number not for citation purposes)

Chiou et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.2196/43394
http://www.w3.org/Style/XSL
http://www.renderx.com/


Council in Taiwan. After explaining the study purpose and
protocol, the participants were asked to complete an online
consent form and questionnaires anonymously through a
provided URL; all data were processed anonymously.
Participants could withdraw at any time without providing a
reason. A mask could be worn during the mobile VCT processes
to protect privacy. Each participant was eligible to receive an
electronic gift certificate worth US $3.27 after all procedures
were completed.

Procedure and Data Collection
The study covered the period from May 21, 2019, to December
31, 2019. Participants were recruited in the same manner as
described in a previous study [7]. Social networking platforms
were used, including the most popular instant messenger app
Line and geosocial network apps dedicated to MSM, such as
Grindr, Hornet, Jack’d, Scruff, and Blued. Online communities
(such as Facebook fan pages) were used to disseminate the study
information and recruit participants. Testing appointments were
discussed and booked through one-on-one messaging on each
recruiting platform. Mobile VCT was provided by a well-trained
research assistant at a designated time and location, such as a
convenience store, coffee shop, park, or fast-food restaurant,
for participants who live in Taipei City and New Taipei City.
Study information was provided to the participants, whose
identity was verified through previous messaging records. Prior
to the test, participants were asked to fill out an online consent
form and questionnaire, which took about 10-15 minutes to
complete. Following submission of the questionnaire, the
researcher and participant would review and confirm whether
there were any missing or questionable answers to ensure
completeness of the questionnaire. Pretest counseling was
provided and a blood drop was collected via a rapid HIV testing
kit. Testing results were available immediately and recorded
by the research assistant, and posttest counseling and a referral
to the hospital HIV case manager to confirm testing and obtain
PEP and PrEP were provided. The whole screening process
took approximately 30-40 minutes. The CD4+ T-cell counts of
each participant were followed and recorded by the research
assistant.

Instruments

Questionnaire
The online questionnaire included 18 closed-ended questions;
six were focused on demographic characteristics and 12 were
focused on risk-taking and protective features. Demographic
characteristics of interest included age, education level, marital
experience, monthly income, sexual orientation, and if
participants were open about their MSM status. HIV risk-taking
features included preferred sexual position; number of sexual
partners within the past 3 months; frequency of condom use
during the previous 10 occasions of anal intercourse within the
past 3 months; experience of recreational drug use within the
past 3 months, including the number of types of drugs; and
history of sexually transmitted diseases (STDs; including
syphilis, gonorrhea, genital herpes, chlamydia, human
papillomavirus, pubic lice, and hepatitis A, B, and C).
HIV-preventing features included awareness of PEP and PrEP,

experience of using PEP and PrEP, experience of HIV testing,
and frequency of HIV testing.

Rapid HIV Self-Testing Kits
The Alere Determine HIV-1/2 rapid testing kit was used to test
for HIV-1/HIV-2 antibodies in the human serum or plasma.
This kit is licensed by the Taiwan Food and Drug
Administration, and has specificity and sensitivity values of
99.87% and 99.75%, respectively [22]. Results were obtained
within approximately 15 minutes and were managed and
recorded by trained staff.

Indicator Selection for LCA
Risk-taking– and protection-related indicators were considered
conditionally independent and were defined based on previous
studies [11-14] and expert input; risk-taking–related indicators
were defined as behaviors that directly lead to HIV infection or
the features that significantly increase the risk of HIV infection,
and the protection-related indicators were defined as proactive
HIV screening or preventive drug administration. Three
specialists, including an infectious disease physician, HIV case
manager, and HIV public health scientist, provided expert input.
Finally, seven indicators were selected. The four risk indicators
included MSP, UAI, recreational drug use within the past 3
months, and history of STDs. The three protective indicators
included experience of PEP use, experience of PrEP use, and
regular HIV testing (at 3-6–month intervals when having
unprotected sex). All variables were dichotomized (yes vs no).

Statistical Analyses
All data were confirmed to be complete prior to analysis. LCA
was performed using the poLCA package within R software
(GitHub, Inc) to identify distinct classes based on model fit.
The multiple fit statistics, including log likelihood (LL),

likelihood ratio test statistic (G2), Akaike information criterion

(AIC), Bayesian information criterion (BIC), and χ2 goodness
of fit, were applied and considered prior to the decision on the
model being made [17]. BIC was identified as the best reliable
fit statistic model, which is an intuitive calculation method that
is commonly used for model selection in univariate and
multivariate logistic regression due to its simplicity, and
considers the effect of a large sample size to prevent the model
from being too complex as a result of high model accuracy
[17,23,24]. In addition, we examined the similarity of
item-response probability patterns within classes and the
interpretability of class separation. Subgroup membership was
assigned based on the class of each participant and the highest
probability of belonging. A probability of ≥50% per item
indicated that group members were more likely to possess a
characteristic of interest [19]. The univariable multinomial
logistic regression model was applied to determine differences
in class characteristics and testing outcomes.

Results

Study Population
In total, 1023 participants made an appointment for mobile VCT
via social networking platforms during the study period. Five
(0.49%) participants did not attend the testing appointment and
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lost contact without a reason. A total of 1018 participants
completed the questionnaire and entered the screening process.
The participants’ characteristics are presented in Table 1. The
participants’ median age was 30.17 (IQR 25-34) years. Most
participants were in the age range of 20-29 years, had college-
or university-level education, had never been married, and had
a stable monthly income of approximately US $714-$1783.
Most participants were MSM, and had had a come-out
experience, preferred both top and bottom sex positions, had
both casual partners and MSP, and frequently used condoms
(7-9 times per 10 sexual encounters). Some participants
self-reported using recreational drugs (116/1018, 11.39%) within
the past 3 months, with the majority indicating the use of one

or two substances. Approximately one-fifth had a history of
STDs, including, human papillomavirus (106/222, 47.7%),
syphilis (71/222, 31.98%), gonorrhea (50/222, 22.5%), hepatitis
B (33/222, 14.9%), pubic lice (31/222, 13.96%), genital herpes
(18/222, 8.1%), chlamydia (11/222, 4.95%), hepatitis A (11/222,
4.95%), and hepatitis C (10/222, 4.5%). Most participants were
aware of PEP, although few had used it. Most participants were
aware of PrEP, although again few had used it. Furthermore,
most participants had experience of HIV testing, including
testing every 3-6 months. Eighteen participants were newly
HIV-positive; 9 of whom had a CD4 count ≥350/μL and nine
of whom had a CD4 count ≤349/μL.
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Table 1. Descriptive characteristics of the men who have sex with men using mobile voluntary HIV counseling and testing (N=1018).

Participants, n (%)Characteristic

Age group (years)

545 (53.54)20-29

361 (35.46)30-39

112 (11.00)≥40

Education

121 (11.89)High school or below high school

733 (72.00)College or university

164 (16.11)Postgraduate

Marital experience

985 (96.76)No

33 (3.24)Yes

Monthly income (US $)

214 (21.02)≤713

640 (62.87)714-1783

164 (16.11)≥1784

Sexual orientation

844 (82.91)MSMa

174 (17.09)Bisexual

Have come out

165 (16.21)No

853 (83.79)Yes

Preferred sexual position

265 (26.03)Top

287 (28.19)Bottom

466 (45.78)Both bottom and top

Sexual partnerb

143 (14.05)No sexual partner

235 (23.08)A single main sexual partner

640 (62.87)Casual and multiple sexual partners

Condom use during past 10 times of anal intercourseb

83 (8.15)No sexual behavior

287 (28.19)Every time used (10 times)

346 (33.99)Frequently used (7-9 times)

144 (14.15)Occasionally used (4-6 times)

99 (9.72)Rarely used (1-3 times)

59 (5.80)Never used (0 times)

Recreational drug useb

902 (88.61)No

116 (11.39)Yes

Number of recreational drugs used (n=116)b

76 (65.5)1–2
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Participants, n (%)Characteristic

24 (20.7)3–4

16 (13.8)≥5

Experience of STDsc

796 (78.19)No

222 (21.81)Yes

Have ever heard of and know of PEPd

162 (15.91)No

856 (84.09)Yes

Experience of using PEP

887 (87.13)No

131 (12.87)Yes

Have ever heard of and know of PrEPe

121 (11.89)No

897 (88.11)Yes

Experience of using PrEP

891 (87.52)No

127 (12.48)Yes

Experience of HIV testing

162 (15.91)No

856 (84.09)Yes

HIV testing frequency (n=856)

162 (15.91)First time

630 (61.89)Every 3-6 months

226 (22.20)6 months and longer

HIV test result

1000 (98.23)Negative

18 (1.77)Newly positive

CD4 count (n=18)

9 (50.0)≥350/μL

9 (50.0)≤349/μL

aMSM: men who have sex with men.
bWithin the past 3 months.
cSTD: sexually transmitted disease (including syphilis, gonorrhea, genital herpes, chlamydia, human papillomavirus, pubic lice, and hepatitis A, B, and
C).
dPEP: postexposure prophylaxis.
ePrEP: preexposure prophylaxis.

LCA Results
After entering the seven indicators selected for LCA, the
outcomes of 2-6 latent classes were produced and compared.
The final model was determined according to the lowest value
of BIC and class separation, although the lowest values of LL,

AIC, G2, and χ2 were inconsistent with those of BIC (Table 2).
A three-class model was selected, based on fit statistics and

model interpretation. Table 3 presents the probabilities of HIV
risk-taking and the protective profile of the three-class model.

Classes 1, 2, and 3 represented the highest risk (n=175, 17.2%),
highest protection (n=121, 11.9%), and low risk and low
protection (n=722, 70.9%), respectively. Participants in class 1
had the highest risk of having MSP and UAI; they were also
more likely to get tested regularly. Participants in class 2 had
the highest probabilities of protective features, including
experience of PEP and PrEP and regular HIV testing, whereas
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they had a medium risk of having MSP and UAI. Compared to
those of classes 1 and 2, participants in class 3 had a lower risk

of having MSP and UAI, and they tended to get regularly tested,
which was considered an HIV-protection feature (Table 3).

Table 2. Goodness of fit indices for model selection.

Number of parametersdfχ 2BICdAICcG2bLLaModel

7120894.347415.597381.11471.03–3683.551-class

15112270.487236.447162.56236.48–3566.282-class

23104187.857207.397094.10152.02–3524.053-classe

3196151.717233.817081.12123.04–3509.564-class

3988109.187267.637075.53101.46–3498.775-class

478080.267301.847070.3480.26–3488.176-class

aLL: log likelihood.
bG2: likelihood ratio test statistic.
cAIC: Akaike information criterion.
dBIC: Bayesian information criterion.
eThe selected class based on the lowest BIC value.

Table 3. Posterior probabilities (%) for the three-class model (N=1018).a

Class 3, low risk and low
protection (n=722, 70.9%)

Class 2, highest protection
(n=121, 11.9%)

Class 1, highest risk
(n=175, 17.2%)

Indicators

Risk-taking indicators

51.166.396.5Multiple sexual partnersb

52.758.8100.0Unprotected anal intercourseb,c

7.113.423.2Experience of recreational drug useb

14.024.643.8Experience of STDsd

Protective indicators

2.876.38.4Experience of using PEPe

1.367.016.1Experience of using PrEPf

51.794.474.8Regular HIV testingg

aProbabilities greater than 50% indicate items for which members of a given class were more likely to be classified within that class.
bWithin the past 3 months.
cNot using a condom every time during past 10 encounters of anal intercourse.
dSTD: sexually transmitted disease (including syphilis, gonorrhea, genital herpes, chlamydia, human papillomavirus, pubic lice, and hepatitis A, B, and
C).
ePEP: postexposure prophylaxis.
fPrEP: preexposure prophylaxis.
gTesting frequency between 3 and 6 months in the case of regular unprotected sex.

Univariable Multinomial Logistic Regression Results
Class 3 was used as a reference due to the lower probability of
HIV risk and protective features. Compared to those of class 3,

class 1 participants were more likely to be ≥40 years old, to
have an HIV-positive test result, and a CD4 count ≤349/μL.
Class 2 participants were more likely to have been married
(Table 4 and Table 5).
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Table 4. Demographics and testing results of the three classes (N=1018).

Class 3c (n=722, 70.92%), n (%)Class 2b (n=121, 11.89%), n (%)Class 1a (n=175, 17.19%), n (%)Variable

Age group (years)

391 (54.2)69 (57.1)85 (48.6)20-29

264 (36.3)39 (32.2)58 (33.1)30-39

67 (9.3)13 (10.7)32 (18.3)≥40

Education

89 (12.3)15 (12.4)17 (9.7)High school or below high school

522 (72.3)84 (69.4)127 (72.6)College or university

111 (15.4)22 (18.2)31 (17.1)Postgraduate

Marital experience

705 (97.6)114 (94.2)166 (94.9)No

17 (2.4)7 (5.8)9 (5.1)Yes

Monthly income (US $)

152 (21.1)20 (16.5)42 (24.0)≤713

544 (63.0)82 (76.8)103 (58.9)714-1783

115 (15.9)19 (15.7)30 (17.1)≥1784

Sexual orientation

598 (82.8)104 (86.0)142 (81.1)MSMd

124 (17.2)17 (14.0)33 (18.9)Bisexual

Have come out

118 (16.3)21 (17.4)26 (14.9)No

604 (83.7)100 (82.6)149 (85.1)Yes

Preferred sexual position

194 (26.9)43 (28.1)37 (21.1)Top

196 (27.1)38 (31.4)53 (30.3)Bottom

332 (46.0)49 (40.5)85 (48.6)Both bottom and top

HIV testing result

716 (99.2)118 (97.5)166 (94.9)Negative

6 (0.8)3 (2.5)9 (5.1)Positive

CD4 count (n=18)

5 (83.3)2 (66.7)2 (22.2)≥350/μL

1 (16.7)1 (33.3)7 (77.8)≤349/μL

aClass 1: highest risk.
bClass 2: highest protection.
cClass 3: low risk and low protection.
dMSM: men who have sex with men.
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Table 5. Comparison of classes according to demographics and testing results (N=1018).

Class 2 versus Class 3 (highest protection
vs low risk and low protection)

Class 1 versus Class 3 (highest risk vs
low risk and low protection)

Variable

P valueOR (95% CI)P valueORa (95% CI)

Age group (years)

————b20-29 (reference)

.410.837 (0.549-1.277).961.01 (0.699-1.461)30-39

.771.100 (0.576-2.099).0012.197 (1.357-3.558)≥40

Education

————High school or below high school (reference)

.880.955 (0.527-1.729).391.274 (0.732-2.216)College or university

.661.176 (0.576-2.399).261.462 (0.760-2.812)Postgraduate

Marital experience

————No (reference)

.042.546 (1.033-6.277).062.248 (0.985-5.133)Yes

Monthly income (US $)

————≤713 (reference)

.241.370 (0.813-2.309).330.819 (0.547-1.226)714-1783

.511.256 (0.641-22.461).830.944 (0.557-1.600)≥1784

Sexual orientation

————MSMc (reference)

.400.788 (0.465-1.364).601.121 (0.733-1.715)Bisexual

Have come out

————No (reference)

.720.930 (0.559-1.549).631.120 (0.706-1.775)Yes

Preferred sexual position

————Top (reference)

.691.106 (0.669-1.830).141.418 (0.891-2.256)Bottom

.480.842 (0.525-1.350).171.324 (0.878-2.053)Both bottom and top

HIV testing result

————Negative

.123.034 (0.749-12.297)<.0016.470 (2.272-18.428)Positive

CD4 count (n=18)

————≥350/μL

.582.5 (0.100-62.605).0417.5 (1.223-250.357)≤349/μL

aOR: odds ratio.
bNot applicable.
cMSM: men who have sex with men.

Discussion

Principal Results
LCA was used to derive three subgroups, based on best fit
statistics and model interpretation, of MSM who underwent
mobile VCT via social networking platforms. Two risk-taking
indicators (having MSP and UAI) and three protective indicators

(experience of PEP, experience of PrEP, and regular HIV
testing) had probabilities >50% and were used to determine
discrete classes in the final model. The profile of the highest
risk group was class 1. The three classes were heterogeneous
in age and marital history. These findings may help to identify
subgroups suitable for targeted interventions and HIV testing.
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MSP and UAI were two risk indicators that exceeded 50% in
all three groups. Previous studies have confirmed that having
experience of MSP and UAI can be one of the predictive factors
for HIV-positivity rates of MSM [25,26]. The results of this
study provide additional information; that is, the participants
who were >40 years old were more likely to be grouped in class
1 and were at an increased risk of HIV and late diagnosis. Higher
probabilities of MSP and UAI and age >40 years concurrently
could be the first risk assessment items for setting priorities of
those who need to be tested, especially when mobile VCT
represents a competitive resource and needs to be applied
precisely for those in the highest risk group. This result echoes
a previous discussion that, compared to younger-aged MSM,
middle-aged (40-50 years) adults are still at high risk for HIV
infection [27]. The emergence of dating apps has enabled older
MSM to connect with a different generation and to participate
in condomless sexual activity [28]. Furthermore, feelings of
loneliness and fatigue associated with HIV prevention may
increase the risk of unprotected sexual encounters and the
number of sexual partners among older MSM, thereby increasing
the infection risk [29,30]. Additionally, the signs and symptoms
of early HIV infection, including persistent influenza-like
symptoms, herpes zoster, a single episode of bacterial
pneumonia, thrombocytopenia, and lymphocytopenia, may be
attributable to diseases of aging, and these people and their
caregivers may neglect their risk for HIV and delay HIV testing;
therefore, older adults are at increased risk of late diagnosis
[31].

The other two risk indicators, drug use within the past 3 months
and lifetime STDs, did not exceed a probability of 50% in the
three subgroups. There are several possible reasons to explain
this finding. Class 1 participants had a drug use probability of
23.2%, which was higher than those in the other classes and
was lower than the probability of 77.3% from a previous report
based on an online survey in a single Chinese city [32]. This
probability was also lower than that previously reported (30%)
in a pen-and-paper investigation, without any intervention, from
13 European cities [33]. This difference may be because the
previous two studies investigated the experience of recreational
drug use in a lifetime, which is longer than the past 3 months
considered in this study. In addition, all participants in this study
underwent counseling and testing; thus, the self-reported rate
of drug use was likely an underestimate. That is, participants
may be less likely to report drug use in face-to-face interactions
than in online channels and paper questionnaires for fear of
judgment and legal consequences. The probability of lifetime
STDs (43.8%) in class 1 was higher than those in the other two
classes, was comparable to that (43.3%) previously reported in
a cross-sectional survey of American urban MSM undergoing
a physical examination and STD testing [34], and was higher
than that (13.0%) quoted in a study based on self-reports in a
Chinese city [35]. Self-reporting of STDs may be limited by
the feelings of shame and recall bias [36,37]. However, in this
study, compared to the low-risk group, MSM in the highest risk
group were more likely to disclose a history of STDs. These
participants may believe that STDs are curable and have
expected a medical referral for diagnosis and treatment through
this consultation. These results suggest that in addition to MSP
and UAI, lifetime STDs, especially a history of human

papillomavirus, syphilis, and gonorrhea, and recreational drug
use within the past 3 months could be considered as the minor
risk-taking assessment items for arranging the priority for HIV
testing.

The probabilities of the three protective indicators exceeded
50% in class 2 and were higher than those in the other two
groups. It is noteworthy that the highest risk group, class 1,
engaged in regular testing as the only protective measure, and
the probability of taking PrEP and PEP was lower than that in
class 2. Although this study did not investigate the reasons that
hinder the use of PEP and PrEP in the highest risk group,
previous studies have revealed that barriers include the lack of
awareness of HIV risk behaviors, side effects and high cost of
PrEP, the compliance difficulties and stigma of using PrEP
[38,39], and low access to or tolerability of PEP [40].
Furthermore, age and income may have hindered the uptake of
PrEP and PEP in this study. The proportion of participants aged
≥40 years in class 1 was 7.6% higher than that of class 2 and
the proportion having a monthly income of ≤US $713 in class
1 was 7.5% higher than that of class 2. Older MSM may have
a poorer economic status and were less likely to be aware, or
have an inappropriate understanding of, PrEP than MSM ≤30
years old, which made them less likely to use it [41,42].
Improving HIV prevention may involve providing counseling
on PEP and PrEP use during HIV testing for high-risk targets,
including basic knowledge, side effect management, using
reminders to ensure compliance, and providing financial and
social support that increases the likelihood of preventive
medication use [43].

Compared to those of class 3, class 2 participants were more
likely to have been married. Studies have shown that
approximately half of Chinese MSM intend to marry women
and most of them expect to engage in extramarital homosexual
relationships [44]. MSM who had recent UAI with unknown
partners declared PrEP acquisition intentions [45]. Our findings
still require further analysis to understand whether having
experience of marriage could facilitate the adoption of
HIV-prevention behaviors by MSM to protect their spouses.

Class 3 was the largest group and had lower risk and lower
protective features than the other two classes. Over half of the
participants in class 3 perceived themselves at risk of HIV
infection and regularly undertook convenient, free, and
anonymous HIV screening as a protective measure. Thus, HIV
testing seems to be the best way to reach those who meet the
characteristics of class 3. Accordingly, screening staff should
continually reinforce this group of HIV risk-reducing behaviors
and provide more protective options to promote the best
preventive effect.

Limitations
This study had some limitations. First, convenient sampling
was used and participants were recruited mainly in northern
Taiwan, thereby reducing the generalizability of the findings
and representativeness of the sample. Second, this research was
conducted before the COVID-19 outbreak, and thus our results
may not be inferenced and applied to the COVID-19 pandemic,
since the pattern of risky and protective behaviors could have
changed during that period. Third, self-reported data are likely
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subject to bias, which may affect the validity of these findings.
Fourth, this study was cross-sectional, precluding discussions
about causality. Fifth, this research did not consider the factors
that may affect the acceptance of mobile VCT of MSM with
regard to social and environmental aspects, such as avoidance
of screening due to discriminatory attitudes of health care
providers. In follow-up research, indicators of more dimensions
could be added to promote a more comprehensive analysis.

Conclusions
MSM who underwent mobile VCT via social networking
platforms exhibited different risk and protection profiles. LCA
helped to derive a classification based on risk-taking and
protective indicators. These results may inform policies for
simplifying the prescreening assessment and precisely
recognizing those who have higher risk-taking features but
remain undiagnosed targets, including MSM engaging in MSP
and UAI within the past 3 months and those ≥40 years old.
Longitudinal studies could be conducted to evaluate the efficacy
of this approach.
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Abstract

Background: Nearly one-third of new HIV infections occurred among youth in 2019 worldwide. Previous studies suggested
that student youths living with HIV and nonstudent youths living with HIV might differ in some risk factors, transmission routes,
HIV care, and disease outcomes.

Objective: This study aimed to compare the HIV epidemic, disease outcomes, and access to care among student and nonstudent
youths living with HIV aged 16 to 25 years in Guangxi, China.

Methods: We performed a historical cohort study by extracting data on all HIV or AIDS cases aged 16 to 25 years in Guangxi,
China, during 1996-2019 from the Chinese Comprehensive Response Information Management System of HIV or AIDS. We
conducted analyses to assess possible differences in demographic and behavioral characteristics, HIV care, and disease outcomes
between student and nonstudent youths living with HIV. Multivariate Cox regression was used to assess differences in mortality
and virologic failure between student and nonstudent cases.

Results: A total of 13,839 youths aged 16 to 25 years were infected with HIV during 1996-2019. Among them, 10,202 cases
were infected through sexual contact, most of whom were men (n=5507, 54%); 868 (8.5%) were students, and 9334 (91.5%)
were not students. The number of student youths living with HIV was lower before 2006 but gradually increased from 2007 to
2019. In contrast, the nonstudent cases increased rapidly in 2005, then gradually declined after 2012. Student cases were mainly
infected through homosexual contact (n=614, 70.7% vs n=1447, 15.5%; P<.001), while nonstudent cases were more likely to be
infected through heterosexual contact (n=7887, 84.5% vs n=254, 29.3%; P<.001). Moreover, nonstudent cases had a significantly
lower CD4 count than student cases at the time of HIV diagnosis (332 vs 362 cells/μL; P<.001). Nonstudents also had a delayed
antiretroviral therapy (ART) initiation compared to students (93 days vs 22 days; P<.001). Furthermore, the mortality rate of 0.4
and 1.0 deaths per 100 person-years were recorded for student and nonstudent youths with HIV, respectively. Overall, the mortality
risk in nonstudent cases was 2.3 times that of student cases (adjusted hazard ratio [AHR] 2.3, 95% CI 1.2-4.2; P=.008). The
virologic failure rate was 2.3 and 2.6 per 100 person-years among student and nonstudent youths living with HIV, respectively.
Nonstudent cases had double the risk of virologic failure compared to student cases (AHR 1.9, 95% CI 1.3-2.6; P<.001).

Conclusions: Nonstudent youths living with HIV might face a low CD4 count at the time of HIV diagnosis, delayed ART
initiation, and increased risk of death and virologic failure. Thus, HIV prevention and interventions should target youths who
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dropped out of school early to encourage safe sex and HIV screening, remove barriers to HIV care, and promote early ART
initiation to curb the HIV epidemic among youths.

(JMIR Public Health Surveill 2023;9:e38881)   doi:10.2196/38881

KEYWORDS

HIV; student; nonstudent; antiretroviral therapy; mortality; China

Introduction

According to the Joint United Nations Programme on
HIV/AIDS, 31% of new HIV infections globally occurred
among youths aged 15 to 24 years in 2019 [1]. Sexual
transmission, including heterosexual and homosexual
transmission, was the primary route of HIV/AIDS transmission
among young people [1-4]. In China, the incidence rate of
HIV/AIDS increased fivefold from 0.27 cases per 100,000 in
2008 to 1.49 cases per 100,000 in 2017. HIV/AIDS is a major
cause of death from infectious diseases in adolescents [5]. The
number of youths living with HIV showed this increase in some
cities [6]. Furthermore, nonstudents aged 15 to 24 years
accounted for 81% of HIV cases compared to 19% of students
in 2017 [7]. Students and nonstudents might differ in HIV risk
and risk factors [8].

Antiretroviral therapy (ART), introduced globally since 1996,
improves immune function by suppressing viral replication and
dramatically declines the morbidity and mortality of people
living with HIV [9]. ART early initiation—initiating ART as
early as the day of HIV diagnosis—has numerous benefits,
including reducing the HIV epidemic, improving the health
status and quality of life, as well as extending the life expectancy
of people living with HIV [10,11]. However, adolescents living
with HIV in southern Africa are likely to have less access to
HIV care and a hard time adhering to ART compared to adults,
which in turn has resulted in negative consequences, such as
poorer viral suppression and HIV-related deaths [12-14]. Student
youths living with HIV may face more barriers to ART, such
as stigma, fear of unintended disclosure of HIV status (due to
the information on drug packaging and lack of privacy while
taking pills), challenges in drug storage in school, inability to
coordinate their studies and clinic-related activities, and lack
of structured supporting systems in schools. These barriers may
lead to sadness, anger, frustration, and stress among student
youths living with HIV [15]. At the same time, the educational
level, some demographic and behavioral characteristics, and
low perceived risk for HIV are associated with late ART
initiation in nonstudent youths living with HIV [6]. Thus, student
and nonstudent youths with HIV aged between 16 and 25 years
might also show differences in the ART initiation and treatment
outcomes.

Currently, there is limited information on the demographic and
behavioral characteristics, HIV infection routes, access to HIV
care, long-term ART outcome, and mortality rate among student
and nonstudent cases in a large population. Therefore, we
conducted a historical cohort study from 1990 to 2019 to
investigate the HIV epidemic, access to care, and HIV/AIDS
disease outcomes among youths aged 16 to 25 years in Guangxi,
China, to better understand the disease characteristics among

student and nonstudent youths with HIV. The findings of this
study will inform the design of AIDS programs, considering
the differences in risk factors, transmission routes, the ART
initiation rate, and treatment outcomes between students and
nonstudents. In addition, the findings will guide more tailored
HIV prevention and care strategies to curb the HIV epidemic
among adolescents further.

Methods

Study Sites and Population
The study was conducted in Guangxi Zhuang Autonomous
Region, southwest China. Guangxi was among the top 3
provinces and autonomous regions with the most HIV/AIDS
cases in China from 2004 to 2007. Besides, it had the second
highest number of HIV/AIDS cases between 2011 and 2013
[16]. Most HIV cases were infected through sexual contact [17],
and youths were very vulnerable to HIV. Therefore, we designed
this study to investigate HIV-positive youths aged 16 to 25 years
(age at diagnosis) and living in Guangxi (at the time of data
exporting, January 2021) between January 1, 1996, and
December 31, 2020.

Data Sources
We used data extracted from the Chinese Comprehensive
Response Information Management System of HIV/AIDS
(CRIMS), which includes the National Case Reporting Database
(NCRD) and the National Free Antiretroviral Therapy Database
(NFATD). The NCRD contains data on all HIV/AIDS cases
from local hospitals, Centers for Disease Control and Prevention
(CDC) clinics, and blood banks, including demographic
information, the HIV diagnosis date, reporting organization, as
well as the first CD4 test reporting date and result. The first
CD4 test was conducted after an HIV diagnosis. The NFATD
contains information on the ART, such as viral load and time,
ART regimens, interregional transfer, comorbid diseases, loss
to follow-up, death, and time of death [18]. In our study, time
for the initiation of the ART was used as the baseline time point,
and then patients were invited to visit the clinic for follow-up
at 15 days, 1 and 3 months, and every 3 months; their
information about the ART was then updated in the NFATD
accordingly. Patients were also recommended to test the viral
load and CD4 count once every 12 months. Individual cases in
the NFATD were matched to the NCRD database using the
case’s card numbers [18]. Anonymous and deidentification data
were extracted from the NCRD and NFATD by designated staff
at CDC offices in Guangxi.

Variables collected in this study are about the patient status at
the time of HIV diagnosis and follow-up information, including
whether they are a student or nonstudent, age, gender, ethnicity,
marital status, education, time and sites of HIV diagnosis,
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infection route, CD4 count, the ART initiation, HIV viral load,
and death. We collected the HIV-positive cases reported from
January 1, 1996, to December 31, 2019. However, the viral load
and death data were collected until December 31, 2020. This
study included all newly diagnosed HIV-positive youths aged
16 to 25 years (age at diagnosis) each year living in Guangxi.

Ethics Approval
This study was approved by the institutional review board of
Guangxi (GXIRB2016-0047-3).

Data Analyses
We compared the demographic and behavioral characteristics,
HIV care, virological loads, and deaths between students and
nonstudents living with HIV. Chi-square tests were used for
categorical variables (eg, gender, ethnicity, occupation, marital
status, education, infection route, calendar year of HIV
diagnosis, health facilities providing HIV diagnosis, and the
ART initiation), and t tests or nonparametric tests were used
for continuous variables (eg, CD4 count at HIV diagnosis and
time from HIV diagnosis until the ART initiation). Multivariable
Cox regression was conducted to assess if students or
nonstudents’ status were associated with all-cause death and
virologic failure, adjusting for sex, ethnicity, marital status,
education, infection route, CD4 count before the ART initiation,
and the World Health Organization (WHO) clinical stage before
the ART.

Results

Demographic and Behavioral Characteristics Among
Youths Living With HIV
A total of 13,839 youths aged 16 to 25 years were diagnosed
with HIV or AIDS in Guangxi between 1996 and 2019. Among

them, 883 (6.4%) were students, and 12,956 (93.6%) were
nonstudents. The number of students living with HIV was low
before 2006 but gradually increased from 2007 to 2019. In
contrast, the nonstudent cases living with HV increased rapidly
in 2005 and gradually declined after 2012. The number of
student youths was one-third of the nonstudents youths living
with HIV in 2019 (Figure 1). The student cases were
predominantly male; the majority of nonstudent youths living
with HIV were male except during 2008-2011 (Figure 2). The
homosexual transmission was the main infection route among
student youths living with HIV in Guangxi. However, among
the nonstudent cases, injecting drugs was the main route of
infection before 2005, followed by heterosexual transmission
during 2006-2019. At the same time, homosexual transmission
showed an increasing trend in recent years (Figure 3). The mean
CD4 count at the time of diagnosis was slightly higher in student
youths living with HIV and showed an increasing trend during
1996-2019 in both student and nonstudent youths living with
HIV (Figure 4).

Of the 13,839 youths, 61.8% (n=8551) were male and 38.2%
(n=5288) were female. The HIV-positive youths were mostly
of Han ethnicity (n=8647, 62.5%), nonfarmer (n=8687, 62.8%),
single (n=8768, 63.4%), and with middle school education level
or below (n=9211, 66.6%). Homosexual contact was the primary
route of transmission for students (n=614, 69.5%), while
heterosexual contact was the main transmission route for
nonstudents (n=7887, 60.9%; P<.001; Table 1).

Figure 1. Annual cases of student and nonstudent youths living with HIV in Guangxi, China, from 1996 to 2019.
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Figure 2. The gender of student (A) and nonstudent (B) youths living with HIV in Guangxi, China from 1996 to 2019.

Figure 3. The infection routs of student(A) and nonstudent(B) youths living with HIV in Guangxi, China during 1996-2019.

Figure 4. The mean CD4 count at diagnosis of student and nonstudent youths living with HIV in Guangxi, China from 1996 to 2019.
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Table 1. Demographic and behavioral characteristics of youths living with HIV aged 16-25 years by student status in Guangxi, China, from 1996 to
2019.

P valueNonstudents, n (%)Students, n (%)Total, n (%)Characteristics

12,956 (93.6)883 (6.4)13,839 (100)Total

<.001Gender

7719 (59.6)832 (94.2)8551 (61.8)Male

5237 (40.4)51 (5.8)5288 (38.2)Female

<.001Ethnicity

8046 (62.1)601 (68.1)8647 (62.5)Han

4910 (37.9)282 (31.9)5192 (37.5)Other

<.001Occupation

5152 (39.8)0 (0)5152 (37.2)Farmer

7804 (60.2)883 (100)8687 (62.8)Other

<.001Marital status

7893 (60.9)875 (99.1)8768 (63.4)Single

3957 (30.5)5 (0.6)3962 (28.6)Currently married

526 (4.1)0 (0)526 (3.8)Divorced, separated, or widowed

580 (4.5)3 (0.3)583 (4.2)Unknown

<.001Education

9189 (70.9)22 (2.5)9211 (66.6)Middle school and below

1759 (13.6)195 (22.1)1954 (14.1)High school

1078 (8.3)661 (74.9)1739 (12.6)College and above

930 (7.2)5 (0.6)935 (6.8)Unknown

<.001Infection route

7887 (60.9)254 (28.8)8141 (58.8)Heterosexual contact

1447 (11.2)614 (69.5)2061 (14.9)Homosexual contact

2955 (22.8)5 (0.6)2960 (21.4)Injecting drug

667 (5.1)10 (1.1)677 (4.9)Other

<.001Calendar year of HIV diagnosis

954 (7.4)4 (0.5)958 (6.9)1996-2003 (pre-ARTa)

3041 (23.5)9 (1)3050 (22)2004-2007 (no standardized ART)

4694 (36.2)93 (10.5)4787 (34.6)2008-2012 (standardized ART)

4267 (32.9)777 (88)5044 (36.4)2013-2019 (TDFb added)

aART: antiretroviral therapy.
bTDF: tenofovir disoproxil fumarate.

Demographic and Behavioral Characteristics Among
Youths Living With HIV Through Sexual Contact
A total of 10,202 youths aged 16-25 years were infected with
HIV through sexual contact between 1996 and 2019 in Guangxi.
Among them, 8.5% (868/10,202) were students, and 91.5%
(9334/10,202) were nonstudents. Compared with nonstudent
cases, student cases were more likely to be male (n=820, 94.5%

vs n=4687, 50.2%; P<.001), nonfarmer (n=868, 100% vs
n=5396, 57.8%; P<.001), single (n=862, 99.3% vs n=5555,
59.5%; P<.001), with an educational level of college or above
(n=656, 75.6% vs n=1066, 11.4%; P<.001). Furthermore,
student youths living with HIV were more likely to be infected
through homosexual contact (n=614, 70.7% vs n=1447, 15.5%;
P<.001) and diagnosed with HIV between 2013 and 2019
(n=774, 89.2% vs n=4134, 44.3%; P<.001; Table 2).
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Table 2. Demographic and behavioral characteristics of youths aged 16-25 years living with HIV through sexual contact by student status in Guangxi,
China, from 1996 to 2019.

P valueNonstudents, n (%)Students, n (%)Total, n (%)Characteristics

9334 (91.5)868 (8.5)10,202 (100)Total

<.001Gender

4687 (50.2)820 (94.5)5507 (54)Male

4647 (49.8)48 (5.5)4695 (46)Female

<.001Ethnicity

5725 (61.3)594 (68.4)6319 (61.9)Han

3609 (38.7)274 (31.6)3883 (38.1)Other

<.001Occupation

3938 (42.2)0 (0)3938 (38.6)Farmer

5396 (57.8)868 (100.0)6264 (61.4)Other

<.001Marital status

5555 (59.5)862 (99.3)6417 (62.9)Single

3315 (35.5)5 (0.6)3320 (32.5)Currently married

404 (4.3)0 (0)404 (4)Divorced, separated, or widowed

60 (0.6)1 (0.1)61 (0.6)Unknown

<.001Education

6558 (70.3)19 (2.2)6577 (64.5)Middle school and below

1641 (17.6)193 (22.2)1834 (18)High school

1066 (11.4)656 (75.6)1722 (16.9)College and above

69 (0.7)0 (0)69 (0.7)Unknown

<.001Infection route

7887 (84.5)254 (29.3)8141 (79.8)Heterosexual contact

1447 (15.5)614 (70.7)2061 (20.2)Homosexual contact

<.001Calendar year of HIV diagnosis

92 (1)0 (0)92 (0.9)1996-2003 (pre-ARTa)

1222 (13.1)5 (0.6)1227 (12)2004-2007 (no standardized ART)

3886 (41.6)89 (10.3)3975 (39)2008-2012 (standardized ART)

4134 (44.3)774 (89.2)4908 (48.1)2013-2019 (TDFb added)

aART: antiretroviral therapy.
bTDF: tenofovir disoproxil fumarate.

HIV Care Between Student and Nonstudent Youths
Living With HIV
Among the HIV/AIDS cases infected through sexual contact
reported from 2008 to 2019 in Guangxi, student youths living
with HIV were more likely to receive an HIV diagnosis in CDC
compared to nonstudent cases (n=458, 59.6% vs n=3099, 44.1%;
P<.001). In addition, student cases had a higher average CD4
count (median 362 [IQR 262-481] cells/μL) compared to

nonstudents (median 332 [IQR 204-459] cells/μL; P<.001) at
diagnosis. Although most youths were on the ART in both
groups, student youths with HIV who were on the ART were
significantly higher in number compared to nonstudent youths
(n=740, 96.2% vs n=6247, 88.8%; P<.001). The median time
from HIV diagnosis until the ART initiation was 22 days for
student cases and 93 days for nonstudent cases (P<.001; Table
3).
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Table 3. HIV care of youths living with HIV who were infected through sexual contact (aged 16-25 years) by student status in Guangxi, China, from
2008 to 2019.

P valueNonstudent (n=7034)Student (n=769)HIV care

<.001Health facilities providing HIV diagnosis, n (%)

3710 (52.7)270 (35.1)Hospital

3099 (44.1)458 (59.6)CDCa

225 (3.2)41 (5.3)Other

<.001332 (204-459)362 (262-481)CD4 count at HIV diagnosis (cells/μL), median (IQR)

<.001On ART, n (%)

6247 (88.8)740 (96.2)Yes

787 (11.2)29 (3.8)No

Time from HIV diagnosis until the ARTb initiation by CD4 count (day), median (IQR)

<.00193 (16-979)22 (10-85)Overall (n=7803)

<.001151 (21-1349)26 (11-164)0-199 (n=2768)

<.00180 (15-789)20 (9-88)200-349 (n=2597)

<.00167 (14-739)24 (11-74)≥350 (n=2291)

.04267 (18-1065)24 (18-57)Never tested (n=147)

aCDC: Centers for Disease Control and Prevention.
bART: antiretroviral therapy.

Mortality Rate Between Student and Nonstudent
Youths Living With HIV
Among the 7803 youths infected through sexual contact and
who started the ART from 2008 to 2019, a total of 45,610.4
person-years were observed, and 446 youths died before
December 31, 2020. The overall death rate among nonstudent
youths living with HIV was 1.0 deaths per 100 person-years,
which was higher than that among student youths living with
HIV (0.4 deaths per 100 person-years). After adjusting for sex,
ethnicity, marital status, education, infection route, CD4 count

before the ART initiation, and the WHO clinical stage before
the ART, nonstudent youths living with HIV had mortality risk
doubled compared to student youths with HIV (adjusted hazard
ratio [AHR] 2.3, 95% CI 1.2-4.2; P=.008). Youths who had
initiated a zidovudine-based regimen had a 30% decreased
mortality rate compared to those who took a stavudine-based
regimen (AHR 0.7, 95% CI 0.5-0.9; P=.002). Youths who
initiated a tenofovir disoproxil fumarate–based regimen also
had a decreased mortality rate compared to the stavudine-based
regimen group (AHR 0.7, 95% CI 0.5-1.0; P=.03; Table 4).
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Table 4. Mortality rate of youths living with HIV aged 16-25 years by student status in Guangxi, China, from 2008 to 2019.

P valueAHRb (95% CI)P valueHRa (95% CI)Deaths per 100 per-
son-years (95% CI)

Person-years, nDeaths, nPatients, nCharacteristics

1.0 (0.9-1.1)45,610.44467803Overall

.008<.001Age group (16-25 years)

1.01.00.4 (0.2-0.7)2976.311769Student

2.3 (1.2-4.2)3.1 (1.7-5.7)1.0 (0.9-1.1)42,634.24357034Nonstudent

.44.003Calendar year of initiating the ARTc

1.01.01.0 (0.9-1.1)22,653.722924172008-2012

1.1 (0.9-1.5)0.7 (0.6-0.9)0.9 (0.8-1.1)22,956.821753862013-2019

Initial regimen

—1.0—d1.02.0 (1.6-2.4)5606.3111637Stavudine-based

.0020.7 (0.5-0.9)<.0010.4 (0.3-0.5)0.7 (0.6-0.9)23,438.31743274Zidovudine-based

.030.7 (0.5-1.0)<.0010.4 (0.3-0.5)1.0 (0.9-1.2)15,170.11543724TDFe-based

.0050.3 (0.2-0.7)<.0010.3 (0.1-0.5)0.5 (0.2-1.1)1395.77168Other

aHR: hazard ratio.
bAHR: adjusted hazard ratio; adjusted for sex, ethnicity, marital status, education, infection route, CD4 count before the antiretroviral therapy (ART)
initiation, and the World Health Organization (WHO) clinical stage before the ART.
cART: antiretroviral therapy.
dNot applicable.
eTDF: tenofovir disoproxil fumarate.

Virologic Failure Between Student and Nonstudent
Youths Living With HIV
We assessed the virologic failure among youths who started
ART in 2008 since free and standardized ART programs started
from 2008 in China. Of the 4119 youths who started ART during
2008-2019, a total of 24,388.6 person-years were observed, and
632 youths met the clinical criteria of virologic failure during
the follow-up period. The virologic failure rate among
nonstudent youths with HIV was 2.6 deaths per 100
person-years, which was higher than that of student youths with
HIV (2.3 per 100 person-years). After being adjusted for sex,
ethnicity, marital status, education, infection route, CD4 count

before the ART initiation, and the WHO clinical stage before
the ART, the risk of virologic failure among nonstudent youths
with HIV had doubled compared to student youths (AHR 1.9,
95% CI 1.3-2.6; P<.001). Youths who had initiated the ART
during 2013-2019 had a 30.9 times increased risk of virologic
failure compared with those who initiated the ART during
2008-2012 (AHR 31.9, 95% CI 18.2-55.9; P<.001). Youths
who initiated the ART with a zidovudine-based (AHR 1.5, 95%
CI 1.2-2.0; P=.003) and TDF-based regimen (AHR 1.9, 95%
CI 1.4-2.6; P<.001) had an increased risk of virologic failure
compared to those who took a stavudine-based regimen (Table
5).
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Table 5. Virologic failure (≥400 copies/mL) of youths living with HIV aged 16-25 years by student status in Guangxi, China, from 2008 to 2019.

P valueAHRb (95% CI)P valueHRa (95% CI)Virologic failure per
100 person-years
(95% CI)

Person-years, nVirologic
failure, n

Patients, nCharacteristics

2.6 (2.4-2.8)24,388.66324199Overall

<.001.01Age group (16-25 years)

1.01.02.3 (1.7-3.1)1664.238428Student

1.9 (1.3-2.6)0.7 (0.5-0.9)2.6 (2.4-2.8)22,724.45943691Nonstudent

<.001<.001Calendar year of initiating the ARTc

1.01.02.3 (2.0-2.5)12,004.027012472008-2012

31.9 (18.2-55.9)46.7 (28.1-77.4)2.9 (2.6-3.2)12,384.636228722013-2019

Initial regimen

—1.0—d1.02.5 (2.0-3.1)3034.075325Stavudine-based

.0031.5 (1.2-2.0)<.0011.6 (1.2-2.0)2.5 (2.2-2.8)12,168.03041658Zidovudine-based

<.0011.9 (1.4-2.6)<.0015.0 (3.7-6.7)2.8 (2.5-3.2)8543.42412052TDFe-based

.050.5 (0.3-1.0).080.6 (0.3-1.1)1.9 (1.1-3.3)643.11284Other

aHR: hazard ratio.
bAHR: adjusted hazard ratio; adjusted for sex, ethnicity, marital status, education, infection route, CD4 count before the ART initiation, and the WHO
clinical stage before the ART.
cART: antiretroviral therapy.
dNot applicable.
eTDF: tenofovir disoproxil fumarate.

Discussion

To our knowledge, this is the first study investigating the
characteristics of youths living with HIV in southwest China.
Nonstudent youths living with HIV accounted for 93.6%
(12956/13839) of the total HIV cases in youths during
1996-2019. This percentage was much higher than that in youths
aged 15-24 years in Hangzhou, China, during 2012-2016
(70.4%) [6]. Given the low numbers before 2006, an obvious
increasing trend was observed among student youths living with
HIV, approximately one-third of nonstudent cases in 2019.
Homosexual transmission was the main infection route among
student youths living with HIV in Guangxi (n=614, 69.5%),
while heterosexual contact was the primary transmission route
among nonstudent cases (n=7887, 60.9%), which was different
from the primary transmission route in Hangzhou (ie,
homosexual transmission) [6]. Heterosexual contact is the
primary mode of HIV transmission in China [7,19]. Although
the mean CD4 count at the time of diagnosis was slightly higher
in student cases and consistently increased from 1996 to 2019
among student and nonstudent youths living with HIV, there is
still a need to promote frequent HIV testing for early HIV
diagnosis in youths in the future.

Among youths who were infected with HIV through sexual
contact, the 2 groups showed differences: student youths with
HIV were mainly male (n=820, 94.5% vs n=4687, 50.2%) and
unmarried (n=862, 99.3%), and homosexual contact was the
primary transmission route (n=614, 70.7%). In general, youths
were considered sexually active and less likely to use a condom
[20]. Unprotected sexual activity raises the risk of HIV

transmission among youths [21]. Moreover, our study
demonstrated that most nonstudent youths living with HIV had
an educational level of middle school or below (n=6558, 70.3%).
Limited access to sexual education, leading to the lack of HIV
awareness, could be a possible reason of high-risk sexual
behaviors. Thus, these findings could be applied in tailored HIV
prevention programs with the goal of reducing the HIV epidemic
among youths. In addition, more attention should be given to
homosexual student and nonstudent youths who dropped out
before high school.

Furthermore, student youths living with HIV had declined CD4
levels at the time of HIV diagnosis, and the CD4 level for
nonstudent cases was even lower. This might be a result of
delayed HIV testing. Besides, more than half of the nonstudents
with HIV (n=3710, 52.7%) received an HIV diagnosis in
hospitals instead of CDCs, implying low awareness of HIV
testing, as CDCs have voluntary counseling and testing, but
clinics and hospitals usually conduct HIV tests as part of
physical examination. Moreover, student youths with HIV
(n=740, 96.2%) had a slightly higher rate of the ART compared
to nonstudent cases. At the same time, nonstudents had a longer
median time for the ART initiation (93 days) compared to
students (22 days). Stigma and lack of knowledge are major
factors leading to delayed ART [6]. Therefore, future programs
should promote early diagnosis and treatment to enhance the
treatment efficacy and improve outcomes [11], and
consequently, reduce morbidity and mortality [22].

Nonstudnet youths living with HIV had a higher risk of
experiencing virologic failure and death compared with student
cases after the ART initiation. More attention should be given
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to nonstudents for preventing virologic failure and death. It
could be explained by the findings of this study that nonstudent
youths with HIV in Guangxi were less likely to adopt the ART,
had a lower CD4 count at the time of HIV diagnosis, and a
delayed ART initiation. Early ART initiation could lead to
improved clinical outcomes [23]. Therefore, future programs
should work on eliminating barriers to HIV care and promoting
early ART initiation among youths, especially among
nonstudents. In this study, 70.9% (n=9189) of nonstudents
youths with HIV in Guangxi had an educational level of middle
school or below, and only 8.3% (n=1078) obtained university
or higher education. Previous studies found that low level of
education is associated with delayed HIV care [24], and
school-based interventions could increase HIV knowledge and
awareness among students [25,26], which in turn could probably
reduce their risk behaviors and promote benefit behaviors. In
addition to the school-based interventions, various interventions
targeting out-of-school youths should be promoted to increase
ART awareness and reduce risky sexual behaviors among the
youths.

Based on the findings of this study, tailored HIV programs could
be more effective in HIV prevention among the youths. For
nonstudents aged 16-25 years, who accounted for the majority
of HIV cases, social media–oriented HIV education using
platforms like Douyin and WeChat has a great potential to
deliver future HIV programs due to their wide coverage and
accessibility. For students, more attention could be given to the
high-risk groups, such as homosexual men. At the same time,
sex education and safe sex should be strengthened in middle

school, high school, and college. Given the high mortality rate
as well as high risk of virologic failure and delayed ART among
nonstudent youths with HIV, increased health protection
awareness is crucial to encourage early diagnosis and early ART
initiation [27]. Moreover, peer counseling and group therapy
might be good ways to address psychological barriers to HIV
testing and care, including stigma and lack of support [28,29].
Furthermore, HIV prevention campaigns could also create more
awareness among the general public and clinic doctors, reduce
stigma, and create a safe environment for youths to discuss their
behaviors [30].

However, this study had some limitations. First, the study used
historical cohort study data extracted from existing public health
databases, and some information that might be useful were not
available, such as the details on ART adherence and its side
effects. Second, we investigated all-cause mortality instead of
AIDS-related mortality, which might give different results.
Third, students and nonstudents were generalized, disregarding
their level of education; for example, middle and high school
students might have different behaviors in HIV care and
treatment outcomes from college students. For nonstudents,
different levels of education may result in different perceptions
and concerns about health. Thus, we adjusted for the educational
background in the multivariate analysis to correct these
discrepancies. Despite these limitations, this study provides
valuable information on HIV risk behaviors, HIV care, and
treatment outcomes for both student and nonstudent youths
living with HIV. Overall, these findings will guide future HIV
prevention and intervention programming in youths.
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Abstract

Background: The sexual health of transmasculine (TM) people—those who identify as male, men, or nonbinary and were
assigned a female sex at birth—is understudied. One barrier to conducting HIV- and sexually transmitted infection (STI)–related
research with this population is how to best capture sexual risk data in an acceptable, gender-affirming, and accurate manner.

Objective: This study aimed to report on the community-based process of developing, piloting, and refining a digitally deployed
measure to assess self-reported sexual behaviors associated with HIV and STI transmission for research with TM adults.

Methods: A multicomponent process was used to develop a digital-assisted self-interview to assess HIV and STI risk in TM
people: gathering input from a Community Task Force; working with an interdisciplinary team of content experts in transgender
medicine, epidemiology, and infectious diseases; conducting web-based focus groups; and iteratively refining the measure. We
field-tested the measure with 141 TM people in the greater Boston, Massachusetts area to assess HIV and STI risk. Descriptive
statistics characterized the distribution of sexual behaviors and HIV and STI transmission risk by the gender identity of sexual
partners.

Results: The Transmasculine Sexual Health Assessment (TM-SHA) measures the broad range of potential sexual behaviors
TM people may engage in, including those which may confer risk for STIs and not just for HIV infection (ie, oral-genital contact);
incorporates gender-affirming language (ie, genital or frontal vs vaginal); and asks sexual partnership characteristics (ie, partner
gender). Among 141 individual participants (mean age 27, SD 5 years; range 21-29 years; n=21, 14.9% multiracial), 259 sexual
partnerships and 15 sexual risk behaviors were reported. Participants engaged in a wide range of sexual behaviors, including
fingering or fisting (receiving: n=170, 65.6%; performing: n=173, 66.8%), oral-genital sex (receiving: n=182, 70.3%; performing:
n=216, 83.4%), anal-genital sex (receptive: n=31, 11.9%; insertive: n=9, 3.5%), frontal-genital sex (receptive: n=105, 40.5%;
insertive: n=46, 17.8%), and sharing toys or prosthetics during insertive sex (n=62, 23.9%). Overall barrier use for each sexual
behavior ranged from 10.9% (20/182) to 81% (25/31). Frontal receptive sex with genitals and no protective barrier was the highest
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(21/42, 50%) with cisgender male partners. In total, 14.9% (21/141) of participants reported a lifetime diagnosis of STI. The
sexual history tool was highly acceptable to TM participants.

Conclusions: The TM-SHA is one of the first digital sexual health risk measures developed specifically with and exclusively
for TM people. TM-SHA successfully integrates gender-affirming language and branching logic to capture a wide array of sexual
behaviors. The measure elicits sexual behavior information needed to assess HIV and STI transmission risk behaviors. A strength
of the tool is that detailed partner-by-partner data can be used to model partnership-level characteristics, not just individual-level
participant data, to inform HIV and STI interventions.

(JMIR Public Health Surveill 2023;9:e40503)   doi:10.2196/40503

KEYWORDS

transgender; sexual health; HIV; sexually transmitted infection; STI; epidemiology; mobile phone

Introduction

Background
Transmasculine (TM) people—those who identify as men, male,
transgender men, or a nonbinary gender identity and were
assigned female sex at birth [1]—are at risk of HIV and other
sexually transmitted infections (STIs), such as gonorrhea,
chlamydia, and human papillomavirus (HPV). Historically,
research has largely focused on the risk of HIV and STIs in
transfeminine populations, that is, those who identify as women,
female, transgender women, or a nonbinary gender identity and
were assigned male sex at birth [2,3]. Studies on HIV and STI
burden in TM people remain scarce [2,4]. Moreover, there is a
lack of consistency in the reported rates of STIs in transgender
men, with 1 review finding STI ranges of 0% to 4.2% for
syphilis, 0% to 10.5% for gonorrhea, and 1.2% to 11.1% for
chlamydia [2]. It is important to capture the diverse sexual
practices of TM people that may be relevant not only for HIV
but also for STIs such as genital or anal HPV, gonorrhea, and
chlamydia, as well as for counseling on family planning and
contraception needs. Failure to collect complete detail regarding
sexual behaviors and the timing and recency of those behaviors
may result in misclassification of sexual risk exposures,
especially given the heterogeneity of sexual behaviors, gender
identities, and the bodies of TM people and their sexual partners.

TM people hold a wide range of sexual identities and engage
in a variety of sexual behaviors based on their own and their
partner’s anatomy. Analyzing data from the US National
Transgender Discrimination Survey, a sample of 2578 TM
respondents identified their sexuality as gay (19%), bisexual
(13%), and queer (51%) [5], supporting the need for measures
that are able to capture the diversity of sexual partners and
behaviors. Statistics show that TM people vary in terms of
access to, and desire for, genital surgery. In the 2015 US.
Transgender Survey, only 5% of TM respondents had a
metoidioplasty (detachment of clitoral ligaments to lengthen an
enlarged clitoris to create a neophallus) or phalloplasty (creation
of a neophallus using extragenital tissue, typically from the
forearm or thigh), but >25% and 19% indicated that they
“someday” want a metoidioplasty and phalloplasty, respectively
[6,7]. Regardless of anatomy, TM people may or may not engage
in sexual behaviors that use their own or their partner’s genitals.
The wide range of anatomies and sexual identities confers
varying sexual behaviors among TM people, which may include
higher risk behaviors such as penetrative receptive sex with

cisgender gay men that places TM people at risk for the
acquisition of HIV and other STIs. Moreover, TM people who
experience barriers to surgical access or who do not desire
gender-affirming surgery with cervix removal are at risk of
cervical cancer caused by high-risk HPV, which can be
transmitted or acquired through oral sex, anal sex, and
genital-genital contact. Although estimates of HPV are
comparable between cisgender women and TM people [8-12],
TM people are less likely to receive cervical cancer screenings
according to recommended guidelines, underscoring the need
for a sexual health measure that allows providers to better
understand whether TM patients are at risk of HPV exposure
[13]. Other STIs, including gonorrhea, chlamydia, and herpes
simplex virus, also warrant attention.

Previous HIV or STI risk surveillance measures, such as the
AIDS Risk Behavior Assessment and Risk Assessment Battery,
are commonly used and adapted to assess HIV risk [14,15].
However, these measures have limitations. First, these measures
use gendered, cisnormative language (eg, assumptions that those
who have penises are men and use he or him pronouns), which
can be harmful to TM people who are frequently misgendered
and systematically misrepresented in data collection [16]. Lack
of acceptability of measures in TM populations may lead to
nonresponse bias and unwillingness to participate in research
or share their sexual history honestly with providers.
Furthermore, cisnormative language generates validity concerns
when TM people are not able to answer questions accurately
according to their or their partners’ anatomies. Second, the
measures often do not consider sexual practices that may be
more common among TM people, such as the use of prosthetics
or toys during sex. These sexual practices are common in TM
communities and carry the risk of HPV, gonorrhea, chlamydia,
and herpes simplex virus transmission or acquisition but are not
assessed by traditional measures. Transgender and
gender-diverse activists continue to call for inclusive HIV or
STI research measures, notably stating, “A lack of research does
not mean we are not at risk” [17,18]. Traditional measures may,
therefore, underestimate HIV or STI risk in this population by
failing to assess common sexual practices. Third, many measures
fail to distinguish between insertive and receptive sexual
practices, which have different implications for HIV or STI risk
and the probability of transmission or acquisition [19]. To our
knowledge, only 1 inclusive sexual health and reproductive
health inventory has been published for transgender and
nonbinary people, which captures sexual behavior, gender
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affirmation, pregnancy, abortion, and contraception and is of
great use for research but may be too lengthy for providers in
clinics to accurately and quickly assess HIV or STI risk in only
TM people [20]. A study by Bauer et al [21] exploring the sexual
health of TM people who have sex with men indicated that they
developed and used measures that include a wide range of sexual
behaviors, but they did not provide structure or enough details
to accurately recreate those measures.

There is limited knowledge and lack of consensus about how
best to capture sexual risk data in the TM population, both in
terms of accurately characterizing sexual behaviors that confer
specific risks for HIV and STI transmission and ensuring that
the measure is gender affirming and acceptable for TM
respondents. Digital-assisted self-interviewing uses computer-
or technology-deployed methods (eg, laptops, electronic tablets,
and smartphones) to collect survey data, wherein the respondent
completes the assessment via self-reporting without an
interviewer administering it. The capacity for programmed
branch logic and the highly sensitive nature of sexual risk
behavior questions makes this a method well suited for
confidential data collection of self-reported HIV- and
STI-related risks for TM adults [22,23].

Objectives
This study aimed to develop and test a robust and inclusive
sexual health and risk assessment designed with and specifically
for TM people. The aims were twofold: (1) to report on the
community-based process of developing and refining a
digital-assisted self-interview measure designed to assess
self-reported sexual behaviors associated with HIV and STI
transmission for research in TM adults, known as the
Transmasculine Sexual Health Assessment (TM-SHA), and (2)
to field and digitally implement the TM-SHA and characterize
the sexual histories, sexual partnership, and sexual practices in
a sample of TM adults.

Methods

Overview
This research was undertaken from March 2015 to September
2016 as part of a biobehavioral study to evaluate screening
methods for the detection of high-risk HPV in TM adults
(ClinicalTrials.gov NCT02401867) [24]. The main outcomes
and broader study details have been reported elsewhere [8].
This secondary analysis focuses on the development,
implementation, and refinement of the HIV and STI sexual risk
measure, including reporting on HIV and STI transmission risk
by the gender of sexual partners.

Ethics Approval
All study activities were approved by the Fenway Health
Institutional Review Board (FWA00000145).

Consent to Participate
Informed consent procedures ensured that the people understood
what was involved in participating in the study, what the risks
and benefits were of participation, and voluntarily agreed to
participate. The original informed consent also applied to this
secondary analysis, for which all study data were anonymized

and deidentified. Participants were compensated US $100 for
study participation in the form of a prepaid American Express
gift card.

Community-Scientific Partnership
A multicomponent community-based process was used to
develop and refine a questionnaire to assess HIV and STI risk
in TM people using digital-assisted self-interviewing technology.
The process used community-based participatory research
principles to work with not on TM communities and to cocreate
and refine the sexual behavior assessment. The development
process was guided by a 15-member research team that included
multiple TM adults who worked closely with a 5-member
Community Task Force of TM people and a 5-member
multidisciplinary Scientific Advisory Board that comprised
content experts in transgender medicine, clinical epidemiology,
and infectious diseases research. This was a dynamic process
involving community and scientific engagement. At the core
of the enterprise was the following tenet: to prioritize being
gender affirming and respectful, while collecting accurate data
in a patient-centered manner to understand and address sexual
health needs of TM people.

Development, Modification, and Refinement of the
Measure
The TM-SHA was developed to assess sexual behaviors,
partnerships, and protective barrier use that confer transmission
risk of HIV and other STIs. The primary purpose was to measure
the broad range of sexual behaviors engaged in by TM adults,
including those that may confer risk for HIV, HPV, and other
STIs, in a gender-affirming, sensitive, and accurate manner.

The basic TM-SHA assessment structure was modeled on an
HIV risk assessment originally adapted from the AIDS Risk
Behavior Assessment [14] by the LifeSkills trial, a multisite
study testing the efficacy of an HIV behavioral intervention to
reduce HIV transmission risk for young transgender women
aged 16-29 years [20]. The measure was subsequently adapted
with young adult transgender men who have sex with men aged
18-29 years in LifeSkills for Men [25]. These HIV risk measures
specifically focused on sexual and other behaviors that confer
risk for HIV infection, such as genital and anal intercourse and
needle sharing in the context of injection drug use or hormone
therapy. This study expanded on this to include a broader range
of behaviors.

The development of the TM-SHA involved active collaboration
between the research team, Task Force, and Scientific Advisory
Board to ensure the creation of a gender-affirming assessment
that reflected the sexual lives and experiences of TM adults.
Among these groups, we discussed the topics of language and
terminology, usability, question clarity and specificity, response
options, and acceptability. A preliminary version of the
TM-SHA was then pilot-tested with members of the Task Force
and the research team, who provided feedback regarding the
instrument’s functionality and design. After addressing feedback
from the pilot test, we field-tested the TM-SHA in a sample of
141 TM adults, all of whom had cervixes and reported at least
1 sexual partner in the past 12 months (see Field Test of the
Assessment section).
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When reviewing the preliminary version of the measure, the
following ideas emerged about the components of the ideal
assessment: asking about an array of sexual behaviors, including
those that are not typically associated with HIV risk; adding an
introduction about the complexity of terminology; asking
participants’ surgical status and programming skip patterns to
assess sexual risk accordingly; asking participants what language
they use to describe their body parts and then having that
populate subsequent questions about sexual behaviors and risks;
and assessing sexual partner and partnership characteristics.

On the basis of these ideas, the following changes and
refinements to the instrument were made: adding questions to
assess the broad range of potential sexual behaviors TM people
may engage in, including those which may confer risk for HPV
and other STIs, not only for HIV infection; incorporating
gender-affirming language to make questions and response
options less gendered and binary sex specific (ie, using more
generic terms like genital vs vaginal); and asking sexual partner
and partnership characteristics to understand interpersonal
context.

TM-SHA Measure
The TM-SHA measure is summarized in Table 1, and Table 2
presents the grid of sexual behaviors and frequency of barrier
use (the full TM-SHA measurement and survey logic guidelines
can be obtained by contacting the corresponding author). The
TM-SHA assessed individual- and partnership-level risks. At
the individual level, participants were asked to provide

information about their sexual orientation and the total number
of sexual partners in the past 36 months.

Participants were then asked to provide demographic and sexual
risk–related data for up to 3 sexual partnerships from the past
12 months. These partnership-level data included the gender
identity of the sexual partner, configuration of the sexual
partnership, behaviors engaged in during sex, frequency of
protective barrier use by sexual behavior, and whether the sexual
partner had ever been diagnosed with an STI.

Sexual behavior data collected through the TM-SHA consisted
of the following 15 sexual behaviors: (1) performing frontal (ie,
vaginal) and/or anal penetration with a finger or fist, (2)
receiving frontal and/or anal penetration with a finger or fist,
(3) performing oral-genital sex, (4) receiving oral-genital sex,
(5) performing oral-anal sex, (6) receiving oral-anal sex, (7)
frontal insertive sex with genitals, (8) frontal receptive sex with
genitals, (9) frontal insertive sex with a toy or prosthetic, (10)
frontal receptive sex with a toy or prosthetic, (11) anal insertive
sex with genitals, (12) anal receptive sex with genitals, (13)
anal insertive sex with a toy or prosthetic, (14) anal receptive
sex with a toy or prosthetic, and (15) insertive sex in which a
toy or prosthetic was shared.

The use of a protective barrier can be operationalized from the
measure as using a condom, internal condom, dental dam, or
gloves during sexual activity. The frequency of protective barrier
use can be coded as either engaged in sexual behavior with no
use of a protective barrier or engaged in sexual behavior and
used a protective barrier on at least 1 occasion.
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Table 1. Overview of the Transmasculine Sexual Health Assessment.

TypeSection, section #, and item

Introduction

PromptThis part of the survey will ask you about sex. Sex is a personal issue that can sometimes be sensitive or difficult
to talk about, especially for those who are transgender or gender nonconforming because bodies do not always

1

reflect identity. We will be asking you about different forms of sexual activity including the following: pene-
trative sex with fingers (“fingering”) or fists (“fisting”), oral-genital sex (putting your mouth on someone’s
genitals or someone putting their mouth on your genitals), oral-anal sex (“rimming”), receptive and insertive
frontal sex, receptive and insertive anal sex, and use of prosthetics/toys. By “receptive sex” we mean when a
person inserts their genitals or a toy into your frontal opening or anus. By “insertive sex” we mean when your
genitals are inserted into a frontal opening or anus without the assistance of a prosthetic/dildo/toy/etc. We will
also be asking you about your use of barriers during sexual activity. Barriers differ depending on the sexual
activity. Barrier methods include condoms, internal condoms, dental dams, and gloves. Except where indicated,
all questions about sex refer to consensual sex or sex you experienced because you wanted to participate and
not because you were forced, coerced, or otherwise made to have sex. Remember your answers to these
questions will be kept completely private. Please try your best to answer each question.

Demographics

PromptPlease answer the following questions about your sexual identity, attractions, and recent sexual activity.1

Multiple choiceWhich of the following best describes your sexual identity or orientation today? Choose one... (1) gay/homo-
sexual/same-gender attraction; (2) straight/heterosexual; (3) bisexual; (4) queer; (5) pansexual; (6) questioning;

2

(7) asexual; (8) unsure; (9) I do not label my sexual orientation; (97) Other, please specify; and (99) I prefer
not to answer.

Sexual contact (last 36 months)

PromptPlease think about the people you have had sexual contact with in the last 36 months (3 years).1

Open responseHow many individuals have you had any form of sexual contact with in the last 36 months (3 years)? Sexual
contact includes penetrative sex using fingers or fists, oral-genital sex, oral-anal sex, receptive and/or insertive

2

frontal sex, receptive and/or insertive anal sex, and use of prosthetics/toys. If you would prefer not to answer,
please enter “99,999.”

Multiple choicePlease specify the gender(s) of the partner(s) you have had sexual contact with in the last 36 months (3 years)
and the number of partner(s) of each gender. The total must be equal to the number you specified in the previous

3

question. If you did not have sexual contact with a person of a specified gender, please enter 0. If you would
prefer not to answer, please enter “99,999”; in each field that you do not wish to answer ... (1) cisgender/non-

transgender man, (2) cisgender/nontransgender woman, (3) transgender man (FTMa), (4) transgender woman

(MTFb), (5) male-assigned gender nonconforming/nonbinary person, and (6) female-assigned gender noncon-
forming/nonbinary person.

Open responseOf the partners that you had sexual contact with in the last 36 months (3 years), how many did you have un-
protected frontal and/or anal sex with (ie, without a condom or other barrier)? This includes penetrative sex

4

using fingers or fists, oral-genital sex, oral-anal sex, receptive and/or insertive frontal sex, receptive and/or
insertive anal sex, and use of prosthetics/toys. If you would prefer not to answer, please enter “99,999.”

Sexual contact (last 12 months)

PromptPlease think about the people you have had sexual contact with in the last 12 months (1 year).1

Open responseHow many individuals have you had any form of sexual contact with in the last 12 months (1 year)? Sexual
contact includes penetrative sex using fingers or fists, oral-genital sex, oral-anal sex, receptive and/or insertive

2

frontal sex, receptive and/or insertive anal sex, and use of prosthetics/toys. If you would prefer not to answer,
please enter “99,999.”

Multiple choicePlease specify the gender(s) of the partner(s) you have had sexual contact with in the last 12 months (1 year)
and the number of partner(s) of each gender. The total must be equal to the number you specified in the previous

3

question. If you did not have sexual contact with a person of a specified gender, please enter 0. If you would
prefer not to answer, please enter “99,999”; in each field that you do not wish to answer... (1) cisgender/non-
transgender man, (2) cisgender/nontransgender woman, (3) transgender man (FTM), (4) transgender woman
(MTF), (5) male-assigned gender nonconforming/nonbinary person, and (6) female-assigned gender noncon-
forming/nonbinary person.

Open responseOf the partners that you had sexual contact with in the last 12 months (1 year), how many did you have unpro-
tected frontal and/or anal sex with (ie, without a condom or other barrier)? This includes penetrative sex using

4

fingers or fists, oral-genital sex, oral-anal sex, receptive and/or insertive frontal sex, receptive and/or insertive
anal sex, and use of prosthetics/toys. If you would prefer not to answer, please enter “99,999.”

Identifying number of sexual partners (last 12 months)

PromptWe will now ask you about your 3 most recent sexual partners in the last 12 months (1 year).1
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TypeSection, section #, and item

Open responseThinking about the people that you have had sexual contact with in the last 12 months, please enter the initials
of your most recent sexual partner. If you do not know the person’s initials or do not feel comfortable providing

that information, please create your own way of identifying this partner. cNote: if you have had sex with >1
partner at the same time, please choose only 1 partner for this question, and use the next question(s) to identify
the other, concurrent partner(s).

2

Multiple choiceThinking about the people that you have had sexual contact with in the last 12 months, did you have another
partner in addition to (partner 1 initials)? ... (1) yes, (2) no, and (99) I prefer not to answer.

3

Open response(If yes) Please enter the initials of this sexual partner. If you do not know the person’s initials or do not feel
comfortable providing that information, please create your own way of identifying this partner.

4

Multiple choice(If sex partners last 12 months >2) Thinking about the people that you have had sexual contact with in the last
12 months, did you have another partner in addition to (partner 1 initials) and (partner 2 initials)? ... (1) yes,
(2) no, and (99) I prefer not to answer.

5

Open response(If yes) Please enter the initials of this sexual partner. If you do not know the person’s initials or do not feel
comfortable providing that information, please create your own way of identifying this partner.

6

Sexual partner one

PromptPlease answer the following questions about your interactions with (partner 1 initials).1

Multiple choiceWhat was (partner 1 initials)’s gender? ... (1) cisgender/nontransgender man, (2) cisgender/nontransgender
woman, (3) transgender man (FTM), (4) transgender woman (MTF), (5) male-assigned gender nonconform-
ing/nonbinary person; (6) female-assigned gender nonconforming/nonbinary person, and (99) I prefer not to
answer.

2

Multiple choiceHow would you describe your relationship with (partner 1 initials)? If >1 description applies, please select
“Other” and describe... (1) married or in a civil partnership; (2) serious relationship (boyfriend/girlfriend/partner),
someone you dated for a while and feel very close to; (3) casually dating but not serious; (4) poly (polyamorous);
(5) open relationship/nonmonogamous; (6) sleeping with this person (“fuck buddy” or “booty call”) but not
dating; (7) dom/sub (dominant/submissive); (8) fluid bonded; (9) one night stand; (10) stranger or anonymous
person; (11) exchange partner/sex work client; (97) other, please specify; and (99) I prefer not to answer.

3

PromptFor the following questions, please identify whether or not you engaged in any of the following sexual activities
in the last 12 months with this partner (partner 1 initials). If you respond “Yes,” please specify how often a

barrier was used. If you respond “No,” please select “I did not engage in this activity” under barrier use. cNote:
as a reminder, by “barrier” we mean condoms, internal condoms, dental dams, and gloves.

4

Multiple choiceSexual behaviors and frequency of protective barrier use gridd5

Multiple choiceSTIe historyd: Has this partner ever been diagnosed (by a physician, nurse, or other medical provider) with

any of the following STIs?: (1) HIV, (2) HPVf, or (3) HSVg type 1 or 2 (response options: yes, no, I do not
know, and I prefer not to answer).

6

aFTM: female-to-male.
bMTF: male-to-female.
cThe text following “Note” was presented as clarification for participants completing the survey.
dSee Table 2 for the grid of sexual behaviors and protective barrier use.
eSTI: sexually transmitted infection.
fHPV: human papillomavirus.
gHSV: herpes simplex virus.
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Table 2. Transmasculine Sexual Health Assessment: grid of sexual behaviors and frequency of protective barrier use.

While engaged in this activity, how often was a barrier used?Activity performed with (ini-

tials of sexual partner)a in the
last 12 months?

I prefer
not to
answer

AlwaysMore
than
half the
time

About
half the
time

Less than
half the
time

NeverI did not
engage
in this
activity

I prefer not to
answer

NoYes

Frontal and/or anal penetration with a fin-
ger (“fingering”) or fist (“fisting”) - per-
formed

Frontal and/or anal penetration with a fin-
ger (“fingering”) or fist (“fisting”) -re-
ceived

Oral-genital – performed

Oral-genital – received

Oral-anal (“rimming”) - performed

Oral-anal (“rimming”) - received

Frontal receptive - with genitals

Frontal receptive - with toy or prosthetic

Frontal insertive - with genitals

Frontal insertive - with toy or prosthetic

Anal receptive - with genitals

Anal receptive - with toy or prosthetic

Anal insertive - with genitals

Anal insertive - with toy or prosthetic

Insertive sex toys or prosthetics shared

aParticipants were asked to list the initials for each of their most 3 recent sexual partners in the last 12 months (Table 2). The initials for each sexual
partners were prepopulated into the assessment grid for sexual behaviors.

Field Test of the Measure
The TM-SHA was subsequently deployed via a digital tablet
in a sample of 141 TM people aged 21 to 50 years in the greater
Boston, Massachusetts, area. Participants were recruited via
convenience sampling methods (eg, flyers and word-of-mouth
referral) and through medical providers. Study visits were held
at a community health center that specialized in
gender-affirming transgender care in Boston, Massachusetts
[26], and lasted for approximately 3 hours. During the study
visit, the participants completed a 45-minute cross-sectional
survey in which the TM-SHA was embedded. The details of
the study protocol have been described elsewhere [24]. After
the completion of the TM-SHA measure, the participants were
asked to provide optional qualitative, open-ended feedback
about their experience with the assessment. The TM-SHA
required 20 minutes to complete.

Data Analysis
Descriptive analyses characterized the distribution of TM adults’
sexual behaviors and HIV and STI transmission risk by the
gender identity of sexual partners. The gender identity of sexual
partners was coded into the following 4 groups: TM (combining
transgender man and assigned female gender nonconforming

or nonbinary person), transfeminine (combining transgender
woman and assigned male gender nonconforming or nonbinary
person), cisgender man, and cisgender woman. Descriptive
statistics for the sample were calculated using TM adults as
individual participants (N=141). This participant-level data set
was then transposed from short to long formatting to reorient
the sexual partnership data (n=259 partnerships). As participants
provided data for up to 3 sexual partnerships within the past 12
months, the long-formatted data set allowed us to descriptively
analyze protective barrier use within the sexual partnership data.
Protective barrier use was operationalized as using a condom,
internal condom, dental dam, or gloves during sexual activity
versus not using the aforementioned protective barriers.
Statistical analyses were conducted using SAS (version 9.4;
SAS Institute). Themes from the open-ended feedback from the
participants on the TM-SHA were summarized qualitatively in
Excel (Microsoft Corporation).

Data Exclusion
In total, 9 participants were excluded from the data analysis
because they did not report any partnership-level data.

JMIR Public Health Surveill 2023 | vol. 9 | e40503 | p.1037https://publichealth.jmir.org/2023/1/e40503
(page number not for citation purposes)

Reisner et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Results

Sample Characteristics
The characteristics of participants (N=141) are presented in
Table 3. The majority were aged between 21 and 29 years

(102/141, 72.3%), with a mean age of 27 years. Approximately
75.2% (106/141) and 14.9% (21/141) of the participants were
White and multiracial, respectively. Among all the participants,
approximately 14.9% (21/141) reported a personal history of
STI diagnosis.

Table 3. Demographic characteristics of transmasculine adults in field-testing sample (N=141).a

ValuesbCharacteristics

Age (years), n (%)

45 (31.9)21-24

57 (40.4)25-29

25 (17.7)30-34

14 (9.9)≥35

27.4 (5.7)Age (years), mean (SD)

Race, n (%)

106 (75.2)White

4 (2.8)Black

8 (5.7)Asian

1 (0.1)Native Hawaiian or other Pacific Islander

21 (14.9)Multiracial

1 (0.71)Missing

Gender identity, n (%)

38 (26.9)Man or male

71 (50.4)Transgender man (Female-to-Male)

27 (19.2)Genderqueer or nonbinary

5 (3.5)Another gendera

Sexual orientation, n (%)

14 (9.9)Gay, homosexual, or same-gender attraction

16 (11.4)Straight or heterosexual

18 (12.8)Bisexual

65 (46.1)Queer

13 (9.2)Pansexual

3 (2.2)Asexual

3 (2.1)Questioning or unsure

7 (5.0)I do not label my sexual orientation

2 (1.4)Missing

Lifetime STIc diagnosisd, n (%)

120 (85.1)No

21 (14.9)Yes

2 (3)Number of sexual partners within the past 12 months, median (IQR)

aIncludes agender, bigender, and write-in gender identities distinguishable from the categories provided.
bPercentages may not sum to 100% owing to rounding.
cSTI: sexually transmitted infection.
dIncludes any lifetime diagnosis of HIV, chlamydia, trichomoniasis, syphilis, gonorrhea, genital herpes, hepatitis B, hepatitis C, or another STI.
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Sexual Partnership Characteristics
In Table 4, descriptive statistics of sexual partnerships (n=259)
and practices (15 sexual risk behaviors) are shown, along with
the frequency of protective barrier use by sexual behaviors. The
participants engaged in a wide range of sexual behaviors,
including fingering or fisting (receiving: 170/259, 65.6% and
performing: 173/259, 66.8%), oral-genital sex (receiving:
182/259, 70.3% and performing: 216/259, 83.4%), anal-genital
sex (receptive: 31/259, 11.9% and insertive: 9/259, 3.5%),
frontal-genital sex (receptive: 105/259, 40.5% and insertive:
46/259, 17.8%), and sharing toys or prosthetics during insertive
sex (62/259, 23.9%). The overall barrier use for each sexual
behavior varied greatly, ranging from 10.9% (20/182) to 81%
(25/31).

The prevalence of protective barrier use was heterogeneous
across different partnerships and sexual behaviors. For example,

frontal receptive sex with genitals with no protective barrier
ranged from 2% (1/42; with a transfeminine person) to 50%
(21/42; with a cisgender man). In our field test of TM-SHA, we
found that 40% (42/105) of participants engaged in frontal
receptive sex with genitals without the use of a protective
barrier. Of those, more than half (22/42, 52%) engaged in this
behavior with a transfeminine person or a cisgender man, which
may confer risk for HPV and other STIs. One-third (14/42,
33%) of TM participants reported engaging in frontal receptive
sex with genitals and no protective barrier with a cisgender
woman partner, which is notable given that HPV is also spread
by people without a penis. Notably, TM people engaged in
insertive frontal and insertive anal sex, in which an enlarged
clitoris (often achieved through hormone use) is inserted into
a partner’s frontal or anal cavity.
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Table 4. Characterizing the sexual partners, sexual behaviors, and protective barrier use of transmasculine adults (n=259 partnerships) by gender
identity of sexual partners and protective barrier use across varied sexual behaviors.

Totala,
n (%)

Protective barrier used, n (%)No protective barrier used, n (%)Sexual be-
havior

Gender of sexual partnersValuesbGender of sexual partnersValuesb

Cisgender

womand
Cisgen-

der mand
Transgender

feminined,e
Transgen-
der mascu-

linec,d

Cisgender

womand
Cisgen-

der mand
Transgen-
der femi-

nined,e

Transgen-
der mascu-

linec,d

173
(66.8)

18 (44)3 (7)4 (10)16 (39)41 (24)85 (64)20 (15)6 (5)21 (16)132
(76.3)

Performing
frontal
and/or anal
penetration
with a fin-
ger or fist

170
(65.6)

16 (44)4 (11)2 (6)14 (39)36 (21)53 (40)51 (38)11 (8)19 (14)134
(78.8)

Receiving
frontal
and/or anal
penetration
with a fin-
ger or fist

216
(83.4)

10 (31)13 (41)8 (250)1 (3)32 (15)83 (45)60 (33)11 (6)30 (16)184
(85.2)

Performing
oral-genital
sex

182
(70.3)

11 (55)1 (5)4 (20)4 (20)20 (11)73 (45)50 (31)11 (7)28 (17)162 (89)Receiving
oral-genital
sex

39
(15)

5 (50)04 (40)1 (10)10 (20)17 (44)15 (38)3 (8)4 (10)39 (80)Performing
oral-anal
sex

44
(17)

5 (50)02 (20)3 (30)10 (23)10 (29)15 (44)1 (3)8 (24)34 (77)Receiving
oral-anal
sex

46
(18)

4 (24)8 (47)3 (18)2 (12)17 (37)23 (79)006 (21)29 (63)Frontal in-
sertive sex
with geni-
tals

105
(40.5)

2 (3)45 (71)14 (22)2 (3)63 (60)14 (33)21 (50)1 (2)6 (14)42 (40)Frontal re-
ceptive sex
with geni-
tals

113
(43.6)

42 (61)1 (1)3 (4)23 (33)69 (61)32 (73)3 (7)1 (2)8 (18)44 (39)Frontal in-
sertive sex
with toy or
prosthetic

87
(34)

24 (52)4 (9)5 (11)13 (28)46 (53)18 (44)10 (24)3 (7)10 (24)41 (47)Frontal re-
ceptive sex
with toy or
prosthetic

9 (3)2 (29)2 (29)1 (14)2 (29)7 (78)1 (50)1 (50)002 (22)Anal in-
sertive sex
with geni-
tals

31
(12)

021 (84)4 (16)025 (81)05 (83)1 (17)06 (19)Anal recep-
tive sex
with geni-
tals
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Totala,
n (%)

Protective barrier used, n (%)No protective barrier used, n (%)Sexual be-
havior

Gender of sexual partnersValuesbGender of sexual partnersValuesb

Cisgender

womand
Cisgen-

der mand
Transgender

feminined,e
Transgen-
der mascu-

linec,d

Cisgender

womand
Cisgen-

der mand
Transgen-
der femi-

nined,e

Transgen-
der mascu-

linec,d

51
(20)

9 (26)10 (29)7 (21)8 (24)34 (67)3 (18)7 (41)6 (35)1 (6)17 (33)Anal in-
sertive sex
with toy or
prosthetic

36
(14)

11 (44)3 (12)3 (12)8 (32)25 (69)2 (18)4 (36)2 (18)3 (27)11 (31)Anal recep-
tive sex
with toy or
prosthetic

62
(24)

20 (49)4 (10)3 (7)14 (34)41 (66)14 (67)2 (10)2 (10)3 (14)21 (34)Insertive
sex in
which toys
or prosthet-
ics were
shared

aThe denominator for percentages in the column is the total number of sexual partnerships (N=259).
bThe denominator for percentages in the column is the total N for that sexual behavior.
cIncludes transgender men and gender nonbinary assigned-female-at-birth partners.
dThe denominator for percentages in the column is the N for barrier use or no barrier use.
eIncludes transgender women and gender nonbinary assigned-male-at-birth partners.

Lessons Learned From Participants’ Open-ended
Feedback
Through open-ended feedback in the development and
field-testing of TM-SHA, the team learned many lessons for
measuring TM people’s sexual risk (Textbox 1). The TM-SHA
had high levels of acceptability among TM participants. No
length-related concerns or participant burden concerns were
reported for the measure. Skip logic ensured that participants

circumvented any questions that were not relevant to them.
Themes that emerged in the open-ended feedback after the
completion of the TM-SHA included appreciation expressed
by multiple participants for the measure’s gender-affirming
language and for the comprehensiveness of the assessment and
how it asked about diverse behaviors and partnerships. Two
participants noted confusion surrounding the terms “receptive”
and “insertive” for describing some of the sexual behaviors and
suggested further clarification in the future.

Textbox 1. Lessons learned in measuring sexual risk in transmasculine (TM) adults.

• Partner and work with TM community members to ensure gender-affirming, cultural competency, and responsiveness of measures.

• Use introductory language at the beginning to acknowledge, validate, and affirm differences in identity and language use for TM people. Specify
terms to be used throughout the survey for body parts, sexual acts, etc, for example, the use of frontal sex instead of vaginal sex.

• Use simple concrete language, which can be challenging with jargon and sexual health terminology. For TM people, carefully select words and
phrases to ensure item clarity, similar interpretation of the item across respondents, response options, and choices (eg, check all, mutually exclusive,
and open ended).

• Consider the potential emotional impact that terminology and language may evoke and acknowledge sensitivity and constant evolution of language
in TM communities.

• Capture the heterogeneity of sexual identities in TM people, diversity of sexual partnership types and behaviors, and interpersonal contexts.

• Validate all sexual practices TM people engage in, regardless of whether they confer high probability of HIV or sexually transmitted infection
transmission risk, by asking about high-, low-, and varying-risk activities.

• Do not assume that TM people are limited to certain types of sex based on their gender identity or based on their anatomy (eg, questions should
ask about insertive and receptive sex). For example, given the diversity of bodies, it was important to specify whether a sexual act was performed
with or without a prosthetic or toy. Gender of one’s sexual partner may not always correspond with their genitals.

• Provide space for open-ended feedback about the assessment and experience of completing the survey. For example, ask participants: Is there
anything else you feel to be important that we did not address?
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Discussion

Principal Findings
The TM-SHA is one of the first digital sexual health risk
measures developed specifically with and exclusively for TM
people. It successfully integrated gender-affirming language
and branching logic that captures the wide array of sexual
behaviors and partnerships in TM people. The TM-SHA was
highly acceptable to TM adults, with no participant concerns
regarding burdensomeness or length of the measure, and it was
found to elicit the sexual behavior information needed to assess
HIV or STI transmission risk behaviors. For the parent study’s
outcome of high-risk HPV, the measure included questions to
better assess potential sexual exposures for other STIs besides
HIV infection, given that multiple behaviors confer risk for
high-risk HPV.

In collaboration with a Task Force and community input, the
TM-SHA was adapted with gender-affirming language to
measure the sexual behavior and protective barrier use of
participants. The use of gender-affirming language may have
2 advantages for measuring the sexual risk behavior of TM
people. First, gender-affirming language may improve the
validity of the TM-SHA by providing a description of sexual
behaviors and genitals in a way that better reflects some of the
perspectives of TM people (eg, using frontal receptive sex
instead of vaginal receptive sex) [27]. Second, the gender
identity options listed on the TM-SHA reflect those commonly
held by TM people and their sexual partners; the instrument
served to further acknowledge and validate these gender
identities.

The sexual health of TM people remains understudied [2,4],
and a barrier to conducting HIV- and STI-related research with
this study population is the lack of consensus on how to best
capture sexual risk data in a standardized manner that is gender
affirming, culturally responsive, and accurate. In the context of
widespread stigma facing TM people, there is a need for
high-quality measures that are cocreated with communities to
maximize acceptability, for example, by avoiding stigmatizing
language that may trigger medical and research mistrust and by
cueing participants that researchers are knowledgeable and
transcompetent in asking sensitive questions. Thus, this study
fills an important gap for both researchers and clinicians aiming
to capture the wide variety of sexual behaviors of TM people.

The TM-SHA provides a high level of specificity about sexual
practices, some of which may confer greater risk for HIV and
STIs than others. Additional research is warranted on how to
optimize use and interpret the measure. For example, it may be
helpful to develop a scoring schema to categorize someone for
research as low, moderate, or high risk based on their reported
protection of sexual behaviors or for clinical settings to
appropriately counsel a patient on their STI risk or need for
Papanicolaou testing. The growing functionality of electronic
health records (EHRs) and patient portals offers an opportunity
to integrate the TM-SHA and similar tools into clinical care
provision. Patients could be asked to complete the TM-SHA
before their visit via the patient portal, and the information

elicited could be linked to the EHR and integrated into clinical
care delivery.

Limitations and Future Directions
With regard to limitations, the current TM-SHA does not
consider HIV prevention methods such as pre-exposure
prophylaxis (PrEP) or postexposure prophylaxis to prevent HIV
acquisition used by participants or their partners. TM people
engage in sexual behaviors conferring eligibility for PrEP but
have a low uptake of PrEP [28]. Future iterations of the measure
may consider adding questions and skip patterns to assess
current PrEP and postexposure prophylaxis use for both TM
people and their partners. In addition, the current TM-SHA
assumes that the participant had a cervix per eligibility criteria
for the parent study. Future versions of the measure may
consider adding questions and logic to assess gender-affirming
surgeries, which may result in different anatomy and, therefore,
sexual risks in participants. According to participant feedback,
future versions of the measure would benefit from clarifying
insertive and receptive sex. For example, in reporting on frontal
receptive sex with genitals with a cisgender woman partner, it
will be important to learn how people understand or interpret
the terms receptive and with genitals. Cognitive interviewing
methods may assist with this process and strengthen the evidence
of validity.

The length of the survey and advanced skipped patterns used
in the survey, which may be difficult for beginners to code, are
best suited for preprogrammed electronic surveys. This may
pose a challenge for those with low literacy rates and for medical
providers hoping to use this measure in clinic [22]. An audio,
digital-assisted self-interview or interviewer-administered
assessment may be used to address the low literacy levels of
respondents. Researchers and clinical providers may also adapt
and shorten the TM-SHA for their research, clinical practice,
and patient needs. For example, if HIV risk is the parameter of
interest, the assessment could be shortened to only those sexual
behaviors that confer a high HIV risk. Future research is needed
to reduce the scope of the tool, ensure its accuracy, and
externally validate the measure for clinical robustness. Such
research could examine clinical outcomes (eg, laboratory or
clinically confirmed STIs) alongside patient-reported outcomes
and/or gather and compare patient-reported and
provider-documented sexual behavior data for accuracy.

Finally, despite efforts to capture all types of sexual behaviors
and partnerships, it is possible that not all behaviors were
captured by the measure, as currently designed. Thus,
open-ended questions at the end of the measure were added.
This allows participants the space to disclose any other relevant
information, including the behaviors they may want to report,
which may be used in data analysis or to improve the measure
for future use. A strength of the TM-SHA is that it is inclusive
of polyamorous relationships in that for each partnership they
report on, participants are asked to describe the type of
partnership (eg, casual or polyamorous). In addition, although
participants were not asked directly about multipartner sex (eg,
group sex), the assessment asked about sexual behaviors with
multiple partners. Asking explicitly about multipartner sex is
recommended in the future.
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Conclusions
This study offers a digital measure designed with and
specifically for TM people for future use in TM sexual health
research and clinical care. The tool garnered high levels of
acceptability from TM participants, was feasible to implement
in field-testing, and reported no concerns about participant
burden or length in completing the assessment. A strength of
this measure is that detailed partner-by-partner data can be used
to model partnership-level characteristics in addition to
individual-level participant data. Additional psychometric

evaluation of the measure is necessary, including longitudinal
data, to assess the performance of the TM-SHA over time for
research purposes. Clinically, the TM-SHA provides a
standardized sexual history measure for TM people, which may
help clinicians enhance trust with their patients and more
effectively identify sexual behaviors that warrant HIV or STI
screening in clinical care. Integration of the measure into clinical
research and care via patient portals linked to EHR may facilitate
the delivery of culturally responsive and gender-affirming sexual
health care.
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Abstract

Background: Community-based organizations deliver peer-led support services to people living with HIV. Systematic reviews
have found that peer-led community-based support services can improve HIV treatment outcomes; however, few studies have
been implemented to evaluate its impact on mortality using long-term follow-up data.

Objective: We aimed to evaluate the associations between the receipt of peer-led community-based support services and HIV
treatment outcomes and survival among people living with HIV in Wuxi, China.

Methods: We performed a propensity score–matched retrospective cohort study using data collected from the Chinese National
HIV/AIDS Comprehensive Information Management System for people living with HIV in Wuxi, China, between 2006 and
2021. People living with HIV who received adjunctive peer-led community-based support for at least 6 months from a local
community-based organization (exposure group) were matched to people living with HIV who only received routine clinic-based
HIV care (control group). We compared the differences in HIV treatment outcomes and survival between these 2 groups using
Kaplan-Meier curves. We used competing risk and Cox proportional hazards models to assess correlates of AIDS-related mortality
(ARM) and all-cause mortality. We reported adjusted subdistribution hazard ratio and adjusted hazard ratio with 95% CIs.

Results: A total of 860 people living with HIV were included (430 in the exposure group and 430 in the control group). The
exposure group was more likely to adhere to antiretroviral therapy (ART; 396/430, 92.1% vs 360/430, 83.7%; P<.001), remain
retained in care 12 months after ART initiation (402/430, 93.5% vs 327/430, 76.1%; P<.001), and achieve viral suppression 9 to
24 months after ART initiation (357/381, 93.7% vs 217/243, 89.3%; P=.048) than the control group. The exposure group had
significantly lower ARM (1.8 vs 7.0 per 1000 person-years; P=.01) and all-cause mortality (2.3 vs 9.3 per 1000 person-years;
P=.002) and significantly higher cumulative survival rates (P=.003). The exposure group had a 72% reduction in ARM (adjusted
subdistribution hazard ratio 0.28, 95% CI 0.09-0.95) and a 70% reduction in all-cause mortality (adjusted hazard ratio 0.30, 95%
CI 0.11-0.82). The nonrandomized retrospective nature of our analysis prevents us from determining whether peer-led
community-based support caused the observed differences in HIV treatment outcomes and survival between the exposure and
control groups.

Conclusions: The receipt of peer-led community-based support services correlated with significantly improved HIV treatment
outcomes and survival among people living with HIV in a middle-income country in Asia. The 15-year follow-up period in this
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study allowed us to identify associations with survival not previously reported in the literature. Future interventional trials are
needed to confirm these findings.

(JMIR Public Health Surveill 2023;9:e43635)   doi:10.2196/43635

KEYWORDS

people living with HIV; community health workers; community-based organizations; peer-led services; HIV treatment outcomes

Introduction

Survival Improved Among People Living With HIV
According to the 2020 global AIDS report, 38 million people
are living with HIV globally, of whom 25.4 million are receiving
antiretroviral therapy (ART) [1]. If the 95-95-95 targets updated
by the Joint United Nations Program on HIV/AIDS in December
2020 are to be achieved by 2025 [2], nearly 86% of all people
living with HIV worldwide will need to be initiated on ART
and achieve viral suppression. China has achieved considerable
success in optimizing the HIV care continuum in recent decades.
Currently, an estimated 83.4% of all people living with HIV in
China are receiving ART, of whom 94.2% have achieved viral
suppression [3].

The overall life expectancy of people living with HIV with good
adherence to ART is approaching that of the general population
in many high-income countries [4,5]; however, significant
differences in survival persist in resource-limited settings [6].
The use of ART to improve survival among people living with
HIV depends on early initiation of treatment, adherence to ART,
and retention in care [7-9]. AIDS-related mortality (ARM)
remains high in certain contexts, particularly because of
advanced immunosuppression at the time of ART initiation
[10,11]. In addition, an increasing proportion of deaths among
people living with HIV are attributed to non-ARM (NARM)
[12]. A recent global systematic review showed many people
living with HIV died of cardiovascular disease, non-AIDS
malignancies, and liver disease [13]. To improve health
outcomes among people living with HIV, effective interventions
are needed to reduce both ARM and NARM.

Community Health Workers Promote the Quality of
HIV Care Among People Living With HIV
Task shifting involves the rational redistribution of tasks from
the professional health workforce to community-based
organizations (CBOs) and community health workers (CHWs)
and is recognized by the World Health Organization (WHO) as
an important strategy to optimize HIV care [14]. CHWs can
play a valuable role in engaging and retaining people living
with HIV in care [15,16]. CHWs strengthen the quality of HIV
services as well as promote dignity and improve the quality of
life for people living with HIV enrolled in those services [14].
Trials in several low-resource settings found CHWs can reduce
the rates of virologic failure on ART and loss to follow-up
[16-18]. A cluster randomized controlled trial in Zimbabwe
found using CHWs to implement a community-based
differentiated service delivery model that adapted HIV services
to the preferences and expectations of adolescents significantly
improved HIV viral suppression [19]. The WHO recommends
community-based interventions to support ART adherence and

retention in care while acknowledging that the evidence to
support this recommendation is weak. Most previous evaluations
of peer-led community-based interventions for people living
with HIV have been conducted in high-income countries or
sub-Saharan Africa, and few have reported survival as an
outcome.

CBOs and CHWs have played a critical role in optimizing the
HIV care continuum in China, especially in efforts to increase
access to ART and improve retention in care [20]. The Chinese
government has implemented a nationwide task-shifting strategy
for HIV services, supporting the scale-up of CHWs through the
China AIDS Fund for CBOs. Few previous studies have
evaluated the effect of peer support delivered by CHWs on HIV
treatment outcomes in China. We performed a propensity
score–matched analysis of longitudinal data extracted from a
database of HIV treatment outcomes in China to evaluate the
impact of a multicomponent peer support model on ART
adherence, viral suppression, and survival among people living
with HIV in Wuxi, China.

Methods

Study Design
Using routine surveillance records on people living with HIV,
we conducted a propensity score–matched cohort study of
individuals who were served by local CBOs on HIV care.
Convenient sampling method was used to enroll people living
with HIV who had received peer-led community-based support
services from local CBOs in the exposure group. In the
meantime, we used propensity score matching (PSM) to enroll
a comparable control group from other people living with HIV
who had never received such a service.

Study Setting
Wuxi is a city of 8.5 million people in China’s Jiangsu Province.
As of December 2021, a total of 4111 people living with HIV
were registered as living in Wuxi. Rainbow Family is currently
the only CBO registered with the local government to provide
services for people living with HIV in Wuxi. This CBO has
been providing support services to people living with HIV since
June 2006.

Standard of Care for People Living With HIV in China
In 2003, China implemented free ART for people living with
HIV [21]. Under this policy, all people living with HIV in China
can obtain free HIV care and ART from health care providers
at infectious diseases hospitals or clinics affiliated with local
centers for disease control and prevention (CDCs). National
guidelines suggest routine follow-up services should be
delivered at 0.5, 1, 2, 3, 6, 9, and 12 months after ART initiation
to monitor for adverse drug effects and adjust ART as necessary.
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At 13 months after ART initiation, follow-up visits are
recommended every 3 months, with CD4 and viral load testing
performed at least every 12 months [22].

Peer-Led Community-Based Support Services
Provided by Rainbow Family
In Wuxi, all newly diagnosed people living with HIV are
informed of their diagnosis and receive their initial HIV care
visit at a local CDC clinic or infectious diseases hospital. At
this initial visit, health care providers will introduce people
living with HIV to the peer-led community-based support
services offered at Rainbow Family and provide a referral if
desired. A CHW from Rainbow Family will be assigned to any
referred person living with HIV in Wuxi. Not all newly
diagnosed people living with HIV opt to use the peer support
services provided by CBOs. Factors influencing decision-making
include, but are not limited to, self-acceptance of HIV status,
willingness to expose their sexual orientation to others in the
CBOs, and willingness to be followed up by peer CHWs in
daily life.

CHWs at Rainbow Family are people living with HIV
themselves and recruited as volunteers working for CBOs in
their spare time who have documented adherence to ART for
at least 12 months and demonstrated strong interpersonal and
communication skills. Before providing services to clients,
CHWs at Rainbow Family receive education on HIV
pathogenesis, prevention, and treatment, as well as training on
how to provide psychological support and referrals to other
medical services. CHW trainings are led by professional health
care workers, including public health practitioners from the
Wuxi municipal CDC, HIV doctors and nurses, mental health
counselors, and experienced peer educators. After passing the

professional training, the CHWs will be assigned clients who
are people living with HIV and initiate the peer-led
community-based support according to guidelines.

The peer-led community-based support model provided by
Rainbow Family was designed as a patient-centered peer support
model. CHWs build trust and rapport with people living with
HIV through regular face-to-face communication, contact
through WeChat (an instant messaging software widely used
in China), telephone calls, home visits, and group activities.
These regular interactions allow CHWs to provide health care
services and support to people living with HIV that are tailored
to the individual needs of clients.

A social, medical, and mental ART support (SMART) model
is used as a conceptual framework to guide this service (Figure
1). This model emphasizes four forms of support: (1) social and
emotional support to navigate relationships with sex partners,
spouses, family members, and friends, particularly assisting
people living with HIV in coping with the emotional stress
associated with partner notification and disclosure of HIV status;
(2) medical service coordination support to overcome
HIV-related stigma and discrimination from health care
providers by referring people living with HIV to clinicians with
experience providing nondiscriminatory care; (3) mental health
support to connect people living with HIV with in-person
psychological counseling to address concurrent anxiety,
depression, or other mental health disorders; and (4) ART
support to provide people living with HIV with additional
education emphasizing the importance of ART adherence,
accompanying patients to clinic visits to help them navigate
ART initiation and maintenance, and providing reminders
regarding medication refills and laboratory testing to overcome
treatment fatigue.
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Figure 1. The social, medical, and mental antiretroviral therapy (SMART) model of community-based peer-led support for people living with HIV in
Wuxi, China. ART: antiretroviral therapy.

Data Collection
In accordance with national HIV treatment guidelines, HIV
diagnoses are reported via the Chinese National HIV/AIDS
Comprehensive Information Management System (CNHCIMS)
within 24 hours. Information on sociodemographic
characteristics, risk behaviors, CD4 count, HIV viral load, and
mortality is recorded in the CNHCIMS. We extracted case report

data from the CNHCIMS on sociodemographic characteristics
and risk factors for HIV transmission for all people living with
HIV in Wuxi between January 1, 2006, and December 31, 2019.
We also extracted follow-up data detailing care retention, ART
adherence, CD4 and viral load monitoring, mortality, and the
cause of death for the same people living with HIV between
January 1, 2006, and December 31, 2021.
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Exposure Group
Rainbow Family collects and records the name and
government-issued ID card number of all people living with
HIV who have been assigned a CHW and received peer-led
community-based support services. We obtained a list of people
living with HIV who ever received peer-led community-based
support from Rainbow Family, and persons on this list were
linked to the CNHCIMS data by their unique government-issued
ID card number. People living with HIV were assigned to the
exposure group if they met the following inclusion criteria: (1)
age ≥18 years at HIV diagnosis; (2) initiated ART on and before
December 31, 2019; and (3) received peer-led community-based
support from Rainbow Family for at least 6 months.

Control Group
People living with HIV in Wuxi identified in the CNHCIMS
who had not received peer-led community-based support from
Rainbow Family were eligible to be assigned to the control
group in our analysis. To adjust for potential confounders, PSM
was used to match people living with HIV in the exposure group
with controls. Sex, age at diagnosis, ethnicity, education, marital
status, occupation, the route of HIV infection, and baseline CD4
count are factors found to be significantly associated with
survival among people living with HIV in previous studies and
therefore were included in our PSM model [12,23,24]. In
addition, before June 2016, people living with HIV in China
were only eligible to initiate ART if their CD4 count was <500
cells/μL; therefore, the year of HIV diagnosis was also included
in our PSM model.

When implementing PSM, propensity scores were generated
using logistic regression, with the receipt versus nonreceipt of
peer-led community-based support as the dependent variable.
Propensity scores were generated for each of the imputed data
sets, and an average propensity score for each observation was
calculated across data sets. Each patient who received peer-led
community-based support services (exposure group) was
matched 1:1 with a patient who received routine support (control
group) according to their propensity scores, using the nearest
neighbor matching method without replacement.

Study Variables
Two sets of variables were extracted from the CNHCIMS. The
first set was variables in HIV case report data set evaluated at
diagnosis, which involved sex (male and female), age at
diagnosis (continuous), ethnicity (Han and others), education
(primary or less, secondary, and tertiary), marital status
(unmarried, married, and divorced or widowed), occupation
(student and others), the route of HIV infection (men who have
sex with men and others including heterosexual behavior, drug
use, and blood donation), the date of HIV diagnosis, and baseline
CD4 count (cells/μL). All these variables were categorized into
2 or 3 subgroups where necessary and applicable. The other set
was variables in the follow-up data set recorded after HIV
diagnosis, in which drug collection, ART interruption, and
scheduled follow-up visit were used to measure adherence to
ART, and CD4 and viral load were used to measure retention
in care.

Outcomes
All data on study outcomes were extracted from the CNHCIMS,
and all outcomes were assessed using these extracted data.
Adherence to ART was defined as never having a documented
period of ART interruption and never having a period when a
scheduled follow-up clinic visit was missed >3 months.
Retention in care was defined as having received either CD4 or
viral load monitoring on at least 1 occasion ≥12 months after
ART initiation. People living with HIV who were on ART for
at least 6 months and had a documented HIV viral load ≤1000
copies per mL were considered to be virally suppressed [25].

Information on the cause of death was obtained from diagnosis
codes in the CNHCIMS. Causes of death were classified into
categories of ARM, NARM, and all-cause mortality according
to the coding causes of death in HIV Project protocol [26]. A
death was classified as AIDS-related if the cause of death was
an AIDS-defining condition. All other deaths were classified
as non–AIDS-related. Non–AIDS-related deaths were grouped
into several subcategories based on diagnosis codes:
non–AIDS-related infections, malignancy, liver disease,
cardiovascular disease, respiratory disease, accident and suicide
and overdose, and other. ARM, NARM, and all-cause mortality
were calculated using the number of AIDS-related,
non–AIDS-related, and all deaths and the corresponding duration
of follow-up, respectively.

Statistical Analysis
Descriptive statistics were used to summarize baseline
demographic characteristics and HIV treatment outcomes for
both the exposure and control groups. Differences between
groups were compared using the Pearson chi-square test.
Person-years (PY) was used to estimate ARM, NARM, and
all-cause mortality. The Kaplan-Meier method was used to
generate survival curves, and the log rank test was conducted
to assess differences in survival time between the exposure and
control groups. Competing risk models were used to identify
factors potentially associated with ARM. Subdistribution hazard
ratios were reported with corresponding 95% CIs. Cox
proportional hazards models were used to assess correlates of
all-cause mortality with reporting hazard ratios and its 95% CIs.
Sex, age at diagnosis, ethnicity, marital status, education,
occupation, the mode of transmission, the date of HIV diagnosis,
baseline CD4 count, the receipt of peer-led community-based
support, adherence to ART, and retention in care were included
in the adjusted analysis for correlates of mortality and mortality,
in which variables with a P value <.05 were retained in the final
model. Statistical analyses were carried out using Stata (version
15.0; Stata Corp), and survival curves were completed using R
software (version 3.6.0; R Core Team).

Ethics Approval
This study was approved by the Ethics Review Committee of
Wuxi Municipal Centre for Disease Control and Prevention
(WXCDC2022014). A unique ID number was used to protect
each participant’s privacy.
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Results

Participant Characteristics
Data describing a total of 2794 people living with HIV were
retrieved from the CNHCIMS between 2006 and 2019, among
whom 430 met the criteria to be assigned to the exposure group.
There were significant differences in baseline characteristics,
including sex (P=.005), age at diagnosis (P<.001), education

(P<.001), marital status (P<.001), occupation (P<.001), and
baseline CD4 count (P=.001), comparing the 430 and 2364
people living with HIV who did and did not meet the inclusion
criteria to be assigned to the exposure group, respectively. Using
PSM, 430 people living with HIV were assigned to the control
group. After PSM, people living with HIV in the exposure and
control groups were comparable in all recorded baseline
characteristics (Table 1).

Table 1. Baseline characteristics of people living with HIV assigned to the exposure and control groups before and after propensity score matching
(PSM).

After PSMBefore PSMVariables

P valueControl group
(n=430), n (%)

Exposure group
(n=430), n (%)

P valueOther people living with
HIV (n=2364), n (%)

Exposure group
(n=430), n (%)

.77.005Sex

368 (85.6)365 (84.9)2117 (89.6)365 (84.9)Male

62 (14.4)65 (15.1)247 (10.5)65 (15.1)Female

.89<.001Age (years) at diagnosis

198 (46.1)196 (45.6)741 (31.4)196 (45.6)<30

232 (54)234 (54.4)1623 (68.6)234 (54.4)≥30

.73.61Ethnicity

426 (99.1)425 (98.8)2329 (98.5)425 (98.8)Han ethnicity

4 (0.9)5 (1.2)35 (1.5)5 (1.2)Others

.27<.001Education

23 (5.4)16 (3.7)280 (11.8)16 (3.7)Primary or less

214 (49.7)234 (54.4)1404 (59.4)234 (54.4)Secondary

193 (44.9)180 (41.9)680 (28.8)180 (41.9)Tertiary

.09<.001Marital status

228 (53)210 (48.8)859 (36.3)210 (48.8)Unmarried

118 (27.5)147 (34.2)790 (33.4)147 (34.2)Married

84 (19.5)73 (17)715 (30.3)73 (17)Divorced and widowed

.90<.001Occupation

42 (9.8)41 (9.5)69 (2.9)41 (9.5)Student

388 (90.2)389 (90.5)2295 (97.1)389 (90.5)Others

.94.23Route of HIV infection

261 (60.7)262 (60.9)1511 (63.9)262 (60.9)MSMa

169 (39.3)168 (39.1)853 (36.1)168 (39.1)Others

.62.50Date of HIV diagnosisb

268 (62.3)275 (64)1472 (62.3)275 (64)Before June 2016

162 (37.7)155 (36.1)892 (37.7)155 (36.1)After June 2016

.76.001Baseline CD4 count (cells/μL)

122 (28.4)126 (29.3)899 (38)126 (29.3)<200

308 (71.6)304 (70.7)1465 (62)304 (70.7)≥200

aMSM: men who have sex with men.
bSince June 2016, all people living with HIV in China have been encouraged to initiate antiretroviral therapy regardless of CD4 cell count.

Among all 860 people living with HIV included in our analysis,
733 (85.2%) were men, 394 (45.8%) were diagnosed with HIV

aged <30 years, 851 (99%) were of Han ethnicity, 373 (43.4%)
had completed high school or had a higher level of educational
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achievement, and 83 (9.7%) were current students. More than
half were unmarried (438/860, 50.9%) and were men who have
sex with men (523/860, 60.8%). More than one-third (317/860,
36.9%) were diagnosed after June 2016, and just under one-third
(248/860, 28.8%) had a CD4 count <200 cells/μL at the time
of HIV diagnosis.

ART Adherence and Retention in Care
Compared with the control group, people living with HIV in
the exposure group were more likely to adhere to ART (396/430,

92.1% vs 360/430, 83.7%; χ1
2=14.2; P<.001) and remain

retained in care (402/430, 93.5% vs 327/430, 76.1%; χ1
2=50.7;

P<.001) 12 months after ART initiation (Table 2). The

proportion of people living with HIV who received viral load
monitoring increased over time for both the exposure group
(from 88/430, 20.5% at 9-12 months after HIV diagnosis to

381/430, 88.6% at 9-24 months after HIV diagnosis; χ4
2=501.5;

trend: P<.001) and control group (from 59/430, 13.7% to

243/430, 56.5%; χ4
2=211.4; trend: P<.001; Table 3). Rates of

viral load monitoring in the exposure group were significantly
higher than the rates in the control group from 9 to 24 months
after HIV diagnosis (all P values <.05). Rates of viral load
suppression were significantly higher in the exposure group
than the control group from 9 to 24 months after HIV diagnosis

(357/381, 93.7% vs 217/243, 89.3%; χ1
2=3.9; P=.048).

Table 2. Antiretroviral therapy (ART) adherence and retention in HIV care between the exposure and control groups (n=860).

P valueChi-square (df)Control group (n=430), n (%)Exposure group (n=430), n (%)Total (n=860), n (%)Variables

<.00114.2 (1)Adhere to ARTa,b

360 (83.7)396 (92.1)756 (87.9)Yes

70 (16.3)34 (7.9)104 (12.1)No

<.00150.7 (1)Retention in carec

327 (76.1)402 (93.5)729 (84.8)Yes

103 (24)28 (6.5)131 (15.2)No

aART: antiretroviral therapy.
bAdherence to ART was defined as never having a documented period of ART interruption and never having a period when a scheduled follow-up
clinic visit was missed by more than 3 months.
cRetention in care was defined as receiving either CD4 or viral load monitoring within 12 months after ART initiation.

Table 3. Viral suppression between the exposure and control groups (n=860).

Control groupExposure groupVariables

Trend (P value)Chi-square (df)Values, n (%)Trend (P value)Chi-square (df)Values, n/N (%)

<.001211.4 (4)<.001501.5 (4)Viral load testing after enrollment (months)

59/430 (13.7)88/430 (20.5)9-12

115/430 (26.7)211/430 (49.1)9-15

169/430 (39.3)292/430 (67.9)9-18

207/430 (48.1)341/430 (79.3)9-21

243/430 (56.5)381/430 (88.6)9-24

.790.1 (4).890.02 (4)Viral load suppression after enrollment
(months)

52/59 (88.1)83/88 (94.3)9-12

105/115 (91.3)196/211 (92.9)9-15

154/169 (91.1)271/292 (92.8)9-18

187/207 (90.3)317/341 (93)9-21

217/243 (89.3)357/381 (93.7)9-24

ARM and All-Cause Mortality
During the study period, 25 individuals died within 4316.8 PY
of follow-up. Among the 25 people living with HIV who died,
19 (76%) and 6 (24%) were attributed to ARM and NARM,
respectively. Reasons for ARM were AIDS-related opportunistic
infections (9/19, 47%), AIDS-related malignancies (6/19, 31%),

and HIV wasting syndrome (4/19, 21%). Compared with the
control group, the exposure group had lower rates of ARM (1.8
vs 7.0 per 1000 PY; rate difference −5.2; P=.01) and all-cause
mortality (2.3 vs 9.3 per 1000 PY; rate difference −7.0; P=.002).
There was no statistically significant difference in NARM (0.5
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vs 2.3 per 1000 PY; rate difference −1.9; P=.12) comparing the
2 groups.

Survival analysis showed that people living with HIV in the

exposure group had higher cumulative survival rates (χ1
2=9.1;

P=.003) compared with controls (Figure 2). After adjusting for
other factors, multivariate analysis showed that the receipt of

peer-led community-based support was associated with a 72%
(adjusted subdistribution hazard ratio 0.28, 95% CI 0.09-0.95)
reduction in ARM and a 70% (adjusted hazard ratio 0.30, 95%
CI 0.11-0.82) reduction in all-cause mortality. Other factors
associated with ARM and all-cause mortality are presented in
Table 4.

Figure 2. All-cause mortality between the exposure and control groups.
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Table 4. Correlates of AIDS-related mortality (ARM) and all-cause mortality among people living with HIV.

All-cause mortalityARMPYa of follow-upCharacteristics

Adjusted HRc

(95% CI)

Mortality rate (per
1000 PY; %)

Deaths, nAdjusted SHRb

(95% CI)

Mortality rate (per
1000 PY; %)

Deaths, n

Sex

Reference6.022Reference4.7173650.43Male

0.30 (0.08-

1.12)d
4.530.32 (0.05-

1.87)d
3.02666.47Female

Age (years) at diagnosis

Reference2.14Reference2.141934.85<30

2.44 (0.56-
10.77)

8.8211.99 (0.52-7.61)6.3152382.05≥30

Ethnicity

Reference5.724Reference4.3184206.67Han ethnicity

1.25 (0.15-

10.15)d
9.111.46 (0.24-8.79)9.11110.23Others

Marital status

Reference2.86Reference2.862143.83Unmarried

1.08 (0.28-4.16)7.0100.67 (0.20-2.28)4.261424.30Married

1.43 (0.35-5.85)12.091.10 (0.29-4.15)9.37748.77Divorced and
widowed

Education

Reference15.33Reference5.11196.50Primary or less

0.67 (0.18-2.47)7.8181.85 (0.16-

21.30)d
6.0142320.90Secondary

0.36 (0.06-1.98)2.241.34 (0.07-

25.00)d
2.241799.50Higher

Occupation

Reference2.51Reference2.51397.19Student

0.76 (0.07-7.71)6.1240.61 (0.07-

5.76)d
4.6183919.71Others

Mode of HIV transmission

Reference3.59Reference2.362554.63MSMe

1.82 (0.67-4.94)9.1163.17 (1.19-8.41)7.4131762.27Others

Date of HIV diagnosis

Reference6.720Reference5.0152997.84Before June 2016

0.43 (0.14-

1.30)d
3.850.69 (0.16-

2.97)d
3.041319.06After June 2016

Baseline CD4 count (cells/μL)

Reference11.615Reference10.1131290.49<200

0.39 (0.17-0.90)3.3100.24 (0.09-0.66)2.063026.40≥200

Receipt of peer-led community-based support

Reference9.320Reference7.0152144.74No

0.30 (0.11-0.82)2.350.28 (0.09-0.95)1.842172.12Yes

Adherence to ARTf
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All-cause mortalityARMPYa of follow-upCharacteristics

Adjusted HRc

(95% CI)

Mortality rate (per
1000 PY; %)

Deaths, nAdjusted SHRb

(95% CI)

Mortality rate (per
1000 PY; %)

Deaths, n

Reference4.015Reference2.7103760.96Yes

3.70 (1.56-8.33)18.0104.55 (1.74-
12.50)

16.29555.94No

Retention in care

Reference11.710Reference7.06855.34No

0.27 (0.11-0.64)4.3150.46 (0.14-1.54)3.8133461.56Yes

aPY: person-years.
bSHR: subdistribution hazard ratio.
cHR: hazard ratio.
dThese variables were tested associated with mortality at P>.20, which were not included in the initial adjusted model.
eMSM: men who have sex with men.
fART: antiretroviral therapy.

Discussion

Principal Findings
In this propensity score–matched analysis of HIV treatment
outcomes and mortality among people living with HIV in Wuxi
between 2006 and 2021, we found that people living with HIV
who received peer-led community-based support had better
ART adherence, higher rates of retention in care, and improved
survival rates than people living with HIV who had not received
these services. Rates of viral suppression and compliance to
viral load monitoring guidelines were high in the exposure
group, with >90% of people living with HIV who had
participated in the multicomponent support services program
achieving viral suppression 9 to 24 months after HIV diagnosis.
Most previous studies evaluating the relationship between
peer-led support and HIV treatment outcomes were implemented
in low- to middle-income countries (LMICs) in Africa or
high-income countries, with few previous studies having been
conducted in Asia [27,28]. Previous evaluations of similar
interventions also reported improvements in ART adherence,
viral suppression, and retention in care, although few have
evaluated associations with ARM or all-cause mortality, given
the limited follow-up periods [15,29]. Our study adds to the
existing literature through demonstrating associations between
peer-led community-based support services and improved HIV
treatment outcomes, including lower ARM and all-cause
mortality, over 15 years of follow-up in a middle-income
country in Asia.

The Impact of Peer Support on Improving ART
Adherence, Retention in Care, and Viral Suppression
People living with HIV in China who received at least 6 months
of adjunctive peer-led community-based support had better
ART adherence, viral suppression, and retention in HIV care
than those in matched controls who only received standard
clinic-based HIV care. Differences in retention in care were
particularly pronounced, with >93% and only 76% of people
living with HIV in the exposure and control groups retained in
HIV care for ≥12 months after ART initiation, respectively. Our

findings are similar to previous observational and experimental
evaluations of support programs delivered by CHWs to people
living with HIV in LMICs [15]. A prospective observational
cohort study in Rwanda found that 85% of people living with
HIV who received supplementary community-based support
services remained retained in care and virally suppressed 1 year
after ART initiation, which was a significantly higher proportion
than people living with HIV who only received standard
clinic-based HIV care (79%) [17]. Several meta-analyses have
shown that community-based HIV initiatives and peer support
are superior to standard clinic-based care to improve retention
in care, ART adherence, and viral suppression [30,31]. There
are many possible explanations as to why the receipt of peer-led
community-based support was associated with improved HIV
treatment outcomes in our analysis. The fear of unintended
disclosure of HIV status, stigma, and discrimination have been
identified as negatively influencing ART adherence and
retention in care [32,33]. The SMART support framework used
by CHWs at Rainbow Family explicitly addresses these potential
barriers. It includes social and emotional support to help people
living with HIV cope with stresses associated with partner
notification and the disclosure of HIV status, as well as
assistance navigating stigma and discrimination from health
care providers. Previous studies have also found anxiety,
depression, and treatment fatigue as negatively impacting ART
adherence and retention in care [34,35]. The psychological
support provided by CHWs in this study included specific
strategies to address concurrent anxiety and depression among
people living with HIV. CHWs at Rainbow Family also provided
reminders regarding medication refills and laboratory testing
in efforts to mitigate treatment fatigue, which may have
improved rates of ART adherence and viral load monitoring
among people living with HIV in the exposure group.

The Impact of Peer Support on Reductions of ARM
and All-Cause Mortality
Compared with matched controls, the receipt of peer-led
community-based support services was associated with 72%
and 70% reductions in ARM and all-cause mortality,
respectively, among people living with HIV in China. These
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findings are consistent with previous studies conducted in
Rwanda [17] and South Africa [36] where support services
delivered by CHWs in community settings were associated with
lower mortality among people living with HIV after ART
initiation. The improved HIV treatment outcomes observed
among people living with HIV who received supportive services
from Rainbow Family were likely a major contributing factor
to the higher cumulative survival in the exposure group. Decades
of research have shown that retention in care and ART
adherence are essential to achieving and maintaining viral
suppression, improving immune function, and thereby reducing
ARM among people living with HIV [37-42]. Our results
suggest that the observed reductions in all-cause mortality
between the exposure and control groups were primarily driven
by reductions in ARM as NARM did not significantly differ
between the 2 groups. Although CHWs at Rainbow Family did
provide general education on healthy lifestyle choices beyond
HIV care, including the importance of physical activity,
balanced diet, and smoking cessation, these were secondary
considerations and were not explicitly emphasized by any
particular component of the SMART support framework. As
the proportion of deaths attributable to NARM among people
living with HIV continues to grow worldwide, the scope of
CHW support for people living with HIV may need to be
expanded to address causes of mortality beyond opportunistic
infections and HIV- or AIDS-associated malignancies, such as
cardiovascular disease, substance use disorder, renal disease,
and liver disease [13].

Differences in Various Peer-Led Community-Based
Support Models
The peer-led community-based support services provided by
Rainbow Family adopted a multicomponent SMART framework
that attempted to provide broad support for HIV care across
multiple domains, including HIV education and counseling,
ART adherence and laboratory monitoring reminders, social
and emotional support for interpersonal relationships and
disclosure of HIV status, and mental health counseling.
Although the WHO guidelines encourage task shifting of HIV
services to CHWs in resource-limited settings, little guidance
is available as to which types of support services or delivery
models should be prioritized in task-shifting efforts to optimize
health outcomes among people living with HIV [14]. Systemic
reviews of CHWs interventions for people living with HIV in
LMICs have found that support services vary considerably.
Many CHW-based or peer-led interventions described in the
literature include regular phone calls, SMS text messages, or
home visits to answer HIV care questions and reminders to
obtain ART refills and laboratory monitoring [31]. Other
components that have been inconsistently incorporated into
CHW-based or peer-led interventions for people living with
HIV include directly observed therapy, referrals to other medical
or social work services, harm reduction and substance use
management, and various forms of psychosocial support [31].
The wide variety of intervention models as well as substantial
differences in study design, setting, and measured outcomes
complicate efforts to perform comparative analyses to determine
which forms of peer-led community-based support are the most
important to improve HIV treatment outcomes among people

living with HIV [27]. Future qualitative and implementation
science work may be particularly helpful in identifying core
components of peer-led community-based support services for
people living with HIV and optimizing service delivery across
different settings in LMICs.

Engaging CBOs in HIV Care in China
Although the Chinese government has established the China
AIDS Fund to support the development of grassroots
organizations including CBOs providing service to people living
with HIV, there are only a small number of people living with
HIV who are served by peer CHWs. As CBOs in China are
required to register as an official nongovernmental organization
in a local Civil Affairs Bureau and most of them do not have
sufficient personnel and funding to support themselves to
achieve this, they have to apply for governmental funding on
HIV as grassroots organizations through cooperation with local
CDCs or specialized infectious disease hospital, which limits
their development and growth owing to lacking endorsement
from the government [43,44]. Our study showed that providing
peer-led community-based differentiated support through peer
CHWs in CBOs were likely to significantly improve the survival
of people living with HIV. Accordingly, we strongly suggest
that the central government and local governments at all levels
should formulate more supportive policies and invest more to
engage CBOs in HIV care. Because people living with HIV in
China are generally experiencing a high degree of stigma owing
to the conservative social environment [45], many infected
persons are not willing to join CBOs to work as a peer CHW.
Consequently, multilateral and multilevel efforts are urgently
needed to overcome stigma and discrimination against people
living with HIV to encourage them to engage in providing
peer-led community-based differentiated support services.

Comparison With Prior Work
To the best of our knowledge, this is the first study to evaluate
associations between the receipt of a multicomponent peer-led
support service and survival among people living with HIV
over a 15-year follow-up period and in a country in Asia based
on a propensity score–matched analysis.

Limitations
Our study has several important limitations. The nonrandomized
retrospective nature of our analysis prevents us from determining
whether peer-led community-based support caused the observed
differences in HIV treatment outcomes and survival between
the exposure and control groups. Confounding factors may be
responsible for some or all of our observed associations. For
example, it is possible people living with HIV who were
experiencing a mental health crisis or socioeconomic instability
were both systematically more likely to have poor HIV treatment
outcomes and less likely to remain connected to support services
at Rainbow Family for at least 6 months. We used PSM to match
individuals in the exposure and control groups to control for
many common confounders that are known to influence HIV
treatment outcomes; however, the possibility of unmeasured
confounders influencing our results remains. Of note, by limiting
our analytical sample to the 430 people living with HIV who
received peer-led community-based support and 430 of matched

JMIR Public Health Surveill 2023 | vol. 9 | e43635 | p.1056https://publichealth.jmir.org/2023/1/e43635
(page number not for citation purposes)

Meng et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


controls, the representativeness of our sample may have been
impacted, and people living with HIV included in this analysis
may not be representative of people living with HIV in China
more broadly. Therefore, the generalizability of our results must
be interpreted with caution. In addition, although Rainbow
Family was the only CBO registered with the local government
to provide community-based support services to people living
with HIV in Wuxi between 2006 and 2021, it is possible that
other local CBOs or nongovernmental organizations were
providing support services to some of the persons included in
our analysis that were unknown to the local government or these
authors, resulting in misclassification bias.

Conclusions
This study adds additional evidence supporting the use of
peer-led community-based HIV initiatives and peer support
interventions in LMICs, demonstrating that these programs are
likely impactful in resource-limited settings beyond sub-Saharan
Africa. The SMART framework used to guide the
multicomponent HIV support services provided by Rainbow
Family may be a model for similar services in other LMICs,
particularly in other parts of China and East Asia where
comprehensive peer-led support for people living with HIV
remains less common. Further studies conducted across diverse
settings are needed to confirm the effect and cost-effectiveness
of such interventions.
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Abstract

Background: China implemented a nationwide lockdown to contain COVID-19 from an early stage. Previous studies of the
impact of COVID-19 on sexually transmitted diseases (STDs) and diseases caused by blood-borne viruses (BBVs) in China have
yielded widely disparate results, and studies on deaths attributable to STDs and BBVs are scarce.

Objective: We aimed to elucidate the impact of COVID-19 lockdown on cases, deaths, and case-fatality ratios of STDs and
BBVs.

Methods: We extracted monthly data on cases and deaths for AIDS, gonorrhea, syphilis, hepatitis B, and hepatitis C between
January 2015 and December 2021 from the notifiable disease reporting database on the official website of the National Health
Commission of China. We used descriptive statistics to summarize the number of cases and deaths and calculated incidence and
case-fatality ratios before and after the implementation of a nationwide lockdown (in January 2020). We used negative binominal
segmented regression models to estimate the immediate and long-term impacts of lockdown on cases, deaths, and case-fatality
ratios in January 2020 and December 2021, respectively.

Results: A total of 14,800,330 cases of and 127,030 deaths from AIDS, gonorrhea, syphilis, hepatitis B, and hepatitis C were
reported from January 2015 to December 2021, with an incidence of 149.11/100,000 before lockdown and 151.41/100,000 after
lockdown and a case-fatality ratio of 8.21/1000 before lockdown and 9.50/1000 after lockdown. The negative binominal model
showed significant decreases in January 2020 in AIDS cases (–23.4%; incidence rate ratio [IRR] 0.766, 95% CI 0.626-0.939)
and deaths (–23.9%; IRR 0.761, 95% CI 0.647-0.896), gonorrhea cases (–34.3%; IRR 0.657, 95% CI 0.524-0.823), syphilis cases
(–15.4%; IRR 0.846, 95% CI 0.763-0.937), hepatitis B cases (–17.5%; IRR 0.825, 95% CI 0.726-0.937), and hepatitis C cases
(–19.6%; IRR 0.804, 95% CI 0.693-0.933). Gonorrhea, syphilis, and hepatitis C showed small increases in the number of deaths
and case-fatality ratios in January 2020. By December 2021, the cases, deaths, and case-fatality ratios for each disease had either
reached or remained below expected levels.

Conclusions: COVID-19 lockdown may have contributed to fewer reported cases of AIDS, gonorrhea, syphilis, hepatitis B,
and hepatitis C and more reported deaths and case-fatality ratios of gonorrhea, syphilis, and hepatitis C in China.

(JMIR Public Health Surveill 2023;9:e40591)   doi:10.2196/40591

KEYWORDS

COVID-19; AIDS; gonorrhea; syphilis; hepatitis B; hepatitis C; China; nonpharmaceutical; intervention; STD; disease; virus;
cases; deaths; fatality; data

JMIR Public Health Surveill 2023 | vol. 9 | e40591 | p.1061https://publichealth.jmir.org/2023/1/e40591
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:zouhuachun@mail.sysu.edu.cn
http://dx.doi.org/10.2196/40591
http://www.w3.org/Style/XSL
http://www.renderx.com/


Introduction

China implemented stringent nonpharmaceutical interventions
(NPIs), including city lockdowns and traffic restrictions, social
distancing, and school closures in the early stages of the
outbreak of COVID-19 to contain its spread [1-7]. These NPIs
contributed to low morbidity and mortality of COVID-19 in the
country [8-10]. However, it is necessary to keep a constant focus
on other important infectious diseases. The numbers of
documented influenza and pneumonia deaths in the United
States in 2020 were reported to increase by 7.5% compared to
2019 [11], and modeling predicted that HIV deaths in African
countries would increase [12,13].

As humans migrate and communicate, sexually transmitted
diseases (STDs) and diseases caused by blood-borne viruses
(BBVs) are a serious global burden [14-16]. Although China
has established a national STD surveillance sentinel system,
increased publicity and education, and improved treatment
guidelines, STDs and BBVs are still on the rise. HIV/AIDS
morbidity, mortality, and new HIV infections (defined as newly
acquired blood HIV antibodies, as shown by positive results in
ELISA and Western blotting and a large viral load in PCR
testing) continually increased each year in China from 2004 to
2016 (from 0.235/100,000, 0.057/100, and 1.020/100,000 in
2004, respectively, to 3.990/100,000, 1.034/100, and
6.442/100,000, respectively, in 2016) [17]. Surveillance data
from 2004 to 2013 in China showed that the incidence of
hepatitis C, HIV infection, and syphilis increased by 19.2%
(95% CI 15.9%-22.6%) annually [18].

Understanding changes in AIDS, gonorrhea, syphilis, hepatitis
B, and hepatitis C over time is vital to contain the disease
burdens of STDs and BBVs. Many studies have mainly focused
on changes in respiratory infectious diseases during COVID-19
[19-21]. There is limited and conflicting evidence on changes
in STDs and BBVs during the pandemic. A large tertiary care
hospital in Chicago [22] reported the rate of presumed active
infection with syphilis increased from 1.2% (prepandemic; June
2019-March 2020) to 1.8% (during the pandemic; April
2020-June 2020). Two referral centers in Greece [23] recorded
10% and 36.9% decreases in syphilis and gonorrhea cases,
respectively, in 2020. A study of the STD and BBV service of
an Italian clinic [24] did not find statistically significant
differences compared with the previous 4 years. In addition,
previous studies of the impact of COVID-19 on STDs and BBVs
in China have yielded widely disparate results [25,26], and data
on deaths attributable to STDs and BBVs are scarce. We aimed
to elucidate the impact of COVID-19 lockdown on cases, deaths,
and case-fatality ratios for AIDS, gonorrhea, syphilis, hepatitis
B, and hepatitis C in China using interrupted time series
analysis. This may provide evidence of the impact of COVID-19
lockdown on STDs and BBVs at the national level and inform
planning for efficient control strategies in the postpandemic era.

Methods

Study Design
China launched a national online routine reporting system for
selected infectious diseases in 2003 that covers all 31 provinces

in mainland China. Health facilities at various levels are required
to report cases through standard case report forms within 2 to
24 hours of the detection of a notifiable infectious disease.

We extracted national data on monthly reported cases and deaths
for AIDS, gonorrhea, syphilis, hepatitis B, and hepatitis C,
which are mainly or can be sexually transmitted, from January
2015 to December 2021 from the official website of the China
Health and Wellness Commission [27]. The lockdown period
was considered to start in January 2020 with the Wuhan city
lockdown (on January 23, 2020) and massive restrictions
implemented nationwide. Although some regions had eased
restrictions before April 8 (when Wuhan lifted its restrictions),
they tended to take stronger NPI measures to deal with the
possible importation of COVID-19 cases from Wuhan. Based
on these considerations, we defined the lockdown period as
ending in April 2020. AIDS cases are defined as a diagnosis of
AIDS. Syphilis cases include both primary and secondary
syphilis. Cases that were reported as cases of notifiable
infectious disease and died as a result of that infectious disease
are reported as deaths, excluding deaths due to accidents or
noninfectious diseases.

Statistical Analysis
The primary outcome was the number of cases and deaths
reported by month for AIDS, gonorrhea, syphilis, hepatitis B,
and hepatitis C before and after lockdown implementation. The
secondary outcomes were the incidence and case-fatality ratios.
We defined the incidence (per 100,000 population) as the mean
value of annual new reported cases divided by the population
size and the case-fatality ratio (per 1000 population) as the mean
value of annual reported deaths divided by annual new reported
cases.

We first summarized monthly reported data on cases and deaths
for the 5 STDs and BBVs as the median (IQR) before, during,
and after lockdown and calculated the incidence and case-fatality
ratios before and after lockdown. The Kruskal-Wallis test was
used to compare secondary outcomes before and after lockdown.
Since overdispersion occurred in almost all outcomes
(Multimedia Appendix 1, Table S1), we conducted an
interrupted time series analysis by fitting a negative binominal
segmented regression model to estimate the immediate effects
of lockdown on cases, deaths, and case-fatality ratios, as well
as trends after lockdown [28]. The negative binominal model
included (1) a time variable, (2) a dummy variable representing
the pre- and postlockdown periods, and (3) an interaction term
between time and the dummy variables (Multimedia Appendix
1).

We adjusted for seasonality and long-term trends to control
their effects and allow the direct study of changes in public
health issues (ie, testing and transmission), as follows: (1) the
reporting of STD and BBV data is influenced by individual and
clinical activity, so we adjusted for seasonal variation by
including a Fourier term consisting of 2 sine-cosine pairs in the
model [29]; (2) the reporting of STD and BBV data has
long-term trends, so we adjusted for long-term trends by using
the prelockdown model to predict the expected outcomes after
lockdown (ie, a counterfactual scenario). We analyzed the
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annual trends of the models for the 5 diseases to determine their
seasonality.

The incidence rate ratio (IRR) was calculated by comparing the
fitted numbers from the model with the expected numbers from
the contemporaneous counterfactual. By subtracting a period
from the time variable, we were able to center time in January
2020 and December 2021 to estimate the impact on different
timepoints [30]. To calculate the trend after lockdown, we added
the coefficients associated with time and the time-dummy
interaction. We adjusted the standard errors of the model
parameters using the Newey-West method to calculate a 95%
CI for the IRR in both January 2020 and December 2021, with
lag taking the optimal value calculated [31].

We conducted a sensitivity analysis of the number of pairs of
Fourier terms (1, 3, and 5 pairs). All statistical tests were
2-sided, and P<.05 was considered statistically significant. We
performed all analyses in R (version 4.0.4; R Foundation for
Statistical Computing; Multimedia Appendix 1).

Ethical Considerations
This study was a secondary analysis of online reported data
with no identifying information available to the researchers.
Therefore, ethical review was not applicable.

Results

Overview of Study
From January 2015 to December 2021, 14,800,330 cases of
AIDS, gonorrhea, syphilis, hepatitis B, and hepatitis C were

reported in China, with a notified incidence of 149.11/100,000
before lockdown and 151.41/100,000 after lockdown. The
incidence (mean value of annual incidence) change in these 5
infectious diseases before and after lockdown is shown in Table
1. There were slight but not significant (P>.05) changes in the
incidence of the 5 diseases after lockdown. The median number
of monthly reported cases was 177,556 (IQR 164,546-187,722)
during the 60 months before lockdown, 155,491 (IQR
121,585-157,244) during the first 3 months of nationwide
lockdown (January 2020 to March 2020), and 184,401 (IQR
180,396-190,466) during the 21 months after lockdown eased
(April 2020 to December 2021). Figure 1 shows the annual
seasonal pattern in the case counts of the 5 diseases. AIDS
peaked in May and October to November, gonorrhea in July
and November, syphilis in May to June, and hepatitis B and C
in May.

In total, 127,030 deaths were reported during the study period,
with the case-fatality ratio changing from 8.15/1000 before
lockdown to 9.50/1000 after lockdown. The change in
case-fatality ratios (ie, the mean value of annual case-fatality
ratios) for the 5 infectious diseases before and after lockdown
is shown in Table 2. There was a significant (P=.03) increase
in the gonorrhea case-fatality ratio after lockdown (from
0.01/1000 to 0.04/1000). The median number of monthly deaths
due to the five STDs and BBVs was 1360 (IQR 1208-1692)
before lockdown, 1078 (IQR 1054-1270) during lockdown, and
1761 (IQR 1602-1942) after lockdown eased.

Table 1. Case numbers and incidence rates for AIDS, gonorrhea, syphilis, hepatitis B, and hepatitis C in China from January 2015 to December 2021.
Incidence was calculated as the mean number of annual new cases divided by the population size (per 100,000).

Cases after lockdown

easede,g, median (IQR)

Cases during lock-

downe,f, median (IQR)

Cases before lock-

downc,e, median (IQR)

P valueIncidence after

lockdownb,d
Incidence
before lock-

downb,c

Casesa, n

184,401 (180,396-
190,466)

155,491 (121,585-
157,244)

177,556 (164,546-
187,722)

.70151.41149.1114,800,330All 5 diseases

5484 (5039-6124)2759 (2446-3784)5124 (4291-6098).704.404.31428,715AIDS

10,874 (10,551-11,264)4661 (4092-6458)10,436 (8954-11,343).708.388.65846,935Gonorrhea

46,538 (44,438-47,999)39,671 (30,560-40,412)42,702 (38,898-46,394).4437.5636.153,612,684Syphilis

101,701 (99,319-
105,393)

88,150 (69,828-89,588)97,461 (90,780-
103,851)

.7084.2982.728,219,292Hepatitis B

20,438 (20,001-21,254)16,718 (12,893-17,002)20,400 (19,224-21,502).4416.7817.271,692,704Hepatitis C

aTotal number of cases from January 2015 to December 2021.
bPer year.
cBefore lockdown: January 2015 to December 2019.
dAfter lockdown: From January 2020 to December 2021.
ePer month.
fDuring lockdown: From January 2020 to March 2020.
gAfter lockdown eased: From April 2020 to December 2021.

JMIR Public Health Surveill 2023 | vol. 9 | e40591 | p.1063https://publichealth.jmir.org/2023/1/e40591
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. Negative binominal models for monthly cases of AIDS, gonorrhea, syphilis, hepatitis B, and hepatitis C by year in China from January 2015
to December 2021. Total cases (A), AIDS (B), gonorrhea (C), syphilis (D), hepatitis B (E) and hepatitis C (F).

Table 2. Deaths and case-fatality ratios for AIDS, gonorrhea, syphilis, hepatitis B, and hepatitis C in China from January 2015 to December 2021. The
case-fatality ratio represents the mean number of annual deaths divided by annual new cases (per 1000).

Deaths after lockdown

easede,g, median (IQR)

Deaths during lock-

downe,f, median (IQR)

Deaths before lock-

downb,e, median (IQR)

P valueCase-fatality
ratio after

lockdownc,d

Case-fatality ra-
tio before lock-

downb,c

Deathsa,
n

1761 (1602-1942)1078 (1054-1270)1360 (1208-1692).449.508.15127,030All 5 diseases

1700 (1554-1874)971 (962-1194)1304 (1156-1635).44316.23271.38122,508AIDS

0 (0-0)0 (0-2)0 (0-0).030.040.0115Gonorrhea

6 (4-7)9 (8-17)6 (4-8)>.990.160.14516Syphilis

37 (33-44)37 (34-58)38 (31-42).240.410.383168Hepatitis B

10 (8-11)12 (9-14)9 (7-12).700.480.49823Hepatitis C

aTotal number from January 2015 to December 2021.
bBefore lockdown: From January 2015 to December 2019.
cPer year.
dAfter lockdown: From January 2020 to December 2021.
ePer month.
fDuring lockdown: From January 2020 to March 2020.
gAfter lockdown eased: From April 2020 to December 2021.
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Cases and Deaths

AIDS
In the first month of lockdown, there was a 23.4% (IRR 0.766,
95% CI 0.626-0.939; Figure 2A and Table 3) decrease in the
number of reported AIDS cases; after lockdown, the monthly
number remained unchanged (IRR 1.005, 95% CI 0.990-1.020);
by December 2021, AIDS cases were still below the expected
level (IRR 0.715, 95% CI 0.586-0.874).

In the first month of lockdown, the number of reported AIDS
deaths showed a 23.9% decline (IRR 0.761, 95% CI

0.647-0.896); after lockdown, the number showed an increasing
trend of 1.1% (IRR 1.011, 95% CI 1.000-1.021) per month; by
December 2021, the number of AIDS deaths remained below
the expected level (IRR 0.754, 95% CI 0.654-0.869). In the first
month of lockdown, there was no significant change in the AIDS
case-fatality ratio (IRR 1.004, 95% CI 0.895-1.125); after
lockdown, the monthly number remained unchanged (IRR 1.006,
95% CI 0.997-1.016); by December 2021, the AIDS case-fatality
ratio remained in line with the expected level (IRR 1.075, 95%
CI 0.924-1.252).

Figure 2. Monthly numbers, trends, and fitted negative binominal segmented regression models for 5 sexually transmitted diseases and diseases caused
by blood-borne viruses in China from January 2015 to December 2021: AIDS (A), gonorrhea (B), syphilis (C), hepatitis B (D), and hepatitis C (E). The
light blue shaded areas indicate the period during the lockdown, from January 2020 to March 2020, and the dark blue shaded areas indicate the period
after lockdown eased, from April 2020 to December 2021. Case-fatality ratios represent the number of deaths divided by the number of new cases (per
1000). NPI: nonpharmaceutical intervention.
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Table 3. Negative binominal segmented regression models of the impact of COVID-19 lockdown on AIDS, gonorrhea, syphilis, hepatitis B, and
hepatitis C in China from January 2015 to December 2021. Trend represents the slope change per month. Case-fatality ratio represents the number of
deaths divided by the number of new cases. Autocorrelation was addressed for all diseases using Newey-West standard errors to calculate CIs, with lag
taking the optimal value calculated.

Trend (95% CI) after lock-

downe
Trend (95% CI) before

lockdownd
IRR (95% CI) at study endcIRRa (95% CI) at lockdownbDisease

AIDS

1.005 (0.990-1.020)1.008 (1.006-1.009)0.715 (0.586-0.874)0.766 (0.626-0.939)Cases

1.011 (1.000-1.021)1.011 (1.009-1.013)0.754 (0.654-0.869)0.761 (0.647-0.896)Deaths

1.006 (0.997-1.016)1.003 (1.002-1.004)1.075 (0.924-1.252)1.004 (0.895-1.125)Case-fatality ratio

Gonorrhea

1.021 (1.007-1.035)1.005 (1.001-1.008)0.952 (0.722-1.257)0.657 (0.524-0.823)Cases

0.916 (0.804-1.043)1.015 (0.982-1.049)0.558 (0.038-8.266)5.902 (1.090-31.959)Deaths

0.880 (0.766-1.012)1.012 (0.977-1.048)0.398 (0.018-8.890)9.676 (1.764-53.089)Case-fatality ratio

Syphilis

1.004 (0.998-1.010)1.005 (1.004-1.006)0.818 (0.751-0.892)0.846 (0.763-0.937)Cases

0.946 (0.913-0.980)0.995 (0.990-1.001)0.735 (0.421-1.284)2.380 (1.455-3.893)Deaths

0.933 (0.897-0.971)0.990 (0.984-0.996)0.810 (0.442-1.484)3.173 (1.877-5.365)Case-fatality ratio

Hepatitis B

1.010 (1.002-1.018)1.003 (1.002-1.004)0.968 (0.896-1.045)0.825 (0.726-0.937)Cases

0.989 (0.979-0.999)1.006 (1.003-1.009)0.704 (0.590-0.842)1.038 (0.854-1.261)Deaths

0.976 (0.958-0.995)1.003 (1.000-1.006)0.709 (0.556-0.902)1.312 (0.997-1.726)Case-fatality ratio

Hepatitis C

1.010 (1.001-1.019)1.002 (1.001-1.004)0.950 (0.854-1.057)0.804 (0.693-0.933)Cases

0.996 (0.982-1.011)1.000 (0.994-1.006)0.926 (0.672-1.275)1.006 (0.781-1.296)Deaths

0.979 (0.966-0.992)0.997 (0.991-1.004)0.906 (0.653-1.258)1.394 (1.080-1.800)Case-fatality ratio

aIRR: incidence rate ratio.
bJanuary 2020.
cDecember 2021.
dFrom January 2015 to December 2019.
eFrom January 2020 to December 2021.

Gonorrhea
In the first month of lockdown, there was a 34.3% decline (IRR
0.657, 95% CI 0.524-0.823; Figure 2B and Table 3) in the
number of reported gonorrhea cases; after lockdown, there was
a 2.1% (IRR 1.021, 95% CI 1.007-1.035) monthly increasing
trend; by December 2021, the number of gonorrhea cases had
returned to the expected level (IRR 0.952, 95% CI 0.722-1.257).

In the first month of lockdown, the number of reported
gonorrhea deaths showed an increase of 490.2% (IRR 5.902,
95% CI 1.090-31.959); after lockdown, the number remained
largely unchanged (IRR 0.916, 95% CI 0.804-1.043); by
December 2021, the number of gonorrhea deaths had returned
to below the expected level (IRR 0.558, 95% CI 0.038-8.266).
In the first month of lockdown, there was an 867.6% increase
(IRR 9.676, 95% CI 1.764-53.089) in the gonorrhea case-fatality
ratio; after lockdown, the number remained unchanged (IRR
0.880, 95% CI 0.766-1.012); by August 2021, the gonorrhea

case-fatality ratio had returned to below the expected level (IRR
0.398, 95% CI 0.018-8.890).

Syphilis
In the first month of lockdown, the number of reported syphilis
cases showed a 15.4% decrease (IRR 0.846, 95% CI
0.763-0.937; Figure 2C and Table 3); after lockdown, the
monthly number per month was unchanged (IRR 1.004, 95%
CI 0.998-1.010); by December 2021, the number of syphilis
cases was still below the expected level (IRR 0.818, 95% CI
0.751-0.892).

In the first month of lockdown, the number of reported syphilis
deaths showed an increase of 138% (IRR 2.380, 95% CI
1.455-3.893); after lockdown, the number per month showed a
decreasing trend of 5.4% (IRR 0.946, 95% CI 0.913-0.980); by
December 2021, the number of syphilis deaths had returned to
below the expected level (IRR 0.735, 95% CI 0.421-1.284). In
the first month of lockdown, the syphilis case-fatality ratio
showed an increase of 217.3% (IRR 3.173, 95% CI
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1.877-5.365); after lockdown, the number per month showed a
decreasing trend of 6.7% (IRR 0.933, 95% CI 0.897-0.971); by
December 2021, the syphilis case-fatality ratio had returned to
the expected level (IRR 0.810, 95% CI 0.442-1.484).

Hepatitis B
In the first month of lockdown, there was a 17.5% (IRR 0.825,
95% CI 0.726-0.937; Figure 2D and Table 3) decrease in the
number of reported hepatitis B cases; after lockdown, there was
an increasing trend of 1% (IRR 1.010, 95% CI 1.002-1.018)
per month; by December 2021, the number of hepatitis B cases
had returned to the expected level (IRR 0.968, 95% CI
0.896-1.045).

In the first month of lockdown, there was no significant change
in the number of reported hepatitis B deaths (IRR 1.038, 95%
CI 0.854-1.261); after lockdown, the number showed a
decreasing trend of 1.1% (IRR 0.989, 95% CI 0.979-0.999) per
month; by December 2021, the number of hepatitis B deaths
was significantly lower than the expected level (IRR 0.704,
95% CI 0.590-0.842). In the first month of lockdown, there was
no significant change in the hepatitis B case-fatality ratio (IRR
1.312, 95% CI 0.997-1.726); after lockdown, it showed a
decreasing trend of 2.4% (IRR 0.976, 95% CI 0.958-0.995); by
December 2021, the hepatitis B case-fatality ratio was
significantly lower than the expected level (IRR 0.709, 95% CI
0.556-0.902).

Hepatitis C
In the first month of lockdown, there was a 19.6% (IRR 0.804,
95% CI 0.693-0.933; Figure 2E and Table 3) decrease in the
number of reported hepatitis C cases; after lockdown, there was
a 1% increasing trend (IRR 1.010, 95% CI 1.001-1.019) per
month; by December 2021, the number of hepatitis C cases had
returned to the expected level (IRR 0.950, 95% CI 0.854-1.057).

In the first month of lockdown, there was no significant change
in the number of reported hepatitis C deaths (IRR 1.006, 95%
CI 0.781-1.296); after lockdown, the monthly number remained
unchanged (IRR 0.996, 95% CI 0.982-1.011); by December
2021, the number of hepatitis C deaths was not significantly
different from the expected level (IRR 0.926, 95% CI
0.672-1.275). In the first month of lockdown, there was a 39.4%
increase (IRR 1.394, 95% CI 1.080-1.800) in the hepatitis C
case-fatality ratio; after lockdown, it showed a decreasing trend
of 2.1% (IRR 0.979, 95% CI 0.966-0.992) per month; by
December 2021, the hepatitis C case-fatality ratio was not
significantly different from the expected level (IRR 0.906, 95%
CI 0.653-1.258).

Sensitivity Analysis
Sensitivity analysis showed that the number of pairs of the
Fourier term had little effect on the results (Multimedia
Appendix 1, Tables S2, S3, and S4).

Discussion

Principal Findings
This study found that COVID-19 lockdown had a significant
impact on the number of reported cases and deaths and

case-fatality ratios for AIDS, gonorrhea, syphilis, hepatitis B,
and hepatitis C in China. In the first month of lockdown,
significant decreases were seen in reported AIDS cases (–23.4%)
and deaths (–23.9%), reported gonorrhea cases (–34.3%),
reported syphilis cases (–15.4%), reported hepatitis B cases
(–17.5%), and reported hepatitis C cases (–19.6%). Gonorrhea,
syphilis, and hepatitis C showed small increases in the number
of reported deaths and case-fatality ratios in January 2020. By
December 2021, nearly two years after the lockdown, the
reported cases, deaths, and case-fatality ratios for each disease
either reached or remained below expected levels.

Our study found that monthly reported cases of each disease
showed an alarming upward trend before the COVID-19
pandemic, which was consistent with the overall trend
worldwide. Since the 1980s, the number of new reported cases
of STDs and BBVs has declined significantly with
comprehensive prevention efforts around the world [32-34].
However, over the past decade, several countries and regions
have reported an increasing trend in reported cases of STDs and
BBVs. From 2009 to 2019, reported syphilis cases in Sri Lanka
and reported gonorrhea and syphilis cases in Thailand showed
an increasing trend [35]. A similar trend has been observed in
several European countries [36]. With the widespread global
epidemic of HIV, STDs and BBVs have become an increasingly
serious public health problem.

In addition, the seasonality of reported cases of STDs and BBVs
shown in this study is consistent with existing research. A study
from Melbourne, Australia [37] found that urethral gonorrhea
diagnoses among men who have sex with men (odds ratio [OR]
1.23, 95% CI 1.04-1.46) and nongonococcal urethritis diagnoses
among men who have sex with women (OR 1.11, 95% CI
1.03-1.20) were higher in summer compared with winter. This
may be due to increased chances of infection due to increased
biological sexual desire, number of sexual partners, and sexual
activity during the hot summer months [38,39], as well as
increased willingness to test for STDs and BBVs in the
population due to World AIDS Day (December 1). In addition,
the annual seasonal pattern of monthly reported cases of the 5
infectious diseases was largely due to the annual activities of
clinics and health facilities. Every year around April, health
facilities in different regions in China receive their annual
assignments, so most peaks in disease reporting are in the last
3 quarters. In the first quarter, there is a major holiday in China
(Chinese New Year), leading to a low disease reporting level.
Similar trends were observed in our study, suggesting that our
data source and analytic tools were robust.

Decreases in reported AIDS, gonorrhea, syphilis, hepatitis B,
and hepatitis C cases during the COVID-19 lockdown have also
been observed in other countries. A national study in the United
States [40] found that the numbers of weekly reported cases of
chlamydia (–49.8%), gonorrhea (–71.2%), and syphilis (–63.7%)
were much lower in 2020 than in week 15 of 2019. A study in
Catalonia, Spain [41] found that there were 51% fewer reported
cases of STDs and BBVs than expected since the beginning of
the COVID-19 pandemic, reaching an average of 56% during
the lockdown, with the greatest decrease of 72% for chlamydia
and the least, of 22%, for syphilis. Difficulties and unwillingness
to seek medical care and possible underreporting were
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considered as reasons for the decrease in the 5 diseases.
According to a study on health service use during COVID-19
in China, all-cause visits showed a decrease of 47.6% (ranging
from 24.8% in township health centers to 70% in primary care
clinics) and inpatient volume showed a decrease of 47.7%
(ranging from 26.8% in other health facilities to 57.8% in
first-level hospitals) in February 2020 [42]. Another study, in
Hong Kong, found that emergency department visits decreased
by 27.4%, from 1,426,259 in 2019 to 1,035,562 in 2020 [43].
Several studies have reported that patients have delayed or
avoided seeking care for fear of being infected with COVID-19
[44,45].

The decrease in the number of reported cases may also be due
to NPIs such as mobility restrictions and social distancing
measures affecting people’s sexual activity. A study of 967
Chinese youth [46] found that 22% of participants reported
decreased sexual desire, 41% decreased frequency of sexual
intercourse, 30% increased frequency of masturbation, 20%
decreased alcohol consumption before or during sexual activity,
and 31% deterioration in partner relationships during the
pandemic and related containment measures. An online survey
conducted in China [47] showed that 44% of people reported a
decrease in sexual partners during COVID-19. In addition,
frequent long-term lockdowns reduce interpersonal contact and
public gatherings, which may also reduce the risk of
transmission of STDs and BBVs in the population.

The immediate decrease in reported AIDS deaths in the first
month of lockdown may be due to COVID-19 deaths among
people living with AIDS being attributed to COVID-19 rather
than AIDS. According to the National Health Commission of
China, the cumulative number of deaths nationwide reached
4636 by the end of 2021 [48]. However, we are concerned that
incorrect death certificates might obscure the truth about the
deaths of HIV patients, especially during the COVID-19
pandemic, when a high work burden might have resulted in
incorrect findings and documentation within hospitals and
clinics. In the future, it would be valuable to elucidate the
reasons behind changes in the number of deaths if more data
become available. In addition, AIDS deaths were lower than
the expected level 24 months after lockdown, which may be
explained by the effectiveness of measures taken in China to
prevent antiretroviral therapy (ART) interruption. NPIs adopted
by countries or regions around the world during the COVID-19
pandemic were thought to affect the HIV care continuum for
people living with HIV/AIDS [12,30,49,50]. The Chinese Center
for AIDS/STD Control and Prevention released a nationwide
directive on January 26, 2020, under which people living with
HIV/AIDS could obtain 1 month of ART from any local HIV
care clinic or hospital [51]. Designated hospitals and clinics
across the country also contributed to the maintenance of ART.
Hospitals in Shenzhen increased the supply of medications for
a single ART collection and adopted courier delivery to ensure
uninterrupted treatment for people living with HIV/AIDS during
the outbreak [52]. Together, these efforts mitigated the
disruption of ART to the greatest extent possible.

The increase in reported deaths or case-fatality ratios for
gonorrhea, syphilis, and hepatitis C may be associated with
shifts in medical resources and services to COVID-19 patients.

China heavily focused the use of medical supplies, human
resources, and health resources during the pandemic to respond
to the explosive increase in confirmed COVID-19 cases, with
some hospitals shutting down due to the risk of COVID-19
infection and some admitting only severe and critically ill
COVID-19 cases [53]. Reduced willingness to seek medical
care and access to care may have contributed to the disruption
of treatment and the increase in deaths. However, it is important
to note that the absolute numbers of deaths from gonorrhea,
syphilis, and hepatitis C were very small and should not be
overinterpreted.

The implementation of massive lockdowns did not change the
increasing trend of reported cases of gonorrhea, hepatitis B, and
hepatitis C. These short-term trends may not necessarily be
stable due to the immediate impact of lockdown on STDs and
BBVs in January 2020 and will need to be observed over a
longer period. As China rapidly brought the domestic COVID-19
pandemic under control, the health system was able to shift
resources and human resources to address other infectious
diseases. Concerns about seeking health care were alleviated,
with health facility visits and inpatient volume showing
continued statistically significant increases after March 2020,
reaching 89% and 91% of expected levels, respectively, in June
2020 [42]. Meanwhile, frequent and persistent NPIs in China
such as social distancing continued to affect sexual activity and
limit the spread of STDs and BBVs after the Wuhan lockdown
was lifted (on April 7, 2020). By December 2021, reported
cases, deaths, and case-fatality ratios for AIDS, gonorrhea,
syphilis, hepatitis B, and hepatitis C either reached or remained
below expected levels.

Our study used 7 years of nationwide data to estimate the impact
of COVID-19 on AIDS, gonorrhea, syphilis, hepatitis B, and
hepatitis C in China using 4 indicators adjusted for long-term
trends and seasonality. To our knowledge, this is the first study
to use interrupted time series analyses to elucidate the number
of reported STD and BBV cases and deaths in China during the
COVID-19 pandemic. However, our study has several
limitations. First, it is an ecological study and cannot
demonstrate a causal relationship between COVID-19
lockdowns and changes in trends related to AIDS, gonorrhea,
syphilis, hepatitis B, and hepatitis C in China. Second, our study
was based on publicly available data, which limited what kinds
of data we could obtain. Due to a lack of data reported on a
weekly basis, we could only define the time point for lockdown
as January 2020, which may be inaccurate. Due to a lack of
provincial data, we were unable to provide results for different
provinces or regions in this study. Potentially, deaths due to
COVID-19 and incorrect death certificates in hospitals and
clinics during the COVID-19 pandemic could have affected the
accuracy of this study’s results. The lack of prevalence data is
also a limitation, given that the prevalence of many infectious
diseases is unknown. Although the case-fatality ratio cannot be
interpreted as the overall risk of death from an infection, it is
the most commonly used metric because most countries collect
this information [18,54,55]. As prevalence is unknown, the
case-fatality ratio not only provides a crude estimate of the risk
of death (such as in the COVID-19 outbreak [56]), but also
allows for cross-sectional comparisons. Finally, this study was
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a secondary analysis of online reported data with no identifying
information available to the researchers, which limits our
consideration of disease intersections in the analysis. The
subjects of our study should be interpreted as reported cases of
a single disease rather than as individuals.

Conclusion
In summary, these findings suggest that AIDS, gonorrhea,
syphilis, hepatitis B, and hepatitis C in China were transiently
affected by COVID-19 lockdown. Our findings may promote
the development of STD and BBV policies and control measures
in the context of the COVID-19 pandemic and the persistence
of lockdowns. More long-term observations are needed to
investigate trends in STDs and BBVs over time.
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Abstract

Background: Reducing care lapses for people living with HIV is critical to ending the HIV epidemic and beneficial for their
health. Predictive modeling can identify clinical factors associated with HIV care lapses. Previous studies have identified these
factors within a single clinic or using a national network of clinics, but public health strategies to improve retention in care in the
United States often occur within a regional jurisdiction (eg, a city or county).

Objective: We sought to build predictive models of HIV care lapses using a large, multisite, noncurated database of electronic
health records (EHRs) in Chicago, Illinois.

Methods: We used 2011-2019 data from the Chicago Area Patient-Centered Outcomes Research Network (CAPriCORN), a
database including multiple health systems, covering the majority of 23,580 people with an HIV diagnosis living in Chicago.
CAPriCORN uses a hash-based data deduplication method to follow people across multiple Chicago health care systems with
different EHRs, providing a unique citywide view of retention in HIV care. From the database, we used diagnosis codes,
medications, laboratory tests, demographics, and encounter information to build predictive models. Our primary outcome was
lapses in HIV care, defined as having more than 12 months between subsequent HIV care encounters. We built logistic regression,
random forest, elastic net logistic regression, and XGBoost models using all variables and compared their performance to a
baseline logistic regression model containing only demographics and retention history.

Results: We included people living with HIV with at least 2 HIV care encounters in the database, yielding 16,930 people living
with HIV with 191,492 encounters. All models outperformed the baseline logistic regression model, with the most improvement
from the XGBoost model (area under the receiver operating characteristic curve 0.776, 95% CI 0.768-0.784 vs 0.674, 95% CI
0.664-0.683; P<.001). Top predictors included the history of care lapses, being seen by an infectious disease provider (vs a
primary care provider), site of care, Hispanic ethnicity, and previous HIV laboratory testing. The random forest model (area under
the receiver operating characteristic curve 0.751, 95% CI 0.742-0.759) revealed age, insurance type, and chronic comorbidities
(eg, hypertension), as important variables in predicting a care lapse.

Conclusions: We used a real-world approach to leverage the full scope of data available in modern EHRs to predict HIV care
lapses. Our findings reinforce previously known factors, such as the history of prior care lapses, while also showing the importance
of laboratory testing, chronic comorbidities, sociodemographic characteristics, and clinic-specific factors for predicting care
lapses for people living with HIV in Chicago. We provide a framework for others to use data from multiple different health care
systems within a single city to examine lapses in care using EHR data, which will aid in jurisdictional efforts to improve retention
in HIV care.

(JMIR Public Health Surveill 2023;9:e43017)   doi:10.2196/43017
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Introduction

Background
Retention in HIV care is an important step in the HIV care
continuum for both public health efforts to end the HIV
epidemic and for the individual health of people living with
HIV [1]. The Centers for Disease Control and Prevention aims
to reduce new HIV infections by at least 90% over the next 10
years [2]. Out of every 10 cases of HIV transmission, 8 are
associated with people living with HIV who are not engaged in
regular HIV medical care [2]. As part of the goal to reduce new
HIV infections, it is important to ensure people living with HIV
are receiving regular medical care. Currently, only 50.1% of
people living with HIV in the United States are receiving
continuous HIV care [3]. Therefore, increasing the percentage
of people living with HIV retained in care is critical to ending
the HIV epidemic in the United States.

Many methods to improve retention in care are being piloted
across the United States [4]. In HIV clinical settings, the use of
case managers to assist with appointment scheduling and health
care navigation has been shown to improve retention [5].
Another initiative, Data to Care, is a strategy by public health
departments to use HIV surveillance data to identify people
living with HIV that have fallen out of care and attempt to relink
them [6]. However, a study on the Data to Care program in
Seattle and King County, Washington, found that only 50% of
people living with HIV were successfully reengaged in care,
suggesting a need for additional strategies to increase the number
of people living with HIV in care [7]. One upstream intervention
would be to identify people living with HIV who are more likely
to fall out of care prior to lapsing in care, allowing them to be
prioritized for intense case management and other retention
interventions.

Prior Work
Previous studies have created predictive models to identify
people who are likely to be at risk for lapses in HIV care.
Ramachandran et al [8] used electronic health record (EHR)
data from a single urban HIV clinic to predict retention in care.
Similarly, Ridgway et al [9] used EHR data from multiple HIV
clinics across the United States to predict retention in care.
These studies identified factors associated with lapses in HIV
care at the clinic or national level, but public health strategies
to improve retention in care in the United States often occur at
the city or county level. Local socio-structural factors may
impact retention in care among people living with HIV within
different cities in unique ways. To our knowledge, no prior
studies have predicted which patients will lapse from HIV care
within a single urban city (ie, using EHR data from multiple
clinics within a single city or geographic region). Our study
focuses on the city of Chicago, which is located in Cook County,
Illinois, a priority jurisdiction for the Centers for Disease Control
and Prevention’s Ending the HIV Epidemic initiative [10]. The
Chicago Department of Public Health (CDPH) is responsible

for identifying and implementing HIV public health strategies,
including the Ending the HIV Epidemic initiative, for both HIV
prevention and HIV treatment within the city.

Goal of This Study
This study aimed to develop predictive models for determining
which patients are at risk for lapses in HIV care in Chicago
using the Chicago Area Patient-Centered Outcomes Research
Network (CAPriCORN). CAPriCORN contains EHR data from
a diverse group of 11 different health care systems in Chicago,
including academic medical centers, community hospitals, and
community health clinic networks [11]. Importantly,
CAPriCORN contains data for 12.8 million people, including
the majority of 23,580 diagnosed people living with HIV in the
city of Chicago [12,13]. Data from CAPriCORN allowed us to
follow people living with HIV who obtain HIV care across the
different CAPriCORN health care facilities in Chicago. We
used these data to identify those engaged in HIV care and to
build predictive models to identify people living with HIV at
risk for lapses in HIV care within the city of Chicago.

Methods

Study Population
We used deidentified EHR data obtained from 7 sites in
CAPriCORN, selecting records from adults (aged 18 years and
older) with encounters between January 1, 2011, and September
5, 2019. The hospitals included in the CAPriCORN research
database use several different EHR systems, including Epic,
Cerner, GE Centricity, eClinicalWorks, Sunquest, and Veterans
Health Information Systems and Technology Architecture [11].
CAPriCORN was responsible for all harmonization of data
across different EHR systems. Data from CAPriCORN are
linked by using a hash-based data deduplication method,
allowing researchers to identify and follow patients across the
different Chicago health care systems [11]. All EHR data were
provided at the encounter level, allowing us to incorporate
changes to sociodemographic, medical diagnoses, and laboratory
information over time. Data contained sociodemographic
information, encounter information, diagnosis codes, laboratory
data, and antiretroviral therapy (ART) medication or prescription
drug orders. We used the following criteria to determine if an
individual was HIV-positive: (1) a positive HIV laboratory test
(confirmatory HIV antibody, p24 antigen, or HIV viral load >
20 copies/mL), (2) an HIV viral load test performed (regardless
of results) and prescription for ART, excluding pre-exposure
prophylaxis prescriptions, (3) an HIV diagnosis code
(International Classification of Diseases [ICD] version 9 [ICD-9]
codes 42, 079.53, 795.71, and V08; ICD version 10 [ICD-10]
codes B20, R75, and Z21) and a prescription for ART, excluding
pre-exposure prophylaxis, or (4) an HIV diagnosis code and 2
HIV viral load tests performed [14]. Individuals were only
included in the study if they met one (or more) of the above
criteria and had at least two HIV care encounters. An HIV care
encounter was defined as an ambulatory encounter that was
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either (1) with an infectious disease (ID) provider (taxonomy
code “207RI0200X” or “2080P0208X”), or (2) associated with
an HIV viral load test or CD4 T cell test. This definition allowed
for the inclusion of both people living with HIV who receive
their HIV care from their primary care physician as well as those
who receive HIV care from their ID physician. To avoid double
counting of care visits, we considered visits and laboratory tests
within 7 days of each other to be part of the same encounter.

Ethics Approval
This study was approved by the Chicago Area Institutional
Review Board (IRB #00009693).

Outcome
The outcome of interest in all models was a lapse in HIV care,
defined as not having a second HIV care encounter within 1
year after the original HIV care encounter. Because people
living with HIV with stable viral loads may have longer time
periods between their appointments (eg, from 6 to 9 months),
a 1-year gap was chosen to distinguish between these patients
and people living with HIV who had truly lapsed in care
[9,15,16]. People living with HIV were censored from the study
when <12 months of study time remained to ensure that all
participants had the opportunity to be identified as having a
lapse in care.

Predictor Variables
We initially created a list of 134 variables for inclusion in the
models; however, 20 variables were excluded in the final models
due to multicollinearity between these variables and those
already in the model. Final models were built using 114
variables including patient demographics, history of lapse in
care, site, provider specialty, insurance information, laboratory
tests and results, ART medications, and patient diagnoses.
Medical diagnoses were based on the presence of the ICD-9
and ICD-10 diagnosis codes. Specifically, we examined
diagnoses of cancer, cardiovascular disease, diabetes, mental
health disorders (including mood and anxiety disorders), obesity,
sexually transmitted infections (STIs; ie, chlamydia, gonorrhea,
hepatitis B, hepatitis C, and syphilis), as well as the use of
alcohol, cannabis, opioids, sedatives, stimulants, and tobacco.
CAPriCORN provided racial demographic information, with
patients able to select more than one race. Laboratory test
variables included HIV viral load, CD4 count, HIV genotype,
STI tests, and other ID tests within the preceding 12 months.
The complete list of variables, including those excluded due to
multicollinearity, as well as their ICD-9 or ICD-10 codes, is
available in Multimedia Appendices 1 and 2.

Model Development
Encounter data were randomly split into a training set (70% of
total data) and a validation set (30% of total data). The split was
performed while holding a constant ratio of the outcome
variable. We created a baseline logistic regression model using
only patient demographics and previous history of lapses in

care allowing us to quantify how much more predictive
capability was provided by including additional data related to
laboratory tests and diagnoses. We then created 4 different
predictive models: logistic regression, elastic net logistic
regression, random forest, and XGBoost. The hyperparameters
for the elastic net, random forest, and XGBoost models were
tuned using a grid search and can be found in Multimedia
Appendix 3. The hyperparameters were optimized using 5-fold
cross-validation on the metric of the area under the receiver
operating characteristic curve (AUC).

Model Performance
The performance of these 4 models was compared with each
other and with the baseline logistic regression model. Model
performance was evaluated using AUC via DeLong’s [17]
method. Variable influence for each model was evaluated using
the absolute value of the t statistic for the baseline and full
logistic regression models, the value of coefficients for the
elastic net logistic regression, the Gini index for the random
forest, and the relative influence for the XGBoost model [18,19].
Each model can provide the association of variables; however,
unlike the baseline regression, full logistic regression, and elastic
net logistic regression models, the random forest and XGBoost
models we created cannot provide the directionality of
association. All analyses were performed using R (version 4.0.3;
R Core Team).

Results

Study Population
The study population contained 16,930 people living with HIV
with a total of 191,492 HIV care encounters during the study
period. When examining the demographic information for
participants based on information provided at their last HIV
care encounter, people living with HIV in this study were
predominantly male (75.2%, 12,733/16,930), Black (61.4%,
10,395/16,930), non-Hispanic or -Latino (84.2%,
14,249/16,930), and had all HIV care encounters at a single site
within CAPriCORN (95.3%, 16,135/16,930). Based on each
participant’s last 2 HIV care encounters, 25.1% (4257/16,930)
of participants had a lapse in care (Table 1). Over the study
period, 42.1% (7135/16,930) of participants had a change in
their lapse in HIV care status (either from engaged to lapsed in
care or vice versa). The different care sites served a wide range
of number of patients; the smallest site served 224 unique people
living with HIV, and the largest site served 10,035 unique people
living with HIV. The proportion of lapses in care varied among
sites. The worst-performing site was Site F, with 21.4% (61/292)
of encounters resulting in a lapse in care. The best-performing
site was Site G, with 3.7% (5283/141,864) of encounters
resulting in a lapse in care. Over the study period, 94.4%
(180,777/191,492) of HIV care encounters were followed by a
second HIV care encounter within 1 year.
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Table 1. Characteristics of people living with HIV in the Chicago Area Patient-Centered Outcomes Research Network in Chicago, Illinois, 2011-2019
(N=16,930).

Frequency, n (%)Variable of interest and values

Lapses in HIV care

12,673 (74.9)No lapse in care

4257 (25.1)Lapse in care

Sex

12,733 (75.2)Male

4147 (24.5)Female

50 (0.3)Unknown

Race

10,395 (61.4)African American or Black

5168 (30.5)White

136 (0.8)Multiracial

276 (1.6)Other

955 (5.6)Unknown

Ethnicity

2681 (15.8)Hispanic or Latino

14,249 (84.2)Non-Hispanic or -Latino

Age (years)

868 (5.1)Less than 25

3080 (18.2)25 to less than 35

3520 (20.8)35 to less than 45

4587 (27.1)45 to less than 55

4875 (28.8)55 or older

Primary payer type

3030 (17.9)Private

2861 (16.9)Medicare

5162 (30.5)Medicaid

1031 (6.1)Other

4846 (28.6)Unknown

Site

795 (4.7)Multisite

16,135 (95.3)Single site

Comorbidities

5128 (30.3)Hypertension

5757 (34.0)Mental health

4068 (24.0)Tobacco

3914 (23.1)Mood disorder

1347 (8.0)Alcohol

1114 (6.6)Opioids

Gonorrhea laboratory test in the past year

2157 (12.7)Yes

14,773 (87.3)No
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Frequency, n (%)Variable of interest and values

Chlamydia laboratory test in the past year

2419 (14.3)Yes

14,511 (85.7)No

Model Performance
Using our validation data set containing 57,447 encounters, all
models created using 114 variables outperformed the baseline
logistic regression model. The greatest improvement in AUC
was seen with the XGBoost model (AUC 0.776, 95% CI
0.768-0.784 vs 0.674, 95% CI 0.664-0.683 for the baseline
model; P<.001; Figure 1).

The XGBoost model had a significant difference in performance
between the full logistic regression (AUC 0.776, 95% CI
0.768-0.784 vs 0.752, 95% CI 0.743-0.760; P<.001), elastic net
logistic regression (AUC 0.776, 95% CI 0.768-0.784 vs 0.754,

95% CI 0.746-0.762; P<.001), and random forest (AUC 0.776,
95% CI 0.768-0.784 vs 0.751, 95% CI 0.742-0.759; P<.001)
models. There was a significant difference in performance
between the elastic net logistic regression model and the full
logistic regression model (AUC 0.754, 95% CI 0.746-0.762 vs
0.752, 95% CI 0.743-0.760; P<.001); however, the magnitude
of the difference between the 2 models was slight and may not
be clinically meaningful. There was no significant difference
in performance between the elastic net logistic regression model
and the random forest model (AUC 0.754, 95% CI 0.746-0.762
vs 0.751, 95% CI 0.742-0.759; P=.43; Multimedia Appendix
4).

Figure 1. Prediction model receiver operator curves of lapses in care for people living with HIV in Chicago, Illinois, 2011-2019. AUC: area under the
receiver operating characteristic curve.
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Predictor Variable Importance
The top 10 most influential predictors in each model are listed
in Tables 2 and 3. Although each model had slightly different
results, common predictors included no lapse in care in the prior
year, being seen by an ID provider (vs a primary care provider),
and Hispanic or Latino ethnicity. Influential predictors for the
full logistic regression model were no lapse in care in the prior

year (adjusted odds ratio [aOR] 0.42, 95% CI 0.39-0.46;
P<.001), being seen by an ID provider (vs a primary care
provider; aOR 0.54, 95% CI 0.49-0.58; P<.001), age of 55 years
or older (vs 25 years to less than 35 years; aOR 0.56, 95% CI
0.51-0.61; P<.001), Hispanic ethnicity (aOR 0.57, 95% CI
0.52-0.63; P<.001), age of 45 years to <55 years (vs 25 years
to less than 35 years; aOR 0.68, 95% CI 0.63-0.73; P<.001),
and site F (aOR 6.39, 95% CI 3.89-10.47; P<.001).

Table 2. Most influential variables for baseline logistic regression and full logistic regression models of lapses in care for people living with HIV in
Chicago, Illinois, 2011-2019.

P valueaORa (95% CI)Model and variable

Baseline logistic regression

<.0010.34 (0.32-0.36)No lapse in care in the prior 12 months

<.0010.32 (0.29-0.34)Hispanic ethnicity

<.0010.53 (0.49-0.57)Age of 55 years or older

<.0010.41 (0.37-0.46)Black race

<.0010.68 (0.63-0.73)Age of 45 years to less than 55 years

<.0011.72 (1.52-1.94)Unknown race

<.0010.63 (0.56-0.70)White race

<.0010.40 (0.31-0.51)Asian race

<.0010.86 (0.80-0.93)Age of 35 years to less than 45 years

.0470.64 (0.41-0.99)Multiracial race

Full logistic regression

<.0010.42 (0.39-0.46)No lapse in care in the prior 12 months

<.0010.54 (0.49-0.58)Infectious disease provider

<.0010.56 (0.51-0.61)Age of 55 years or older

<.0010.57 (0.52-0.63)Hispanic ethnicity

<.0010.68 (0.63-0.73)Age of 45 years to less than 55 years

<.0016.39 (3.89-10.47)Site F

<.0011.36 (1.25-1.48)CD4 T cell percentage result greater than or equal to 28 in the prior 12 months

<.0010.35 (0.26-0.47)Gonorrhea laboratory test in the prior 12 months

<.0010.56 (0.47-0.66)Primary insurance unknown

<.0010.78 (0.72-0.83)Cancer diagnosis ever

aaOR: adjusted odds ratio.
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Table 3. Top performing variables for elastic net logistic regression, random forest, and XGBoost models of lapses in care for people living with HIV
in Chicago, Illinois, 2011-2019.

Variable importance scoreModel and variable

Elastic net logistic regression

1.575Site F

–0.835No lapse in care in the prior 12 months

0.815Chlamydia laboratory test in the prior 12 months

0.814Site A

–0.769Gonorrhea laboratory test in the prior 12 months

0.649Site C

–0.583Infectious disease provider

–0.512Hispanic ethnicity

–0.506Primary insurance unknown

0.504Emergency medicine provider

Random forest

216.8Primary insurance Medicaid

205.9No lapse in care in the prior 12 months

200.0Hypertension diagnosis ever

195.0Age 35 years to less than 45 years

194.5Tobacco diagnosis ever

193.0Age of 45 years to less than 55 years

190.5Mental health diagnosis ever

184.1CD4 T cell percentage result less than 28 in the prior 12 months

172.5Mood disorder diagnosis ever

171.4Syphilis diagnosis ever

XGBoost

0.089Site G

0.065No lapse in care in the prior 12 months

0.045Infectious disease provider

0.038Site A

0.031Previous viral load result suppressed

0.019Age of 55 years or older

0.019Hispanic ethnicity

0.019Primary insurance Medicaid

0.018CD4 T cell percentage result greater than or equal to 28 in the prior 12 months

0.017HIV viral load laboratory result unsuppressed in the last 12 months

Discussion

Principal Results
Our study found that 25.1% (4257/16,930) of patients
experienced a lapse in care based on their last eligible HIV care
encounter, which is lower than the CDPH estimate of 33.8% of
people living with HIV in Chicago not accessing HIV care [13].
Our lower percentage is likely due to two factors: (1) a slightly
different patient care population and (2) different definitions
being used to determine who was not in care. We defined a

lapse in HIV care as not having a second HIV care encounter
within 1 year after the original HIV care encounter; however,
CDPH defines a lapse in HIV care as not having at least one
HIV laboratory test (CD4 or viral load) within a year [13].
Additionally, we only calculated lapses in care among patients
with at least two HIV care encounters, rather than among all
people living with HIV within the jurisdiction of Chicago
identified in the enhanced HIV/AIDS Reporting System used
by CDPH [13]. By limiting our study population to people with
at least two HIV care encounters, we may have selected patients
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with a history of retention in care, resulting in a patient
population less likely to experience a lapse in care.

In this study, we developed predictive models for lapses in care
among people living with HIV using linked data that
incorporated information from multiple health care systems
across Chicago. Our XGBoost model outperformed our baseline
model, which included only information about demographics
and past lapses in care. Across the different models, we assessed
various HIV health care and STI-related factors in predicting
the likelihood of lapses in HIV care. In all models, prior lapses
in care were among the most influential predictors of future
lapses in care. This observation aligns with other studies that
have found previous retention in care to be important in
predicting future retention [8,9,20]. Our models also showed
that higher CD4 T cell counts are associated with an increased
risk of lapsing in care, supporting previous findings [21-23]. A
previous suppressed HIV viral load laboratory result and an
unsuppressed HIV viral load laboratory result in the prior 12
months were found to be associated with lapsing in care;
however, the directionality could not be determined from the
XGBoost model. A gonorrhea laboratory test in the last year
was predictive of a decreased risk of lapsing in care in the
logistic regression model and the elastic net logistic regression
model. A chlamydia laboratory test in the last year was
predictive of an increased risk of lapsing in care in the elastic
net logistic regression model.

In addition to HIV-related factors, we also examined the ability
of sociodemographic characteristics to predict lapses in HIV
care. Since CAPriCORN covers the majority of people living
with HIV in Chicago, this is a unique opportunity to view how
these factors impact lapses in care in Chicago. We found that
younger age is a predictor for lapses in care, which has been
seen in other studies [9,21,22,24-26]. Hispanic or Latino
ethnicity was associated with a decreased risk of lapsing in care
in this study, a finding supported by some previous literature
but contradicted by others [9,21,22,25-28]. Another predictor
for not lapsing in care was the female sex, consistent with
previous studies [22,28].

In terms of general medical and health care factors, we found
that people living with HIV with chronic comorbidities,
particularly cancer, are less likely to lapse in care, as others
have also found [23]. This lower risk of lapsing in care may
result from people with other comorbidities being more likely
to follow up with both their chronic disease health care provider
as well as their ID provider [9,29]. The comorbidity of
hypertension (having hypertension or being hypertension-free)
was also associated with lapsing in care [9,21]. Unfortunately,
this result comes from the random forest model, so we cannot
assess the directionality of the association. Finally, despite
examining data from a single city, we found that the HIV care
site was associated with a higher risk of lapsing in care. The
HIV care sites included in our study ranged from a small
percentage to almost a fifth of encounters resulting in a lapse
of care, which could be due to a myriad of clinic-level factors,
such as different patient demographics, acceptance of multiple
insurance types, provider familiarity and trust, different
neighborhood locations, and varying levels of resources
available for identifying patients at risk for lapses in care and

reengaging them. Additionally, structural racism and
disinvestment in certain neighborhoods in Chicago have
disproportionately impacted marginalized communities and the
clinics that serve these communities, which may also be
reflected in clinic site differences [30]. Our findings regarding
the impact of chronic comorbidity and clinic-level factors on
risk for lapsing in care suggest that public health departments
may benefit from using data from city-wide research networks
like CAPriCORN to better understand which people living with
HIV have access to HIV care and are engaged in care.

Consequently, our model could allow public health agencies to
identify which groups of people living with HIV within Chicago
are at the highest risk of lapsing in care, allowing resources to
be targeted toward these patients before they lapse in care. The
integration of research data with city- or county-based HIV
surveillance data can provide a more complete picture of access
to and engagement with HIV care than either data source alone.
For instance, CDPH, like most city public health departments,
can follow the entire population of people living with HIV in
Chicago due to mandatory laboratory reporting of HIV tests.
CDPH also has precise knowledge of who enters or leaves the
jurisdiction. This information was unavailable to us in the
CAPriCORN health network. However, CAPriCORN contains
a wide range of information derived from the EHRs of patients,
encompassing their entire range of medical illnesses and test
results, instead of the public health departments’ relatively
limited HIV-related medical information. City health
departments typically use viral load and CD4 count laboratory
tests as proxies for HIV care visits, whereas we gathered
information from both laboratory and clinic visits, allowing us
to capture the full range of HIV care encounters and providing
a unique way to look at the city-wide continuum of care. For
instance, using the CAPriCORN data, we were able to determine
that most patients receive care from a single site; only 4.7%
(795/16,930) of patients received care from more than one site
within the research network. This is less than a study that found
that 8% of people living with HIV in Philadelphia received HIV
care from multiple sites [31]. Having the ability to determine
this important information about the care continuum
demonstrates the benefits of incorporating data from EHRs
through research networks like CAPriCORN into public health
surveillance for HIV care.

Limitations
There are several limitations to this study. In order to deidentify
the data set and protect patient privacy, CAPriCORN removed
specific dates of encounters. Therefore, we used patient age in
days to determine the relative time between encounters. The
lack of dates also means that we cannot account for study-wide
temporal trends. Some of our sites also had incomplete data.
For example, 1 site was missing HIV laboratory data, resulting
in no eligible HIV care encounters, meaning that we were unable
to incorporate this site into our models. This incompleteness of
data shows a larger limitation of city-wide research networks.
It is critical for cities using our framework to focus on
incorporating high-quality data, ensuring the most accurate and
complete data are available for tracking engagement in HIV
care. Additionally, we determined that an HIV care encounter
included primary care visits in which an HIV viral load test or
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CD4 test were performed. However, it is possible that some
primary care encounters were for HIV care but did not include
performing an HIV viral load test or CD4 test leading to
misclassifications. Similarly, we focused on 1 definition of a
lapse in HIV care as our outcome, but there are multiple
standards for defining a lapse in HIV care [32]. Future studies
should compare different standards, such as the Health
Resources and Services Administration HIV/AIDS Bureau
measure [33]. As we did not have access to individual patient
records for review of medical records, we used ICD-9/10 codes
to identify diagnoses, which might lack sensitivity and
specificity in identifying patients with medical comorbidities.
However, ICD-9/10 codes provide a ubiquitous way for
researchers to build predictive models using easily accessible
data even if they lack the resources to carry out a review of
medical records for every patient. Previous studies have shown
that using ICD-9/10 codes can be effective at scaling up the
rapid identification of people living with HIV [14,34]. Future
studies should include social history variables and unstructured
fields or free-text notes to see if they improve overall model
performance. This model is possible because of the existence
of the CAPriCORN research network. For this work to be
extended in other settings, a deidentified, centralized data source
from multiple hospital systems would need to be created in

other jurisdictions. Our study is retrospective, so the
performance of the model in a prospective setting should be
tested in future studies prior to implementation.

Conclusions
We built predictive models for lapses in HIV care for people
living with HIV from 7 different health care systems across
Chicago and identified health care factors found in structured
EHR data that are important for predicting lapses in care. Our
models also serve as a proof of concept to show that differences
in site-based practices (ie, laboratory tests ordered, diagnosis
codes, different EHR systems, etc) do not prevent the ability to
develop predictive models for lapses in care within a city. To
our knowledge, this is the first time predictive models of lapses
in HIV care have been built using EHR data from a large
research network of health care systems within a major urban
city with a high HIV prevalence rate. By focusing on data from
patients served by a single public health department jurisdiction,
findings from this study may inform HIV public health strategies
for the city of Chicago. This model framework can also be
adapted and used in clinics to identify patients most at risk for
lapses in care who would benefit from tailored interventions or
resources, thereby mitigating the number of people living with
HIV who fall out of care and supporting efforts to end the HIV
epidemic.
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Abstract

Background: Risky sexual behaviors remain significant public health challenges among adolescents. Nearly 90% of adolescents
live in low and middle-income countries (LMICs), but few studies have used standardized methodology to monitor the prevalence
and trends of sexual behaviors among adolescents in LMICs.

Objective: This study aimed to assess the prevalence of sexual behaviors (ever had sexual intercourse, multiple sexual partners,
and condom use) among adolescents aged 12 years to 15 years as well as the trends in prevalence between 2003 and 2017.

Methods: For this population-based study, we used recent data from the Global School-based Student Health Survey conducted
in 69 LMICs from 2003 to 2017 to assess the recent prevalence of sexual behaviors by using complex analysis and a random
effects meta-analyses method. Using the chi-square trend test, we also assessed the trends in the prevalence of sexual behaviors
in 17 countries that had conducted ≥1 round of surveys from 2003 to 2017.

Results: We included 145,277 adolescents aged 12 years to 15 years (64,719/145,277, 44.5% boys) from the 69 LMICs that
had conducted ≥1 survey and 80,646 adolescents aged 12 years to 15 years (34,725/80,646, 43.1% boys) from the 17 LMICs that
had conducted ≥1 round of surveys. The recent global prevalence of ever had sexual intercourse was 6.9% (95% CI 6.2%-7.6%)
and was higher among boys (10.0%, 95% CI 9.1%-11.1%) than girls (4.2%, 95% CI 3.7%-4.7%) and among those aged 14 years
to 15 years (8.5%, 95% CI 7.7%-9.3%) than those aged 12 years to 13 years (4%, 95% CI 3.4%-4.7%). Among adolescents who
had ever had sex, the recent global prevalence of having multiple sexual partners was 52% (95% CI 50.4%-53.6%) and was higher
among boys (58%, 95% CI 56.1%-59.9%) than girls (41.4%, 95% CI 38.9%-43.9%) and among those aged 14 years to 15 years
(53.5%, 95% CI 51.6%-55.4%) than those aged 12 years to 13 years (49.7%, 95% CI 45.9%-53.5%). Among adolescents who
had ever had sex, the recent global prevalence of condom use was 58.1% (95% CI 56.2%-59.9%) and was higher among girls
(59.2%, 95% CI 56.4%-61.9%) than boys (57.7%, 95% CI 55.7%-59.7%) and among those aged 14 years to 15 years (59.9%,
95% CI 58.0%-61.8%) than those aged 12 years to 13 years (51.6%, 95% CI 47.5%-55.7%). Between the earliest and latest
surveys, the overall prevalence of ever had sexual intercourse (3.1% decrease) and condom use (2.0% decrease) showed downward
trends. The overall prevalence of having multiple sexual partners increased by 2.6%.

Conclusions: We provide evidence and important implication for policymakers to develop targeted policy support systems to
prevent and reduce risky sexual behaviors among young adolescents in LMICs with a high prevalence of risky sexual behaviors.

(JMIR Public Health Surveill 2023;9:e45236)   doi:10.2196/45236
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Introduction

Adolescence is a period of rapid change in physical,
psychological, emotional, and cognitive development, during
which adolescents become more interested in sexual behaviors.
Although sexual behaviors are widely considered a normative
and physiological component of adolescent development, risky
sexual behaviors including early initiation of sexual intercourse,
having multiple sexual partners, and condom nonuse remain
significant public health challenges among adolescents due to
their potentially deleterious effects on later sexual and
reproductive health [1]. Sexual debut is not deterministic of
later sexual activities and risks, but sexual intercourse initiated
at an earlier than normative age (typically defined as 15 years
or younger) exposes adolescents, particularly adolescent girls,
to a variety of risks such as HIV infection and other sexually
transmitted infections (STIs) [2,3]. Girls who initiate sexual
intercourse early were found to be at higher risk of reporting
unintended pregnancies and STIs than those who delay
intercourse until late adolescence [4,5]. Early sexual behavior
is a public health concern among adolescents both in low and
middle-income countries (LMICs) and high-income countries
(HICs), but the adverse consequences of early sexual debut for
adolescents in LMICs are more severe than for those in HICs.
For example, previous studies have found that adolescent birth
rates in LMICs are more than double that of HICs and most
STIs occur in LMICs [6,7]. In addition, early sexual intercourse
has been associated with reporting negative social and
psychological outcomes (such as suicidal behaviors) [8] and
subsequent higher-risk behaviors including alcohol or drug use
during sex, lower levels of condom use, and forced sex [9,10].

Having multiple sexual partners is a common practice among
young people. A review of data from the Global School-based
Student Health Survey (GSHS) in 21 countries between 2010
and 2016 found that 53.1% of adolescents aged 12 years to 15
years who had sexual intercourse reported having multiple
sexual partners [11]. Having multiple sexual partners is a risky
sexual behavior that increases the risk of HIV and other STI
transmission among adolescents [12]. A previous study indicated
that the high prevalence of HIV/AIDS in sub-Saharan Africa is
driven by high levels of multiple sexual partnerships [13].

Condom use has been acknowledged as an effective way to
reduce the risk of gonorrhea, herpes simplex virus type 2,
syphilis, and other STIs [14]. A review indicated that consistent
use of condoms could effectively reduce the incidence of
HIV/AIDS by 80% [15]. Meanwhile, condom use was associated
with a lower risk of unintended pregnancy among adolescents,
and the failure rate of male condoms for unintended pregnancy
was about 2% [16]. Despite this, the prevalence of condom use
among adolescents remains low. A study reported that nearly
two-thirds of adolescents aged 15 years to 21 years did not use
condoms during their last sexual intercourse [17].

Healthy sexuality is a key component of adolescent
development. Nearly 90% of adolescents live in LMICs, and
monitoring the prevalence and trends of sexual behaviors among
adolescents in LMICs can help public health and education
sectors design appropriate prevention and intervention strategies
to promote sexual and reproductive health in adolescents.
Although previous studies have reported the prevalence of
sexual behaviors among adolescents aged 13 years to 15 years
in some countries [18], as more countries have been released
in the GSHS data set, there is an urgent need to analyze more
up-to-date data and examine the difference in the prevalence of
sexual behaviors among young adolescents. Differences in the
prevalence of adolescent sexual behavior across countries may
be influenced by race, religion, the society’s culture, and
economic status. Age and gender are also important factors to
consider. However, few studies have used standardized
questionnaires to examine and compare the age and gender
differences in the prevalences of risky sexual behaviors among
young adolescents in LMICs. More importantly, the most
effective policies to prevent risky sexual behaviors may change
over time; therefore, identifying trends in the prevalence of
sexual behaviors is important for these countries to understand
the effectiveness of previously developed policies in combating
risky sexual behaviors among young adolescents and thus adjust
intervention policies to fit the changes in policy needs and
impacts. Therefore, it is imperative to analyze trends in the
prevalences of risky sexual behaviors among young adolescents
to provide evidence for the development of intervention
programs. However, to our knowledge, few previous studies
have assessed recent trends in the prevalences of risky sexual
behaviors among young adolescents in LMICs.

Therefore, this study aimed to use recent data collected in the
GSHS from 2003 to 2017 to assess the prevalences of sexual
behaviors including ever had sexual intercourse, multiple sexual
partners, and condom use as well as their age and gender
differences among adolescents aged 12 years to 15 years in 69
LMICs. We also aimed to evaluate trends in the prevalences of
sexual behaviors among adolescents in 17 LMICs between 2003
and 2017.

Methods

Study Design and Participants
This study used the latest GSHS data (2003-2017) publicly
available on the websites of the US Centers for Disease Control
and Prevention (CDC) and World Health Organization (WHO).
Developed by the WHO and US CDC, the GSHS is a
school-based self-administered survey for young adolescents
aged 12 years to 15 years. The goal of the GSHS is to assess
the health behavior risks and protective factors of middle-school
students across countries and ultimately help countries develop
and provide health care programs, resources, and policies that
promote the health of adolescents [19]. To ensure the
comparability of data across countries, the GSHS survey used
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the same standardized procedure (including sampling strategy,
study methodology, and questionnaire) in each country; the
GSHS questionnaire was translated into the local language, and
each country was free to select question modules.

The selection of respondents in each country participating in
the GSHS was based on a 2-stage random cluster sampling
procedure. In the first stage, schools were randomly selected
from all middle schools in each country by using the probability
proportionate to size sampling method. In the second stage,
classes were randomly selected from each selected school. All
the students in each selected class were eligible to participate
in this survey. Finally, based on the available data on sexual
behaviors in the GSHS database, for the analysis of the
prevalence of sexual behaviors, this study used the most recent
GSHS data from 69 countries in 6 WHO regions (including 17
from Africa, 30 from the Americas, 1 from the Eastern
Mediterranean, 2 from Europe, 5 from Southeast Asia, and 14
from the Western Pacific) that had conducted at least one survey
between 2003 and 2017. To analyze the trends in the prevalences
of sexual behaviors, we used the GSHS data from 17 countries
in 4 WHO regions (5 from Africa, 7 from the Americas, 2 from
Southeast Asia, and 3 from the Western Pacific) that had
conducted more than one round of surveys between the earliest
and latest surveys.

Outcomes and Definitions
Sexual intercourse was measured in this study using the
question: “Have you ever had sexual intercourse?” The answer
was dichotomized as “Yes” or “No.” Sexual partners were
measured in this study using the question: “During your life,
with how many people have you had sexual intercourse?”
Multiple sexual partners were defined as having 2 or more
sexual partners during their lifetime. Condom use was measured
in this study using the question: “The last time you had sexual
intercourse, did you or your partner use a condom?” The answer
was also dichotomized as “Yes” or “No.” The prevalences of
multiple sexual partners and condom use were calculated for
those having sexual intercourse.

Statistical Analysis
The complex sampling command in SPSS Version 22.0 (IBM
Corp) was used to conduct the statistical analysis. To adjust the

sampling survey method and the differences between sampled
students and national students, all complex sample analyses in
this study were performed using 3 weighted variables included
in each GSHS data set: strata, primary sampling unit, and
weights. Weighted prevalences and corresponding 95% CIs of
ever had sexual intercourse, having had multiple sexual partners,
and condom use were calculated by region and country and by
sex and age. ArcGIS software was used to map the prevalence
of sexual behaviors among adolescents in each country.
Chi-square analysis was used to test for differences in the
prevalences between sexes and age groups, and P values <.05
indicated that the difference was statistically significant. The
chi-square trend test was used to test the secular trend in the
prevalences between the earliest survey and latest survey, and
P values <.05 represented significant downward or upward
trends in prevalences over time. Meanwhile, due to the
significant heterogeneity between countries, we used the random
effects model to calculate the pooled overall and regional
prevalences of ever had sexual intercourse through the
meta-analysis module in Stata Version 11.0.

Ethical Considerations
The ethics committee (usually the Ministry of Health or
Education) of each country included in the GSHS survey
reviewed and approved the study protocol. This survey was
anonymous, and the answers were protected by privacy law.
All participants and their parents gave their informed written
or verbal consent for participation prior to the survey.

Results

Participants
As shown in Table 1 145,277 adolescents aged 12 years to 15
years were included from 69 countries in 6 WHO regions that
had conducted at least one survey between 2003 and 2017. The
sample sizes ranged from 218 in Nauru to 18,031 in Argentina.
A total of 80,646 adolescents aged 12 years to 15 years were
included from 17 countries in 4 WHO regions that had
conducted more than one round of surveys between 2003 and
2017.
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Table 1. Survey characteristics of the Global School-based Student Health Surveys of adolescents aged 12 years to 15 years by country, 2003-2017.

Response rate, n (%)Total survey sample, NSurvey yearCountry

Africa

625 (87.8)7122016Benin

1016 (73.0)13912005Botswana

Eswatini

4558 (68.4)66642003

1089 (82.9)13142013

Ghana

2520 (59.5)42352007

861 (64.7)13302012

298 (56.3)5292017Liberia

1649 (75.5)21852009Malawi

865 (68.0)12722010Mauritania

Mauritius

2032 (98.1)20712011

1515 (77.9)19462017

445 (68.3)6522015Mozambique

Namibia

2226 (49.6)44922004

1385 (72.2)19182013

2096 (79.6)26332005Senegal

Seychelles

861 (75.1)11462007

1535 (74.5)20602015

1101 (60)18352017Sierra Leone

1979 (76.4)25902014Tanzania

1238 (66.3)18682003Uganda

382 (29)13152004Zambia

2569 (66.3)38772003Zimbabwe

Americas

Anguilla

546 (78.4)6962009

448 (78.4)5712016

1028 (85.8)11982009Antigua and Bar-
buda

Argentina

1292 (84.8)15232007

18,031 (83.4)21,6202012

1034 (79.3)13042013Bahamas

1240 (82.6)15022011Barbados

1345 (84.2)15972011Belize

2318 (83.9)27612012Bolivia

1008 (84.6)11912009British Virgin Is-
lands
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Response rate, n (%)Total survey sample, NSurvey yearCountry

915 (72.3)12652007Cayman

1182 (88.1)13422013Chile

7187 (90.3)79632007Colombia

2023 (89.6)22592009Costa Rica

1261 (84.6)14912015Curaçao

1047 (80)13082009Dominica

3711 (82.3)45082007Ecuador

1438 (89.9)16002013El Salvador

1018 (78.5)12962008Grenada

Guatemala

4002 (89.7)44612009

2880 (80.2)35912015

Guyana

855 (80.7)10602004

1519 (77.6)19582010

1253 (85)14742012Honduras

885 (83.7)10572017Jamaica

1720 (87.2)19722017Paraguay

2260 (96.2)23502010Peru

1206 (82.4)14632011Saint Kitts and
Nevis

926 (86.5)10702007Saint Lucia

956 (80.7)11842007Saint Vincent and
the Grenadines

Suriname

934 (89.5)10432009

1300 (89.8)14482016

Trinidad and Tobago

1961 (83.4)23522011

2205 (80.2)27492017

Uruguay

2542 (88.4)28762006

2587 (90.6)28552012

3052 (78.2)39012003Venezuela

Eastern Mediterranean

655 (68.2)9612007Djibouti

Europe

1364 (88.7)15382007Macedonia

5789 (77.6)74572006Tajikistan

Southeast Asia

2873 (87.9)32682016Bhutan

Indonesia

2784 (92.4)30132007
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Response rate, n (%)Total survey sample, NSurvey yearCountry

6992 (63.2)11,0632015

3392 (74.3)45652015Nepal

Thailand

2309 (86.4)26712008

3399 (82.5)41202015

961 (46.8)20532015Timor-Leste

Western Pacific

1611 (88.4)18222014Brunei Darus-
salam

1471 (81.3)18092013Cambodia

Fiji

1229 (82.4)14912010

1184 (78.3)15122016

1678 (88.4)18982015French Polynesia

1155 (86.4)13372011Kiribati

1453 (88.8)16362015Lao People's
Democratic Re-
public

13,880 (85.4)16,2482011Malaysia

3303 (89.4)36952013Mongolia

218 (60.4)3612011Nauru

Samoa

676 (31.4)21532011

707 (67.1)10542017

Vanuatu

782 (92.7)8442011

900 (70.4)12782016

455 (67.4)6752013Tuvalu

1605 (92.1)17432013Viet Nam

601 (84.3)7132015Wallis and Futu-
na

All countries combined

80,646 (75)107,528—aMore than 1 sur-
vey

145,277 (79.8)182,051—Most recent sur-
vey

aNot applicable.

Prevalences of Sexual Behaviors in Young Adolescents
The overall prevalence of ever had sexual intercourse was 6.9%
(95% CI 6.2%-7.6%) and was lowest in the Western Pacific
and highest in the Americas (Table 2). Both gender and age
differences were statistically significant in Africa, the Americas,
and Southeast Asia. In Table S1 in Multimedia Appendix 1,

nearly two-thirds (47 countries, 68%) of the 69 countries had
a prevalence of ever had sexual intercourse >10%, while those
in Europe and South Asia had a lower prevalence of <10%
(Figure 1). Almost all countries had a higher prevalence for
boys than girls, as well as for those aged 14 years to 15 years
than those aged 12 years to 13 years.
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Table 2. The prevalence of ever had sexual intercourse among young adolescents aged 12 years to 15 years by World Health Organization region, sex,
and age in 2003-2017.

P value14-15 years old,
% (95% CI)

12-13 years old,
% (95% CI)

P valueGirls, % (95%
CI)

Boys, % (95%
CI)

Total sample, %
(95% CI)

Region

<.0018.5 (7.7-9.3)4.0 (3.4-4.7)<.0014.2 (3.7-4.7)10.0 (9.1-11.1)6.9 (6.2-7.6)Total

<.00115.2 (13.5-17.2)8.7 (7.0-10.6)<.0016.2 (5.2-7.3)20.1 (17.7-22.9)12.9 (11.4-14.6)Africa

<.00122.2 (21.0-23.5)9.5 (8.6-10.4)<.00112.1 (11.1-13.1)24.4 (23.0-25.8)17.8 (16.9-18.9)Americas

.2416.0 (13.3-19.0)10.3 (4.5-21.9)<.0014.8 (3.1-7.5)22.2 (17.9-27.1)15.0 (12.0-18.6)Eastern Mediterranean

.303.2 (2.4-4.4)2.4 (1.4-4.1)<.0010.9 (0.5-1.5)5.1 (3.8-6.8)3.0 (2.3-4.0)Europe

<.0012.5 (2.0-3.1)1.1 (0.7-1.6)<.0011.1 (0.8-1.6)2.6 (2.0-3.4)1.8 (1.4-2.3)Southeast Asia

.111.2 (0.9-1.7)0.9 (0.6-1.2).020.9 (0.6-1.3)1.5 (1.1-2.1)1.2 (0.9-1.6)Western Pacific

Figure 1. Prevalence of ever had sexual intercourse among young adolescents aged 12 years to 15 years based on the most recent Global School-based
Student Health Survey from 69 countries, 2003-2017.

The prevalences of having multiple sexual partners and condom
use among adolescents were based on those who ever had sexual
intercourse. A total of 20,257 adolescents were included in the
analysis of the prevalences of having multiple partners and
condom use. The overall prevalence of having multiple sexual
partners was 52.0% (95% CI 50.4%-53.6%) and was lowest in
Western Pacific and highest in the Eastern Mediterranean (Table
3). The gender difference was statistically significant in all
regions except for the Eastern Mediterranean, and the age

difference was significant only in the Americas. In Table S2 in
Multimedia Appendix 1, most (50 countries, 72%) of the 69
included countries had a prevalence of having multiple sexual
partners >50% (Figure 2). The prevalence ranged from 2 times
to 9 times higher among boys than among girls across countries,
and the prevalence in adolescents aged 14 years to 15 years was
higher than in those aged 12 years to 13 years in 47 of the 61
countries (data were unavailable for 8 countries in the Western
Pacific).
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Table 3. The prevalence of having multiple sexual partners among young adolescents aged 12 years to 15 years by World Health Organization region,
sex, and age in 2003-2017.

P value14-15 years
old, % (95%
CI)

12-13 years
old, % (95%
CI)

P valueGirls, % (95%
CI)

Boys, % (95%
CI)

Total sample, %
(95% CI)

Region

.1253.5 (51.6-
55.4)

49.7 (45.9-
53.5)

<.00141.4 (38.9-43.9)58.0 (56.1-59.9)52.0 (50.4-53.6)Total

.5951.7 (47.9-
55.5)

54.4 (46.7-
61.9)

.00745.2 (39.5-51.0)54.7 (51.2-58.2)52.3 (49.3-55.3)Africa

.00853.5 (51.5-
55.5)

46.9 (42.8-
51.0)

<.00138.7 (35.9-41.6)59.9 (57.9-61.9)52.3 (50.6-54.0)Americas

.4072.2 (62.1-
80.4)

63.2 (39.1-
82.2)

.4863.9 (37.4-83.9)72.3 (62.2-80.5)71.2 (61.1-79.5)Eastern Mediterranean

.9740.8 (34.0-
47.9)

41.1 (28.1-
55.4)

.00116.4 (7.9-30.9)44.8 (37.6-52.1)40.8 (34.7-47.3)Europe

.1359.4 (51.6-
66.6)

47.3 (34.0-
61.0)

.0447.5 (37.4-57.7)60.4 (51.8-68.5)56.0 (49.1-62.7)Southeast Asia

.8251.7 (47.1-
56.2)

53.0 (42.8-
63.0)

.00140.5 (34.0-47.4)57.4 (51.9-62.9)32.3 (22.1-44.4)Western Pacific

Figure 2. Prevalence of having multiple sexual partners among young adolescents aged 12 years to 15 years who ever had sexual intercourse based on
the most recent Global School-based Student Health Survey from 69 countries, 2003-2017.

The overall prevalence of condom use at last sex was 58.1%
(95% CI 56.2%-59.9%) and was lowest in the Western Pacific
and highest in Europe (Table 4). The overall prevalence of
condom use at last sex exceeded 50% in all regions, regardless
of gender and age, except for among boys in Africa and the
Western Pacific. In Table S3 in Multimedia Appendix 1, more
than three-quarters (52 countries, 75%) of the included 69

countries had a prevalence >50% (Figure 3). In 38 of the 62
countries (data were unavailable for 7 countries in the Western
Pacific), the prevalence in boys was higher than in girls,
particularly in all countries in the Western Pacific. The
prevalence in adolescents aged 14 years to 15 years was higher
than in those aged 12 years to 13 years in 40 of the 62 countries,
while all countries in Europe showed the opposite result.
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Table 4. The prevalence of condom use at last sex among young adolescents aged 12 years to 15 years by World Health Organization region, sex, and
age in 2003-2017.

P value14-15 years
old, % (95%
CI)

12-13 years
old, % (95%
CI)

P valueGirls, % (95%
CI)

Boys, % (95%
CI)

Total sample, %
(95% CI)

Region

<.00159.9 (58.0-
61.8)

51.6 (47.5-
55.7)

.3559.2 (56.4-61.9)57.7 (55.7-59.7)58.1 (56.2-59.9)Total

.00250.9 (46.4-
55.3)

37.9 (30.7-
45.7)

.0353.4 (46.3-60.3)45.9 (41.5-50.4)47.8 (43.4-52.2)Africa

.0266.2 (63.9-
68.5)

60.8 (56.7-
64.7)

.1963.8 (60.6-66.8)66.1 (63.7-68.3)65.2 (63.2-67.2)Americas

.9764.1 (51.0-
75.4)

64.6 (40.9-
82.7)

.7259.4 (31.5-82.3)64.9 (51.4-76.3)64.1 (51.6-75.0)Eastern Mediterranean

.8771.4 (64.1-
77.7)

72.9 (52.7-
86.7)

.6273.9 (62.2-83.0)71.3 (64.5-77.3)71.7 (65.2-77.4)Europe

.8654.5 (46.8-
62.0)

55.7 (43.2-
67.5)

.3651.3 (41.5-61.0)56.7 (48.5-64.5)54.8 (48.6-60.9)Southeast Asia

.7742.8 (37.5-
48.3)

44.4 (34.2-
55.2)

<.00131.0 (22.6-40.8)49.0 (44.3-53.8)47.6 (33.2-62.3)Western Pacific

Figure 3. Prevalence of condom use at last sex among young adolescents aged 12 years to 15 years who ever had sexual intercourse based on the most
recent Global School-based Student Health Survey from 69 countries, 2003-2017.

Trends in the Prevalences of Sexual Behaviors in
Young Adolescents
As shown in Table 5, the overall prevalence of ever had sexual
intercourse in young adolescents showed a downward trend
over time between the earliest and latest surveys (3.1%
decrease); a similar trend was observed by sex (boys, 3.9%

decrease; girls, 2.5% decrease) and age group (12-13 years,
1.1% decrease; 14-15 years, 3.7% decrease). Specifically, in
Table S4 in Multimedia Appendix 1, the prevalence of ever had
sexual intercourse decreased in 9 countries (with the largest
decrease of 24.6% in Samoa) and increased in 8 countries (with
the largest increase of 7.9% in Seychelles).

JMIR Public Health Surveill 2023 | vol. 9 | e45236 | p.1093https://publichealth.jmir.org/2023/1/e45236
(page number not for citation purposes)

Jing et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 5. The trends in the prevalence of ever had sexual intercourse among young adolescents aged 12 years and 15 years between 2003 and 2017 or
the earliest and latest surveys by World Health Organization region, sex, and age.

P value14-15
years old,
% (95%
CI)

P value12-13
years old,
% (95%
CI)

P valueGirls, %
(95% CI)

P valueBoys, %
(95% CI)

P valueTotal sample, %
(95% CI)

Region

<.001–3.7 (–4.2
to –3.2)

.02–1.1 (–2.0
to –0.2)

<.001–2.5 (–2.9 to
–2.1)

<.001–3.9 (–4.5 to
–3.3)

<.001–3.1 (–3.5 to
–2.7)

Total

.001–3.1 (–4.3
to –1.9)

.31–3.9 (–7.8
to 0.1)

<.001–3.7 (–4.9 to
–2.5)

<.001–2.8 (–4.7 to
–0.9)

.008–3.4 (–4.5 to
–2.3)

Africa

<.001–2.6 (–3.8
to –1.4)

.431.3 (–0.8 to
3.4)

.990 (–1.1 to
1.1)

<.001–6.6 (–8.1 to
–5.1)

<.001–2.6 (–3.5 to
–1.7)

Americas

.02–1.2 (–1.9
to –0.5)

.92–0.5 (–3.5
to 2.5)

.002–1.2 (–1.8 to
–0.6)

.99–0.8 (–1.6 to
0.1)

.008–1.0 (–1.5 to
–0.5)

Southeast
Asia

<.001–5.3 (–7.2
to –3.4)

.32–3.1 (–10.6
to 4.4)

<.001–1.9 (–3.2 to
–0.6)

<.001–4.6 (–7.7 to
–1.5)

<.001–3.2 (–4.7 to
–1.7)

Western Pacif-
ic

A total of 13,051 adolescents were included in the trend analyses
of the prevalences of having multiple partners and condom use.
Table 6 shows that the overall prevalence of having multiple
sexual partners increased by 2.6% over time; the upward trend
was similar among girls and adolescents aged 14 years to 15
years (girls, 5.8% increase; age 14-15 years, 2.7% increase).
All regions experienced an increase in the prevalence of having

multiple sexual partners except for Africa. Specifically, in Table
S5 in Multimedia Appendix 1, the prevalence of having multiple
sexual partners increased in 9 countries (with the largest increase
of 14.2% in Namibia), was unchanged in 2 countries, and
decreased in 5 countries (with the largest decrease of 3.9% in
Guyana).

Table 6. The trends in the prevalence of having multiple sexual partners among young adolescents aged 12 years to 15 years between 2003 and 2017
or the earliest and latest surveys by World Health Organization region, sex, and age.

P value14-15
years old,
% (95%
CI)

P value12-13
years old,
% (95%
CI)

P valueGirls, %
(95% CI)

P valueBoys, %
(95% CI)

P valueTotal sample, %
(95% CI)

Region

<.0012.7 (0.7 to
4.7)

.812.5 (–1.9 to
6.9)

.0475.8 (2.9 to
8.7)

.560.4 (–1.8 to
2.6)

<.0012.6 (0.8 to 4.4)Total

.002–9.6 (–13.8
to –5.4)

<.00127.5 (20.7
to 34.3)

.93–0.5 (–6.2 to
5.2)

.89–0.6 (–5.3 to
4.1)

.95–0.2 (–3.9 to
3.5)

Africa

.072.0 (–0.7 to
4.7)

.261.0 (–5.1 to
7.1)

<.0015.9 (1.8 to
10.0)

.06–0.5 (–3.5 to
2.5)

.591.6 (–0.9 to 4.1)Americas

.04614.9 (2.2 to
27.6)

.63–22.9
(–45.8 to
0.1)

.388.2 (–8.1 to
24.5)

.424.4 (–10.1 to
18.9)

.257.4 (–3.9 to
18.7)

Southeast
Asia

.804.9 (–4.1 to
13.9)

.15–8.9 (–37.0
to 19.2)

.096.3 (–8.5 to
21.1)

.863.7 (–6.6 to
14.0)

.584.7 (–3.8 to
13.2)

Western Pacif-
ic

In Table 7, the overall prevalence of condom use at last sex
decreased by 2.0% over time; the downward trend was similar
in boys (4.5% decrease) but increased for girls (1.8% increase).
The decrease was not significant in adolescents aged 12 years
to 13 years or 14 years to 15 years. Specifically, in Table S6 in

Multimedia Appendix 1, the prevalence of condom use at last
sex decreased in 10 countries (with the largest decrease of 9.7%
in Ghana) and increased in 6 countries (with the largest increase
of 14.6% in Namibia).
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Table 7. The trends in the prevalence of condom use among young adolescents aged 12 years to 15 years between 2003 and 2017 or the earliest and
latest surveys by World Health Organization region, sex, and age.

P value14-15
years old,
% (95%
CI)

P value12-13
years old,
% (95%
CI)

P valueGirls, %
(95% CI)

P valueBoys, %
(95% CI)

P valueTotal sample, %
(95% CI)

Region

.55–1.8 (–3.6
to 0.1)

.64–2.4 (–6.5
to 1.7)

.671.8 (–1.0 to
4.6)

<.001–4.5 (–6.6 to
–2.4)

<.001–2.0 (–3.7 to
–0.3)

Total

.97–0.3 (–4.5
to 3.9)

<.001–12.6
(–20.4 to
–4.8)

.743.5 (–2.2 to
9.2)

.004–7.3 (–12.1
to –2.5)

.57–3.6 (–7.2 to
0.1)

Africa

.43–2.9 (–5.2
to –0.6)

<.001–11.9
(–17.0 to
–6.8)

.75–1.8 (–5.4 to
1.8)

.001–5.6 (–8.1 to
–3.1)

<.001–4.2 (–6.3 to
–2.1)

Americas

.854.0 (–8.5 to
16.5)

.3818.8 (–3.1
to 40.7)

.506.6 (–10.3 to
23.5)

.885.7 (–8.2 to
19.6)

.576.8 (–4.1 to
17.7)

Southeast
Asia

.371.1 (–8.0 to
10.2)

.2122.3 (–4.5
to 49.1)

.44–4.0 (–18.9
to 10.9)

.914.0 (–6.5 to
14.5)

.722.2 (–6.4 to
10.8)

Western Pacif-
ic

Discussion

Principal Findings
This study used the most recent GSHS data from 69 countries
that had conducted at least one survey between 2003 and 2017
to assess the prevalences of sexual behaviors among adolescents
aged 12 years to 15 years. Specifically, the overall prevalence
of ever had sexual intercourse was 6.9%, and among adolescents
who had ever had sex, the overall prevalences of having multiple
sexual partners and using condom at last sex were 52.0% and
58.1%, respectively.

The prevalences of sexual behaviors among young adolescents
varied widely across countries, and these differences may be
due to several factors, including the social cultural environment,
economic status, policy, race, and attitudes toward sex. For
example, we found that the lowest prevalences of ever had
sexual intercourse were in Indonesia, Malaysia, and Tajikistan,
which can be explained by the religious culture embedded in
these countries. Most people in these countries embrace Islam,
which prohibits premarital sex and regards sexuality as a taboo
and sensitive subject [20]. Especially in Indonesia, as the largest
Islamic country with legal restrictions on pornography in the
world [21], adolescents were generally considered to be more
sexually conservative and bound due to the strict legal
regulations and Islamic values.

The prevalences of sexual behaviors in boys were higher than
in girls in most LMICs, which was consistent with previous
studies in various countries, including HICs [22]. This finding
may be due to the difference in sexual development between
boys and girls. Previous studies have suggested that boys are
more likely to report risky sexual behaviors and to initiate sexual
intercourse earlier than girls [23,24]. Meanwhile, boys have
more permissive attitudes about premarital sexual activity, while
sexual intercourse in girls is often accompanied by trust, love,
and a romantic relationship [25]. On the other hand, there are
double standards in society for early sexual intercourse
behaviors between boys and girls. Boys experience more sexual
freedom, and sexual initiation in boys is regarded as a symbol

of masculinity or rite of passage in some countries [26].
However, premarital sexual intercourse is stigmatized or labeled
as indiscreet in girls, especially in Asian countries [23], and
girls not only are bearing multiple social pressures but also have
a higher risk of reporting unintended pregnancy and poor
reproductive health. It is worth noting that the prevalence of
condom use at last sex among boys in LMICs (57.7%) is lower
than that from data obtained from HICs such as the United States
(61% in those aged 13-19 years) and Australia (65.1% in those
aged 10-12 years) and that future measures are needed to
increase the use of condoms among not only girls but also boys
in LMICs [27,28].

This study also provided evidence that the prevalences of sexual
behaviors among adolescents aged 14 years to 15 years were
higher than among those aged 12 years to 13 years in most
countries, which has been shown in many previous studies [29].
This can be interpreted using the normal sexual development
process. The expression of secondary sex characteristics is
influenced by sexual-related hormones in puberty. A study
showed that, during the ages of 12 years to 15 years, changes
in hormones mature the reproductive system with age [30]. We
speculated that sexual development may arouse sexual desire;
thus, older adolescents are more likely to engage in sexual
intercourse than younger adolescents.

Based on the GSHS data from 17 countries that had conducted
more than one round of survey between the earliest and latest
surveys, the overall prevalences of ever had sexual intercourse
and condom use at last sex decreased over time, but the
prevalence of having multiple sexual partners increased over
time. To our knowledge, few studies have investigated the trends
in sexual behaviors among young adolescents in LMICs, and
this is the first study to explore the trends of sexual behaviors
in young adolescents aged 12 years to 15 years in LMICs. An
earlier study based on both the Youth Risk Behavior Survey
(YRBS) and National Survey of Adolescent Males data found
that the proportion of male adolescents aged 15 years to 17
years reporting sexual intercourse decreased by 9% from 1991
to 1997 and by 8% from 1988 to 1995 [31]. Another YRBS
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report based on recent surveillance data from the United States
found that the percentages of high school students who ever
had sex, had multiple sexual partners, or used a condom at last
sex declined from 2009 to 2019 [32], with the downward trend
in sexual intercourse and condom use at last sex consistent with
our findings.

From a public health perspective, the decline in the prevalence
of sexual intercourse among young adolescents aged 12 years
to 15 years was a salutary trend, as sexual intercourse at an early
age may put young adolescents at higher risk for poorer sexual
and reproductive health outcomes. Most previous studies have
identified factors influencing early sexual initiation from a static
perspective, and only a few studies have explained the possible
reasons for the decline in the prevalence of sexual intercourse.
One study indicated that access to formal sexual education may
reduce the number of adolescents younger than 15 years who
have sexual intercourse [33]. Another study conducted in British
Columbia suggested that the presence of protective factors (such
as supportive schools and families, opportunities for community
and school involvement) in adolescents’ lives may contribute
to declines in the proportion of adolescents in grades 7 to 12
who reported ever having sexual intercourse from 1992 to 2003
[34]. There is currently a lack of evidence explaining the change
in adolescent sexual intercourse; future research should consider
investigating factors that may affect changes in the prevalences
of sexual behaviors among young adolescents.

The decreasing prevalence of condom use at last sex over time
among young adolescents aged 12 years to 15 years is worrying.
Previous studies have suggested that limited access to condoms
(eg, restrictive laws or policies that provide contraceptives based
on age or marital status) and the sociocultural environment (eg,
the stigmatization of condoms) may be the main barriers to
condom use among young people [35]. In addition, the decline
in condom use at last sex among young adolescents might be
explained by the lack of contraceptive knowledge, financial
constraints, and the pursuit of sexual pleasure [36]. We found
that the prevalence of having multiple sexual partners among
adolescents who had ever had sexual intercourse increased over
time, which was inconsistent with findings in HICs. The United
States (2009-2019) and Canada (1992-2003) reported the
prevalence of having multiple sexual partners decreased over
time, by 5.2%, among high school students and, by 3.6%, among
adolescents in grades 7 to 12 [32,34]. These previous studies
conducted in Canada and the United States defined multiple
sexual partners as having 3, 4, or more sexual partners during
their lifetime, whereas the GSHS defined multiple sexual
partners as having 2 or more partners in their lifetime, which
may be one reason why the results of this study are inconsistent
with previous results.

Implications and Contribution
Healthy sexual behaviors are an important component of
adolescents’ physical and psychological development. This
study reported the prevalence and trends of sexual behaviors of
young adolescents aged 12 years to 15 years in LMICs, which
can provide evidence and important implications for
policymakers to implement targeted programs that promote and
improve the sexual and reproductive health of adolescents. The

prevalences of adolescent sexual behaviors vary widely across
countries, and there is an urgent need for the public health sector
to develop targeted policy support systems to prevent and reduce
risky sexual behaviors among young adolescents in LMICs with
high prevalences of risky sexual behaviors. For example, the
comprehensive sexuality education (CSE) intervention should
be implemented, and its integration into the education system
should be encouraged in countries where the prevalence of early
sexual intercourse initiation is high or rising. Previous studies
have indicated that CSE can increase sexual health knowledge
and reduce risky sexual behaviors among young adolescents
such as delaying the age of first sexual intercourse or ensuring
that the age of sexual initiation is developmentally appropriate
for the individual, increasing contraception use, and reducing
the number of sexual partners [37,38]. The decline in condom
use at last sex reported by some countries was a reminder that
policymakers should continue to prioritize potential barriers to
condom use among adolescents and explore solutions to these
barriers. It is also important to consider gender and age
differences among young adolescents when developing
strategies to promote adolescent sexual health.

Limitations
This study also has several limitations. First, the prevalence of
“having multiple sexual partners” or “condom use at last sex”
among adolescents was based on those who have had sexual
intercourse; the sample size of young adolescents who ever had
sexual intercourse in some countries was extremely low, which
may have caused selection bias and resulted in the lowest or
highest prevalences of having multiple sexual partners and
condom use in these countries. Therefore, the interpretation of
the prevalences of having multiple sexual partners and condom
use should be considered within the specific circumstances of
the sample area. Second, the sexual behavior information was
self-reported, which may have resulted in recall bias or
intentional omission of key information. Although the interview
questionnaire was anonymous and every effort was made to
create a secure environment and maintain confidentiality of the
respondents’ information, the prevalences of sexual behaviors
may still be underestimated or overestimated. Third, the GSHS
was based on surveys of teenagers in school, which did not
include those who did not attend school. Previous studies have
shown that out-of-school students are more likely to initiate
sexual behaviors than in-school students; thus, there may exist
differences in sexual-related behaviors between these 2 groups,
and the results of this study may not be suitable for
generalization to all adolescents. Fourth, due to the data
availability for each country, only 17 countries have conducted
2 rounds of surveys on sexual behaviors, and there are
differences in the timing and length of surveys between
countries. Although this can provide evidence for policy
development in each country, our estimates for regional or
global trends therefore need to be interpreted with caution.
Finally, for some countries where sexual behavior surveys were
conducted a long time ago (in the past decade or so), it is
necessary to obtain data on recent adolescent sexual behaviors
to identify recent trends.
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Conclusions
In conclusion, this study found that the prevalences of sexual
behaviors in young adolescents varied by country, region, sex,
and age group. Over time, the overall prevalences of ever had
sexual intercourse and condom use at last sex decreased, but

the prevalence of having multiple sexual partners increased.
This study can provide evidence and important implications for
policymakers to develop a targeted policy support system to
prevent and reduce risky sexual behaviors among young
adolescents in LMICs with high prevalences of risky sexual
behaviors.

 

Acknowledgments
We thank the World Health Organization and the US Centers for Disease Control for making the Global School-based Student
Health Surveys (GSHS) data accessible for analysis and the country survey coordinators and participants involved in conducting
the GSHS.

Data Availability
Data are available in a public, open access repository. It can be freely accessed via the World Health Organization Noncommunicable
Diseases Microdata Repository [19].

Conflicts of Interest
None declared.

Multimedia Appendix 1
Supplementary file.
[DOCX File , 102 KB - publichealth_v9i1e45236_app1.docx ]

References
1. Pinyopornpanish K, Thanamee S, Jiraporncharoen W, Thaikla K, McDonald J, Aramrattana A, et al. Sexual health, risky

sexual behavior and condom use among adolescents young adults and older adults in Chiang Mai, Thailand: findings from
a population based survey. BMC Res Notes 2017 Dec 04;10(1):682 [FREE Full text] [doi: 10.1186/s13104-017-3055-1]
[Medline: 29202883]

2. Layland EK, Ram N, Caldwell LL, Smith EA, Wegner L. Leisure boredom, timing of sexual debut, and co-occurring
behaviors among South African adolescents. Arch Sex Behav 2021 Aug;50(6):2383-2394 [FREE Full text] [doi:
10.1007/s10508-021-02014-8] [Medline: 34401994]

3. Ahanhanzo YG, Sossa-Jérôme C, Sopoh G, Tchandana M, Azandjèmè C, Tchamdja T. Factors associated with early sexual
intercourse among teenagers and young adults in rural south of Benin. J Public Health Afr 2018 Oct 01;9(2):681 [FREE
Full text] [doi: 10.4081/jphia.2018.681] [Medline: 30687472]

4. Ghebremichael M, Larsen U, Paintsil E. Association of age at first sex with HIV-1, HSV-2, and other sexual transmitted
infections among women in northern Tanzania. Sex Transm Dis 2009 Sep;36(9):570-576 [FREE Full text] [doi:
10.1097/OLQ.0b013e3181a866b8] [Medline: 19707109]

5. Schofield HT, Bierman KL, Heinrichs B, Nix RL, Conduct Problems Prevention Research Group. Predicting early sexual
activity with behavior problems exhibited at school entry and in early adolescence. J Abnorm Child Psychol 2008 Nov
8;36(8):1175-1188 [FREE Full text] [doi: 10.1007/s10802-008-9252-6] [Medline: 18607716]

6. Salam RA, Faqqah A, Sajjad N, Lassi ZS, Das JK, Kaufman M, et al. Improving adolescent sexual and reproductive health:
a systematic review of potential interventions. J Adolesc Health 2016 Oct;59(4S):S11-S28 [FREE Full text] [doi:
10.1016/j.jadohealth.2016.05.022] [Medline: 27664592]

7. Kalamar AM, Bayer AM, Hindin MJ. Interventions to prevent sexually transmitted infections, including HIV, among young
people in low- and middle-income countries: a systematic review of the published and gray literature. J Adolesc Health
2016 Sep;59(3 Suppl):S22-S31. [doi: 10.1016/j.jadohealth.2016.05.020] [Medline: 27562450]

8. Kim D, Kim H. Early initiation of alcohol drinking, cigarette smoking, and sexual intercourse linked to suicidal ideation
and attempts: findings from the 2006 Korean Youth Risk Behavior Survey. Yonsei Med J 2010 Jan;51(1):18-26 [FREE
Full text] [doi: 10.3349/ymj.2010.51.1.18] [Medline: 20046509]

9. Pettifor A, van der Straten A, Dunbar M, Shiboski S, Padian N. Early age of first sex: a risk factor for HIV infection among
women in Zimbabwe. AIDS 2004 Jul 02;18(10):1435-1442. [doi: 10.1097/01.aids.0000131338.61042.b8] [Medline:
15199320]

10. O'Donnell L, O'Donnell CR, Stueve A. Early sexual initiation and subsequent sex-related risks among urban minority youth:
the reach for health study. Fam Plann Perspect 2001;33(6):268-275 [FREE Full text] [Medline: 11804436]

JMIR Public Health Surveill 2023 | vol. 9 | e45236 | p.1097https://publichealth.jmir.org/2023/1/e45236
(page number not for citation purposes)

Jing et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v9i1e45236_app1.docx&filename=700dbb3153deae257bbc9048a1b67f06.docx
https://jmir.org/api/download?alt_name=publichealth_v9i1e45236_app1.docx&filename=700dbb3153deae257bbc9048a1b67f06.docx
https://bmcresnotes.biomedcentral.com/articles/10.1186/s13104-017-3055-1
http://dx.doi.org/10.1186/s13104-017-3055-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29202883&dopt=Abstract
https://europepmc.org/abstract/MED/34401994
http://dx.doi.org/10.1007/s10508-021-02014-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34401994&dopt=Abstract
https://europepmc.org/abstract/MED/30687472
https://europepmc.org/abstract/MED/30687472
http://dx.doi.org/10.4081/jphia.2018.681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30687472&dopt=Abstract
https://europepmc.org/abstract/MED/19707109
http://dx.doi.org/10.1097/OLQ.0b013e3181a866b8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19707109&dopt=Abstract
https://europepmc.org/abstract/MED/18607716
http://dx.doi.org/10.1007/s10802-008-9252-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18607716&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1054-139X(16)30168-9
http://dx.doi.org/10.1016/j.jadohealth.2016.05.022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27664592&dopt=Abstract
http://dx.doi.org/10.1016/j.jadohealth.2016.05.020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27562450&dopt=Abstract
https://europepmc.org/abstract/MED/20046509
https://europepmc.org/abstract/MED/20046509
http://dx.doi.org/10.3349/ymj.2010.51.1.18
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20046509&dopt=Abstract
http://dx.doi.org/10.1097/01.aids.0000131338.61042.b8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15199320&dopt=Abstract
https://www.guttmacher.org/pubs/journals/3326801.html
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11804436&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


11. Smith L, Jackson SE, Jacob L, Grabovac I, Nisbet LA, López-Sánchez GF, et al. Association between cannabis use and
sexual behavior among adolescents aged 12-15 years in 21 low- and middle-income countries. Addict Behav 2019
Dec;99:106073. [doi: 10.1016/j.addbeh.2019.106073] [Medline: 31421584]

12. Alawode OA, Ogunwemimo H, Bolorunduro M, Awoleye AF. Age at sexual debut and multiple sexual partnerships among
adolescents in Nigeria: an assessment of the mediating role of the knowledge of sexually transmitted infections. Adolescents
2021 Oct 12;1(4):421-432. [doi: 10.3390/adolescents1040032]

13. Wilson CN, Sathiyasusuman A. Associated risk factors of STIs and multiple sexual relationships among youths in Malawi.
PLoS ONE 2015 Aug 6;10(8):e0134286. [doi: 10.1371/journal.pone.0134286]

14. Holmes K, Levine R, Weaver M. Effectiveness of condoms in preventing sexually transmitted infections. Bull World Health
Organ 2004 Jun;82(6):454-461 [FREE Full text] [Medline: 15356939]

15. Weller S, Davis BK. Condom effectiveness in reducing heterosexual HIV transmission. Cochrane Database Syst Rev
2002;3(1):CD003255. [doi: 10.1002/14651858.CD003255] [Medline: 11869658]

16. Kaplan D, Feinstein R, Fisher M, Klein J, Olmedo L, Rome E, Committee on Adolescence. Condom use by adolescents.
Pediatrics 2001 Jun;107(6):1463-1469. [doi: 10.1542/peds.107.6.1463] [Medline: 11389278]

17. Brown LK, DiClemente R, Crosby R, Fernandez MI, Pugatch D, Cohn S, Project Shield Study Group. Condom use among
high-risk adolescents: anticipation of partner disapproval and less pleasure associated with not using condoms. Public
Health Rep 2008 Sep 01;123(5):601-607 [FREE Full text] [doi: 10.1177/003335490812300510] [Medline: 18828415]

18. Woog V, Kågesten A. The sexual and reproductive health needs of very young adolescents aged 10–14 in developing
countries: what does the evidence show? Guttmacher Institute. 2017 May. URL: https://www.guttmacher.org/report/
srh-needs-very-young-adolescents-in-developing-countries [accessed 2023-05-15]

19. Global School-based Student Health Survey. World Health Organization NCD Microdata Repository. URL: https://extranet.
who.int/ncdsmicrodata/index.php/catalog/GSHS [accessed 2023-05-15]

20. Lee LK, Chen PCY, Lee KK, Kaur J. Premarital sexual intercourse among adolescents in Malaysia: a cross-sectional
Malaysian school survey. Singapore Medical Journal 2006;47(6):476-481 [FREE Full text]

21. Hald GM, Mulya TW. Pornography consumption and non-marital sexual behaviour in a sample of young Indonesian
university students. Cult Health Sex 2013 Jun 20;15(8):981-996. [doi: 10.1080/13691058.2013.802013] [Medline: 23782270]

22. Nogueira Avelar E Silva R, Wijtzes A, van de Bongardt D, van de Looij-Jansen P, Bannink R, Raat H. Early sexual
intercourse: prospective associations with adolescents physical activity and screen time. PLoS One 2016 Aug
11;11(8):e0158648 [FREE Full text] [doi: 10.1371/journal.pone.0158648] [Medline: 27513323]

23. Zuo X, Lou C, Gao E, Cheng Y, Niu H, Zabin LS. Gender differences in adolescent premarital sexual permissiveness in
three Asian cities: effects of gender-role attitudes. J Adolesc Health 2012 Mar;50(3 Suppl):S18-S25 [FREE Full text] [doi:
10.1016/j.jadohealth.2011.12.001] [Medline: 22340852]

24. Mladenovic B, Donev D, Spasovski M. Gender analysis of sexual behaviour of senior high-school students in Skopje, R.
Macedonia - cross-sectional study. Prilozi 2009 Jul;30(1):179-190. [Medline: 19736540]

25. Petersen JL, Hyde JS. Gender differences in sexual attitudes and behaviors: a review of meta-analytic results and large
datasets. J Sex Res 2011 Mar 15;48(2-3):149-165. [doi: 10.1080/00224499.2011.551851] [Medline: 21409712]

26. Barker G, Ricardo C. Young men and the construction of masculinity in Sub-Saharan Africa : implications for HIV/AIDS,
conflict, and violence. The World Bank. 2005. URL: https://documents1.worldbank.org/curated/en/481401468101357773/
pdf/327120rev0PAPER0AFR0young0men0WP26.pdf [accessed 2023-05-15]

27. Koumans EH, Welch R, Warner DL. 70. Differences in adolescent condom use trends by global region. Journal of Adolescent
Health 2020 Feb;66(2):S36-S37. [doi: 10.1016/j.jadohealth.2019.11.073]

28. Fisher C, Kauer S, Mikolajczak G, Ezer P, Kerr L, Bellamy R, et al. Prevalence rates of sexual behaviors, condom use, and
contraception among Australian heterosexual adolescents. J Sex Med 2020 Dec;17(12):2313-2321. [doi:
10.1016/j.jsxm.2020.08.009] [Medline: 32948487]

29. Jee Y, Lee G. Prevalence of sexual experience among Korean adolescent: age-period-cohort analysis. Epidemiol Health
2020 Mar 03;42:e2020008 [FREE Full text] [doi: 10.4178/epih.e2020008] [Medline: 32124584]

30. Fortenberry JD. Puberty and adolescent sexuality. Horm Behav 2013 Jul;64(2):280-287 [FREE Full text] [doi:
10.1016/j.yhbeh.2013.03.007] [Medline: 23998672]

31. Santelli JS, Lindberg LD, Abma J, McNeely CS, Resnick M. Adolescent sexual behavior: estimates and trends from four
nationally representative surveys. Family Planning Perspectives 2000 Jul;32(4):156-165 [FREE Full text] [doi:
10.2307/2648232]

32. Youth Risk Behavior Surveillance Data Summary & Trends Report. Centers for Disease Control and Prevention. 2009.
URL: https://www.cdc.gov/nchhstp/dear_colleague/2020/dcl-102320-YRBS-2009-2019-report.html

33. Mueller TE, Gavin LE, Kulkarni A. The association between sex education and youth's engagement in sexual intercourse,
age at first intercourse, and birth control use at first sex. J Adolesc Health 2008 Jan;42(1):89-96. [doi:
10.1016/j.jadohealth.2007.08.002] [Medline: 18155035]

34. Saewyc E, Taylor D, Homma Y, Ogilvie G. Trends in sexual health and risk behaviours among adolescent students in
British Columbia. Can J Hum Sex 2008 Jan 01;17(1-2):1-13 [FREE Full text] [Medline: 23115485]

JMIR Public Health Surveill 2023 | vol. 9 | e45236 | p.1098https://publichealth.jmir.org/2023/1/e45236
(page number not for citation purposes)

Jing et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.1016/j.addbeh.2019.106073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31421584&dopt=Abstract
http://dx.doi.org/10.3390/adolescents1040032
http://dx.doi.org/10.1371/journal.pone.0134286
https://europepmc.org/abstract/MED/15356939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15356939&dopt=Abstract
http://dx.doi.org/10.1002/14651858.CD003255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11869658&dopt=Abstract
http://dx.doi.org/10.1542/peds.107.6.1463
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11389278&dopt=Abstract
https://europepmc.org/abstract/MED/18828415
http://dx.doi.org/10.1177/003335490812300510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18828415&dopt=Abstract
https://www.guttmacher.org/report/srh-needs-very-young-adolescents-in-developing-countries
https://www.guttmacher.org/report/srh-needs-very-young-adolescents-in-developing-countries
https://extranet.who.int/ncdsmicrodata/index.php/catalog/GSHS
https://extranet.who.int/ncdsmicrodata/index.php/catalog/GSHS
http://www.smj.org.sg/sites/default/files/4706/4706a2.pdf
http://dx.doi.org/10.1080/13691058.2013.802013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23782270&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0158648
http://dx.doi.org/10.1371/journal.pone.0158648
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27513323&dopt=Abstract
https://europepmc.org/abstract/MED/22340852
http://dx.doi.org/10.1016/j.jadohealth.2011.12.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22340852&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19736540&dopt=Abstract
http://dx.doi.org/10.1080/00224499.2011.551851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21409712&dopt=Abstract
https://documents1.worldbank.org/curated/en/481401468101357773/pdf/327120rev0PAPER0AFR0young0men0WP26.pdf
https://documents1.worldbank.org/curated/en/481401468101357773/pdf/327120rev0PAPER0AFR0young0men0WP26.pdf
http://dx.doi.org/10.1016/j.jadohealth.2019.11.073
http://dx.doi.org/10.1016/j.jsxm.2020.08.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32948487&dopt=Abstract
https://europepmc.org/abstract/MED/32124584
http://dx.doi.org/10.4178/epih.e2020008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32124584&dopt=Abstract
https://europepmc.org/abstract/MED/23998672
http://dx.doi.org/10.1016/j.yhbeh.2013.03.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23998672&dopt=Abstract
https://www.jstor.org/stable/2648232
http://dx.doi.org/10.2307/2648232
https://www.cdc.gov/nchhstp/dear_colleague/2020/dcl-102320-YRBS-2009-2019-report.html
http://dx.doi.org/10.1016/j.jadohealth.2007.08.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18155035&dopt=Abstract
https://europepmc.org/abstract/MED/23115485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23115485&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


35. Harper CR, Steiner RJ, Lowry R, Hufstetler S, Dittus PJ. Variability in condom use trends by sexual risk behaviors: findings
from the 2003–2015 National Youth Risk Behavior Surveys. Sexual Trans Dis 2018;45(6):400-405. [doi:
10.1097/olq.0000000000000763]

36. Society for Adolescent Health and Medicine. Condom availability in schools: a practical approach to the prevention of
sexually transmitted infection/HIV and unintended pregnancy. J Adolesc Health 2017 Jun;60(6):754-757. [doi:
10.1016/j.jadohealth.2017.03.019] [Medline: 28532649]

37. Kemigisha E, Bruce K, Ivanova O, Leye E, Coene G, Ruzaaza GN, et al. Evaluation of a school based comprehensive
sexuality education program among very young adolescents in rural Uganda. BMC Public Health 2019 Oct 28;19(1):1393
[FREE Full text] [doi: 10.1186/s12889-019-7805-y] [Medline: 31660918]

38. Fonner VA, Armstrong KS, Kennedy CE, O'Reilly KR, Sweat MD. School based sex education and HIV prevention in
low- and middle-income countries: a systematic review and meta-analysis. PLoS One 2014;9(3):e89692. [doi:
10.1371/journal.pone.0089692] [Medline: 24594648]

Abbreviations
CDC: Center for Disease Control and Prevention
CSE: comprehensive sexuality education
GSHS: Global School–based Student Health Survey
HIC: high-income country
LMICs: low and middle-income countries
STI: sexually transmitted infection
WHO: World Health Organization
YRBS: Youth Risk Behavior Survey

Edited by A Mavragani; submitted 21.12.22; peer-reviewed by Z Hou, X Qu, X Yin; comments to author 27.01.23; revised version
received 06.03.23; accepted 26.04.23; published 07.06.23.

Please cite as:
Jing Z, Li J, Wang Y, Zhou C
Prevalence and Trends of Sexual Behaviors Among Young Adolescents Aged 12 Years to 15 Years in Low and Middle-Income Countries:
Population-Based Study
JMIR Public Health Surveill 2023;9:e45236
URL: https://publichealth.jmir.org/2023/1/e45236 
doi:10.2196/45236
PMID:37285196

©Zhengyue Jing, Jie Li, Yi Wang, Chengchao Zhou. Originally published in JMIR Public Health and Surveillance
(https://publichealth.jmir.org), 07.06.2023. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work, first published in JMIR Public Health and Surveillance, is properly cited. The complete
bibliographic information, a link to the original publication on https://publichealth.jmir.org, as well as this copyright and license
information must be included.

JMIR Public Health Surveill 2023 | vol. 9 | e45236 | p.1099https://publichealth.jmir.org/2023/1/e45236
(page number not for citation purposes)

Jing et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.1097/olq.0000000000000763
http://dx.doi.org/10.1016/j.jadohealth.2017.03.019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28532649&dopt=Abstract
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-019-7805-y
http://dx.doi.org/10.1186/s12889-019-7805-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31660918&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0089692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24594648&dopt=Abstract
https://publichealth.jmir.org/2023/1/e45236
http://dx.doi.org/10.2196/45236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37285196&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Health Information on Pre-Exposure Prophylaxis From Search
Engines and Twitter: Readability Analysis

Albert Park1, PhD; Fatima Sayed1, MS; Patrick Robinson2, MD, MPH; Latesha Elopre3, MSPH, MD; Yaorong Ge1,

PhD; Shaoyu Li4, PhD; Christian Grov5, MPH, PhD; Patrick Sean Sullivan6, DVM, PhD
1Department of Software and Information Systems, University of North Carolina Charlotte, Charlotte, NC, United States
2Department of Public Health Sciences, University of North Carolina Charlotte, Charlotte, NC, United States
3Division of Infectious Disease, University of Alabama at Birmingham, Birmingham, AL, United States
4Department of Mathematics and Statistics, University of North Carolina Charlotte, Charlotte, NC, United States
5Department of Community Health and Social Sciences, City University of New York, New York City, NY, United States
6Department of Epidemiology, Emory University, Atlanta, GA, United States

Corresponding Author:
Albert Park, PhD
Department of Software and Information Systems
University of North Carolina Charlotte
9201 University City Blvd
Woodward 310H
Charlotte, NC, 28223-0001
United States
Phone: 1 704 687 8668
Fax: 1 704 687 1652
Email: al.park@charlotte.edu

Abstract

Background: Pre-exposure prophylaxis (PrEP) is proven to prevent HIV infection. However, PrEP uptake to date has been
limited and inequitable. Analyzing the readability of existing PrEP-related information is important to understand the potential
impact of available PrEP information on PrEP uptake and identify opportunities to improve PrEP-related education and
communication.

Objective: We examined the readability of web-based PrEP information identified using search engines and on Twitter. We
investigated the readability of web-based PrEP documents, stratified by how the PrEP document was obtained on the web,
information source, document format and communication method, PrEP modality, and intended audience.

Methods: Web-based PrEP information in English was systematically identified using search engines and the Twitter API. We
manually verified and categorized results and described the method used to obtain information, information source, document
format and communication method, PrEP modality, and intended audience. Documents were converted to plain text for the
analysis and readability of the collected documents was assessed using 4 readability indices. We conducted pairwise comparisons
of readability based on how the PrEP document was obtained on the web, information source, document format, communication
method, PrEP modality, and intended audience, then adjusted for multiple comparisons.

Results: A total of 463 documents were identified. Overall, the readability of web-based PrEP information was at a higher level
(10.2-grade reading level) than what is recommended for health information provided to the general public (ninth-grade reading
level, as suggested by the Department of Health and Human Services). Brochures (n=33, 7% of all identified resources) were the
only type of PrEP materials that achieved the target of ninth-grade reading level.

Conclusions: Web-based PrEP information is often written at a complex level for potential and current PrEP users to understand.
This may hinder PrEP uptake for some people who would benefit from it. The readability of PrEP-related information found on
the web should be improved to align more closely with health communication guidelines for reading level to improve access to
this important health information, facilitate informed decisions by those with a need for PrEP, and realize national prevention
goals for PrEP uptake and reducing new HIV infections in the United States.

(JMIR Public Health Surveill 2023;9:e48630)   doi:10.2196/48630

JMIR Public Health Surveill 2023 | vol. 9 | e48630 | p.1100https://publichealth.jmir.org/2023/1/e48630
(page number not for citation purposes)

Park et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:al.park@charlotte.edu
http://dx.doi.org/10.2196/48630
http://www.w3.org/Style/XSL
http://www.renderx.com/


KEYWORDS

pre-exposure prophylaxis; PrEP; health literacy; health education materials; readability; prophylaxis; health information; electronic
health education; HIV; infection; Twitter

Introduction

Pre-exposure prophylaxis (PrEP) is proven to prevent HIV
infections [1-3], and using PrEP to prevent new HIV infections
among vulnerable populations has been identified as a critical
strategy in the Ending the HIV Epidemic initiative [4]. PrEP
use increased more than 10-fold in the United States in just 5
years after its approval in 2012 [5]. However, inequitable PrEP
uptake persists in the United States [6-8], especially in the
southern United States and among Black and Hispanic residents
in the United States. When those who need PrEP the most do
not receive it, we lose opportunities to maximize reductions in
new HIV infections. One potential explanation for lower uptake
among vulnerable populations for HIV infections is the lower
level of health literacy in these groups (ie, people in the southern
United States, people living in poverty, younger people, and
people of Black race or Hispanic ethnicity) [9,10]. Thus,
analyzing the readability (ie, how difficult a text is to
understand) of web-based information about PrEP would help
understand the effectiveness of available web-based PrEP
information and identify opportunities to improve the
understandability of information for people who might benefit
from PrEP.

Health literacy is an individual’s ability to obtain and understand
health information to make informed health decisions [11]. The
US Department of Health and Human Services (HHS) [12,13],
the National Institutes of Health (NIH) [13,14], the American
Medical Association (AMA) [15], and the US Food and Drug
Administration (FDA) [16] recommend health information for
the public be written at the ninth-grade reading level or lower
to ensure that most people in the US population (ie, the general
public) can make informed health decisions. However,
researchers have consistently found evidence that text-based
health information resources, including web-based resources,
are too complex for the general public [17-25]. For example,
patient education materials for electronic cigarettes [22], mental
health [17], pediatrics [23], medical specialties [24], diabetes
mellitus [18], clinical orthopedics [19], human papillomavirus
immunizations [20], and cardiovascular diseases [21] were
found to require higher literacy levels than that recommended
by the NIH, AMA, FDA, and HHS. Moreover, health
information available from commercially funded sources was
significantly more difficult to read than the information available
from government-funded sources for some health conditions,
such as diabetes, hypertension, depression, high cholesterol,
arthritis, asthma, heartburn, obesity, influenza, and erectile
dysfunction [26], but not for electronic cigarette information
[22]. This complexity often led to comprehension errors [27,28].

The readability of web-based PrEP information has also been
reported [25], but the previous assessment was limited to 100
unique websites and did not include information circulated on
social media. Additionally, the previous assessment did not
stratify the assessment, which limits our understanding of how
to improve the readability of educational materials. For

information related to PrEP use, the increasing complexity of
educational materials has been associated with lower uptake of
PrEP [29,30]. There are other factors that can impact the
understandability of PrEP information and accessibility to
certain populations. For example, the format of the information
(eg, brochure and website), the information source (eg, US
government entities and for-profit organizations), and the
intended audience could impact the readability of and trust in
materials. Thus, different forms and sources of information
should be examined for readability; these data should be
interpreted in light of intended audiences who might require
different levels of complexity. Analyzing updated content is
also important because new PrEP delivery methods continue to
gain approval and become available to consumers. For example,
with the recent approval of injectable PrEP [31], readability
studies of PrEP information need to be updated to include this
new delivery method.

Assessments of readability should also include information
disseminated through social media [32,33], which is an
important source of passive information for many young people.
However, many recent studies on the readability of
health-related content on the web [17-25] have either focused
solely on information obtained actively through search engines
[17,18,20-22,24,25] or within popular websites for consumers
[19,23]. It is important to examine health information that is
obtained both actively via search engines and passively via
social media channels. The latter is critical because >80% of
Americans use at least one social media platform [34] and major
health agencies, such as World Health Organization (WHO)
and Centers for Disease Control and Prevention (CDC),
regularly communicate via Twitter feeds. Social media content
can include news releases as well as discussions on various
health topics (eg, sexually transmitted infections, emergency
situations [35,36], and preventive measures [33]).

We aimed to improve our understanding of the readability of
publicly available web-based and social media–based PrEP
information by analyzing it based on its information source,
document format, communication method, PrEP modality, and
intended audience. Our findings can be used to develop
communication strategies that are tailored to the needs of
different objectives and improve health literacy and the
understandability of PrEP information for the general public.

Methods

Data Collection
We collected examples of both passively (eg, social media posts)
and actively (information sought through user-initiated web
searches) obtained information.

Collecting Passively Obtained Information
For passively obtained information, we collected PrEP-related
information exchanged through Twitter. Twitter was chosen
because many health organizations currently use Twitter to
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communicate health messages, including information about
PrEP and HIV prevention, to the public [37,38]. About 22% of
US adults use Twitter (45% of 18- to 24-year-olds); many (42%)
check the platform more than once a day [39]. Tweets are short,
being limited to 280 characters, but often refer readers to longer
text information through embedded URLs. Thus, we investigated
patient-level information sources (ie, brochures and websites)
that were disseminated by URLs in tweets. We assessed and
compared the readability of PrEP information based on the
method used to obtain information (ie, passively or actively),
information source (ie, organization type), document format
(eg, brochures and websites), PrEP modality (ie, oral and
injectable), and the intended audience (ie, patient, provider, and
general).

To assess passively obtained information on PrEP, we used
PrEP-related tweets with URLs as a starting point. Using Twitter
API [40], we first collected PrEP-related tweets from July 2012,
when the FDA first approved the PrEP indication for a
pharmaceutical medication [41], to January 31, 2022, based on
PrEP-related keywords that were used in a previous study [42]
and a new set of keywords related to injectable PrEP [31]
(Textbox 1). To emulate how users might search for information
about PrEP on the web, we started from the Twitter URLs and
further assessed the contents of external URLs that were
embedded in the original URL (ie, manual web crawling). For
each URL visited, PrEP information was manually and
systematically collected (eg, text about PrEP) from the URLs.
We repeated this process until all the relevant information linked
to the original URLs and their referred external URLs were
collected.

Textbox 1. Pre-exposure prophylaxis (PrEP)–related keywords for tweet collection.

PrEP keywords: [(truvada) OR (hiv AND PrEP) OR (preexposure AND prophylaxis AND hiv) OR (pill AND prevent AND hiv) OR (pill AND
protect AND hiv) OR (pill AND protect AND AIDS)] [42]

Injectable PrEP keywords: [(Apretude) OR (cabotegravir) OR (inject AND prevent AND hiv) OR (inject AND protect AND hiv)]

Collecting Actively Obtained Information
To assess actively obtained information, a systematic search of
PrEP was conducted using 5 popular search engines (ie, Google,
Yahoo, Bing, DuckDuckGo, and Ask) from April to June 2022.
We simulated the behavior of general consumers using the
following various search terms and phrases: “PrEP,” “PrEP
information,” “What is PrEP,” “How to use PrEP,”
“Pre-exposure Prophylaxis frequently asked questions,” “how
does PrEP work in HIV prevention,” “PrEP brochure,” “PrEP
facts,” “HIV and PrEP,” “Truvada PrEP,” “PrEP side effects,”
“how much does PrEP cost,” or “how to take prep” until a search
result saturation was reached (ie, new information was not
obtained). Then for comparison purposes, we specifically
searched for “medication guide,” “patient information,” “info
for people,” “information for the patient,” “information for the
user,” and “patient version” of known PrEP medications, (eg,
Truvada, Descovy, Apretude, Vocabria, and cabotegravir).

For each of the 5 search engines, search results were collected
from the first page for each search engine because most users
rarely read past the first page of search results [43] and because
our focus was to analyze the most frequently accessed
web-based PrEP information. We did not include sponsored
listings, as we wanted to focus on the most relevant and unbiased
information. We manually verified search results to ensure that
we only included web pages with PrEP information. We then
systematically and manually web crawled these pages, using
links from the search results as a starting point to emulate user
behavior. Several false-positive links were excluded from the
search results that were related to different acronyms or
abbreviations (eg, Professional Research Experience Program).
We also excluded documents without any PrEP-related
information (eg, content about drugs used only for HIV
treatment). We also excluded papers published in peer-reviewed
journals that are not intended for the general public and would
skew the readability results. Several documents were part of a

much bigger document (eg, product monograph and prescribing
information). Despite their relevance, if the overall PrEP
information document exceeded 32,767 characters, we only
included sections on PrEP that were written for the prescription
drug prescribers in our analyses. We felt that this would most
closely emulate how lay people would read this text. Duplicate
sources obtained from more than one search path, educational
videos, and descriptive figures and images were excluded and
removed, and the web pages were converted to plain text for
analysis.

Ethical Considerations
We only analyzed publicly available documents in this study
and did not analyze identifiable private information or involve
any direct or indirect interactions with individuals. Per UNC
Charlotte’s policy (citation 45 CFR 46 Definitions), the study
is exempt from institutional review board requirements because
it does not meet the regulatory definitions of human subject
research.

Data Categorization

Information Source
We categorized information sources according to the originator
of the document. The originator type was first determined with
manual Google searches about organizations. This information
was supplemented with information from the “about us” section
of websites. We also used information in the web-based sources
about affiliations, funding sources, and the Crunchbase [44] to
finalize their organization types. Several websites still had no
explicit indication of their affiliations or funding sources; we
have denoted them as “N/A” and categorized them separately
in our comparison analyses.

The information sources for this study included national and
state governmental agencies (ie, US-located government entities;
eg, CDC and California Department of Public Health), non-US
governmental agencies (eg, National Health Service of the
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United Kingdom), other public health organizations (eg, WHO
and Joint United Nations Programme on HIV/AIDS),
nongovernment organizations (eg, Mayo Clinic), and for-profit
organizations (eg, Gilead Sciences).

Document Format and Communication Method
Communication methods were categorized as brochures,
information sheets, or websites by manually assessing each
document. To identify brochures, we first searched for the
keyword “brochure” in the URLs, and then, we manually
verified other documents with similar presentations of
information. Brochures were distinguished from information
sheets by their inclusion of images, figures, or pictures. To
identify the information sheets, we searched for the keywords
“factsheet” and “sheet” from the remaining URLs. Then, we
manually labeled other information sheets by searching for
similar presentations of information, which contained only text
(ie, no images, figures, and pictorial descriptions). Other
resources were categorized as websites because they were hosted
on a web page and did not meet the criteria for either brochure
or information sheet.

PrEP Modality
All documents were manually categorized based on PrEP
modality (ie, delivery methods) to allow comparison by
modality. We classified documents with one or more
keywords—“oral,” “tablet,” “pill,” “Truvada,” “Descovy,”
“daily PrEP,” “PrEP 2-1-1,” and “PrEP on demand”—in the
title as “oral PrEP.” We classified documents with the keywords
“Cabotegravir,” “Apretude,” “long-acting,” “injection PrEP,”
and “injectable” as “injectable PrEP.” If a document had both
types of keywords in the title, we categorized it as “oral and
injectable PrEP.” For documents without these keywords in the
title, the modality was categorized based on the content of the
document. Documents without PrEP modality descriptions were
categorized as general PrEP.

Intended Audience
The intended audience was manually determined for each
document, that is, patient, provider, or general public. We used
document titles and the first paragraph to determine the target
audience. To identify documents written for patients, we looked
for the following titles: “Patient Information,” “Medication
Guide,” “Patient Medication Information,” “Information for the
user,” “Information for the patient,” and “Overview for
Patients.” Then, we read the first paragraph to ensure its
intended audience was patient and checked if it had statements
similar to the following. “Read this carefully before you start
taking [Drug name] and each time you get a refill. […].”
Similarly, documents written for providers were identified if
they had these or similar titles: “Clinical Guide,” “Provider
Frequently Asked Questions,” “Provider FAQs,” “Clinician
Guidance,” and “Guide for Medical Providers.” We also read

the first paragraph to check phrases similar to “Review this
guide when prescribing [Drug name].” The intended audience
for documents not meeting the criteria for patient or provider
documents was determined as intended for the general public.

Measuring Readability
We used the Flesch-Kincaid grade level [45], Simple Measure
of Gobbledygook Index [46], Coleman and Liau Index [47],
and Automated Readability Index [48] to calculate the text
readability, which is defined here as the grade level required to
comprehend the text in the US education system. These indices
are widely used in previous readability studies [23,24,26,49-53],
and we applied them to the entire data set. To computationally
perform readability analysis, the readability scores were first
calculated based on the 4 readability indices using the
open-source Python textstat package [54]. Given that different
readability indices can generate a range of results, we used the
mean of the 4 readability indices in our analyses to increase the
reliability of our results but also report results generated by all
4 indices (Multimedia Appendix 1). We then conducted 5 sets
of pairwise independent sample t tests to compare readability
scores based on the method of obtaining the information,
information source, document format and communication
method, PrEP modality, and intended audience. When necessary,
P values were adjusted using the prespecified Hommel
procedure [55] to account for multiple comparisons within each
set.

Results

Information Obtained Method
We collected a total of 463 documents, 194 from Twitter (ie,
passively obtained information) and 269 from search engines
(ie, actively obtained information). A total of 17 documents
were duplicates. For analyses, we removed 1 set of the 17
duplicate documents. The documents were excluded in both
sets, a total of 34 documents, when comparing the readability
of documents based on methods for obtaining information.
Using the average of the 4 reading level indices, the overall
average reading level for web-based PrEP materials was a 10.20
grade level with an SE of 0.11. This is significantly above the
recommended grade level of lower than ninth grade for the
comprehension of health materials. The readability scores of
materials retrieved from Twitter (9.8 grade level, SE 0.16) and
search engines (10.5 grade level, SE 0.15) were significantly
different (P=.002 by independent sample t tests).

We found that the distribution of readability scores for all
documents was approximately normally distributed (ie,
unimodal) with a slight skew to the right and a mode between
the ninth and eleventh reading levels as shown in Figure 1.
About 74% (n=328) of web-based sources required reading
levels higher than ninth-grade.

JMIR Public Health Surveill 2023 | vol. 9 | e48630 | p.1103https://publichealth.jmir.org/2023/1/e48630
(page number not for citation purposes)

Park et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. The empirical distribution of the average readability level required for understanding web-based pre-exposure prophylaxis information.

Information Source
We found 172 documents from 45 for-profit entities (eg, Gilead
Sciences and Nurx), 157 documents from 49 nongovernment
organizations (eg, Mayo Clinic and Black AIDS Institute), 88
documents from 28 US governmental entities (eg, CDC and
NIH), and 16 documents from 7 non-US governmental entities
(eg, National Health Service of the United Kingdom and Health
Service Executive-Ireland) or other public health organizations
(eg, WHO and Joint United Nations Programme on HIV/AIDS).
A total of 13 documents from organizations had no explicit
indication of their affiliations or funding sources; they were
excluded from our information source comparison analyses.

Some organizations and entities developed multiple PrEP-related
documents, but they differed in content and topic. For example,
some documents provided details about a particular PrEP drug
(eg, Truvada and Descovy), while others provided information

about accessing PrEP or PrEP cost. Still, others were different
document types (eg, brochures). In our analyses, we treated
each document as a separate data point.

Complete readability scores for each document are presented
in Multimedia Appendix 1. The overall average grade reading
level required to understand web-based PrEP information (10.2
grade level, SE 0.1) is considerably higher than the target grade
level recommended by health agencies for health information.
The mean grade reading levels and SEs (ie, of the 4 indices)
from these organizations are displayed below and compared in
Table 1. There was no significant difference in readability
among organization types.

• Non-US government entities or other public health
organizations: mean 10.6 (SE 0.7)

• For-profit entities: mean 10.4 (SE 0.2)
• The US-located government entities: mean 10.3 (SE 0.2)
• Nongovernment organizations: mean 9.9 (SE 0.2)

Table 1. Pairwise 2 sample t test of the average readability by source type.

Adjusted P valueP valueSource type

.66.22Non-US government entities or other public health organizationsa

.12.04For-profit entitiesa

.46.15The US-located government entitiesa

.74.65Non-US government entities or other public health organizationsb

.75.75For-profit entitiesb

.74.74Non-US government entities or other public health organizationsc

aVersus nongovernment organizations.
bVersus the US-located government entities.
cVersus for-profit entities.
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Document Format and Communication Method
The most common type of document was websites (n=384),
including content from health organizations and health care
professionals. Websites typically provide a comprehensive range
of information on multiple related topics, such as HIV/AIDS
and PrEP access, at a reading level of 10.2 grade (SE 0.46).

In our data set, information sheets (n=29) were in PDF file
format and had titles containing phrases such as “Patient
Medication,” “Medication Guide,” “Information for the user,”
“Information sheet,” “Fact sheet,” “Facts,” and “Information
booklet.” Compared to other document formats, they were also
lengthy and detailed, including medication information and
instructions for patient use. Most medication guides were written
by the drug manufacturers (eg, Gilead Sciences and ViiV
Healthcare) and FDA. Five information sheets were provided

by nonprofit and non-US government health organizations.
Information sheets were written at a reading level of 11.2 grade
(SE 0.46).

Examples of each type of document are provided in Figure 2.
Brochures (n=33) included user guides and leaflets containing
commonly asked questions such as “What is PrEP” and “How
to get PrEP.” Brochures were prepared by federal and state
governmental organizations (n=15), non-US governmental
organizations (n=2), nongovernmental organizations (n=10),
and for-profit organizations (n=6). The 3 document types had
significantly different readability levels: the readability of
brochures was easier than both information sheets (adjusted
P<.001) and websites (adjusted P=.003), with an average
readability level at the recommended ninth grade level (SE
0.31).

Figure 2. Examples of document types used to disseminate pre-exposure prophylaxis (PrEP) information on the web: information sheet (top left),
brochure (top right), website (bottom left), and website in a blog format (bottom right). More information about each document, including the source
URL, can be found in Multimedia Appendix 1, rows 12, 272, 114, and 147. For a higher-resolution version of this figure, see Multimedia Appendix 2.
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PrEP Modality
We identified 220 documents relating to oral PrEP only, 14
documents relating to injectable PrEP only, and 14 documents
mentioning both oral and injectable PrEP. The rest of the
documents (n=198, 44%) did not mention a specific PrEP
delivery method (ie, “general PrEP”); these latter documents

were excluded from analyses. On average, the content on
injectable PrEP (12.7 grade level, SE 0.9) was more difficult
to comprehend than the content on oral PrEP (10.2 grade level,
SE 0.2). Information on both forms of PrEP was intermediate
in readability (10.8 grade level, SE 0.6). The comparison
analysis results are shown in Table 2.

Table 2. Pairwise 2 sample t test of the average readability by PrEPa modality.

Adjusted P valueP valuePrEP modality

<.001<.001Injectable PrEPb

.30.30Oral and injectable PrEPb

.09.09Injectable PrEPc

aPrEP: pre-exposure prophylaxis.
bVersus oral PrEP.
cVersus oral and injectable PrEP.

Intended Audience
Most documents (n=426, 95.5%) were categorized as “general
public” because they did not specify their intended audience.
We found 14 documents specifically written for PrEP users and
6 specifically written for providers.

The readability grade level indices of content intended for PrEP
providers (15.6 grade level, SE 1.59) were significantly higher
when compared to the content intended for patients (10.2 grade
level, SE 0.3; adjusted P<.001) and the general public (10.1
grade level, SE 0.1; adjusted P<.001). The reading level of
content written for PrEP users was similar to that of materials
for the general public (adjusted P=.84).

Discussion

Principal Findings
Our study highlights the challenging task of effectively
educating diverse audiences about PrEP. Our results are
consistent with previous work [25], which found that web-based
PrEP information is often difficult to understand. We add to
this previous work by including data disseminated in social
media and stratifying web-based PrEP documents by how the
PrEP document was obtained on the web, information source,
document format and communication method, PrEP modality,
and intended audience. We found PrEP materials from Twitter
were significantly easier to comprehend than those identified
by web searches, despite the fact Twitter was merely posting
URLs of web-based information. It is possible that organizations
selectively identify more comprehendible materials to promote
through Twitter. The readability of web-based PrEP information
from different organizational groups was all higher than
recommended, and there was no significant difference between
them (Table 1). This contrasts with a previous study that focused
on different health conditions [26]. Informational documents
intended for providers had significantly higher reading levels
than those intended for patients or the general public. However,
the materials intended for the patients and the public were still
higher than the recommended ninth-grade reading level.

Brochures were the only type of PrEP materials that achieved
the HHS and NIH target of ninth-grade reading level [13].
Brochures have been used in successful public health campaigns
for facilitating behavior change, knowledge increase, and
self-efficacy for other health conditions [56]. Brochures may
be effective means of PrEP communication for most people
who are not medical providers. However, brochures were not
a common mode of conveying information: there were only 33
brochures in 446 unique documents that we identified.

As PrEP regimens become more complex (eg, injectable PrEP
and 2-1-1 PrEP), educational materials might become more
difficult to comprehend. For example, we identified that a higher
reading level was required to understand materials about
injectable PrEP. Yet, there is great interest in injectable PrEP:
in a National HIV Behavioral survey of 314 people, injectable
PrEP was preferred by 3 times more respondents compared to
oral PrEP [31]. This calls for attention to improving the
readability of materials describing injectable PrEP because
difficulty in understanding injectable PrEP information could
discourage people who would otherwise be interested in the
new PrEP route of administration.

Our findings suggest that there is a need for health
communication strategies and policies that support the
development and dissemination of clear and concise PrEP
information. Our finding suggests that health communication
strategies can be enhanced by using brochures and plain
language, which may include avoiding jargon. Policies can also
be improved to support this effort. For instance, governments
could increase funding for research into PrEP literacy and the
development of PrEP communication guidelines. Additionally,
governments could mandate that health care providers receive
training on how to communicate about PrEP in a clear and
easy-to-understand way for a variety of audiences. Together,
these communication strategies and policies can help individuals
to have access to clear and easy-to-understand information about
PrEP, which can help to increase PrEP uptake and reduce HIV
transmission.
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Limitations
Our findings should be understood in the light of their
limitations. First, individuals accessing PrEP information on
the web may be a select subgroup of those interested in PrEP
and might have higher or lower health literacy than those who
seek information from other sources. However, given that the
internet has become an increasingly popular resource for health
information [32,57] and groups potentially eligible for PrEP
[58] tend to have high internet use [59], it is likely that a
substantial proportion of potential and current PrEP users would
seek PrEP information on the web. Second, current
general-purpose readability indices alone may not be a perfect
measurement of comprehension and reading level [60,61],
especially for assessing documents with nontext content, such
as charts, graphs, and videos. For instance, we noted that all
brochures in our data set contained images. Pictorial and graphic
representations of information have been shown to be more
effective than text-only messages [62]. Similarly, we found that
some websites also contain PrEP-related informational videos;
videos have been shown to be effective in modifying health
behaviors, including promoting HIV testing [63]. In this study,
we focused on textual information as text remains the primary
medium for health communication on the web [64] and relied
on the average scores of 4 readability indices to minimize the
lack of sensitivity or breadth of measurements from using a
single metric. Third, our analysis, although systematic, was not
exhaustive. The web-based PrEP information included in our
study was collected from a variety of sources, yet it is possible
that some important information was missed. We limited our
search to English language materials, and the first page of the
search result imitated users’ web-based behavior [43]. Lastly,
we did not use generic names of PrEP medications, thus
potentially not including PrEP information that only might use
the generic names.

Future Directions
Despite public guidelines for writing health education materials,
readability levels of web-based health materials, even those
written by public health organizations, have either become more
difficult [65] or reflected no improvement [19] with few
exceptions [66]. AMA guidelines suggest addressing health
literacy concerns by avoiding unnecessary details and lengthy
background information [15]. This recommendation is consistent
with our finding that documents in the brochure format, which
were assessed as most readable, were concise, focused more on
patient needs, and provided less background information.
Readability is only one measure of the impact of health
information, for example, measures of health literacy are

evolving to include measures of the extent to which materials
increase decision-making ability [67]. Thus, future research on
health literacy should extend to whether educational materials
are helpful to clients in making informed decisions.

Social media platforms have been widely used for public health
communication and education, but research focused on
measuring the effectiveness of social media as a channel for
public health information is limited (with a few notable
exceptions [68]). A better understanding of social media
platforms’ effectiveness should improve public health
communication and the development of an impactful campaign
for facilitating behavior change, knowledge increase, and
self-efficacy related to public health needs—including PrEP
uptake. Inequitable PrEP uptake persists among racial, ethnic,
and gender minority communities [6,7]. Follow-up studies
should (1) optimize the effectiveness of web-based educational
materials in making informed decisions among health equity
populations and (2) tailor messaging to address the information
needs of specific populations to address inequitable PrEP uptake.

Future studies of the readability of web-based PrEP information
should consider the following points. PrEP use and HIV
prevention are global concerns, and it is important to understand
how people in other languages are accessing and understanding
information about PrEP. Future studies should examine materials
in other languages. To provide a more comprehensive picture
of the range of available web-based PrEP information, future
work can expand the data collection process by expanding the
number of result pages, search keywords, search engines, and
search locations and by applying various filters to narrow and
rank the search results. In addition, future work should consider
exploring other measures of comprehension, especially for
materials that include images, videos, and other nontext
elements. We believe that these measures will strengthen the
findings and provide a more comprehensive picture of how
people are understanding information about PrEP.

Conclusions
The overall reading level of PrEP information found on the web
was above that recommended for most potential users; if
unaddressed, other challenges to supporting PrEP use by those
most likely to benefit might be made more difficult because of
a gap in comprehension of web-based information. The
readability of web-based PrEP information needs to be improved
to comply with health communication recommendations, reduce
the barrier of a health literacy gap, facilitate informed decisions
by those with a need for PrEP, and counter the HIV epidemic.
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The readability scores for each document collected from search engine and Twitter.
[DOCX File , 247 KB - publichealth_v9i1e48630_app1.docx ]

Multimedia Appendix 2
Examples of document types used to disseminate pre-exposure prophylaxis (PrEP) information on the web.
[DOCX File , 1340 KB - publichealth_v9i1e48630_app2.docx ]
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Abstract

Background: Gay, bisexual, and other men who have sex with men (MSM) with a higher perceived risk of HIV are more aware
of and willing to use pre-exposure prophylaxis (PrEP). PrEP is an effective HIV prevention strategy, but there is a lack of data
on how PrEP use might moderate the relationship between sexual risk behavior and perceived risk of HIV. Moreover, most studies
measure perceived risk of HIV via a single question.

Objective: We estimated the moderating effect of PrEP use on the association between sexual risk behavior and perceived risk
of HIV, measured with the 8-item Perceived Risk of HIV Scale (PRHS), among Brazilian MSM.

Methods: A cross-sectional, web-based survey was completed by Brazilian Hornet app users aged ≥18 years between February
and March 2020. We included data from cisgender men who reported sex with men in the previous 6 months. We evaluated the
moderating effect of current PrEP use on the association between sexual risk behavior, measured via the HIV Incidence Risk
Index for MSM (HIRI-MSM), and perceived risk of HIV, measured by the PRHS. Higher HIRI-MSM (range 0-45) and PRHS
(range 10-40) scores indicate greater sexual behavioral risk and perceived risk of HIV, respectively. Both were standardized to
z scores for use in multivariable linear regression models.

Results: Among 4344 cisgender MSM, 448 (10.3%) were currently taking PrEP. Current PrEP users had a higher mean
HIRI-MSM score (mean 21.0, SD 9.4 vs mean 13.2, SD 8.1; P<.001) and a lower mean PRHS score (mean 24.6, SD 5.1 vs mean
25.9, SD 4.9; P<.001) compared to those not currently taking PrEP. In the multivariable model, greater HIRI-MSM scores
significantly predicted increased PRHS scores (β=.26, 95% CI 0.22-0.29; P<.001). PrEP use moderated the association between
HIRI-MSM and PRHS score (interaction term β=–.30, 95% CI –0.39 to –0.21; P<.001), such that higher HIRI-MSM score did
not predict higher PRHS score among current PrEP users.

Conclusions: Our results suggest current PrEP users have confidence in PrEP’s effectiveness as an HIV prevention strategy.
PrEP’s effectiveness, positive psychological impact, and the frequent HIV testing and interaction with health services required
of PrEP users may jointly influence the relationship between sexual risk behavior and perceived risk of HIV among PrEP users.

(JMIR Public Health Surveill 2023;9:e45134)   doi:10.2196/45134
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Introduction

Tenofovir-based oral pre-exposure prophylaxis (PrEP) is highly
effective in preventing HIV infection in gay, bisexual, and other
men who have sex with men (MSM) [1,2]. Higher perceived
risk of HIV has been shown to be associated with awareness
and acceptability of [3,4], interest in [5], and willingness to use
PrEP [6-8] and is influential in decisions to initiate [9-13],
continue or discontinue [14-17], and adhere to PrEP [18]. Taking
PrEP has in turn also been shown to be associated with lower
perceived risk and perceived severity of HIV [19,20] and lower
sexual anxiety [21-23].

While several studies have explored the impact of PrEP use on
sexual risk behaviors, such as condomless anal intercourse (CAI)
[17,22,24,25], few have considered how PrEP use may moderate
the relationship between sexual risk behavior and perceived risk
of HIV. Potential PrEP users in the PrEP Brasil study with a
higher perceived risk of HIV were more likely to say that they
would discontinue condom use if they took PrEP [26]. Another
study found that a higher perceived risk of HIV among PrEP
users correlated with lower condom use but higher PrEP
adherence [18]. A study from Amsterdam found PrEP use was
associated with a lower perceived risk of HIV while sexual risk
behaviors, such as CAI, were associated with a higher perceived
risk, but the influence of PrEP use on the relationship between
sexual risk behavior and perceived risk of HIV was not
considered [19].

Most research on the perceived risk of HIV and PrEP use has
measured perceived risk using a single question
[5,6,18-20,27-30]. However, single question measures may be
inadequate, given that perceived risk of HIV is a complex,
multidimensional concept [20,27,29,31]. To address this, the
8-item Perceived Risk of HIV Scale (PRHS) was developed
and subsequently validated for use in European and Brazilian
Portuguese [32-34]. The PRHS covers multiple dimensions of
the perceived risk of HIV, including cognitive likelihood
assessment (ie, the chance of infection), intuitive assessment
(ie, worry about infection), and salience of risk (ie, having
thought about infection) [32].

Among Latin American countries, Brazil is a middle-income
country of 203 million people and was the first country in the
region to offer free national access to PrEP to eligible
populations under its public health system [35,36]. As of June
2023, there were more than 64,000 PrEP users in the country,
82% of whom were MSM [13,37]. One recent study found that
more than half of PrEP users in Brazil thought they had no risk
of acquiring HIV, but, as with most other studies, a single
question was used to measure perceived risk of HIV and the
association between sexual behavior and perceived risk was not
considered [38]. In this study, we used the PRHS to evaluate
the moderating effect of current PrEP use on the association
between sexual risk behavior and perceived risk of HIV among
Brazilian MSM in the year 2020.

Methods

Study Design and Population
We administered a cross-sectional, web-based survey to a
convenience sample of users of Hornet, a geosocial gay social
network app, between February and March 2020. The survey
was administered via Alchemer [39] and contained 118
questions written in Brazilian Portuguese. Requests for survey
completion were sent twice and responses were collected over
a 35-day period, rather than defining a sample size a priori.
Additional study design details were described previously [40].

The overall study population included Hornet users ≥18 years
old living in Brazil with completed surveys. We excluded those
who incorrectly answered any of the 5 attention questions, which
asked respondents to select a specific answer: “This question
is merely a check. Please select option A from the responses
below” [41]. People living with HIV were excluded.
Additionally, we focused on cisgender men who reported having
sex with other men in the previous 6 months, excluding those
who self-identified with other genders (eg, cisgender woman,
transgender man, transgender woman, or nonbinary).

Variables

Sociodemographics
Age, race, sexual orientation, education level, monthly income,
Brazilian state of residence, and residence in the state’s capital
city metropolitan area were collected. Responses for race
included White, Black, Pardo (mixed race), Indigenous, Asian
(Japanese, Chinese, Korean, among others), or prefer not to
respond. Income was asked in reference to the 2020 monthly
minimum wage (MW) in Brazil (BRL1039, ~US $190), which
was grouped into low-income (no salary, 1-2× MW),
middle-income (2-6× MW), and high-income (>6× MW).

Sexual Health and Behavior
We asked about the timing of the most recent HIV test, which
was categorized as within the last 6 months, more than 6 months
ago, or never tested. Knowledge about HIV was measured via
the HIV/AIDS Knowledge Assessment (HIV-KA) tool, which
is scored 0 to 12, with higher scores indicating greater HIV
knowledge [40,42,43]. Respondents indicated whether they had
a steady partner and, if so, their steady partner’s HIV status.
We also asked about each of the following over the previous 6
months: number of male sex partners, any male sex partners
known to be living with HIV, receptive CAI, sexually
transmitted infection (STI) diagnoses (syphilis, urethral or rectal
gonorrhea, urethral or rectal chlamydia), transactional sex (sex
for money or other good), or chemsex (see Table 2 footnote).

Level of engagement in sexual risk behaviors was estimated
via the HIV Incidence Risk Index for MSM (HIRI-MSM) score,
calculated based on respondent age and the following behaviors
with men in the previous 6 months: number of sex partners,
number of sex partners living with HIV, receptive CAI with

JMIR Public Health Surveill 2023 | vol. 9 | e45134 | p.1113https://publichealth.jmir.org/2023/1/e45134
(page number not for citation purposes)

Blair et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


any HIV-status partner, insertive CAI with a partner living with
HIV, and use of stimulants (cocaine; crack, pasta básica, or oxy;
ecstasy; methamphetamines; gamma hydroxybutyrate or gamma
butyrolactone; poppers; or other inhalants) [44,45]. HIRI-MSM
is scored from 0 to 45, and a score of >10 has been considered
an indication that the respondents may benefit from PrEP.

PrEP Use
We asked respondents if they had ever heard of PrEP
(awareness), and those who responded affirmatively were asked
about PrEP use via the question “Are you taking or have you
taken PrEP?” Options included “No, I have never taken PrEP,”
“Yes, I took PrEP but stopped,” or “Yes, I am currently taking
PrEP.” Respondents who were not aware of PrEP were grouped
with never PrEP users. For this analysis, never and past PrEP
use were grouped together as “no current PrEP use.” To evaluate
the robustness of the results from the regression models, a
sensitivity analysis was performed in which we excluded past
PrEP users from the regression models. Current PrEP users
were asked about adherence based on the number of days they
had taken PrEP over the previous week, categorized as every
day, 4 to 6 days, or 3 or fewer days.

Outcome
Perceived risk of HIV was measured via the PRHS [32,34]. The
PRHS consists of 8 Likert-scale questions covering different
dimensions of perceived risk, as described in the introduction.
Prior work showed the scale to be valid for use among MSM
in Brazil [34]. Total scores range from 10 to 40, with higher
scores indicating greater perceived risk of HIV.

Statistical Analyses
The outcome of this analysis was the PRHS score, and our
primary aim was to assess the effect of the HIRI-MSM score
and current PrEP use as explanatory variables as well as their
potential interaction. All analyses were performed using R
Software for Statistical Computing (version 4.0.3; R Core
Team). Categorical variables were described using proportions
and continuous variables using mean with SD and median with
IQR. Cronbach α was used to assess the internal reliability of
the PRHS and the HIV-KA tool [46]. We present and compare
mean PRHS scores across various demographic, sexual health,
and sexual risk behavior variables using the Student t test (2
variable categories) or ANOVA F test (3 or more categories).
The comparison of PRHS scores across sexual risk behaviors
was stratified according to current versus no current PrEP use.

We used multivariable linear regression models to estimate the
association between HIRI-MSM score and PRHS score and the
moderating effect of current PrEP use on that association. Due
to the small sample size for individual variable categories,
respondents with missing data and those who identified their
race as Asian or Indigenous were excluded from the regression
model. For inclusion in regression models, PRHS, HIRI-MSM,
and HIV-KA scores were standardized to z scores by subtracting
the mean overall score from each participant’s score and
dividing the difference by the overall SD. Multivariable models
were created by first including HIRI-MSM as the explanatory
variable, followed by current PrEP use, and then an interaction
term between the two. Finally, a full multivariable model

included variables for which prior work had shown an
association with perceived risk of HIV, including race,
education, Brazilian state, sexual orientation, HIV knowledge,
steady partner, transactional sex, and timing of last HIV test
[4,19,22,27,30,34,47-52]. Age was not included as a covariate
in the final model since it is accounted for in the HIRI-MSM
score. We verified the fitted model’s assumptions using standard
diagnostic plots and observed no violations. To aid in the
visualization of the moderating effect of PrEP, we present a
graphical representation of the interaction between the
HIRI-MSM score and PrEP use created using the “effects”
package in R [53].

Ethics Approval
This study received approval from the human subjects ethics
committee at Instituto Nacional de Infectologia Evandro Chagas
of Fundação Oswaldo Cruz (#CAAE 01777918.0.0000.5262)
and was exempt from review by the University of California,
Los Angeles institutional review board. All participants provided
electronic informed consent before survey initiation.

Results

A total of 4344 cisgender MSM who reported sex with other
men in the previous 6 months were included (Figure 1). The
overall sample had a mean age of 34.4 (SD 10.2) years (Table
1). Most reported White race (n=2624, 60.4%), identified as
gay or homosexual (n=3643, 83.9%), and had a university or
higher-level education (n=2992, 68.9%). Most respondents lived
in the Southeast region of Brazil, with the Brazilian states of
São Paulo (n=2284, 52.6%) and Rio de Janeiro (n=919, 21.2%)
being the most common. More than two-thirds lived in their
state’s capital metropolitan area (n=2963, 68.2%). The majority
(n=2321, 53.4%) of respondents had tested for HIV within the
previous 6 months, and knowledge about HIV prevention was
high (median HIV-KA score 11, IQR 10-12; α=.61). Nearly all
(n=3996, 92%) were aware of PrEP, and 448 (10.3%) were
currently taking PrEP.

The PRHS had high internal reliability (α=.75). Mean overall
PRHS score was 25.8 (SD 4.9). The mean PRHS score was
higher among gay-identifying MSM compared to other sexual
orientations (26 vs 24.9; P<.001) and among university-educated
respondents compared to those with secondary- or lower-level
education (26 vs 25.4; P<.001). There was no significant
difference in PRHS score across age, race, income, or Brazilian
state. PRHS scores were higher among those who were aware
of PrEP, as compared to those not aware (25.9 vs 24.3; P<.001),
but were lower among MSM currently taking, compared to not
currently taking PrEP (24.6 vs 25.9; P<.001).

Current PrEP users had significantly higher mean HIRI-MSM
scores compared to MSM not currently taking PrEP (21.0 vs
13.2; P<.001) (Table 2). Among MSM not currently taking
PrEP, higher PRHS scores significantly correlated with reporting
a greater number of sex partners (P<.001), a steady partner
living with HIV or with unknown HIV status (P<.001), any sex
partner living with HIV (P<.001), receptive CAI (P<.001), STI
diagnoses (P<.001), chemsex (P<.001), and transactional sex
(P<.001). Conversely, among MSM currently taking PrEP, the
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only sexual risk behavior significantly associated with higher
PRHS score was having a steady partner living with HIV or
with unknown HIV status (P=.03). Among MSM currently
taking PrEP, having taken PrEP every day in the previous week,
as compared to 3 or fewer days, was associated with a lower
mean PRHS score (24.4 vs 27.2; P=.05).

Higher HIRI-MSM scores significantly predicted higher PRHS
scores in bivariate linear regression (model 1: β=.19, 95% CI
0.16-0.22; P<.001), meaning a 0.19 higher standardized PRHS
score per 1 SD increase in standardized HIRI-MSM score (Table
3). The magnitude of the β coefficient for the HIRI-MSM score
increased when PrEP use was included in the model (model 2:
β=.23, 95% CI 0.20-0.26; P<.001), and when the HIRI:PrEP
interaction term was added as an explanatory variable (model
3: β=.27, 95% CI 0.24-0.30; P<.001). In the fully adjusted
model, standardized HIRI-MSM score had a positive association
(β=.26, 95% CI 0.22-0.29; P<.001) and current PrEP use had
a significant negative association (β=–.36, 95% CI –0.48 to
–0.23; P<.001) with standardized PRHS scores. The estimated
β coefficient for the HIRI-MSM:PrEP use interaction term
indicated a significant moderating effect on the association

between HIRI-MSM and PRHS score by current PrEP use
(β=–0.30, 95% CI –0.39 to –0.21; P<.001). Results were
unchanged when past PrEP users were excluded from regression
models (Table S1 in Multimedia Appendix 1). The graphical
representation of HIRI-MSM:PrEP use interaction shows how
among those not using PrEP, higher PRHS scores were
associated with higher HIRI-MSM scores. In contrast, among
those taking PrEP, PRHS scores were unchanged by higher
HIRI-MSM scores (Figure 2).

Among covariates in the full adjusted regression model (Table
3), having a steady partner who was HIV-negative compared
to no steady partner was associated with a lower PRHS score
(β=–.24, 95% CI –0.31 to –0.18; P<.001). Conversely, having
a university or higher-level education compared to secondary-
or lower-level (β=.12, 95% CI 0.06 to 0.19; P<.001), increasing
HIV-KA score (β=.12, 95% CI 0.09 to 0.15; P<.001), identifying
as gay compared to other sexual orientations (β=.11, 95% CI
0.03 to 0.19; P=.007), having a partner living with HIV or with
unknown HIV status (β=.16, 95% CI 0.05 to 0.28; P=.004), and
testing for HIV more than 6 months ago (β=.08, 95% CI 0.01
to 0.15; P=.02) were all associated with higher PRHS scores.

Figure 1. Flow diagram for study inclusion.
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Table 1. Mean Perceived Risk of HIV Scale scores compared across demographic and select sexual health characteristics from a cross-sectional sample
of Brazilian men who have sex with men in 2020.

P valuePRHSa score; mean (SD)Total, N=4344; n (%)Variables

.58Age group (years)

25.6 (4.9)644 (14.8)18-24

25.9 (4.8)955 (22)25-29

25.9 (4.9)1595 (36.7)30-39

25.7 (4.9)1150 (26.5)≥40

N/AN/Ab34.4 (10.2)Mean (SD)

.48Race

25.8 (4.8)2,624 (60.4)White

25.8 (4.9)1112 (25.6)Pardo

26 (5)406 (9.3)Black

25.3 (4.6)70 (1.6)Asian

24.3 (5.9)30 (0.7)Indigenous

26.1 (5.3)102 (2.3)Unanswered

<.001Sexual orientation

26 (4.9)3643 (83.9)Gay or homosexual

24.9 (4.8)701 (16.1)Otherc

<.001Education leveld

26 (4.9)2992 (68.9)University or higher

25.4 (4.9)1276 (29.4)Secondary or less

26.3 (5.2)76 (1.7)Unanswered

.39Income levele

25.9 (4.9)1189 (27.4)High

25.8 (4.8)1977 (45.5)Middle

25.6 (5.1)1178 (27.1)Low

.44Brazilian state

25.8 (4.8)2284 (52.6)São Paulo

26 (5.1)919 (21.2)Rio de Janeiro

25.7 (4.9)1141 (26.3)Other

.70Live in state’s capital metropolitan area

25.8 (4.9)2963 (68.2)Yes

25.7 (4.9)1381 (31.8)No

.06Timing of most recent HIV test

25.7 (4.9)2321 (53.4)Within the last 6 months

26 (4.8)1522 (35)More than 6 months ago

25.4 (4.8)431 (9.9)Never tested

25.9 (6.2)70 (1.6)Unanswered

N/AHIV-KAf score (range 0-12)

N/AN/A10.7 (1.6)Mean (SD)

N/AN/A11 (10-12)Median (IQR)

<.001PrEPg Awareness
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P valuePRHSa score; mean (SD)Total, N=4344; n (%)Variables

25.9 (4.8)3996 (92)Yes

24.3 (5.3)348 (8)No

<.001PrEP use

24.6 (5.1)448 (10.3)Current

25.9 (4.9)3896 (89.7)No current

26.6 (4.9)156 (3.6)Pasth

25.9 (4.9)3740 (86.1)Neverh

aPRHS: Perceived Risk of HIV Scale.
bN/A: not applicable.
c“Other” includes responses of heterosexual, bisexual, pansexual, asexual, and other.
dEducation levels of college and postgraduate were combined into “university or higher”; secondary, primary, or less than primary were combined into
“secondary or less.”
eWe grouped no salary, 1×, and 2× the minimum wage as “low-income,” 2-6× as “middle-income,” and >6× as “high-income.” Monthly minimum
monthly wage in 2020 was BRL1039 (~US $190).
fHIV-KA: HIV/AIDS Knowledge Assessment; high scores indicate higher level of HIV knowledge.
gPrEP: pre-exposure prophylaxis.
hPast and never PrEP use were combined as no current PrEP use for further analyses.
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Table 2. Mean Perceived Risk of HIV Scale scores compared across sexual risk behaviors and stratified by current versus no current pre-exposure
prophylaxis use.

No current PrEP use, n=3896Current PrEPa use, n=448Variable

P valuePRHS score, mean (SD)Respondents, n (%)P valuePRHSb score, mean (SD)Respondents, n (%)

<.001.82HIRI-MSMc score

N/A13.2 (8.1)N/Ad21 (9.4)Mean (SD)

26.8 (4.7)2309 (59.3)24.5 (5.1)387 (86.4)>10

24.7 (4.8)1587 (40.7)24.7 (5.1)61 (13.6)<10

<.001.57Number of sex partnerse

25.1 (4.8)2196 (56.4)25 (4.9)111 (24.8)1-5

26.5 (4.6)818 (21)24.4 (4.9)105 (23.4)6-10

27.2 (4.5)637 (16.4)24.7 (5.4)138 (30.8)11-30

28.3 (5.4)245 (6.3)24 (5)94 (21)30+

<.001.03Steady partnere

26.2 (4.8)2603 (66.8)24.5 (4.9)305 (68.1)No

25 (4.9)1019 (26.2)23.8 (5.3)96 (21.4)Yes, HIV negative

27.4 (4.9)120 (3.1)26 (4.8)33 (7.4)Yes, living with HIV

27 (4.6)154 (4)27.2 (6.8)14 (3.1)Yes, I don’t know their
HIV status

<.001.40Sex partner living with HIVe

27.8 (4.8)346 (8.9)24.8 (5.3)155 (34.6)Yes

25.7 (4.8)3550 (91.1)24.4 (5)293 (65.4)No

<.001.67Receptive CAIe,f

27 (4.7)1558 (40)24.6 (5.1)294 (65.6)Yes

25.2 (4.8)2338 (60)24.4 (5.1)154 (34.4)No

<.001.88STIg diagnosise

27.8 (4.8)452 (11.6)24.5 (5.3)128 (28.6)Yes

25.7 (4.8)3444 (88.4)24.6 (5)320 (71.4)No or unknown

<.001.91Chemsexe,h

27.2 (4.8)837 (21.5)24.5 (5.1)168 (37.5)Yes

25.6 (4.8)3059 (78.5)24.6 (5.1)280 (62.5)No

.001.09Transactional sexi

26.9 (5.7)242 (6.2)23.1 (5)33 (7.4)Yes

25.9 (4.8)3654 (93.8)24.7 (5.1)415 (92.6)No

N/A.05PrEP adherence in past weekj

N/AN/A24.4 (5.1)393 (87.7)Every day

N/AN/A25.4 (4.4)39 (8.7)4 to 6 days

N/AN/A27.2 (6.3)16 (3.6)3 or fewer days

aPrEP: pre-exposure prophylaxis.
bPRHS: Perceived Risk of HIV Scale.
cHIRI-MSM: HIV Incidence Risk Index for Men Who Have Sex With Men. The score is calculated based on respondent age and the following behaviors
in the previous 6 months: number of male partners, number of male partners living with HIV, receptive condomless anal sex with any HIV-status partner,
insertive condomless anal sex with a partner living with HIV, use of stimulants (cocaine; crack, basic paste, or oxy; ecstasy; methamphetamines [crystal
or speed]; gamma hydroxybutyrate or gamma butyrolactone; poppers; or other inhalants). A score of >10 suggests the respondent may benefit from
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pre-exposure prophylaxis.
dN/A: not applicable.
eAsked in reference to the previous 6 months.
fCAI: condomless anal intercourse.
gSTI: sexually transmitted infection. The survey specified syphilis, urethral or rectal gonorrhea, and urethral or rectal chlamydia.
hUse of any of the following substances before or during sex: cocaine; crack, basic paste, or oxy; marijuana, hashish, or skank; ecstasy; methamphetamines
(crystal or speed); gamma hydroxybutyrate or gamma butyrolactone; poppers; other inhalants; mephedrone; hallucinogens (LSD, mushroom tea, others);
or others.
iSex for money or some other good (eg, gifts, housing).
jAnswered only by those currently taking PrEP (n=448).
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Table 3. Linear regression models demonstrating the moderating effect of current PrEP use on the association between standardized PRHS and

HIRI-MSM scores (n=4092).a

Full modelModel 3Model 2Model 1Variable

P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)

.04–.11 (–0.21
to –0.01)

<.001.06 (0.02 to
0.09)

.001.05 (0.02 to
0.08)

0.990 (–0.03 to
0.03)

Intercept

<.001.26 (0.22 to
0.29)

<.001.27 (0.24 to
0.30)

<.001.23 (0.20 to
0.26)

<.001.19 (0.16 to
0.22)

HIRI-MSMb score, standardized

<.001–.36 (–0.48
to –0.23)

<.001–.31 (–0.43
to –0.19)

<.001–.52 (–0.62
to –0.41)

N/AN/AdCurrent PrEPc use

<.001–.30 (–0.39
to –0.21)

<.001–.30 (–0.39
to –0.21)

N/AN/AN/AN/AHIRI:PrEP interaction

Race

.49.04 (–0.07 to
0.14)

N/AN/AN/AN/AN/AN/ABlacke

.61.02 (–0.05 to
0.09)

N/AN/AN/AN/AN/AN/APardoe

Education

<.001.12 (0.06 to
0.19)

N/AN/AN/AN/AN/AN/AUniversity or highere

State

.48.03 (–0.05 to
0.10)

N/AN/AN/AN/AN/AN/ARio de Janeiroe

.73–.01 (–0.08
to 0.06)

N/AN/AN/AN/AN/AN/AOthere

Sexual orientation

.007.11 (0.03 to
0.19)

N/AN/AN/AN/AN/AN/AGaye

<.001.12 (0.09 to
0.15)

N/AN/AN/AN/AN/AN/AHIV-KAf score, standardized

Steady partner

<.001–.24 (–0.31
to –0.18)

N/AN/AN/AN/AN/AN/AHIV-negativee

.004.16 (0.05 to
0.28)

N/AN/AN/AN/AN/AN/ALiving with HIV or HIV-unknowne

.073.11 (–0.01 to
0.23)

N/AN/AN/AN/AN/AN/ATransactional sexe

Last HIV test

.016.08 (0.01 to
0.15)

N/AN/AN/AN/AN/AN/A6 or more months agoe

.24–.06 (–0.17
to 0.04)

N/AN/AN/AN/AN/AN/ANevere

N/A0.103N/A0.066N/A0.057N/A0.034Adjusted R2

aGiven small sample sizes, Asian (n=70), Indigenous (n=30), and respondents with missing data (n=152) were excluded.
bHIRI-MSM: HIV Incidence Risk Index-men who have sex with men.
cPrEP: pre-exposure prophylaxis.
dN/A: not applicable.
eReference categories are as follows: race: White; education: secondary or lower; Brazilian state: São Paulo; sexual orientation: other; steady partner:
no steady partner; transactional sex: no; last HIV test: 6 months or less.
fHIV-KA: HIV/AIDS Knowledge Assessment.
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Figure 2. Graphical representation of the joint effect of sexual risk behavior (measured via HIRI-MSM) and current PrEP use on perceived risk of HIV
(measured via PRHS). The final model was adjusted for race, education, Brazilian state, sexual orientation, HIV knowledge, steady partner, transactional
sex, and timing of last HIV test. HIRI-MSM: HIV Incidence Risk Index for men who have sex with men; PrEP: pre-exposure prophylaxis; PRHS:
Perceived Risk of HIV Scale.

Discussion

Principal Findings
We found that current PrEP use among MSM in Brazil had a
significant moderating effect on the association between sexual
risk behavior and perceived risk of HIV. While there was an
overall positive association between increasing HIRI-MSM and
PRHS scores, the negative moderating effect of PrEP use
resulted in no significant association between HIRI-MSM and
PRHS scores among current PrEP users. Perceived risk of HIV
was significantly positively associated with all sexual risk
behavior variables among MSM not currently taking PrEP, but
not among MSM currently taking PrEP.

One explanation for our findings is that Brazilian MSM who
were taking PrEP were appropriately confident and optimistic
about its effectiveness as an HIV prevention strategy. This
understanding has been referred to as prevention optimism,
which Holt and Murphy [54] define as “the belief that it is easier
to avoid HIV infection or transmission because of PrEP and
that it is more acceptable and safer to engage in condomless sex
because the risk of HIV is reduced.” Prevention optimism could
be a key mediator between sexual risk behavior and perceived
risk of HIV and may be a useful adjunct to interpreting
cross-sectional data [31,54]. While we did not specifically assess
prevention optimism, future research could consider assessing
agreement with statements such as “It is safe for me to have sex
without condoms if I am using PrEP” [54]. There is a concern
that the lower perceived risk of HIV among PrEP users may
indirectly increase the risk of bacterial STIs via increased sexual
risk behaviors, such as number of sexual partners and CAI [55],
though data on the temporal relationship between PrEP use and
changes in sexual behavior and STI acquisition are mixed

[22,56,57]. Nevertheless, the lack of association between sexual
risk behaviors and perceived risk of HIV among PrEP users in
our study highlights the importance of including the prevention
of bacterial STIs as a part of PrEP implementation policy. Other
future considerations include the adoption of prophylaxis options
for bacterial STIs to be taken by PrEP users [58].

Another important factor influencing the relationship between
sexual risk behavior and perceived risk of HIV is the positive
psychological impact of PrEP, which has been shown to be
associated with reduced anxiety and fear related to sexual
intercourse, and relatedly, increased sexual pleasure and
intimacy [21-23,59-61]. PrEP use allows some MSM to engage
in sexual behaviors that were previously the cause of anxiety
and may facilitate connectedness within the MSM community
[21,23]. Moreover, the ability of MSM taking PrEP to forgo
condoms without worry about acquiring HIV can have a
significant positive impact on sexual pleasure and satisfaction.
In our study, we used a validated scale to capture PrEP’s impact
on the multiple dimensions of the perceived risk of HIV, but
future studies could more specifically consider the positive
mental health impact of PrEP use among Brazilian MSM.

The frequent interaction with the health care system required
of those taking PrEP may also influence an individual’s
perceived risk of HIV and offer an opportunity for counseling
interventions focused on reducing risk of bacterial STIs among
PrEP users [4,22,56]. In Brazil, MSM receiving PrEP from the
public health system must have appointments and HIV testing
with their sexual health care provider every 3-6 months [62].
Regular HIV testing may contribute to lower perceived risk,
since we found that those who had last tested for HIV within
the previous 6 months had lower perceived risk of HIV.
Additionally, the counseling provided at these visits could
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influence perceived risk by way of an improved understanding
of how one’s sexual behaviors relate to HIV risk and how PrEP
may mitigate that risk [31]. Jaspal et al [4] proposed that
perceived risk of HIV may mediate the pathway between HIV
knowledge and sexual behavior. We previously found that PrEP
use was associated with greater HIV knowledge among Brazilian
MSM [40], and in this study we found greater HIV knowledge
was associated with greater perceived risk of HIV among our
overall sample. However, we did not explore the association
among current PrEP users specifically, and future studies could
compare the association between HIV knowledge and perceived
risk of HIV stratified by PrEP use.

Like previous work from Brazil [47], we found higher education
and reporting one’s sexual orientation as gay to be associated
with a higher perceived risk of HIV, whereas having a steady
HIV-negative partner, compared to no steady partner, was
associated with a lower perceived risk of HIV. Having tested
for HIV more than 6 months ago, compared to within 6 months,
was associated with a higher perceived risk of HIV among our
sample, but findings from other studies have been mixed. MSM
in the United States who had tested for HIV more than 1 year
ago, compared to within the past year, were found to have lower
perceived risk of HIV [27]. Another multicountry study found
that as the years since the last HIV test increased, the perceived
risk of HIV decreased among MSM in the United Kingdom but
increased among MSM in Thailand [51].

Our use of the PRHS is unique among similar studies. Much of
the prior research on perceived risk of HIV and PrEP use has
measured perceived risk using agreement with a single Likert
scale statement [6,18-20,27] or a single question with categorical
responses of low, medium, and high risk [5,28-30]. The PRHS,
in contrast, offers a more robust measure by assessing multiple
dimensions of the perceived risk of HIV [32].

It is important to acknowledge that PrEP users are not a
monolith, and the distribution of PRHS scores among PrEP
users in our study demonstrated a range from low to high
perceived risk of HIV. While we have demonstrated that PrEP
use, on average, has a moderating effect on the relationship
between sexual risk behavior and perceived risk of HIV, we did
not study how this association may vary based on the type of
PrEP user, and we did not have longitudinal data to assess how
risk perception may change over time. Previous research has
shown that PrEP users may fall into distinct groups depending
on their perceived risk, sexual risk behaviors, and use of other
prevention methods. A longitudinal study from France and
Canada found that participants enrolled in the PrEP trial fell
into distinct risk perception trajectories throughout the study
follow-up, which they described as low-, medium-, and high
perceived risk [18]. Similarly, a discrete choice experiment
conducted among MSM in Singapore found that respondents
fell into 3 different groups based on PrEP and condom
preferences, and their perceived risk of HIV and STIs [63].
MSM PrEP-users from Australia fell into 4 distinct groupings
based on a latent class analysis of risk behaviors and perceived

risk of STIs, with highly variable views toward STI risk among
the 4 groups [64]. Understanding the potential heterogeneity of
PrEP users is critical in the implementation of future PrEP
initiatives in Latin America and when considering interventions
to reduce the risk of bacterial STIs among PrEP users.

Our study has several limitations. The cross-sectional nature of
these data limited our ability to assert temporality between
exposures of interest and perceived risk of HIV. These data
were self-reported and may have been subject to recall or social
desirability bias. We focused on cisgender MSM because of the
small sample size of respondents reporting other gender
identities; additional research is needed to characterize how
PrEP use relates to sexual behavior and perceived risk of HIV
among transgender, nonbinary, and gender-diverse individuals
in Brazil. The majority of MSM in our sample were from either
São Paulo or Rio de Janeiro, which may limit the generalizability
of our findings, since previous research showed that perceived
risk of HIV risk varies by region of Brazil [52]. Our findings
are also specific to MSM who use Hornet and may not be
generalizable to those who use other social networking app or
those who do not have access. Additionally, the 10.3% of our
sample who were taking PrEP at the time of this study may
represent early adopters of PrEP and may not necessarily be
representative of the population of MSM who will use PrEP as
availability expands. The HIRI-MSM tool is a proxy measure
of behavior risk of HIV, and other measures of sexual behavior
may have different associations with perceived risk. Finally,
the HIRI-MSM tool was developed for use in the United States
and has not been specifically validated for use among Brazilian
MSM, but we chose it because we preferred a continuous rather
than dichotomous explanatory variable and because it has
widespread familiarity among the HIV prevention research
community and previous use among Brazilian MSM [52].

Conclusions
PrEP is highly effective at preventing HIV acquisition, and its
use among MSM is associated with lower perceived risk of HIV
compared to those not taking PrEP. We found that while higher
HIRI-MSM scores were predictive of higher PRHS scores
among our overall sample, the association was moderated by
PrEP use, resulting in no significant association between sexual
risk behavior and perceived risk of HIV among current PrEP
users in Brazil. PrEP’s objective efficacy, positive psychological
impact, and the frequent HIV testing and interaction with the
health care system required of PrEP users may jointly influence
the relationship between sexual risk behavior and perceived risk
of HIV, though additional research is needed to measure how
each of these factors influences the moderating effect of PrEP.
Future studies should explore the concept of prevention
optimism and consider the temporal associations between PrEP
use, sexual risk behaviors, and perceived HIV risk. Finally, the
expansion of PrEP access in the Latin American region should
consider how the lower perceived risk of HIV among PrEP users
may necessitate targeted counseling on the risk of bacterial STIs
as well as adjunct STI prevention modalities.
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Abstract

Background: Emerging HIV drug resistance caused by increased usage of antiretroviral drugs (ARV) could jeopardize the
success of standardized HIV management protocols in resource-limited settings.

Objective: We aimed to characterize pretreatment HIV drug resistance (PDR) among HIV-positive individuals and risk factors
in China in 2022.

Methods: This cross-sectional study was conducted using 2-stage systematic sampling according to the World Health
Organization’s surveillance guidelines in 8 provincial-level administrative divisions in 2022. Demographic information and
plasma samples were obtained from study participants. PDR was analyzed using the Stanford HIV drug resistance database, and
the Tamura-Nei 93 model in HIV-TRACE was used to calculate pairwise matches with a genetic distance of 0.01 substitutions
per site. Logistic regression was used to identify and estimate factors associated with PDR.

Results: PDR testing was conducted on 2568 participants in 2022. Of the participants, 34.8% (n=893) were aged 30-49 years,
81.4% (n=2091) were male, and 3.2% (n=81) had prior ARV exposure. The prevalence of PDR to protease and reverse transcriptase
regions, nonnucleoside reverse transcriptase inhibitors, nucleoside reverse transcriptase inhibitors, and protease inhibitors were
7.4% (n=190), 6.3% (n=163), 1.2% (n=32), and 0.2% (n=5), respectively. Yunnan, Jilin, and Zhejiang had much higher PDR
incidence than did Sichuan. The prevalence of nonnucleoside reverse transcriptase inhibitor–related drug resistance was 6.1%
(n=157) for efavirenz and 6.3% (n=163) for nevirapine. Multivariable logistic regression models indicated that participants who
had prior ARV exposure (odds ratio [OR] 7.45, 95% CI 4.50-12.34) and the CRF55_01B HIV subtype (OR 2.61, 95% CI 1.41-4.83)
were significantly associated with PDR. Among 618 (24.2%) sequences (nodes) associated with 253 molecular transmission
clusters (size range 2-13), drug resistance mutation sites included K103, E138, V179, P225, V106, V108, L210, T215, P225,
K238, and A98.

Conclusions: The overall prevalence of PDR in China in 2022 was modest. Targeted genotypic PDR testing and medication
compliance interventions must be urgently expanded to address PDR among newly diagnosed people living with HIV in China.

(JMIR Public Health Surveill 2023;9:e50894)   doi:10.2196/50894
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Introduction

With the implementation of the “Treat all” program in 2016 in
China, all people living with HIV are eligible to be treated, with
their consent, regardless of their CD4 cell count and viral load
level. Early treatment has been shown to effectively prolong
the life span of people living with HIV and prevent secondary
transmission. However, treatment of all individuals diagnosed
with HIV has the potential to increase the prevalence of HIV
drug resistance (DR) [1-4]. Pretreatment HIV drug resistance
(PDR) refers to resistance that is detected among antiretroviral
drug (ARV)–naive people initiating antiretroviral therapy (ART)
or people with prior ARV drug exposure [5]. PDR may
compromise the effectiveness of ART, increase mortality, and
lead to secondary transmission of HIV [6]. Thus, assessing PDR
levels is important for informing national policies on ARV and
for improving ART programs and service delivery.

In China, individual ART plans are determined primarily by
national standards for first- and second-line regimens, and
potential DR is not a major consideration among individuals
preparing to initiate ART. Due partly to resource limitations,
individual HIV genotype resistance testing is not routinely
conducted prior to the initiation of ART in China. This approach
to developing individual ART regimens may be associated with
DR [7]. A national meta-analysis indicated that PDR rapidly
rose from 4.05% in 2011 to 5% in 2017. Specifically, resistance
to nonnucleoside reverse transcriptase inhibitors (NNRTIs)
increased from 2.15% to 3.81% from 2012 to 2017 [8].
However, it is important to note that PDR testing and prevalence
varies widely by geographic region. Other surveys conducted
on PDR in certain provinces of China showed that the
prevalence of PDR was 10.5% in Chongqing, 9.1% in Shenyang,
4.1% in Beijing, 6% in Shenzhen, and 10.8% in Pu’er County
of Yunnan [1,9-12]. The rates of PDR among HIV-positive
individuals in China are comparatively lower than those in other
countries, such as Cameroon (10.4%), Namibia (12.7%), Israel
(12.1%), Mozambique (14.4%), Mexico (14.8%), the United
States (22.5%), and Japan (12.5%) [13-19]. Yet China still lacks
PDR surveillance methods that meet World Health Organization
(WHO) standards. Assessing PDR prevalence with WHO
standardized protocols will facilitate more accurate estimates
of PDR prevalence in China, which will in turn better inform
evidence-based ART policies in China.

Molecular transmission network analysis can be used to identify
the maximum number of clusters and relatively active clusters
based on genetic distance thresholds. Such methods have been
used to evaluate the efficacy of ART on preventing secondary
HIV transmission [20]. Moreover, our understanding of DR has
been greatly enhanced by studies integrating analysis of
transmission characteristics, DR strains, and molecular
transmission networks [10,21].

The WHO has identified DR strategic surveillance of PDR as
a very high priority in countries using efavirenz
(EFV)/nevirapine (NVP) for first-line ART and recommends

implementation or updates every 3 years [22]. Based on WHO
PDR surveillance guidelines, the aim of this novel multicenter
observational study is to investigate the prevalence of PDR and
drug resistance mutations (DRMs) to partial pol regions,
including protease (PR) and reverse transcriptase regions (RT),
in diverse provinces in China.

Methods

Study Design and Study Population
We selected 8 provincial-level administrative divisions (PLADs)
in China as the study area to conduct a large multicenter
observational cross-sectional study. Two-stage systematic
sampling in each PLAD was conducted according to the WHO
PDR surveillance guidelines [23]. Provinces were stratified into
the following 3 categories based on their HIV incidence rates:
high (>2.00 cases per 10,000 individuals; included Sichuan
Province, Chongqing Municipality, and Yunnan Province),
moderate (0.52-1.99 cases per 10,000 individuals; included
Jiangsu Province and Zhejiang Province), and low (<0.52 cases
per 10,000 individuals; included Jilin Province, Hebei Province,
and Hubei Province).

Guided by WHO PDR surveillance guidelines, we calculated
the minimum necessary sample size by assuming the prevalence
of PDR was 10% and the CI range was ±5%. We sampled 11-20
clinics in each PLAD according to the number of HIV-positive
individuals starting or restarting ART in the past 12 months.
The minimum sample size in each PLAD was 158-179 samples.
To ensure a minimum necessary sample size, we assumed that
40% of collected specimens would be lost to factors such as
laboratory failure and a design effect. Expected and actual
sample sizes for each province are shown in Multimedia
Appendix 1. Recruitment and specimen collection of
HIV-positive individuals occurred in 2022 as individuals
initiated ART.

The study eligibility criteria for individuals included the
following: (1) tested HIV-positive, (2) ≥18 years old, (3) started
or restarted first-line ART between January and June 2022
(includes women exposed to ARV drugs for preventing
mother-to-child transmission of HIV, people who have received
pre-exposure prophylaxis, and individuals reinitiating first-line
ART), and (4) provided informed consent.

Data Collection
Each study participant was assigned a confidential and unique
patient identifier used for linking basic epidemiological
information and specimens. Basic sociodemographic data were
collected, including age, sex, ethnicity, education level, marital
status, occupation, route of infection, prior ARV exposure, time
elapsed since HIV diagnosis, and PLADs. Clinical information
included patients’CD4 cell count before ART and HIV subtype.

Laboratory Tests
Viral RNA was extracted from 200 µL plasma samples using
the QIAamp viral RNA mini kit (Qiagen, Hilton, Germany)
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according to the operational instructions. Extracted RNA was
used for first-round polymerase chain reaction, and the products
were used for second-round polymerase chain reaction
amplification; both rounds were performed in 25 µL volume
reactions to amplify the HIV pol gene region (HXB2: 2253-3553
nt). This covered the PR region (4-99 amino acids) and the
partial RT region (1-251 amino acids) [24]. The amplified
products were sequenced by Sanger sequencing.

Subtype and Drug Resistance Analysis
Sequencher (version 4.10.1, Gene Codes Corp) software was
used to recombine and edit the original sequence fragments and
nucleosides. BioEdit (version 7.0.9, Informer Technologies)
software was used to realign the HXB2 reference sequence. The
sequences were realigned, and some common reference
sequences (including A to K) were used to identify the subtype
by constructing neighbor joining phylogenetic trees in MEGA
(version 7.0.26, MEGA Software). Subtypes with a bootstrap
value higher than 70% were determined using HXB2 as the
reference sequence. Sequences were realigned using the HIV
database website [25]. Realigned sequences were uploaded to
the Stanford Drug Resistance Database [26] to identify the
degree of resistance of the 12 listed drugs that the WHO
recommends for monitoring, namely, EFV, NVP, abacavir,
zidovudine, lamivudine, tenofovir, emtricitabine, stavudine,
didanosine, lopinavir/r, atazanavir/r, and darunavir/r.
Corresponding DR mutant genes with levels of 1, 2, 3, 4, and
5 were classified as sensitive, potential resistance, low
resistance, moderate resistance, and high resistance, respectively.
Only mutations characterized as low, moderate, or high
resistance were considered resistant. All possible sample mutual
contamination, laboratory contamination, and other sequence
quality controls were monitored by constructing neighbor joining
phylogenetic trees and using the WHO HIVDR QC tool [27].

Construction of the Molecular Network
Realigned sequences were conducted to calculate pairwise
genetic distances though the Tamura-Nei 93 model in the
transmission cluster engine, HIV-TRACE [28]. Sequences no
longer than 1000 bp or containing ≥5% ambiguities were
excluded. A threshold genetic distance of 0.01 substitutions per
site was used to observe transmission events that may occur
within 5-6 years [29]. Each individual in the molecular network
was represented by a node, and each node in the molecular
transmission network represented HIV-positive individuals who
were matched with epidemiological information. We then linked
nodes to each other if their pairwise genetic distance was up to

0.01 substitutions per site. Web pages were used to visualize
molecular networks, which were based on technical guides for
HIV transmission network monitoring and intervention [30].
The results and subsequent molecular network diagram are
accessible on the web [31]. Our previous studies used other
software, such as HYPHY to calculate the pairwise gene
distance and Cytoscape for visualization [20,32,33]. Clusters
were defined as containing 2 or more nodes with HIV-positive
individuals in the same cluster having potential for transmission.

Statistical Analysis
All quantitative data analyses were performed using the
Statistical Analysis System version 9.4 (SAS Institute).
Two-sided P values <.05 were considered statistically
significant. All variables were assessed using univariate binary
logistic regression. Variables significantly associated (P<.05)
with the outcome were entered into a stepwise regression model
to remove collinear variables. The remaining variables were
entered into a multivariate binary logistic regression model to
identify correlates of PDR. The P value of the final multivariate
logistic regression model was <.05.

Ethical Considerations
This study was approved by the ethics committee of the National
Center for AIDS/STD Control and Prevention, China Centers
for Disease Control and Prevention (approval number
X140617334).

Results

Characteristics of the Study Participants
A total of 2869 HIV-positive individuals were initially recruited
into the study. After removal of 16 HIV-positive individuals
who were younger than 18 years and 9 individuals who had not
started ART, the penultimate sample size was 2844. PDR test
results were available for 90.3% (n=2568) of participants in
RT/PR regions, thus yielding a final sample size of 2568. Of
the 2568 study participants with valid PDR results, 34.8%
(n=893) were aged 30-49 years, 81.4% (n=2091) were male,
86.8% (n=2229) were of Han ethnicity, 30.5% (n=783) had a
junior high school education, 37% (n=950) were single, 36%
(n=924) were farmers, and 57.6% (n=1480) and 37% (n=951)
were infected through heterosexual and homosexual intercourse,
respectively. In addition, 3.2% (n=81) of participants had prior
ARV drug exposure, 84.5% (n=2170) were diagnosed in 2022,

and 37.5% (n=962) had CD4 cell counts of 0-199 cells/mm3

prior to ART initiation (Table 1).
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Table 1. Characteristics of HIV-positive individuals in 2022 in China.

Participants (n=2568), n (%)Characteristic

Age (years)

606 (23.6)18-29

893 (34.8)30-49

894 (34.8)50-69

175 (6.8)≥70

Sex

2091 (81.4)Male

477 (18.6)Female

Ethnicity

2229 (86.8)Han

339 (13.2)Other

Education

797 (31)Primary and below

783 (30.5)Junior high school

360 (14)Senior high school

607 (23.6)College

21 (0.9)Missing

Marital status

950 (37)Single

1144 (44.6)Married or cohabiting

457 (17.8)Divorced or widowed

17 (0.6)Missing

Occupation

924 (36)Farmer

1644 (64)Other

Route of infection

1480 (57.6)Heterosexual intercourse

951 (37)Homosexual intercourse

21 (0.8)Intravenous drug use

116 (4.5)Other

Prior ARVa exposure

81 (3.2)Yes

2487 (96.8)No

CD4 cell count before ARTb (cell/mm3)

962 (37.5)0-199

1554 (60.5)≥200

52 (2)Missing

aARV: antiretroviral drugs.
bART: antiretroviral therapy.
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PDR and Mutations
Among the 2568 included study participants, PDR was detected
in 7.4% (n=190). Table 2 shows the prevalence of overall PDR
in Hebei (13/175; 7.4%), Jilin (19/206; 9.2%), Jiangsu (24/335;
7.2%), Zhejiang (34/385; 8.8%), Hubei (20/362; 5.5%),
Chongqing (20/378; 5.3%), Sichuan (17/350; 4.9%) and Yunnan
(43/377; 11.4%) in 2022. The prevalence of PDR in Yunnan
(P=.002), Jilin (P=.047), and Zhejiang (P=.04) was much higher
than that in Sichuan. Additionally, the prevalence of PDR in
Yunnan was significantly higher than those in Chongqing
(P=.002) and Hubei (P=.004).

Of the 2568 cases studied, the prevalence of PDR to NNRTIs,
nucleoside reverse transcriptase inhibitors (NRTIs), and protease
inhibitors (PIs) were 6.3% (n=163), 1.2% (n=32), and 0.2%

(n=5), respectively. NNRTI-related DR to EFV and NVP was
6.1% (n=157) and 6.3% (n=163), respectively. There were 14
NNRTI-related resistance mutations; the most common
mutations were K103N/S (n=81, 3.2%), followed by
V179D/E/IL (n=39, 1.5%), and E138A/G/K (n=31, 1.2%).
Among NRTI-related DR, the most frequent PDR drug was
abacavir (n=19, 0.7%), followed by stavudine (n=17, 0.7%),
emtricitabine (n=15, 0.6%), lamivudine (n=15, 0.6%),
didanosine (n=13, 0.5%), zidovudine (n=10, 0.4%), and
tenofovir (n=8, 0.3%). We detected 10 NRTI-related resistance
mutations, of which M184V/I (n=13, 0.5%) was the most
common. Even in the PR region, 0.2% (n=5) PI-related PDR
to atazanavir/r and lopinavir/r was detected, including the
PI-related DRMs L90M/IM (n=3, 0.1%), N88T/D (n=1, 0.1%),
and V82IM (n=1, 0.1%) (Table 3).

Table 2. Prevalence of pretreatment HIV drug resistance by provincial-level administrative divisions in 2022 in China.

Participants (n=2568), nPrevalence, n (%)Province

PIsd (n=5)NRTIsc (n=32)NNRTIsb (n=163)PR/RTa (n=190)

1750 (0)4 (2.3)9 (5.1)13 (7.4)Hebei

2060 (0)4 (1.9)17 (8.2)19 (9.2)Jilin

3351 (0.2)1 (0.2)22 (6.5)24 (7.2)Jiangsu

3850 (0)7 (1.8)27 (7)34 (8.8)Zhejiang

3620 (0)1 (0.2)19 (5.2)20 (5.5)Hubei

3781 (0.2)7 (1.8)14 (3.7)20 (5.3)Chongqing

3501 (0.2)0 (0)16 (4.5)17 (4.9)Sichuan

3772 (0.5)8 (2.1)39 (10.3)43 (11.4)Yunnan

25685 (0.2)32 (1.2)163 (6.3)190 (7.4)All provinces

aPR/RT: protease and reverse transcriptase.
bNNRTIs: nonnucleoside reverse transcriptase inhibitors.
cNRTIs: nucleoside reverse transcriptase inhibitors.
dPIs: protease inhibitors.
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Table 3. Pretreatment HIV drug resistance and mutations among HIV-positive individuals in 2022 in China.

HIV drug resistance mutations and combination of mutations, n (%)% (95% CI)Prevalence, nAntiretroviral drug

7.4 (6.4-8.4)190PR/RTa region (NNRTIsb, NRTIsc, PIsd)

6.3 (5.4-7.3)163NNRTIs

K103N/S: 81 (3.2)6.1 (5.2-7)157Efavirenz

V179D/E/IL: 39 (1.5)6.3 (5.4-7.3)163Nevirapine

• V179D+E138A:14 (0.5)
• V179E+E138G: 11 (0.1)
• V179D+V106I: 2 (0.1)
• V179E+K238N: 2 (0.1)
• V179D+G190E: 1 (0.1)
• V179D+Y181C+G190A+H221Y: 1 (0.1)
• V179D+Y188F+K238T: 1 (0.1)
• V179E+A98G: 1 (0.1)
• V179E+K103N+E138A: 1 (0.1)
• V179E+K103N+E138G: 1 (0.1)
• V179E+K103N+V106M: 1 (0.1)
• V179E+V108I: 1 (0.1)
• V179E+H221Y: 1 (0.1)
• V179IL+Y188L: 1 (0.1)

E138A/G/K: 31 (1.2)

V106A/M/I: 15 (0.6)

• V106I+K103N: 5 (0.2)
• V106I+V179D: 2 (0.1)
• V106I+Y188L: 1 (0.1)
• V106I+G190A: 1 (0.1)

G190C/A/E/S: 13 (0.5)

K101E/P: 9 (0.4)

Y181C: 9 (0.4)

A98G: 8 (0.5)

P225H: 8 (0.3)

Y188F/L/C: 6 (0.2)

V108I: 5 (0.2)

H221Y: 5 (0.2)

K238T: 3 (0.1)

• K238N+V179E: 2 (0.1)

L100I/V: 2 (0.1)

1.2 (0.8-1.7)32NRTIs

M184V/I: 13 (0.5)0.7 (0.4-1.1)19Abacavir

T215A/S/I: 5 (0.2)0.6 (0.3-0.9)15Emtricitabine

T69D/DN/ADN/del: 5 (0.2)0.6 (0.3-0.9)15Lamivudine

D67N: 5 (0.2)0.5 (0.2-0.8)13Didanosine

K70E/T/R: 5 (0.2)0.7 (0.3-1)17Stavudine

K65R: 3 (0.1)0.3 (0.1-0.5)8Tenofovir

L210W/MRW: 2 (0.1)

L74I: 2 (0.1)

K219Q: 1 (0.1)

Y115F: 1 (0.1)

0.4 (0.1-0.6)10Zidovudine

0.2 (0-0.3)5PIs

L90M/IM: 3 (0.1)0.1 (0-0.3)4Atazanavir/r

N88T: 1 (0.1)0Darunavir/r

V82IM: 1 (0.1)0.1 (0-0.3)4Lopinavir/r
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HIV drug resistance mutations and combination of mutations, n (%)% (95% CI)Prevalence, nAntiretroviral drug

0.4 (0.1-0.6)10Mutual drug resistance to NNRTIs and NR-
TIs

aPR/RT: protease and reverse transcriptase.
bNNRTIs: nonnucleoside reverse transcriptase inhibitors.
cNRTIs: nucleoside reverse transcriptase inhibitors.
dPIs: protease inhibitors.

Factors Associated With PDR
Table 4 lists the factors associated with PDR in PR/RT regions.
Compared with participants without prior ARV drug exposure,
those who had prior ARV drug exposure had 7.45 times greater

odds of PDR (odds ratio [OR] 7.45, 95% CI 4.50-12.34).
Compared to participants with the CRF07_BC subtype, those
with the CRF55_01B subtype had 2.61 times greater odds of
PDR (OR 2.61, 95% CI 1.41-4.83).
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Table 4. Factors associated with pretreatment HIV drug resistance (PDR) among HIV-positive individuals in 2022 in China.

P valueAdjusted odds ratio
(95% CI)

P valueOdds ratio (95% CI)PDR (n=190),
n (%)

Number
(n=2568)

Variable

Age (years)

——bN/Aa1.0049 (8.1)60618-29

——.740.74 (0.64-1.37)68 (7.6)89330-49

——.320.82 (0.55-1.21)60 (6.7)89450-69

——.780.91 (0.48-1.72)13 (7.4)175≥70

Sex

——N/A1.00149 (7.1)2091Male

——.271.23 (0.85-1.76)41 (8.6)477Female

Ethnicity

——N/A1.00158 (7.1)2229Han

——.121.37 (0.92-2.04)32 (9.4)339Other

Education

——N/A1.0063 (7.9)797Primary and below

——.640.92 (0.631.33)57 (7.3)783Junior high school

——.210.72 (0.43-1.20)21 (5.8)360Senior high school

——.911.02 (0.69-1.51)49 (8.1)607College

————0 (0)21Missing

Marital statusc

——N/A1.0084 (8.8)950Single

——.030.69 (0.50-0.96)72 (6.3)1144Married or cohabiting

——.380.83 (0.55-1.26)34 (7.4)457Divorced or widowed

——.98—0 (0)17Missing

Occupation

——N/A1.0058 (6.3)924Farmer

——.100.27 (0.16-2.64)132 (8)1644Other

Route of infectionc

——N/A1.00102 (6.9)1480Heterosexual intercourse

——.531.11 (0.81-1.51)72 (7.6)951Homosexual intercourse

——<.0015.41 (2.05-14.23)6 (28.6)21Intravenous drug use

——.481.28 (0.65-2.51)10 (8.6)116Other

Prior ARVd exposurec,e

N/A1.00N/A1.00163 (6.6)2487No

.0017.45 (4.50-12.34)<.0017.13 (4.37-11.62)27 (33.3)81Yes

CD4 cell count before ART (cell/mm3)

——N/A1.0065 (6.8)9620-199

——.311.18 (0.86-1.61)122 (7.9)1554≥200

——.780.85 (0.26-2.79)3 (5.8)52Missing

HIV subtypec,e

N/A—N/A1.0069 (6.1)1137CRF07_BC

.731.09 (0.68-1.73).141.39 (0.89-2.16)31 (8.2)376CRF08_BC
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P valueAdjusted odds ratio
(95% CI)

P valueOdds ratio (95% CI)PDR (n=190),
n (%)

Number
(n=2568)

Variable

.191.27 (0.89-1.83).181.28 (0.89-1.83)60 (7.6)786CRF01_AE

.0022.61 (1.41-4.83).0062.38 (1.29-4.39)14 (13.3)105CRF55_01B

.241.61 (0.73-3.57).141.79 (0.83-3.88)8 (10.4)77B

.371.43 (0.65-3.14).251.57 (0.73-3.38)8 (9.2)87Other

Provincial-level administrative divisionsc

——N/A1.0017 (4.9)350Sichuan

——.241.57 (0.75-3.32)13 (7.4)175Hebei

——.0471.99 (1.01-3.92)19 (9.2)206Jilin

——.211.51 (0.80-2.87)24 (7.2)335Jiangsu

——.041.90 (1.04-3.46)34 (8.8)385Zhejiang

——.691.15 (0.59-2.23)20 (5.5)362Hubei

——.791.09 (0.56-2.13)20 (5.3)378Chongqing

——.0022.52 (1.41-4.51)43 (11.4)377Yunnan

aN/A: not applicable.
bNot available.
cVariables screened by stepwise regression.
dARV: antiretroviral drugs.
eVariables selected into multivariable logistic regression models (without prior ARV exposure serving as the reference group and with HIV subtype
represented as 5 dummy variables with CRF07_BC serving as the reference group).

Molecular Transmission Network
Of the 2568 sequences in the PR/RT regions, 13 sequences were
removed because the sequences in the PR/RT regions were
shorter than 1000 bp or the number of mixed bases was >5%.
Hence, a total of 2555 sequences in the PR/RT regions were
used to construct a molecular transmission network. Under the
optimal genetic distance threshold of 0.01 substitutions per site,
618 (24.2%) sequences (nodes) were linked to a total of 253

clusters (size range 2-13). We identified 38 sequences with PDR
strains among 19 clusters. Most PDR strains linked to clusters
had resistance to NNRTIs (36 of 38 sequences); DRM sites
included K103, E138, V179, P225, V106, V108, L210, T215,
P225, K238, and A98. Individual PDR status was not
statistically significantly associated with belonging to a cluster.
Cluster 01 with PDR consisted of 6 nodes in Jiangsu. Cluster
02 included HIV-positive individuals from 5 nodes in the same
clinic sites in Zhejiang and 1 node in Hubei (Figure 1).
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Figure 1. Molecular transmission network among HIV-positive individuals in 2022 in China.

Discussion

In 2022, a cross-sectional survey was conducted to examine the
prevalence of PDR among HIV-positive individuals in 8 PLADs
in China. The results showed that the overall prevalence of PDR
was 7.4%. According to the WHO’s qualitative classification
of PDR prevalence levels, a prevalence below 5% is considered
low, a prevalence between 5% and 15% is moderate, and a
prevalence ≥15% is high [5]. Therefore, the overall prevalence
of PDR in 2022 in China and those of 7 PLADs (all but Sichuan)
were considered moderate. The prevalence of PDR in 13 PLADs
and 31 PLADs in China was 6.8% and 4.4% in 2017 and 2018,
respectively [34,35]. Monitoring and surveillance are needed
to assess the extent to which resistant strains have spread, and
new technologies and strategies should be applied to effectively
curb the spread of PDR.

Our study revealed that the PDR rate of NNRTIs was 6.3%.
However, the PDR NNRTI prevalence was 10.3% for Yunnan.
We observed higher PDR rates in Zhejiang and Yunnan in 2022
compared to surveys conducted in 2018 (3.7% in Zhejiang and
3.8% in Yunnan) and this increase in PDR prevalence was
driven mainly by NNRTI resistance. According to WHO ART
guidelines developed in 2016, it is recommended to consider
implementing supplementary first-line antiviral treatment plans
when the prevalence of PDR is equal to or greater than 10% for
NNRTIs in HIV-positive individuals who are starting first-line
ART [36]. Further research is needed to identify the underlying
reasons for the high NNRTI PDR rates in Yunnan. From 2014
to 2020, 21 of 30 countries that reported investigations to the
WHO had an NVP or EFV PDR rate that exceeded 10% among
HIV-positive individuals starting first-line ART [37]. In our
study, we found that the prevalence of EFV and NVP DR was
6.1% and 6.3%, respectively. The main DRM sites identified
were K103, E138, V179, and V106. These results are consistent

with earlier surveys conducted in China in 2015 and 2018
[32,34]. Studies from Zimbabwe, Kenya, and Argentina have
identified K103 as the most common DRM site for NNRTIs
used as first-line antiviral drugs [38-40]. National HIV treatment
strategies and regimens should be reconsidered given the high
prevalence of NNRTI DR. In 2023, the National Free HIV
Antiviral Treatment Drug Treatment Manual was released in
China, and rilpivirine was added as the first-line treatment
regimen [41]. The RPV resistance rate in our study was 5.3%
(137/2568). The PDR after rilpivirine is applied to first-line
treatment alternatives should be continuously monitored.

Our 2022 study indicated that PDR rates have increased in China
over the past 7 years for NRTI DR (from 1.1% in 2015 and
0.8% in 2018 to 1.2% in 2022) and PI DR (from 0.02% in 2015
and 0.07% in 2018 to 0.2% in 2022) [34]. Nonetheless, PDR
rates for NRTIs and PIs in China generally appear to be lower
than the WHO’s estimated regional PDR rates in Africa (NRTI
PDR: 6.1%; PI PDR: 0.3%), the Americas (NRTI PDR: 6.4%;
PI PDR: 0.8%), Southeast Asia (NRTI PDR: 3.1%; PI PDR:
0.4%), and the Western Pacific (NRTI PDR: 4%; PI PDR: 0%)
[37].

Results of the multivariable analysis indicated that individuals
who had prior ARV drug exposure had 7.45 times greater odds
of PDR compared to those without prior ARV drug exposure.
Such findings are consistent with research from Mexico, African
countries, and Northeast China [42-44]. There was an increasing
trend of the proportion of CRF55_01B samples, rising from
2.3% in 2015 to 3.9% in 2018 and 4.1% in 2022 in China [34].
Additionally, participants with the CRF55_01B subtype had
2.61 times greater odds of PDR (OR 2.61, 95% CI 1.41-4.83)
compared to participants whose subtype was CRF07_BC. This
may be due to association with V179 as a characteristic DR site
of CRF55_01B, and V179 being frequently associated with
E138G and causing low resistance to EFV and NVP [45].
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Controlling the spread of CRF55_01B may be helpful for
mitigating the proliferation of drug resistance. Furthermore, it
is imperative to enhance the quality and effectiveness of
intervention services for HIV-positive individuals.

In this study, we did not detect any statistically significant
associations between having a PDR strain and belonging to
clusters. Such results are similar with findings from Shijiazhuang
city, Hebei Province and Liangshan region, Sichuan Province
[46,47]. One possible explanation for these findings is that the
transmission potential of DR strains is weaker than that of
nonresistant wild strains [47,48]. The predominant subtype
among the sequences in the molecular transmission network
was CRF07_BC (representing 46.6% of strains), which is
consistent with findings from a 2018 national molecular
transmission network survey in China [32]. Clustered
transmission of K103N DRMs in our study was observed in the
molecular transmission network and is similar to findings from
molecular transmission network studies in coastal Kenya [49].
It is worth noting that 6 DR strains in cluster 01 were from
HIV-positive individuals at identical sites in Jiangsu Province.
Epidemiological data indicated that all 6 were adult men aged
younger than 30 years, of whom 5 reported homosexual
transmission and 1 reported heterosexual transmission. Cluster

02 contained 6 samples with DR strains from HIV-positive
individuals in the same clinic sites in Zhejiang Province, of
whom 5 reported heterosexual transmission and 1 reported
homosexual transmission, suggesting a possible clustered
transmission of DR strains in that area.

Our study has several limitations. Due to sampling limitations,
clinic sites were established in different counties and districts,
and only 20-80 patients were enrolled in each site during a
certain period of time. This may have resulted in smaller
observable clusters (containing 2-13 nodes) in the molecular
network and a lower network access rate. In addition, when
detecting drug-resistant strains using genotyping, Sanger
sequencing may not be able to detect up to 20% of less prevalent
PDR strains [24]. This may have resulted in an underestimation
of the PDR rate in HIV-positive individuals.

The findings from our 2022 PDR survey in China indicate a
need to review and reconsider the standard ART protocol in
some PLADs. Additional resources and strategies are needed
in regions within China experiencing a higher prevalence of
PDR. Possible interventions include extending pilot genotypic
PDR testing to rapidly adjust medication regimens for
HIV-positive individuals identified with PDR and targeted
measures to improve medication compliance and prevention.
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Abstract

Background: Risky sexual behavior (RSB), the most direct risk factor for sexually transmitted infections (STIs), is common
among college students. Thus, identifying relevant risk factors and predicting RSB are important to intervene and prevent RSB
among college students.

Objective: We aim to establish a predictive model for RSB among college students to facilitate timely intervention and the
prevention of RSB to help limit STI contraction.

Methods: We included a total of 8794 heterosexual Chinese students who self-reported engaging in sexual intercourse from
November 2019 to February 2020. We identified RSB among those students and attributed it to 4 dimensions: whether contraception
was used, whether the contraceptive method was safe, whether students engaged in casual sex or sex with multiple partners, and
integrated RSB (which combined the first 3 dimensions). Overall, 126 predictors were included in this study, including demographic
characteristics, daily habits, physical and mental health, relationship status, sexual knowledge, sexual education, sexual attitude,
and previous sexual experience. For each type of RSB, we compared 8 machine learning (ML) models: multiple logistic regression
(MLR), naive Bayes (BYS), linear discriminant analysis (LDA), random forest (RF), gradient boosting machine (GBM), extreme
gradient boosting (XGBoost), deep learning (DL), and the ensemble model. The optimal model for both RSB prediction and risk
factor identification was selected based on a set of validation indicators. An MLR model was applied to investigate the association
between RSB and identified risk factors through ML methods.

Results: In total, 5328 (60.59%) students were found to have previously engaged in RSB. Among them, 3682 (41.87%) did not
use contraception every time they had sexual intercourse, 3602 (40.96%) had previously used an ineffective or unsafe contraceptive
method, and 1157 (13.16%) had engaged in casual sex or sex with multiple partners. XGBoost achieved the optimal predictive
performance on all 4 types of RSB, with the area under the receiver operator characteristic curve (AUROC) reaching 0.78, 0.72,
0.94, and 0.80 for contraceptive use, safe contraceptive method use, engagement in casual sex or with multiple partners, and
integrated RSB, respectively. By ensuring the stability of various validation indicators, the 12 most predictive variables were
then selected using XGBoost, including the participants’ relationship status, sexual knowledge, sexual attitude, and previous
sexual experience. Through MLR, RSB was found to be significantly associated with less sexual knowledge, more liberal sexual
attitudes, single relationship status, and increased sexual experience.

Conclusions: RSB is prevalent among college students. The XGBoost model is an effective approach to predict RSB and identify
corresponding risk factors. This study presented an opportunity to promote sexual and reproductive health through ML models,
which can help targeted interventions aimed at different subgroups and the precise surveillance and prevention of RSB among
college students through risk probability prediction.

(JMIR Public Health Surveill 2023;9:e41162)   doi:10.2196/41162
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Introduction

Risky sexual behavior (RSB) is defined as sexual activities that
are more likely to lead to the risk of sexually transmitted
infections (STIs) and unwanted pregnancies [1], including sex
without contraceptive use and sex with an ineffective or unsafe
contraceptive method. It is a serious issue among college
students worldwide, especially in low- and middle-income
countries [2,3]. Among 5 types of contraceptive methods under
the classification criterion from the World Health Organization
(WHO) [4], condoms and hormonal contraceptive methods are
regarded as safe and highly effective for adolescents [5]. Studies
have shown that consistent condom use is low among college
students [6]. In previous research, it was estimated that
approximately 40% of students did not use a condom during
their last sexual encounter [7]. Casual sex and sex with multiple
partners have also been regarded as RSBs [8-10]. Nearly half
of the college students had casual sex experience [11,12], and
approximately 50.7% of students were sexually active, with
42.3% of students having multiple sexual partners [13]. Thus,
to help reduce the influence of RSB, it is important to intervene
and prevent it among college students by identifying relevant
risk factors and making RSB predictions.

A number of association studies have focused on the risk factors
for RSB. A systematic review of 30 papers summarized 11
aspects of risk factors of RSB including sociodemographics,
gender roles, substance use, and partner characteristics [14]. It
was widely validated that being male [15,16], drinking alcohol
[17], experiencing poverty, and experiencing peer pressure [18]
are significant risk factors for RSB [19,20]. Mental health has
also been linked to RSB, with higher depression resulting in
more RSB and STIs [20,21]. In addition, numerous public health
and sociological studies have found that romantic relationship
status [22,23], sexual knowledge [1], and sexual attitude have
a significant influence on RSB [24,25]. However, few studies
have fully used these identified factors to make RSB predictions.

Previous predictive studies on RSB have mostly been based on
conventional regression models, which have high limitations
of assumption and less ideal effects on RSB prediction. To fill
such gaps, machine learning (ML) offers a possible alternative
for factor identification and outcome prediction. In the past few
years, a large number of studies have emerged using ML to
predict the occurrence of STIs, which have achieved ideal
performance [24,25]. However, RSB, as the main transmission
route for STIs, has gained little attention from ML for prediction.

The objective of this study was to develop an ML-based model
to precisely predict RSB in college students. Through a
cross-province survey in China, this study aimed to develop a
series of ML models to predict different types of RSB among
Chinese college students. By comparison, we adopted the
optimal model to identify key risk factors to help recognize and
predict college students’ engagement in RSB, thus facilitating
more precise intervention and prevention.

Methods

Participants and Research Procedures
We conducted a large-scale and internet-based survey, the
National College Student Survey on Sexual and Reproductive
Health in 2020 (NCSS-SRH 2020), sponsored by the China
Family Planning Association (CFPA). Through multistage
sampling from November 2019 to February 2020, a total of
55,757 Chinese college students from 241 universities completed
the questionnaire survey. Voluntary participants were recruited
using snowball sampling, and informed consent was obtained
from each participant before completing the survey.

Among all participants, 1177 (2.11%) were excluded for either
failing the attention check questions, ignoring the informed
consent, or being outside the age range for college students
(15-24 years old according to a standard definition of late
adolescence and young adulthood by WHO) [26,27]. Samples
with duplicated answers and variables with missing values over
5% were deleted. For the remaining variables, missing values
were imputed with the use of multiple imputation. Due to the
constraint of sexual orientation and past sexual experience, 8794
(15.78%) self-identified heterosexual students with sexual
intercourse experience were finally included in the analyses.

RSB Outcomes
We classified RSB from 4 perspectives: (1) whether
contraception was used, (2) whether the contraceptive method
was effective and safe, (3) whether participants engaged in
casual sex or sex with multiple partners, and (4) the integration
of the former 3 perspectives.

Contraception use was evaluated through 2 dimensions.
Regarding frequency, contraception use was measured by the
question “Do you use contraception while having sex every
time you have sexual intercourse?” Regarding practices,
contraception use was measured by the question “Did you/your
partner use contraception the last time you had sex?” For both
questions, a “no” response was considered to indicate RSB.
According to WHO guidance, 4 contraceptive types with over
10 specific methods were investigated as contraception use:
hormonal contraceptive methods, intrauterine devices,
emergency contraception, and condoms [4].

The effectiveness and safety of contraception was mainly
determined by the method of contraception. If someone reported
using “emergency contraception,” “external ejaculation,” or a
“safe period” for contraception, they were considered a member
of the RSB group. The effectiveness and safety of contraception
were also evaluated through the frequency and practice
dimensions, which were, respectively, measured by the question
of whether such approaches were taken every time or the last
time of sexual intercourse.

Casual or multiple sex was assessed with the following
questions: “Have you ever had sex through ‘booty calls’,
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‘one-night stands’, ‘buying sex’, or ‘sex with multiple
partners’?” As before, a “yes” response was considered RSB.

Finally, integrated RSB dimension was the combination of
contraception use, the safety of contraception, and casual sex
or sex with multiple partners. As long as 1 of these 3 types of
behaviors occurred, we considered the student to have met the
criteria for integrated RSB.

Predictors
We included 126 potential predictors, including baseline
characteristics (sex, age, ethnicity, religion, income, parental
information, etc), daily habits (exercise, appearance and
popularity, mobile phone addiction, alcohol and tobacco
consumption, etc), physical and mental health status, relationship
status, sexual knowledge, sexual education, sexual attitude,
previous sexual experience, experience of sexual harassment
and assault, etc. Among them, the age of the participant, the
age of the participant’s partner, the income and expenditure of
the participant, and the frequency of sports were treated as
continuous variables. Other variables, including the degree of
agreement, the frequency of participation, and the order of
evaluation, were treated as either binary variables or ordered
categorical variables.

Continuous variables were standardized, and categorical
variables were split into multidimensional Boolean values before
applying ML models. For each type of RSB, we used ML
models to select and identify key variables to predict RSB
among college students.

Statistical Analyses
For descriptive statistics of baseline characteristics, continuous
data were presented as the mean (SD) or the median (IQR), and
the Student t-test or the Kruskal-Wallis test was applied
depending on the normality distribution. Categorical data were
presented in the form of counts with percentages, and the
chi-square test or the Fisher exact test was applied. P<.05 in a
2-tailed test was considered statistically significant in these
tests. In addition, we developed multivariable mixed models
with a logit link function to learn the specific linear relationship
between RSB and the key variables screened by ML. The results
were presented in the form of point estimates of coefficients
and corresponding 95% CIs, and statistical significance was
accepted when P<.05.

Model Development and Validation
We used 8 ML approaches: multiple logistic regression (MLR),
naive Bayes (BYS), linear discriminant analysis (LDA), random
forest (RF), gradient boosting machine (GBM), extreme gradient
boosting (XGBoost), deep learning (DL), and the ensemble
model. The ensemble model used the average values of all other
models’ predictive values to perform classification. The data
set was split into a training set and a test set randomly in a ratio
of 8:2, with 7035 (80%) samples in the training set and 1759
(20%) samples in the test set. Our models were built on the
training set and then applied to the test set for RSB prediction.
Model discrimination was assessed through the receiver operator
characteristic (ROC) curve, and model performance was
assessed through accuracy, precision, recall, F1-score, the area

under the receiver operator characteristic curve (AUROC), and
the root-mean-square error (RMSE) calculated on the test set,
which were presented in the form of the mean (SD).

Through comparison, we chose the optimal model for RSB
prediction and included the most predictable variables in the
model. The appropriate number of predictable variables was
determined by the turning points of the model performance
indicators. If all indicators did not change significantly through
statistical testing when a new variable was added, we considered
the turning point to have been reached.

To obtain the optimal performance for each model, we adopted
the minimum distance (MD) method to select cut-off points to
discriminate predictive values into 0 or 1. The MD method
regarded the point closest to (0,1) on the ROC curve as the
optimal cut-off point. To ensure the reliability and minimize
the sensitivity of the results, we used a 10-fold cross-validation
method to select the tuning hyperparameters as well as cut-off
points. In addition, we repeated this process 10 times to
minimize the influence of accidental circumstances.

All models were generated using R version 4.0.3 (R Core Team
and the R Foundation for Statistical Computing). We used the
glmnet package for MLR, the e1071 package for BYS, the MASS
package for LDA, the randomForest package for the RF, the
gbm package for GBM, the xgboost package for XGBoost, and
the h20 package for DL.

Ethical Considerations
Ethical approval was obtained from the Institutional Review
Board of Tsinghua University (IRB no. 20190083). All
participants provided informed consent online, which was set
before answering the questionnaire and emphasized the
autonomy of participating and the ability to withdraw at any
time. The privacy of personal information was protected
throughout the study via anonymous data collection, and
confidentiality was maintained by asking participants to provide
honest answers. Eligible participation in this survey was
voluntary and was not compensated.

Results

Baseline Characteristics
The baseline characteristics of the participants are shown in
Table 1. Our sample covered all provincial-level administrative
regions in China and achieved a relatively good balance in the
sample division of eastern, central, western, and northeastern
regions (n=4758, 54.11%, n=1484, 16.88%, n=2140, 24.33%,
and n=412, 4.69%, respectively), as well as the sex ratio (males:
n=3918, 44.55%; females: n=4876, 55.45%). A total of 8794
students were included, among which 3682 (41.87%) did not
use contraception every time they engaged in sexual intercourse,
3602 (40.96%) did not use safe or effective contraceptive
methods every time they engaged in sexual intercourse, 1157
(13.16%) had casual sex or sex with multiple partners, and 5328
(60.59%) had experience with at least 1 of those 3 former
behaviors before. In addition, 307 (3.49%) participants did not
use contraception and 2140 (24.33%) used ineffective or unsafe
contraceptive methods during their last sexual intercourse, the
details of which are shown in Multimedia Appendix 1. The
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distribution of basic characteristics differed greatly in terms of
RSB. Between the 2 groups with and without integrated RSB,
the region of residence, sex, age, ethnicity, religious beliefs,

urbanization of hometown, left-behind experience, migration
experience, and self-assessment of family finances were
significantly different (P<.05) among college students.
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Table 1. Baseline characteristics of participants (N=8794) grouped by different types of RSBa.

RSB type 4 (integrat-

ed RSB)e
RSB type 3 (casual
sex or sex with multi-

ple partners)d

RSB type 2 (ineffec-
tive or unsafe contra-

ceptive method)c

RSB type 1 (nonuse

of contraception)b
OverallCharacteristics

Region of residence, n (%); P1<.001, P2<.001, P3=.007, P4<.001f

2697 (50.62)676 (58.43)1779 (49.39)1770 (48.07)4758 (54.11)Eastern

910 (17.08)163 (14.09)627 (17.41)660 (17.93)1484 (16.88)Central

1476 (27.70)263 (22.73)1026 (28.48)1094 (29.71)2140 (24.33)Western

245 (4.60)55 (4.75)170 (4.72)158 (4.29)412 (4.69)Northeastern

Sex, n (%); P1<.001, P2=.15, P3<.001, P4<.001

2573 (48.29)646 (55.83)1638 (45.47)1826 (49.59)3918 (44.55)Male

2755 (51.71)511 (44.17)1964 (54.53)1856 (50.41)4876 (55.45)Female

Self-assessed gender-role conformityg, n (%); P1=.29, P2=.70, P3<.001, P4=.52

177 (3.32)60 (5.19)109 (3.03)104 (2.82)277 (3.15)Low

2515 (47.20)500 (43.22)1720 (47.75)1759 (47.77)4158 (47.28)Middle

2636 (49.47)597 (51.60)1773 (49.22)1819 (49.40)4359 (49.57)High

20.00 (19.00-21.00)20.00 (19.00-22.00)20.00 (19.00-21.00)20.00 (19.00-21.00)20.00 (19.00-
21.00)

Age (years), median (IQR);
P1<.001, P2<.001, P3<.001,
P4<.001

Ethnicity, n (%); P1<.001, P2<.001, P3=.77, P4<.001

4698 (88.18)1043 (90.15)3164 (87.84)3240 (88.00)7902 (89.86)Han

630 (11.82)114 (9.85)438 (12.16)442 (12.00)892 (10.14)Minority

Religious beliefs, n (%); P1=.005, P2=.051, P3=.17, P4=.006

4835 (90.75)1045 (90.32)3267 (90.70)3329 (90.41)8039 (91.41)No

493 (9.25)112 (9.68)335 (9.30)353 (9.59)755 (8.59)Yes

1800.00 (1200.00-
2500.00)/265.48
(176.99-368.73)

2000.00 (1500.00-
3000.00)/294.98
(221.24-442.47)

1800.00 (1200.00-
2500.00)/265.48
(176.99-368.73)

1800.00 (1200.00-
2500.00)/265.48
(176.99-368.73)

1800.00
(1200.00-
2500.00)/265.48
(176.99-368.73)

Average monthly expenditure

(CNY)/US $h, median (IQR);
P1=.29, P2=.64, P3<.001, P4=.47

Urbanization of hometown, n (%); P1<.001, P2=.16, P3<.001, P4=.001

2846 (53.42)745 (64.39)1940 (53.86)1893 (51.41)4827 (54.89)Urban

1644 (30.86)281 (24.29)1103 (30.62)1166 (31.67)2669 (30.35)Suburban

838 (15.73)131 (11.32)559 (15.52)623 (16.92)1298 (14.76)Rural

Left-behind experience, n (%); P1<.001, P2<.001, P3=.006, P4<.001

3631 (68.15)854 (73.81)2450 (68.02)2426 (65.89)6184 (70.32)No

1697 (31.85)303 (26.19)1152 (31.98)1256 (34.11)2610 (29.68)Yes

Migration experience, n (%); P1=.04, P2<.001, P3=.14, P4=.003

4101 (76.97)923 (79.78)2738 (76.01)2830 (76.86)6864 (78.05)No

1227 (23.03)234 (20.22)864 (23.99)852 (23.14)1930 (21.95)Yes

Self-assessment of family financesi, n (%); P1<.001, P2=.08, P3=.14, P4>=.005

434 (8.15)89 (7.69)293 (8.13)316 (8.58)652 (7.41)Low

4303 (80.76)921 (79.60)2904 (80.62)2985 (81.07)7167 (81.50)Middle

591 (11.09)147 (12.71)405 (11.24)381 (10.35)975 (11.09)High

aRSB: risky sexual behavior.
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bNonuse of contraception indicated that someone did not use contraception while having sex every time.
cIneffective or unsafe contraception indicated that someone often used unsafe contraceptive methods (eg, emergency contraception, external ejaculation,
and safe period).
dCasual sex or sex with multiple partners indicated that someone had engaged in casual sex or sex with multiple partners before.
eIntegrated RSB was the combination of the former 3 types of RSB.
fP1, P value of RSB type 1; P2, P value of RSB type 2; P3, P value of RSB type 3; P4, P value of RSB type 4.
gSelf-assessed gender role conformity is a 1-7–ordered categorical-scale question. We classified the responses into 3 groups: low conformity (1-2),
middle conformity (3-5), and high conformity (6-7).
hCNY 1=US $0.145749.
iSelf-assessment of family finances is a 1-7–ordered categorical-scale question. We classified the responses into 3 groups: low income (1-2), middle
income (3-5), and high income (6-7).

Model Performance and Validation
To precisely identify RSB among Chinese college students, we
used various ML models to execute RSB prediction on the test
data set to choose the optimal model. The model performance
for the 4 types of RSB is presented in Table 2, and the model
performance for the other 2 types of RSB based on the last
sexual intercourse is presented in Multimedia Appendix 1.
Through the comparison from multiple rounds of experiments,
it was obvious that some ML models had better efficiency than
the traditional multilinear logistic regression model. Compared
to the performance of MLR (for which the average AUROCs
were 0.76, 0.71, 0.91, and 0.79, respectively), XGBoost, GBM,

and the RF presented better performance in terms of accuracy,
the F1-score, and the AUROC.

To better understand model discrimination, we plotted ROC
curves of all models on 4 types of RSB in Figure 1. Similarly,
ROC curves of the other 2 types of RSB based on the last time
of sexual intercourse are presented in Multimedia Appendix 1.
It could be inferred that the curves of XGBoost and GBM were
above the other curves, which suggests that these 2 models
outperformed the others. Their average results were similar
(average AUROCs were 0.77, 0.72, 0.94, and 0.80, respectively,
in GBM and 0.78, 0.72, 0.94, and 0.80, respectively, in
XGBoost). The ensemble model also played an effective role
in predicting different types of RSB (average AUROCs were
0.77, 0.72, 0.93, and 0.80, respectively).
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Table 2. Model performance among different types of RSBa.

RMSEc, mean
(SD)

AUROCb, mean
(SD)

F1-score, mean
(SD)

Recall, mean
(SD)

Precision, mean
(SD)

Accuracy, mean
(SD)

ModelRSB

Nonuse of contraceptiond

0.44 (0.01)0.76 (0.01)0.66 (0.01)0.70 (0.02)0.63 (0.02)0.70 (0.01)MLRe

0.53 (0.01)0.71 (0.01)0.62 (0.01)0.68 (0.02)0.58 (0.02)0.66 (0.01)BYSf

0.44 (0.01)0.76 (0.01)0.66 (0.01)0.71 (0.02)0.63 (0.02)0.70 (0.01)LDAg

0.44 (0.00)0.77 (0.01)0.67 (0.01)0.72 (0.02)0.63 (0.02)0.71 (0.01)RFh

1.07 (0.01)0.77 (0.01)0.67 (0.01)0.72 (0.02)0.64 (0.02)0.71 (0.01)GBMi

0.44 (0.01)0.78 (0.01)0.67 (0.01)0.72 (0.03)0.63 (0.02)0.71 (0.01)XGBoostj

0.52 (0.01)0.70 (0.01)0.61 (0.01)0.65 (0.03)0.58 (0.02)0.65 (0.01)DLk

0.44 (0.01)0.77 (0.01)0.67 (0.01)0.73 (0.02)0.63 (0.02)0.71 (0.01)Ensemble

Ineffective or unsafe contraceptive methodl

0.46 (0.01)0.71 (0.01)0.62 (0.01)0.67 (0.02)0.57 (0.02)0.66 (0.01)MLR

0.53 (0.01)0.68 (0.01)0.59 (0.02)0.65 (0.04)0.54 (0.02)0.63 (0.01)BYS

0.46 (0.01)0.71 (0.01)0.62 (0.01)0.66 (0.03)0.58 (0.02)0.66 (0.01)LDA

0.46 (0.00)0.72 (0.01)0.62 (0.01)0.67 (0.03)0.58 (0.02)0.67 (0.01)RF

1.08 (0.01)0.72 (0.01)0.62 (0.01)0.66 (0.03)0.59 (0.02)0.67 (0.01)GBM

0.46 (0.00)0.72 (0.01)0.62 (0.01)0.67 (0.03)0.59 (0.02)0.67 (0.01)XGBoost

0.54 (0.01)0.65 (0.02)0.56 (0.02)0.6 (0.04)0.52 (0.02)0.61 (0.01)DL

0.46 (0.01)0.72 (0.01)0.62 (0.01)0.67 (0.02)0.58 (0.02)0.67 (0.01)Ensemble

Casual sex or sex with multiple partnersm

0.26 (0.01)0.91 (0.01)0.57 (0.03)0.84 (0.02)0.44 (0.03)0.83 (0.02)MLR

0.36 (0.01)0.85 (0.01)0.5 (0.02)0.77 (0.03)0.37 (0.03)0.79 (0.02)BYS

0.27 (0.01)0.90 (0.01)0.57 (0.02)0.85 (0.02)0.43 (0.03)0.83 (0.01)LDA

0.24 (0.01)0.94 (0.01)0.64 (0.03)0.87 (0.02)0.5 (0.03)0.87 (0.01)RF

1.03 (0.00)0.94 (0.01)0.65 (0.02)0.88 (0.02)0.52 (0.03)0.87 (0.01)GBM

0.23 (0.01)0.94 (0.01)0.66 (0.02)0.88 (0.02)0.53 (0.03)0.88 (0.01)XGBoost

0.29 (0.01)0.90 (0.01)0.57 (0.03)0.83 (0.02)0.43 (0.03)0.83 (0.02)DL

0.24 (0.01)0.93 (0.01)0.62 (0.03)0.86 (0.02)0.48 (0.03)0.86 (0.02)Ensemble

Integrated RSBn

0.43 (0.01)0.79 (0.01)0.75 (0.01)0.71 (0.02)0.80 (0.01)0.72 (0.01)MLR

0.56 (0.01)0.74 (0.01)0.72 (0.02)0.68 (0.03)0.76 (0.01)0.68 (0.01)BYS

0.44 (0.01)0.77 (0.01)0.74 (0.01)0.70 (0.02)0.79 (0.01)0.71 (0.01)LDA

0.43 (0.00)0.79 (0.01)0.77 (0.01)0.73 (0.02)0.80 (0.01)0.73 (0.01)RF

1.05 (0.01)0.80 (0.01)0.77 (0.01)0.73 (0.02)0.81 (0.01)0.73 (0.01)GBM

0.43 (0.01)0.80 (0.01)0.77 (0.01)0.73 (0.02)0.81 (0.01)0.73 (0.01)XGBoost

0.5 (0.01)0.73 (0.01)0.71 (0.01)0.66 (0.02)0.77 (0.01)0.67 (0.01)DL

0.43 (0.01)0.79 (0.01)0.77 (0.01)0.74 (0.02)0.80 (0.01)0.73 (0.01)Ensemble

aRSB: risky sexual behavior.
bAUROC: area under the receiver operator characteristic curve.
cRMSE: root-mean-square error.

JMIR Public Health Surveill 2023 | vol. 9 | e41162 | p.1148https://publichealth.jmir.org/2023/1/e41162
(page number not for citation purposes)

Li et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


dNonuse of contraception indicated that someone did not use contraception while having sex every time.
eMLR: multiple logistic regression.
fBYS: naive Bayes.
gLDA: linear discriminant analysis.
hRF: random forest.
iGBM: gradient boosting machine.
jXGBoost: extreme gradient boosting.
kDL: deep learning.
lIneffective or unsafe contraception indicated that someone often used unsafe contraceptive methods (eg, emergency contraception, external ejaculation,
and safe period).
mCasual sex or sex with multiple partners indicated that someone had engaged in casual sex or sex with multiple partners before.
nIntegrated RSB was the combination of the former 3 types of RSB.

Figure 1. AUROC curves among the different types of RSB. AUROC: area under the receiver operator characteristic curve; BYS: naive Bayes; DL:
deep learning; GBM: gradient boosting machine; LDA: linear discriminant analysis; LR: logistic regression; RF: random forest; RSB: risky sexual
behavior; XGBoost: extreme gradient boosting.

Variable Selection and Prediction for RSB
Through the comprehensive comparison of the evaluation
indicators considering both efficiency and robustness, XGBoost
was chosen to form the predicting model. To comprehensively
predict RSB, we took integrated RSB as the outcome to select
important variables, which were ranked in the order of
importance according to the XGBoost model. Multimedia
Appendix 1 shows the trend of 6 indicators as the number of
variables increases, where points represent the average
performance and lines represent the range. The turning points
of the 6 indicators were 5th, 8th, 7th, 7th, 6th, and 12th,
respectively. Thus, we finally chose 12 key variables for our

prediction model, as presented in Figure 2. It could be inferred
that RSB has multiple types of influencing factors, including
relationship status, sexual knowledge, sexual attitudes, and
previous sexual experience. The final prediction model we
developed could estimate not only the probability of a student
engaging in RSB but also the kind of RSB they were more likely
to engage in.

To explore the specific association between the outcome
variables and the predictive factors identified through XGBoost,
we finally performed MLR, and the results of integrated RSB
are presented in Table 3. It could be inferred that the lack of
sexual knowledge and a liberal sexual attitude significantly
increased the risk of RSB. In addition, regarding intimate
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relationship status, compared to the non-single group, the single
group had a higher risk of RSB. Previous sexual experience
also had a great influence on RSB. The greater the number of
people participants had sexual intercourse with, the higher their

risk of RSB. The more convenient the availability of
contraceptives was, the less risk students would show RSB. The
results of the other three types of RSB are shown in Multimedia
Appendix 1.

Figure 2. The 12 most predictive variables selected by the XGBoost model. XGBoost: extreme gradient boosting.
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Table 3. Association between integrated RSBa and its key variables through MLRb.

P value (>|Z|)Z valueSECoefficient estimateVariable and option

Sexual knowledge: ejaculation outside the body is a contraceptive method.

N/AN/AN/AN/AcWrong

<.0016.990.070.46Right

Sexual knowledge: having sex during a safe period is a contraceptive method.

N/AN/AN/AN/AWrong

<.0013.550.060.23Right

Sexual knowledge: as long as the timing is right, external ejaculation can effectively prevent pregnancy.

N/AN/AN/AN/AWrong

<.001–6.690.060.42Right

Sexual attitude: views on one-night stands or “booty calls.”

N/AN/AN/AN/AI can accept it.

<.001–6.380.07–0.44I can understand my friends doing this, but I cannot.

<.001–3.730.07–0.28Totally unacceptable.

Sexual attitude: you don't have to wear a condom every time, because you don't always get pregnant without one.

N/AN/AN/AN/AStrongly disagree

<.00115.090.071.05Relatively disagree

<.00111.660.111.28Not sure

<.0019.760.171.68Relatively agree

<.0015.070.251.25Strongly agree

Relationship status: your intimate relationship status.

N/AN/AN/AN/ASingle

<.001–6.630.06–0.39Nonsingle

Sexual experience: having had penetrative sex (vaginal).

N/AN/AN/AN/ANever has been and never will be acceptable.

.520.651.490.97Never has been but I can accept it in the future.

.321.001.421.42I started before junior high school.

.420.821.411.15I started since senior high school.

.570.571.410.81I started since college.

Sexual experience: have you taken photos/videos during sex?

N/AN/AN/AN/ANever has been and never will be acceptable.

.870.160.070.01Never has been but I can accept it in the future.

.620.490.350.17I started before junior high school.

.0013.480.130.45I started since senior high school.

<.0016.320.070.46I started since college.

.171.380.010.01Sexual experience: age of partner with whom you first had penetrative sex.

<.00113.930.020.33Sexual experience: the number of people you've had penetrative sex with.

Sexual experience: who is the decision maker regarding your contraceptive method?

N/AN/AN/AN/AMyself.

.042.010.090.17My partner.

.071.820.060.11By mutual negotiation.

<.00110.060.131.30It depends.
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P value (>|Z|)Z valueSECoefficient estimateVariable and option

<.0013.670.230.84Just use what we can find.

.36–0.930.33–0.31Others.

Sexual experience: availability of contraceptives.

N/AN/AN/AN/AVery convenient

<.0015.410.060.30Relatively convenient

<.0014.910.080.41Relatively inconvenient

.042.020.140.28Very inconvenient

aRSB: risky sexual behavior.
bMLR: multiple logistic regression.
cN/A: not applicable as the baseline group.

Discussion

Principal Results
This study validated the effectiveness of ML models in
predicting RSB among college students through comparisons
of multiple models. Among various ML models, XGBoost
performed the best in this task, with a higher accuracy, precision,
F1-score, and AUROC performance than others. Thus, we
eventually used XGBoost to identify the 12 most predictive
factors for total RSB, including relationship status, sexual
knowledge, sexual attitudes, and previous sexual experience.
This systematic process of data modeling as well as the accuracy
of the final results indicated that ML approaches could have
considerable value in RSB prediction and intervention among
college students.

ML models were substantially superior to conventional
regressions and should be recommended for more practical
applications. Compared to the AUROC values of the MLR
model (0.76, 0.71, 0.91, and 0.79 on the 4 types of RSB,
respectively), XGBoost had a much higher effect in terms of
AUROC values (0.78, 0.72, 0.94, and 0.80 on the 4 types of
RSB, respectively). However, the capacity of explanation of
MLR was nonnegligible. Thus, we finally used an MLR model
again to investigate the linear association between outcomes
and those important risk factors identified through XGBoost.

In this study, demographic characteristics and socioeconomic
status were found to be significant factors of RSBs. Adolescents
who were from an ethnic minority background, held religious
beliefs, or had a lower family financial status tended to engage
in more RSBs. This may be due to the lack of sexual education
resources or specific religious customs. In addition, it was worth
noting that students who had migration experience or were from
rural hometowns were associated with increased RSBs. This
finding was consistent with previous research and reflects the
persisting gap in adolescent sexual and reproductive health
between urban and rural areas [28,29]. Correlated with a lower
level of education and socioeconomic status, rural-to-urban
adolescents had less exposure to sexual knowledge and sex
education [28,30].

In accordance with previous studies, romantic relationships
were highly associated with RSB. It was found that college
students with a romantic relationship had a significantly higher

probability of using condoms during vaginal sex, oral sex, and
anal sex [23]. On the one hand, students not in romantic
relationships usually had fewer condom-carrying practices and
a higher occurrence of unplanned sex. On the other hand,
according to Rosenthal et al [31], rather than being concerned
with the risk of STIs, students not in romantic relationships paid
more attention to building intimacy through RSB, especially
during casual sexual encounters. This is a worrisome mechanism
since these students are more inclined to be unaware of each
other’s health status, which could lead to a considerable risk of
STIs.

This study also validated the role of sexual attitude in RSB. The
more tolerant the students were toward condom nonuse and
one-night stand, the higher their probability of engaging in RSB.
In fact, it was widely validated that sexual attitude plays the
most predictive influence in predicting RSB [32,33], which
could be illustrated through the theory of planned behavior
(TPB) that attitude is an activator of behavior [34]. Thus, sexual
education should be facilitated to emphasize the importance
and necessity of safe sex and dispel misunderstandings about
it.

In addition, students’ previous sexual experience also had a
large influence on the possibility of RSB, such as the number
of sexual partners, the decision maker regarding the
contraceptive method, and whether to take photos/videos during
sex. This finding is also rational since well-practiced behavior
would more likely recur due to the natural automation of initiates
and controls [35].

Limitations
There are some limitations in this study. First, all outcomes and
predictors were self-reported by participants, which may have
caused recall bias and nonresponse bias. Since some questions
were sensitive, participants may not have been willing to provide
correct answers, such as on previous sexual experience,
experience of sexual harassment, and assault. Second, the
measurement of contraception use did not differentiate between
the types of contraceptive methods used by the study population.
Different contraceptive methods serve different functions.
Condom use can prevent both STIs and unwanted pregnancies,
while hormonal contraception is only effective for pregnancy
prevention. Although the vast majority of participants used
condoms for contraception, the predictive accuracy of
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contraceptive effectiveness may still have been obscured in this
study because of the lack of differentiation across methods.
Third, the definition of casual sex and sex with multiple partners
was not well specified. Though these 2 types of behavior were
undoubtedly validated as RSBs, the risks of contracting STIs
and unwanted pregnancy can be kept relatively low with correct
condom use. Fourth, although ML models have better predictive
performance than traditional regression models, their
explanatory performance is much weaker. We performed MLR
to compensate for this drawback, but multicollinearity may exist
among those selected risk factors, which could lead to inaccurate
estimation. In particular, we had a large scale of many questions,
with much similarity among them. Thus, questions could be
divided into clusters to decrease the variable dimensions as well
as strengthen the explanatory power. Fifth, since our model
relied on a cross-sectional questionnaire, the outcomes and
predictors were questioned concurrently. Under the same time
window, it is difficult to identify the sequence of events. There
may be causal inversion problems between predictors and
outcomes, and thus, the prospective predictive efficiency of the
model is hard to validate.

Comparison With Prior Work
There are considerable methodological, theoretical, and practical
implications of this study. From the methodological aspect, we
adopted a scientific and rigorous process to generate an
RSB-predictive model using ML methods, which constitutes a
research gap and urgent work to be done. The selection of the
model, the adjustment of parameters, the comparison of
indicators, and the finalization of variable numbers are of high

reference value in the methodology. From a theoretical
perspective, we identified a series of risk factors for RSB. We
provided additional evidence for the association of demographic
characteristics and socioeconomic status with RSB. Critical
factors influencing RSB were also explored, including sexual
attitude, sexual knowledge, relationship status, and sexual
experience. Through the results presented, a comprehensive and
evidence-based guideline was formed to facilitate more precise
interventions and prevent RSB among adolescents and young
adults. From a practical perspective, we developed a predictive
model to help identify RSB among college students. Due to
privacy concerns and the stigmatization of sexual behavior, it
is often difficult to investigate the real prevalence of RSB among
adolescents. Using the 12 predictors identified here, the model
can predict not only the probability of a student engaging in
RSB but also what kind of RSB they are more likely to engage
in. With such a model, our study allows for more targeted
intervention and prevention of RSB in students before they
contract STIs, and thus, these students will be better able to
avoid the various negative consequences of RSB, including
STIs and unwanted pregnancy.

Conclusion
In summary, our study confirmed that ML approaches,
especially XGBoost, have greater predictive effects for RSB
than traditional regression models. Such ML-based assessment
tools could generate new applications with considerable practical
value, which would promote health at both the individual and
the public level in the future.
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Abstract

Background: Face mask wearing has been identified as an effective strategy to prevent the transmission of SARS-CoV-2, yet
mask mandates were never imposed nationally in the United States. This decision resulted in a patchwork of local policies and
varying compliance, potentially generating heterogeneities in the local trajectories of COVID-19 in the United States. Although
numerous studies have investigated the patterns and predictors of masking behavior nationally, most suffer from survey biases
and none have been able to characterize mask wearing at fine spatial scales across the United States through different phases of
the pandemic.

Objective: Urgently needed is a debiased spatiotemporal characterization of mask-wearing behavior in the United States. This
information is critical to further assess the effectiveness of masking, evaluate the drivers of transmission at different time points
during the pandemic, and guide future public health decisions through, for example, forecasting disease surges.

Methods: We analyzed spatiotemporal masking patterns in over 8 million behavioral survey responses from across the United
States, starting in September 2020 through May 2021. We adjusted for sample size and representation using binomial regression
models and survey raking, respectively, to produce county-level monthly estimates of masking behavior. We additionally debiased
self-reported masking estimates using bias measures derived by comparing vaccination data from the same survey to official
records at the county level. Lastly, we evaluated whether individuals’ perceptions of their social environment can serve as a less
biased form of behavioral surveillance than self-reported data.

Results: We found that county-level masking behavior was spatially heterogeneous along an urban-rural gradient, with mask
wearing peaking in winter 2021 and declining sharply through May 2021. Our results identified regions where targeted public
health efforts could have been most effective and suggest that individuals’ frequency of mask wearing may be influenced by
national guidance and disease prevalence. We validated our bias correction approach by comparing debiased self-reported
mask-wearing estimates with community-reported estimates, after addressing issues of a small sample size and representation.
Self-reported behavior estimates were especially prone to social desirability and nonresponse biases, and our findings demonstrated
that these biases can be reduced if individuals are asked to report on community rather than self behaviors.

Conclusions: Our work highlights the importance of characterizing public health behaviors at fine spatiotemporal scales to
capture heterogeneities that may drive outbreak trajectories. Our findings also emphasize the need for a standardized approach
to incorporating behavioral big data into public health response efforts. Even large surveys are prone to bias; thus, we advocate
for a social sensing approach to behavioral surveillance to enable more accurate estimates of health behaviors. Finally, we invite
the public health and behavioral research communities to use our publicly available estimates to consider how bias-corrected
behavioral estimates may improve our understanding of protective behaviors during crises and their impact on disease dynamics.

(JMIR Public Health Surveill 2023;9:e42128)   doi:10.2196/42128
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Introduction

Human behavior plays a key role in infectious disease
transmission [1,2]. Individuals’ decisions to get vaccinated,
reduce their contacts, or wear a face mask, for example, can
have a tremendous impact on disease dynamics [3-5]. The
COVID-19 pandemic has highlighted that we are grossly limited
in our ability to accurately measure and predict human behavior
in the face of a novel pathogen. Yet, knowledge of how human
behaviors vary over time and space is critical to assess the
effectiveness of mitigation strategies, to forecast disease surges,
and to parameterize coupled disease-behavior models [6]. In
particular, there is a paucity of data on how the frequency of
face mask wearing varies across the United States over different
phases of the pandemic. This lack of fine-scale spatiotemporal
data has forced public health organizations to adopt an
inefficient one-size-fits-all approach to encourage masking
nationwide, rather than directing resources and messaging to
areas with the lowest uptake. Here, we identify the
spatiotemporal trends in self-reported data on mask-wearing
behavior across the United States from a large survey distributed
from September 2020 to May 2021.

Mask wearing has been identified as an effective strategy to
reduce the transmission of SARS-CoV-2. At the individual
level, masks decrease both the amount of viral particles
dispersed by an infectious wearer and the amount of those
inhaled by an uninfected wearer [7]. Modeling studies at the
population level (eg, [4,8,9]) have suggested that mask wearing
can limit SARS-CoV-2 transmission and COVID-19 deaths,
including under scenarios where masks are not worn universally
or are not completely effective at blocking transmission.
Randomized controlled trials (eg, [10]) have also demonstrated
that mask wearing is an effective community-level intervention
against COVID-19. Despite limited information at the time, the
Centers for Disease Control and Prevention (CDC) initially
recommended mask wearing on April 3, 2020 [11]. Lack of a
national mandate, though, resulted in a heterogeneous landscape
of mask policies across states, counties, towns, and even
individual businesses in the United States [12,13]. Compounded
with this spatial heterogeneity in mandates is additional
heterogeneity in compliance, documented by localized
observational studies (eg, [14]). A collection of systematic,
accurate data on mask-wearing levels across the United States
is therefore essential to informing our understanding of the role
of mask wearing in the US COVID-19 pandemic trajectory.

To address this gap, researchers and organizations have
implemented extensive surveys on human behavior, including
mask wearing (eg, [15-17]). These surveys hold exciting
promise, yet they have contributed relatively little to our
understanding of human behavior, due to significant sampling
limitations. Larger surveys with sufficient power to detect trends
at local geographic scales are often not designed to capture a
representative sample of the population. Demographic biases
arising from a nonrepresentative sample can be addressed with

standard statistical tools, such as survey weights, but other forms
of bias, particularly nonresponse and social desirability biases,
are more challenging to correct. Surveys about salient public
health issues are especially likely to suffer from response bias;
COVID-19–cautious individuals may be overrepresented in a
survey about COVID-19 behavior. However, without estimates
of the proportion of individuals in a given region who are
COVID-19 cautious, there is no way to use survey weights on
this demographic. Likewise, respondents may be influenced by
social desirability bias when self-reporting
COVID-19–preventive behaviors, such as vaccination, social
distancing, or mask wearing, so that they respond in a manner
deemed favorable by society despite being inaccurate [18].
Without observational or ground-truth data to validate survey
responses, quantifying this social desirability bias is difficult.
Furthermore, it is critical that ground-truth data to correct biases
in health behavior be used at a fine spatial and temporal scale
to avoid further exacerbation of biases (eg, [19]).

The value of surveys on public health behaviors can be further
restricted when data collection is at the national or state level.
Coarse-grained spatiotemporal information about human
behavior is of limited utility, providing only sparse insight into
local trends. Collecting responses at the national or state level
ignores spatial heterogeneity at these finer scales, preventing
the identification of these local effects that can drive disease
dynamics. Spatial heterogeneity in not only drivers of disease
transmission, such as human behavior, but also disease
prevalence has been well documented across pathogens (eg,
[20-22]). For example, differences in connectivity between
counties or states can affect the timing and geographic scale of
disease spread, while national scale mobility data elide these
key patterns [23,24]. Likewise, aggregation of vaccination data
to the state level can hide spatial clustering of unvaccinated
individuals, which undermines herd immunity and could drive
sustained measles outbreaks in the United States [25,26]. Despite
the importance of detailed local estimates on the drivers of
disease incidence, few studies have analyzed human behavior
during the COVID-19 pandemic nationally at these fine spatial
scales. Furthermore, most surveys are not conducted for long
enough to capture human behavior changes over time, leaving
scant opportunity to assess the effects of changing public health
messaging/guidance or disease prevalence on human behavior.

Here, we systematically characterize mask wearing across the
United States at a fine spatiotemporal scale for 9 months using
a national survey and account for the bias in this survey. By
comparing survey demographics and vaccination statuses with
accurate ground-truth data, we estimate and account for survey
and response biases in our analysis of masking behavior. With
these bias-corrected estimates, we characterize the
spatiotemporal heterogeneity in masking behavior at the
county-month level across the United States. Finally, we
examine the differences between self-reported and
community-reported estimates of masking using an additional
survey question, seeking to understand whether these 2 measures
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are good predictors of one another. Our results are the most
precise estimates of masking in the United States during the
COVID-19 pandemic, providing insight into the local variation
in behavior in response to public health messaging and changes
in COVID-19 incidence.

Methods

Study Design
In this study, we sought to characterize the spatiotemporal
heterogeneity in self-reported masking behavior in the United
States from the fall of 2020 to the spring of 2021. Due to the
small sample size in some counties, we used Bayesian binomial
regression models to estimate mask-wearing proportions each
month. Recognizing that surveys are subject to several types of
bias, we used raking and resampling of responses to correct for
unrepresentative samples and self-reported vaccination status
compared to ground-truth vaccination data to quantify
nonresponse and social desirability biases. With these estimates,
we were able to identify spatiotemporal trends in bias-corrected
masking behavior and compare these values to reported
community levels of masking in a different survey question.

Survey Data and Processing
We analyzed self-reported mask-wearing survey responses for
all 50 US states and the District of Columbia using data from
the US COVID-19 Trends and Impact Survey (CTIS) [27]. The
CTIS was created by the Delphi Research Group at Carnegie
Mellon University and distributed through a partnership with
Facebook. Beginning in September 2020, a random
state-stratified sample of active Facebook users was invited
daily to take the survey about COVID-19 and report how often
they wore a mask in the past 5-7 days (the number of days
changed from 5 to 7 on February 8, 2021). The answer options
were (1) “All of the time,” (2) “Most of the time,” (3) “Some
of the time,” (4) “A little of the time,” (5) “None of the time,”
and (6) “I have not been in public in the last 5-7 days”
(Multimedia Appendix 1, Figure S13). To dichotomize these
responses for an analysis of the proportion of respondents
wearing masks, we dropped respondents who had not been in
public recently or did not respond to the masking question, and
considered responses of “all of the time” and “most of the time”
as masking, and all other responses as not masking. This cut-off
is reasonable, considering the raw proportions of responses in
each category for September through May (Multimedia
Appendix 1, Figure S14). Due to sample size constraints, we
aggregated these responses to the county-month scale. We
ignored potential heterogeneity at smaller temporal (weekly)
and spatial (zip code) scales due to the limited sample size.

By dichotomizing masking responses, we also lost information
about the frequency with which people mask, though we expect
the effect of this choice to be minimal (see Multimedia
Appendix 1 for details).

Bayesian Binomial Regression Model
Due to the small sample sizes in some US counties, we used
Bayesian binomial regression models to develop reliable
estimates of the proportion of individuals masking in a given
county-month. Population density was used as a fixed effect;

masking behavior has previously been linked to population
density, and this variable was easily available at the county
scale [14,28]. We fit separate models for each month, allowing
for a temporal trend without explicitly modeling it by specifying
a parametric form. We defined Mi as the number of respondents
masking in county i (eg, respondents who masked most or all
of the time in the past 5-7 days), Ni as the total number of
respondents in county i (Mi ≤ Ni), and pi as the county-level
probability of a response consistent with masking. We used the

following model to estimate and :

where Di = log10(population densityi) for county i. We ran the
model using brms [29] with the cmdstanR [30] backend. We
ran the sampler with 4 chains for 3000 iterations per chain.
Sampler diagnostics indicated efficient exploration and that the

model had converged, neff < 0.25, neff per iteration ≥ 0.25, 
≤ 1.01, E-BFMI > 0.25, and no transitions hit the maximum
tree depth. All Pareto-smoothed importance sampling
leave-one-out (PSIS-LOO) k statistic values were below 0.71,
indicating that the model was robust to the influence of
individual observations, and the distribution of Pareto k statistics
was uniform, indicating that the model captured essential
features of the data [31]. Posterior predictive checks indicated
a good model fit (Multimedia Appendix 1, Figure S15) as did
the plots of observed versus predicted and residual values
(Multimedia Appendix 1, Figures S16 and S17). We note that
our binomial regression approach compensated for the small
sample sizes in some county-months, but the resulting estimates
depend on the validity of our model structure.

We also explored more complex model specifications that
included state- or county-level random effects. However, both
models suffered from a lack of convergence or overfitting and
produced functionally similar results. Thus, we opted for the
more parsimonious model presented earlier for our main
findings; details of these additional models can be found in
Multimedia Appendix 1 (Figures S20 and S21).

Survey Raking and Resampling
We were unable to use the provided weights for responses to
the CTIS, due to spatial and temporal mismatch with the scales
of our data analysis. Thus, we calculated county-month weights
for each observation using the anesrake package [32] and the
US Census American Community Survey’s 2018 5-year data
on county age, sex, and education distributions. Age, sex, and
education distributions were based on each county’s population
over the age of 18 years to match the survey sample. We did
not use race or ethnicity data in the raking scheme, as their
inclusion substantially reduced algorithm convergence, but note
that race/ethnicity was moderately correlated with education
(Cramer's V>0.10). We then resampled from these responses
using the calculated weights to estimate a raked masking
proportion, which was fed into the binomial models, as described
before. We excluded observations with missing age, sex, or
education responses from the raking process and assigned equal
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weights to observations from county-months that did not
converge (additional details in Multimedia Appendix 1).

Estimation of CTIS Masking Bias
Given the likelihood of sampling, nonresponse, and social
desirability biases, we generated bias-corrected estimates of
masking in the United States. In the absence of ground-truth
masking data with which to calibrate these CTIS responses, we
turned to a different survey question for which ground-truth
data were available.

Beginning in late December 2020, the CTIS asked respondents
whether they had received a COVID-19 vaccine. The response
options were (1) “Yes, “(2) “No,” and (3) “I don’t know.”
Meanwhile, ground-truth vaccination data were collected by
combining state-reported and CDC data to estimate the
percentage of people vaccinated in each county in the United
States [33,34]. A comparison of CTIS responses and
ground-truth vaccination data revealed that the estimates of
COVID-19 vaccination based on CTIS responses were much
higher than true vaccination rates at the US county scale
(Multimedia Appendix 1, Figures S18 and S19, [19,35]).
Assuming that masking survey responses suffer from the same
bias issues (in magnitude and direction) as vaccination
responses, this result would suggest that CTIS responses also
substantially overestimate masking behavior. Thus, we
approximated survey bias by comparing the CTIS vaccination
responses to the ground-truth vaccination data at the county
level and incorporating this bias into the model of CTIS masking
behavior.

Like the masking data, the CTIS vaccination response data
suffers from small and unrepresentative samples in some
counties. Thus, we resampled the responses from April and May
2021 according to the survey weights we generated before and
then used a (frequentist) binomial generalized linear
mixed-effects model to estimate pi, the proportion of respondents
who were vaccinated (assumed to be partial vaccination, with
1 of a 1-dose or 2-dose vaccine) at the county level each week
(details in Multimedia Appendix 1).

Given these modeled CTIS county-level vaccination proportions,
we compared them with the true vaccination data to calculate
the expected bias in reported survey responses relative to
ground-truth data in county i:

biasi = logit(CTIS estimated vaccination proportioni)
– logit(true vaccination proportioni)

To increase the stability of our bias estimates, we used a linear
mixed-effects model. This mixed-effects model used random
intercepts, which penalizes extreme coefficient estimates to the
overall mean, and assumed that the residual error in the estimates
was normally distributed. This model generated a penalized
estimate of survey bias for each county from the difference in
modeled reported vaccination and ground-truth vaccination:

This model was implemented using lmer in the lme4 package
[36]. If there were no responses in county i or a bias estimate

could not be calculated, bias estimates for this county were
imputed by taking the mean of surrounding county estimates.

We then incorporated these estimates into a Bayesian binomial
regression model with an offset for bias to estimate the
bias-corrected probability of reporting masking in county i. We
defined Mi as the number of respondents masking in county i
out of Ni total respondents and pi as the county-level probability
of a response consistent with masking. We used the following

model to estimate and :

where Di = log10(population densityi) for county i. The
bias-corrected proportion of individuals masking, ci, was
calculated as

We ran the model using brms [29] with the cmdstanR [30]
backend. We ran the sampler with 4 chains for 3000 iterations
per chain. Sampler diagnostics indicated efficient exploration
and that the model had converged: neff>1000, neff per

iteration≥0.3, and  ≤ 1.01.

Community-Reported Masking
Beginning November 24, 2020, the CTIS asked a question about
masking in one’s community: “In the past 7 days, when out in
public places where social distancing is not possible, about how
many people would you estimate wore masks?” The answer
options were (1) “All of the people,” (2) “Most of the people,”
(3) “Some of the people,” (4) “A few of the people,” (5) “None
of the people,” and (6) “I have not been out in public places in
the past 7 days.” We dichotomized these responses and
aggregated them to the county-month the same way as the
self-reported CTIS masking responses for December 2020
through May 2021. We then modeled these community masking
estimates the same way we modeled the CTIS masking data
using Bayesian binomial regression and resampling weighted
by survey weights but without a bias offset.

Spatiotemporal Analysis
All analyses were completed in R version 4.1.3 (R Core Team
and the R Foundation for Statistical Computing), and maps were
produced using choroplethr [37]. Urban-rural classes were from
the National Center for Health Statistics (NCHS) Urban-Rural
Classification Scheme [38].

Ethical Considerations
This study was reviewed by the Institutional Review Board of
Georgetown University and was determined not to be human
subject research.

Results

To characterize the trends in the masking behavior in the United
States during the COVID-19 pandemic, we used data from the
CTIS conducted via Facebook from September 2020 through
May 2021. Respondents self-reported how often they had worn
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a mask while in public in the past week (8,338,877 valid
responses). We transformed these responses into a binary
variable of masking or not masking and aggregated the responses
to the county-month level to analyze spatiotemporal trends. To
validate this data source, we analyzed a separate data set from
Outbreaks Near Me and found consistent spatiotemporal patterns
(Multimedia Appendix 1, Figures S1-S3), though both data
sources suffer from issues of bias and small sample size. We
addressed these issues in the CTIS data using binomial
regression models to inform estimates of masking in counties
with a small sample size, and raking and sample rebalancing
on age, sex, and education to adjust for unrepresentative
samples. Recognizing that CTIS responses to a question about
vaccination overestimated the true vaccination rates, we
quantified this bias for each county and used it to correct the
estimates of masking behavior, assuming that vaccination and
masking behavior responses were equally as biased.
(Vaccination and mask wearing are both prosocial public health
behaviors, which are socially desirable to report and are likely
correlated [39-43].) We analyzed the overall spatial and temporal
trends as well as fine-scale heterogeneity in the bias-corrected
masking behavior estimates. Finally, we validated the
bias-corrected CTIS values by comparing them to the
respondents’ estimates of the proportion of people masking in
their community.

Spatially Heterogeneous Effects of the Binomial
Regression Model, Survey Raking, and Debiasing
To demonstrate the spatially heterogeneous effects of our
data-processing scheme, Figure 1 shows the difference between
estimates from 3 separate models and the raw CTIS masking
data. We refer to this difference as the residual, though it is only
an indicator of model fit in Figure 1A. In Figures 1B and 1C,
the residual values indicate where data corrections caused the
largest changes in estimates compared to the original data. After
modeling the data with binomial regression, estimates of
masking proportions were higher than the observed values
(Multimedia Appendix 1, Figure S4) in the central United States
and slightly lower than the observed values in the Northeast,
Northwest, and Southwest (Figure 1A). Adjusting for
unrepresentative samples with raking and resampling and
rerunning the binomial regression model had a minor effect on
mask-wearing estimates, only exhibiting a slight decrease
compared to the model without raking (Figure 1B). Correcting
for survey biases using vaccination data in the binomial
regression model run on raked survey responses systematically
decreased masking proportions, as expected and denoted by
increased residuals (Figure 1C). (A map showing the spatial
distribution of these biases is given in Multimedia Appendix 1,
Figure S19.) We refer to estimates from the model in Figure
1C as debiased or bias-corrected for the remainder of the paper.
Our results reinforce that behavioral surveillance should be
conducted carefully to limit bias initially.
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Figure 1. Visualization of spatially heterogeneous data-processing effects. (A) Residuals following the binomial regression model. (B) Residuals
following the binomial regression model with raking/sample rebalancing. (C) Residuals following the binomial regression model with raking/sample
rebalancing and an offset for bias. Residuals are defined as the difference between the modeled and the observed masking estimates at each analysis
stage, where negative values indicate model estimates were higher than observed values and positive residuals indicate model estimates were lower
than observed values. All maps are shown for February 2021. N/A: not applicable. See Multimedia Appendix 2 for a high-resolution image.

Masking Behavior Exhibits Spatial and Temporal
Heterogeneity and Is Positively Associated With
Population Density
Using bias-corrected masking proportions from the CTIS, we
found that masking behavior was spatially heterogeneous over
all months (Moran's I between 0.68 and 0.70 for all months,

Figures 2A and S5 in Multimedia Appendix 1). Bias-corrected
masking proportions ranged from 0.11 to 0.96 and varied
substantially within states, emphasizing the importance of
analyzing masking behavior at finer scales than the state or
Health and Human Services (HHS) region level. Masking
proportions were closely linked to population density over the
survey period: urban counties tended to have higher masking

JMIR Public Health Surveill 2023 | vol. 9 | e42128 | p.1162https://publichealth.jmir.org/2023/1/e42128
(page number not for citation purposes)

Taube et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


proportions than rural counties (Figure 2B). Although masking
proportions ranged quite a bit within NCHS urban-rural
classifications, all differences between NCHS classes were
significant (Kruskal-Wallis and pairwise Wilcox test, n=27,842,

all P<.001). Over all counties and survey months, the median
fitted masking proportion in urban counties exceeded 0.8, while
the median fitted masking proportion in the most rural counties
was below 0.6.

Figure 2. Bias-corrected masking behavior is spatially heterogeneous and higher in urban areas. (A) Map of bias-corrected masking behavior in October
2020 reveals high spatial heterogeneity. Masking proportions vary substantially even within a single state. Spatial heterogeneity does not notably vary
over time (Multimedia Appendix 1, Figure S5). A selection of other months in the study period are shown in Multimedia Appendix 1 (Figures S6-S8).
(B) Breakdown of county masking proportions over all survey months by the NCHS urban-rural classification. A direct relationship between the median
masking proportion and population density is observed. N/A: not applicable; NCHS: National Center for Health Statistics. See Multimedia Appendix
3 for a high-resolution image.

Masking behavior not only varied geographically but also
temporally. Peak masking behavior was observed in January
2021, while the lowest masking proportions were observed in
May 2021 (Figure 3). Counties with higher mean masking
proportions fluctuated less than counties with lower mean
masking proportions from September to April but experienced
the largest differences from their mean values in May 2021. For
context, we highlight that this decrease coincides with increasing
proportions of vaccinated individuals in the United States
(Figure 3, [33]), declining new infections [44], and decreasing
reported worry about severe illness due to COVID-19 from the
CTIS [27]. The policy context during this time was also shifting:
On April 27, 2021, the CDC announced that fully vaccinated

individuals no longer needed to wear masks outdoors [45], and
on May 13, 2021, it announced that fully vaccinated individuals
no longer had to wear masks indoors either [46]. Meanwhile,
49% of counties that ever had a mask mandate lifted it before
May 1, 2021 (Multimedia Appendix 1, Figure S9). These
announcements coincided with the observed decrease in masking
in these months. Together, these analyses underscore the
importance of tracking and analyzing mask wearing at fine
spatial and across long temporal scales: further spatial and
temporal aggregation of these data would have missed key
heterogeneity previously not quantified and prevented future
work from investigating the connection between policy and
behavior change at appropriate granularity.

JMIR Public Health Surveill 2023 | vol. 9 | e42128 | p.1163https://publichealth.jmir.org/2023/1/e42128
(page number not for citation purposes)

Taube et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 3. Bias-corrected masking behavior peaked in the winter of 2020-2021 and fell in the spring of 2021, mirroring new cases and increasing
vaccinations. Top curves show the time series of the z-score of bias-corrected masking proportions for each county colored by the average masking
proportion across the survey period. The inset plot shows z-scores of the 7-day rolling average of new cases (green), the proportion of individuals
vaccinated nationally (orange), and the reported worry about severe illness from COVID-19 in CTIS respondents (purple). Z-scores are based on the
mean and SD of each county’s masking estimates over the survey period. CTIS: COVID-19 Trends and Impact Survey. See Multimedia Appendix 4
for a high-resolution image.

Community-Reported Masking Levels Are a Good
Predictor of Bias-Corrected Self-Reported Estimates
Bias-corrected masking proportions were well approximated
by modeled estimates of community-reported masking (Figure
4). The difference between the 2 mask-wearing proportion
estimates ranged from –6% to 5% and became more apparent
in April and May 2021, particularly in rural areas. In May 2021,
though, community estimates in urban areas tended to

overestimate bias-corrected individual masking estimates. This
result is quantitatively affected by influential observations but
is qualitatively robust (Multimedia Appendix 1, Figure S10).
These results suggest that surveying participants about
community masking may give less biased responses than asking
individuals to report their own masking behavior, potentially
reducing social desirability bias and capturing parts of the
population that may be otherwise less likely to respond to the
survey.
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Figure 4. Community-reported masking gives a good estimate of bias-corrected self-reported masking. Community-reported masking refers to the
CTIS question where individuals report how many people in their community are masking, which may decrease nonresponse and social desirability
biases, compared to asking individuals to self-report their masking behavior. Point color denotes urban-rural classes. Comparisons of individual- and
community-reported estimates at different analysis stages are shown in Multimedia Appendix 1 (Figures S11 and S12). CTIS: COVID-19 Trends and
Impact Survey. See Multimedia Appendix 5 for a high-resolution image.

Discussion

Principal Findings
Despite the widespread adoption of face mask-wearing at points
during the COVID-19 pandemic in the United States, the true
prevalence of this behavior across temporal and spatial scales
is largely unknown. Data on mask wearing have been collected
through surveys, at varying spatiotemporal resolutions and with
potentially varying survey biases (eg, [15-17]). Here, we
characterized mask-wearing behavior across the United States
using self-reported masking data from a large national online
survey. We used Bayesian binomial regression models to
remediate issues of small sample size, performed raking/sample
balancing to address unrepresentative survey samples, and
corrected for additional response biases using measurable bias
in vaccination data. We observed substantial spatial
heterogeneity in the masking behavior across urban versus rural
counties, with some temporal changes in mean masking
estimates at the county-month level, most notably a steep decline
in masking in May 2021. We found that community-reported
masking responses well approximated our bias-corrected
masking estimates. Other work adds to this validation: Similar
spatial heterogeneity was found in 2 other surveys, with some
overlapping periods (Multimedia Appendix 1, Figures S1-S3,
[17,47]), and our debiased estimates generally agree with those
recorded in observational studies, including higher levels of
masking in urban areas (Multimedia Appendix 1, Table S1,
[14,28]). Our results reveal the landscape of the masking
behavior across 3 distinct phases of the pandemic (presurge,
surge during winter 2020-2021, and postsurge during the initial

COVID-19 vaccination rollout). Our work also highlights the
critical role that behavioral big data can play in the pandemic
response, if such data are used with caution.

Implications
Our findings have several implications for the fields of infectious
disease epidemiology and public health policy. We identified
high spatial and moderate temporal heterogeneity in masking
behavior at the county-level—patterns that are obscured if data
are aggregated to the state or HHS region level. Contrary to our
expectations, this level of spatial variability around the mean
is consistent over time. Consequently, disease models should
account for spatial variability in masking behavior but may only
need to consider changes in masking dynamics over longer
temporal scales. The high spatial heterogeneity we found in
masking behavior also highlights the need for diverse and
targeted public health approaches across the country rather than
a single national program. Guidance set at the state level without
regard for differences in local conditions may miss early
opportunities to control disease spread, prematurely enforce
public health restrictions, and contribute to fatigue with public
health restrictions. Thus, we advocate for local behavioral data
collection and geographically targeted public health policy for
optimized resource use and efficient disease suppression.

Although county-level mask-wearing behavior varied across
months, we observed little heterogeneity across counties in these
temporal trends. The observed changes in masking behavior
roughly correspond to national trends in new cases in the United
States and self-reported worry about severe disease, as reported
in the CTIS, though we did not determine causality or examine
this relationship at the individual or county level. Because we
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modeled county-level averages, this observed correlation could
be driven by a specific demographic group or subset of
individuals modifying their masking behavior, rather than a
uniform change in average mask uptake in a county’s
population. The sharp decrease in masking in May 2021 is
contemporaneous with many states lifting mask mandates
(Multimedia Appendix 1, Figure S9) and an announcement from
the CDC that vaccinated individuals no longer have to wear
masks outdoors (April 27, 2021 [45]) or indoors (May 13, 2021
[46]). It is plausible that these policy changes could have
impacted masking behavior, both in vaccinated and in
unvaccinated individuals, even though the change in CDC
guidance did not apply to unvaccinated individuals [42,48].
More work is needed to explore the potential differences in
mask wearing between vaccinated and unvaccinated individuals.
Additional research could also focus on quantifying the impact
of social norms on individuals’ masking behavior at fine
spatiotemporal resolution in the United States.

Recent work has highlighted the potential for big data sources
to provide a measurement of spatially disaggregated social
phenomena (eg, [49]), while other research points to the
challenges of inferring high-quality estimates of behavior from
such high-volume data sources [19]. In our work, we sought to
steer away from “big data hubris” [50] by applying rigorous
statistical methods to manage concerns about representativeness
and bias and by conducting an internal validation of our
model-based estimates [51]. In particular, we addressed
representativeness by age, sex, and education to capture
sociodemographic response bias. Motivated by an association
between COVID-19–preventative behaviors [39], we debiased
our masking estimates based on vaccination data to address
additional nonresponse bias and social desirability bias. Finally,
we internally validated our population-scale masking estimates
of self-reported behaviors with responses of community
behaviors, which may be subject to less nonresponse and social
desirability bias compared to self-reporting questions [52]. We
found that community-reported masking estimates agreed
closely with bias-corrected self-reported masking behavior,
highlighting that surveying participants about community
behavior may be an avenue to reduce survey bias. We note,
however, that this finding may not apply in all settings;
self-reported masking behavior on a university campus closely
matched observed masking levels, and questions about
community masking were less accurate [53]. Although these
implications for analysis of surveys on human behavior may
not apply universally, similar results have been found in other
infectious disease applications, including disease surveillance
(using the CTIS data [27,54]) and early outbreak detection in
social networks [55,56]. Our results further emphasize the
promise of human social sensing going forward to make big
data sources more meaningful [57].

Limitations
Nevertheless, our approach has some limitations that are
important to consider. We were unable to deal with all
representation or response biases, including the exclusion of

individuals under 18 years of age; a lack of representativeness
due to factors other than age, sex, and education; recall bias;
dishonest responses; and other characteristics that may be
predictive of nonresponse or social desirability bias, such as
political leanings or belief in COVID-19 conspiracies [27].
Likewise, we could not account for how individuals with
Facebook accounts may engage differently in
COVID-19–preventive behaviors than non-Facebook users. It
is unclear whether these biases that are unaccounted for would
have a systematic or random effect on our results. However, we
do expect their impact to be relatively small, particularly as our
ground-truth–based debiasing approach adjusts masking
estimates regardless of the source of nonresponse bias, and as
supported by our community-reported masking analysis (since
the community question captures some of the non-Facebook
user population). We assumed that self-reported mask wearing
is biased in the same magnitude and direction as the
self-reported COVID-19 vaccination status—an assumption
that should be tested in future research. Our approach also does
not resolve issues of a small sample size; for example, the
association we found between bias-corrected self-reported
masking and community-reported masking is stronger between
modeled estimates than between raw means. Although we
attempted to correct for bias in our mask-wearing estimates, the
point estimates for these values should be interpreted with
caution. The goal of our work is not to produce point estimates
of county-level mask-wearing behavior but instead to take
advantage of the CTIS survey design and characterize the
relative trends in mask-wearing behavior between and across
counties. We advocate for additional observational studies with
experimental designs that would allow for direct estimation of
these quantities to improve behavioral surveillance estimates.

Conclusion
In summary, we produced the first accurate high-resolution
spatiotemporal estimates of face mask wearing in the United
States for the period from September 2020 through May 2021.
Our work reveals that masking behavior is highly variable across
the United States, suggesting that a one-size-fits-all approach
to increasing mask-wearing behavior is likely to be ineffective.
Instead, we identified regions of the country with higher and
lower masking levels. These differences should be investigated
going forward as public health organizations consider how to
more effectively target these low-masking regions. For example,
these communities may be more susceptible to mis- and
disinformation regarding mitigation behaviors, which must be
strategically confronted. Furthermore, this variability in behavior
demonstrates the need to develop infectious disease dynamics
models to analyze and predict how spatiotemporal trends in
disease are affected by changes in human behavior, such as
vaccination, contact patterns, and face mask wearing. Our
analyses also address issues of survey bias, with the takeaway
that, in the future, we should invest in a robust survey
infrastructure that can recruit large representative samples with
minimal bias, including using certain representative respondents
as human social sensors to report on their communities.

 

JMIR Public Health Surveill 2023 | vol. 9 | e42128 | p.1166https://publichealth.jmir.org/2023/1/e42128
(page number not for citation purposes)

Taube et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Acknowledgments
The authors thank the Carnegie Mellon University (CMU) Delphi team for sharing the US COVID-19 Trends and Impact Survey
(CTIS) data openly and freely and Alex Reinhart for his feedback on this work. We also thank the Outbreaks Near Me team at
Boston Children’s Hospital and Momentive for data sharing and Benjamin Rader and John Brownstein for their feedback.

The research reported in this publication was supported by the National Institute of General Medical Sciences of the National
Institutes of Health under award number R01GM123007. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

Data Availability
Data aggregated to the county-month scale and all code to analyze these data will be made available on GitHub [58]. Individual
survey responses cannot be shared by the authors, but researchers can refer to Ref. [59] if they would like to enter an agreement
for data usage with the Carnegie Mellon University (CMU) Delphi team.

Authors' Contributions
JCT performed analyses, interpreted results, and drafted and edited the manuscript. ZS designed and guided analyses and edited
the manuscript. SB designed the study, guided the analysis, interpreted results, and edited the manuscript. All authors have read
and approved the final manuscript.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Supplementary materials.
[PDF File (Adobe PDF File), 29021 KB - publichealth_v9i1e42128_app1.pdf ]

Multimedia Appendix 2
Visualization of spatially heterogeneous data-processing effects. (A) Residuals following the binomial regression model. (B)
Residuals following the binomial regression model with raking/sample rebalancing. (C) Residuals following the binomial regression
model with raking/sample rebalancing and an offset for bias. Residuals are defined as the difference between the modeled and
the observed masking estimates at each analysis stage, where negative values indicate model estimates were higher than observed
values and positive residuals indicate model estimates were lower than observed values. All maps are shown for February 2021.
N/A: not applicable.
[PNG File , 4292 KB - publichealth_v9i1e42128_app2.png ]

Multimedia Appendix 3
Bias-corrected masking behavior is spatially heterogeneous and higher in urban areas. (A) Map of bias-corrected masking behavior
in October 2020 reveals high spatial heterogeneity. Masking proportions vary substantially even within a single state. Spatial
heterogeneity does not notably vary over time (Multimedia Appendix 1, Figure S5). A selection of other months in the study
period are shown in Multimedia Appendix 1 (Figures S6-S8). (B) Breakdown of county masking proportions over all survey
months by the NCHS urban-rural classification. A direct relationship between the median masking proportion and population
density is observed. N/A: not applicable; NCHS: National Center for Health Statistics.
[PNG File , 3213 KB - publichealth_v9i1e42128_app3.png ]

Multimedia Appendix 4
Bias-corrected masking behavior peaked in the winter of 2020-2021 and fell in the spring of 2021, mirroring new cases and
increasing vaccinations. Top curves show the time series of the z-score of bias-corrected masking proportions for each county
colored by the average masking proportion across the survey period. The inset plot shows z-scores of the 7-day rolling average
of new cases (green), the proportion of individuals vaccinated nationally (orange), and the reported worry about severe illness
from COVID-19 in CTIS respondents (purple). Z-scores are based on the mean and SD of each county’s masking estimates over
the survey period. CTIS: COVID-19 Trends and Impact Survey.
[PNG File , 3253 KB - publichealth_v9i1e42128_app4.png ]

Multimedia Appendix 5
Community-reported masking gives a good estimate of bias-corrected self-reported masking. Community-reported masking refers
to the CTIS question where individuals report how many people in their community are masking, which may decrease nonresponse
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and social desirability biases, compared to asking individuals to self-report their masking behavior. Point color denotes urban-rural
classes. Comparisons of individual- and community-reported estimates at different analysis stages are shown in Multimedia
Appendix 1 (Figures S11 and S12). CTIS: COVID-19 Trends and Impact Survey.
[PNG File , 3105 KB - publichealth_v9i1e42128_app5.png ]
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Abstract

Background: The COVID-19 pandemic and related lockdowns have impacted lifestyle behaviors, including eating habits and
physical activity; yet, few studies have identified the emerging patterns of such changes and associated risk factors.

Objective: This study aims to identify the patterns of weight and lifestyle behavior changes, and the potential risk factors,
resulting from the pandemic in Canadian adults.

Methods: Analyses were conducted on 1609 adults (18-89 years old; n=1450, 90.1%, women; n=1316, 81.8%, White) of the
Canadian COVIDiet study baseline data (May-December 2020). Self-reported current and prepandemic weight, physical activity,
smoking status, perceived eating habits, alcohol intake, and sleep quality were collected through online questionnaires. Based on
these 6 indicator variables, latent class analysis (LCA) was used to identify lifestyle behavior change patterns. Associations with
potential risk factors, including age, gender, ethnicity, education, income, chronic diseases, body image perception, and changes
in the stress level, living situation, and work arrangement, were examined with logistic regressions.

Results: Participants’ mean BMI was 26.1 (SD 6.3) kg/m2. Of the 1609 participants, 980 (60.9%) had a bachelor’s degree or
above. Since the pandemic, 563 (35%) had decreased income and 788 (49%) changed their work arrangement. Most participants
reported unchanged weight, sleep quality, physical activity level, and smoking and alcohol consumption, yet 708 (44%) reported
a perceived decrease in eating habit quality. From LCA, 2 classes of lifestyle behavior change emerged: healthy and less healthy
(probability: 0.605 and 0.395, respectively; Bayesian information criterion [BIC]=15574, entropy=4.8). The healthy lifestyle
behavior change group more frequently reported unchanged weight, sleep quality, smoking and alcohol intake, unchanged/improved
eating habits, and increased physical activity. The less healthy lifestyle behavior change group reported significant weight gain,
deteriorated eating habits and sleep quality, unchanged/increased alcohol intake and smoking, and decreased physical activity.
Among risk factors, body image dissatisfaction (odds ratio [OR] 8.8, 95% CI 5.3-14.7), depression (OR 1.8, 95% CI 1.3-2.5),
increased stress level (OR 3.4, 95% CI 2.0-5.8), and gender minority identity (OR 5.5, 95% CI 1.3-22.3) were associated with
adopting less healthy behaviors in adjusted models.

Conclusions: The COVID-19 pandemic has appeared to have influenced lifestyle behaviors unfavorably in some but favorably
in others. Body image perception, change in stress level, and gender identity are factors associated with behavior change patterns;
whether these will sustain over time remains to be studied. Findings provide insights into developing strategies for supporting
adults with poorer mental well-being in the postpandemic context and promoting healthful behaviors during future disease
outbreaks.
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Introduction

On March 11, 2020, the World Health Organization (WHO)
declared COVID-19 (SARS-CoV-2) a global pandemic.
Between March 12 and 22, all Canadian provinces had declared
a public health emergency, and individuals were asked to stay
at home and nonessential businesses were closed, including
restaurants and gyms. Indoor and outdoor gatherings were also
prohibited in large provinces to avoid spreading of the disease.
Indeed, the pandemic imposed a sudden disruption in people’s
usual routine. Although many adopted telework practice, others,
such as frontline workers, were required to work on-site with
additional protective equipment. In May 2020, measures became
less stringent and nonessential businesses across Canada
reopened gradually [1]. COVID-19 vaccines in adults were
under clinical trial investigation, when a second wave hit in
September 2020, leading to the enforcement of a second
lockdown across provinces [1,2].

Confinement inevitably disturbs lifestyle behaviors, such as
eating habits, physical activity level, and sleep, to varying
degrees among individuals [3]. Although some observational
studies and surveys have reported more home cooking, better
diet quality, and increased physical activity levels [4,5], others
have observed decreased physical activity, increased energy
and alcohol intake, binge eating, reliance on take-out foods, and
overall decreased diet quality [6-8]. The combination of poor
diet quality, low physical activity, and greater alcohol intake,
BMI, and smoking represents an important risk for severe
COVID-19 [9], COVID-19 mortality [10], and chronic diseases
during the postpandemic period [11]. Accumulating evidence
shows that particular groups, such as women and younger
individuals, were more susceptible to higher levels of stress and
depression during the pandemic, possibly due to changes in
home life among others [12-15]. These factors, combined with
limited access to grocery shops [8], restaurants, and food banks,
restricted budgets due to sudden unemployment, and changes
in living arrangements may have affected how people modified
their lifestyle during the pandemic [16,17]. Yet, it remains
unclear which factors are major determinants of overall lifestyle
pattern adoption in times of the pandemic, and no study has
examined the lifestyle pattern change of adults in Canada.

Therefore, the objectives of this study were to characterize the
potential impact of the COVID-19 pandemic on the lifestyle
habits of Canadians and to identify patterns of weight and
lifestyle behavior change and associated risk factors. We
postulated that individuals experiencing greater levels of stress,
isolation, changes in their living situation and work arrangement,
and decreased income adopted less healthy lifestyle behaviors.
Findings from this study may inform strategies to cope with the

effects of current and potential future outbreaks in promoting
and maintaining a healthy lifestyle.

Methods

Study Population
The web- and mobile-based Canadian COVIDiet cohort study
was initiated on May 29, 2020, toward the end of the COVID-19
pandemic’s first wave of infections. The primary objective was
to provide longitudinal data on the impact of the pandemic on
eating behaviors, diet quality, and related lifestyle behaviors of
Canadian adults. Based on the Canadian population estimated
at 31 million adults and considering a 5% margin of error, 95%
CI, and 50% response distribution [18], 400 participants were
required per age strata (18-45, 45-65, ≥65 years). Following
power allocation relative to population size [19], the target
sample size was 1920 participants. Until December 5, 2020,
2959 adults from across Canada were recruited using social
media advertisement, professional societies, and institutional
email lists and from community centers, including food banks.
Efforts were made to recruit across age groups, regions, and
gender (men and women). Regions were delimited as Ontario,
Québec, British Columbia, Prairies (Alberta, Manitoba,
Saskatchewan), Atlantic provinces (Nova Scotia, New
Brunswick, Newfoundland and Labrador, Prince Edward Island),
and territories (Northwest Territories, Yukon, and Nunavut).
Interested individuals were invited to contact the study
coordinator by email or visit the study website for more
information and for eligibility screening.

Eligible participants were 18 years of age or older, were living
in Canada at the time of study entry, were able to read English
or French, owned a smartphone or tablet, and had access to the
internet. Individuals living in care homes or other institutional
environments; hospitalized, pregnant, or breastfeeding; or with
an active and uncontrolled acute disease that interfered with
usual food intake were excluded. The COVIDiet study
participants were followed every 3 months for 1 year to capture
the impact of the pandemic across waves of infections and for
1 year thereafter to evaluate the longer-term effect. The current
analysis was conducted on baseline (May-December 2020) and
retrospective data from the baseline questionnaire. Individuals
who did not fill out the baseline questionnaire (n=904), provided
implausible responses (n=8), and had missing data on changes
in weight and lifestyle behavior (eating habits, alcohol
consumption, physical activity level, sleep quality and smoking;
n=442) were excluded. The final sample included 1609
participants (Multimedia Appendix 1, Figure S1).

Ethical Considerations
Data were collected with online encrypted surveys using
AirTable [20] and deidentified using generated ID codes.
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Participants were eligible to win a CA $250 (US $182) gift card
when they enrolled in the study; 1 draw occurred at every 500
participants enrolled. All participants provided online informed
consent. This study was approved by the McGill University
Research Ethics Board (20-04-064) and was registered on
ClinicalTrials.gov (NCT04407533).

Questionnaires

Baseline Sociodemographics and Medical History
Participants were asked to provide demographic characteristics
and changes in lifestyle habits since the pandemic. They were
asked to report on age, self-identified gender (women, men,
others), ethnicity (White, South Asian, Chinese, Black, Filipino,
Latin American, Arabic, Southeast Asian, West Asian, Korean,
Japanese, Indigenous, other), usual occupation (full-time,
part-time, occasional/seasonal, self-employed, student,
unemployed, caregiver, volunteer, retiree), highest or current
level of education (grade 8 or lower, grade 9 or 10, high school
diploma, vocational school, college diploma , university
certificate, bachelor’s degree, graduate studies), usual annual
household income (<CA $20,000/<US $14,560, CA
$20,000-$50,000/US $14,560-$36,400, >CA $50,000
-$100,000/>US $36,400-$72,800, >CA $100,000-$150,000/>US
$72,800-$109,199, >CA $150,000/>US $109,199), usual
household/living situation (living with parents, grandparents,
brothers and sisters, host family, roommates, partner, children,
alone), province, area (urban, suburban, rural), height (m or ft),
usual weight (kg or lb), perceived body image (satisfied,
somewhat satisfied, not satisfied), living with a chronic disease
(hypertension, osteoarthritis, mood and anxiety disorder,
osteoporosis, diabetes, asthma, chronic obstructive pulmonary
disease, ischemic heart disease, cancer, dementia, other), and
time since diagnosis. Questions were retrieved from the
Canadian Community Health Survey (CCHS) 2020 [21]. As a
measure of restrictive public health measures burden, the
pandemic wave at the time of study enrollment was used.
Participants who completed the Rapid Response - Healthy
Living questionnaire before the second wave was declared on
September 23, 2020 (May 26-September 22, 2020) [22] were
classified within the “lenient restrictions” category, while those
who started the study after this cut-off (September 23-December
14, 2020) were classified within the “strict restrictions” category.

Other Lifestyle Behaviors
Participants were also asked to report on physical activity (≥ or
<150 minutes/week [23]) and its intensity, based on the CCHS
2020 questionnaire. We queried on alcohol consumption (≤1
drink/week, 1-3 drinks/week, 4-8 drinks/week, 9-14
drinks/week, >15 drinks/week) using an adapted CCHS 2020
questionnaire to better capture short-term changes in alcohol
intake since the start of the pandemic. Smoking (daily,
occasionally, no) and sleeping time (hours) and quality (very
good, fairly good, fairly bad, very bad) were also retrieved from
the CCHS [24]. Participants answered according to the current
situation and from before the pandemic. The current anxiety
level was assessed using the General Anxiety Disorder-7
(GAD-7) [25], and depression was assessed using the 10-item
Center for Epidemiologic Studies Depression Scale (CES-D-10;
≥10) [26]. We also queried on the self-reported change in the

stress level compared to before the pandemic. If participants
reported having 1 or more chronic diseases, questions were
asked on medication and medication changes during the
pandemic.

For each question, participants were given the option to respond
with “I don’t know” or “I prefer not to answer.”

Weight and Lifestyle Behavior Changes
Baseline (during) versus prepandemic changes in weight and
lifestyle factor status were categorized into 3 levels. For weight,
a difference greater than +/–3% was considered an increase or
a decrease in weight, respectively; participants with 0%-2.9%
or insignificant weight change were categorized as having
unchanged weight. For alcohol consumption, an upward change
in 1 or more categories (<1 drink/week, 1-3 drinks/week, 4-8
drinks/week, 9-14 drinks/week, ≥15 drinks/week) was
categorized as increased consumption, a downward change as
decreased consumption, or no change as unchanged
consumption. For physical activity level, a change in adherence
to the WHO recommendations (yes or no) was categorized as
increased (no to yes), decreased (yes to no), or unchanged (yes
to yes or no to no). For eating habits, a perceived change was
reported as improved, unchanged, or worsened. For sleep
quality, an increase or decrease in 1 or more categories (very
bad, fairly bad, fairly good, very good) was categorized as
increased or decreased sleep quality, respectively, or otherwise
categorized as unchanged. For smoking status (daily or
occasionally/never), a change was categorized as increased (no
to yes), decreased (yes to no), or unchanged (yes to yes, or no
to no).

Statistical Analysis
Baseline characteristics were reported as means and SDs, and
counts and percentages, as applicable. Latent class analysis
(LCA) was used to identify lifestyle behavior change patterns
based on 6 indicator variables: change in weight, alcohol
consumption, physical activity, perceived eating habits, sleep
quality, and smoking status. Models with 1, 2, and 3 classes
were tested, and improvement in test statistics chi-square
goodness of fit, Bayesian information criterion (BIC), Akaike
information criterion (AIC), and entropy were used for model
selection. Differences between participants’ characteristics and
sociodemographics by class membership were examined using
the chi-square for proportions, and the t test and Mann-Whitney
U test for normally and nonnormally distributed data,
respectively. Potential risk determinants of class membership
were examined using logistic regressions. Model 1 was adjusted
for age, gender, ethnicity, province, and burden of restrictive
measure, and model 2 was adjusted for model 1 covariates and
for body image perception, anxiety level, depression, chronic
diseases, and changes in income, stress level, living situation,
and work arrangement. Given the oversampling of women,
gender-weighted sensitivity analysis was performed applying
the Canadian 2019 Census gender proportions (women: 50.6%,
men: 49.3%) [27] to improve the generalizability of results.
Unweighted stratified analyses by age (< and ≥55 years),

baseline BMI (< and ≥25 kg/m2), and restrictive public health
measure burden subgroups were conducted. P<.05 was
considered statistically significant in all analyses. LCA and
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logistic regressions were performed using R version 4.1.2
(2021-11) in RStudio (R Foundation for Statistical Computing).
This study’s program is available on GitHub [28].

Results

Participants Characteristics
In total, 942 (46%) of 1609 participants were recruited between
the end of the first wave of infections and the beginning of the
second wave, that is, when lenient restrictive measures were in

place. The other participants (1105/1609, 54%,) were recruited
during the second wave of the pandemic, during strict restrictive
measures. Table 1 shows prepandemic sociodemographic and
lifestyle characteristics of participants. Participants mostly
self-identified as women, were aged 18-89 years (mean 40.2,

SD 15.5 years), and had a mean BMI of 26.1 (SD 6.3) kg/m2.
The majority were White, had at least a bachelor’s degree, and
reported having a household income > CA $50,000 (US
$36,400) per year.
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Table 1. Characteristics of participants, overall and by identified pattern of behavior change.

Less healthy (n=635, 39.5%)Healthy (n=974, 60.5%)Overall (N=1609)Characteristics

Gender, n (%); P<.001a

29 (4.6)86 (8.8)115 (7.1)Men

588 (92.6)873 (89.6)1461 (90.8)Women

16 (2.5)6 (0.6)22 (1.4)Minority

2 (0.3)9 (0.9)11 (0.7)Missing

39.6 (14.3)40.5 (16.1)40.2 (15.5)Age (years) at baseline, mean (SD); range=18-89 years, P=.26b

N/AN/Ad20 (1.2)Missing, n (%)c

Ethnicity, n (%); P<.001a

511 (80.5)796 (81.7)1307 (81.2)White

5 (0.8)7 (0.7)12 (0.7)Black

13 (2.0)18 (1.8)31 (1.9)Hispanic

44 (6.9)71 (7.3)115 (7.1)Asian

8 (1.3)3 (0.3)11 (0.7)Indigenous

43 (6.8)63 (6.5)106 (6.6)Multiethnic

11 (1.7)16 (1.6)27 (1.7)Missing

Province or territory of residence, n (%); P<.001a

80 (12.6)106 (10.9)186 (11.6)Pacific region

137 (21.6)173 (17.8)310 (19.3)Prairie provinces

261 (41.1)342 (35.1)603 (37.5)Ontario

99 (15.6)273 (28.0)372 (23.1)Québec

53 (8.3)67 (6.9)120 (7.5)Atlantic region

1 (0.2)6 (0.6)7 (0.4)Northern Territories

4 (0.6)7 (0.7)11 (0.7)Missing

Residential area, n (%); P=.12a

363 (57.2)549 (56.4)912 (56.7)Urban

161 (25.4)284 (29.2)445 (27.7)Suburban

109 (17.2)138 (14.2)247 (15.4)Rural

2 (0.3)3 (0.3)5 (0.3)Missing

26.8 (6.5)25.7 (6.2)26.1 (6.3)BMI (kg/m2), mean (SD); P<.001b

N/AN/A77 (4.8)Missing, n (%)

Education, n (%); P=.96a

1 (0.2)4 (0.4)5 (0.3)Grade 9 or 10

81 (12.8)116 (11.9)197 (12.2)High school diploma

6 (0.9)8 (0.8)14 (0.9)Vocational school

112 (17.6)167 (17.1)279 (17.3)Diploma from Collège d'enseignement general et professionnel
(CEGEP) or community college

37 (5.8)54 (5.5)91 (5.7)University certificate

229 (36.1)370 (38.0)599 (37.2)Bachelor’s degree

150 (23.6)231 (23.7)381 (23.7)Graduate studies (master’s degree or PhD)

19 (3.0)24 (2.6)43 (2.7)Missing

Household income (CA $/US $ per year)e, n (%); P=.08a
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Less healthy (n=635, 39.5%)Healthy (n=974, 60.5%)Overall (N=1609)Characteristics

51 (8.0)59 (6.1)110 (6.8)<20,000/<14,560

134 (21.1)181 (18.6)315 (19.6)20,000-50,000/14,560-36,400

171 (26.9)261 (26.8)432 (26.8)>50,000-100,000/>36,400-72,800

136 (21.4)199 (20.4)335 (20.8)>100,000-150,000/>72,800-109,199

86 (13.5)183 (18.8)269 (16.7)>150,000/>109,199

57 (9.0)91 (9.3)148 (9.2)Missing

Employment status, n (%); P=.32a

298 (46.9)436 (44.8)734 (45.6)Full-time

67 (10.6)109 (11.2)176 (10.9)Part-time

40 (6.3)63 (6.5)103 (6.4)Student

46 (7.2)99 (10.2)145 (9.0)Retired

181 (28.5)259 (26.6)440 (27.3)Other (caregiver, volunteer, etc)

3 (0.5)8 (0.8)11 (0.7)Missing

Chronic diseases, n (%); P=.08a

408 (64.3)633 (65.0)1041 (64.7)0

55 (8.7)87 (8.9)142 (8.8)1

110 (17.3)131 (13.4)241 (15.0)≥2

62 (9.8)123 (12.6)185 (11.5)Missing

46 (7.2)71 (7.3)117 (7.3)Smoker, n (%)

Alcohol consumption, n (%); P<.001a

108 (17.0)258 (26.5)366 (22.7)≥4 drinks/week

Restrictive measures at enrollment, n (%); P<.001a

449 (70.7)584 (60.0)1033 (64.2)Strict

186 (29.3)390 (40.0)576 (35.8)Lenient

Use of dietary supplements, n (%); P=.02a

256 (40.3)340 (34.9)596 (37.0)Yes

372 (58.6)627 (64.4)999 (62.1)No

7 (1.1)7 (0.7)14 (0.9)Missing

Physical activity, n (%); P<.001a

436 (68.7)581 (59.7)592 (36.8)<150 minutes/week

199 (31.3)393 (40.3)1017 (63.2)≥150 minutes/week

Since the pandemic, mean (SD)

8.8 (5.5)6.1 (4.8)7.1 (5.3)GAD-7f, anxiety symptoms (/21); P<.001b

13.7 (6.6)9.3 (6.1)11.1 (6.7)CES-D-10g, depression symptoms (/30); P<.001b

Body image perception, n (%); P<.001a

30 (4.7)205 (21.0)235 (14.6)Satisfied

202 (31.8)453 (46.5)655 (40.7)Somewhat satisfied

401 (63.1)306 (31.4)707 (43.9)Not satisfied
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Less healthy (n=635, 39.5%)Healthy (n=974, 60.5%)Overall (N=1609)Characteristics

2 (0.3)10 (1.0)12 (0.7)Missing

aP values are from chi-square tests unless otherwise indicated.
bP values are from 2-sided independent t tests.
cAll percentages are unweighted.
dN/A: not applicable.
eCA $1.00=US $0.73.
fGAD-7: General Anxiety Disorder-7
gCES-D-10: 10-item Center for Epidemiologic Studies Depression Scale.

Self-Reported Changes in Weight, Lifestyle, and Living
Factors
Since the pandemic, 35.1% (565/1609) participants had a
decreased income, 49.0% (788/1609) changed their work
arrangement, and 94.3% (1518/1609) kept the same living
situation (1295/1609, 80.5%, were living with others, and
223/1609, 13.9%, were living alone). Regarding mental

well-being, 52.2% (840/1609) participants reported a worsened
mood and 63.8% (1026/1609) reported increased stress levels
compared to before the pandemic. Among lifestyle factors, most
of the population reported either no change or insignificant
weight gain or loss and no change in alcohol intake, physical
activity, smoking, and sleep quality, yet 44.1% (709/1609)
reported a decreased perceived quality of eating habits (Table
2).

Table 2. Self-reported changes in sociodemographic status, weight, and lifestyle factors. All reported values are unweighted.

Decreased, n (%)Unchanged, n (%)Increased, n (%)Factor

166 (10.3)920 (57.2)523 (32.5)Weight

709 (44.1)531 (33.0)369 (22.9)Perceived eating habit quality

575 (35.7)815 (50.7)219 (13.6)Sleep quality

412 (25.6)1001 (62.2)196 (12.2)Physical activity level

33 (2.1)1559 (96.9)17 (1.1)Smoking

206 (12.8)991 (61.6)412 (25.6)Alcohol consumption

Emergent Patterns of Change in Weight and Lifestyle
Behaviors
Among the tested LCA models, the model with 2 emerging
lifestyle behavior change classes had the best fit despite a
slightly lower AIC compared to the model with 3 classes
(Multimedia Appendix 2, Table S1) and was therefore selected
for use. Participants with the class 1 membership (974/1609,
60.5%, population share probability) were more likely to report
unchanged weight, sleep quality, smoking and alcohol intake,
unchanged/improved eating habits, and increased physical
activity. Participants with the class 2 membership (635/1609,

39.5%, population share probability) were more likely to report
significant weight gain, deteriorated eating habits and sleep
quality, unchanged/increased alcohol intake and smoking, and
decreased physical activity. Class 1 was referred to as the
healthy and class 2 as the less healthy pattern. Results from the
LCA are presented in Figure 1.

Participants with the less healthy pattern were more likely to
self-identify as women or a gender minority, to have a lower
income prepandemic, and to live with 2 or more chronic
diseases. They were also more likely to report a decreased
income since the pandemic. Age, ethnicity, residential area, and
change in the living situation did not differ between classes.
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Figure 1. Two identified classes of change in weight and lifestyle patterns as a result of the pandemic. Classes were identified using LCA based on
self-reported changes (prepandemic vs baseline) in weight, physical activity level, smoking, alcohol use, and sleep quality. LCA: latent class analysis.

Associations of Risk Factors With Identified Patterns
of Lifestyle Behavior Change
Among risk factors, body image dissatisfaction (odds ratio [OR]
8.8, 95% CI 5.3-14.9), increased stress level (OR 3.4, 95% CI
2.0-5.8), depression (OR 1.7, 95% CI 1.2-2.4), and
self-identifying as a gender minority (OR 5.5, 95% CI 1.3-22.3)
were positively associated with adopting less healthy lifestyle
behaviors in adjusted models (Figure 2 and Multimedia
Appendix 2, Table S2). In addition, the province of Québec was
inversely associated with less healthy lifestyle behavior changes
(OR 0.51, 95% CI 0.33-0.80).

Gender-weighted sensitivity analysis showed a stronger positive
association between women and the less healthy lifestyle
behavior changes, and the association for gender minorities
disappeared (Multimedia Appendix 2, Table S3). The results
were otherwise consistent with the nonweighted analysis.

Stratified analysis by age group showed positive associations
of body image dissatisfaction, symptoms of depression,
increased stress, and women and minority genders with less
healthy lifestyle behavior changes in younger adults (<55 years
old) and positive associations of symptoms of anxiety and body
image dissatisfaction with less healthy lifestyle behavior changes
in older adults (Multimedia Appendix 2, Table S4). However,
depressive symptoms, gender, and stress level were not
determinants of lifestyle behavior change patterns in this

subgroup. Living with a chronic disease was predictive of less
healthy lifestyle behavior changes in older adults.

Stratified analysis by BMI group showed positive associations
between body image dissatisfaction, symptoms of depression,
increased stress levels, lenient restrictive measures at the time
of enrollment, living with ≥2 chronic diseases, living situation
change (lived with people and moved alone), and less healthy
lifestyle behavior changes in those with a usual BMI of <25

kg/m2 (Multimedia Appendix 2, Table S5). In participants with

a usual BMI of ≥25 kg/m2, increased stress levels, maintenance
of the same work arrangement, and body image dissatisfaction
were positively associated with less healthy lifestyle behavior
changes. Living with ≥2 chronic diseases was predictive of less
healthy lifestyle behavior changes in this population subgroup.
Gender was not a determinant of the outcome within either BMI
group.

Stratified analysis by the burden of restrictive measures at the
time of enrollment showed body image dissatisfaction,
symptoms of depression, and increased levels of stress to be
positively associated with less heathy lifestyle behavior changes
in both subgroups (Multimedia Appendix 2, Table S6). Living
with ≥2 chronic diseases during lenient restrictive measures
was predictive of less healthy lifestyle behavior changes. None
of the participants recruited during lenient restrictive measures
self-identified as a gender minority; gender was only significant
within the subgroup of participants recruited during strict
restrictive measures.
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Figure 2. Unweighted adjusted ORs of the association between psychosocial factors and lifestyle pattern adoption (“less healthy” vs "healthy”).
CES-D-10, 10-item Center for Epidemiologic Studies Depression Scale; OR, odds ratio; Ref., reference group. Tables S2 and S3 provide unweighted
and gender-weighted ORs.

Discussion

Principal Findings
During the COVID-19 pandemic, more than half of the Canadian
COVIDiet study adults reported no change in body weight,
smoking status, exercise level, alcohol intake, and sleep quality;
however, a dominant proportion (44%) reported worsened eating
habits. Considering these lifestyle factors altogether, we
identified 2 distinct lifestyle behavior change patterns: healthy
and less healthy. The significant and independent determinants
of a less healthy lifestyle behavior change pattern were body
dissatisfaction, depression, increased stress levels since the
pandemic, self-identifying as a gender minority, and the
province of residence.

Several surveys have reported on changes in individual lifestyle
factors during the pandemic in adults worldwide [10,29-40],
but few observational studies have examined the overall lifestyle
behavior change patterns and associated risk factors [41,42].
Similar to our findings and using comparable data-driven
statistical approaches, one study found “favorable,”
“unfavorable,” and “no change” lifestyle change groups in a
French cohort [42], while another study identified “prohealthy,”
“unhealthy,” and “constant” groups in a Polish population [41].

Adopting Healthy Lifestyle Behaviors
In this study, the healthy lifestyle behavior change pattern
(974/1609, 60.5%) was mainly characterized by an increased
physical activity level, unchanged or improved perceived eating
habits, and stable weight, sleep quality, and smoking status. An
increased physical activity level has also been reported in other
countries [29,42]. It may have resulted from increased free time
due to telework or from a desire to improve personal health in
facing the disease outbreak. In addition, participants allocated
to the healthy class were more active at baseline, which may
have led them to coping with the pandemic-related stress with
exercise [43], thus increasing their physical activity level, while
decreasing stress levels. With regard to diet, stable and improved
eating habits were observed in our study and elsewhere
[4,29,42]. Staying at home may have favored the avoidance of
less healthy food, such as fast food, and more frequent cooking
for some individuals [4,29,42,44]. One study in the Canadian
province of Québec (NutriQuebec study; N=853, with 87.2%
women, 52.5% aged 50-69 years) showed a slight overall
increase in diet quality (+1.1/100 points in the Healthy Eating
Index-2015; 95% CI 0.6-1.5) during early lockdown (April-May
2020), especially in younger adults, in those with lower
education, or in those with obesity [4]. Although not directly
comparable, only 22.9% (369/1609) of the overall population
reported improved eating habits and a larger proportion reported
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worsened eating habits (709/1609, 44.1%) in our study. In
addition, only 35.5% (346/974) reported improved eating habits
and the majority reported unchanged habits in the healthy
lifestyle behavior change group. This suggests that the diet
quality of Canadians may not have improved at a population
level; in-depth dietary assessment will permit more robust
conclusions. Lastly, the COVID-19 pandemic appears to have
had disproportionate impacts on populations living with social
inequalities [45]. Participants in the healthy pattern group were
more likely to self-identify as men, to report higher and
unchanged household incomes, to be satisfied with their body
image, and to be living with less than 2 chronic diseases. The
lifestyle behavior changes observed in this group may be
reflective of social privilege.

Adopting Less Healthy Lifestyle Behaviors
Contrastingly, the less healthy lifestyle behavior change pattern
(635/1609, 39.5%) was characterized by perceived worsened
eating habits, decreased physical activity, decreased sleep
quality, and weight gain. Similar patterns of lifestyle habit
deterioration were observed in Canada, predominantly in British
Columbia [46], and in other countries [47]. Another Canadian
study (N=2338, with 90.2% women, February-April 2020)
showed that although moderate-to-vigorous activity tracked
with wearable devices returned to the prepandemic level 6 weeks
after an initial decline in March 2020, the step count and light
physical activity remained lower [48]. The lockdown imposed
important modifications on daily physical activities, including
work-related commuting interruption due to telework or
unemployment, the prohibited practice of team sports, and the
closure of fitness centers. Those at higher risk of complications
and particularly worried of contracting COVID-19 possibly
took extra isolation precautions and reduced their physical
activity level. In addition, our data show that 1 independent
determinant of the less healthy classification was increased
levels of stress. Both objective and subjective measures of stress
have been shown to hinder physical activity levels, especially
in less active individuals [43]. Worsened eating habits may be
explained by modified food supply and food choices due to
more limited access to grocery stores, fresh food, and working
from home. Increased snacking and sweet consumption have
been reported in numerous global studies (reviewed in [49])
and may have contributed to participants’ perception of
worsened eating habits. In addition, the less healthy lifestyle
behavior change class more likely reported increased alcohol
intake. Altogether, these factors probably explain the observed
body weight increase in this group. Comparably, in the
NutriNet-Santé cohort study (France; N=37,252; weighted
proportions: 52.3% women, 42.5% aged 25-50 years), among
the 3 clusters identified, 1 reflected unfavorable changes that
included decreased physical activity, increased snacking and
sweet consumption, decreased vegetable and fruit consumption,
and weight gain between March and May 2020 [50]. These
changes were associated with being a woman, working from
home, the presence of children at home, a lower income, and
more depressive symptoms. In our study, individuals in the less
healthy lifestyle behavior change group also more likely reported
increased stress levels and anxiety and depressive symptoms
and a greater proportion had more than 2 chronic diseases and

reported a decreased income. A healthy lifestyle, including
regular physical activity and high diet quality, were associated
with reduced risk of chronic diseases [51] and mortality [52].
As a strategy to promote health during self-quarantine, the WHO
regional office for Europe released physical activity and dietary
guidelines [52]. However, none were made available in Canada
in the early months of the pandemic. The impact of such
guidelines on public health during the pandemic remains to be
assessed.

Factors Associated With Lifestyle Behavior Changes
Among potential risk factors, body image satisfaction was the
strongest determinant of lifestyle behavior change patterns
during the pandemic, independent of several other factors,
including gender, age, and income. Close to half of the studied
population (707/1609, 43.9%) reported being not satisfied with
their body image during the pandemic, a proportion higher than
that observed in a population survey in Canada before the
pandemic (15%) [53]. Body image dissatisfaction was also more
frequent in those self-identifying as women and gender
minorities, compared to men, which is typically observed in
Western societies [54,55]. Evidence supports that individuals
dissatisfied with their body image may have poorer mental
health [56] and may engage in less healthy lifestyle behaviors,
such as decreased physical activity [57]. A study showed an
association of worsened body image dissatisfaction with
increased psychological distress during the pandemic [58]. Yet,
in our study, body image dissatisfaction was associated with
less healthy lifestyle behavior changes independent of stress,
anxiety, and depression. The reverse association is also possible,
that is, those who adopted less healthy lifestyle behavior
changes, including weight gain, may have experienced a greater
level of dissatisfaction toward their body image. In our study,
the majority of participants also reported increased stress levels
since the pandemic (1026/1609, 63.8%), which was associated
with less healthy lifestyle behavior changes. Compelling
prepandemic evidence has supported an association of stress,
anxiety, and depression with poorer lifestyle behaviors,
including weight gain [59-63]. However, the pandemic appears
to have exacerbated negative mental health in some individuals,
putting them at risk of adopting poorer lifestyle behaviors [17]
or vice versa [64].

Limited data of the impact of the COVID-19 pandemic on
gender minorities have been collected and are available. In our
study, self-identifying as a gender minority was associated with
adopting less healthy lifestyle habits; although the sample size
was small for this group (24/1609, 1.2%), the proportion was
comparable to that reported in Canada (0.33% from Census
data) [65]. Current evidence supports high rates of worsening
physical and mental health outcomes during the pandemic
among individuals belonging to gender minorities [66,67]. From
stratified analyses, both self-identifying as a woman and
self-identifying as a gender minority were associated with less
healthy lifestyle behavior changes among younger participants
(<55 years) only. Before the pandemic, women (compared to
men) and gender-diverse individuals (compared to men and
women) already reported poorer mental health in Canada. Since
the beginning of social distancing, negative mental health has
been reported in women and gender minorities in Canada [68]
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and elsewhere [58,69-71]. In people belonging to gender
minorities, the lack or loss of access to community groups,
stigmatization, and negative psychological outcomes of the
pandemic may have contributed to the adoption of less healthy
lifestyle behavior changes [66]. In younger women and gender
minorities, the telework and at-home childcare arrangement
may have further adversely impacted lifestyle behaviors [42,71].

Living in the province of Québec was significantly associated
with adopting healthier lifestyle behaviors during the pandemic
compared to Ontario and other large provinces. Yet, restrictive
measures have been comparable across these provinces
throughout the pandemic [1]. Some evidence suggests that the
Québec population may have experienced healthier changes
[4]. However, the association with healthier lifestyle behavior
changes during the pandemic is most likely attributable to
greater recruitment in this province during less stringent
restrictive measures in our study (Québec: 301/576 during
lenient and 71/1033 during strict restrictions; Ontario: 139/576
during lenient and 464/1033 during strict restrictions).

Strengths and Limitations
The strengths of this study include the overall large sample size
and adequate representation across provinces. Another strength
is the use of LCA, as opposed to using measures of central
tendency, that allowed us to identify 2 classes and informed on
distinct patterns within the population.

The study also has limitations. First, variations in restriction
measures were observed across provinces between the start and
the end of recruitment, which may have contributed to
confounding residuals, although our models were adjusted for
the pandemic phases during which participants responded to
the questionnaire. Second, the use of self-reported lifestyle

questionnaires may have introduced subjectivity to
measurements. Third, the use of advertisement strategies
combined with the nature of our study may have led to selection
bias of more educated and healthier individuals. In addition,
the over-/undersampling of specific groups of individuals,
namely gender and age, may have limited the generalizability
of our results to the Canadian population; however, our
sensitivity analysis using gender-based calibration weights
showed consistent results with our main analysis (Multimedia
Appendix 2, Table S3). Fourth, although subgroup analysis by
age, baseline BMI, and pandemic wave group was successfully
conducted, it was not possible to examine the associations
between risk factors and lifestyle behavior change patterns
across ethnic and gender groups; further studies with a larger
sample size within each, especially ethnic and gender minorities,
are warranted.

Conclusion
Findings from this observational study showed that 39.5%
(635/1609) of participants adopted less healthy lifestyle
behaviors during the COVID-19 pandemic but that the majority
(974/1609, 60.5%) adopted healthier behaviors. Factors such
as body image perception, depression status, change in the stress
level, and gender identity may have motivated these lifestyle
behavior changes. It is yet to be determined whether the latter
will sustain in the long term. In the postpandemic period,
multidisciplinary strategies involving dietitians, psychologists,
and kinesiologists may be considered to assist adults in
(re)gaining mental and physical health. Lockdown-adapted
public health recommendations and resources related to
nutrition, physical activity, sleep, and smoking should be
promoted during future outbreaks.
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Abstract

Background: Practicing healthy lifestyles can reduce the risk to develop noncommunicable diseases and the related mortality.
Studies showed that practicing healthy lifestyles could enhance disease-free life expectancy and preserve bodily functions.
However, engagement in healthy lifestyle behavior was suboptimal.

Objective: This study aimed to define individuals’ lifestyle characteristics before and during COVID-19 and determine the
factors associated with practicing a healthy lifestyle. This cross-sectional study was conducted using data from the 2019 and 2021
Behavioral Risk Factor Surveillance System surveys.

Methods: US individuals aged ≥18 years were interviewed via phone call. Healthy lifestyles were assessed through corresponding
questions regarding the maintenance of optimal body weight, physical activity, daily consumption of at least five portions of
fruits and vegetables, current smoking status, and alcohol consumption. Missing data were imputed using a package in the R
statistical software. The effects of practicing a healthy lifestyle on cases without missing data and those with imputation were
reported.

Results: There were 550,607 respondents (272,543 and 278,064 from 2019 and 2021, respectively) included in this analysis.
The rates of practicing a healthy lifestyle were 4% (10,955/272,543) and 3.6% (10,139/278,064) in 2019 and 2021, respectively.
Although 36.6% (160,629/438,693) of all 2021 respondents had missing data, the results of the logistic regression analysis for
cases without missing data and those with imputation were similar. Of the cases with imputation, women (odds ratio [OR] 1.87)
residing in urban areas (OR 1.24) with high education levels (OR 1.73) and good or better health status (OR 1.59) were more
likely to practice healthier lifestyles than young individuals (OR 0.51-0.67) with a low household income (OR 0.74-0.78) and
chronic health conditions (OR 0.48-0.74).

Conclusions: A healthy lifestyle should be strongly promoted at the community level. In particular, factors associated with a
low rate of practice of healthy lifestyles should be targeted.

(JMIR Public Health Surveill 2023;9:e45697)   doi:10.2196/45697
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Introduction

Noncommunicable diseases (NCDs) are chronic health
conditions including cardiovascular diseases and diabetes, which
were responsible for approximately 74% deaths worldwide in
2019 [1]. Practicing a healthy lifestyle reduces the risk of NCDs
and associated all-cause mortality [2-5]; it has been shown to
reduce 78% and 42% of incident diabetes and hypertension,
respectively [2,3]. The following 5 components determine a
healthy lifestyle: optimal body weight, regular physical activity,
healthy diet, smoking cessation, and limited alcohol
consumption. Loef and Walach [4] conducted a meta-analysis
of 15 studies and reported that strict adherence to most of these
components could significantly reduce all-cause mortality (ie,
from 26% to 68%). These findings were supported by the results
of a cohort study involving 487,198 healthy adults; after a
median follow-up of 10.2 years, Zhu et al [5] reported that
practicing a healthy lifestyle could reduce up to 68% of the
all-cause mortality and mortality rate associated with ischemic
heart disease (58%), stroke (79%), and respiratory diseases
(81%). A large-scale cohort study involving 111,562 participants
with 28-34 years of follow-up showed that a healthy lifestyle
could enhance disease-free life expectancy at 50 years of age
by up to 31.1 years [6]. Another 3-year follow-up cohort study
involving 3107 older adults found that practicing a healthy
lifestyle could alleviate the deterioration of gait speed and
cognitive function [7]. In brief, practicing a healthy lifestyle
can reduce all-cause mortality, slow down the progression of
NCDs, and preserve bodily functions. Accordingly, the World
Health Organization (WHO) has recommended practicing
healthy lifestyles to prevent the risk of NCDs across all age
groups [8].

Despite this, engagement in healthy lifestyle behaviors has
remained suboptimal, with some factors hindering individuals
from pursing such lifestyles. Using a random sampling
technique, Azizan et al [9] investigated adherence to a healthy
diet among low-income individuals in Malaysia; only 34.8%
of the 1450 participants followed a healthy diet. A low level of
education and diabetes prevented individuals from following a
healthy diet [9]. However, a cross-sectional study conducted in
Iran comprising 500 patients with diabetes revealed that over
80% of the participants followed healthy diets and were
physically active; the use of convenience sampling technique
might be the reason of the high adherence rate of healthy diets
and physical activity [10]. Another cross-sectional study
conducted in Jordan, using random sampling, involving 1000
patients with hypertension reported that only 23% of the
included participants practiced healthy lifestyles; being men
and having a low level of hypertension knowledge prevented
the participants from practicing healthy lifestyles [11]. On the
other hand, fewer rural residents practice healthy lifestyles
[12,13]. This might be why a higher mortality rate was noted
in the rural areas [14]. Different sociodemographic conditions,
comorbidities, and residential areas may influence individuals’
decisions to practice healthy lifestyles.

A healthy lifestyle should be promoted at all ages. Studies have
shown that practicing a healthy lifestyle may not always result
in satisfactory outcomes and that many factors can influence

individuals’ decisions to pursue such lifestyles. However,
COVID-19 has markedly altered our living environments and
behaviors [15-17]. For example, a 3-month longitudinal study
found that people spent less time visiting public places and
became physical inactivity during COVID-19 [18]. Previous
studies assessing healthy lifestyles were conducted at the
community level and before the pandemic was announced. Our
main objectives were to (1) define the individuals’
characteristics and their practice of healthy lifestyles in 2019
and 2021 and (2) determine the factors associated with practicing
a healthy lifestyle.

Methods

This cross-sectional study was reported in accordance with the
Strengthening the Reporting of Observational Studies in
Epidemiology guideline [19]. The study was performed using
publicly available data from the Centers for Disease Control
and Prevention (CDC).

Data Sources
Secondary analysis of data from the 2019 and 2021 Behavioral
Risk Factor Surveillance System (BRFSS) surveys, which are
national annual surveys that investigate health-related behaviors
and health conditions of noninstitutionalized US adults aged
≥18 years, was performed [20]. The surveyor used the
random-digit–dialing technique to generate random phone
numbers for telephone and mobile phone interviews across 50
states in the United States, the District of Columbia, Guam,
Puerto Rico, and the US Virgin Islands. The latest BRFSS
survey was conducted in 2021. The median survey response
rate of the 2019 BRFSS survey and 2021 BRFSS survey was
49.4% and 44%, respectively [20,21].

Study Population
Cases for which data regarding sociodemographic variables or
chronic health conditions were missing and individuals who
refused to answer questions were excluded from the study. We
included 272,543/418,268 (65.2%) and 278,064/438,693
(63.4%) individuals from the 2019 and 2021 BRFSS 2021
surveys, respectively.

Variables

Sociodemographic Characteristics and Perceived Health
Following previous studies [9-12], several sociodemographic
variables and the perceived health were extracted from the
BRFSS surveys. Marital status, employment status, and housing
were recategorized in this study, whereas the rest followed the
categorizations from the BRFSS survey. In addition, some
variables were recategorized in the logistic regression analysis,
where perceived health was categorized as “fair or poor”
(including the rating of fair and poor) and “good or better”
(including the rating of good, very good, and excellent) and
education level was recategorized as “high school or less”
(including attended and graduated from high school) and
“college and above” (including attended and graduated from
college).
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Healthy Lifestyle
A healthy lifestyle was defined by adherence to healthy
behaviors and the avoidance of risky behaviors. Based on the
items in the BRFSS and WHO recommendations [8], health
behaviors were determined by three components: (1) optimal
body weight, defined by a no response to the item “adults who
have a body mass index greater than 25”; (2) physical activity,
defined by the item “adults who reported doing physical activity
or exercise during the past 30 days other than their regular job”;
and (3) healthy diet, defined by the reports of the daily
consumption of at least five portions of fruits and vegetables.

Following WHO recommendations [8], two risky behaviors
were investigated: (1) current smoker status, which was directly
surveyed using the BRFSS; and (2) excessive alcohol users,
defined as heavy or binge drinkers.

Chronic Health Conditions
Several chronic health conditions, namely hypertension, high
cholesterol, diabetes, asthma, chronic obstructive pulmonary
disease, and depression, were assessed using the BRFSS survey
data.

Statistical Analysis
Data were analyzed using the R statistical software (R
Foundation for Statistical Computing). Logistic regression
analysis was used to investigate which independent variables
were associated with practicing healthy lifestyles (dependent
variable). These independent variables included the
sociodemographic characteristics, health status, and
health-related behaviors. To inform future research, the latest
2021 data set was analyzed. Because the percentage of the
excluded subjects was as high as 36.6% and the missing rate of
outcome variables were associated with various covariates
(missing at random instead of missing at completely random),
multiple imputations were conducted to estimate the missing
variables among the excluded subjects. Five imputed data sets
were created by the multiple imputation via chained equations
(MICE) package in R.

MICE imputation starts by a simple imputation such as mean
imputations on all variables with missing value. Then, these
imputed missing values are updated by running a series of

regressions, whereby each variable with missing value is
regressed upon other variables repeatedly until convergence.
For cases with imputations, logistic regression analyses were
performed for each of the imputed data sets. The regression
coefficients were combined using the pool() function within the
MICE package. In addition, we used the detectseparation
package in R to check if there was any multicollinearity in our
logistic regression analysis. The results of the 2021 data set
logistic regression analyses were presented both for cases
without missing data and for those with imputations. A P value
<.05 was considered statistically significant.

Ethical Considerations
The surveys were conducted by US federal agencies where
verbal consent was obtained from each participant prior to the
data collection [20,21]. The BRFSS data set are allowed for
secondary data analysis without permission required. No
institutional review board approval or patient informed consent
was required for secondary data analysis. The participants’
personal information had been deidentified in the data set prior
to being publicly available [20,21].

Results

Individual Characteristics
We analyzed 550,607 respondents (272,543 and 278,064 from
the 2019 and 2021 BRFSS surveys, respectively; Table 1). The
majority of the respondents were female (n=284,876, 51.7%)
and resided in urban areas (n=468,547, 85.1%); 35.2%
(n=193,850) of the respondents were aged 65 years and older.
Regarding health and related behaviors, 83% (n=456,846) of
individuals were perceived to have a good or better health status.
Hypertension (n=276,148, 50.2%) and high cholesterol
(n=248,440, 45.1%) were the most commonly reported chronic
diseases. The percentage of respondents who performed physical
activity was greater in 2021 than in 2019 (214,943/278,064,
77.3% vs 204,733/272,543, 75.1%); in contrast, the percentage
of smokers was lower in 2021 than in 2019 (36,983/278,064,
13.3% vs 38,662/272,543, 14.2%). The percentage of practicing
a healthy lifestyle nonsignificantly decreased from 4% in 2019
to 3.6% in 2021.
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Table 1. Individual characteristics among complete cases without missing data in 2019 and 2021.

2021 (n=278,064), n (%)2019 (n=272,543), n (%)Variables

Sociodemographic

Sex

135,745 (48.8)129,986 (47.7)Male

142,319 (51.2)142,557 (52.3)Female

Age range (years)

11,020 (4)13,910 (5.1)18-24

28,729 (10.3)28,659 (10.5)25-34

39,392 (14.2)34,174 (12.5)35-44

44,794 (16.1)41,268 (15.1)45-54

56,628 (20.3)58,183(21.4)55-64

97,501 (35.1)96,349 (35.4)65 and older

Residential area

237,673 (85.5)230,874 (84.7)Urban

40,391 (14.5)41,669 (15.3)Rural

Education level

13,065 (4.7)14,805 (5.4)Attended high school or less

65,609 (23.6)67,247 (24.7)Graduated from high school

77,630 (27.9)77,622 (28.5)Attended college or above

121,760 (43.8)112,869 (41.4)Graduated from college or above

Marital status

54,306 (19.5)52,796 (19.4)Single

152,435 (54.8)146,251 (53.7)Married

71,323 (25.6)73,496 (27)Divorced, widowed, or others

Employment

152,050 (54.7)145,075 (53.3)Employed

26,550 (9.5)27,083 (9.9)Unemployed

99,464 (35.8)100,385 (36.8)Retired or unable to work

Household income (US $)

15,772 (5.6)22,051 (8.1)Less than 15,000

26,772 (9.6)39,395 (14.5)15,000 to <25,000

33,851 (12.2)26,803 (9.8)25,000 to <35,000

38,514 (13.9)37,991 (13.9)35,000 to <50,000

163,155 (58.7)146,303 (53.7)50,000 or more

Housing

206,029 (74.1)199,188 (73.1)Own

62,854 (22.6)62,790 (23)Rent

9181 (3.3)10,565 (3.9)Other arrangement

Health insurance

264,984 (95.3)252,202 (92.5)Yes

13,080 (4.7)20,341 (7.5)No

Health and related behaviors

Perceived health
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2021 (n=278,064), n (%)2019 (n=272,543), n (%)Variables

49,072 (17.6)44,293 (16.3)Excellent

98,468 (35.4)94,103 (34.5)Very good

86,112 (31)84,798 (31.1)Good

33,517 (12.1)36,038 (13.2)Fair

10,895 (3.9)13,311 (4.9)Poor

Chronic health condition

165,449 (59.5)110,699 (40.6)Hypertension

152,806 (55)95,634 (35.1)High cholesterol

37,910 (13.6)37,048 (13.6)Diabetes

27,300 (9.8)25,755 (9.4)Asthma

22,261 (8)22,545 (8.3)COPDa

57,284 (20.6)53,900 (19.8)Depression

Report of comorbidities

29,563 (10.6)91,235 (33.5)None

159,570 (57.4)101,630 (37.3)2 and more

Health behaviors

80,754 (29)83,875 (30.8)Maintaining optimal body weight

214,943 (77.3)204,733 (75.1)Performing physical activity

40,444 (14.5)44,028 (16.2)Healthy diet

Risk behaviors

36,983 (13.3)38,662 (14.2)Current smoker

44,798 (16.1)44,171 (16.2)Excessive alcohol user

Practicing healthy lifestyles

10,139 (3.6)10,955 (4)Yes

267,925 (96.4)261,590 (96)No

aCOPD: chronic obstructive pulmonary disease.

Predictors of Practicing Healthy Lifestyles
Table 2 shows the results of the logistic regression analysis for
cases without missing data in 2019 and 2021 who practiced
healthy lifestyles; similar results were obtained for 2019 and
2021. In 2021, female individuals (odds ratio [OR] 1.95; P<.001)
who had a high level of education (OR 1.99; P<.001), were
single (OR 1.10; P=.02), unemployed (OR 1.10; P=.001), and
had perceived good health (OR 1.62; P<.001) were found to
have a higher likelihood of practicing healthy lifestyles.
Compared with adults aged 65 years and above, young adults
aged 18-64 years tended not to practice healthy lifestyles (OR
0.53-0.66; P<.001). Individuals with a low household income
have a low likelihood of practicing healthy lifestyles (OR
0.72-0.79; P<.001).

Individuals with chronic health conditions had a low likelihood
of practicing healthy lifestyles. The data in Table 2 show that
individuals with NCDs such as hypertension and diabetes had
a low likelihood of practicing healthy lifestyles (OR 0.48-0.83;
P<.001).

For the cases with imputations, the weighted estimates of the
logistic regression analysis results from 5 imputed data sets are
presented in Table 3 (n=438,693). The rates of missing outcomes
of healthy lifestyles in each variable are reported in Table S1
in Multimedia Appendix 1; briefly, the rate varied from 14.1%
(61,858/438,693) to 27.3% (119,823/438,693). The weighted
estimates were in line with those for cases without missing data
(Table 2). Multicollinearity was not detected in all regression
analyses.
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Table 2. Logistic regression analysis of practicing a healthy lifestyle among complete cases without missing data in 2019 and 2021.

2021 (n=278,064)2019 (n=272,543)Variables

P valueOdds ratioP valueOdds ratio

<.0011.95<.0012.03Sex: female

<.0011.23<.0011.22Residence in urban areas

<.0011.99<.0011.90Education: college and above

Age range (years)

<.0010.59<.0010.8018-24

<.0010.53<.0010.5525-34

<.0010.58<.0010.5435-44

<.0010.54<.0010.5645-54

<.0010.66<.0010.6955-64

ReferenceReference65 and above

Marital status

.021.10.090.92Single

<.0011.15.031.06Married

ReferenceReferenceDivorced, widowed, or others

Employment

<.0010.86<.0010.87Employed

.0011.11<.0011.17Unemployed

ReferenceReferenceRetired or unable to work

Household income (US $)

<.0010.78<.0010.66Less than 15,000

<.0010.72<.0010.7215,000 to <25,000

<.0010.77<.0010.7125,000 to <35,000

<.0010.79<.0010.7235,000 to <50,000

<.001ReferenceReference50,000 or more

<.0011.62<.0011.51Perceived good or better health

<.0010.49<.0010.51Hypertension

<.0010.71<.0010.74High cholesterol

<.0010.48<.0010.49Diabetes

<.0010.83<.0010.84Asthma

<.0010.58<.0010.68COPDa

<.0010.71<.0010.73Depression

aCOPD: chronic obstructive pulmonary disease.
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Table 3. Logistic regression analysis of practicing a healthy lifestyle among all cases with multiple imputation in 2021 (n=438,693).

Odds ratio (95% CI)Wald chi-square (df)Β (SE)Variables

1.87 (1.80-1.95)a1064.00 (1)0.628 (0.019)Sex: female

1.24 (1.17-1.30)a66.32 (1)0.212 (0.026)Residence in urban areas

1.73 (1.65-1.82)a478.90 (1)0.551 (0.025)Education: college and above

Age range (years)

0.67 (0.61-0.73)a72.59 (1)–0.401 (0.047)18-24

0.51 (0.47-0.55)a321.8 (1)–0.667 (0.037)25-34

0.56 (0.52-0.60)a258.80 (1)–0.578 (0.036)35-44

0.53 (0.49-0.46)a295.50 (1)–0.640 (0.037)45-54

0.64 (0.60-0.67)a246.20 (1)–0.453 (0.029)55-64

Reference65 and above

Marital status

1.03 (0.97-1.09)0.91 (1)0.029 (0.030)Single

1.10 (1.05-1.16)a15.55 (1)0.098 (0.025)Married

ReferenceDivorced, widowed, or others

Employment

0.86 (0.81-0.90)a30.58 (1)–0.148 (0.027)Employed

1.12 (1.05-1.20)a11.64 (1)0.114 (0.033)Unemployed

ReferenceRetired or unable to work

Household income (US $)

0.75 (0.63-0.87)b12.70 (1)–0.294 (0.082)Less than 15,000

0.74 (0.61-0.89)c9.35 (1)–0.302 (0.099)15,000 to <25,000

0.77 (0.70-0.83)a39.45 (1)–0.267 (0.042)25,000 to <35,000

0.78 (0.73-0.83)a52.58 (1)–0.245 (0.034)35,000 to <50,000

Reference50,000 or more

1.59 (1.49-1.70)a191.60 (1)0.465 (0.034)Perceived good or better health

0.51 (0.48-0.53)a917.20 (1)–0.674 (0.022)Hypertension

0.74 (0.70-0.76)a254.90 (1)–0.307 (0.019)High cholesterol

0.48 (0.44-0.52)a339.60 (1)–0.729 (0.04)Diabetes

0.85 (0.79-0.90)a23.92 (1)–0.168 (0.034)Asthma

0.61 (0.55-0.66)a106.90 (1)–0.500 (0.048)COPDd

0.71 (0.67-0.74)a197.60 (1)–0.347 (0.025)Depression

aSignificant result: P value <.001
bSignificant result: .001≤ P value <.01
cSignificant result: .01≤ P value <.05
dCOPD: chronic obstructive pulmonary disease.
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Discussion

Principal Findings
This study assessed the determinants of practicing healthy
lifestyles at the national level using 2019 and 2021 BRFSS
survey data. The distribution of sociodemographic variables
and health and related behaviors were similar for both the
surveys. However, the tendency to practice healthy lifestyles
slightly decreased in 2021. The logistic regression analysis
results indicated that female individuals residing in urban areas
with a higher level of education were more likely to practice
healthy lifestyles, whereas younger individuals with a low
household income were less likely to do so. Although chronic
health conditions hindered individuals from practicing healthy
lifestyles, those with perceived good or better health were more
likely to practice healthy lifestyles.

However, the overall rate of practicing a healthy lifestyle was
still very low. Fang et al [22] analyzed 2013 BRFSS data and
reported that only 1.7% of the assessed individuals with
hypertension practiced healthy lifestyles. Other studies have
shown that 2.1% of healthy adults and 6% of health care
providers practiced healthy lifestyles [5,6]. Moreover, although
more individuals performed physical activity, the percentage
of individuals with optimal body weights and following healthy
diets decreased. High BMI and unhealthy diet were major risk
factors for disability and premature death worldwide [23,24].
In this study, we found that the individuals’ residences
considerably affected their decisions to practice healthy
lifestyles. Rural residents reported that they received limited
access to health-related information from health care providers
[25]. Although the overall number of health care providers, such
as physicians, nurse practitioners, and physician assistants, in
the United States significantly increased between 2009 and
2017, the urban-rural disparities remained significant; the
number and density of health care providers increased to a
greater extent in urban areas than in rural areas [26]. Therefore,
a healthy lifestyle should be strongly promoted, and urban-rural
health disparities should be tackled urgently.

In concordance with previous studies [9,11,27], our results
showed that individuals with a low household income, who
were male, and had high school or lower levels of education
were less likely to practice healthy lifestyles. Although married
people were more likely to practice healthy lifestyles, results
from another national survey revealed that such individuals
were more likely to be overweight or obese [28]. In contrast,
we found that young people (aged <65 years) were less likely
to practice healthy lifestyles. Thus, early health promotion is
required because the risk of developing NCDs exponentially
increases after 50 years of age [29].

Practicing healthy lifestyles among individuals with
hypertension were focused because hypertension has been the
leading risk factor for global disease burden worldwide for a
decade [23,30]. Although certain guidelines recommend healthy
lifestyles and medical treatments to effectively control blood
pressure [31-33], our analysis showed that individuals with
hypertension were less likely to practice healthy lifestyles. A
Finnish cohort study involving 41,225 participants followed up

over 4 years reported that the initiation of antihypertensive
treatment significantly decreased the tendency of individuals
with hypertension to practice healthy lifestyles (OR 0.55-0.92)
[34]. As blood pressure can indeed be controlled with
medications, less attention has been paid to individuals with
hypertension practicing healthy lifestyles. Approximately 82.3%
of individuals with hypertension in the United States use
antihypertensive medications [35]; they might not practice
healthy lifestyles as their blood pressure is medically controlled.

Concern about around those with diabetes practicing healthy
lifestyles have been raised, because these individuals showed
the least likelihood of doing so. A healthy lifestyle has been
indicated in various diabetes management guidelines [36,37].
However, our findings revealed that individuals with diabetes
were the least likely to practice healthy lifestyle, showing the
smallest OR among all variables. Individuals with diabetes have
emphasized that education and support from health care
providers can enhance their self-care tendencies [38]. Hence,
new methods for diabetes care should be used.

Implications
Our study findings have strong implications for clinical practice,
research, and policy making. The low likelihood of practicing
healthy lifestyles highlights the need for strengthening current
practices. Health education supported by printed materials,
phone calls, and SMS text messaging may improve individuals’
adherence to healthy lifestyles and medical treatments [39-43].
Given the rapid increase in smartphone ownership and
advancing technologies [44], digital interventions such as
website and smartphone apps have been shown to slightly
improve adherence to a healthy lifestyle [45-47]. Supportive
methods and digital interventions can be integrated into current
health promotion activities to facilitate healthy lifestyles and
widen the possibility of receiving health-related information
and support from health care providers, especially for rural
residents. Moreover, digital interventions can help overcome
the barriers to public health measures caused by COVID-19
[18]. However, we noted that several sociodemographic
characteristics can hinder individuals from practicing healthy
lifestyles. Additionally, there may be associations between
depression, ethnic background, and socioeconomic status [48].
Future studies can explore the associations and focus on
developing specific interventions that promote healthy lifestyles
among such individuals.

Rural residents showed a low likelihood of practicing healthy
lifestyles; this highlights the need of support from policy makers.
A cohort study of 25,014 middle-age and older adults with a
20-year follow-up revealed that performing any type of physical
activity could significantly reduce the likelihood of
hospitalization to a mean of 0.42 days per year; this reduced
likelihood of hospitalization could reduce health care
expenditures by approximately 7% [49]. Moreover, some
amount of the saved health care expenditure could be granted
as tax deductions to individuals who participate in healthy
lifestyle programs and provide evidence of practicing such
lifestyles (ie, reduced body weight). Such tax deductions can
attract more people toward healthy lifestyles, further decreasing
the overall health care expenditure. The shortage of health care
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providers may be managed through the use of digital
interventions for providing education and support to residents
in rural areas. However, more interventions should be developed
to attract health care providers to work and remain in rural areas.
For example, increased training in rural areas, the payment of
locum relief, and loan repayment may help do so [50].

Limitations
This study has 4 key limitations. First, the variables in the
secondary analysis were limited to the data set used. For
example, only 1 question in the data set investigated the
individuals’ physical activity habits. Moreover, the question
was rather general and inquired whether the individuals
performed any type of physical activity or exercise during the
past 30 days. Two essential components—frequency and
intensity—were not explored. Thus, our study findings might
not adequately represent the level of physical activity as
recommended by the WHO [51]. Second, all variables were
reported by individuals via phone call. Therefore, we might
have encountered reporting biases arising from the participant’s
recall from memory, and the interviewers may have recorded
the responses incorrectly. To address such issues, the CDC has
created a program to identify errors or conditions of concern
due to data entry by the interviewers [20,21]. Third, although

the phone numbers used in each year were not repeated, it was
unclear if some numbers would be used in the other survey
years. Hence, it was possible that some people might have
responded to both surveys in this study. Fourth, the overall rate
of missing data was high at 36.6% in 2021, which could have
impacted the generalizability of the results. However, we
performed multiple imputations, and the pooled results of the
imputed data were in line with those from the cases without
missing outcomes. Hence, our imputed data provided an accurate
estimation of the influence of sociodemographic variables and
chronic health conditions on practicing healthy lifestyles and
enhanced the generalizability of our findings.

Conclusions
Practicing a healthy lifestyle can have numerous health benefits
across all age groups. We found that very few people practiced
healthy lifestyles before and during COVID-19. Some
sociodemographic variables and chronic health conditions were
identified as significant factors affecting individuals’ decisions
to practice healthy lifestyles. Several interventions were
suggested to strengthen the promotion of healthy lifestyles at
the community level and to attract more health care providers
to work and remain in rural areas.
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Abstract

Background: The initial wave of the COVID-19 pandemic placed a tremendous strain on health care systems worldwide. To
mitigate the spread of the virus, many countries implemented stringent nonpharmaceutical interventions (NPIs), which significantly
altered human behavior both before and after their enactment. Despite these efforts, a precise assessment of the impact and efficacy
of these NPIs, as well as the extent of human behavioral changes, remained elusive.

Objective: In this study, we conducted a retrospective analysis of the initial wave of COVID-19 in Spain to better comprehend
the influence of NPIs and their interaction with human behavior. Such investigations are vital for devising future mitigation
strategies to combat COVID-19 and enhance epidemic preparedness more broadly.

Methods: We used a combination of national and regional retrospective analyses of pandemic incidence alongside large-scale
mobility data to assess the impact and timing of government-implemented NPIs in combating COVID-19. Additionally, we
compared these findings with a model-based inference of hospitalizations and fatalities. This model-based approach enabled us
to construct counterfactual scenarios that gauged the consequences of delayed initiation of epidemic response measures.

Results: Our analysis demonstrated that the pre–national lockdown epidemic response, encompassing regional measures and
heightened individual awareness, significantly contributed to reducing the disease burden in Spain. The mobility data indicated
that people adjusted their behavior in response to the regional epidemiological situation before the nationwide lockdown was
implemented. Counterfactual scenarios suggested that without this early epidemic response, there would have been an estimated
45,400 (95% CI 37,400-58,000) fatalities and 182,600 (95% CI 150,400-233,800) hospitalizations compared to the reported
figures of 27,800 fatalities and 107,600 hospitalizations, respectively.

Conclusions: Our findings underscore the significance of self-implemented prevention measures by the population and regional
NPIs before the national lockdown in Spain. The study also emphasizes the necessity for prompt and precise data quantification
prior to enacting enforced measures. This highlights the critical interplay between NPIs, epidemic progression, and human
behavior. This interdependence presents a challenge in predicting the impact of NPIs before they are implemented.

(JMIR Public Health Surveill 2023;9:e40514)   doi:10.2196/40514
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Introduction

Spain was among the strongest-hit countries worldwide during
the first wave, with officially 28,000 fatalities attributed to
COVID-19 [1]. In terms of excess deaths, there was an alarming
increase of 80% [2], coupled with an attack rate of about 5%
[3]. In response to the rapidly rising case numbers, the Spanish
authorities implemented stringent containment measures to
control the spread of SARS-CoV-2.

The first case in Spain was reported on January 31. The first
local transmission was reported on February 26. On March 8,
all autonomous communities (Comunidades Autonomas
[CCAA]) had reported local transmission. The fast-rising case
numbers led the authorities to impose a national lockdown on
March 15. Bars, hotels, and restaurants had to close, and
individuals were only allowed to leave their homes for work
and essential shopping. However, the national lockdown was
foregone by various regional measures. On March 10, Madrid
and Álava (Basque Country) closed the entire educational
system. Other CCAA followed shortly afterward. Madrid and
Andalusia closed the gastronomy sector on March 13 and 14,
respectively. Additional local measures consisted of the
cancellation of festivities and football matches.

The Spanish government declared a state of emergency on
March 14, a day before the lockdown took effect. Despite the
lockdown being in place, case numbers were still rising toward
the end of March [1]. As a result, the national authorities
intensified the lockdown between March 28 and April 12, during
which all nonessential economic activities came to a halt. The
lockdown was then gradually lifted from May 2 onward under
the competence of the local authorities (CCAA).

In short, the nonpharmaceutical interventions (NPIs) issued by
the national and local authorities, which came along with a
strong reduction in mobility, were eventually sufficient to
mitigate the daily infections. A thorough analysis of the series
of events that shaped the epidemic evolution during the first
wave, as performed in various countries [4-10], is essential to
design future mitigation strategies of COVID-19 or other
emerging respiratory diseases [11,12].

The imposed NPIs and voluntarily practiced social distancing
caused a strong reduction in contacts that was reflected by a
decrease in mobility. Different studies show that mobility is a
robust indicator for the evolution of the epidemic and, hence,
the reproduction number [6,9,13-17]. The relationship was most
evident during the early phase of the epidemic, when there was
no efficient contact tracing in place and only minor use of face
masks [16]. Accordingly, a joint analysis of mobility and
epidemiological data can provide valuable insight into the
evolution of the first wave in Spain.

Moreover, a combined examination provides an opportunity to
investigate the factors influencing epidemic trends beyond the
implementation of NPIs. Numerous earlier studies that assessed
the epidemic's progression assumed sudden shifts in transmission
rates as NPIs were implemented [4,18,19]. This method may
potentially exaggerate the effects of NPIs, as it does not account
for the voluntary behavior modifications of the population that

could impact the epidemic's trajectory. By addressing this issue,
the integrated analysis presented here offers a more
comprehensive perspective on the forces driving the dynamics.

More specifically, in this study, we first evaluate large-scale
mobile phone data to show how mobility evolved in the face of
rising case numbers and during the lockdown. In particular, we
analyze whether there was any change in mobility prior to the
introduction of the lockdown. To determine the impact of
mobility on the epidemic dynamics, we then contrast the
evolution of mobility with epidemiological data, such as case
numbers, hospitalizations, and fatalities. More specifically, we
blend a direct analysis of the epidemiological data [5,18] and
model-based inference [10,19-21]. Furthermore, leveraging the
model-based inference, we evaluate the evolution of the
underreporting of infections over time. Finally, although most
previous studies have focused exclusively on the impact of
NPIs, this model-based approach allows us also to build
counterfactual scenarios and quantify how the epidemic response
that anticipated the lockdown substantially reduced the impact
of SARS-CoV-2 in Spain during the first wave.

Methods

Mobility Data
The data were provided by the Ministry of Transport, Mobility
and Urban Agenda (MITMA) [22]. The raw data stemming
from 1 mobile network provider consisted of the anonymized
individual trajectories of about 13 million individuals. Beyond
the intrinsic limitation of mobile phone data, we assumed that
the 13 million individuals would provide a reasonable sample
of the Spanish population. By using additional information,
such as land usage, sociodemographic indicators, the transport
network and the schedule of the public transport, the raw data
were transformed into an origin-destination matrix by the
MITMA. We directly used the origin-destination matrices and
did not have access to the raw data. More details can be found
in the methodological note provided by the MITMA [23]. Trips
are recorded on the level of municipalities and aggregated on
an hourly basis. Additionally, trips are separated into 6 different
distance classes. To calculate the mobility reduction on a
national or provincial level, we summed up the number of trips
and compared it to the corresponding day during the reference
period (February 14-20).

Reconstruction of Exposure Times
We reconstructed the exposure times for different autonomous
communities and regions (CCAA) by using a deconvolution
process with the symptom onset data. This method allowed us
to estimate the time individuals were exposed to the virus before
they started exhibiting symptoms, providing a more accurate
understanding of the transmission dynamics within each region.
By tracing back the exposure times, we can gain valuable
insights into the infection patterns and better assess the
effectiveness of various interventions and public health measures
implemented across the CCAA. This information can then be
used to improve and refine epidemic models and guide future
decision-making to better control the spread of the virus. More
specifically, we used the backprojNP function [24] from the
surveillance package [25,26] in R. The method, initially
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proposed by Becker et al [27], infers the expected number of
exposures, given the probability mass function of the incubation
period, through a maximum likelihood deconvolution approach.

Credible intervals were calculated based on a bootstrap
procedure [28]. We fixed the smoothing factor k=6, which
corresponds to a centered rolling average of days. The bootstrap
procedure made use of 1000 samples (B=1000). The incubation
period distribution was fixed as a gamma distribution with mean
5.2 and SD 2.8 days [29]. The time series with symptom onsets
was provided by the Centro Nacional de Epidemiología [1].

Estimation of Rt
From the median incidence, obtained by the reconstruction of
the exposure times, we estimated the evolution of Rt using the
EpiEstim package [30,31]. For the infectivity profile, we chose
the generation time estimated by Ganyani et al [32]. To be more
precise, we assumed a generation time following a gamma
distribution with mean 5.2 (95% CI 3.78-6.78) days and SD
1.72 (95% CI 0.91-3.93) days. This generation time distribution
corresponds to the estimation by Ganyani et al [32] for
Singapore, while assuming the same incubation period
distribution [29] as we did in the reconstruction of the exposure
times. We assumed SDs of 1.0 and 1.2 days for the mean and
the generation time, respectively. However, we bound the values
for the mean and SD by the estimations of Ganyani et al [32].
We fixed a centered rolling average of 7 days. To bootstrap the
credible intervals, we took 100 samples of the generation time
distribution and considered 100 posteriors for each of these
samples (n1=100 and n2=100, respectively).

Identifying the Linear Segments of Rt
To identify the linear segments, we use the R package segmented
[33,34]. The method proposed by Muggeo [33,34] implements
a maximum likelihood approach using linear predictors. The
credible intervals are obtained through bootstrapping. As
previously pointed out, we assumed 3 segments of Rt. An initial
constant value R1 as the disease was spreading freely in Spain,
as well as 2 linear evolving parts corresponding to the decrease
in Rt toward the lockdown and the constant decrease observed
during the lockdown.

Model
An alternative method for investigating the evolution of Rt is
to perform model-based inference [10,19,20]. By fitting a
minimal model to daily fatalities and hospitalizations, we can
compare the results with those derived from the reported number
of infections and assess whether the early decrease in Rt can be
attributed to saturation in testing capacity. This approach is
more reliable as fatalities and hospitalizations are less
susceptible to fluctuating reporting rates. However, daily
fatalities experience significant underreporting. Although the
official number of COVID-19 fatalities during the first wave is
approximately 28,000, excess deaths amount to around 50,000
[2]. Nonetheless, the reported fatalities and excess deaths follow
similar trends, with excess deaths exhibiting a slower decline
(Figure S13, Multimedia Appendix 1). Consequently, we
considered the reported fatalities to be a sufficiently robust data
stream.

We opted for a discrete-time model, informed by empirically
derived distributions for the generation time [32], incubation
time [29], and time from symptom onset to hospitalization and
death [35-37]. The time between symptom onset and
hospitalization or death varies significantly by age [35] and
region [36]. Since our data were aggregated by age and location,
we did not incorporate age stratification or geographical
heterogeneity through metapopulations.

Moreover, we assumed an instantaneous reproduction number

RtM with a functional form. The notation RtM distinguishes this
from the reproduction number inferred from reported infections,

Rt. The functional form of RtM was inspired by the Rt inferred
from the reported infections.

We divided RtM into 3 linear segments: the “free” spreading
phase before restrictions (constant value R1), the initiation of
the epidemic response (linear decrease at time BP), and the
lockdown (constant value R2) on March 15. We referred to the

intersection between R1 and R2, or the moment RtM began to
decrease, as the breakpoint BP. Along with R1, R2, and the
initial number of infected individuals I0, the initiation of the
epidemic response remained a free parameter. The assumption

that RtM would reach a constant value R2 upon lockdown
implementation was re-evaluated in the sensitivity analysis.
This framework allowed us to assess the plausibility of an early
decrease around March 5/6, as found in the reported infections.

We decided against using intensive care unit (ICU) admissions
as a data stream for our inference. During the first wave, some
CCAA reported current occupancy, while others reported new
admissions, and many changed their reporting criteria over time.
Additionally, only in Madrid and Catalonia, the hardest-hit
CCAA, did we observe an earlier peak in the 70-79-year age
group compared to younger groups, followed by a rapid decrease
in ICU admissions (Figure S14, Multimedia Appendix 1). This
strongly suggests that ICU admission criteria were adjusted due
to health care system overload. Another indication of this is that
hospital admissions and ICU admissions peak on the same day,
even though health authorities report a 3-day delay from
symptom onset to ICU admission compared to hospital
admissions (Figure S15, Multimedia Appendix 1). These factors
suggest that ICU admissions data are not a reliable data stream.

Given the form of RtM, the generation time distribution w(t),
and the size of the population N, the daily incidence It on day
t evolves as [38]:

We used the same generation time distribution as that for
estimating Rt [32]. From the daily incidence, we propagated
the symptom onset as well as the daily fatalities through
convolution [14,19]. Given the incubation time distribution P(t),
and the distribution of time from symptom onset to
hospitalization H(t) and to death D(t), the daily number of
individuals developing symptoms St, the daily hospitalizations
Gt, and the daily fatalities Ft evolve as:
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Model Fitting
We fixed the incubation time distribution as that for the
estimation of exposure times [29]. We fixed the infection
hospitalization ratio (IHR) and the infection fatality ratio (IFR)
by dividing the total number of hospitalizations and fatalities,
respectively, by the total number of infected individuals. The
latter was fixed through a nationwide seroprevalence study that
found an attack rate of 5% by the end of April 2020 [39]. This
led to an IHR and an IFR of 4.54% and 1.18%, respectively.

We assumed the times from symptom onset to hospitalization
and to death to follow a gamma distribution. Since case line
data were not available, we fixed the shape factor as 2.5 and
2.2, respectively, according to Hawryluk et al [35]. However,
the health authorities published the median and IQR of these
distributions [37]. They reported a median time from symptom
onset to hospitalization and death of 6 (IQR 3-9) and 11 (IQR
7-17) days, respectively. We fixed the scale values by
performing a least-squares fit with respect to these data. This
resulted in a shape and scale parameter for time between
symptom onset to hospitalization and death of 2.68 and 5.85,
respectively.

We adjusted the model to the daily hospitalizations and fatalities
through a Markov chain Monte Carlo (MCMC) approach—to
be more precise, through Hamiltonian Monte Carlo [40]. For
the log-likelihood, we chose a negative binomial distribution
with a dispersion parameter that was left as a free parameter.
Motivated by previous findings [13,19], we fixed the prior of
R1 as a normal distribution with mean 4.5 (SD 1.0). The prior
of R2 was a uniform distribution between 0.4 and 1.0. Similarly,
the prior of BP was flat between and days before lockdown.
The initial number of infected individuals I0 was uniform
between and 5000. We set the prior for the dispersion as a
normal distribution with mean 10.0 and SD 5.0. The daily
fatalities were not accurately adjusted using directly the
distribution received from the least-squares fit. Therefore, we
added the scale and shape parameter of the distribution for time
between symptom onset and death as a free parameter. We fixed
the prior as a normal distribution with a mean as that found
from the least-squares fit and SD 0.1. The form of the inferred
distribution from symptom onset to death is shown in Figure
S20, Multimedia Appendix 1. The model was implemented in
Stan [41,42]. We ran 6 chains with 4000 iterations, where 2000
iterations were used for warm-up. Gelman-Rubin convergence
statistics [43], that is, potential scale reduction factors, were all
smaller than 1.001. Posteriors and trace plots are shown in
Figures S21 and S22, Multimedia Appendix 1, respectively.

Counterfactual Scenarios
A common question when analyzing the pandemic's evolution
retrospectively is, What would have happened if we had acted
earlier or later? Several studies have examined the impact of an

earlier or later lockdown [4,7,20]. These detailed modeling
efforts allow us to address this question by considering a shift
in the entire epidemic response [7,20]. If the reproduction
number is initially constant, as was the case in our analysis, the
effect of shifting the epidemic response is entirely determined
by R1, that is, the initial doubling time. In other words, if one
shifts the epidemic response by the number of days equivalent
to the doubling time, the attack rate, hospitalizations, and
fatalities double.

Here, however, we focused on the epidemic response that
occurred before the lockdown implementation. This
encompassed regional measures, individual awareness,
nationwide educational system closures, and the lockdown
announcement. Essentially, we moved the breakpoint BP by a
specific number of days. If the shift surpassed the lockdown
date, the BP remained fixed on March 15.

Sensitivity Analysis
The first part of the sensitivity analysis consisted of relaxing
the assumption that the reproduction number would reach a
stable value (R2) on March 15, the day the lockdown took effect.
To do so, we introduced a second breakpoint BP2 that defined

when RtM would reach R2. For BP2, we chose a flat prior from
March 15 onward. The detailed results of the fit are shown in
Figures S16-S18, Multimedia Appendix 1. The other estimated
parameters, as well as the counterfactual scenarios, were robust.
The median of BP2 was found half a day later than March 15,
with a credible interval between March 15 and 17. This added

plausibility to our assumption that RtM would reach R2 on
March 15. Furthermore, we considered a second generation
time distribution taken from Ferretti et al [44]. The generation
time corresponded to a Weibull distribution, compared to a
gamma distribution in the main text, with mean 5.0 and SD 1.9
days. The results did not substantially change and are presented
in Figures S23 and S24, Multimedia Appendix 1.

Ethical Considerations
The Research Ethics Committee of Rovira i Virgili University
deemed this study as exempt from ethics review
(URV.F01.04.00 ALTRES-2023-PRD-0001). The mobility data
from the mobile phone provider were anonymized and
aggregated. Individual traces were not available. No other ethical
considerations apply to this work.

Results

The Evolution of Mobility
As highlighted previously, mobility is an indicator for the impact
of NPIs. Here, we analyzed a data set provided by the MITMA
that analyzed the evolution of mobility through anonymized
mobile phone data from about 13 million users (see the Methods
section for more details). The data indicated that already before
the lockdown, there was a substantial reduction in mobility from
March 10 onward (Figure 1A). The initiation of this decrease
coincided with the first regional NPIs introduced in Madrid and
in the Basque country. Furthermore, the early reduction was
consistent with an increase in COVID-19–related searches on
Google (Figure S1, Multimedia Appendix 1). During the
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lockdown, mobility was about 50% of the prepandemic level.
Mobility increased from the end of the stronger lockdown
toward the end of lockdown to about 60%.

Here, we referred to the aggregated, nationwide number of trips.
However, the reduction in mobility was heterogeneous. For
example, long-distance trips exhibited a much greater reduction
than short trips, and long trips were only about 15%-20% of the
prepandemic level (Figure 1B). A more detailed overview on
the evolution of mobility during the lockdown is provided in
Figures S2 and S3, Multimedia Appendix 1. Furthermore, there
were regional heterogeneities. If we look at the provincial level
(administrative subdivisions of CCAA), the strongest-hit
province in terms of infections, Madrid, showed the highest
reduction in mobility (Figure 1C). Similarly, highly affected
provinces, such as Álava and Barcelona, were among the 5
provinces with the highest mobility reduction.

In fact, we found a pronounced correlation (R=–0.74) between
the mobility level and the number of cases (Figure 1D) prior to
the lockdown, which then substantially reduced during the
lockdown (Figure S5, Multimedia Appendix 1). Interestingly,
we observed a stronger correlation with the absolute number of
cases than with the population size. The same held true for
hospitalizations, ICU admissions, and fatalities (Figure S6,
Multimedia Appendix 1).

We did not find regions with increased traffic on the days
preceding the lockdown (Figure S7, Multimedia Appendix 1).
In addition, the economic level or the fraction of individuals
belonging to the working population did not seem to have been
factors that determined the mobility level (Figures S8 and S9,
Multimedia Appendix 1). However, we observed a general
tendency that the reduction in mobility was greater in urban
areas than in rural ones (Figures S8 and S9, Multimedia
Appendix 1).

Figure 1. Evolution of mobility during the first wave. (A) Average, nationwide aggregated mobility before and during the lockdown. Dots indicate the
data points, while the solid line shows a rolling centered 7-day average. Vertical dashed lines indicate the first NPIs introduced in Spain on March 10
(school closure in Madrid and Basque Country) and the announcement of the lockdown on March 13. The shaded area in light gray indicates lockdowns
1 and 3. In dark gray, we indicated lockdown 2, where, in addition, all nonessential economic activity was shut down. (B) Nationwide aggregated
mobility but separating the distances of trips. Dots indicate data points, and the solid lines represent a rolling centered 7-day average. In general,
long-distance trips showed a much higher reduction than shorter trips. (C) Mobility level during the lockdown (March 15-May 2) for the total number
of trips in the provinces (administrative subdivisions of CCAA) of Spain. Ceuta and Melilla are not shown. Please note that the Canary Islands (islands
at the bottom) were moved to be visible. (D) Correlation between the accumulated number of cases until the lockdown and the mobility level. Points
represent the provinces of Spain. We excluded the provinces of Madrid and Barcelona since they represent statistical outliers due to their high number
of cases. For completeness, the results with these provinces included are shown in Figure S4, Multimedia Appendix 1. The factor R and P denote the
Pearson correlation coefficient and the associated P value. Similarly, the Spearman correlation coefficient was found to be –0.7 with P<.001. CCAA:
Comunidades Autonomas; NPI: nonpharmaceutical intervention.

Estimation of Rt
Figure 2A shows how the exposure times substantially
anticipated the reported infections. The respective curves peaked
with a delay of 16 days. In Figure 2B, we observe how the 3
linear segments capture the essential evolution of Rt.
Additionally, we see a minimal variation in Rt during the
lockdown, and the second breakpoint aligns with the lockdown
implementation on March 15. Given that the average incubation
time is about 5 days, this indicates a substantial delay from
symptom onset until individuals were tested, results were

received, and eventual positive cases were reported. We repeated
the same analysis for each CCAA (Figure 2D and Figure S10,
Multimedia Appendix 1). The delay ranged, among the CCAA,
between 8 days in Extremadura and 20 days in Catalonia.

Given the exposure times, we inferred the reproduction number
Rt shown in Figure 2B. We estimated that initially, the epidemic
spread with a reproduction number of around 3. Rt started to
decrease on March 5/6 according to the linear segments we
identified. Furthermore, the first time Rt was below 1 was
shortly after the beginning of the lockdown: between March 15
and 17. Repeating the same analysis for the regions, we observed
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that Rt dropped below 1 in all CCAA between March 13 and
21 (see Figure 2E). Please note that the nationwide data are
strongly dominated by Madrid due to the high case numbers
there. The evolution of the reproduction number in the CCAA
is shown in Figure S11, Multimedia Appendix 1.

Although Rt dropping below 1 shortly after the lockdown was
expected, the early decrease in Rt that was initiated on March
5/6 was rather surprising. At this point, no NPIs were in place
and we did not observe any reduction in mobility. Furthermore,
test-trace-isolate was implemented on such a small scale that it
seems unlikely to have substantially contributed to the decrease.
A possible explanation for this early reduction in Rt could be
a saturation in testing capacity.

Looking at the temporal evolution of the delays between
infection and reporting dates, we found an indication that the

health care system was under increased strain to test and report
infected individuals. The delay between infection and reporting
continuously increased toward the peak in infections (Figure
2C). Although initially, we found a delay of 12 days, it increased
steadily toward the peak of 16 days. Furthermore, this pattern
was consistent across almost all CCAA. The only CCAA that
showed a reduction in the delay toward the peak were Aragon
and Extremadura (Figure S12, Multimedia Appendix 1).
Interestingly, these were the CCAA with the lowest delay
between the peak in infections and reported cases (Figure 2D)
and were the last CCAA to have an Rt below 1 (Figure 2E).
This further supports the hypothesis that there was a general
overload on the testing facilities that impacted the evolution of
Rt, which in turn may have led to the anticipated decrease in
Rt.

Figure 2. Reconstruction of the exposure times and estimation of Rt. (A) Cases when they were reported (blue), onset of symptoms (yellow), and
reconstructed exposure times. Dots indicate data points and the solid line a rolling centered 7-day average. The shaded area for the exposure times
represents 95% credible intervals. (B) Estimation of Rt. Vertical bars indicate 95% credible intervals. The dashed yellow line represents the 3 linear
segments we identified. The shaded yellow area shows the 95% credible interval for the 2 breakpoints. The 2 breakpoints are between March 5 (95%
CI 4-6) and March 15 (95% CI 14-16), where the latter coincides with the implementation of the lockdown. (C) Delay between exposure time and
reporting date. The position is defined with respect to the peak. To be more precise, we showed the time difference when both curves reached x% of
their peak value. The 3 points (beginning, middle, and peak) correspond to 5%, 50%, and 100%, respectively, of daily infections compared to the peak
incidence. Each point corresponds to a CCAA. Gray lines indicate how the delay evolves for each CCAA. We note that the delay steadily increased
toward the peak in almost all CCAA. (D) Blue and red dots indicate the day the curves of the reported cases and exposure times reached their respective
peaks. The number in between denotes the difference in days between these dates. (E) The day Rt was first below 1 in the different CCAA. Horizontal
bars indicate 95% credible intervals. CCAA: Comunidades Autonomas.

Model-Based Inference
Figure 3A,B shows the fit of the minimal epidemic model with
respect to the fatalities and hospitalizations, respectively. The
adjusted curve for the fatalities peaked slightly later compared
to the real data. This could stem from the faster decrease in
reported fatalities compared to the excess deaths. Looking at

RtM, we found R1=3.27 (95% CI 3.01-3.61) and R2=0.66 (95%
CI 0.64-0.67). Both R1 and R2 were consistent with the
estimation from the reported cases, Rt. Given the generation

time we used here, this resulted in a doubling time of 2.55 days
(95% CI 2.32-2.78) during the free phase and a half lifetime of
9.11 (95% CI 8.72-9.56) days after the lockdown. The small
doubling time suggests how the considerable delay between
infection and reporting dates may have contributed to a
substantial discrepancy between the actual epidemiological
situation and the one that we could infer from the data. However,
the low value of R2, together with the half-life time, shows the
efficiency of the lockdown during the first wave and how it
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contributed to the low case numbers during the early summer
months.

Let us turn now to the initiation of the epidemic response. The

model adjustments yielded the initiation of the decrease in RtM

on March 10 (95% CI 8-12), contrasting with the decrease in
Rt on March 5/6. This suggests that the early decrease was due
to an overload in the health care system, which eventually
impeded testing infected individuals. The initiation of the

decrease in RtM was consistent with the reduction in mobility.

In Figure 3C,D, we contrast the reduction in mobility with RtM.
Note that we weighted the mobility reduction by various daily
epidemiological indicators—reported cases, fatalities,
hospitalizations, and ICU admission—in the different provinces
rather than by population. Hence, we accurately reflected the
impact of mobility reduction on the evolution of the epidemic.
Note that there was an additional, even though less rapid,
decrease in mobility from March 15 onward. However, results

from the sensitivity analysis (Figures S16-S18, Multimedia
Appendix 1) suggest that the reproduction number reached a
stable value timely after the lockdown. In this sense, the impact
of the additional decrease in mobility on the epidemic seems
not to have been substantial.

The eventual saturation of testing capacity also had
consequences for ascertainment, that is, the fraction of cases
that were detected compared to the total number of infections.
We assumed our model output to be the total number of
infections and compared it to the number of infections (exposure
times) that we inferred previously. We noted that initially,
ascertainment was only around 5% and subsequently increased.
However, it then substantially dropped around May 5/6 before
eventually starting to increase again. This substantial increase
was consistent with the pronounced expansion in testing capacity
in the middle of April (Figure S19, Multimedia Appendix 1)
that enabled the detection of around 15% of the infections.

Figure 3. Model adjustment to epidemiological data. (A and B) Model adjustment to the daily hospitalizations and fatalities, respectively. The green
and light-green shaded areas represent 50% and 95% credible intervals, respectively. The solid line represents the median. (C) Inferred evolution of

RtM. The dashed vertical line indicates the implementation of the lockdown. (D) Aggregated mobility level of the Spanish provinces prior to the lockdown
and shortly afterward. Instead of averaging by population size, we averaged by different daily epidemiological indicators to visualize the impact of

mobility reduction on epidemic evolution. This is in analogy with the definition of Rt [31]. We observed that mobility and RtM started to decrease
around the same time. ICU: intensive care unit.

Counterfactual Scenarios
The results of the counterfactual scenarios, shown in Figure
4B-D, indicate that the absence of an epidemic response before
the lockdown would have resulted in an attack rate of 8.6%
(95% CI 7.1-11.0), which is more than 50% higher than the
actual value. The higher attack rate would then have resulted

in 45,400 (95% CI 37,400-58,000) fatalities and 182,600 (95%
CI 150,400-233,800) hospitalizations compared to 27,800
fatalities and 107,600 hospitalizations, respectively, that were
reported. In other words, the results suggest that the pandemic
response before the lockdown contributed substantially to
limiting the impact of SARS-CoV-2 during the first wave in
Spain.
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Figure 4. Ascertainment and counterfactual scenarios. (A) Evolution of ascertainment in time. Ascertainment is defined as the ratio between the reported
cases and the incidence from the adjusted model. We compared the date of infection (exposure time) instead of the reporting date. We noted a sudden
decrease from March 5/6 toward the lockdown. Later, the testing capacity substantially increased, which increased ascertainment (Figure S19, Multimedia
Appendix 1). (B) Counterfactual scenarios for the attack rate, death toll, and total number of hospitalizations. The counterfactual scenarios consist of
shifting the breakpoint BP by x days. If the BP exceeded March 15 (ie, lockdown), no further shift was applied. We noted how the response before the
implementation of the lockdown substantially contributed to limiting the impact of the epidemic.

Discussion

Principal Findings
Our analysis of large-scale mobility data revealed a significant
reduction in mobility initiated before the lockdown.
Additionally, we discovered a strong correlation between the
decrease in mobility before the lockdown and the number of
reported cases across Spanish provinces. Although the direct
analysis of reported infections suggested a reduction in the
reproduction number preceding the decrease in mobility, the
model-based inference using hospital admissions and deaths
primarily attributes this to a declining reporting rate as the
epidemic progressed. The model-based inference indicates a
simultaneous decrease in mobility and the reproduction number.
According to our counterfactual scenarios, we estimate that the
reduction in the reproduction number before the lockdown
reduced the attack rate, hospital admissions, and deaths by over
30%.

The direct analysis of reported cases revealed a constant increase
in the delay between exposure and notification as the epidemic
peaked. An average delay of 16 days highlights the late testing
of symptomatic individuals, a significant test turnaround time,
and considerable notification delays. Studies have reported
similar delays in other countries [17,20]. Such delays obstruct
accurate evaluations of the epidemiological situation and hinder
effective epidemic response management [45].

The increasing reporting delay also suggests a saturation in
testing capacity. We hypothesized that the reduction in mobility
before the decrease in Rt resulted from a worsening reporting
rate. Our model-based approach supports this hypothesis,
indicating an epidemic evolution consistent with the reduction
in mobility, as found in other studies [15-17,46]. Moreover,
ICU capacities seemed to have reached their limits. Specifically,
ICU admissions among 70-79-year-olds peaked earlier than for
younger age groups in the hardest-hit provinces, Madrid and
Barcelona, indicating a change in admission criteria. These
factors illustrate the immense pressure the Spanish health care
system faced during the first wave.

The decrease in mobility began on March 9/10, 5-6 days before
lockdown implementation. Linka et al [17] observed a similar
decrease in mobility before lockdown introductions in other
Western European countries. Identifying the exact cause of the
early mobility decrease is challenging, as various factors are
likely to have contributed to the decline. Worsening situations
in many countries, reported in the media [47] and further
disseminated through social networks [48], might have increased
public awareness. In line with this increased awareness, the
usage of SARS-CoV-2–related hashtags in Spain surged from
March 9 onward [49]. We also found a significant correlation
between mobility levels and the number of cases at the
provincial level, suggesting the presence of risk-based individual
awareness [50]. Other studies have identified risk-based
awareness for SARS-CoV-2 [51,52], as well as for HIV [53]
and measles [54].

The correlation between mobility and reported cases was
especially high before lockdown implementation, as contact
reduction mainly occurred voluntarily (Figure S5, Multimedia
Appendix 1). However, the first autonomous communities
announced educational system closure on March 9, with many
others following suit. These factors are interconnected, as public
awareness of COVID-19 influences voluntary social distancing,
and individuals' attitudes toward the disease also impact
authorities' decisions. Moreover, lockdown announcements can
have similar effects as their implementations [55]. Our results
should not be interpreted as lockdowns and NPIs being generally
ineffective. Various studies have emphasized the impact of NPIs
[18,56]. Our findings, however, highlight the complex interplay
between risk-based and policy-induced behavioral changes and
challenge a mechanistic understanding of NPIs, where any
reduction in the reproduction number is solely attributed to
policy [10,19]. In summary, studies analyzing the impact of
public health policies should also account for voluntary
behavioral changes beyond NPIs.

At the beginning of the model dynamics on February 10, we
estimated around 1100 infectious individuals. In contrast, the
first case of local transmission in mainland Spain was reported
on February 26. This discrepancy underscores how
SARS-CoV-2 initially spread silently through the population.
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This observation aligns with the excess deaths attributed to
influenza in February 2020 in Catalonia [57]. In line with this,
the model consistently predicts more fatalities at the beginning
of the epidemic than were reported.

Our counterfactual study demonstrates that the early decrease
in mobility significantly contributed to mitigating the impact
of the first wave in Spain. Our results suggest that if the
epidemic response had started with the lockdown
implementation on March 15, the attack rate would have been
8.6%, resulting in 180,000 hospitalizations and 45,000 fatalities,
an increase of 60%-70% in these indicators. This finding
indicates that in addition to the national lockdown, the
combination of awareness and regional measures helped slow
the spread of SARS-CoV-2 in Spain. Shifting the entire
epidemic response, including the lockdown, would have led to
twice/half as many infected individuals for every 2.5 days
later/earlier. This emphasizes the importance of timely
containment efforts in managing emerging epidemics
[7,19,20,58].

Limitations
Several aspects of our analysis could be improved if more
detailed data were available. For instance, the epidemiological

model could be age-stratified if relevant data were available for
Spain regarding symptom onset to hospitalization and death
[36]. The same applies to geographical heterogeneity. If case
line data were available at the regional level, autonomous
communities could be treated separately [35]. In the absence of
such data, age or location stratification is not feasible. Access
to data that are not publicly available, unlike in other countries
[4], would enable a more detailed and comprehensive analysis
of the 2020 SARS-CoV-2 epidemic in Spain [11,12].

Conclusion
Summarizing, this study emphasizes that the behavioral response
to an epidemic is multifaceted, driven by both voluntary
decision-making and health authorities' policies. Although our
results indicate that the reproduction number reached its lowest
point during the lockdown in Spain, they also suggest a decrease
before the implementation of any containment policies.
Disentangling voluntary from policy-induced behavioral changes
remains a future challenge, as this interplay involves individual
psychology, societal dynamics, and pathogen spread [59].
However, understanding this complex interplay is crucial for
designing better health policies and accurately assessing the
need for public health interventions.
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Abstract

Background: With the increasing enrollment scale of colleges, the number of students on campus has risen sharply in China.
The number of students with tuberculosis (TB) and rifampicin-resistant TB in colleges has increased significantly. Preventive
treatment of latent tuberculosis infection (LTBI) is an important means for TB prevention and control in colleges. At present, the
acceptance of LTBI treatment among college students remains unclear. In addition, evidence shows stigma may be one of the
key factors affecting acceptance of LTBI treatment. To date, there is little direct evidence on the gender-specific association
between perceived stigma toward TB and acceptance of LTBI treatment among college students.

Objective: This study aimed to describe the acceptance of LTBI treatment among college students in an eastern province of
China to explore the association between perceived stigma toward TB and acceptance of LTBI treatment and to examine the
moderating effect of gender on the association.

Methods: Data were derived from the project on the evaluation of LTBI treatment and its effectiveness among college students
in Shandong, China. In total, 1547 college students were included in the analysis. We considered covariates at the individual and
family levels. Multilevel mixed-effects logistic regression was used to examine the moderating role of gender and also explore
the association between perceived stigma toward TB and acceptance of LTBI treatment.

Results: The acceptance rate of LTBI treatment among the diagnosed college students was 46.7% (n=723). The proportion of
female students (n=361, 51.5%) accepting LTBI treatment was higher than that of male students (n=362, 42.8%; P=.001). There
was an interaction between perceived stigma toward TB and gender (OR 0.93, 95% CI 0.87-1.00; P=.06). Among college students
with LTBI, perceived stigma toward TB was positively associated with acceptance of preventive treatment (OR 1.03, 95% CI
1.00-1.08, P=.05). Perceived stigma toward TB was positively associated with accepting LTBI treatment only among male
students (OR 1.07, 95% CI 1.02-1.12; P=.005).

Conclusions: The acceptance rate of preventive treatment among college students with LTBI was low. Contrary to our
expectations, perceived stigma toward TB was positively associated with acceptance of preventive treatment. Gender moderated
this association; high perceived stigma toward TB was associated with acceptance of preventive treatment only in male gender.
Gender-specific strategies are effective in improving the acceptability of LTBI treatment in colleges.
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Introduction

According to the Global Tuberculosis Report 2022, China has
the third highest number of cases among 30 countries with a
high burden of tuberculosis (TB). In China, the reported
incidence of TB among students dropped from 20.6/100,000
enrolled students in 2010 to 13.4/100,000 in 2015 but increased
to 17.5/100,000 in 2019 [1]. In 2019, TB cases in students
accounted for 6.2% of all TB cases [2]. In recent years, the
annual incidence of pulmonary TB among college students is
higher than the national level for the same age group [3]. A
systematic review and meta-analysis of TB outbreaks among
students in mainland China showed that the incidence of TB
was higher in colleges compared to high schools [4]. The
number of students with TB and rifampicin-resistant TB
increased significantly in China from 2015 to 2019, most of
whom were college students [5]. With the expansion of national
college enrollment and more schools being open, the prevention
and control of TB in colleges have become challenging.

Latent tuberculosis infection (LTBI) is defined as a state of
persistent immune response to stimulation by Mycobacterium
tuberculosis antigens with no evidence of clinically manifest
active TB [6]. Approximately 350 million people in China have
an infection caused by Mycobacterium tuberculosis [7], which
means that a considerable number of people are in the LTBI
state. The population with LTBI is a large reservoir of TB and
has a 5%-10% lifetime chance of developing active TB if LTBI
is untreated [8]. LTBI treatment is one of the important
interventions to finally meet the end TB targets. TB outbreaks
still occur from time to time in Chinese colleges. LTBI treatment
is an important means for TB prevention and control in colleges.
The acceptance of LTBI treatment among college students
remains unclear at present. Clarification of the LTBI treatment
acceptance and identification of the key factors influencing it
may be of great significance to implement this intervention
among college students with LTBI.

Stigma is defined as “a social process, experienced or
anticipated, characterized by exclusion, rejection, blame or
devaluation that results from experience, perception or
reasonable anticipation of an adverse social judgement about a
person or group” [9]. TB-related stigma, including fear of
infection, may be a barrier to initiation and successful
completion of LTBI treatment [10,11]. A qualitative study in
the Netherlands [12] found that the difficulty to differentiate
LTBI from TB and the consequent fear of TB infection and
disease had negatively impacted the screening or treatment of
LTBI among asylum seekers and refugees. Another study in
England [13] indicated that migrants in a college environment
were reluctant to accept LTBI screening and treatment programs
because they were concerned about reputational loss and stigma
of being involved in a TB project. These findings indicate that
stigma may be one of the key factors affecting acceptance of
LTBI treatment. Based on existing findings, we hypothesize

that perceived stigma toward TB is negatively associated with
acceptance of preventive treatment among college students with
LTBI.

Globally, many more adult men than women have been
diagnosed with TB and have died from it [14]. A meta-analysis
reported that men were disadvantaged in seeking and accessing
TB care and suggested that men were a high-risk group requiring
improved access to TB care [15]. In addition, studies found that
substantial gender differences in the epidemiologic burden of
TB were almost solely attributable to gender differences in
disease incidence and treatment initiation, in both of which men
were disadvantaged [16]. Studies in Nigeria and Australia
showed that there were gender differences in TB diagnosis,
treatment, and outcomes [17,18]. Gender differences in TB may
be greater in China. The average male to female proportion in
China was about 2.19:1, which was higher than the global
average level (1.9:1) [19,20]. However, there are few studies
on gender differences in LTBI-related aspects. We hypothesize
that gender differences have an impact on the association
between perceived stigma toward TB and the acceptance of
LTBI treatment.

Given the importance of LTBI treatment, TB control in schools,
and the critical role of stigma, the aim of this study was (1) to
describe the acceptance of LTBI treatment among college
students in an eastern province of China; (2) to explore the
association between perceived stigma toward TB and the
acceptance of LTBI treatment; and (3) to examine the
moderating effect of gender on this association.

Methods

Study Setting and Participants
This study used data from the project on treatment and
effectiveness evaluation of LTBI among college students in
Shandong province, China. More information about procedures
has been described in detail in our previous publication [21].
The study began in September 2020 and was conducted in 6
cities (Jinan, Qingdao, Yantai, Rizhao, Linyi, and Zibo) using
a cluster random sampling method to select samples. We
selected students aged ≥18 years with positive purified protein
derivative test results (ie, induration diameter ≥10 mm or
accompanied by blisters, papules, double circles, and
lymphatitis) to participate in our questionnaire survey. We
excluded patients previously diagnosed with active pulmonary
TB or extrapulmonary TB as well as those with a history of
mental illness or epilepsy. Respondents were instructed to fill
out the electronic survey questionnaire by trained graduate
students to ensure the quality of the questionnaire. In total, 1691
individuals were eligible, and 1631 completed the whole survey.

We used the following formula to calculate the sample size:
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In this formula, n, δ, and p are estimations for sample size,
allowable error, and population rate π, respectively. Because
acceptance of LTBI treatment among college students with
LTBI is not clear in China, we used the positive prevalence of
the tuberculin skin test (TST) to calculate the sample size. The
prevalence of positive TSTs in Chinese college students using
10mm cutoff value was 9%-49% [22,23]. We set P=.09, α=.05
(2-tailed), and δ=0.009. Considering the sampling method and
the 20% lost follow-up rate, the TST screening sample was
finally determined to include 20,330 people [21].

Ethical Considerations
This study protocol received ethics approval from the Ethical
Committee of the School of Public Health in Shandong
University (LL20200306). The investigation was conducted
after the acquisition of written informed consent from all
participants.

Measures

Acceptance of LTBI Treatment
Acceptance of LTBI treatment was measured by the question
“Will you accept preventive treatment of latent tuberculosis
infection?” The answer was divided into either accepting
treatment or refusing treatment. We eliminated 84 samples
whose answers were inconclusive. Finally, 1547 college students
were included in the analysis.

Perceived Stigma Toward TB
Perceived stigma toward TB was assessed using 11 questions
[24]. These problems originate in countries with a high burden
of TB. More details about these questions are described in
Multimedia Appendix 1. The answer to each question included
“Yes” and “No.” “Yes” indicated the presence of perceived
stigma, and “No” indicated the absence of perceived stigma.
The score ranged from 0 to 11. The higher the score, the higher
the perceived stigma toward TB. The Cronbach coefficient was
.880 in this study.

Covariates
In this study, gender was used as a moderating variable. Based
on previous research [25,26], some other factors may also
influence the acceptance of LTBI treatment. Therefore, we
added covariates such as age (continuous), type of student (eg,
medical students and nonmedical students), type of residence
(eg, urban and rural), parents’ levels of education (eg, primary
school or below, junior high school, and high school or above),
household income in 2019 (eg, quintile 1, quintile 2, quintile 3,
and quintile 4), smoking (yes), current drinking (yes), physical
activity level (eg, low, moderate, and high), exposure history
of TB (eg, no, yes, or unknown), boarding experiences (yes),
and knowledge of TB (continuous). Physical activity level was
measured by the Chinese version of International Physical
Activity Questionnaire Short Form [27]. The score of TB

knowledge ranges from 0 to 45 (Multimedia Appendix 2). The
higher the score, the higher the level of TB knowledge.

Statistical Analysis
First, a descriptive analysis was used to describe participants’
characteristics with mean (SD) or median (IQR) values for
continuous variables. Frequency and percentage values were
used to describe categorical variables. Second, Pearson
chi-square test (for categorical variables) and 2-tailed student t
test or Wilcoxon rank-sum test (for continuous variables) were
used to compare characteristics of male and female students.
Then, since 1547 participants came from 6 cities and 16
colleges, multilevel mixed-effects logistic regression
(Multimedia Appendix 3) was performed to examine the
moderating role of gender. We added the multiplicative
interaction term (perceived stigma toward TB × gender) in
models. The association between perceived stigma toward TB
and acceptance of LTBI treatment was also assessed by
multilevel mixed-effects logistic regression. In model 1, no
covariate was included. Model 2 was based on model 1, with
additional adjusting for age, type of student, type of residence,
father’s level of education, mother’s level of education,
household income, smoking, current drinking, physical activity
level, exposure history of TB, boarding experiences, and
knowledge of TB. Odds ratios (ORs) and 95% CIs were
presented as measures of effect. A 2-tailed P<.1 was considered
as statistically significant. We conducted all analyses in Stata
(version 14.2; Stata Corp).

Results

Table 1 shows the baseline characteristics of participants by
gender. Of the 1547 participants, about 846 (54.7%) were male
students. The average age of respondents was 18.5 (SD 0.8)
years, and most of them were nonmedical students. The
proportion of female medical specialty students was higher than
that of male students (P<.001). In terms of lifestyle behaviors,
male students had higher proportions of smoking and current
drinking than female students (P<.001). The average TB
knowledge score was 19 (SD 7.7). The level of TB knowledge
in female students was higher than that in male students (P=.05).
The median score of perceived stigma toward TB was 1 (IQR
0-4), with a statistical difference between male and female
students (P=.09). A total of 723 (46.7%) students with LTBI
were willing to accept preventive treatment. The proportion of
female students accepting LTBI treatment was higher than that
of male students (P=.001). Male students who accepted LTBI
treatment had higher perceived stigma score compared to those
who did not (P=.02; Multimedia Appendix 4).

The interaction between perceived stigma toward TB and gender
and its effect on acceptance of LTBI treatment is shown in Table
2. After adjusting for covariates, there was an interaction
between perceived stigma toward TB and gender (OR 0.93,
95% CI 0.87-1.00; P=.06).
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Table 1. Participants’ characteristics of latent tuberculosis infection (LTBI) college students by gender in Shandong, China, in 2020.

P valueFemale, n (%)Male, n (%)Total, n (%)Variables

701 (45.3)846 (54.7)1547 (100)Total

.2518.5 (0.8)18.6 (0.8)18.5 (0.8)Age (years), mean (SD)

<.001Type of students, n (%)

165 (23.5)82 (9.7)247 (16)Medical students

562 (76.5)764 (90.3)1300 (84)Nonmedical students

.28Type of residence, n (%)

346 (49.4)394 (46.6)740 (47.8)Urban

355 (50.6)452 (53.4)807 (52.2)Rural

.75Father’s level of education, n (%)

127 (18.1)141 (16.7)268 (17.3)Primary school or below

324 (46.2)397 (46.9)721 (46.6)Junior high school

250 (35.7)308 (36.4)558 (36.1)High school or above

.24Mother’s level of education, n (%)

219 (31.2)248 (29.3)467 (30.2)Primary school or below

302 (43.1)348 (41.1)650 (42)Junior high school

180 (25.7)250 (29.6)430 (27.8)High school or above

.74Household incomea, n (%)

195 (27.8)231 (27.3)426 (27.5)Quartile 1

183 (26.1)211 (24.9)394 (25.5)Quartile 2

173 (24.7)203 (24)376 (24.3)Quartile 3

150 (21.4)201 (23.8)351 (22.7)Quartile 4

<.0018 (1.1)151 (17.9)159 (10.3)Smoking (yes)

<.00158 (8.3)324 (38.3)382 (24.7)Current drinking (yes)

.26Physical activity level, n (%)

252 (36)306 (36.2)558 (36.1)Low

244 (34.8)265 (31.3)509 (32.9)Moderate

205 (29.2)275 (32.5)480 (31)High

.68Exposure history of TBb, n (%)

497 (70.9)596 (70.5)1,093 (70.6)No

23 (3.3)35 (4.1)58 (3.8)Yes

181 (25.8)215 (25.4)396 (25.6)Unknown

.25564 (80.5)700 (82.7)1264 (81.7)Boarding experiences (yes), n (%)

.0519.5 (7.4)18.7 (7.9)19.0 (7.7)Knowledge of TB (score), mean (SD)

.091 (4)1 (4)1 (4)Perceived stigma toward TB (score), median (IQR)

.001361 (51.5)362 (42.8)723 (46.7)Acceptance of LTBI treatment (yes), n (%)

aQuartile 1: ≤US $5800; quartile 2: >US $5800 and ≤US $10,150; quartile 3: >US $ 10,150 and ≤14,500; quartile 4: >US $ 14,500. Average exchange
rate in 2019: US $ 1=RMB 6.8967.
bTB: tuberculosis.

JMIR Public Health Surveill 2023 | vol. 9 | e43972 | p.1214https://publichealth.jmir.org/2023/1/e43972
(page number not for citation purposes)

Yuan et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 2. The effect of gender on the cross-sectional interaction between perceived stigma toward tuberculosis (TB) and acceptance of latent tuberculosis
infection (LTBI) treatment among college students in Shandong, China, in 2020.

Model 2bModel 1aVariables

P value95% CISEORP value95% CISEORc

.0051.02-1.120.0251.07.0051.01-1.110.0251.06Perceived stigma toward TB

<.0011.43-2.620.3001.94<.0011.36-2.390.2611.80Gender (female)

.060.87-1.000.0350.93.070.87-1.000.0350.94Perceived stigma toward TB × gender

aModel 1 was unadjusted.
bModel 2 was adjusted for age, type of student, type of residence, father’s level of education, mother’s level of education, household income, smoking,
current drinking, physical activity level, TB exposure history, boarding experiences, and knowledge of TB.
cOR: odds ratio.

Table 3 presents the relationship between perceived stigma
toward TB and acceptance of LTBI treatment among male and
female students. Perceived stigma toward TB was positively
associated with acceptance of preventive treatment among
college students with LTBI (OR 1.03, 95% CI 1.00-1.08; P=.05).
Among male students, high perceived stigma toward TB was

associated with accepting LTBI treatment when compared to
low perceived stigma toward TB (OR 1.07, 95% CI 1.02-1.12;
P=.005). However, there was no association between perceived
stigma toward TB and acceptance of LTBI treatment among
female students.

Table 3. Cross-sectional association between perceived stigma toward tuberculosis (TB) and acceptance of latent tuberculosis infection (LTBI) treatment
among male and female students in Shandong, China, in 2020.

Model 2bModel 1aVariables

P value95% CISEORP value95% CISEORc

.051.00-1.080.0191.03.041.00-1.070.0191.04Perceived stigma toward TB (n=1547)

.0051.02-1.120.0261.07.0051.02-1.110.0251.06Perceived stigma toward TB in male
students (n=846)

.870.94-1.050.0300.99.930.94-1.060.0291.00Perceived stigma toward TB in female
students (n=701)

aModel 1 was unadjusted.
bModel 2 was adjusted for age, type of students, type of residence, father’s level of education, mother’s level of education, household income, smoking,
current drinking, physical activity level, exposure history of TB, boarding experiences, and knowledge of TB.
cOR: odds ratio.

Discussion

Principal Findings
In this study, only 723 (46.7%) college students diagnosed with
LTBI were willing to accept preventive treatment. This figure
is lower than what has been previously reported for other
students’ acceptance rates of LTBI treatment, ranging between
63.9% and 87% in China [28,29]. The possible reason is that
participants in this study were general college students, while
previous research focused on students who had close contacts
with TB and was related to the screening and management of
students’close contacts with TB [30]. For close contacts, schools
actively organized screening and recommend LTBI treatments.
Close contacts were more aware of TB than the student and
more likely to accept LTBI treatment for fear of developing
TB.

Our study observed a higher acceptance rate of LTBI treatment
among female students than male students, contrary to previous
studies in the United States and Canada [31]. One possible
explanation for our findings is that female students have a higher
level of TB knowledge than male students. Previous studies

found that patients with LTBI who had low TB knowledge
scores in student TB contacts or TB-designated hospitals were
less likely to accept preventive treatment [28,32]. Students with
higher knowledge of TB had some knowledge of the spread,
harm, and prevention of TB. They wanted to reduce their risk
of developing TB. When health workers recommended LTBI
treatment, female students were more likely to accept it.

Our results showed that higher perceived stigma toward TB
was positively related to acceptance of preventive treatment
among college students with LTBI. This did run counter to our
initial hypothesis, wherein we assumed that perceived stigma
toward TB may be negatively associated with acceptance of
LTBI treatment. No direct evidence has shown this association
among college students, but prior studies found that TB-related
stigma was negatively associated with LTBI treatment
acceptance in other populations (eg, refugees and migrants)
[12,13]. On the one hand, we speculate that the difference is
due to people’s surroundings. College students live in a trustful
and inclusive environment. College students did not score high
on perceived stigma toward TB in our study, suggesting that
they did not have embedded fears surrounding TB. Of course,
it could also be that they did not know much about TB. After
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all, the TB knowledge score of college students in the study
was 19.0 out of 45. However, TB stigma is relatively high in
the community. Immigrants may feel singled out and stigmatized
for other reasons [33,34]. One study in Eritrea [35] showed that
restrained contacts due to fear of getting infected with TB,
gossiping, and finger pointing in the community caused enacted
and anticipated stigma among patients with TB. These findings
indicate that the relationship between perceived stigma toward
TB and acceptance of LTBI treatment may be quite opposite in
different populations. On the other hand, LTBI is still different
from TB infection. Although participants experienced enforced
stigma, which could impede treatment initiation, their strong
motivation to prevent becoming sick with TB resulted in
acceptance of LTBI treatment.

It is worth noting that perceived stigma toward TB was
positively associated with acceptance of LTBI treatment in male
students, but there was no association between the stigma toward
Tb and LTBI treatment acceptance in female students. Similar
to previous studies on the impact of gender differences on TB
epidemiological characteristics and access to services [15,16],
we found gender differences played a part in the association
between perceived stigma toward TB and acceptance of LTBI
treatment. One possible factor that accounts for the disparity
could be the different temperament and personality
characteristics of male and female students. Women tend to be
cautious, careful, worried, or pessimistic; men are more carefree,
relaxed, and upbeat, even when most people are worried [36,37].
Therefore, male students may be more likely to accept LTBI
treatment after feeling perceived stigma toward TB, whereas
female students are not. Another plausible explanation is that
the differences are related to men’s unhealthy behaviors, such
as smoking and drinking. Studies found men were
overrepresented in various pulmonary TB risk groups, notably
alcoholic and tobacco smokers [16,38]. In this study, the
proportion of male students who smoke and drink alcohol far
exceeded that of female students. Despite higher perceived TB
stigma, male students with LTBI were more likely to accept
preventive treatment for fear of developing active TB. However,
these pathways are speculative. Future research can explore the
underlying mechanisms of the relationship between perceived
stigma toward TB and LTBI treatment acceptance.

Perceived stigma toward TB was not associated with acceptance
of LTBI treatment in female students. The reason may be that
perceived stigma is not a key factor in female students accepting
preventive treatment. In our study, the proportion of female

medical specialty students was higher than that of male students.
Moreover, female students have similar stigma scores but higher
TB knowledge and LTBI treatment acceptance scores compared
to male students. Of the added covariates, we found that
exposure history of TB (Yes: OR 3.00, 95% CI 0.98-9.16; P=.05
and Unknown: OR 1.61, 95% CI 1.10-2.37; P=.02) and TB
knowledge (OR 1.02, 95% CI 1.00-1.05; P=.08) were positively
associated with acceptance of LTBI treatment among female
students. In the future, research may focus on the factors
influencing the acceptance of preventive treatment in women.

The current findings have some policy implications. Gender
may be an important heterogeneous factor influencing the
acceptance of LTBI treatment in colleges. It is recommended
that colleges regularly and continuously carry out various forms
of TB and LTBI knowledge publicity and education activities
to raise students’awareness of TB. The perceived stigma toward
TB among male students needs to be addressed in improving
their treatment acceptance. It is suggested that colleges provide
suitable psychological counseling for male students. Overall,
perhaps gender-specific management can improve the
acceptability of LTBI treatment among college students.

This study has some limitations. First, the results were based
on colleges in Shandong Province. Our findings were not
necessarily generalizable to other settings within or outside
China. Moreover, cross-sectional data used in this study were
impossible to demonstrate the causality between perceived
stigma toward TB and acceptance of LTBI treatment.
Establishing and analyzing a multiyear longitudinal cohort of
colleges covering different geographic regions in future studies
could better elucidate the impact of gender on the relationship
between perceived stigma toward TB and willingness for LTBI
treatment.

Conclusions
In conclusion, we found that the acceptance rate of preventive
treatment among college students with LTBI was low. The
acceptance rate of female students was higher than that of male
students. There were gender differences in the association
between perceived stigma toward TB and acceptance of LTBI
treatment. Only among male students, those with high perceived
stigma toward TB were more likely to accept LTBI treatment.
This study implies that gender-specific strategies in colleges
may be effective in improving the acceptability of preventive
treatment.
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Abstract

Background: Comorbidity of psychiatric disorders such as depression and anxiety is very common among children and
adolescents. Few studies have examined how comorbid anxiety and depression are associated with health risk behaviors (HRBs)
in adolescents, which could inform preventative approaches for mental health.

Objective: We evaluated the association between HRBs and comorbid anxiety and depression in a large adolescent cohort.

Methods: We used data from 22,868 adolescents in the National Youth Cohort (China). Anxiety and depression symptoms
were assessed using the 9-item Patient Health Questionnaire scale and the 7-item Generalized Anxiety Disorder scale, respectively.
Comorbidity was determined by the coexistence of anxiety and depression. HRBs including poor diet, smoking, physical inactivity,
and poor sleep, as well as the above HRB scores, were added to obtain the total HRB score (HRB risk index). Based on single
and total HRB scores, we divided participants into low-, medium-, and high-risk groups. Potential confounders included gender,
presence of siblings, regional economic level, educational status, self-rated health, parental education level, self-reported family
income, number of friends, learning burden, and family history of psychosis. Correlation analysis was used to explore associations
between single risk behaviors. Binary logistic regression estimated the association between HRBs and anxiety-depression
comorbidity before and after adjusting for potential confounders.

Results: The comorbidity rate of anxiety and depression among Chinese adolescents was 31.6% (7236/22,868). There was a
statistically significant association between each HRB (P<.05), and HRBs were positively associated with comorbid anxiety and
depression in the above population. For single HRBs, adolescents with poor diet, smoking, and poor sleep (medium-risk) were
more prone to anxiety-depression comorbidity after adjusting for confounders compared to low-risk adolescents. However,
adolescents with all high-risk HRBs were more likely to have comorbid anxiety and depression after adjusting for confounders
(poor diet odds ratio [OR] 1.50, 95% CI 1.39-1.62; smoking OR 2.17, 95% CI 1.67-2.81; physical inactivity OR 1.16, 95% CI
1.06-1.28; poor sleep OR 1.84, 95% CI 1.70-2.01). Moreover, in both unadjusted (medium risk OR 1.79, 95% CI 1.56-2.05; high
risk OR 3.09, 95% CI 2.72-3.52) and adjusted (medium risk OR 1.57, 95% CI 1.37-1.80; high risk OR 2.33, 95% CI 2.03-2.68)
models, HRB risk index, like clustered HRBs, was positively associated with anxiety-depression comorbidity, and the strength
of the association was stronger than for any single HRB. In addition, we found that compared to girls, the association between
clustered HRBs and anxiety-depression comorbidity was stronger in boys after adjustment.
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Conclusions: We provide evidence that HRBs are related to comorbid anxiety and depression. Interventions that decrease HRBs
may support mental health development in adolescence, with the potential to improve health and well-being through to adulthood.

(JMIR Public Health Surveill 2023;9:e46289)   doi:10.2196/46289

KEYWORDS

health risk behaviors; anxiety; depression; comorbidity; adolescent; mental health; children; intervention; lifestyle behavior;
mental disorder; public health; cross-sectional study

Introduction

Adolescence is a transitional period from childhood to adulthood
and also a critical period for the formation of lifestyle behaviors
that can significantly impact immediate and long-term physical
and mental health. During this period, under the influence of
various pressures, such as study burden, life, and social
interaction, some health risk behaviors (HRBs) are prone to
occur [1]. The World Health Organization (WHO) defines youth
HRBs as behaviors that directly, indirectly, or potentially
threaten the current or future health of adolescents, mainly
including physical inactivity, unintentional injury, and premature
and unsafe behaviors [2]. However, many adolescents do not
conform to specific health behavior guidelines, and the
prevalence of unhealthy behaviors among adolescents ranges
from 2.2% to 42.6% [3]. Of note, most adolescents’ HRBs do
not exist alone, but tend to cluster together [4]. The harm caused
by clustered HRBs is larger than single HRBs. Therefore,
identifying clustered HRBs may be more practical than studying
single HRBs.

Adolescents are prone to many HRBs, and HRBs can lead to
psychosocial disorders, physical illness, and other problems,
particularly anxiety and depression [5]. Anxiety and depression,
as the most common mental illnesses in adolescents, usually
present a comorbidity pattern. Comorbid anxiety and depression
is a global public health concern, as about 25% to 50% of
depressed children and adolescents experience anxiety, and 10%
to 15% of anxious children and adolescents have depression
worldwide [6]. Evidence suggests that anxiety-depression
comorbidity during adolescence is not only associated with
immense personal and family suffering but also causes other
adverse outcomes, such as academic failure, impaired cognitive
function, poor interpersonal relationships, and even suicide [7].
Possible reasons for these psychosocial disorders include genetic
predisposing factors [8], environmental factors [9], and personal
behavioral factors such as HRBs [10]. Health behaviors have
been highlighted as a potentially important factor that may
support better mental outcomes throughout the life course,
especially in adolescence. A study using data from a nationally
representative sample of Australian adolescents showed that
early-onset HRBs were strongly associated with mental health
outcomes and varied by sex [11]. Moreover, a study examining
the relationship between clustered HRBs and mental health
status among US students identified clusters of HRBs, and the
results showed participants who reported clustered HRBs were
more likely to report poorer mental health [12].

Both HRBs and anxiety-depression comorbidity are common
in adolescents, and there might be an association between them
[13]. Thus, it is essential to delve into associations between

HRBs and comorbid anxiety and depression in adolescents, as
well as to compare the association in each sex. However, little
research has examined how clustered HRBs affect the
development of anxiety-depression comorbidity or
gender-specific associations in adolescents, which could inform
targeted interventions aiming to reduce harmful behaviors and
improve long-term well-being. Furthermore, previous research
has pointed to exercise, smoking, diet, and sleep as playing
important roles in the prevention and treatment of mental
disorders [14]. Therefore, our study aims to understand the
prevalence of comorbid anxiety and depressive symptoms
among Chinese adolescents and determine the extent of
associations between HRBs (poor diet, physical inactivity,
smoking, and poor sleep) and comorbid anxiety and depression
by controlling confounders and identifying the influence of
gender on these associations.

Methods

Setting and Study Design
Participants were enrolled in the National Adolescent Health
Survey Cohort, which is a nationally representative,
cross-sectional study designed to track behaviors, physical
health, and mental health in Chinese adolescents from October
to December 2021. A multistage cluster sampling method was
applied to recruit participants. First, we selected first-line cities
(Shenzhen, Chongqing, Zhengzhou, and Shenyang) and
second-line cities (Kunming, Xuzhou, Taiyuan, Nanchang)
according to regional economic levels. Second, each district
selected 2 rural junior and senior high schools and 2 urban junior
and senior high schools. The study enrolled 27 schools in total
(5 of these schools were combined junior and senior high
schools). Each school selected all students from 4 to 6 classes
(with no less than 200 students in each grade) to conduct a
questionnaire survey. There were no less than 600 students in
each school and no less than 2400 students in each district.

In this survey, 24,500 questionnaires were actually distributed,
and 1632 invalid returned questionnaires were excluded. Among
these, 426 (1.7%) respondents were unwilling to participate in
the survey, 367 (1.5%) were not in school on the day of the
survey, and 839 (3.4%) did not complete the questionnaire
(>15% missing data or obvious logical errors). Thus, 22,868
valid questionnaires were finally completed for an effective
response rate of 93.3%.

Measures

Demographic Factors
Sociodemographic data were collected by a self-administered
questionnaire, including gender (boy or girl), age, presence of

JMIR Public Health Surveill 2023 | vol. 9 | e46289 | p.1221https://publichealth.jmir.org/2023/1/e46289
(page number not for citation purposes)

Wang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.2196/46289
http://www.w3.org/Style/XSL
http://www.renderx.com/


siblings (yes or no), regional economic level (first-line or
second-line) [15], residential area (rural or urban), educational
status (junior or senior high school), parental education level
(primary school and below, junior high school, or senior high
school and above), self-reported family income (low, medium,
or high), number of friends (≤2 or ≥3), learning burden (high,
medium, or low), and family history of psychosis (yes or no).
It is worth noting that “first-line” cities are considered the most
important cities in China, with the most developed economies,
the densest populations, and the highest urban radiation capacity
(this refers to the ability of a city to influence the surrounding
area and other cities); examples are Shanghai and Shenzhen.
“Second-line” cities are mostly provincial capitals, economically
strong cities in eastern regions, or economically developed
regional central cities, such as Taiyuan and Nanchang.

Health Risk Behaviors
Dietary habits were assessed using a questionnaire adapted from
the American Adolescent Health Behavior Monitoring System
[16]. Dietary risk was assessed primarily by asking the
adolescents about their frequency of consumption of fruits,
vegetables, fast food, and soft drinks in the last week [17]. For
fruit/vegetable consumption, replies of ≥3, 2, and ≤1 represent
risk scores of 0, 1, and 2, respectively. For fast food
consumption, replies of 0, 1-4, and ≥5 represent risk scores of
0, 1, and 2, respectively. For soft drinks, replies of ≤1, 2, and 3
represent risk scores of 0, 1, and 2, respectively. We then added
the risk scores for a total score of 0 to 8, categorized into 3
groups: 0-2 (low risk), 2-3 (medium risk) and 4-8 (high risk).
It is worth noting that the composite risk score could equal 2
only if (1) any 2 of the 4 components were medium risk (0 + 0
+ 1 + 1) or (2) if any 1 of the 4 components was high risk (0 +
0 + 0 + 2). The former case was classified as low risk, whereas
the latter was classified as medium risk. The reason for this was
that adolescents with low dietary risk should not have any
dietary component assessed as high risk.

Smoking status during the last month was assessed by a question
in the American Adolescent Health Behavior Surveillance
System Adaptation Questionnaire [16]: “During the last month,
how many days did you smoke?” According to other similar
studies [18], responses were categorized into 3 groups: less than
2 days (low risk), 3 to 19 days (medium risk), and 20 days or
more (high risk).

Sleep duration during the last month was assessed using the
Munich Chronotype Questionnaire Short Form (MCTQ-SF)
[19]: adolescents reported their bedtime, fall-asleep time, and
morning wakeup time; we then computed sleep duration.
According to sleep duration recommendations proposed by the
WHO and others, adolescents aged 13 to 18 years should sleep
8 to 10 hours per 24 hours on a regular basis to promote optimal
health [20]; thus, responses were categorized into 3 groups,
including low risk (8 to 10 hours), medium risk (7 to 8 hours,
not including 8 hours, or 10 to 11 hours, not including 10 hours),
and high risk (less than 7 hours or more than 11 hours).

The Physical Activity Rating Scale (PAR-3) was used to
measure physical activity levels in adolescents [21]. This scale
examines the amount of physical activity from 3 aspects:
intensity, frequency, and time of participating in physical

activity. Physical activity is rated as intensity times frequency
times time. Intensity, duration, and frequency of physical activity
were assessed by the questions “When performing physical
activity, which of the following intensities are most likely to be
selected?” “How many minutes at a time did the above intensity
activity last?” and “How many times was the above activity
performed?” respectively. Intensity and frequency were graded
from 1 to 5 with 1 to 5 points, and time was scored from 1 to 5
with 0 to 4 points. The score range of the amount of physical
activity was from 0 to 100. Physical activity risk assessment
criteria were as follows: score >43 (low risk), score 20-42
(medium risk) and score <19 (high risk).

To evaluate the clustering effect of HRBs on comorbid anxiety
and depression, we constructed an overall HRB index. To
indicate overall HRB risk, single HRB factors were given
weighted risk scores: 0 (low risk), 0.5 (medium risk), and 1
(high risk). They were then summed into an overall index
ranging from 0 to 4. To study different levels of HRB risk, the
HRB risk index scores were divided into 3 categories: low risk
(total score 0-0.5), medium risk (total score 1-1.5), and high
risk (total score 2-4). The index was termed HRB risk index.

Comorbid Anxiety and Depression
Anxiety symptoms were assessed using the Generalized Anxiety
Disorder–7 (GAD-7). The GAD-7 is a 7-item self-reported
measure used for screening and evaluating generalized anxiety
disorder symptoms [22]. Respondents indicate how much they
have been bothered over the last two weeks by each GAD-7
symptom using a 4-point Likert scale ranging from 0 (not at
all) to 3 (nearly every day). GAD-7 score ranges from 0 to 21
with scores of 0-4, 5-9, 10-14, and 15-21 representing normal,
mild, moderate, and severe levels of anxiety, respectively.
According to the wide use of a cutoff value of 5, we classified
GAD-7 scale scores ≥5 as indicating the presence of anxiety
symptoms, and scores <5 as indicating the absence of anxiety
symptoms.

The prevalence of depressive symptoms was measured using
the Patient Health Questionnaire–9 (PHQ-9), which is used for
screening and evaluating depressive symptoms [23].
Respondents indicate how much they have been bothered over
the last 2 weeks by each PHQ-9 symptom using a 4-point Likert
scale ranging from 0 (not at all) to 3 (nearly every day). The
PHQ-9 score ranges from 0 to 27, with scores of 0-4, 5-9, 10-14,
and 15-27 representing normal, mild, moderate, and severe
levels of depression, respectively. Based on the suggested cutoff,
participants who scored 5 points or more were considered to be
at risk for depressive symptoms in our study.

An adolescent would be considered to have comorbid anxiety
and depression if their GAD-7 scale score was ≥5 and their
PHQ-9 scale score was also ≥5. Adolescents who met the above
criteria were divided into a comorbid anxiety and depression
group and a noncomorbid group.

The Chinese versions of the above questionnaires on adolescent
demography, behavior, and mental health have good reliability
and validity and have been verified in the Chinese adolescent
population.
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Confounders
We adjusted for a series of potential confounders; these were
defined as measures that were associated with both the exposure
and the outcomes but were not on the causal pathway between
the two. Confounders mainly included statistically significant
variables, including gender, presence of any siblings, regional
economic level, educational status, self-rated health, parental
education level, self-reported family income, number of friends,
learning burden, and family history of psychosis.

Ethical Considerations
The studies involving human participants were reviewed and
approved by the Ethics Institutional Review Committee of Anhui
Medical University (20200573), and informed consent was
obtained from the schools, students, and parents.

Statistical Analysis
Statistical analyses were carried out with SPSS (version 23.0;
IBM Corp). Descriptive analyses investigated associations
between HRBs, comorbid anxiety and depression, and
confounders. Continuous variables with normal distribution in
our study were represented as means and SDs, while categorical
variables were summarized as frequencies (n) and percentages
(%). Chi-square tests were used to assess demographic
characteristics stratified by the presence or absence of comorbid
anxiety and depression. Spearman correlation was used to assess
the relationship between each HRB. Binary logistic regression
was used to investigate the relationships between single HRBs,
clustered HRBs, and comorbid anxiety and depression in

adolescents before and after adjusting for confounders, and a
correlation heat map was produced with Origin (OriginLab).
For a sensitivity analysis, we explored whether associations
varied by gender. All statistical tests were 2-sided and had a
significance level set at P<.05.

Results

Participant Characteristics
The characteristics of the 22,868 participants (11,578/22,868,
50.6% boys and 11,290/22,868, 49.4% girls) included in the
analysis are shown in Table 1. The mean age of the participants
was 14.6 (SD 1.8) years. Among the 22,868 participants, the
occurrence of comorbid anxiety and depression was 31.6%
(7236/22,868). There were gender differences among
adolescents with anxiety-depression comorbidity, and girls
(4133/11,290, 35.7%) were more likely to have such mental
health problems than boys (3203/11,578; 27.7%; P<.001).
Moreover, not having siblings, living in a first-line economic
city, being a senior high school student, having parents with an
education level of primary school or below, having a lower
self-reported family income, having ≤2 friends, having a higher
learning burden, and having a family history of psychosis were
all associated with comorbid anxiety and depression (P<.05).

Multimedia Appendix 1, Table S1 presents the risk index scores
of single HRBs and clustered HRBs and their population
distribution among the adolescents as indicated in the Methods
section on HRB risk index scores.

JMIR Public Health Surveill 2023 | vol. 9 | e46289 | p.1223https://publichealth.jmir.org/2023/1/e46289
(page number not for citation purposes)

Wang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 1. Characteristics of the study sample.

P valueChi-square (df)No comorbid anxiety/depres-
sion (n=15,632), n (%)

Comorbid anxiety/depression
(n=7236), n (%)

Variable

<.001171.56 (1)Gender

8375 (72.3)3203 (27.7)Boys (n=11,578)

7257 (64.3)4033 (35.7)Girls (n=11,290)

.044.14 (1)Any siblings

4549 (69.3)2011 (30.7)Yes (n=6560)

11,083 (68)5225 (32)No (n=16,308)

<.00128.54 (1)Regional economic level

7650 (66.7)3816 (33.3)First-line (n=11,466)

7982 (70)3420 (30)Second-line (n=11,402)

<.001145.20 (1)Educational status

8517 (71.9)3323 (28.1)Junior high school (n=11,840)

7115 (64.5)3913 (35.5)Senior high school (n=11,028)

<.00117.15 (2)Father’s education level

1881 (65.1)1009 (34.9)Primary school and below (n=2890)

5982 (68.5)2751 (31.5)Junior high school (n=8733)

7769 (69.1)3476 (30.9)Senior high school and above (n=11,245)

<.00132.87 (2)Mother’s education level

2811 (64.9)1520 (35.1)Primary school and below (n=4331)

5717 (68.5)2633 (31.5)Junior high school (n=8350)

15,632 (68.4)7236 (31.6)Senior high school and above (n=10,187)

<.001215.92 (2)Self-reported family income

1562 (56.4)1209 (43.6)Low (n=2771)

11,598 (69.6)5058 (30.4)Medium (n=16,656)

2472 (71.8)969 (28.2)High (n=786)

<.001375.08 (1)Number of friends

10,527 (65.6)5512 (34.4)≤2 (n=16,039)

5105 (74.8)1724 (25.2)≥3 (n=6829)

<.0011013.24 (2)Learning burden

1114 (75.2)367 (24.8)Low (n=1481)

10,317 (75.3)3377 (24.7)Medium (n=13,694)

4201 (54.6)3492 (45.4)High (n=7693)

<.00167.95 (1)Family history of psychosis

797 (58.3)570 (41.7)Yes (n=1367)

14,835 (69)6666 (31)No (n=21,501)

Correlation of Various Health Risk Behaviors
Most studies have shown that HRBs often appear in clusters,
which indicates there is usually a certain correlation between
various HRBs. Thus, we also performed a correlation analysis
of poor diet, smoking, physical inactivity, and poor sleep; the

results are shown in Figure 1. There were statistically significant
associations between each HRB (P<.05). Of note, there was
evidence that other HRBs are positively related in addition to
the negative correlation between physical inactivity and
smoking. Furthermore, poor diet and poor sleep had the strongest
correlation.
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Figure 1. Correlation plot of health risk behaviors. Significant level: P<.05.

Association of Health Risk Behaviors With Comorbid
Anxiety and Depression
Table 2 shows the chi-square associations between
anxiety-depression comorbidity and HRBs in adolescents. There
were statistically significant associations with anxiety-depression
comorbidity for both single HRBs and clustered HRBs, all with
a P value <.001. In terms of poor diet, physical inactivity, poor
sleep, and clustered HRBs, we found that the higher the risk
level of HRBs, the higher the likelihood of having comorbid
anxiety and depression. However, the smoking medium-risk
group had the highest rate of comorbid anxiety and depression
compared to the smoking low-risk and high-risk groups.

Logistic regression analysis showed that HRBs were associated
with comorbid anxiety and depression (Table 3). Regarding
poor diet, adolescents in the medium-risk and high-risk groups
were more likely to suffer from anxiety-depression comorbidity
than those with low-risk HRBs. Adjusting for potential
confounding factors partially attenuated these results, but
comorbidity risk generally remained elevated with the increased
risk of HRBs (medium risk OR 1.23, 95% CI 1.14-1.33; high
risk OR 1.50, 95% CI 1.39-1.62). It is worth noting that the
association between smoking and comorbid anxiety and
depression was nonlinear, with a higher comorbidity rate in the
medium-risk group (OR 2.74, 95% CI 2.14-3.51), whereas the
comorbidity rate of anxiety and depression had a decreased
tendency when risk increased (OR 2.17, 95% CI 1.67-2.81).
The results were similar in the unadjusted model. Physical
inactivity medium-risk and high-risk groups were associated
with comorbid anxiety and depression without adjustment for
any confounders, and the comorbidity rate increased with higher

risk levels. However, results from the adjusted model confirmed
evidence that there was a statistically significant association
only in the high-risk group for physical inactivity (high risk OR
1.16, 95% CI 1.06-1.28). For poor sleep (medium risk OR 1.29,
95% CI 1.20-1.39; high risk OR 1.84, 95% CI 1.70-2.01) and
clustered HRBs (medium risk OR 1.57, 95% CI 1.37-1.80; high
risk OR 2.33, 95% CI 2.03-2.68), before and after adjusting the
model, compared with the low risk group, other risk groups had
a higher occurrence rate of anxiety-depression comorbidity, and
the comorbidity rate increased as the risk level increased
(P<.001).

On the basis of the above analysis, we performed a sensitivity
analysis for gender stratification. After model adjustment, both
OR values and 95% CIs were reduced (Multimedia Appendix
1, Table S2). For poor diet, physical inactivity, poor sleep, and
clustered HRBs, boys at the same risk level had higher rates of
anxiety-depression comorbidity than girls. Poor diet, poor sleep,
and clustered HRB risk index were significant for both boys
and girls before and after model adjustment, but no association
of physical inactivity with anxiety-depression comorbidity was
found for girls in the high-risk group before or after adjustment.
It is worth noting that the comorbidity rate of anxiety and
depression among girls based on smoking status (medium risk
OR 3.94, 95% CI 2.24-6.90; high risk OR 5.00, 95% CI
1.77-14.12) was higher than boys (medium risk OR 2.49, 95%
CI 1.88-3.28; high risk OR 2.07, 95% CI 1.58-2.72) at the same
risk level, and the risk of smoking was nonlinearly associated
with the comorbidity rate of anxiety and depression only in
boys. Furthermore, logistic regression associations of clustered
HRB risk index with comorbid anxiety and depression were
stronger in boys than girls (Figure 2).
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Table 2. Association of health risk behaviors with comorbid anxiety and depression.

P valueChi-square (df)No comorbid anxiety/depres-
sion, n (%)

Comorbid anxiety/depression,
n (%)

HRBsa

<.001234.88 (2)Poor diet

4563 (75)1519 (25)Low risk (n=6082)

5148 (69.2)2294 (30.8)Medium risk (n=7442)

5921 (63.4)3423 (47.3)High risk (n=9344)

<.00183.40 (2)Smoking

15,364 (68.8)6972 (31.2)Low risk (n=22,336)

132 (47.7)145 (52.3)Medium risk (n=277)

136 (53.3)119 (46.7)High risk (n=255)

<.00187.33 (2)Physical inactivity

2336 (73.6)837 (26.4)Low risk (n=3173)

3631 (71.1)1479 (28.9)Medium risk (n=5110)

9665 (66.3)4920 (33.7)High risk (n=14,585)

<.001474.57 (2)Poor sleep

5679 (76)1793 (24)Low risk (n=7472)

6056 (68.9)2728 (31.1)Medium risk (n=8784)

3897 (31.6)2715 (41.1)High risk (n=6612)

<.001535.72 (2)HRB risk index

1507 (83.7)294 (16.3)Low risk (n=1801)

6213 (74.1)2167 (25.9)Medium risk (n=8380)

7912 (62.4)4775 (37.6)High risk (n=12,687)

aHRB: health risk behavior.

Table 3. Association between health risk behaviors and comorbid anxiety and depression. All reference groups were the low risk groups. Model 1 did
not adjust for any variable; model 2 adjusted for demographically meaningful variables such as gender and parental education.

P valueModel 2 odds ratio (95% CI)P valueModel 1 odds ratio (95% CI)HRBsa

Poor diet

<.0011.23 (1.14-1.33)<.0011.34 (1.24-1.44)Medium risk

<.0011.50 (1.39-1.62)<.0011.74 (1.62-1.87)High risk

Smoking

<.0012.74 (2.14-3.51)<.0012.42 (1.91-3.07)Medium risk

<.0012.17 (1.67-2.81)<.0011.93 (1.51-2.47)High risk

Physical inactivity

.221.07 (0.96-1.18).011.14 (1.03-1.26)Medium risk

<.0011.16 (1.06-1.28)<.0011.42 (1.30-1.54)High risk

Poor sleep

<.0011.29 (1.20-1.39)<.0011.43 (1.33-1.53)Medium risk

<.0011.84 (1.70-2.01)<.0012.21 (2.05-2.37)High risk

HRB risk index

<.0011.57 (1.37-1.80)<.0011.79 (1.56-2.05)Medium risk

<.0012.33 (2.03-2.68)<.0013.09 (2.72-3.52)High risk

aHRB: health risk behavior.

JMIR Public Health Surveill 2023 | vol. 9 | e46289 | p.1226https://publichealth.jmir.org/2023/1/e46289
(page number not for citation purposes)

Wang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Logistic regression association between health risk behavior risk index and comorbid anxiety and depression in adjusted model. The adjusted
model was adjusted for the presence of any siblings, regional economic level, educational status, self-rated health, parental education level, self-reported
family income, number of friends, learning burden, and family history of psychosis.

Discussion

Principal Findings
This nationwide study showed that HRBs (poor diet, physical
inactivity, smoking, and poor sleep), especially clustered HRBs,
were positively associated with higher odds of comorbid anxiety
and depression among Chinese adolescents. Furthermore, we
confirmed boys had a stronger association between clustered
HRBs and comorbid anxiety and depression than girls.

Comparison With Prior Work
The prevalence of comorbid anxiety and depression found in
our study (7236/22,868, 31.6%) is higher than in another
Chinese study (20.9%) [24] and a previous study carried out
with college students in Brazil (27.8%) [25]. However, the
prevalence in our study is lower than the estimate in an Italian
study (the prevalence of comorbid anxiety and depression was
47%) [26]. The reason for the differences in comorbidity among
these different studies may be differences in study areas, survey
tools, and subjects, but the above studies all showed high
comorbidity of anxiety and depression symptoms. As we all
know, comorbid anxiety and depression is common in
adolescents. The etiology of comorbid anxiety and depression
is usually different from single anxiety or depression. In the
common etiological model of comorbidity, anxiety and
depression are caused by common environmental risk factors,
and the common risk factors interact to promote comorbidity.
This may become the core etiological model for explaining
comorbid anxiety and depression in the future [27,28].
Furthermore, as shown, common modifiable risk factors for
HRBs may lead to anxiety-depression comorbidity, and
anxiety-depression comorbidity in turn can easily lead to risk
behaviors in individuals, which may be a
bidirectional-interaction process [29].

Those with a high HRB risk index, who comprised 55.5%
(12,687/22,868) of the sample in our study, were more likely
to have comorbid anxiety and depression. The results
nonetheless indicate a nonlinear association between smoking
and comorbid anxiety and depression, with a slightly higher
likelihood of having comorbid anxiety and depression among
those with medium smoking risk compared with high smoking

risk. This may be related to the age of the adolescents, as a past
study showed that the frequency with which adolescents engage
in these risk behaviors across development is not always linear
[30]. In addition, the reasons for the stronger association
between smoking and comorbid anxiety and depression after
controlling for confounders need to be explored. Particular
behaviors may play different roles in the development of
comorbid anxiety and depression in adolescence. Overall,
although the results were attenuated, significant differences
remained after adjusting for confounders.

Substantial evidence suggests that a range of psychiatric
conditions are associated with individuals with adverse health
behaviors compared to healthy control subjects [31]. However,
few studies have examined the direct association between HRBs
and comorbid anxiety and depression, and a majority of studies
have examined associations between HRBs and single anxiety
or depression. A study of health behaviors and mental health
found that the group with the highest clustered health behaviors
had the lowest risk of depression, anxiety, and stress [32].
Additionally, participants with multiple HRBs showed
significantly increased risk of depression (OR 2.21, 95% CI
1.83-2.67) and anxiety (OR 2.32, 95% CI 1.85-2.92) [3].
Mortality risk and risk of poor health-related quality of life also
increase in a dose-response manner as the number of HRBs
increases [33]. These results indicate that mental health problems
in adolescence are associated with a greater risk of engaging in
a host of behaviors that increase individuals’ risk for poor
physical and mental health over the course of their lifespan.

Achieving good diet habits, not smoking, having adequate
physical activity, and sleeping for an appropriate length of time
have been individually associated with better mental health
among adolescents [34-37]. However, the fact that the above
HRBs have been considered separately is concerning, because
research has shown that these behaviors are codependent and
should be considered together. For example, in addition to being
a risk factor for mental disease in and of itself, it is likely poor
sleep also acts synergistically to increase the disease burden
related to other risk behaviors, with evidence suggesting
associations between poor sleep and risks of smoking, poor
nutrition, harmful alcohol consumption, and physical inactivity
(SNAP); this association may be stronger in people with mental
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health conditions than those without mental health conditions
[38]. Combinations of HRBs have been shown to pose greater
morbidity risk than the sum of their individual effects,
suggesting a synergistic relationship between risk factors.
Multiple-behavior change interventions may therefore have a
greater potential for a positive impact on comorbid anxiety and
depression than single-behavior change interventions.

There is a close association between HRBs and comorbid
anxiety and depression, which may involve biological
mechanisms. Multisystem dysfunction, inflammation, oxidative
stress, and biological aging are considered to be key pathways
in the evolution of mood disorders. Evidence suggests that
engaging in HRBs also affects developing adolescents’ brains.
Adolescents’ brains are sensitive to nicotine, especially in the
still-developing prefrontal cortex, which is important for
executive function and attention, and nicotine use affects
cognition by modifying information processing. Thus,
adolescent smokers are at increased risk for poor mental health
in adulthood [39,40]. Furthermore, mental health in adolescence
also worsens with poor nutrition and insufficient physical
activity. Physical activity provides various biological effects
via multiple mechanisms seen in animal models, including
increased levels of brain-derived neurotrophic factor (BDNF)
[41] and enhanced neurogenesis [42]. With increased expression
of serotonin in animal models as a result of increased physical
activity [43], this is theorized to explain much of the
antidepressant effect of exercise. A reduction in oxidative stress
and inflammatory cytokines has also been found to occur as a
result of a healthy lifestyle [44], and this immunological effect
may reduce bad mood via effects on the
psychoneuroimmunological nexus [45].

Strengths and Limitations
Strengths of our study include the use of a large, nationally
representative sample of adolescents, which allowed for
adjustment for potential confounding variables that may have
made our findings more compelling. Multistage cluster sampling
and weighted statistical analyses adjusted for avoidable bias
and allow us to generalize our data to the population level.
Moreover, HRBs often appear in clusters, but few studies have

investigated the 4 HRBs examined here (poor diet, physical
inactivity, smoking, and poor sleep) at the same time, and there
are relatively few investigations that have examined clustering
of behaviors, including sleep. Our study is thus the first
large-scale study to simultaneously investigate and combine
specific HRBs with comorbid anxiety and depression. Last,
sensitivity analyses, such as gender stratification of HRBs, were
carried out so as to enable gender-specific measures.

Nonetheless, we recognize the following limitations in our
study: First, it was cross-sectional, a study design that limits
determination of the causal relationship of HRBs and comorbid
anxiety and depression among adolescents. Our research is still
ongoing, and further longitudinal analysis will be performed in
the future. Second, data on sleep patterns were based on
subjective responses of the adolescents, and we could not
prevent recall bias. Further studies should be undertaken that
include more objective measures of sleep patterns, such as
polysomnography and actigraphy. Third, anxiety and depression
symptoms were self-reported, which may have led to variation,
but the GAD-7 and PHQ-9 are valid instruments with high
internal consistency, good test-retest reliability, and good
convergence with other types of instruments. Finally,
confounding factors that may have contributed to
anxiety-depression comorbidity may not have been measured
and included in our analyses; future studies should take this into
account and incorporate it into the analysis.

Conclusions
The prevalence of comorbid anxiety and depression was 31.6%
(7236/22,868) in this national sample of Chinese adolescents.
Single HRBs, including poor diet, smoking, physical inactivity,
and poor sleep, were all associated with comorbid anxiety and
depression in adolescents. Furthermore, clustered HRBs increase
the risk of comorbid anxiety and depression compared to single
HRBs. These findings should be replicated in longitudinal
studies to determine the direction of this association. Our study
provides evidence that maintaining a healthy lifestyle pattern,
such as maintaining high levels of physical activity and not
smoking, is advantageous to healthy development in Chinese
adolescents.
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Abstract

Background: Sedentary time in workplaces has been linked to increased risks of chronic occupational diseases, obesity, and
overall mortality. Currently, there is a burgeoning research interest in the implementation of multicomponent interventions aimed
at decreasing sedentary time among office workers, which encompass a comprehensive amalgamation of individual, organizational,
and environmental strategies.

Objective: This meta-analysis aims at evaluating the effectiveness of multicomponent interventions to mitigate occupational
sedentary behavior at work compared with no intervention.

Methods: PubMed, Web of Science, EMBASE, and Cochrane Central Register of Controlled Trials (CENTRAL) databases
were searched from database inception until March 2023 to obtain randomized controlled trials (RCTs) assessing the efficacy of
multicomponent interventions on occupational sedentary behavior among office-based workers. Two reviewers independently
extracted the data and assessed the risk of bias by using the Cochrane Collaboration’s risk of bias tool. The average intervention
effect on sedentary time was calculated using Stata 15.1. Mean differences (MDs) with 95% CIs were used to calculate the
continuous variables. Subgroup analyses were performed to determine whether sit-stand workstation, feedback, and prompt
elements played an important role in multicomponent interventions. Further, the GRADE (Grading of Recommendations,
Assessment, Development, and Evaluation) system was used to evaluate the certainty of evidence.

Results: A total of 11 RCTs involving 1894 patients were included in the analysis. Five studies were rated as low risk of bias,
2 as unclear risk of bias, and 4 as high risk. The meta-analysis results showed that compared with no intervention, multicomponent
interventions significantly reduced occupational sitting time (MD=–52.25 min/8-h workday, 95% CI –73.06 to –31.44; P<.001)
and occupational prolonged sitting time (MD=–32.63 min/8-h workday, 95% CI –51.93 to –13.33; P=.001) and increased
occupational standing time (MD=44.30 min/8-h workday, 95% CI 23.11-65.48; P<.001), whereas no significant differences were
found in occupational stepping time (P=.06). The results of subgroup analysis showed that compared with multicomponent
interventions without installment of sit-stand workstations, multicomponent interventions with sit-stand workstation installment
showed better effects for reducing occupational sitting time (MD=–71.95 min/8-h workday, 95% CI –92.94 to –51.15), increasing
occupational standing time (MD=66.56 min/8-h workday, 95% CI 43.45-89.67), and reducing occupational prolonged sitting
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time (MD=–47.05 min/8-h workday, 95% CI –73.66 to –20.43). The GRADE evidence summary showed that all 4 outcomes
were rated as moderate certainty.

Conclusions: Multicomponent interventions, particularly those incorporating sit-stand workstations for all participants, are
effective at reducing workplace sedentary time. However, given their cost, further research is needed to understand the effectiveness
of low-cost/no-cost multicomponent interventions.

(JMIR Public Health Surveill 2023;9:e44745)   doi:10.2196/44745

KEYWORDS

sedentary behavior; workplace; multicomponent; systematic review

Introduction

For most working adults, the majority of their sedentary time
is accrued during work time [1,2]. More sitting time was
reported at work than in any other sitting activity such as
watching television or using a computer at home on weekdays.
Studies also revealed that the sitting time of work for full-time
office workers accounted for approximately 60%-90% of the
total daily sitting time in a workday [3,4]. In addition, there is
evidence that working adults who spend long periods of time
sitting at work do not necessarily compensate for their sitting
by being more active outside work [5]. It is crucial to note that
contemporary research indicates that excessive sedentary
behavior is detrimentally linked to many health-related risks
such as cardiovascular disease, unhealthy aging, musculoskeletal
disorders, poor bone health, poor metabolic health, and all-cause
mortality, especially when sedentary time accumulates in
prolonged uninterrupted bouts [6,7]. The workplace has been
highlighted by the World Health Organization as a vital setting
for health promotion actions to reduce sedentary behavior [8].

According to 2 umbrella reviews, the utilization of electronic
and mobile health tools such as mobile apps is associated with
a reduction in sedentary behavior [9,10]. In addition, the recent
umbrella reviews indicate that interventions targeting the
physical environment, specifically the implementation of active
workstations, represent the most efficacious category of
interventions for mitigating sedentary behavior in workplaces
[11,12]. Following the first randomized controlled trial (RCT)
in 2013 [13], a surging multitude of subsequent RCTs has been
undertaken to evaluate the efficacy of multicomponent
interventions in mitigating sedentary behavior in workplaces
among office-based employees [14,15]. The multicomponent
interventions encompass a comprehensive amalgamation of
diverse modalities, including individual strategies such as
counselling, prompts, telephonic support, and motivational
interviewing; environmental strategies such as active
workstations, prompting posters, exercise sessions, and access
to a gym; as well as organizational strategies such as workshops,
site visits, consultations, and appointing team leaders,
ambassadors, or management support. Currently, there is a
burgeoning research interest for implementing multicomponent
interventions aimed at mitigating sedentary behavior among
office workers [16].

With the growing public health concerns surrounding sedentary
behavior in the workplace among nonmanual employees, it is
important to determine the effectiveness of multicomponent
interventions for office-based workers. This is not only from a

theoretical and best practice perspective but also due to the lack
of a systematic summary on this topic. Multicomponent
interventions are designed to address multiple levels of influence
for sustainable behavior change, which aligns with the
socioecological theory that emphasizes targeting multiple levels
of influence [17]. Despite this, to date, evidence on the efficacy
of multicomponent interventions has not been systematically
summarized. Previous literature reviews on this topic have been
constrained in their scope, as they have not concentrated
specifically on the efficacy of multicomponent interventions in
mitigating sedentary behavior. In addition, these reviews are
outdated and have incorporated only a small number of RCTs
in their analyses, which restricts the capacity to arrive at
conclusive determinations regarding their impact [18,19].

Thus, this systematic review and meta-analysis includes newly
published RCTs and aims to identify the effect of
multicomponent interventions on sedentary workplace behavior
based on more sedentary-related outcomes such as occupational
sitting time, occupational standing time, occupational stepping
time, and prolonged occupational sitting time. Furthermore,
given that electronic and mobile health tools and physical
environment interventions such as the implementation of an
active workstation are independent and effective components
affecting sedentary time, we performed subgroup analyses based
on whether these components were included in the
multicomponent interventions and attempted to identify the
more effective components of multicomponent interventions.

Methods

Search Strategy
PubMed, Web of Science, EMBASE, and Cochrane Central
Register of Controlled Trials (CENTRAL) databases were
searched from database inception to March 1, 2023. The main
search strategies were as follows: (occupation* or workplace*
or employe* or office* or work-site or worker* or staff* or
white-collar*) AND (sedentary or sitting or inactivity or
“physical activity” or “physically active”) AND (random* or
blind* or singleblind* or doubleblind* or tripleblind* or RCT*
or control*). The detailed search strategy is presented in
Multimedia Appendix 1. In addition, the World Health
Organization International Clinical Trials Registry Platform
search portal, ClinicalTrials.gov, conference materials, and
reference lists (backward and forward) of the studies identified
using the above search strategy were searched manually for
additional studies on March 1, 2023. We also searched relevant
grey literature, including clinical guidelines, reports, and
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working papers through Google and grey literature databases
[20].

Inclusion and Exclusion Criteria
Studies were included if they met all the eligibility criteria
mentioned in Table 1.

Table 1. Inclusion and exclusion criteria for study selection.

Exclusion criteriaInclusion criteria

People working in the transportation industry (such
as taxi drivers, truck drivers, bus drivers, and airline
pilots) and those who operate heavy equipment (such
as crane operators and bulldozer operators) were ex-
cluded

Workers aged ≥18 years who work in the office, do jobs that generally
do not involve manual labor, or wear uniforms or work clothes were in-
cluded

Participants

Single-component interventions (such as implemen-
tation of a sit-stand workstation alone) or 2-level in-
terventions consisting of only 2 types of strategies
of the multicomponent intervention were excluded

Multicomponent interventions integrating individual strategies (eg,
counselling, prompts, telephonic support, motivational interviews), envi-
ronmental strategies (eg, active workstations, prompting posters, exercise
sessions, access to a gym), and organizational strategies (eg, workshops,
site visits, consultations, and appointment of team leaders, ambassadors,
management support) aimed at changing sedentary behavior were eligible

Intervention

Other interventions such as single-component inter-
ventions, 2-level interventions, or multicomponent
interventions were excluded

Usual work practices or waitlistComparison

Studies that reported daily sitting or activity outcomes
during total waking hours rather than workplace sit-
ting and activity outcomes specifically during work
hours were excluded

Workplace sitting and activity outcomes during work hours: occupational
sitting time, occupational standing time, occupational stepping time, and
occupational prolonged sitting time as measured by self-report (eg,
questionnaires) or using objective measures (eg, accelerometer) at the
primary end point

Outcome

Reviews, expert opinions, meta-analyses, or before-
and-after studies were excluded

Only studies with a parallel control (or treatment-comparison group)
such as randomized controlled trials, controlled trials, cluster randomized
controlled trials, or quasi-experimental studies were included in this re-
view

Study design

Non-EnglishEnglishLanguage

Study Selection and Data Extraction
Two independent reviewers performed title screening and data
extraction of the retrieved studies, and any conflicts were
resolved through a discussion. We used EndNote X9.1 software
to omit duplicates. Subsequently, based on the inclusion and
exclusion criteria, the 2 reviewers screened the titles and
abstracts to discard irrelevant studies. Studies were removed
from further review if both reviewers excluded them. Otherwise,
full papers were obtained for a detailed review. We extracted
the following data from the included studies by using a
prespecified data form: general information (publication date,
name of the first author, and study country/region), study
population (age, gender, education, and employment status),
multicomponent intervention (component, frequency, and
duration of intervention; delivery mode; theoretical framework;
status of sit-stand workstation installation; and inclusion of
feedbacks and prompts), comparison intervention (waitlist or
no intervention), outcomes (occupational sitting time,
occupational standing time, occupational stepping time, and
occupational prolonged sitting time [sitting time accumulated
in bouts ≥30 minutes]), and follow-up time.

Risk of Bias Assessment
The Cochrane risk of bias tool was used to evaluate the quality
of RCTs based on randomization and allocation concealment
(selection bias), blinding of personnel and participants
(performance bias), blinding of outcome assessment (detection
bias), incomplete outcome data (attrition bias), selection of

reported results (reporting bias), and sources (other bias), and
the RCTs were evaluated as having low, high, or unclear risk
of bias [21]. Studies were rated as having a low risk of bias if
all items were low risk. When 1 item was high risk, the study
was rated as having a high risk of bias. The studies that did not
fall into the abovementioned categories were rated as having
an unclear risk of bias [22-24]. In all the included studies,
blinding of the participants or personnel to the intervention and
allocation concealment was not possible in accordance with the
nature and aim of the interventions, wherein intervention
participants typically underwent changes in environment (such
as installation of sit-stand workstation). Therefore, the
performance bias item and allocation concealment item were
excluded from the bias assessment. However, for the allocation
concealment item, trials were assessed as high risk if there was
a contamination between intervention and control group
participants, that is, if participants from the same office or
company ended up in different groups. Participants in the control
group are more likely to be less sedentary under the influence
of individuals in the intervention group in the same office,
regardless of group allocation [25-27]. Studies were considered
to have a low risk of bias if measures were taken to minimize
contamination, such as using cluster trials or assigning
intervention and control participants to separate floors in the
same building. Studies were classified as unclear risk of bias if
there was insufficient information to determine the presence of
either of the above conditions. For studies with multiple
publications, we reviewed all relevant papers, including protocol
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papers, to ensure that the quality of the trial was judged on all
available information.

Data Treatment and Statistical Analysis
Data synthesis was based on the general recommendations from
the Cochrane Handbook for Systematic Reviews of Interventions
[28]. Both the adjusted mean difference (AMD) and its SD were
extracted for studies that reported AMD for the intervention
and control groups after the intervention or change (change
from baseline or change score) for time spent in sedentary
behavior. For studies that did not report AMD or change, the
unadjusted MD and SD were calculated from the means and
SDs at baseline and after follow-up in each group. Therefore,
the AMDs and unadjusted MDs were pooled together using the
inverse variance method. For studies with multiple intervention
arms, estimates were combined into a single group as a weighted
average using Cochrane formula for combining subgroups if
all the intervention arms are multicomponent. If, in a multiple
arm trial, an arm was not a multicomponent intervention, then
we excluded that arm.

We used minutes per 8 hours of work time at the workplace as
the standard unit in the main group and subgroup analyses
because it was the most commonly reported unit of measurement
in the included trials. We converted all the measurement units
for sitting at work into min/8-h workday, where needed and
possible and assumed the data referred to a 5-day work week
if this was not reported. Therefore, studies that reported min/8-h
workday were combined with studies that reported min/d,
min/workday, h/d, and min/week to measure the overall minutes
in sedentary behavior per workday.

MD value with 95% CI based on the inverse variance method
was used as the summary statistic for continuous variables,
including sitting time, standing time, stepping time, and
prolonged sitting time. Heterogeneity was evaluated using the

Higgins I2 value, and values ≤50% and >50% were considered
to indicate low and high heterogeneity, respectively. MD values
and the corresponding 95% CIs were calculated. P<.05 was
considered to indicate statistical significance [29]. All statistical
analyses were performed using Stata version 15.1 (StataCorp
LLC). The random effects model was used. As mentioned in
the Introduction, electronic and mobile health tools and physical
environment interventions, especially installation of active
workstations, are independent and effective components
affecting sedentary time. Therefore, we performed subgroup
analyses to determine whether sit-stand workstations, feedbacks
(individual feedback on sedentary behavior at baseline and
following the monitoring of activity during the trial), and
prompts (individual prompts to regularly break up sitting
through email, telephone, computer software, or prompting app)
played an important role in multicomponent interventions. With
regard to the sit-stand workstation element, we divided the
included studies into 2 subgroups based on whether individual

sit-stand workstations were installed in the trial: multicomponent
intervention with sit-stand workstation installment and
multicomponent intervention without sit-stand workstation
installation. Based on prior research highlighting the significant
influence of availability on the utilization of sit-stand
workstation [30], we made the decision to mandate the complete
availability of the sit-stand workstation within the subgroup of
multicomponent interventions that involved the installation of
such workstations. To maintain categorization consistency, the
studies including workplaces that provide some sit-stand
workstations available for shared use were classified into the
subgroup of multicomponent intervention without sit-stand
workstation installment. In the case of shared active
workstations, office workers were required to temporarily vacate
their original workstations to utilize shared facilities. In these
instances, shared sit-stand workstation interventions were paired
with other environmental strategy interventions such as access
to a gym and the provision of company bikes but not with
individual sit-stand workstations. Sensitivity analyses were
performed on the outcome indicators of ≥10 studies to explore
their potential sources and assess the robustness of these results.
Egger test was used to assess publication bias [31].

Certainty Assessment
Two reviewers independently rated the certainty of evidence
associated with specific outcomes and constructed a table
summarizing the certainty of evidence findings using the
GRADE (Grading of Recommendations, Assessment,
Development, and Evaluation) system [32,33]. The GRADE
approach uses 5 domains, namely, risk of bias, inconsistency,
indirectness, imprecision, and publication bias, which are
assessed to determine the degree of confidence in the estimate
of effect or association derived from the meta-analysis.
Prespecified level of certainty was initially considered based
on the study design (eg, high certainty for RCTs).
Correspondingly, following the rating by reviewers, the certainty
of evidence was changed and divided into no downgrade (not
serious), downgrade by 1 level (serious), or downgrade by 2
levels (very serious). Finally, the certainty of evidence of each
outcome was judged as different levels of evidence, that is, high,
moderate, low, and very low.

Results

Study Selection
A flow diagram of the literature selection process is shown in
Figure 1. A total of 28,273 relevant records were initially
identified, of which 10,299 were excluded because of
duplication. The titles and abstracts were screened, and 17,815
were deemed unsuitable. After reading the full text, another 159
studies were excluded because of inappropriate study design or
topic of research. Finally, 11 studies were included in this
meta-analysis [13-15,34-41].
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Figure 1. Flowchart of the selection of randomized controlled trials that assessed the effects of multicomponent interventions on the occupational
sedentary behavior of office-based workers.

Main Characteristics of the RCTs
Of the 11 studies [13-15,34-41] included in this meta-analysis,
7 were cluster RCTs [15,34,35,37,39-41] and 4 were quasi-RCTs
[13,14,36,38] (Multimedia Appendix 2). Regarding the location
of the studies, 4 were conducted in Australia [13,14,36,37], 3
in England [34,35,39], and 1 each in Denmark [15], Taiwan
[38], Sweden [40], and the Netherlands [41]. The studies were
published between 2013 and 2022. All the trials compared the
multicomponent intervention with no intervention among
office-based workers. Multicomponent interventions aiming at
reducing sedentary time in the workplace consisted of individual
strategies, environmental strategies, and organizational
strategies. In Multimedia Appendix 3 [13-15,34-41], a detailed
account of the constituent elements and implementation
particulars of multicomponent interventions implemented in
each of the trials is presented. Seven of the 11 studies
[13-15,34-37] had environmental components that implemented
interventions to install sit-stand workstations, whereas the other
4 [38-41] did not. The studies included 1894 participants (1127
and 767 in the intervention and control groups, respectively)
with a mean age ranging between 37.3 and 49.5 years. The
sample size largely varied among the studies and ranged between
25 and 756. The intervention and follow-up periods varied from

1 month to 12 months. Seven studies [13, 14, 34, 35, 37, 39,
41] assessed sedentary behavior outcomes using the activPAL
accelerometer, 3 studies [15, 36, 40] used the ActiGraph
accelerometer, and only 1 [38] study used self-reported methods
(ie, a self-efficacy scale). The dropout rates in the studies ranged
from 1.98% to 35.52%.

Risk of Bias Assessment
As shown in Figure 2, the risk of bias was high in 4 studies
[13,36,38,40], unclear in 2 [14,39], and low in 5
[15,34,35,37,41]. Regarding the random sequence generation
assessment, 3 studies [13,36,38] did not adhere to random
sequence generation, and thus we judged them to have a high
risk of bias. Additionally, 1 trial [14] was assessed as unclear
risk of bias because it gave no information about how
randomization was done. For allocation concealment, 1 trial
[36] was assessed as high risk due to contamination between
the intervention and control group participants. Regarding
outcome assessment, 1 trial [38] was rated as high risk of bias
because its outcome measures were self-reported. Regarding
incomplete outcome data, 1 study [40] was assessed as high
risk of bias due to attrition rates of more than 25%. Regarding
selection of the reported results, 4 trials [13,36,38,39] were
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assessed as unclear risk of bias due to there being no available trial registration or published protocol.

Figure 2. Risk of bias summary: the judgments of the reviewers about each risk of bias item for each of the included 11 randomized controlled trials
using the Cochrane risk of bias tool [13-15,34-41].

Summary of the Intervention Effects

Occupational Sitting Time
All 11 included studies, with the multicomponent intervention
and control groups including 1127 and 767 individuals,

respectively, measured occupational sitting time (Figure 3).
Participants in the multicomponent intervention groups had
significantly shorter occupational sitting time than those in the
control groups (MD=–52.25 min/8-h workday, 95% CI –73.06

to –31.44; I2=89.6%; P<.001). Sensitivity analysis showed that
no single study significantly affected the overall heterogeneity.

Figure 3. Forest plots for the effects of multicomponent interventions on occupational sitting time in office-based workers compared with usual practices
[13-15,34-41]. Note: Weights are from random-effects model. DL: DerSimonian-Laird approach.

Occupational Standing Time
A total of 10 studies [13,15,34-41] with the multicomponent
intervention and control groups including 1115 and 754
individuals, respectively, measured occupational standing time
at the workplace (Figure 4). Participants who were in the

multicomponent intervention group had significantly increased
standing time compared with those in the control group

(MD=44.30 min/8-h workday, 95% CI 23.11-65.48; I2=92.8%;
P<.001). Sensitivity analysis showed that no single study
significantly affected the overall heterogeneity.
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Figure 4. Forest plots for the effects of multicomponent interventions on occupational standing time in office-based workers compared with usual
practices [13,15,34-41]. Note: Weights are from random-effects model. DL: DerSimonian-Laird approach.

Occupational Stepping Time
Of the 11 studies [13-15,34-41], 8 [13,34-37,39-41] reported
the occupational stepping time of individuals (Figure 5). No

statistically significant difference in occupational stepping time
was observed between the 2 groups (MD=3.14 min/8-h workday,

95% CI –0.19 to 6.47; I2=65.5%; P=.06).

Figure 5. Forest plots for the effects of multicomponent interventions on occupational stepping time in office-based workers compared with usual
practices [13,34-37,39-41]. Note: Weights are from random-effects model. DL: DerSimonian-Laird approach.

Occupational Prolonged Sitting Time
Seven studies [13,15,34,35,37,39,41] reported a reduction in
occupational prolonged sitting time at work following

multicomponent interventions (Figure 6). Multicomponent
interventions significantly reduced prolonged sitting time
(MD=–32.63 min/8-h workday, 95% CI –51.93 to –13.33;

I2=83.6%; P=.001).
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Figure 6. Forest plots for the effects of multicomponent interventions on occupational prolonged sitting time in office-based workers compared with
usual practices [13,15,34,35,37,39,41]. Note: Weights are from random-effects model. DL: DerSimonian-Laird approach.

Subgroup Analyses
In the subgroup analyses for installment of sit-stand workstations
during multicomponent interventions, the multicomponent
intervention subgroup with sit-stand workstation installment
showed considerable reduction in the occupational sitting time
(MD=–71.95 min/8-h workday, 95% CI –92.94 to –51.15;

I2=84.2%; P<.001); however, the multicomponent intervention
subgroup without sit-stand workstation installment showed a
smaller reduction in the occupational sitting time (MD=–14.25

min/8-h workday, 95% CI –22.78 to –5.72; I2=0%; P=.001).
Furthermore, the results showed no heterogeneity in the
subgroup without the installment of sit-stand workstations. The
multicomponent intervention subgroup with the sit-stand
workstation installment showed a great increase in the
occupational standing time (MD=66.56 min/8-h workday, 95%

CI 43.45-89.67; I2=89.9%; P<.001), but the multicomponent
intervention subgroup without the sit-stand workstation
installment showed no such effect (MD=6.82 min/8-h workday,

95% CI –0.09 to 13.67; I2=0%; P=.06). The results showed no
heterogeneity in the subgroup analysis without the installment
of sit-stand workstations. Further, the multicomponent

intervention subgroup with the installment of sit-stand
workstations showed a considerable reduction in occupational
prolonged sitting time (MD=–47.05 min/8-h workday, 95% CI

–73.66 to –20.43; I2=88.7%; P=.001), but the multicomponent
intervention subgroup without the installment of a sit-stand
workstation showed a smaller reduction (MD=–11.49 min/8-h

workday, 95% CI –22.78 to –0.19; I2=0%; P=.04). On the
contrary, the multicomponent intervention subgroup with the
installment of sit-stand workstations showed no significant
difference in stepping time (MD=1.53 min/8-h workday, 95%

CI –0.90 to 3.96; I2=5.8%; P=.22), but the subgroup without
the installment of sit-stand workstations showed increased
occupational stepping time (MD=5.22 min/8-h workday, 95%

CI 0.31-10.13; I2=74.9%; P=.04). On performing subgroup
analysis based on inclusion of prompt and feedback elements
in multicomponent interventions, no significant differences
between subgroups were observed overall (Multimedia
Appendix 4).

Publication Bias
A funnel plot based on Egger test was constructed, and no
publication bias was found (P=.68) (Figure 7).
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Figure 7. Egger publication bias plot for assessing publication bias among the 11 included randomized controlled trials. SND: standard normal deviation.

Certainty Assessment
The GRADE evidence summary of certainty showed that all 4
outcomes were rated as moderate certainty (occupational sitting
time, occupational standing time, occupational stepping time,
and occupational prolonged sitting time). The main reason we
downgraded the certainty of evidence was limitations in study
design, that is, high risk of bias in the studies, including
nonrandomized allocation sequence, possible contamination
between the intervention and control groups, self-reported
outcome measures, a high rate of loss to follow-up, and unclear
risk of bias in the studies, including no information about
random allocation sequence generation, trial registration, or
published protocol (Multimedia Appendix 5).

Discussion

Principal Findings
In this meta-analysis of RCTs, we included 11 studies
[13-15,34-41] involving 1894 participants from 6 countries.
The analyses showed, with moderate certainty of evidence, that
multicomponent interventions were effective in reducing
occupational sitting time, increasing occupational standing time,
and reducing occupational prolonged sitting time. We did not
find a statistically significant difference in the occupational
stepping time outcome between the groups. Based on subgroup
analysis results, multicomponent interventions with the
installment of sit-stand workstations were significantly more
effective in decreasing both occupational sitting time (P<.001)
and occupational prolonged sitting time (P<.001) while
increasing occupational standing time (P<.001). Conversely,
the subgroup without the sit-stand workstation installment
demonstrated only marginal reduction in occupational sitting
time and occupational prolonged sitting time but demonstrated

a minor increase in occupational stepping time. Minimal
differences were observed between multicomponent intervention
subgroups with the presence and absence of feedbacks and
prompts in occupational sitting time, standing time, stepping
time, and prolonged sitting time. More RCTs are still needed
to strengthen the evidence body.

Potential Interpretations of the Findings
These findings may be explained by multicomponent
interventions implemented in the included studies, which
reduced sedentary behavior primarily by increasing
sitting-to-standing transitions by using a sit-stand workstation
rather than by increasing stepping [42]. Multicomponent
interventions may primarily reduce occupational sitting and
occupational prolonged sitting time and increase occupational
standing time by promoting the use of sit-stand workstations
among office workers in their environmental strategies through
individual and organizational strategies. The provision of a
sit-stand workstation permits continued work at a computer
while standing as opposed to encouraging regular ambulation
[43]. Therefore, sit-stand workstation installation may be
required to significantly reduce occupational sitting time.
However, the subgroup without the installment of sit-stand
workstations exhibited only slight reductions in both
occupational sitting time (MD=–14.25 min/8-h workday) and
occupational prolonged sitting time (MD=–11.49 min/8-h
workday) and a minor increase in occupational stepping time
(MD=5.22 min/8-h workday). In addition, it should be noted
that the increase in occupational stepping time associated with
an 8-hour workday is minimal, and the effect size is negligible.
Furthermore, the increased occupational sitting time only
constitutes a small fraction of the overall reduction in
occupational sitting time. The impact of increased occupational
stepping time on reducing sedentary behavior in the workplace
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is limited. Consequently, we deduce that some multicomponent
interventions implementing measures such as step/pedometer
challenges, walking routes and resources, walking meetings,
and lunch walks to reduce sedentary behaviors demonstrated
limited effectiveness in increasing the stepping time of
participants because most of these measures were of secondary
and facilitative nature throughout the multicomponent
intervention [35,44]. Moreover, the effectiveness of these
measures may also be limited by space, feasibility, and
convenience. Specifically, all interventions reduced the
occupational total sitting time and prolonged sitting time, and
most increased occupational standing time by using sit-stand
workstations. These changes occurred across the workday
among participants, although there was a wide individual
variability in these changes [45,46].

This explanation can also be confirmed by Danquah et al [15],
who suggested that the multicomponent intervention was
effective in reducing sitting time and prolonged sitting time and
in increasing the number of sit-to-stand transitions among office
workers who already have sit-stand workstations (which is a
standard equipment at most Danish workplaces, introduced for
ergonomic considerations) [15]. In addition, Renaud et al [41]
concluded that the multicomponent intervention had little to no
effect in reducing occupational sitting time, which may be
because of the relatively low intensity of the intervention, that
is, it only involved the replacement of 25% of sitting
workstations with sit-stand workstations. In addition, Michaud
et al [47] conducted a cluster-RCT comparing multicomponent
interventions with and without the incorporation of a sit-stand
workstation and reported that the former intervention, with the
installment of a sit-stand workstation, resulted in a reduction in
occupational sitting time as well as total sitting time, thus
strongly supporting our findings. Therefore, we believe that
sit-stand workstations play a central role in multicomponent
interventions and that the other components play a role in
facilitating and increasing the effect.

Comparisons With Other Reviews
Our findings on the effects of multicomponent interventions
are consistent with several other systematic reviews in this area,
which have demonstrated the benefits of such interventions in
reducing sedentary time among office workers [18,19].
However, in comparison with previous systematic reviews and
meta-analyses that investigated the effectiveness of
multicomponent interventions, we included 3 more outcomes
(occupational standing time, occupational prolonged sitting
time, and occupational stepping time). In addition, subgroup
analyses, including the installation of sit-stand workstations,
feedbacks, and prompts, were conducted to investigate the
significant constituents of multicomponent interventions,
predicated on the inclusion of sit-stand workstations, feedback,
and prompt elements, which were found to be independent and
efficacious factors influencing sedentary time in previous
studies. In brief, we included 11 RCTs with 1894 participants,
which was almost 3 times the number of RCTs and participants
included in the previous meta-analyses. Nonetheless, we
observed similar results suggesting that multicomponent
interventions are effective in reducing sitting time. With a more
robust analysis, we could conclude that multicomponent

interventions are also effective in reducing prolonged sitting
time and increasing standing time. Furthermore, we used the
GRADE method to assess the certainty of the evidence for the
effectiveness of multicomponent interventions in reducing
occupational sitting time and occupational prolonged sitting
time and increasing occupational standing time and occupational
stepping time among office workers.

Assessment of Evidence Quality
Although the results of this meta-analysis are based on
rigorously designed RCTs, they should be interpreted with
caution because of the risk of bias. The 5 study designs
[15,34,35,37,41] identified to have a low risk of bias met all
standards. The remaining 4 studies [13,36,38,40] were deemed
to have a high risk of bias, and 2 [14,39] were considered to
have unclear risk of bias. This was mainly demonstrated in the
fact that the allocation sequence was not randomized; there was
possible contamination between the intervention and control
groups; there was a high rate of loss to follow-up; and there was
no available information about random allocation sequence
generation, trial registration, or published protocol. This may
have affected the authenticity of the reported results. Allocation
concealment and blinding of participants and personnel was not
possible once the study was underway because of the open plan
nature of the environmental strategies in multicomponent
interventions. However, 1 trial was assessed as high risk because
of contamination between the intervention and control group
participants; in this trial, participants from the same office or
company were placed in different groups [36]. Participants in
the control group were likely to be less sedentary because of
the influence of the intervention group participants in the same
office [25-27]. Therefore, while allocation concealment and
blinding are not possible, the certainty of evidence was also
downgraded 1 level to moderate due to the other limitations in
the study design, such as the allocation sequence not being
randomized, possible contamination between the intervention
and control groups, a high rate of loss to follow-up, and no
information about random allocation sequence generation, trial
registration, or published protocol. These methodological
limitations underscore the importance of future clinical trials
adhering to robust study design principles and implementation
guidelines. RCTs with rigorous randomization procedures should
be prioritized to minimize bias and increase the validity of
findings [48]. Additionally, adopting the CONSORT
(Consolidated Standards of Reporting Trials) as the reporting
standard can significantly improve study quality and
transparency [49]. CONSORT guidelines provide a structured
framework for reporting essential aspects of trial design,
conduct, and analysis, thereby enabling readers to evaluate the
study’s validity and replicate the findings. To further enhance
the scientific quality and reliability of RCTs, investigators
should consider utilizing the Cochrane quality assessment tool
[21]. This tool allows researchers to conduct a comprehensive
self-examination of the study design, hypothesis formulation,
data collection and analysis methods, and risk of bias
assessment. By critically evaluating these aspects, researchers
can identify and address potential limitations, thus strengthening
the overall methodological rigor of the trial. Furthermore, the
preregistration of studies and publishing research protocols can
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be beneficial for improving the transparency and trustworthiness
of the evidence generated [50,51]. This practice helps reduce
the risk of selective outcome reporting and ensures that the
reported findings align with the initial study plan.

Strengths and Limitations
This review was based on RCTs with real-world data. We
conducted a comprehensive systematic search of 4 primary
databases. Any differences between reviewers during screening,
data extraction, risk of bias assessment, and evidence certainty
grading were resolved through a discussion. We used 4 outcome
measures to assess the effects of multicomponent interventions
on sedentary behavior in the workplace. Estimates from the
fully adjusted models in each study were used in our analyses
to reduce the potential for confounding. We used the GRADE
approach to assess the certainty of evidence, which will allow
the readers to clearly understand the uncertainty in results.
Furthermore, we conducted sensitivity analyses to test the
robustness of the results. No evidence of publication bias was
found. However, when interpreting the results, the following
limitations should be considered. First, the countries included
in this review were mainly high-income countries, thereby
limiting the generalizability of the results. Office workers in
high-income countries pay more attention to physical health
than those in low-income countries; accordingly, participants
may have shown higher motivation during the trial. Second,
differences among office workers may affect the reliability of
the evidence obtained in this study, such as job type, length of
work, levels of physical and cognitive loads across sectors and
industries, and workload. Third, the limited sample size observed
in certain studies, coupled with variations in measurement units,
likely exerted an influential impact on the wide CIs, leading to
imprecise estimations of effect sizes. Furthermore, some
included studies have been evaluated to possess high and unclear
risk of bias due to limitations in study designs. In the future,

more high-quality cluster-RCTs with large sample sizes are
needed to strengthen the evidence body. Fourth, a substantial
degree of heterogeneity was evident in the findings. However,
we found no heterogeneity in the multicomponent intervention
without the installment of a sit-stand workstation, whereas the
multicomponent intervention with the sit-stand workstation
installment showed heterogeneity. A high degree of
heterogeneity was still observed in the subgroup of
multicomponent intervention with the sit-stand workstation
installment. Therefore, we speculate that the installment of a
sit-stand workstation as well as its specific type and function
(eg, whether it was electronically regulated) constituted the
primary sources of heterogeneity. Regrettably, due to inadequate
description of these parameters in the included studies, we were
unable to conduct more comprehensive subgroup analyses or
meta-regression analyses to further explore the origins of
heterogeneity.

Conclusions
Multicomponent interventions are indeed effective in reducing
sedentary behavior in workplaces. In particular, multicomponent
interventions including the component of sit-stand workstation
installation are more effective in reducing sedentary behavior
in workplaces. The reduction in sitting time was mainly replaced
by standing time, which we presume primarily resulted from
the increased use of the sit-stand workstation. Thus, the sit-stand
workstation may be a key component of multicomponent
interventions. Therefore, future research will benefit from
assessing the relative contribution of different individual and
organizational components for mitigating sedentary behavior
in workplaces through factorial designs or multiple arms.
Moreover, future studies should add detailed cost-effectiveness
and time-of-day effect analyses while reporting multicomponent
interventions. Further research to understand the effectiveness
of low/no-cost multicomponent interventions is needed.
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Abstract

Background: Online grocery delivery services (OGDSs) are a popular way of acquiring food. However, it is unclear whether
OGDS use is associated with the healthiness of purchases and whether there are sociodemographic differences in OGDS use. If
so, the increased prevalence of OGDS use may have implications for population diet, and differential OGDS use could contribute
to diet inequalities.

Objective: This study aimed to examine whether OGDS use varies by sociodemographic characteristics and is associated with
the amount and types of groceries purchased.

Methods: Item-level take-home food and drink purchase data (n=3,233,920 items) from households in London and the North
of England were available from the 2019 UK Kantar fast-moving consumer goods panel (N=1911). Purchases were categorized
as being bought online or in-store. We used logistic regression to estimate the likelihood of an above-median frequency of OGDS
use by sociodemographic characteristics. We used Poisson regression to estimate the differences in energy and nutrients purchased
by households that had above- and below-median OGDS use and the proportion of energy purchased from products high in fat,
salt, and sugar (HFSS) online versus in-store among households that used both shopping methods (n=665).

Results: In total, 668 (35%) households used OGDSs at least once in 2019. Of the households that used OGDSs, the median
use was 5 occasions in 2019. Households were more likely to have above-median use in London versus in the North of England
(odds ratio 1.29, 95% CI 1.01-1.65) and if they had a higher annual household income (odds ratio 1.56, 95% CI 1.02-2.38 for
≥£50,000 [US $64,000] vs <£20,000 [$25,600]). Households with above-median OGDS use had a higher weekly mean purchase
of energy by 1461 (95% CI 1448-1474) kcal per person compared with households with below-median OGDS use. For households
that used a combination of in-store and online shopping, HFSS products made up a lower proportion (–10.1%, 95% CI –12% to
–8.1%) of energy purchased online compared to in-store.

Conclusions: Differences in grocery purchases between households with above- and below-median OGDS use could have
positive or negative consequences. The extra energy purchased among households with above-median OGDS use could lead to
overconsumption or food waste, which has negative consequences for population and environmental health. Alternatively, this
extra energy may be replacing out-of-home purchasing, which tends to be less healthy, and may be beneficial for the population
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diet. Households made fewer HFSS purchases when shopping online compared to in-store, which may be due to differences in
the shopping environment or experience, such as fewer promotions and advertisements when shopping online or not having to
transport and carry purchases home. As higher-income households used OGDS more frequently, the implications of this
sociodemographic pattern on dietary inequalities must be explored.

(JMIR Public Health Surveill 2023;9:e41540)   doi:10.2196/41540
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Introduction

There has been an increasing interest in whether the use of
digital platforms to purchase foods impacts on the type of
products purchased and, therefore, population diet and health.
Much of this research has focused on the purchase of takeaway
foods [1-3], but fewer studies have explored the use of online
services for grocery purchases. The use of online grocery
delivery services (OGDS) is an increasingly popular method of
purchasing food and drink products for preparation and
consumption at home. Although online delivery services have
been available for over 20 years, they have grown rapidly in
the past decade, with recent consumer adoption and growth in
the use of these services further accelerated by the COVID-19
pandemic [4,5]. These services enable groceries to be ordered
online for home delivery or to be picked up through “click and
collect,” where purchased products are selected and packed
in-store ready for collection by the consumer. The industry
predicts further growth, with around half of those who used
OGDS for the first time during the pandemic intending to
continue [6].

OGDS may plausibly have positive and negative impacts on
dietary behaviors [7-10]. Positive impacts might arise through
changes in the shopping experience compared to traditional
in-store purchasing. For example, products are presented
symbolically in online channels rather than physically in stores,
which may decrease their vividness and reduce consumers’
desire to purchase [11]. OGDS also increase the lag time
between product choice and food acquisition [12]. It is theorized
that people make more healthful food choices when the outcome
(ie, acquisition or consumption of food) is further into the future
[9], as there is a decreased focus on immediate gratification
[11,12]. OGDS may also improve access to food, thereby
potentially increasing access in communities with poor
availability or quality of local food shopping opportunities or
enabling those with poor access to transport to take advantage
of home delivery [13-15]. Almost all households in Great Britain
are covered by at least 1 supermarket delivery service, with 3
of the major supermarkets each providing coverage to over 98%
of households [15].

There may also be negative effects on dietary behaviors. Sizing
of products may be more difficult to determine online, leading
to over- or underpurchasing. One UK study found that there
were differences in the size of products, fewer price promotions,
and less front-of-pack labeling for products available online
when compared to similar products in-store [16]. Online delivery
may also be more appealing for larger, heavier items and

increase bulk buying (leading to overconsumption and waste),
while consumers may be less inclined to purchase healthier
perishable goods such as fresh fruit and vegetables [10].

Who accesses these services and what they purchase online may
be influenced by sociodemographic characteristics, which could
also plausibly influence dietary inequalities [8]. For example,
many OGDSs have minimum spend requirements and delivery
fees, meaning that more affluent households may have greater
access to and use of these services compared to more
disadvantaged households [10]. OGDS use may also be affected
by household size, composition, age, and other
sociodemographic characteristics. Similar differences have been
observed for online delivery services for takeaway foods, where
the use of these services was more likely among adults who
were younger, male, from an ethnic minority background, highly
educated, or had children [1]. Such differences may have
implications for dietary inequalities if OGDS use influences
purchasing behavior [7,8,11].

Whether OGDS affects the dietary quality of purchases has not
been well studied. Some limited evidence from the United States
suggests that the share of consumer expenditure on healthy
products is higher when grocery purchases are made online
compared to in-store [9,11,12,17]. From intervention studies
that use online delivery services to improve diet and nutrition,
including in low-income populations, there is some evidence
that they can improve the healthiness of purchases [18,19].

Overall, the evidence on who uses OGDS and how the use of
these services may have either positive or negative effects on
dietary behaviors is limited. A deeper understanding of the ways
that OGDSs are associated with purchasing behavior could help
inform future policies and interventions aiming to improve
population diet and reduce dietary inequalities. This study, using
large-scale consumer panel data from England, aims to generate
evidence in this area by (1) exploring the sociodemographic
correlates of OGDS use and (2) exploring whether the use of
OGDS is associated with overall grocery food and drink
purchases and purchases of unhealthier products that are high
in fat, salt, and sugar (HFSS).

Methods

Study Design
We used data on household take-home grocery food and drink
purchasing from the 2019 Kantar fast-moving consumer goods
(FMCG) panel. FMCG are products sold quickly and at a
relatively low cost, including food and drink. Kantar, a
commercial consumer data company, continually recruits around
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30,000 households in the United Kingdom to a live panel via
email and post using quota sampling. The households largely
reflect the key sociodemographic characteristics of the
geographical region they have been sampled from. The data
available for this analysis were from a study examining the
association between outdoor HFSS food and drink advertising
restrictions in London and household food and drink purchases
[20]. Households in our analysis were randomly selected from
Kantar households in London or the North of England (North
West, North East, and Yorkshire and the Humber regions). The
included households (N=1911) recorded individual food and
drink purchases (n=3,233,799 items) from December 31, 2018,
to December 29, 2019. Our findings are reported in accordance
with the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) guidelines (Multimedia Appendix
1).

Ethical Considerations
Ethical approval was not required for the analysis of anonymized
secondary data. Upon joining, participants agreed to the terms
and conditions of the Kantar FMCG panel, which state that their
data may be used for research purposes. Panelists receive around
£100 (~US $128) worth of vouchers for their participation per
year.

Purchases and Nutrient Data
Participating households recorded all food and drink items
purchased and brought into the home using a handheld barcode
scanner. Nonbarcoded products, such as loose fruits and
vegetables, were recorded using bespoke barcodes. Kantar
provided nutrient data based on direct assessment of product
nutrient labels in outlets twice a year or using product nutrient
label images provided by Brandbank, an FMCG product
database. Where this nutritional information was not available,
Kantar obtained nutritional values from similar products or an
average value for the product type was used.

We used nutrient data provided by Kantar to assess the
healthiness of products by categorizing purchases as HFSS or
non-HFSS, based on the UK’s nutrient profiling model (NPM),
which was developed by the Food Standards Agency in
2004/2005 [21]. We chose this classification as it has been used
in policies and regulations in the United Kingdom previously
[22,23]. An NPM score for each product was calculated by
adding points for energy, sugar, sodium, and saturated fat and
subtracting points for protein, fiber, fruit, nut, and vegetable
content. Information on the energy, sugar, sodium, saturated
fat, protein, and fiber content of each purchase was provided
by Kantar. Kantar categorizes product markets as high, mixed
(medium) or low in fruit, nuts, and vegetables, which we then
used to assign individual products with 5 (>80%), 1 (>40% and
≤80%), or 0 (≤40%) points for fruit, nut, and vegetable content.
The higher the final NPM score, the less healthy the product.
We used the recommended cut-offs of ≥4 for foods and ≥1 for
drinks to classify a product as HFSS. We additionally split
purchases into 35 food groups based on (1) product market and
submarket classifications provided by Kantar and (2) whether
products were healthier (non-HFSS) or less healthy (HFSS).
These food groups have been used in other studies and are
described in Table S1 in Multimedia Appendix 1 [24].

Sociodemographic Characteristics
Sociodemographic data are collected by Kantar annually. We
had access to data on sex, age (years), and occupational social
class of the main food shopper, number of adults and children
in the household, and household income. Occupational social
class was based on the National Readership Survey social grade
[25]. We categorized occupational social class as high
(AB—higher and intermediate managerial, administrative, and
professional occupations), middle (C1C2—supervisory, clerical
and junior managerial, administrative, and professional
occupations), and low (DE—semiskilled and unskilled manual
occupations and unemployed, including retired). Gross annual
household income bands were available for 1608 (84.1%)
households (<£20,000, £20,000-£29,999, £30,000-£39,999,
£40,000-£49,999, and ≥£50,000 [A currency exchange rate of
£1=US $1.28 is applicable.]). Height and weight were
self-reported by 1544 (80.8%) of the main food shoppers and

used to calculate BMI (kg/m2).

Outcomes

Mode of Purchase
Panelists reported the type of store each purchase was from,
including whether purchases were made through the internet.
Purchases were determined to be online or in-store purchases
according to this information. Click and collect services were
included in OGDS, as store type information was based on
where purchases were made rather than how they were delivered.

Purchases
Household purchases, stratified by online or in-store, were
summed over the 1-year study period. We then divided this by
household size and the 52 study weeks to obtain means per
person per week for outcomes: energy (kcal), fat (g), saturated
fat (g), sugar (g), salt (g), items (packs), and expenditure (£).
To account for energy purchased, we also looked at mean
weekly outcomes per 100 kcal purchased for fat (g/100 kcal),
saturated fat (g/100 kcal), sugar (g/100 kcal), salt (g/100 kcal),
and expenditure (£/100 kcal). We further explored the proportion
of purchases that were HFSS and the proportion of energy
purchased from HFSS products and from each of the 35 food
groups.

Statistical Analyses
All items purchased on the same day using the same mode of
purchase (online or in-store) were considered as having been
purchased in the same shopping occasion. The use of OGDS
was highly skewed (Figure S1 in Multimedia Appendix 1). Most
households did not use OGDS in 2019, and many households
that did use them did so infrequently. Among households that
used OGDS, the median use was 5 occasions in 2019. We
explored differences in purchases between households that used
OGDS above and below the median as we theorized that
households with very low OGDS use (eg, 1-2 occasions in a
year) would not be representative of typical users.

Using a logistic regression model, we examined the association
between sociodemographic characteristics (sex, age group,
region, occupational social class, household income, number
of adults in the household, and presence of children in the
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household) and OGDS use (above- or below-median). Using
Poisson regression models, we explored the association between
OGDS use and total purchases of energy, nutrients (overall and
per 100 kcal), items, and expenditure (overall and per 100 kcal).
Marginal effects were obtained, and pairwise comparison was
used to estimate the difference in mean purchases per person
per week. We also examined the association between OGDS
use and the proportion of purchases that were HFSS using linear
regression models. For households that used both online and
in-store purchasing methods (n=665), we compared the mean
proportion of energy purchased from HFSS products and the
35 food groups through the 2 shopping methods. To examine
the associations between OGDS use and purchases independent
of household sociodemographic characteristics, all models were
adjusted for sex, age, and occupational social class of the main
food shopper, region, household income, and proportion of
household members that were children (number of children
divided by household size). The logistic regression model used
to investigate the association between sociodemographic
characteristics and OGDS use was also mutually adjusted for
other sociodemographic characteristics. All analyses were
conducted in Stata SE 16 (Stata Corp).

Sensitivity Analyses
As the cut-offs for categorizing households by the frequency
of OGDS could have been made in several ways, we also
explore the differences between regular users (which we defined
as households using OGDS ≥26 occasions in 2019) and
nonregular users (<26 occasions) to see if our results were
sensitive to changes in cut-off. As only 147 households were
regular OGDS users, we did not use this as our main analysis
due to reduced statistical power. We also ran the analyses

comparing households that had any OGDS use (n=668) with
those that had no OGDS use (n=1243). As mentioned above,
we did not use this as our main analysis as we theorized that
households with very low OGDS use would not be
representative of typical users. Using a subsample of households
where the main food shopper’s BMI was known (n=1544), we
also reran our analyses, additionally adjusting for BMI—a
potential confounder of the relationship between OGDS use
and purchasing behavior—to see if this changed our findings.

BMI was categorized into 2 groups: not overweight (<25 kg/m2)

and overweight (≥25 kg/m2).

Results

Study Population and OGDS Use
In total, 1911 households were included in our analyses (Table
1). Most households had a female main food shopper (n=1391,
72.8%), were in the middle social class group (n=1133, 59.3%),
had 2 adults (n=1062, 55.6%), and had no children (n=1358,
71.1%). Households varied in their household income and age
of the main shopper. Of the 1911 included households, 668
(35%) used OGDS at least once in 2019. Almost all households
that used OGDS also shopped in-store (n=665, 99.6%). Of
households that used OGDS, the median use was 5 (IQR 1-22)
occasions in 2019. When stratified by above- (≥5 occasions)
and below- (<5 occasions) median OGDS use, there were 353
(18.5%) households above and 1558 (81.5%) below the median
including households that did not use OGDS at all. Without
adjustment, female main shoppers, younger main shoppers,
households in London, households with higher annual income,
and households with children were more likely to have
above-median OGDS use.
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Table 1. Sociodemographic characteristics of the study sample.

P valueChi-square (df)Below-median OGDS users
(n=1558), n (%)

Above-median OGDSa users
(n=353), n (%)

Total users
(N=1911), n (%)

.05Sex of the main shopper

3.98 (1)439 (28.2)81 (23)520 (27.2)Male

1119 (71.8)272 (77.1)1391 (72.8)Female

<.001Age of the main shopper (years)

31.84 (4)195 (12.5)49 (13.9)244 (12.8)18-34

267 (17.1)82 (23.2)349 (18.3)35-44

384 (24.7)117 (33.1)501 (26.2)45-54

376 (24.1)60 (17)436 (22.8)55-64

336 (21.6)45 (12.8)381 (19.9)≥65

.02Region

5.87 (1)745 (47.8)194 (55)939 (49.1)London

813 (52.2)159 (45)972 (50.9)North of England

.14Occupational social class

4.00 (2)270 (17.3)64 (18.1)334 (17.5)Low

939 (60.3)194 (55)1133 (59.3)Middle

349 (22.4)95 (26.9)444 (23.2)High

<.001Household incomeb

43.11 (5)323 (20.7)65 (18.4)388 (20.3)<£20,000

274 (17.6)49 (13.9)323 (16.9)£20,000-£29,999

232 (14.9)35 (9.9)267 (14)£30,000-£39,999

160 (10.3)57 (16.2)217 (11.4)£40,000-£49,999

303 (19.5)110 (31.2)413 (21.6)≥£50,000

266 (17.1)37 (10.5)303 (15.9)Unknown

.14Adults in the household

3.98 (2)357 (22.9)67 (19)424 (22.2)1

850 (54.6)212 (60.1)1062 (55.6)2

351 (22.5)74 (21)423 (22.2)≥3

.001Children in the household

11.29 (1)425 (27.3)128 (36.3)553 (28.9)Yes

1133 (72.7)225 (63.7)1358 (71.1)No

.11BMI (kg/m2)

4.34 (2)500 (32.1)101 (28.6)601 (31.5)Not overweight

772 (49.6)171 (48.4)943 (49.4)Overweight

286 (18.4)81 (23)367 (19.2)Unknown

aOGDS: online grocery delivery service.
bA currency exchange rate of £1=US $1.28 is applicable.

Food and Drink Purchases
Overall, households purchased a median of 9808 (IQR
6988-13,375) kcal and spent £21.40 (IQR £14.20-£31.40) per
person per week (Table 2). Most food and drink items were
purchased in-store, with 2,891,843 (89.4%) items purchased

in-store and 341,956 (10.6%) items purchased online. HFSS
purchases accounted for 1,231,882 (38.1%) of total items
purchased and households purchased a median of 4.8 (IQR
3.2-6.9) HFSS items per person per week. Without adjustment,
households with above-median OGDS use had higher purchases
of energy and salt, purchased more items and spent more
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compared to households with below-median OGDS use.
Households with above-median OGDS use also purchased
marginally more salt per 100 kcal, spent more per 100 kcal

purchased, and purchased marginally less sugar per 100 kcal
compared to households with below-median OGDS use in our
unadjusted analysis.

Table 2. Unadjusted sample purchases of energy, nutrients, items, and expenditure per person per week for households with above- and below-median
online grocery delivery service (OGDS) use.

P valueChi-square
(df=1)

Below-median OGDS users
(n=1558), median (IQR)

Above-median OGDS users
(n=353), median (IQR)

Total users (N=1911),
median (IQR)

.053.839728 (6836-13,332)10,220 (7302-13,801)9808 (6988-13,375)Energy (kcal)

.171.87408.5 (288.5-571.9)434.3 (306.3-598.0)412.9 (290.9-574.8)Fat (g)

.142.20153.2 (103.9-225.0)161.1 (113.2-230.4)155.0 (105.7-225.8)Saturated fat (g)

.940.00433.8 (290.5-623.6)437.5 (307.9-623.2)433.9 (294.8-623.6)Sugar (g)

.034.8030.5 (21.1-43.3)33.3 (23.8-45.9)31.1 (21.4-44.1)Salt (g)

.017.2114.5 (10.1-20.3)16.0 (11.6-21.8)14.7 (10.3-20.5)Items (n)

.063.464.7 (3.1-6.8)5.0 (3.5-7.1)4.8 (3.2-6.9)HFSSa items (n)

<.00118.6120.6 (13.7-30.6)24.2 (16.9-35.3)21.4 (14.2-31.4)Expenditure (£)b

.870.034.25 (3.90-4.61)4.25 (3.91-4.59)4.25 (3.90-4.60)Fat per 100 kcal

.670.181.62 (1.43-1.80)1.64 (1.44-1.85)1.62 (1.43-1.81)Saturated fat per 100 kcal

.034.714.52 (3.85-5.20)4.36 (3.77-5.11)4.49 (3.83-5.18)Sugar per 100 kcal

.053.830.31 (0.27-0.37)0.32 (0.28-0.37)0.32 (0.27-0.37)Salt per 100 kcal

<.00137.000.21 (0.17-0.26)0.24 (0.20-0.29)0.22 (0.18-0.27)Expenditure per 100 kcal

aHFSS: high in fat, salt, and sugar.
bA currency exchange rate of £1=US $1.28 is applicable.

Sociodemographic Correlates of OGDS Use
In our adjusted models, households where the main shopper
was female were marginally more likely than those with male
shoppers to have above-median OGDS use (odds ratio [OR]
1.38, 95% CI 1.04 to 1.83; Table 3). London households were
more likely to have above-median OGDS use than households
in the North of England (OR 1.29, 95% CI 1.01-1.65).

Households in the highest 2 income groups (£40,000-£49,999
and ≥£50,000) were more likely to have above-median OGDS
use than households with an income <£20,000 (OR 1.70, 95%
CI 1.09-2.66 and OR 1.56, 95% CI 1.02-2.38, respectively). No
difference was observed by age group of main shopper,
occupational social class, number of adults, or the presence of
children in the household.
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Table 3. Sociodemographic differences in online grocery delivery service (OGDS) use (N=1911) using a logistic regression model adjusted for sex
and age of the main food shopper, occupational social class, household income, the proportion of household members that were children, and region.

Above-median OGDS use

Percentage, mean (95% CI)Odds ratio (95% CI)

Sex of the main shopper

15.3 (12.2-18.3)ReferenceMale

19.7 (17.6-21.8)1.38 (1.04-1.83)aFemale

Age of the main shopper (years)

18.9 (13.9-23.8)Reference18-34

21.1 (16.6-25.6)1.15 (0.77-1.74)35-44

22.8 (19.1-26.5)1.28 (0.86-1.90)45-54

14.9 (11.3-18.5)0.75 (0.48-1.18)55-64

13.3 (9.5-17.0)0.65 (0.40-1.06)≥65

Region

16.7 (14.3-19.0)ReferenceNorth of England

20.3 (17.7-22.9)1.29 (1.01-1.65)London

Occupational social class

22.4 (17.5-27.3)ReferenceLow

17.4 (15.2-19.6)0.72 (0.51-1.01)Middle

18.6 (15.0-22.2)0.78 (0.52-1.18)High

Household incomeb

17.5 (13.3-21.7)Reference<£20,000

15.7 (11.7-19.8)0.88 (0.58-1.34)£20,000-£29,999

13.3 (9.2-17.4)0.72 (0.45-1.15)£30,000-£39,999

26.3 (20.4-32.1)1.70 (1.09-2.66)£40,000-£49,999

24.7 (20.1-29.2)1.56 (1.02-2.38)≥£50,000

12.4 (8.7-16.2)0.66 (0.42-1.05)Unknown

Adults in household

18.1 (14.0-22.2)Reference1

19.8 (17.4-22.2)1.12 (0.80-1.57)2

15.7 (12.4-19.1)0.84 (0.56-1.25)≥3

Children in household

18.1 (15.9-20.3)ReferenceNo

19.2 (15.8-22.7)1.08 (0.80-1.46)Yes

aItalic formatting indicates significance at 95% CI.
bA currency exchange rate of £1=US $1.28 is applicable.

Association Between OGDS Use and Total Food and
Drink Purchases
After adjustment for sociodemographic and household
characteristics, households with above-median OGDS use had
higher mean purchases of energy (1461 kcal, 95% CI 1448-1474
kcal), fat (64.8 g, 95% CI 62.1-67.6 g), saturated fat (28.5 g,
95% CI 26.8-30.2 g), sugar (63.9 g, 95% CI 61.1-66.7 g), salt
(6.1 g, 95% CI 5.4-6.9 g), and items (3 items, 95% CI 2.5-3.5

items) per person per week (Table 4). These households also
spent more on groceries per person per week (mean £6.30, 95%
CI £5.70-£7.00) than those with below-median OGDS use.
However, there was no difference in nutrients purchased per
100 kcal between the 2 groups. When food products and drink
products were separated, food accounted for most of the
differences observed, although the significant associations were
the same for both food and drink (Table S2 in Multimedia
Appendix 1).
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Table 4. Incidence rate ratio (95% CI) and predicted difference in adjusted weekly mean (95% CI) purchases of energy, nutrients, items per person,
and expenditure on groceries per person between households with above- and below-median online grocery delivery service (OGDS) use using a Poisson
model adjusted for sex and age of the main food shopper, occupational social class, household income, the proportion of household members that were
children, and region.

Predicted difference,
mean (95% CI)

Predicted outcome for below-median
OGDS use (n=1558), mean (95% CI)

Predicted outcome for above-median
OGDS use (n=353), mean (95% CI)

Incidence rate ratio
(95% CI)

1461 (1448 to 1474)a10,466 (10,461 to 10,471)11,927 (11,916 to 11,939)1.14 (1.14 to 1.14)Energy (kcal)

64.8 (62.1 to 67.6)447.4 (446.4 to 448.5)512.3 (509.8 to 514.8)1.14 (1.14 to 1.15)Fat (g)

28.5 (26.8 to 30.2)171.9 (171.2 to 172.5)200.4 (198.8 to 201.9)1.17 (1.16 to 1.18)Saturated fat (g)

63.9 (61.1 to 66.7)480.7 (479.6 to 481.8)544.6 (542.0 to 547.2)1.13 (1.13 to 1.14)Sugar (g)

6.1 (5.4 to 6.9)34.2 (33.9 to 34.5)40.3 (39.6 to 41.0)1.18 (1.16 to 1.20)Salt (g)

3.0 (2.5 to 3.5)15.8 (15.6 to 16.0)18.8 (18.4 to 19.3)1.19 (1.16 to 1.22)Items (n)

6.3 (5.7 to 7.0)23.6 (23.4 to 23.9)29.9 (29.3 to 30.5)1.27 (1.24 to 1.30)Expenditure (£)b

–0.0 (–0.3 to 0.2)4.3 (4.2 to 4.4)4.3 (4.2 to 4.5)1.00 (0.94 to 1.06)Fat per 100 kcal

0.0 (–0.1 to 0.2)1.6 (1.6 to 1.7)1.7 (1.5 to 1.8)1.02 (0.93 to 1.12)Saturated fat per 100 kcal

–0.1 (–0.3 to 0.2)4.6 (4.5 to 4.7)4.5 (4.3 to 4.8)0.99 (0.93 to 1.04)Sugar per 100 kcal

0.0 (–0.1 to 0.1)0.3 (0.3 to 0.4)0.3 (0.3 to 0.4)1.03 (0.84 to 1.27)Salt per 100 kcal

0.0 (–0.0 to 0.1)0.2 (0.2 to 0.3)0.3 (0.2 to 0.3)1.13 (0.89 to 1.43)Expenditure per 100 kcal

aItalic formatting indicates significance at 95% CI.
bA currency exchange rate of £1=US $1.28 is applicable.

Association Between OGDS Use and Purchases of
HFSS Products
There were no differences in HFSS purchases between
households that had above- and below-median OGDS use in

our adjusted models (Table 5). At a more disaggregated level,
households with above-median OGDS use purchased more or
the same amount as households that had below-median use
across healthier and less healthy food groups (Table S3 in
Multimedia Appendix 1).

Table 5. Coefficient (95% CI) and predicted difference in adjusted weekly mean (95% CI) energy; nutrients; items from high in fat, salt, and sugar
purchases as a proportion of all grocery food and drink purchases; and expenditure on products high in fat, salt, and sugar as a proportion of all food
and drink grocery expenditure between households with above- and below-median online grocery delivery service (OGDS) use using a linear regression
model adjusted for sex and age of the main food shopper, occupational social class, household income, proportion of household members that were
children, and region.

Predicted difference,
mean (95% CI)

Predicted outcome for below-median
OGDS use (n=1558), mean (95% CI)

Predicted outcome for above-median
OGDS use (n=353), mean (95% CI)

Coefficient (95% CI)

0.2 (–0.8 to 1.3)52.5 (52.0 to 52.9)52.7 (51.8 to 53.7)0.00 (–0.01 to 0.01)Energy

0.6 (–0.4 to 1.6)70.6 (70.2 to 71.1)71.3 (70.3 to 72.2)0.01 (–0.00 to 0.02)Fat

1.0 (–0.0 to 2.0)76.0 (75.5 to 76.4)77.0 (76.1 to 77.9)0.01 (–0.00 to 0.02)Saturated fat

–0.2 (–1.8 to 1.4)56.7 (56.0 to 57.3)56.5 (55.1 to 57.9)–0.00 (–0.02 to 0.01)Sugar

0.7 (–0.5 to 1.9)63.7 (63.2 to 64.2)64.4 (63.3 to 65.5)0.01 (–0.01 to 0.02)Salt

–0.0 (–1.1 to 1.0)37.7 (37.2 to 38.1)37.6 (36.7 to 38.6)–0.00 (–0.01 to 0.01)Items

–0.2 (–1.4 to 0.9)39.7 (39.2 to 40.2)39.5 (38.5 to 40.5)–0.00 (–0.01 to 0.01)Expenditure

Association Between Mode of Shopping and Purchases
Among OGDS Users
Among households that used both online and in-store shopping
methods (n=665), the mean proportion of energy purchased
from HFSS products was –10.1% (95% CI –12% to –8.1%)
lower in online compared to in-store shopping occasions (43.3%,
95% CI 41.4%-45.2% vs 53.3%, 95% CI 52.5%-54.1%) in the
adjusted model. When stratified by food group, online purchases
had proportionately more energy from vegetables (1%, 95% CI
0.2%-1.8%), healthy nonmilk-based drinks (1.6%, 95% CI

0.7%-2.4%), and alcohol (1.2%, 95% CI 0.4%-2.1%) and
proportionally less energy from some HFSS food groups,
including puddings and biscuits (–3.3%, 95% CI –4.1% to
–2.5%), chocolate and confectionery (–1.5%, 95% CI –2.2% to
–0.7%), and savory snacks (–0.8, 95% CI –1.3% to –0.2%;
Table S4 in Multimedia Appendix 1). Healthy nonmilk-based
drinks were nonalcoholic and not milk-based (eg, milkshakes
and coffee drinks). Examples of nonmilk-based drinks included
carbonated drinks and juice drinks. Healthy refers to non-HFSS
according to the UK nutrient profiling model. The proportion
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of energy was also lower from carbohydrate food groups
(healthy bread: –3.1%, 95% CI –3.7% to –2.5%; less healthy
bread: –0.7, 95% CI –0.8% to –0.5%; morning goods: –0.6%,
95% CI –0.8% to –0.4%), dairy products (reduced fat milk:
–0.9, 95% CI –1.2% to –0.6%; high fat milk: –0.4, 95% CI
–0.6% to –0.2%; less healthy cheese: –1.2, 95% CI –1.7% to
–0.7%, healthy cheese: –0.01, 95% CI –0.02% to 0%), protein
(–0.6%, 95% CI –1.1% to 0%), and ready meals (healthy:
–1.2%, 95% CI –1.6% to –0.8%; less healthy: –0.7, 95% CI
–1.2% to –0.2) for online shopping occasions.

Sensitivity Analyses
The difference in total grocery purchases between regular OGDS
users and nonregular users was larger compared to the main
analysis (2208 kcal, 95% CI 2188-2228 kcal vs 1461 kcal, 95%
CI 1448-1474 kcal; Table S5 in Multimedia Appendix 1). There
were no qualitative differences in the proportion of HFSS
purchases between regular OGDS users versus nonregular users
and above- versus below-median users (Table S6 in Multimedia
Appendix 1). The association between households with any
versus no OGDS use and total purchases was in the same
direction as the main analysis, but the magnitude of difference
was smaller (756 kcal, 95% CI 746-766 kcal vs 1461 kcal, 95%
CI 1448-1474 kcal; Table S7 in Multimedia Appendix 1).
Although the point estimates for HFSS purchases were similar
for any versus no OGDS use and above- versus below-median
use, a marginally higher proportion of energy, fat, and saturated
fat from HFSS products was observed among households that
had any OGDS use compared to households with none (Table
S8 in Multimedia Appendix 1). Adjusting for BMI did not
qualitatively change the association between OGDS use and
total food and drink purchases (Table S9 in Multimedia
Appendix 1) or OGDS use and HFSS purchases (Table S10 in
Multimedia Appendix 1).

Discussion

Summary of Main Findings
Overall, in our sample, 35% (n=668) of London and the North
of England households used OGDS at least once, with OGDS
users having a median use of 5 occasions in 2019. Almost all
households that used OGDS also purchased foods in-store.
Higher-income households, households with a female main
food shopper, and households in London versus the North of
England had a higher likelihood of above-median OGDS use.
Households with above-median OGDS use had higher mean
purchases of groceries per person per week, in terms of energy
(1461 kcal), number of food and drink items (3 items), and
expenditure (£6.30). Nutrients purchased per 100 kcal,
expenditure on purchases per 100 kcal, and the proportion of
total purchases that were HFSS were similar in both groups.
However, households that used both shopping modes purchased
a 10.1% (95% CI 8.1%-12%) lower proportion of energy from
HFSS products from their online compared with in-store
purchases.

Interpretation of Findings
Almost no households in our sample exclusively used OGDS
for their grocery shopping. OGDS use therefore appears to

complement, rather than substitute, in-store grocery shopping.
The extra energy purchased among households with
above-median OGDS use, compared with below-median OGDS
use, could lead to overconsumption or food waste, which has
negative consequences for population health and environmental
health. Alternatively, more energy purchased for in-home
consumption could be because these households eat out less. If
this is the case, additional grocery purchases may be beneficial
for population diet as consuming out-of-home food is associated
with weight gain and higher intakes of energy, fat, salt, and
sugar [26,27].

No significant differences in the healthiness of purchasing
between households according to their OGDS use were
observed, with households with above-median OGDS use
purchasing greater amounts of both HFSS and non-HFSS
products. However, there was a difference in the healthiness of
purchasing within households, with their online purchases
having fewer HFSS products than their in-store purchases. This
means that households made healthier choices online or
preferentially purchased their healthier products online. As our
analysis was a comparison within households, the differences
observed here cannot be due to household characteristics and
are likely due to factors that influence the shopping experience
(eg, vividness of products, time lag between shopping and
receiving items, exposure to promotions and front-of-pack
labeling, preference for purchasing some items online or
in-store, and ability to browse products online vs in-store) and,
in turn, purchasing behavior [11,12,28]. Online shopping
environments have been found to be more supportive of healthier
diets through fewer advertisements and promotions and a lack
of product placement to encourage HFSS purchases. A healthier
food environment in an online setting, compared to a physical
setting, is supported by studies from the United States, which
found OGDS to be associated with purchasing healthier food
[9,11,12,17]. The higher proportion of energy from fruit and
vegetables in households’online shops suggests that households
were not deterred from purchasing perishable goods without
being able to choose products personally, which was a concern
highlighted in previous research [10]. Differences in the online
food environment, compared to the physical food environment,
may have implications for population health, especially as
OGDS use prevalence increases. Therefore, further research is
needed to understand why households choose OGDS and how
it relates to in-store purchasing and out-of-home purchasing to
give us a better understanding of total food purchases. With the
COVID-19 pandemic having encouraged greater use of OGDS
[4,5], future studies should examine short- and long-term
changes in food purchasing behaviors and their associations
with population diet.

While we have some understanding of, and are trying to
regulate, aspects of the in-store food environment [29], less is
known about how online platforms influence purchases and
whether and how these should (or should not) be regulated.
Some studies have shown positive results for interventions that
manipulate the online food environment to encourage healthier
purchasing [28,30,31]. The online food environment could be
used to increase access to fresh food, improve access to
nutritional information, and reduce exposure to HFSS
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advertising [10,19]. While there are fewer promotions online
compared to in-store in the United Kingdom (24% of products
vs 32% of products), front-of-pack labeling was only found for
42% of products online compared to 74% in-store [16].
Regulations could be helpful in harnessing the elements of
OGDSs that may improve population health while limiting the
elements that may have negative impacts.

Strengths and Limitations
While online platforms for grocery purchasing have been
available for many years, little is known about their association
with food and drink purchasing behavior in the United Kingdom.
Our findings contribute to the evidence base on OGDS use and
food purchasing behavior. Purchase data are a good indicator
of food and drink consumption [32,33]. However, they do not
tell us about the intrahousehold distribution of purchases, which
we assumed to be equal across all household members, including
children. This, of course, will not have been the case and
provides only an estimate, which likely underestimates
purchased energy and nutrients per adult for households with
children. Purchase data also do not tell us about food waste.
Having data at the item level with the day on which purchases
were made and whether this was online or in-store allowed us
to establish OGDS use by number of occasions. However, it is
unknown whether households may report online and in-store
purchases differently. Households may also have forgotten to
report purchases or chosen to not report less healthy purchases
due to social desirability. The lower average weekly household
grocery food expenditure in this analysis (£21.40) compared to
the UK’s Living Costs and Food Survey (£32.12) may be
explained by the inclusion of only 2 UK regions in our study
and the unweighted nature of our data, which limits its accuracy
in reflecting population-level averages [34]. We were able to
compare online and in-store purchases for households that used
both modes of shopping, which removed potential confounding
from household characteristics. However, we were only able to
assess purchases brought into the home and could not consider
out-of-home purchases, so we were unable to capture overall
household food purchasing. We were also unable to equivalize

household income as we did not have information on the age
of the children in the household. However, all models were
adjusted for the proportion of household members that were
children. Errors in the nutrient data, imputed values where data
were missing, and the crude estimation of fruit, nut, and
vegetable content may have affected the accuracy of our
categorization of products as HFSS or non-HFSS. We were
unable to explore how online shopping interacts with other
forms of food acquisition.

Conclusions
In this study, OGDS use was greater among higher-income and
London households. Households that had above-median OGDS
use purchased a mean of 1461 kcal more energy per person per
week through their grocery purchases. The differences in grocery
purchases between households with above- and below-median
OGDS use could have positive or negative consequences. The
extra energy purchased through groceries among households
with above-median OGDS use could lead to overconsumption
or food waste, a problem for population health and the
environment. Alternatively, more energy purchased for in-home
consumption could plausibly replace out-of-home consumption,
which may be beneficial to population diet, as out-of-home food
tends to be less healthy. Households purchased fewer HFSS
purchases when shopping online compared to in-store, which
may be due to differences in the shopping environment or
experience, such as fewer promotions and advertisements when
shopping online or not having to transport and carry purchases
home. As higher-income households used OGDS more
frequently, the implications of this sociodemographic patterning
on dietary inequalities need to be explored. Further research is
needed to investigate the relationship between OGDS use and
the healthiness of purchasing in different population subgroups.
With the online food environment becoming an increasingly
important retail channel for household food purchasing, it should
be an important consideration when designing food system
policies and interventions that aim to improve population diet
and reduce dietary inequalities.
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Abstract

Background: Long-acting injectable cabotegravir (CAB-LA) for preexposure prophylaxis (PrEP) has proven efficacious in
randomized controlled trials. Further research is critical to evaluate its effectiveness in real-world settings and identify effective
implementation approaches, especially among young sexual and gender minorities (SGMs).

Objective: ImPrEP CAB Brasil is an implementation study aiming to generate critical evidence on the feasibility, acceptability,
and effectiveness of incorporating CAB-LA into the existing public health oral PrEP services in 6 Brazilian cities. It will also
evaluate a mobile health (mHealth) education and decision support tool, digital injection appointment reminders, and the facilitators
of and barriers to integrating CAB-LA into the existing services.

Methods: This type-2 hybrid implementation-effectiveness study includes formative work, qualitative assessments, and clinical
steps 1 to 4. For formative work, we will use participatory design methods to develop an initial CAB-LA implementation package
and process mapping at each site to facilitate optimal client flow. SGMs aged 18 to 30 years arriving at a study clinic interested
in PrEP (naive) will be invited for step 1. Individuals who tested HIV negative will receive mHealth intervention and standard
of care (SOC) counseling or SOC for PrEP choice (oral or CAB-LA). Participants interested in CAB-LA will be invited for step
2, and those with undetectable HIV viral load will receive same-day CAB-LA injection and will be randomized to receive digital
appointment reminders or SOC. Clinical appointments and CAB-LA injection are scheduled after 1 month and every 2 months
thereafter (25-month follow-up). Participants will be invited to a 1-year follow-up to step 3 if they decide to change to oral PrEP
or discontinue CAB-LA and to step 4 if diagnosed with HIV during the study. Outcomes of interest include PrEP acceptability,
choice, effectiveness, implementation, and feasibility. HIV incidence in the CAB-LA cohort (n=1200) will be compared with
that in a similar oral PrEP cohort from the public health system. The effectiveness of the mHealth and digital interventions will
be assessed using interrupted time series analysis and logistic mixed models, respectively.
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Results: During the third and fourth quarters of 2022, we obtained regulatory approvals; programmed data entry and management
systems; trained sites; and performed community consultancy and formative work. Study enrollment is programmed for the
second quarter of 2023.

Conclusions: ImPrEP CAB Brasil is the first study to evaluate CAB-LA PrEP implementation in Latin America, one of the
regions where PrEP scale-up is most needed. This study will be fundamental to designing programmatic strategies for implementing
and scaling up feasible, equitable, cost-effective, sustainable, and comprehensive alternatives for PrEP programs. It will also
contribute to maximizing the impact of a public health approach to reducing HIV incidence among SGMs in Brazil and other
countries in the Global South.

Trial Registration: Clinicaltrials.gov NCT05515770; https://clinicaltrials.gov/ct2/show/NCT05515770

International Registered Report Identifier (IRRID): PRR1-10.2196/44961

(JMIR Public Health Surveill 2023;9:e44961)   doi:10.2196/44961
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sexual and gender minorities; young; Brazil; HIV prevention; injectable preexposure prophylaxis; injectable PrEP; cabotegravir

Introduction

Background
In 2021, there were approximately 960,000 people living with
HIV in Brazil [1]. In recent studies, the HIV prevalence rate
was estimated to reach approximately 23% among Brazilian
gay men, bisexual men, and other men who have sex with men
(MSM) [2] and surpass 30% among travesti and transgender
women (TGW) in some cities [3,4]. Young MSM aged ≤30
years are among the few populations with an increasing number
of new HIV infections in Brazil, whereas HIV incidence has
stabilized in the overall population [2]. Since December 2017,
oral tenofovir disoproxil fumarate (TDF) and emtricitabine
(FTC) HIV preexposure prophylaxis (PrEP) have been freely
available in Brazil through the national public health system
(Sistema Único de Saúde [SUS]) [5]. As of October 2022, there
were 566 health facilities across all Brazilian states providing
oral PrEP to approximately 46,886 individuals [6]. Although
85% of current PrEP users in Brazil are MSM, PrEP use remains
well below the initial projections [5].

Tenofovir-based oral PrEP has been effective in dramatically
reducing population-level HIV incidence in multiple regions
[7-11]. However, to realize the protective benefits of PrEP,
individuals need to both initiate PrEP and remain on PrEP during
periods of HIV vulnerability [12,13]. Among the individuals
who initiated PrEP in the Brazilian SUS, discontinuation was
common among MSM (approximately 40%) and TGW (>50%)
[6]. PrEP Brasil, a daily oral PrEP demonstration study, found
that although 74% of all participants had protective
concentrations of tenofovir diphosphate at week 48, young
participants and TGW participants had decreasing rates of
protective drug concentrations throughout the study [14]. In
addition, data from the ImPrEP study, which aimed to evaluate
the feasibility of same-day PrEP initiation for MSM and TGW
within the public health contexts of Brazil, Mexico, and Peru,
identified lower PrEP adherence among TGW and individuals
aged ≤30 years [15,16].

Owing to user adherence challenges, PrEP has not decreased
HIV incidence among some population, particularly among
populations with higher susceptibility (youth, racial and ethnic
minorities, and TGW) [17-20]. Although HIV incidence in the

ImPrEP study population was relatively low (0.85/100
person-years), it was higher among TGW, participants from
Peru, those aged 18 to 30 years, Black or mixed-race
participants, and those who were nonadherent to daily oral PrEP
[15,16]. These disproportionately worse outcomes reinforce the
potential of PrEP agents that do not require daily or planned
oral dosing to increase their effective use among the most
susceptible populations.

In multiple studies, reasons for discontinuing or never initiating
daily oral PrEP include low HIV perceived risk, concerns about
medication side effects, desire not to take a daily pill, stigma,
competing life events, and challenges accessing the medication
[13,21-23]. Long-acting PrEP agents may potentially address
some of these concerns by providing consistent protection
through infrequent, discrete administration, avoiding the need
for daily adherence to an oral regimen and the related need for
disclosure to sex partners and acquaintances [24].

Long-Acting Injectable Cabotegravir
Long-acting injectable cabotegravir (CAB-LA) is an integrase
strand-transfer inhibitor, and its effectiveness for PrEP has been
demonstrated in phase 2b/3 studies (HIV Prevention Trials
Network [HPTN] 083 and HPTN 084) [25,26]. HPTN 083 was
a double-blind double-dummy randomized controlled trial that
assessed the effectiveness of CAB-LA for PrEP compared with
oral tenofovir disoproxil fumarate (TDF) and emtricitabine
(FTC) PrEP among 4566 cisgender MSM and TGW under high
susceptibility to HIV. The blinded phase of the study showed
the superiority of CAB-LA, with a 66% reduction in new
infections in the cabotegravir arm compared with the active
TDF and FTC arm. Similarly, HPTN 084 observed impressive
reductions in HIV infections in the CAB-LA arm compared
with the TDF and FTC arm among cisgender women in Africa,
with an 89% reduction in new infections in the cabotegravir
arm when compared with the active TDF and FTC arm. Data
from both studies led to the regulatory approval of CAB-LA
for HIV prevention in the United States, Australia, South Africa,
Malawi, and Zimbabwe. Approval is currently being sought in
numerous countries, including Brazil. In July 2022, a
recommendation for CAB-LA PrEP was issued by the World
Health Organization (WHO) [27].
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Although it is reassuring that CAB-LA has demonstrated
comparable effectiveness among youth, Black MSM, and TGW
in large clinical trials, the advantages of bypassing daily
adherence behavior may not be realized if individuals cannot
access injectable PrEP or do not return for repeat injections.
Implementation studies are needed to provide crucial
information about how interventions that are proven efficacious
under randomized clinical trial conditions can be optimized for
delivery within real-world service settings. The ImPrEP CAB
Brasil implementation study aims to generate critical evidence
to inform national policies and program implementers about
how injectable CAB-LA PrEP can be provided to MSM,
nonbinary persons, and transgender persons within public health
PrEP services in Brazil. Its implementation objectives are to
describe the facilitators of and barriers to integrating CAB-LA
into routine public health clinics and to evaluate whether a
mobile health (mHealth) intervention optimizes decision-making
on the best PrEP regimen among PrEP users and WhatsApp
text messaging improves the uptake of and adherence to
CAB-LA injection appointments. The primary clinical objective
is to evaluate the effectiveness of CAB-LA PrEP in reducing
the risk of HIV acquisition in a study cohort of participants in
a context where participants can exercise choice in their HIV
prevention method (injectable CAB-LA PrEP or daily oral
PrEP).

Methods

Study Design
The ImPrEP CAB Brasil (Figure 1) is an implementation study
of CAB-LA PrEP among 1200 young adult (aged 18 to 30 years)
sexual and gender minorities (SGMs) in 6 Brazilian cities: Rio
de Janeiro, São Paulo, Manaus, Salvador, Florianópolis, and
Campinas (Figure 2). Each participating site provides PrEP
service as a part of the Brazilian SUS.

This is a type-2 hybrid implementation-effectiveness open-label
cohort study with a convergent mixed methods approach
(quantitative and qualitative). A type-2 hybrid design examines
both effectiveness and implementation strategies within the

same study [28]. The study will draw on selected
implementation science constructs from the theoretical
framework for acceptability (TFA) [29], the Reach,
Effectiveness, Adoption, Implementation, and Maintenance
framework [30], and the framework of Proctor et al [31] to
assess the implementation outcomes for the different study
objectives outlined earlier. Relevant outcomes and their level
of evaluation will include the following: acceptability at the
individual health provider and participant levels, reach (choice
and uptake) at the individual participant level, effectiveness at
the individual participant level, implementation at the setting
level (overall delivery), maintenance at the individual participant
level, and feasibility at the setting level.

Individuals may participate in up to 4 different steps (Figure
3). In step 1, PrEP naive individuals who come to the study sites
seeking PrEP will be exposed to education and counseling about
HIV prevention and be informed of the availability of both oral
and injectable PrEP. Half of the enrolled participants that tested
negative for HIV will receive standard of care (SOC) prevention
counseling, and the other half will be exposed to an mHealth
education and decision support intervention in addition to SOC
prevention counseling. Participants who choose to use injectable
PrEP and with an undetectable HIV viral load will enroll in step
2 on the same day, whereas those who choose to use oral PrEP
will be referred to the Brazilian Public Health PrEP program at
the same clinic. Of the participants who enroll in step 2 and
receive a CAB-LA injection, half will be randomized to receive
a digital appointment reminder using WhatsApp (Meta
Platforms, Inc; the most common messaging app in Brazil).
Participants in step 2 who may decide to discontinue CAB-LA
during the study follow-up will be invited to step 3 and switch
to oral PrEP (TDF and FTC) or keep off PrEP with HIV and
sexually transmitted infection (STI) monitoring and counseling
for 1 year. Participants from either step 2 or step 3 who are
diagnosed with an HIV infection during follow-up will be
invited to be enrolled in step 4, where antiretroviral therapy
(ART) effectiveness and ART resistance will be monitored for
1 year.

Figure 1. ImPrEP CAB Brasil logo.
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Figure 2. Site distribution for the ImPrEP CAB Brasil study.

Figure 3. Overview of the study design and enrollment scheme. Only HIV-negative participants will perform standard of care (SOC) or mobile health
(mHealth). Individuals living with HIV will be referred for antiretroviral therapy. CAB-LA: long-acting injectable cabotegravir; CT: Chlamydia
trachomatis; NAAT: nucleic acid amplification testing; NG: Neisseria gonorrhea; PrEP: preexposure prophylaxis; VL: viral load.
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Eligibility Criteria
Participants will be included if they (1) are MSM, nonbinary
person (assigned as male at birth), TGW, or transgender men;
(2) are aged 18 to 30 years; (3) attend one of the study clinics
looking for PrEP; (4) are CAB-LA and TDF and FTC PrEP
naive; (5) are willing and able to provide written informed
consent and adhere to the study requirements; (6) have
nonreactive or negative HIV test results, including both
third-generation HIV rapid tests and an undetectable HIV RNA
at enrollment for individuals choosing injectable CAB-LA; (7)
have no report of hepatic dysfunction; and (8) are willing to
undergo all required study procedures. The full list of exclusion
criteria is described in Multimedia Appendix 1. The study team
will provide checklists to aid the site teams in accessing the
inclusion and exclusion criteria.

Study Procedures

Formative Work
We will conduct formative work using participatory design
methods [32] to develop an initial implementation package for
CAB-LA PrEP. Training modules will be developed in
collaboration with health providers at the 2 sites that have had
experience with CAB-LA PrEP as part of HPTN 083 (Rio de
Janeiro and São Paulo) and will include slides, learning
activities, and job aids (eg, education, and counseling scripts).

Process mapping [33,34] at each site will facilitate planning for
optimal PrEP client flow, that is, for ensuring that PrEP users
can move most efficiently and effectively through the various
clinical steps needed to receive services while minimizing the
work burden on health care providers and maintaining service
quality. Engaging clinical staff in the process mapping exercise
prompts the identification of anticipated facilitators and barriers
associated with each step of service delivery as well as planning
for barrier mitigation strategies. Thus, process maps can
facilitate the development of “readiness” exercises once PrEP
CAB-LA is approved and ready for scale-up in Brazil and
elsewhere. Finally, process maps will also be used at the end
of the study to guide health care providers’ reflections on the
facilitators of and barriers to different components of PrEP
delivery. Guidelines for developing process maps and process
map examples will be included in the implementation package.
The implementation package developed in collaboration with
providers from the CAB-LA–experienced sites will be used to
prepare health care providers at the remaining 4 sites and will
be revised based on their feedback.

Focus group discussions (FGDs) will be held with health care
providers experienced in CAB-LA PrEP and members of the
young SGM community to gather their input for the adaptation
of an mHealth education and decision support tool. This tool,
intended to be accessed via an electronic tablet with self-guided
instructions, will be designed to convey information about both
oral and CAB-LA PrEP in an engaging way, describing the
benefits and drawbacks of each method, to help participants
decide whether and which PrEP method may be appropriate for
them. A preliminary storyboard will be developed and shared
with FGD participants, and they will be asked to provide
feedback on images, content, and sequence. Feedback will be

incorporated into the programming of the mHealth education
intervention. FGD participants will be also asked to review and
refine the content of WhatsApp appointment reminders and
provide input regarding the best timing for receiving the
WhatsApp reminders. In addition, FGD participants will be
asked about barriers and facilitators for CAB-LA PrEP
implementation. Health care providers at the 2 study sites with
experience in CAB-LA PrEP will be inquired about frequent
questions asked by CAB-LA PrEP users about the medication
as well as examples of education and counseling strategies they
have used previously to facilitate CAB-LA user comprehension.

Step 1: mHealth Intervention

Overview

Step 1 focuses on evaluating the mHealth intervention and
participants’ choice of PrEP method (Table 1). Potential step 1
participants include individuals who come to a study clinic
looking for PrEP, are PrEP naive, and have expressed an interest
in taking PrEP (see eligibility criteria). All individuals accessing
the service for PrEP will be assessed for study eligibility by a
designated study staff member. Eligible participants will be
asked whether they are interested to assess educational and
counseling interventions for PrEP choice.

After signing step 1 informed consent, participants will undergo
rapid tests for HIV, syphilis, and hepatitis B and C. Rectal, oral,
and urine swab samples will be collected for Chlamydia
trachomatis and Neisseria gonorrhoeae nucleic acid
amplification testing. If a reactive or positive result is obtained
for HIV test, the respective person is deemed ineligible to
receive PrEP. Additional testing to confirm suspected HIV
infection will be performed in accordance with local guidelines.
If an HIV infection is confirmed, the participants will receive
counseling and be immediately referred for HIV treatment and
care. All participants will be evaluated for signs or symptoms
of a possible acute HIV infection. Those with suspected acute
HIV infection will be referred for follow-up investigation within
the public health system.

Participants at each site will receive counseling and education
on the use of PrEP options per the local SOC from a health care
provider until 100 participants indicate that they would like to
start CAB-LA PrEP and enroll in step 2. Additional participants
will receive an mHealth education and counseling intervention
plus the SOC education and counseling until 100 participants
exposed to both SOC and the mHealth intervention enroll in
step 2 of the study at each site (200 participants enrolled per
site).

Upon completing their exposure to SOC or SOC plus mHealth,
participants will be asked to complete a brief survey
administered by a study member that will capture the following
information: (1) participants’ knowledge and beliefs about the
dosing, advantages, and disadvantages of the 2 PrEP options,
(2) their method of choice for HIV prevention, and (3) the
reasons for their preference for oral or CAB-LA PrEP.
Participants who received the mHealth intervention will be
asked additional questions about its acceptability and its value
in supporting decision making on PrEP choice.

JMIR Public Health Surveill 2023 | vol. 9 | e44961 | p.1264https://publichealth.jmir.org/2023/1/e44961
(page number not for citation purposes)

Grinsztejn et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 1. Overview of the ImPrEP CAB Brasil study visits and schedule of procedures: steps 1 and 2 (year 1).

Step 2Step 1 enroll-
ment

Procedures

Month 13
or year 1

Month 11Month 9Month 7Month 5Month 3Month 1Enrollment

Administrative, behavioral, and clinical

✓ICFa step 1

✓SOCb vs mHealthc and
SOC

✓Health provider survey

✓PrEPd choice

✓ICF step 2

✓Randomization text
message

✓✓✓✓✓✓✓✓Locator information

✓✓✓✓✓✓✓✓HIV counseling

✓✓✓✓✓✓✓✓Reproductive counsel-

inge

✓✓✓✓✓✓✓✓Condom, lubricant, and

HIVSTf

✓✓✓✓✓✓✓✓Adherence counseling

✓✓✓✓✓✓✓✓HIV risk and mental
health assessment

✓✓✓✓✓✓✓✓Medical history

✓✓✓✓✓✓✓✓Concomitant medica-
tion

✓✓✓✓✓✓✓✓Directed physical exam-
ination

✓✓✓✓✓✓✓✓Weight and vital signs

✓✓Height

✓✓✓✓✓✓✓HIVST report

Laboratory

✓✓✓✓✓✓✓✓Third-generation HIV
rapid test

✓h✓HIV RNA PCRg (Gen-
eXpert)

✓✓✓✓✓HBVi rapid test

✓✓✓✓✓HCVj rapid test

✓h✓✓✓✓Syphilis testk

✓✓✓✓✓Liver function test

(ALTl)

✓h✓✓✓✓Oropharyngeal CTm

and NGn test

✓h✓✓✓✓Urine CT and NG test

✓h✓✓✓✓Rectal swab CT and
NG test

✓e✓e✓e✓e✓e✓e✓e✓eUrine pregnancy test
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Step 2Step 1 enroll-
ment

Procedures

Month 13
or year 1

Month 11Month 9Month 7Month 5Month 3Month 1Enrollment

✓✓✓✓✓✓✓✓Plasma and Serum stor-
age

Study medication

✓✓✓✓✓✓✓✓Injection

✓✓✓✓✓✓✓✓ISRo evaluation

aICF: informed consent form.
bSOC: standard of care.
cmHealth: mobile health.
dPrEP: preexposure prophylaxis.
eOnly for transgender men.
fHIVST: HIV self-testing.
gPCR: polymerase chain reaction.
hCollect if it is the final study visit.
iHBV: hepatitis B.
jHCV: hepatitis C.
kRapid test plus nontreponemal syphilis testing, as indicated.
lALT: alanine aminotransferase.
mCT: Chlamydia trachomatis.
nNG: Neisseria gonorrhea.
oISR: injection site reaction.

Qualitative Interview

A small subset of step 1 participants from each site (8 SOC
participants per site and 12 SOC plus mHealth participants per
site) will be asked to participate in a qualitative interview to
evaluate their perceived advantages and disadvantages of
different PrEP products and reasons for their choice. Those who
received SOC plus mHealth will be asked to share their feedback
on the acceptability of the mHealth intervention. Audio
recordings will be transcribed verbatim by study staff.

PrEP Choice and Administration

Following the completion of step 1 procedures, participants will
be asked by a health provider whether they choose oral PrEP
or CAB-LA PrEP. Participants who indicate a preference for
oral PrEP will be referred to receive it in the routine HIV
prevention service and will not be navigated by the study team.
The study team will not actively follow-up on these participants
but will retain their participant ID in case they express interest
in switching to CAB-LA PrEP later in the study period.
Participants who choose CAB-LA PrEP will be invited on the
same day to participate in step 2 of the study and will undergo
additional consent, screening, HIV viral load testing, enrollment,
and data collection procedures.

Step 2

Overview

Step 1 participants who chose CAB-LA PrEP after receiving
either SOC counseling or SOC counseling plus mHealth will
be eligible to participate on the same day in step 2 (Tables 1
and 2). Step 2 aims to understand the safety and effectiveness

of CAB-LA PrEP in an environment of choice, assess an
implementation strategy (WhatsApp appointment reminder) for
improving adherence to CAB-LA injections, evaluate HIV
testing strategies, evaluate the acceptability of STI sample
self-collection and HIV self-testing, and understand the
facilitators of and barriers to the integrated delivery of CAB-LA
PrEP in the existing oral PrEP services.

HIV viral load testing will be performed in step 2 participants
using the GeneXpert platform to confirm their eligibility. With
a detectable HIV result, the person will be deemed ineligible
to receive PrEP and will be referred to treatment and care
through the public health system. Those who do not have
detectable HIV results and do not meet any other exclusion
criteria will receive their first CAB-LA injection.

The first follow-up visit will happen in 1 month, and the
subsequent follow-up visits will happen once in every 2 months.
At every follow-up visit, sites will perform HIV testing using
the third-generation (antibody) HIV rapid tests before providing
the next CAB-LA injection. Blood-based HIV self-testing will
be performed by the study participant 24 hours before all
follow-up visits, and the results will be reported by the
participant during the study visit. If a participant does not bring
the HIV self-testing report, the test will be performed at the
clinic in a private space and before the study visit procedures.
Regularly, additional HIV testing with stored samples will be
conducted retrospectively, in batches, with fourth-generation
HIV rapid test, Abbot ARCHITECT HIV Ag/AB combo assay,
and the HIV-1 and HIV-2 RNA Viral Load COBAS 5800
platform. For positive or inconclusive results, the Geenius
HIV1/2 confirmatory assay will be used. In all study visits,
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samples will be stored for additional retrospective HIV testing
at the study central lab at INI-Fiocruz, as necessary. At any
point of the study follow-up, participants with suspected HIV
infection will be referred for follow-up investigation under study
protocol. If HIV infection is confirmed at any point, CAB-LA
injection will be stopped, and the participant will be immediately

linked to care and ART initiation (according to the Brazilian
guidelines) and will be invited to maintain a 1-year follow-up
in the study with quarterly visits (step 4). Resistance testing
will also be performed (if feasible, based on the number of viral
copies).
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Table 2. Overview of the ImPrEP CAB Brasil study visits and schedule of procedures: step 2 (year 2).

Month 25 or year 2Month 23Month 21Month 19Month 17Month 15Procedures

Administrative, behavioral, and clinical

✓✓✓✓✓✓Locator information

✓✓✓✓✓✓HIV counseling

✓a✓a✓a✓a✓a✓aReproductive counseling

✓✓✓✓✓✓Condom, lubricant, and HIVSTb

✓✓✓✓✓✓Adherence counseling

✓✓✓✓✓✓HIV Risk and Mental health assessment

✓✓✓✓✓✓Medical history

✓✓✓✓✓✓Concomitant medication

✓✓✓✓✓✓Directed physical examination

✓✓✓✓✓✓Weight and vital Signs

✓Height

✓✓✓✓✓✓HIVST report

Laboratory

✓✓✓✓✓✓Third-generation HIV rapid test

✓HIV RNA PCRc (GeneXpert)

✓✓HBVd rapid test

✓✓HCVe rapid test

✓✓✓✓Syphilis testf

✓✓Liver function test (ALTg)

✓✓✓✓Urine CTh and NGi test

✓✓✓✓Oropharyngeal CT and NG test

✓✓✓✓Rectal swab CT and NG test

✓a✓a✓a✓a✓a✓aUrine pregnancy test

✓✓✓✓✓✓Plasma and Serum storage

Study medication

✓✓✓✓✓✓Injection

✓✓✓✓✓✓ISRj evaluation

aOnly for transgender men.
bHIVST: HIV self-testing.
cPCR: polymerase chain reaction.
dHBV: hepatitis B.
eHCV: hepatitis C.
fRapid test plus nontreponemal syphilis testing, as indicated.
gALT: alanine aminotransferase.
hCT: Chlamydia trachomatis.
iNG: Neisseria gonorrhea.
jISR: injection site reaction.

Randomized Injection Reminders via WhatsApp

As part of the consent process for enrollment in step 2,
participants will be informed that they may be selected to receive
a WhatsApp appointment reminder 2 days before each scheduled

injection visit. Participants will be randomly assigned (1:1) to
either the SOC (verbal communication and paper appointment
slip letting participants know when they should come back to
the clinic) or SOC plus WhatsApp arm using simple or block
randomization and will be informed of which arm they are
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assigned to during the step 2 enrollment visit. During the month
5 visit, participants who were randomized to receive WhatsApp
appointment reminders will be asked to complete a brief
participant survey to assess the acceptability of receiving
WhatsApp appointment reminders. If a participant does not
return for their month 5 visit, the survey will be administered
at their next clinic visit.

Switching From Oral TDF and FTC PrEP to CAB-LA PrEP

Step 1 participants may choose to switch from oral TDF and
FTC PrEP to CAB-LA PrEP only once during the study period.
These participants will undergo all step 2 procedures prior to
receiving the first CAB-LA injection. Individuals with hepatitis
B surface antigen–positive results and indication of hepatitis B
treatment will be counseled to remain on oral TDF and FTC for
PrEP. If hepatitis B treatment is not indicated and the individual
chooses to switch to CAB-LA, enrollment will be allowed unless
exclusionary hepatic criteria are identified (alanine
aminotransferase ≥5 × upper limit of normal).

Specific Visit Procedures

Participants included in step 2 to receive CAB-LA PrEP who
decide to discontinue participation before completing the
minimum 1 year and maximum 2 years of study follow-up will
complete early discontinuation visit procedures (Table 3). These
participants will be invited to participate in a 12-month extension
follow-up to safely monitor the CAB-LA “tail” phase and will
be offered oral PrEP (TDF and FTC). Some of them will be
invited to participate in a qualitative interview to describe their
experience with CAB-LA PrEP and the reason for decision to
discontinue CAB-LA PrEP.

If a participant misses an appointment but wishes to continue
with CAB-LA PrEP, reloading with CAB-LA may be necessary,
and the participant will need repeat HIV rapid tests before
receiving a new CAB-LA injection. Oral bridging with TDF
and FTC will be offered to participants who anticipate not being
able to attend their scheduled injections (planned missed
injections) in the +7 or −7-day window, starting approximately
2 months after the last injection dose of CAB-LA.
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Table 3. The ImPrEP CAB Brasil–specific visit procedures.

AEc interim visitSTIb interim visitSeroconversionEarly discontinuationaFinal visitProcedures

Administrative, behavioral, and clinical

✓✓✓✓HIV counseling

✓e✓e✓e✓✓Reproductive counselingd

✓✓✓✓Condom, lubricant, and HIVSTf

✓✓✓Adherence counseling

✓✓✓✓HIV Risk and Mental health assessment

✓✓✓✓✓Medical history

✓✓✓✓✓Concomitant medication

✓✓✓✓✓Physical examination

✓✓✓Weight and vital Signs

✓✓✓Height

✓g✓g✓g✓g✓HIVST report

Laboratory

✓✓✓✓Third-generation HIV rapid test

✓i✓✓HIV RNA PCRh (GeneXpert)

✓HIV RNA PCR

✓✓✓✓HBVj rapid test

✓✓✓✓HCVk rapid test

✓✓✓✓Syphilis test

✓m✓✓✓Liver function test (ALTl)

✓o✓oCreatinine or ClCrn

✓✓✓✓Oropharyngeal CTp and NGq test

✓✓✓✓Urine CT and NG test

✓✓✓✓Rectal swab CT and NG test

✓e✓e✓r✓r✓rUrine pregnancy test

✓CD4 cell count

✓HIV resistance testing

✓✓✓Plasma and serum storage

Study medication

✓dInjection

✓t✓dISRs evaluation

✓ARTu initiation

✓y✓yTDFv and FTCw PrEPx

aAny discontinuation occurring before the anticipated final study visit and not related to seroconversion.
bSTI: sexually transmitted infection.
cAE: adverse event.
dDepending on the scenario that presents itself at the time of the final study visit.
eIf pregnancy is suspected.
fHIVST: HIV self-test.
gIf available.
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hPCR: polymerase chain reaction.
iIf HIV infection is suspected.
jHBV: hepatitis B.
kHCV: hepatitis C.
lALT: alanine aminotransferase.
mInterim visits performed because of suspected hepatic adverse events should collect liver function tests.
nClCr: creatinine clearance.
oIf oral preexposure prophylaxis is initiated.
pCT: Chlamydia trachomatis.
qNG: Neisseria gonorrhea.
rOnly for transgender men.
sISR: injection site reaction.
tInterim visits performed because injection site reactions should follow specific protocol instructions.
uART: antiretroviral therapy.
vTDF: tenofovir disoproxil fumarate.
wFTC: emtricitabine.
xPrEP: preexposure prophylaxis.
yIn a final study visit or an early discontinuation visit, if the participant chooses to switch to oral preexposure prophylaxis, they will be followed in the
12-month follow-up study.

Study Step 3
Participants from step 2 will be invited to participate in step 3
if they meet the following eligibility requirements: (1) the
participant decides to switch from CAB-LA to oral TDF and
FTC during study follow-up or (2) the participant decides to
early discontinue CAB-LA injections but does not want to start
oral PrEP.

Participants who choose to switch from CAB-LA to oral TDF
and FTC will need to complete the procedures related to the
daily oral TDF and FTC enrollment visit (Table 3). The

procedures are the same as those specified under both the early
discontinuation visit and the final study visit, plus creatinine
dosage and estimated creatinine clearance. Once enrolled in
step 3, the follow-up consists of visits scheduled for the
following intervals: month 1, month 4, month 7, month 10, and
month 13 or year 1 (Table 4).

Participants who choose to keep off PrEP will be invited to be
followed up in step 3. Participants will have quarterly visits
with sexual risk assessment, HIV and STI testing and
counseling, and the provision of condoms and lubricants.
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Table 4. The ImPrEP CAB Brasil step 3 procedures: daily oral preexposure prophylaxis.

Month 13 or year 1Month 10Month 7Month 4Month 1EnrollmentaProcedures

Administrative, behavioral, and clinical

✓✓✓✓✓✓Locator information

✓✓✓✓✓✓HIV risk assessment and counseling

✓✓✓✓✓✓Condom, lubricant, and HIVSTb

✓✓✓✓✓✓Adherence counseling

✓✓✓✓✓✓Medical history

✓✓✓✓✓✓Concomitant medication

✓✓✓✓✓✓Directed physical examination

✓✓✓✓✓✓Weight and vital Signs

✓✓Height

✓✓✓✓✓HIVST report

Laboratory

✓✓✓✓✓✓Third-generation HIV rapid test

✓✓✓HBVc rapid test

✓✓✓HCVd rapid test

✓✓✓✓✓Syphilis test

✓✓✓Liver function test (ALTe)f

✓✓✓Creatinine or ClCrg

✓✓✓✓Oropharyngeal CTh and NGi test

✓✓✓✓Urine CT and NG test

✓✓✓✓Rectal swab CT and NG

✓✓✓✓✓✓Plasma and serum storage

PrEPj medication

✓✓✓✓✓✓TDFk and FTCl dispensation

aEnrollment procedures for oral preexposure prophylaxis are the same as those of the final study visit and early discontinuation visit.
bHIVST: HIV self-test.
cHBV: hepatitis B.
dHCV: hepatitis C.
eALT: alanine aminotransferase.
fOnly for those who switched from long-acting injectable cabotegravir.
gClCr: creatinine clearance.
hCT: Chlamydia trachomatis.
iNG: Neisseria gonorrhea.
jPrEP: preexposure prophylaxis.
kTDF: tenofovir disoproxil fumarate.
lFTC: emtricitabine.

Step 4

Overview

Participants who are diagnosed with HIV while using CAB-LA
during study follow-up will perform the procedures related to
the seroconversion visit (Table 3) and will be invited to join
step 4. HIV treatment will be initiated in accordance with the
Brazilian guidelines. The participant will be requested to come

to the study clinic for quarterly visits for 1 year. HIV RNA
polymerase chain reaction will be evaluated in all visits. If a
participant is identified with suspected virological failure, a
new resistance test will be performed, and a new ART regimen
will be selected based on the resistance test results.
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Qualitative Assessments During the Study

At month 7, a select set of participants will be invited to
participate in a semistructured qualitative interview guided by
the TFA to understand their experiences with CAB-LA PrEP
and with the clinic services, including WhatsApp appointment
reminders and HIV self-testing. Up to 16 participants will be
interviewed at each site. The aim is to sample approximately 8
individuals who continually adhered to their injection schedule,
approximately 4 individuals who needed to reload, and 4
individuals who discontinued CAB-LA injections. Interviews
will be conducted in Portuguese and audio recorded.
Interviewers will complete a debriefing report summarizing the
key points of the interview within 12 hours of completing the
interview. Audio recordings will be transcribed verbatim by
study staff.

Health Care Provider Survey

At the end of the implementation study, health providers will
be asked to complete an in-depth interview on their experiences

integrating CAB-LA in the existing PrEP services and their
views on the mHealth tool and WhatsApp reminders. The
interview questionnaire will seek to understand the facilitators
of and barriers to CAB-LA service delivery and will be informed
by implementation science constructs drawn from the TFA
(affective attitude, burden, ethicality, intervention coherence,
opportunity cost or relative advantage, perceived effectiveness,
and self-efficacy) [29], Reach, Effectiveness, Adoption,
Implementation, and Maintenance (implementation) [30], and
Proctor et al [31] (feasibility). The definitions of the constructs
are summarized in Multimedia Appendix 1. During these
interviews, health care providers will also be asked to review
their most recent process mapping, describe changes that
happened with CAB-LA implementation, and describe ongoing
“pain points." Short Likert-scale surveys will also be embedded
in the questionnaires to gather quantitative data on acceptability.

Major Outcomes
The major clinical and implementation outcomes, levels of
analysis, methods, and timing are described in Table 5.
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Table 5. Summary of major clinical and implementation outcomes.

Methods and timingLevelMajor outcomes

Clinical

HIV incidence (effectiveness) • HIV test completed at each visit and interim analysis after
12 months of enrollment and upon the completion of the

• Individual

study

Resistance to CAB-LAa or oral TDFb

and FTCc PrEPd (effectiveness and
safety)

• HIV genotyping test at the time of seroconversion or
suspected viral failure at any time during the 12-month
follow-up

• Individual

Implementation

mHealthe intervention acceptability

(from TFAf)

• Survey of all participants receiving mHealth intervention

immediately upon the completion of SOCg or SOC and
mHealth education and counseling

• Individual participant (client or
potential PrEP user)

• Qualitative interview (12 participants per site who receive
mHealth and SOC) during the enrollment period for step
1

mHealth intervention effectiveness (from

RE-AIMh)

• Knowledge survey of all participants receiving mHealth
intervention immediately upon the completion of SOC
or SOC and mHealth education and counseling

• Individual participant (client or
potential PrEP user)

• Qualitative interviews of 8 participants per site who re-
ceive SOC counseling and 12 participants who receive
SOC and mHealth education and counseling about their
knowledge and beliefs about oral and CAB-LA PrEP in
relation to their choice

• Adherence data at the end of the study

mHealth tool acceptability (TFA) and
feasibility (from Proctor et al [31])

• Interviews at the end of the study including questions
that will generate both qualitative and quantitative data

• Individual provider and clinic
setting

WhatsApp appointment reminder accept-
ability (TFA)

• Brief survey given to each participant who received
WhatsApp appointment reminders at their month 5 visit

• Individual client or PrEP user

• Qualitative interviews (16 participants per site) conducted
at month 7

WhatsApp appointment reminder effec-
tiveness (from RE-AIM)

• Study adherence data at the middle and end of the study• Individual client or PrEP user
• Qualitative interviews (16 participants per site) conducted

at month 7

WhatsApp appointment reminder feasi-
bility (Proctor et al [31]) and implemen-
tation (RE-AIM)

• Interviews at the end of the study including questions
that will generate both qualitative and quantitative data

• Individual provider and clinic
setting

• WhatsApp appointment reminder program data files

Acceptability (TFA) of STIi self-test • Qualitative interviews (16 participants per site) conducted
at month 7

• Individual client or CAB-LA
PrEP user

Acceptability (TFA) and feasibility
(Proctor) of STI self-test

• Qualitative interviews at the end of the study• Individual provider and clinic
setting

Acceptability (TFA) of HIV self-testing • Qualitative interviews (16 participants per site) conducted
at month 7

• Individual client or CAB- LA
PrEP user

Implementation: barriers to and facilita-
tors of the integrated delivery of CAB-

• Qualitative interviews (16 participants per site) conducted
at month 7

• Individual participant (client or
CAB-LA PrEP user)

LA PrEP in the existing oral PrEP ser-
vices

•• Interviews at the end of the study including questions
that will generate both qualitative and quantitative data

Individual provider and clinic
setting

Feasibility of CAB-LA PrEP in public
clinic PrEP services

• Interviews at the end of the study including questions
that will generate both qualitative and quantitative data

• Individual provider and clinic
setting

• Review of routine study documentation

JMIR Public Health Surveill 2023 | vol. 9 | e44961 | p.1274https://publichealth.jmir.org/2023/1/e44961
(page number not for citation purposes)

Grinsztejn et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Methods and timingLevelMajor outcomes

• Adherence to injection visits at the middle and end of
the study

• Individual participant (client or
CAB-LA PrEP user)

Maintenance

• Survey of all participants receiving mHealth intervention
immediately upon the completion of SOC or SOC and
mHealth education and counseling about the rationale
for their PrEP choice

• Qualitative interview (12 participants per site who receive
mHealth and SOC) during the enrollment period for step
1 that will include questions about the rational for their
PrEP choice

• Study data on the number of participants enrolled and
pace of enrollment and demographic data

• Individual participant and cohort
characteristics

Reach

aCAB-LA: long-acting injectable cabotegravir.
bTDF: tenofovir disoproxil fumarate.
cFTC: emtricitabine.
dPrEP: preexposure prophylaxis.
emHealth: mobile health.
fTFA: theoretical framework for acceptability.
gSOC: standard of care.
hRE-AIM: Reach, Effectiveness, Adoption, Implementation, and Maintenance.
iSTI: sexually transmitted infection.

Statistical Analysis
Our major clinical outcome (primary analysis) will adopt an
intent-to-treat approach and compare HIV incidence (and 95%
CI) among individuals in the CAB-LA cohort with HIV
incidence (and 95% CI) among individuals on daily PrEP within
the Brazilian SUS. We will estimate the rate of HIV incidence
with 95% CI in each group using Kaplan-Maier statistics. We
will use a Cox proportional hazard model to assess the relative
hazard (hazard ratio with 95% CI) between the 2 groups, overall
and by site, age category, and gender.

It is anticipated that there will be an average follow-up of 1.5
years per person with at least 75% retention each year (N=1350
person-years of follow-up) and that incidence will be higher
than that observed in HPTN 083 in Latin America (0.60 per
100 person-years). If the observed incidence is approximately
50% higher than that observed in HPTN 083, the study will be

able to estimate an incidence of 0.85 (95% CI of 0.47-1.42) per
100 person-years (Table 6). If the observed incidence is
approximately twice as high as that observed in HPTN 083,
then the study will be able to estimate an incidence of 1.18 (95%
CI of 0.72-1.82) per 100 person-years. If the comparison group
is of similar size, then the incidence would need to be 2.2 to 2.5
times higher to observe statistically significant differences
between CAB-LA and oral PrEP. However, if the comparison
group is 3 times larger, then the incidence would need to be 2
to 2.2 times higher to observe statistically significant differences
between CAB-LA and oral PrEP.

To reach the primary implementation objective, we will report
descriptive statistics (numbers, proportions, and medians) of
Likert-scale responses to the TFA constructs (affective attitude,
burden, ethicality, intervention coherence, opportunity costs,
and perceived effectiveness and self-efficacy) among health
care providers.
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Table 6. Observable differences given potential HIV incidence in intervention and comparison groups.

Incidence (95% CI)Group

Intervention: CAB-LAaPrEPb

1350 pyc incidence/100 py

0.59 (0.28-1.13)8 cases

0.89 (0.48-1.51)12 cases

1.19 (0.71-1.88)18 cases

Comparison: oral PrEP in the Brazilian health system

1350 pyc incidence/100 py

1.78 (1.17-2.61)24 cases

2.22 (1.53-3.13)30 cases

2.67 (1.90-3.65)36 cases

2700 py incidence/100 py

1.59 (1.17-2.13)43 cases

2.00 (1.52-2.59)54 cases

2.44 (1.91-3.09)66 cases

4050 py incidence/100 py

1.48 (1.14-1.89)60 cases

1.93 (1.53-2.39)78 cases

2.32 (1.89-2.83)94 cases

aCAB-LA: long-acting cabotegravir.
bPrEP: preexposure prophylaxis.
cpy: person-years.

Ethics Approval
The study protocol and informed consent forms were reviewed
and approved by the Evandro Chagas National Institute of
Infectious Diseases (INI), Fundação Oswaldo Cruz (Fiocruz)
institutional review board (August 25, 2022; #CAAE
59166522.7.1001.5262) and the Research Ethics Review
Committee at the WHO with respect to scientific content and
compliance with applicable research and human participants’
regulations. The protocol, site-specific informed consent forms,
participant education and recruitment materials, and any
requested documents and their subsequent modifications were
also be reviewed and approved by the ethical review bodies
responsible for the oversight of the research conducted at each
of the study sites. Informed consent will be obtained in 2 study

steps. In step 1, consent will be obtained from participants who
visit the site looking for PrEP. In step 2, the participants will
provide consent for the use of injectable CAB-LA PrEP. This
study may be paused or stopped at any time by the local
institutional review board or the study’s principal investigator.

Results

During the third and fourth quarters of 2022, we obtained
regulatory approvals; programmed data entry or management
systems; trained sites; and performed community consultancy,
process mapping, and formative work. Study enrollment is
anticipated to happen in the first quarter of 2023. The planned
activities are presented in Table 7.
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Table 7. Planned activities for the ImPrEP CAB Brasil study (2022-2024).

Quarter 4
of 2024

Quarter 3
of 2024

Quarter 2
of 2024

Quarter 1
of 2024

Quarter 4
of 2023

Quarter 3
of 2023

Quarter 2
of 2023

Quarter 1
of 2023

Quarter 4
of 2022

Quarter 3
of 2022

Quarter 2
of 2022

Activities

✓Regulatory sub-
mission

✓✓Regulatory ap-
provals

✓✓Data entry or
management
systems pro-
grammed

✓✓Drug importa-
tion and distribu-
tion

✓✓✓Site equipping

✓✓✓✓SOPa and SSPb

development

✓✓Staff selection

✓✓Staff training

✓Process map-
ping

✓✓✓Formative work

✓✓✓Enrollment

✓✓✓✓✓Follow-up

✓✓✓✓Data consolida-
tion

✓✓Data analysis

✓Final report

✓Manuscript sub-
mission

aSOP: standard operational procedures.
bSSP: study-specific plan.

Discussion

Principal Findings
ImPrEP CAB Brasil is the first study to evaluate CAB-LA PrEP
implementation in Latin America. Latin America is one of the
regions where PrEP scale-up, as well as the reduction of
inequalities in PrEP access, is most needed. We hereby describe
the study protocol, providing details of the study’s objectives,
procedures, outcomes, and statistical analysis to aid researchers
from Brazil, Latin America, and other regions during CAB-LA
implementation within public health systems.

To date, no clinical or implementation results are available for
injectable PrEP with CAB-LA in real-life settings. We expect
the acceptability of CAB-LA in Brazil to be high. Data from a
web-based survey and descriptive choice experiment have shown
that injectable PrEP was preferred over other PrEP modalities
in Brazil [35-37]. Our results regarding PrEP choice among
individuals seeking PrEP in health units will increase this body
of evidence. For instance, in the field of contraception, the
increased availability of options and informed decision-making

in the choice of contraception have improved the uptake and
persistence of the methods used [38]. It is likely that expanding
the method options for PrEP will similarly improve uptake and
persistence.

Our study will also contribute to the expansion of the knowledge
on the best HIV testing algorithm to be implemented in low-
and middle-income countries when using CAB-LA for PrEP,
which is a major need.

This study is coordinated by INI-Fiocruz, an internationally
recognized research institution and the leading reference center
in Latin America for infectious diseases. INI-Fiocruz has been
working closely with the Brazilian Ministry of Health (BMOH),
the Pan American Health Organization, Unitaid, and the WHO
to address evidence gaps and identify key learnings to inform
the introduction of injectable CAB-LA PrEP among the most
susceptible populations. The INI-Fiocruz team has extensive
experience in engaging SGMs in demand creation, providing
HIV combination prevention services that foster PrEP uptake
and retention and advocating for enhanced HIV prevention
policies [39,40]. In addition to being a recognized academic
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institution, INI-Fiocruz is the largest HIV prevention and
treatment center in Rio de Janeiro, Brazil, with over 1000 SGMs
tested per year [41]. The INI-Fiocruz study team was responsible
for planning, designing, and implementing the PrEP Brasil study
[14], which provided critical evidence to support the BMOH in
the incorporation of PrEP as a public health policy. The team
also coordinated the ImPrEP study, which provided information
for PrEP surveillance in Brazil, and PrEP implementation in
Mexico and Peru [16].

This study is poised for informing policy makers, building public
health staff capacity, and creating environments for successfully

implementing the proposed prevention strategies in collaboration
with the BMOH. Moreover, we expect the mHealth component
to be highly acceptable and possibly implemented within the
Brazilian public health system.

Conclusions
The ImPrEP CAB Brasil study will contribute to the generation
of valuable information to inform the design of programmatic
strategies for implementing CAB-LA PrEP in Brazil,
maximizing the public health impact of PrEP in reducing HIV
incidence among young SGMs in Brazil, Latin America, and
other countries in the Global South.
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Abstract

Background: Adverse drug reactions (ADRs) are unintended consequences of medication use and may result in hospitalizations
or deaths. Timely reporting of ADRs to regulators is essential for drug monitoring, research, and maintaining patient safety, but
it has not been standardized in Australia.

Objective: We sought to explore the ways that ADRs are monitored or reported in Australia. We reviewed how consumers and
health care professionals participate in ADR monitoring and reporting.

Methods: The Arksey and O’Malley framework provided a methodology to sort the data according to key themes and issues.
Web of Science, Scopus, Embase, PubMed, CINAHL, and Computer & Applied Sciences Complete databases were used to
extract articles published from 2010 to 2021. Two reviewers screened the papers for eligibility, extracted key data, and provided
descriptive analysis of the data.

Results: Seven articles met the inclusion criteria. The Adverse Medicine Events Line (telephone reporting service) was introduced
in 2003 to support consumer reporting of ADRs; however, only 10.4% of consumers were aware of ADR reporting schemes.
Consumers who experience side effects were more likely to report ADRs to their doctors or pharmacists than to the drug
manufacturer. The documentation of ADR reports in hospital electronic health records showed that nurses and pharmacists were
significantly less likely than doctors to omit the description of the drug reaction, and pharmacists were significantly more likely
to enter the correct classification of the drug reaction than doctors. Review and analysis of all ADR reports submitted to the
Therapeutic Goods Administration highlighted a decline in physician contribution from 28% of ADR reporting in 2003 to 4% in
2016; however, within this same time period, hospital and community pharmacists were a major source of ADR reporting (ie,
16%). In 2014, there was an increase in ADR reporting by community pharmacists following the introduction of the GuildLink
ADR web-based reporting system; however, a year later, the reporting levels dropped. In 2018, the Therapeutic Goods
Administration introduced a black triangle scheme on the packaging of newly approved medicines, to remind and encourage
ADR reporting on new medicines, but this was only marginally successful at increasing the quantity of ADR reports.
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Conclusions: Despite the existence of national and international guidelines for ADR reporting and management, there is
substantial interinstitutional variability in the standards of ADR reporting among individual health care facilities. There is room
for increased ADR reporting rates among consumers and health care professionals. A thorough assessment of the barriers and
enablers to ADR reporting at the primary health care institutional levels is essential. Interventions to increase ADR reporting, for
example, the black triangle scheme (alert or awareness) or GuildLink (digital health), have only had marginal effects and may
benefit from further improvement revisions and awareness programs.

(JMIR Public Health Surveill 2023;9:e40080)   doi:10.2196/40080

KEYWORDS

pharmacovigilance; adverse drug reactions; primary care; digital health

Introduction

The World Health Organization defines pharmacovigilance
(PV) as “the science and activities related to the detection,
assessment, understanding and prevention of adverse effects of
medications” [1]. Many harmful adverse drug reactions (ADRs)
resulting from medication use go undetected or unreported to
regulatory authorities [2]. The underreporting of ADRs remains
a major threat to patient safety and is a substantial burden to
established health care systems [2,3]. Most PV schemes are
based on spontaneous and voluntary reporting [4]. In Australia,
the Therapeutic Goods Administration (TGA) receive suspected
ADRs reports from health care professionals (HCPs; physicians,
pharmacists, nurses, etc) and the general public (consumers,
patients, carers, members of the legal system, etc) [5,6]. The
TGA regularly reviews available information originating from
submitted ADR reports, and this informs drug safety decisions
[4]. International studies have stated that less than 5% of ADRs
are reported, including in jurisdictions where ADR reporting is
mandatory [7]. Without a robust PV systems, ADRs may remain
undetected for years, exposing patients to unanticipated health
risks, and is a detriment to the health care system and taxpayers
[8]. For example, the anti-inflammatory drug rofecoxib (Vioxx)
was withdrawn from the market for high risk of myocardial
infarctions after population exposures had reached millions,
emphasizing the need for early detection of drug safety signals
to ensure global health safety[7].

In Australia, approximately 400,000 consumers present to
hospital emergency departments each year with
medication-related problems [3,9]. Furthermore, about 7.2% to
11% of hospital admissions are specifically related to ADRs,
of which approximately 50% are preventable [9,10]. Globally,
it has been reported that 3.6% to 15.6% of hospital admissions
are related to ADRs [11,12]. Complications related to ADRs
may increase the mean length of hospital stay from 8 to 20 days
[13]. According to the Pharmaceutical Society of Australia’s
medication safety report (2019), health care expenditure for
medication-related problems is estimated at AUD $1.4 billion
(US $900,207) per annum [14]. Despite its limitations,
spontaneous reporting remains the most common method for
generating safety signals; however, it is estimated that only 6%
of all ADRs that occur are reported [7,15,16]. The reasons for
ADR underreporting have previously been described [10,17-19];
these may include limited knowledge and awareness of PV,
reluctance to report by consumers or HCPs due to time
constraints, and nonsupportive workplace structures. Although

various interventions to improve ADR reporting have been
implemented [20], ADR underreporting remains a limitation of
the current PV system [10,21].

Previous studies have evaluated the effects of interventions for
improving ADR reporting rates; however, the perspective of
ADR reporting and handling within the Australian health care
system remains largely unexplored [20-22]. There remains little
integrative and collective knowledge on ADR reporting,
monitoring, and handling in the Australian health care context
[21]. This scoping review aimed to provide a comprehensive
landscape of PV and ADR reporting, monitoring, and handling
in Australia. This review may stimulate further research, policy
makers, regulatory authorities, or software vendors to make
decisions that may promote ADR reporting and improve patient
safety within the Australian context.

Methods

Overview
The Arksey and O’Malley methodology framework was adopted
for conducting this scoping review [23,24]. This framework
uses a rigorous process of transparency that enables the
replication of the search strategy, which increases the reliability
of the study findings. The framework has six stages as follows.

Stage 1: Identifying the Research Question
The focus of this scoping review was to explore ADR reporting
in the Australian health care system and the extent of
participation by consumers or HCPs and to describe the different
reporting systems. The core questions are (1) How are ADRs
monitored, reported, and handled in the Australian health care
system? and (2) What is the extent of participation by consumers
or HCPs?

Stage 2: Identifying the Relevant Studies
The search strategy was developed by authors JFT and RAY.
Six scientific databases were searched (Web of Science; Scopus;
Embase; PubMed, including MEDLINE; CINAHL; and
Computer & Applied Science Complete) for research articles
published in English between 2010 to 2021. Furthermore, a
reference list search (ie, backward reference search) and a cited
reference search (ie, forward reference search) were carried out
based on the full-text papers that met the study selection criteria.
The reference search was repeated on newly identified papers
until no additional relevant papers could be found. Multimedia
Appendix 1 presents the full search strategy for each database.
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Stage 3: Selecting Studies
The inclusion and exclusion criteria are presented in Textbox
1.

Five authors (JFT, RAY, THD, RM, and NW) independently
screened the titles and abstracts of the studies to identify the

ones for potential inclusion. Disagreements about exclusions
were discussed until a consensus was reached. The full texts of
the articles were then independently reviewed by 2 authors (JFT
and RAY), who decided whether or not they met the selection
criteria. In the case of disagreement, a third author (NW) made
the final decision.

Textbox 1. Inclusion and exclusion criteria.

Inclusion criteria

• Adverse drug reactions (ADRs) in the Australian health care system (medication management context)

• Cross-sectional or survey-based studies

Exclusion criteria

• Not related to drugs

• Not related to ADR reporting, monitoring, or handling (eg, efficacy or effectiveness of a study’s design)

• Not related to patients’ reporting (eg, a safety study in animals)

• Qualitative studies, review manuscripts, editorials, letters, and news

Stage 4: Charting the Data
Two reviewers (JFT and RAY) identified characteristic data
sets to describe the articles, which included the author(s), year
of publication, setting (where the study was conducted, eg,
hospital and community pharmacy), study population (eg,
physicians), gender, age, intervention, and reporting rates. The
data were represented in a logical and descriptive manner in
line with the objectives of this review. As per guidelines,
scoping reviews do not exclude research based on the research
quality but rather identify areas that are lacking in research
[23,24]. Therefore, methodological quality or risk of bias of the
included articles were not needed [23,24].

Stage 5: Collating, Summarizing, and Reporting
Results
The information extracted were summarized, organized, and
discussed. A PRISMA (Preferred Reporting Items for Systematic
reviews and Meta-Analyses) flow chart was developed to
summarize the identified literature and study selection steps.
The narrative and a numerical summary of the characteristics
of the included studies were tabulated. In the conceptual
analysis, the study aimed to describe 2 main themes: (1) how
ADRs are monitored, handled, or reported in the Australian
health care system and (2) the extent of participation by
stakeholders. The results of the first theme are presented in
Multimedia Appendix 2 as the type of reporting or intervention,
PV system used, and the focus of the surveillance. The results
of the second theme are presented by the study population,
setting, and reporting rates.

Stage 6: Consultation Exercise
The last stage was to engage in a consultation exercise with
stakeholders to discuss, inform, and validate the results of the

study [23,24]. This scoping review was interdisciplinary [23,24];
the overall expertise covered medicine, clinical pharmacy, PV,
epidemiology, public health, health informatics, and statistics.
The participation of all the authors throughout the research
process served the purpose of constant consultation and provided
the rigor and strength to the study findings and conclusions.

Results

Overview
Figure 1 (PRISMA flow chart) depicts the full review process
and shows the number of citations excluded at each step. A total
of 3538 citations were retrieved from the scientific electronic
databases after duplicates (n=878) were removed. We screened
the titles, abstracts, and full texts using the exclusion criteria
and resulted with 6 citations to be included. The reference lists
of the selected studies were also manually searched, and 1 article
was identified; in total, 7 citations were relevant to the research
question and included in the flow chart (stage 3). Multimedia
Appendix 3 presents a list of the included studies.

The selected studies were published between 2013 and 2021.
Among the studies, 2 focused on consumers and patients, 2 on
health care providers, and 3 on information systems. In all, 5
of the 7 studies were in the hospital settings, and the rest were
in the community. The findings of the selected studies are
presented in 2 themes that relates back to the research questions,
“ADR reporting, monitoring, and handling in the Australian
health care context” and “participation.” The characteristics of
the studies’ findings are summarized in Multimedia Appendix
2.
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Figure 1. PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) flowchart of study selection and inclusion criteria. ADR:
adverse drug reaction.

ADR Reporting, Monitoring, and Handling in
Australia

Regulatory Monitoring of ADR
The Australian National Safety and Quality Health Service
provides statements for accreditation and include standards for
ADR management. Health services are required to have
processes for documenting medication allergies and ADRs
within the health care records and in the organization-wide
incident-reporting system, as well as for submitting major or
rare ADRs to the TGA. Providing written ADR information to
both the patient and their general practitioner (GP) is a
requirement in Australian hospitals [25]. However, despite
national and international guidelines for ADR reporting and
management, there is no established national protocol for
reporting ADRs at the individual health care facility level [26].
As such, there exists substantial interinstitutional variability
with respect to the timing and nature of ADR reports [26]. The
responsibility for the timely collection and reporting of drug
safety information mainly rests with the marketing authorization

holder due to mandatory reporting requirements from regulatory
agencies [27,28].

ADR Handling
An Adverse Drug Reaction Review Committee (ADRRC) is
an internal hospital committee comprising of a multidisciplinary
team that includes a senior pharmacist and a specialist clinician
from at least one of dermatology, immunology, clinical
pharmacology, infectious diseases, and general medicine
[25,26]. The committee meets every 2 weeks to review all ADR
reports; verify diagnoses, if required; organize allergic clinical
referrals; and provide further risk mitigation measures through
written recommendations to the clinicians involved as well as
the patients and carers. Relevant ADR reports are forwarded to
the national database at the TGA [26]. In the study of patient
satisfaction with an ADR warning card at a tertiary hospital
during the period between January 2013 and April 2016 (n=241),
patients with suspected ADRs received a wallet-sized paper
card titled “Temporary ADR warning card” with the name of
the drug thought to be the causative agent. The ADR pharmacist
collated the supporting evidence for the case including notes
from the inpatient stay and information from the Australian
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Database of Adverse Event Notifications. The collated evidence
was sent to the ADRRC clinicians who reviewed the case and
determined an outcome. If the ADR was confirmed, the patient
was sent a letter containing the details of the reaction and a
laminated card titled “Permanent ADR warning card,” and a
copy of the letter was sent to the patient’s GP [25].

ADR Reporting Schemes
The Adverse Medicine Events Line is a telephone reporting
service that was introduced in Australia in 2003 to allow
consumers to report suspected ADRs to the TGA and receive
advice about side effects [27]. In June 2014, a pharmacy
software vendor, GuildLink, created a web-based Adverse
Events Recording module that integrated directly into the TGA
ADR web service. This integration allows community
pharmacists to report ADRs directly to the TGA from their
professional service program instead of having to manually
complete a separate ADR reporting form. In 2018, the TGA
introduced a black triangle scheme on the packaging of newly
approved medicines to alert HCPs and consumers, serving as a
prompt to report any ADRs associated with that medicine [28]

Participants and Extent of Involvement

Patient and Consumer
Direct consumer and patient reporting of ADRs to the TGA has
been possible since 1964, and since 1990, there had been fewer
than 7000 consumer ADR reports [27]. In 2009, there was a
spike in consumer ADR reporting (1307/13,298, 9.8%) that was
associated to influenza vaccines due to the H1N1 pandemic;
however, consumer reporting fell to 3% in 2011 [27]. A study
of consumer awareness to ADR reporting between September
and October 2012 used 2 methods to survey respondents: a
computer-assisted telephone interview (n=2484) and a
Pureprofile web-based survey (n=2497). From the 2 groups
combined, 46.3% of consumers indicated that side effects of
prescription medicines were very common (88.4%) [27]. The
awareness of consumer reporting schemes among the whole
study group was low (10.4%) [27]. Among 217 respondents
who had experienced a side effect and were aware of consumer
reporting schemes, 46 (21.2%) reported the ADR, using one of
the reporting schemes [27]. Consumers were more likely to
report ADRs to their doctors or pharmacists than to the
pharmaceutical industry [27,28]. Among the consumer who had
experienced a side effect, 84.6% reported the event to an HCP,
most often a GP [27]. In the study of patient satisfaction with
an ADR warning card at a tertiary hospital during the period
between January 2013 and April 2016 (n=241), 85% notified
their doctor, 67% notified their family, and 40% notified their
community pharmacist [25]. The likelihood of the causative
agent being available in community pharmacies determined if
participants were more likely to consider it necessary to inform
their regular community pharmacist of the new ADR (P=.001)
[25]. The majority of ADRs experienced by participants fell
within 3 drug classes: antibiotics (32%), iron infusions (14%),
and contrast media (13%) [25].

HCPs’ Participation
In the review and analysis of all ADR reports submitted to the
TGA, 28% out of 10,981 reports received in 2003 and about

7% out of the 14,400 reports received in 2011 were from GPs
[27]. In 2016, the TGA national PV data also highlighted that
hospital and community pharmacists were a major source of
ADR reporting, at a much higher rate than doctors (physicians;
ie, 16% for pharmacists vs 4% for physicians) [26]. In fact, in
their submission for the 2015 TGA review of Australian
Medicines and Medical Devices regulations, the Consumers
Health Forum argued for mandatory requirements for doctors
and pharmacists to report ADRs [28]. However, the Royal
Australasian College of Physicians expressed the need for
Australian physicians to receive payment for completing ADR
reports [27]. In the review of voluntary ADR reports by HCPs
to an ADRRC from 2012-2016, of the 555 ADR reports, 471
(84.8%) were reported by hospital pharmacists, 52 (9.4%) by
doctors, and 32 (5.7%) by other HCPs. The median time from
the date of onset of an ADR to submission of an ADR report
(ie, to the TGA) was 3 days [26]. In the study of knowledge
and perspectives of ADR reporting by community pharmacists
between January to February 2017 (n=263), 35.3% (n=82) of
community pharmacists reported at least one ADR to the TGA
in the previous 12 months, even though 88.4% (n=205) of the
pharmacists encountered an ADR in a patient, and 65.9%
(n=153) documented ADRs as part of a clinical intervention at
least once a month [28]. The documentation of opioid and
penicillin ADR reports in hospital electronic health records
showed that nurses and pharmacists were significantly less
likely than doctors to omit the reaction description and that
pharmacists were significantly more likely to enter the correct
classification than doctors (53%, 95% CI 50.52-55.47; P<.001)
[29,30].

Discussion

To the best of our knowledge, this is the first scoping review
to integrate and synthesize the available published and scientific
literature on ADR reporting within the Australian health care
context. Thus, this study provides a broad overview of the
Australian PV landscape and may highlight potential areas for
innovation or quality improvement.

Consumers Participation in ADR Reporting
The results of our review indicates that consumer reporting is
low, as reported in other studies [27]; despite this, consumers
who are aware of reporting schemes may be willing to report.
The studies showed that consumers were generally more likely
to report ADRs to doctors (physicians) or pharmacists [27,28].
The findings are consistent with a recent study reporting that
community pharmacists are usually the first point of contact
regarding medication-related issues as the most frequently
visited HCPs in Australia [10]. Introducing measures to facilitate
ADR reporting for both consumer and patients and HCPs can
be beneficial. A 2020 systematic review of interventions to
improve ADR reporting also concluded that there was scope to
include community pharmacies to improve ADR reporting [22].
These findings were also reported in other reviews [20,21].
Robertson and Newby [27] published in 2013 that only 10.14%
of consumers (respondents) were aware of ADR reporting
schemes. In 2020, Li et al [31] reported the findings of a black
triangle scheme (ADR awareness) introduced by the TGA in
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2018 to increase awareness and promote the reporting of ADRs
by consumers and HCPs [31]. The effect of the black triangle
scheme was only marginally successful at increasing ADR
reports, that is, there was an improvement in the overall quality
of ADR reports submitted but no meaningful increase in the
quantity of reports [31]. The study concluded that additional
strategies were required to enhance the overall PV system in
Australia [28,31]. Considering that there has only been a
marginal change in ADR reporting since 2013 [27], it suggests
that there is opportunity for regulators to provide more
awareness, such as education and further research. The provision
of feedback to consumers about their ADR reports and involving
consumers in the ADR management process, for example, the
provision of ADR Warning cards, resulted in a high level of
patient satisfaction and may have positively contributed to
patient awareness [25]. In addition, feedback to health care
providers on their submitted ADR reports may also encourage
further reporting [28].

Health Care Provider Participation in ADR Reporting
Consumers who experienced a side effect reported the event to
an HCP, most often a GP (physician) [27]. However, the review
and analysis of all ADR reports submitted to the TGA
highlighted a decline in GPs’ contribution, from 28% of ADR
reporting in 2003 to 4% in 2016 [26,27]. Therefore,
understanding the barriers to and facilitators of ADR reporting
among GPs in Australia may inform future interventions.
Furthermore, in 2016, the TGA data also highlighted that
hospital pharmacists and community pharmacists were a major
source of ADR reporting, at a much higher rate than doctors
(16% from pharmacists vs 4% from GPs) [26]. A Canadian
study exploring why clinicians do not report ADRs posited that
previous studies had focused predominantly on the knowledge
and attitudes of HCPs and framed underreporting as a failure
of individual clinicians without investigating workplace
structures or practices that may have influenced reporting [18].
The discrepancies in reporting between GPs and pharmacists
are vital and may warrant further investigation into organization
and workplace structures. This is particularly important given
our results in the documentation of opioid and penicillin ADR
reports in a hospital electronic health records that showed that
nurses and pharmacists were significantly less likely than
doctors to omit the reaction description and that pharmacists
were significantly more likely to enter the correct classification
than doctors [29,30]. It is important to note that the study did
not mention the reasons for reporting differences, leaving room
for further investigations. Conversely, despite nurses being less
likely to omit the reaction description, their perspective and
reporting rate were not discussed and would benefit from further
exploration. Nevertheless, although new technologies, for
example, “electronic health records,” present as an opportunity
to facilitate ADR reporting [21], it has been noted that in
practice, these electronic systems can cause unexpected errors,
desensitize clinicians to alerts, and increase the documentation
burden [19]. This is evident in our findings, where in June 2014,
a pharmacy software vendor, GuildLink, created a web-based
Adverse Events Recording module that integrated directly into
the TGA ADR web service [28]. This allowed community
pharmacists to report ADRs directly to the TGA from their

professional service program instead of having to manually
complete a separate ADR reporting form [28]. In the follow-up
from the GuildLink intervention, the quantity of reports received
by the TGA was nearly as high as that of the previous year
(2013); however, despite the positive start, the numbers declined
again in 2015 [28]. The factors that may have influenced a
sustained adoption of the GuildLink system were not mentioned
or discussed. As new digital technologies emerge and continue
to transform health care management [32], exploring existing
technology and their shortcomings, for example, GuildLink,
and evaluating their health impact present areas of opportunity
for improving health quality and patient safety.

Repeated calls for mandated ADR reporting for HCPs have
been made, and as discussed above, patients are more likely to
discuss or report issues with their medications to the HCPs who
initially dispensed or prescribed them (GPs or pharmacists).
The Consumers Health Forum in their 2015 submission argued
for mandatory requirements for doctors and pharmacists to
report ADRs [23,28]. However, the Royal Australasian College
of Physicians also expressed the need for Australian physicians
to receive payment for completing ADR reports [27].
Furthermore, one of the studies in our results suggested financial
incentives for ADR reporting was also highly regarded as a
measure to improve reporting by pharmacist [28]. Considering
these points, none of the studies in our results explored or noted
the impact of mandatory reporting or incentives, for example,
financial, on ADR reporting. Furthermore, the finding of the
review also showed that despite national and international
guidelines for ADR reporting and management, there is no
established gold standard systems (policy or guideline) at the
individual health care facility level in Australia [26]. Therefore,
there exists substantial interinstitutional variability with respect
to the timing and nature of reporting ADRs [26]. It was also not
possible to pinpoint the net effect of interinstitutional variability
in ADR reporting to the TGA, which requires further
investigation.

Strength and Limitation of the Review
The strength of this scoping review is that it is the first review
to attempt an integration and synthesis of the available literature
on ADR reporting, monitoring, and handling in the Australian
health care context; the extent of participation; and ADR
reporting systems. Notwithstanding the value of this research,
some limitations must be acknowledged. This review was
limited to papers published in English; it is possible that other
potentially relevant literature in other languages were omitted.
Although this review was performed using multiple major
databases, searching other databases may have yielded other
relevant published papers. A quality assessment of the studies
included in the review was not undertaken; however, it was not
relevant for the aim and not always necessary for scoping
reviews [23,24]. There was limited data from the included
studies in regard to the variabilities in participants’ age, gender,
or educational status. The majority of the studies were
undertaken in the hospital setting and predominately focused
on pharmacists and physicians; therefore, applying these results
to the entire Australian health care system may require additional
considerations, for example, the impact of age, gender, task, or
work setting. Different states, regions, and countries may differ
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in their infrastructures, capacities, general workplace culture,
medical education programs, and economic status, which limits
the generalizability of the findings of this review.

Conclusion
The exploratory nature of the scoping review helped to integrate
and synthesize the literature to give us a broad overview of the
PV and ADR-reporting landscape in Australia. This review is
beneficial for identifying research gaps and serves as a vital
step to identify key areas for digital interventions and quality
improvement in ADR reporting. It is also hoped that the results
of this scoping review send a message to regulators (eg, the
TGA), software vendors, or policy makers concerning the work
that is needed to develop a robust and standardized PV system

in Australia. This review did not find a generally accepted “gold
standard” protocol or framework for ADR reporting among
individual health care facilities, and there is substantial
interinstitutional variability with respect to the timing and nature
of ADR reporting in Australia.

Despite the marginal effects from previous interventions aiming
to enhance ADR reporting, for example, ADR awareness (black
triangle scheme) or digital health interventions (GuildLink),
there is opportunity to improve patient safety in relation to
ADRs. Further evidence-based research is needed to guide ADR
interventions design and implementation. To support these
interventions, knowledge of the barriers and enablers to ADR
reporting among consumers, pharmacists, physicians, and nurses
at a primary health care institutional level is warranted.
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Abstract

Background: Vaccine safety surveillance is a core component of vaccine pharmacovigilance. In Canada, active,
participant-centered vaccine surveillance is available for influenza vaccines and has been used for COVID-19 vaccines.

Objective: The objective of this study is to evaluate the effectiveness and feasibility of using a mobile app for reporting
participant-centered seasonal influenza adverse events following immunization (AEFIs) compared to a web-based notification
system.

Methods: Participants were randomized to influenza vaccine safety reporting via a mobile app or a web-based notification
platform. All participants were invited to complete a user experience survey.

Results: Among the 2408 randomized participants, 1319 (54%) completed their safety survey 1 week after vaccination, with a
higher completion rate among the web-based notification platform users (767/1196, 64%) than among mobile app users (552/1212,
45%; P<.001). Ease-of-use ratings were high for the web-based notification platform users (99% strongly agree or agree) and
88.8% of them strongly agreed or agreed that the system made reporting AEFIs easier. Web-based notification platform users
supported the statement that a web-based notification-only approach would make it easier for public health professionals to detect
vaccine safety signals (91.4%, agreed or strongly agreed).

Conclusions: Participants in this study were significantly more likely to respond to a web-based safety survey rather than within
a mobile app. These results suggest that mobile apps present an additional barrier for use compared to the web-based
notification–only approach.

Trial Registration: ClinicalTrials.gov NCT05794113; https://clinicaltrials.gov/show/NCT05794113

(JMIR Public Health Surveill 2023;9:e39700)   doi:10.2196/39700

JMIR Public Health Surveill 2023 | vol. 9 | e39700 | p.1291https://publichealth.jmir.org/2023/1/e39700
(page number not for citation purposes)

Bota et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:kwilson@toh.ca
http://dx.doi.org/10.2196/39700
http://www.w3.org/Style/XSL
http://www.renderx.com/


KEYWORDS

active participant–centered reporting; health technology; adverse event reporting; mobile apps; immunization; vaccine; safety;
influenza; campaign; apps; mobile; surveillance; pharmacovigilance

Introduction

Vaccine safety surveillance is a core component of vaccination
programs to monitor the safety of vaccines for health care
professionals, policy makers, and the public. The
implementation of a vaccine safety surveillance program
increases the public confidence in various vaccines that are
introduced [1]. Serious adverse events following immunization
(AEFIs) are rare but do occur. For this reason, good-quality
pharmacovigilance is necessary to detect AEFIs. Digital
technology offers the potential to enhance and improve AEFI
surveillance.

Vaccine pharmacovigilance in Canada currently involves passive
and active surveillance systems that are designed to detect even
very rare events in the population of vaccine recipients.
However, passive surveillance suffers from underreporting and
reporting biases (based on age, severity, and type of vaccine),
while active surveillance occurs only for adverse events (AEs)
in hospitalized children for specific conditions [2,3]. The
detection of safety signals can be slow for either system and
does not allow for the calculation of population-based incidence
rates.

Participant-centered active vaccine reporting offers a potentially
more economical and sustainable mechanism to conduct
large-scale pharmacovigilance as it allows for rapid
identification of AEFIs with minimal human resource needs.
The Canadian National Vaccine Safety (CANVAS) network
was established in 2009 to provide enhanced monitoring for
pandemic and seasonal influenza vaccines using rapid,
web-based active surveillance. CANVAS provides timely
influenza vaccine safety information annually, via a web-based
survey, collected from over 50,000 adults and parents across
Canada. CANVAS includes an unvaccinated control group,
which provides a robust approach for conducting rapid
evaluations of vaccine safety.

The use of mobile health (mHealth) has allowed researchers,
policy makers, and health care practitioners to reach individuals
who are often less accessible, which, in turn, encompasses a
broader and more representative sample of the population [4].
mHealth has not only increased accessibility but also provided
low-cost health care solutions for various populations [5]. The
COVID-19 pandemic and influenza outbreaks disproportionally
harm individuals from communities that may be less accessible
[6]. The need to reach broader populations is important in
vaccine safety research to better improve postmarket
surveillance and could potentially be aided through low-cost
solutions via mHealth. However, this needs to be evaluated.

mHealth is a rapidly growing field, and the near ubiquity of
smartphones presents a unique opportunity to incorporate digital
technologies to address public health issues, such as monitoring
AEFIs, and facilitate communication between individuals and
public health officials. With increased mobile device and app
usage, the potential exists to capture, transmit, and monitor

postimmunization experiences rapidly using self-reporting
and personal mobile devices. For example, Australia has
successfully implemented participant-centered digital AEFI
reporting using SMS text messaging technology [7].
CANImmunize is a digital immunization tracking solution that
could serve as an acceptable platform for digital AEFI reporting
[8,9].

In this study, we will evaluate the effectiveness and feasibility
of using a mobile app for reporting participant-centered seasonal
influenza AEFIs compared to a web-based notification platform.

Methods

Study Procedures
A 2-centered randomized controlled trial (RCT) was
conducted to evaluate the use of safety reporting via a mobile
app compared to safety reporting via web-based CANVAS
notifications among individuals receiving the influenza
vaccine from October 6 to November 29, 2020, during the
seasonal influenza vaccine campaign in Ottawa, Ontario, and
Vancouver, British Columbia, Canada. 

Individuals were recruited at the time of receiving their influenza
vaccine. Eligibility criteria included the ability to speak English
or French, having an active email address and telephone number,
and being immunized with the seasonal influenza vaccine.

Randomization 
After study enrollment, participants were randomized to receive
the web-based safety survey either through the mobile app or
were emailed a link to the web-based survey using a 4-block
randomization design.

Web-Based Notification Arm
All participants randomized to the web-based notification arm
received the following web-based CANVAS notifications
[10,11]. Briefly, participants received an email notifying them
of their registration in the study. Eight days following their
influenza vaccine, participants received an email with the survey
link asking them to complete their web-based influenza vaccine
safety survey. Participants received a reminder email on day 11
if they did not complete their survey. Further details on
CANVAS surveillance and a description of the questionnaire
can be found in previous studies [10,12,13].

Mobile App Arm
Participants randomized to the mobile app arm received an
email asking them to download the app and activate their
account. Users who did not activate their account after 48 hours
received a reminder email. Participants who activated their
accounts could spontaneously report an AE through the app and
were also notified of the day 8 survey through the app.

Eight days following their vaccination, mobile app participants
who activated their accounts received a push notification on
their phone to complete their survey. A reminder push notice
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was sent out on day 11 to participants who had not yet competed
the day 8 survey. On November 16, 2020 (midway through the
recruitment period), additional email reminders in the mobile
app arm were implemented on days 2, 4, and 6 to remind
participants to register for the app. All participants received a
day 8 email directing them to use their CANImmunize account
to complete their influenza vaccine survey. Access to the survey
link also was available in the email reminder.

Usability Survey
Following completion of the safety survey, all participants were
sent a separate link via email to complete a user experience
survey. Participants were asked about their history of
participating in the flu vaccine safety survey and whether they
previously used the CANImmunize app. Using a Likert scale,
participants were asked questions on (1) perceived ease of use,
(2) perceived usefulness, (3) their attitudes and intention of use
toward the platform, and (4) questions pertaining to vaccine
confidence and safety.

Statistical Analysis
The data were analyzed within the intention-to-treat arm to
which participants were randomized. The data were summarized
descriptively. Differences in response rates were compared
using a chi-square test. AEFI incidence was compared between
groups using a chi-square test and presented with 95% CIs.
Response time between groups was assessed using a Student t
test. A Mann-Whitney test with adjustments for multiple
comparisons was used to compare useability responses among
new and previous web-based notification platform users.
Significance was accepted as P<.05.

Ethical Considerations
All participants provided informed electronic consent upon
completion of the web-based survey for primary data collection

as well as secondary analyses of research data. The Ottawa
Health Science Network Research Ethics Board (20200591-01H)
and the BC Children’s Hospital Research Ethics Board approved
this study. This was a substudy under the CANVAS protocol
(OHSN REB: 20100715-01H, BC: H10-02274). All participants’
personal data were anonymized to protect their privacy and
confidentiality. Participants did not receive any monetary
compensation for participating in this study.

Results

Overview
Between October 6 and November 29, 2020, a total of 2408
individuals agreed to participate in the RCT (Vancouver,
n=1409; Ottawa, n=999). In total, 1196 participants were
randomized to the CANVAS arm and 1212 to the
CANImmunize arm (Figure 1).

Overall, 1319 (54%) RCT participants completed the web-based
safety survey. Participant demographics are presented in Table
1. The completion rate was higher among web-based notification
platform users (64%, n=767) than among mobile app users
(45%, n=552; P<.001).

Of the 552 mobile app respondents, 15% (N=87) created a
CANImmunize account and 4.3% (n=24) already had an
account, 35 (6.3%) accessed the survey using the app, and the
remaining participants (n=517, 93.6%) accessed the survey in
the reminder email.

Of the users who created a new account, 100 (90% of registered
users) registered for their account after November 16, 2020,
compared to 10 before. Initiation of the reminder emails
improved survey completion in the CANImmunize arm, with
73% (n=404) of mobile app survey completions occurring after
the implementation of additional reminder emails.

JMIR Public Health Surveill 2023 | vol. 9 | e39700 | p.1293https://publichealth.jmir.org/2023/1/e39700
(page number not for citation purposes)

Bota et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. Overview of participant recruitment, randomization, and survey completion. RCT: randomized controlled trial.
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Table 1. Demographic details of participants (N=1319) who submitted a flu vaccine safety survey (intention-to-treat arm).

Total, n (%)Mobile app (n=552), n (%)Web-based notification (n=767), n (%)

Sex

755 (57.2)325 (58.9)430 (56.1)Female

559 (42.4)226 (40.9)333 (43.4)Male

5 (0.4)1 (0.2)4 (0.5)Other

Age group

64 (4.8)28 (5.1)36 (4.7)6-23 months

168 (12.7)81 (14.7)87 (11.3)2-4 years

212 (16.1)74 (13.4)138 (18.0)5-9 years

162 (12.3)66 (11.9)96 (12.5)10-14 years

37 (2.8)14 (2.5)23 (3.0)15-19 years

75 (5.7)32 (5.8)43 (5.6)20-29 years

234 (17.7)114 (20.6)120 (15.6)30-39 years

225 (17.1)83 (15.0)142 (18.5)40-49 years

131 (9.9)55 (10.0)76 (9.9)50-64 years

9 (0.7)4 (0.7)5 (0.6)65-79 years

2 (0.2)1 (0.2)1 (0.1)80+ years

Number of Flu vaccines in the last 2 years

131 (11.7)53 (9.6)78 (10.2)0

241 (3.7)100 (18.1)141 (18.4)1

947 (84.6)399 (72.3)548 (71.4)2

Previous web-based notification platform usage

249 (43.0)c78 (40.2)b171 (44.4)aYes

296 (51.1)c98 (50.5)b198 (51.4)aNo

34 (5.9)c18 (9.3)b16 (4.2)aUnknown

Existing app users

N/A26 (13.4)N/AdYes

N/A158 (81.4)N/ANo

N/A10 (5.2)N/AUnknown

aCalculated on the basis of a total of 385 participants.
bCalculated on the basis of a total of 194 participants.
cCalculated on the basis of a total of 579 participants.
dN/A: not applicable.

Response Time
The mean response time for the day 8 survey was slightly longer
for the mobile app group than for the web-based notification
platform group (10.7, SD 3.9 days vs 10.1, SD 3.2 days,
respectively; P=.001).

Spontaneous Reports
Spontaneous reports were available for mobile app users only.
In total, 27 mobile app users accessed the spontaneous report
survey, and 13 users submitted a spontaneous report, 1 of which
was considered incomplete. The spontaneous reports were
submitted on average 4.3 (SD 1.3, median 4) days after vacation.

One of the 13 spontaneous reports was medically attended.
Seven of the completed reports did not indicate any symptoms,
suggesting that participants may have submitted their day 8
survey early or may have misunderstood the spontaneous report
since they did not report any AEFIs despite the purpose of the
survey being to gather AEFI information.

Event Reporting
Approximately 10% (n=134) of study participants reported
experiencing a new or worsening health problem (78 web-based
notification system users vs 56 mobile app users). In total, 43
of these participants (29 web-based notification system users
vs 14 mobile app users) reported missing work or activities or
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consulting a medical professional (Table 2). No significant
differences were observed in incidence rates between web-based
and mobile app participants. The relative risk of developing or
worsening of any health problem for the web-based notification
arm relative to those in the mobile app arm was 1.002 (95% CI

0.7226-1.39). The relative risk of developing or worsening of
any nonsevere health problem was 0.839 (95% CI
0.5702-1.2649). The relative risk of a health problem being
severe enough to miss work or activities or a medical
consultation was 1.491 (95% CI 0.7855-2.7619).

Table 2. Adverse event reporting rates among participants.

Mobile app users, n (rate, 95% CI)Web-based notification system users, n (rate, 95% CI)

56 (10.14, 7.8-13.0)78 (10.17, 8.12-12.53)Development or worsening of any health problem

42 (7.61, 5.5-10.1)49 (6.39, 4.76-8.36)Development or worsening of any nonsevere health
problem

14 (2.54, 1.4-4.2)29 (3.78, 2.55-5.39)Adverse event severe enough to miss work or activi-
ties or a medical consultation

Usability and Perceived Usefulness
In total, 579 participants took the usability survey, with 194
mobile app and 385 web-based notification respondents,
respectively. In total, 249 of those completing the usability
survey had previously participated in the influenza vaccine
safety survey (n=249, 43% of usability respondents) and 13%
of usability respondents had used CANImmunize before (mobile
app arm only, n=26).

Of the 35 mobile app users who completed the survey in the
app, only 11 completed the useability survey; hence, we have
only reported on the usability responses of the web-based
notification platform users (Table 3). We conducted a sensitivity
analysis among existing and new web platform users. There
was no difference in responses between new and previous users
of the web-based notification survey respondents (Multimedia
Appendix 1).

Overall, 99% of web-based notification platform users agreed
or strongly agreed that the platform was easy to use, and 88.8%
of them thought that it made reporting AEFI easier.

When asked about perceived usefulness, 73.8% of web-based
notification platform users agreed or strongly agreed that it will
make vaccines safer, and 91.4% of them agreed or strongly
agreed that it could make it easier for public health professionals
to detect vaccine safety issues. The majority of participants
(88.8%) agreed or strongly agreed that it made reporting a
vaccine side effect easier, using this system was a good idea
(93.2%), and that they would use it for additional vaccines
(85.9%) or the COVID-19 vaccine (94.0%). Despite this, only
47.4% of web-based notification platform users who completed
the usability survey reported that it increased their confidence
in vaccine safety. Only 77.7% of users felt confident about data
privacy and security.
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Table 3. Perceived ease of use, usefulness, attitudes toward use, and intention to use among web-based notification survey users.

Web-based notification survey (n=385)

Strongly
agree, n (%)

Agree, n (%)Neither agree nor
disagree, n (%)

Disagree, n
(%)

Strongly dis-
agree, n (%)

Total respon-
dents, n

316 (83.2)61 (33.2)2 (1.1)0 (0)1 (0.3)380Easy to use

304 (79.6)75 (40.8)2 (1.1)0 (0)1 (0.3)382Easy to open

303 (80.4)72 (39.1)2 (1.1)0 (0)0 (0)377Easy to access

150 (39.3)132 (34.6)95 (24.9)3 (0.8)2 (0.5)382This system will help make vaccines safer

86 (22.8)80 (21.2)155 (41.1)45 (11.9)11 (2.9)377This system increased my awareness of vaccine
records

168 (44)181 (47.4)32 (8.4)0 (0)1 (0.3)382This system could make it easier for public
health to detect safety issues with new vaccines

184 (48.9)150 (39.9)34 (9.0)3 (0.8)5 (1.3)376This system allows me to easily report a vac-
cine side effect (an adverse event) following
immunization

210 (55.3)144 (37.9)23 (6.1)2 (0.5)1 (0.3)380Using this system to report vaccine side effects
(adverse events following immunization) is a
good idea 

144 (37.8)152 (39.9)81 (21.3)3 (0.8)1 (0.3)381I feel confident about the privacy and security
of my data in this system 

186 (48.7)142 (37.2)52 (13.6)1 (0.3)1 (0.3)-382If this was available for additional vaccines, I
would use it 

217 (56.8)142 (37.2)22 (5.8)0 (0)1 (0.3)382I would use this system for a new COVID-19
vaccine 

92 (24.3)87 (23.0)179 (47.4)19 (5.0)1 (0.3)378This system increased my confidence in the
safety of vaccines 

296 (79.1)71 (19.0)6 (1.6)0 (0)1 (0.3)374Getting vaccinated is a good way to protect
myself and my family from disease 

307 (81)68 (17.9)3 (0.8)0 (0)1 (0.3)379Vaccinating myself and my family is important
for the health of others in my community 

69 (18.1)106 (27.8)80 (21.0)94 (24.7)32 (8.4)381I am concerned about serious side effects of
vaccines 

39 (10.2)85 (22.2)187 (48.8)41 (10.7)31 (8.1)383New vaccines carry more risks than older vac-
cines 

Discussion

Principal Findings
This study compared 2 digital reporting systems (a web-based
notification platform vs a mobile app) for AEFI reporting during
the 2020 seasonal influenza vaccination campaign. In total,
2408 individuals agreed to participate in the RCT. A total of
1196 participants were randomized to the CANVAS arm and
1212 to the CANImmunize arm (Figure 1). Overall, 1319 (54%)
RCT participants completed the web-based safety survey. The
completion rate was higher among web-based notification
platform users (64%, n=767) than among mobile app users
(45%, n=552). Ease of use was higher among web-based
notification platform users. Our findings suggest that a
web-based survey link is an acceptable approach for active,
participant-centered AEFI reporting. We identified a number
of concerns with mobile app reporting, which would need to be
addressed to improve the acceptability and usability of
app-based reporting.

To be successful, digital solutions must be easy to use, easy to
access, and meet the needs of the users [14]. In this study, we
saw lower rates of participant engagement in the mobile app
arm and were unable to assess usability due to low participant
responses. Participants were required to download the app and
register their account. This added complexity and was likely a
barrier to use.

Interestingly, the highest response rate in the mobile app group
was observed among 30-39–year-old participants. This was
possibly due to this demographic being having a higher level
of technological literacy and comfort with mobile apps [15].
The lowest response rate among the mobile app users was
observed among older adults aged >65 years. The low response
rate among older adults may be due to less comfort with mobile
apps or possibly barriers such as difficulty reading smaller font
[16].

The lack of responses to the usability survey is also a potential
concern as we were unable to assess exactly what needs to
change to make mobile app reporting acceptable and
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user-friendly. The usability survey was provided as a separate
email link after the safety survey was completed, and it may
have been missed by users.

It is critical to make mHealth solutions accessible, and a barrier
may be technological literacy or low perceived ease of use
among some populations. It is important that mHealth apps are
designed to be user-friendly for target demographics [17]. This
is important in vaccine safety surveillance studies that need to
capture data from a breadth of demographics.

Current literature suggests that the development of mHealth
apps should follow 8 specific categories [17] with usability
being one of the key categories. Usability refers to the app being
adapted to the target population [17]. Making the app easy to
use, with clear instructions, and the feedback of various
community members who use the app is critical. Our finding—a
lower response rate was observed among mobile app users than
among the web-based notification platform users—implies that
the mobile app may not have been optimally designed for
usability for all of the target demographics. The app was
possibly challenging to navigate or perceived to be so resulting
in a lower response rate than that among users of the web-based
notification system.

Enabling AEFI reporting from individuals who are already using
a mobile app for another purpose would require less work for
the user and may be a more successful approach. For example,
42% of Canadians report accessing websites, mobile apps, or
other interactive web-based services to support or monitor their
health [18]. Integrating use with these types of health monitoring
apps would be an approach worth trialing. Indeed, since the
completion of this study, the CANVAS-COVID safety survey
has recruited control participants from among current
CANImmunize users [19]. Other digital technologies have been
used during the COVID-19 vaccine rollout. Social media was
used to collect postmarket vaccine safety data [20-23], and the
US Centers for Disease Control and Prevention created the
V-safe After Vaccination Health Checker application, which
allowed individuals to register and complete vaccine safety
surveys after receiving their COVID-19 vaccine [23].

Based on the RCT conducted in this study, it was found that
adding the extra step of using the mobile app introduced an
additional barrier for participants who may have lower
technological literacy. Future mHealth developments should
include various participants from the target demographics in
the development process to ensure usability.

Limitations
This study has several limitations. Mobile app users were
required to register for a CANImmunize account for the study.
Registration allowed for influenza vaccine data to be uploaded
to the users’ CANImmunize account; however, this additional
step appeared to be a barrier to use as we saw low registration
numbers. Study participants were randomized after study
registration; hence, onsite personnel were not able to support
participants randomized to the mobile app arm in activating
their account, which may also have contributed to low account
registration. However, this can be perceived as a strength as
this provided more real-world effectiveness data of app usage
as in a nonstudy setting, users would have to navigate this on
their own without study staff assistance. The day 8 survey email
served as a reminder to mobile app users to register their
accounts if they had not yet done so, but it also provided a direct
link to the web-based safety and usability surveys, which 94%
of mobile app arm users who completed the survey chose to
use, rather than registering for a mobile app account. As a result,
we could not effectively evaluate user preference or experiences
in the mobile app arm of the study. Another major limitation is
that data about nonresponders were not collected, which could
introduce risk for response bias, particularly since the response
rate differed between the web-based notification arm (64%) and
the mobile app arm (45%).

Conclusions
In summary, this study demonstrated high user acceptability
with the web-based survey platform compared to that with a
mobile app. Making AEFI reporting available to existing mobile
app users may still be a viable initiative for participant-centered
active reporting in Canada but would require further refinement.
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Abstract

Background: Opioid drug prescription (ODP) and opioid-related mortality (ORM) have increased in Spain. However, their
relationship is complex, as ORM is registered without considering the type of opioid (legal or illegal).

Objective: This ecological study aimed to examine the correlation between ODP and ORM in Spain and discuss their usefulness
as a surveillance tool.

Methods: This was an ecological descriptive study using retrospective annual data (2000-2019) from the Spanish general
population. Data were collected from people of all ages. Information on ODP was obtained from the Spanish Medicines Agency
in daily doses per 1000 inhabitants per day (DHD) for total ODP, total ODP excluding those with better safety protocols (codeine
and tramadol), and each opioid drug separately. Rates of ORM (per 1,000,000 inhabitants) were calculated based on deaths
registered (International Classification of Diseases, 10th Revision codes) as opioid poisoning by the National Statistics Institute,
derived from the drug data recorded by medical examiners in death certificates. Opioid-related deaths were considered to be those
that indicated opioid consumption (accidental, infringed, or self-inflicted) as the main cause of death: death due to accidental
poisoning (X40-X44), intentional self-inflicted poisoning (X60-X64), drug-induced aggression (X85), and poisoning of
undetermined intention (Y10-Y14). A descriptive analysis was carried out, and correlations between the annual rates of ORM
and DHD of the prescribed opioid drugs globally, excluding medications of the least potential risk of overdose and lowest treatment
tier, were analyzed using Pearson linear correlation coefficient. Their temporal evolution was analyzed using cross-correlations
with 24 lags and the cross-correlation function. The analyses were carried out using Stata and StatGraphics Centurion 19.

Results: The rate of ORM (2000-2019) ranged between 14 and 23 deaths per 1,000,000 inhabitants, with a minimum in 2006
and an increasing trend starting in 2010. The ODP ranged between 1.51 to 19.94 DHD. The rates of ORM were directly correlated
with the DHD of total ODP (r=0.597; P=.006), total ODP without codeine and tramadol (r=0.934; P<.001), and every prescribed
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opioid except buprenorphine (P=.47). In the time analysis, correlations between DHD and ORM were observed in the same year,
although not statistically significant (all P≥.05).

Conclusions: There is a correlation between greater availability of prescribed opioid drugs and an increase in opioid-related
deaths. The correlation between ODP and ORM may be a useful tool in monitoring legal opiates and possible disturbances in the
illegal market. The role of tramadol (an easily prescribed opioid) is important in this correlation, as is that of fentanyl (the strongest
opioid). Measures stronger than recommendations need to be taken to reduce off-label prescribing. This study shows that not
only is opioid use directly related to the prescribing of opioid drugs above what is desirable but also an increase in deaths.

(JMIR Public Health Surveill 2023;9:e43776)   doi:10.2196/43776

KEYWORDS

opioid; overdose; drug overdose; opioid-related deaths; mortality; tramadol; fentanyl; substance use; substance misuse; substance
abuse; ecological study; death

Introduction

The prescription of opioid drugs has grown enormously in Spain
[1,2], with an increase of over 300% since 2001 [3,4]. This is
not a local phenomenon. The same is occurring in many
countries in Europe and around the world, resulting in a serious
public health problem [5-7].

The increase in the opioid drug prescription (ODP) in Spain has
been highlighted and registered in pharmaceutical surveillance
systems [8], in addition to occasional investigations. This has
resulted in recommendations to increase the precision of both
prescription indications and duration of treatment [9,10], aligned
with what is occurring in the international context [11]. The use
of these medications has helped many people to manage their
illnesses [9,11], especially those with chronic conditions and
cancer [12]. However, the use of these medications is related
to the potential appearance of adverse effects: the 2 most
relevant are the development of an addiction to these drugs and
death due to overdose [1,13].

The opioid crisis in North America is related to the medical
prescription of these drugs. Both the number of people addicted
to medically prescribed opioids and those addicted to other
illegal opioids have increased dramatically in the last decade.
The consequences for health, the loss of life years, and the
economic costs are enormous [14-16].

The current data on the situation in Spain do not show a situation
similar to that of North America [1,17]. The increase in ODP
has not yet been accompanied by the phenomenon seen in other
countries. However, concerns about the situation are important,
and surveillance has been heightened in new profiles of addicted
users in treatment as well as in the possible indirect indicators
of an increase in consumption. This consumption has increased
in an unequal way, based on different active ingredients and
indications for use. There is an especially relevant increase in
extrahospital use of tramadol and interhospital use of fentanyl
[2,8,18], and at the same time, non-oncological use accounts
for nearly 90% in certain cases [19].

Together with the registry of ODP, one of the most valuable
indicators of the growth and type of use is the registry of deaths
due to opioid overdose, also referred to as opioid-related
mortality (ORM) [13,20]. This indicator reflects the number of
deaths whose principal cause is overdose of any opioid and
excludes the deaths due to other causes (such as terminal

cancers) in which opioid treatment could exist [1,15,21]. The
relationship between ODP and ORM is complex, as in Spain,
they are recorded without differentiating between the type of
opioid (legal or illegal). Therefore, determining the relationship
between ODP and ORM can provide key information both about
deaths due to prescribed opioid drugs and, in an indirect way,
deaths due to illegal opioid consumption. The objective of this
study was to examine the correlation between ODP and ORM
in Spain from 2000 to 2019 and discuss their usefulness as a
surveillance tool.

Methods

This was an ecological study using retrospective annual data
(2000-2019) from the Spanish general population. Data were
collected on people of all ages for ORM and ODP.

Data Source
To determine ORM, population data were collected from 2000
to 2019 through the Spanish National Statistics Institute [22],
which produces a report of “statistics of deaths according to the
cause of death derived from the drug data recorded by medical
examiners in their death certificates” [23], following the criteria
established by the World Health Organization (WHO) in the
International Classification of Diseases, 10th Revision (ICD-10)
[24]. This statistic provides information on mortality according
to the cause of death. This is similar to methodology used in
previous studies [1]. From these data, and according to the
ICD-10 codes [24], we retrieved information on ORM.
Opioid-related deaths were considered to be those that indicated
opioid consumption (accidental, infringed, or self-inflicted) as
the main cause of death: death due to accidental poisoning
(X40-X44), intentional self-inflicted poisoning (X60-X64),
drug-induced aggression (X85), and poisoning of undetermined
intention (Y10-Y14). These codes excluded deaths due to opioid
overdose in the contexts of compassionate sedation and
euthanasia in terminal cases, given that in these cases, the codes
were included in the disease codes. The complete list of codes
is shown in Multimedia Appendix 1. These codes were used in
ways that are similar to what has been carried out in prior
publications [21], which also coincides with the codes for death
related to the use of opioids as used in later publications
[16,25,26]. These causes do not differentiate by the type of
opioid, whether in the Spanish or international context. Some
of the cited codes (X40, X60, and X85) do not fully correspond
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to the operational definitions that exist in the Spanish context.
For each year (from 2000 to 2019), we report data on the number
of ORM and ORM rates per 1,000,000 inhabitants (quotient
between the number of opioid-related deaths and the total
population).

The data on prescribed opioid drugs were obtained via the
Spanish Agency of Medicines and Health Products (Agencia
Española de Medicamentos y Productos Sanitarios [AEMPS]).
All of the drugs require a medical prescription or special
permissions to be sold in pharmacies or dispensed by health
centers. The AEMPS receives state-level information on all of
the prescriptions written for all drugs that contain opioids and
separates them by active ingredient. In 2019, the complete list
was made up of morphine, hydromorphone, oxycodone,
oxycodone and naloxone, pethidine, fentanyl,
dextropropoxyphene, pentazocine, buprenorphine, codeine and
paracetamol, codeine and acetyl salicylic acid, codeine and
ibuprofen, tramadol and paracetamol, tramadol and
dexketoprofen, and tramadol and tapentadol. Prescribed opioid
drugs were studied both globally and individually, which is
explained later in this article. The measurement unit used was
dose per 1000 inhabitants per day (DHD).

Statistical Analysis
Normal distribution was confirmed for the variables (ODP and
ORM) using Shapiro-Wilk tests, and we observed that all of
the variables followed a normal distribution (Multimedia
Appendix 2). Subsequently, a description of the variables’
evolution over time was carried out. We carried out an analysis
of the correlation between the annual rates of ORM and the
DHD of the prescribed opioid drugs globally, excluding
medications of the least potential risk of overdose and lowest
treatment tier [27] (codeine and tramadol), and separately, based
on the frequency of their use or their growth over recent years
from the initial descriptive analysis. The relationship between
ORM and ODP was analyzed as follows: (1) total ODP, (2)
total ODP excluding codeine, (3) total ODP excluding codeine
and tramadol, (4) tramadol, (5) fentanyl, (6) tapentadol, (7)
oxycodone (unifying presentations with and without naloxone),
and (8) morphine. All correlations were calculated using Pearson
linear correlation coefficient. Statistically significant differences
were observed when P<.05.

Finally, an analysis of the evolution of each variable was carried
out across time, using time series. The relationship between the
total evolution of the mortality rate and the DHD of the rest of
the drugs was analyzed via cross-correlations with 24 lags and
the cross-correlation function. Using this method provides
knowledge of the correlations of mortality over time t (in a
determined year) and the DHD of each opioid drug in time t –
k (in annual spikes or intervals; in this case: 1 year prior, 2 years
prior, etc). This could indicate a potential impact of the increase
in a dose during year t on mortality in t – k years (1 year later,
2 years later, etc), without necessarily demonstrating a causal
relationship.

Time evolution was studied during the whole period of the data,
for the periods 2000-2011 and 2012-2019, and for the periods
2000-2015 and 2016-2019. The fragmentation of these periods
corresponded to changes in the trend in deaths observed in 2010
and the alert made by health authorities in 2016 about the
increase in the use of these medications as well as a call for
their rational use [28], respectively.

The analyses were carried out using the Stata statistical package
(version 16.1; StataCorp LLC) and StatGraphics Centurion 19
(StatGraphics Technologies, Inc).

Ethics Approval
This study was a secondary analysis of data with no identifying
information available to the researchers. It was approved by the
institutional review board at the Hospital Clínico San Carlos
(affiliated to Complutense University) on March 18, 2021
(approval 21/167-E).

Results

The temporal evolution of the rate of ORM from 2000 to 2019
ranged between 14 and 23 deaths per 1,000,000 inhabitants.
Rates decreased progressively to a minimum in 2006, and after
some fluctuations, there was a slight increase starting in 2010
that seemed to be stable over time (Figure 1).

In terms of the evolution of the DHD of the opioid drugs
analyzed, we observed a continuous increase of more than 40%
per year until 2006. Starting in 2006, this became more acute,
especially in 2010 when the rate grew from 4.4 to 10 DHD,
with a global increase from 2000 to 2019 of 1.51 to 19.83 DHD
(12.6 times greater). The magnitude of tramadol stands out
(prescribed alone or in conjunction with other nonopioid active
ingredients); tramadol represents 63.7% of the total opioids
prescribed, with an increase of 10% (of the total) since 2010.
Codeine, however, declined from 17% of opioids in 2010 to
9% in 2019. Fentanyl accounted for 13% of prescribed opioids
in 2019, followed by tapentadol (5%), buprenorphine (3.4%),
and oxycodone (3%). Notable growth can be observed in all of
these opioids. Fentanyl and tapentadol both grew by 1000%
between 2000 and 2012, whereas oxycodone (first, without and,
later, with naloxone) grew by 600% since 2011. The
consumption of buprenorphine has been very stable over the
past decade. Finally, morphine accounted for 1.3% of prescribed
opioids, with an increase in consumption of 63% since 2010
(Figure 2).

Mortality rates for each year were directly correlated (the higher
DHD of opioid drug, the higher the mortality rate) in all of the
cases analyzed, except in the case of buprenorphine (P=.47).
The strongest positive correlations were observed with global
ODP without codeine (r=0.902; P<.001), global ODP (r=0.597;
P=.006), global ODP without codeine or tramadol (r=0.934;
P<.001), tapentadol (r=0.873; P=.003), and oxycodone (r=0.835;
P=.002; Figure 3).
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Figure 1. Evolution of opioid-related mortality per 1,000,000 inhabitants (2000-2019).

Figure 2. Opioid drug prescription evolution from 2000 to 2019 (unit: dose per 1000 inhabitants per day [DHD]).
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Figure 3. Correlation between opioid drug prescription (ODP; x-axis) and mortality rate per 1,000,000 inhabitants (y-axis).

Figure 4 shows the cross-correlations between mortality rates
and the DHD of the different drugs analyzed. In considering all
of these drugs, the figure shows a greater correlation between
prescribed DHD in a year and the mortality rate 3 years later,
reaching a maximum in the second year. However, after
eliminating prescribed drugs with codeine and those with
codeine and tramadol from the totals, the correlations with the
mortality rate can be observed for the same year and not so
much for the following years. The same situation occurred when
exclusively considering morphine and tapentadol, where the
greatest correlations were observed in the same year and in the

2 following years, with a gradual dilution of the correlation in
successive years. This same relationship can also be observed
with tramadol alone or in conjunction with another medicine.
Fentanyl seems to have an impact on mortality over the medium
term, in the second or third years, whereas buprenorphine has
a long-term impact of between 4 and 6 years. Despite this
pattern, these differences were not significant (all P≥.05). The
segmented analysis of the periods of 2000-2010 and 2011-2019
as well as 2000-2016 and 2017-2019 did not result in findings
different from what is described here.
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Figure 4. Cross-correlation between opioid-related mortality rates and opioid drug prescription (ODP). y-axis: correlation; x-axis: delay in years.

Discussion

This study confirms the enormous increase in the prescription
of opioid drugs in the last 2 decades in Spain. This increase was
driven especially by tramadol, but fentanyl, due to its potency
and hospital use, also plays a very relevant role. It also points
out a correlation between the increases in ODP and ORM.

Considering the fact that illicit opioid use has decreased or
remained the same in the period from 2001 to 2019 [17,20],
this could suggest that deaths related to prescribed opioid drugs
have increased.

The increase in ODP has been highlighted in the past by other
studies carried out in Spain that use different data sources [2-4].
This study includes a larger geographic region, Spain’s national
territory, in which medical indications are homogenous [28].
This suggests that the progression of ODP is evolving in a
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parallel way in different regions in Spain [4,17,18]. This increase
corresponds with the situation in most other European countries
[5].

Many of the causes of this enormous increase have been pointed
out. The use of these drugs [11,12,28], as well as their target
population, has increased (in large part due to the fact that the
aging population experiences more disease and related pain
[29]). However, both in Spain and in other countries where this
phenomenon is taking place, prescriptions are increasing at a
faster rate than these other factors [5,30,31]. More opioids are
being prescribed and for longer terms than that recommended
by treatment guidelines. This issue is beyond the scope of this
study, but it is one in which the role of prescriptions, compared
to other factors such as socioeconomic level or residing in rural
versus urban areas [18], seems to be especially important given
its potential as an area for improvement [32,33].

In addition to describing this general phenomenon, this study
shows the correlation with ORM, which coincides with what
has been shown to occur in other contexts [33]. In Spain, it
appears that in the years included in this study, there has not
been a proliferation in illegal consumption of prescribed opioid
drugs or other opioids [17,20]. Therefore, it can be inferred that
it is the prescribed opioid drugs and not illegal opioids that are
provoking this increase in deaths. This suggestion should be
taken with great prudence, but it corresponds with what has
occurred in environments with greater problems related to illegal
opioids [14]. With a lower proportion of illegal opioids, there
is a greater correlation between prescriptions and opioid-related
mortality. This study found the potential mortality from
unstudied opioids to be minimal and the correlation between
opioid medications and overdose deaths to be consistent with
these occurrences. An absence of correlation might have
indicated that illegal drugs were operating in the market. The
results tell us that the increase in overdoses is related to an
increase in opioid prescribing.

This fact reflects the situation up till 2019, but we should not
forget that in the future, prescribed opioid drugs could spread
to the illegal market, as has happened in other places [16,21,34].
Above all, precautions should be taken to detect such a situation
if it were to occur [20]. The ORM-ODP correlation could be a
useful indicator both separately and when harmonized with
other indicators such as hospital admissions. In fact, from 2016
to 2019, hospital admissions related to poisoning, other
consequences of external causes (S00-T88), and external causes
of morbidity (V00-Y99) increased in Spain by 20% [35].

The existence of the ORM-ODP correlation may be as
informative as its possible nonexistence in the future. The lack
of a correlation could suggest that illegal opioids have increased
[14] or that there has been an improvement in prescription
practices. Furthermore, opioid-related deaths are an indicator
of opioid consumption. It is the least desired adverse effect, but
there is a proportionality between its frequency and consumption
[20]. Therefore, the surveillance of ORM could provide
information about possible variation in other parameters, such
as addiction or other related comorbidities (associated infections,
dual pathology, etc). Therefore, the surveillance of trends in
ORM and ODP separately, as well as the correlations between

them, could play an important role in the global monitoring of
opioid consumption and its consequences.

In establishing preventive measures, it is useful to focus on
certain active ingredients, in addition to prescribed opioid drugs
in general, especially in the case of tramadol and fentanyl, in
which we found an ORM-ODP correlation. These are 2
medications with different indications and safety profiles.

Tramadol accounts for not only the majority of prescriptions
but its increase has also been constant and parallel to total ODP.
It belongs to the group of second-tier analgesic opioids as
defined by the WHO [27]. The indications of tramadol for
non-oncological pain can possibly explain this increase, as
suggested in other Spanish studies [18] and coinciding with the
European and North American contexts [36]. It is unknown
whether this increase corresponds to the increase in its target
population. The indications for tramadol and the number of
potential patients have increased [11,12]; however, studies of
its misuse and misprescription are scarce and contradict each
other [36-38]. This study did find a correlation between ORM
and tramadol prescriptions; therefore, it is important to reinforce
the correct use of tramadol among those who prescribe it [28],
as well as to intensify surveillance. It is still the most prescribed
opioid drug, where a simple prescription is all that is required
[8]. It is much easier to prescribe than others.

In the third analgesic tier [27], fentanyl stands out due to its
growth and the ORM-ODP correlation. It is the strongest opioid,
specifically recommended for the treatment of irruptive
oncological pain. It is also the opioid with the greatest potential
number of overdoses, although this also depends on the posology
[11,12,39]. This increase is in the context of the notable increase
in the consumption of the strongest opioids [2-4,10]. This trend
goes beyond the scope of this study. The number of prescriptions
of opioids in the third tier increased by 9.6% between 2019 and
2020 [19]. What is surprising is that 89% is related to
non-oncological indications [19]. Pain management is an
essential component of medical care, but these data are
worrisome [3]. Both the increase, as well as the possible adverse
effects, have been highlighted in Spain by health authorities,
who issued an alert in 2016 to restrain prescriptions to specific
indications and the doses to the length of the disease [28]. This
study did not find a change over time in the correlations prior
to or after that date.

Of the opioid drugs studied, only buprenorphine was not
correlated with ORM. It is possible that this could be due to the
fact that this opioid is usually used as a substitute treatment for
other opioids [40], with a stable number of users [20]. Data on
the dispensation of buprenorphine did not differentiate between
its use as an analgesic and as treatment for addiction, and as
such, it is impossible to interpret these data.

In terms of the temporal patterns described, after eliminating
the safest active ingredients from the totals (codeine and codeine
with tramadol), the correlations with the mortality rate shifted
and could be observed in the same year and less so in successive
years. Individually, for morphine, tramadol, and tapentadol, the
years with the greatest number of deaths coincided with the
years with the greatest number of prescriptions of these drugs.
Although these results are not statistically significant (probably
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because the time series analyzed is short and had few data points
[19 data-year/opioid]), they could point to the fact that the
ORM-ODP relationship is not mediated by all opioids. They
should be studied individually, as they do not share the same
indications, safety profiles, or prescription processes. Future
studies should study in further depth the prescription of these
drugs.

This study includes a number of limitations. Although the data
collected correspond to precise definitions that use ICD-10
codes, the reliability of the determination and coding of the
cause of death depends on each professional for each death and
not on the data source itself. The codes selected are exclusively
for deaths due to overdose. There are also specific codes for
deaths provoked by opioids in euthanasia or compassionate
sedation in the context of palliative care that we did not include.
The deaths due to these other causes are not included in what
we refer to as ORM. Even so, in some cases, it is possible to
omit using the overdose code to avoid legal or administrative
problems, especially in the case of accidents. Thus, the number
of deaths could be understated. On the other hand, the data did
not permit us to disaggregate by sex nor age, which could limit
these conclusions. However, these data are acceptable in the

international context, as the data source is used by the European
Monitoring Centre for Drugs and Drug Addiction [41].

It is important to point out that the Spanish system exclusively
includes the main cause of death, and not multiple causes. This
differs from other information systems, such as the US system,
in which several codes are collected. These codes can be
cross-examined to refine the cases in which (1) opioid use has
been registered and (2) a death associated with these substances
has been recorded. This is the reason why we talk about
opioid-related deaths rather than directly attributable causes of
mortality in our paper.

This study suggests that at the population level, there is a
correlation between greater availability of prescribed opioid
drugs and an increase in opioid-related deaths. The correlation
between ODP and ORM may be a useful tool in monitoring
legal opiates but also possible disturbances in the illegal market.
The role of tramadol (an easily prescribed opioid) is important
in this correlation, as is that of fentanyl (the strongest opioid).
Measures stronger than recommendations need to be taken to
reduce off-label prescribing. This study shows that opioid use
is not only directly related to the prescribing of opioid drugs
above what is desirable but also an increase in deaths.
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ICD-10: International Classification of Diseases, 10th Revision
ODP: opioid drug prescription
ORM: opioid-related mortality
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Abstract

Background: The World Health Organization recently described sudden sensorineural hearing loss (SSNHL) as a possible
adverse effect of COVID-19 vaccines. Recent discordant pharmacoepidemiologic studies invite robust clinical investigations of
SSNHL after COVID-19 messenger RNA (mRNA) vaccines. This postmarketing surveillance study, overseen by French public
health authorities, is the first to clinically document postvaccination SSNHL and examine the role of potential risk factors.

Objective: This nationwide study aimed to assess the relationship between SSNHL and exposure to mRNA COVID-19 vaccines
and estimate the reporting rate (Rr) of SSNHL after mRNA vaccination per 1 million doses (primary outcome).

Methods: We performed a retrospective review of all suspected cases of SSNHL after mRNA COVID-19 vaccination
spontaneously reported in France between January 2021 and February 2022 based on a comprehensive medical evaluation,
including the evaluation of patient medical history, side and range of hearing loss, and hearing recovery outcomes after a minimum
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period of 3 months. The quantification of hearing loss and assessment of hearing recovery outcomes were performed according
to a grading system modified from the Siegel criteria. A cutoff of 21 days was used for the delay onset of SSNHL. The primary
outcome was estimated using the total number of doses of each vaccine administered during the study period in France as the
denominator.

Results: From 400 extracted cases for tozinameran and elasomeran, 345 (86.3%) spontaneous reports were selected. After
reviewing complementary data, 49.6% (171/345) of documented cases of SSNHL were identified. Of these, 83% (142/171) of
SSNHL cases occurred after tozinameran vaccination: Rr=1.45/1,000,000 injections; no difference for the rank of injections;
complete recovery in 22.5% (32/142) of cases; median delay onset before day 21=4 days (median age 51, IQR 13-83 years); and
no effects of sex. A total of 16.9% (29/171) of SSNHL cases occurred after elasomeran vaccination: Rr=1.67/1,000,000 injections;
rank effect in favor of the first injection (P=.03); complete recovery in 24% (7/29) of cases; median delay onset before day 21=8
days (median age 47, IQR 33-81 years); and no effects of sex. Autoimmune, cardiovascular, or audiovestibular risk factors were
present in approximately 29.8% (51/171) of the cases. SSNHL was more often unilateral than bilateral for both mRNA vaccines
(P<.001 for tozinameran; P<.003 for elasomeran). There were 13.5% (23/142) of cases of profound hearing loss, among which
74% (17/23) did not recover a serviceable ear. A positive rechallenge was documented for 8 cases.

Conclusions: SSNHL after COVID-19 mRNA vaccines are very rare adverse events that do not call into question the benefits
of mRNA vaccines but deserve to be known given the potentially disabling impact of sudden deafness. Therefore, it is essential
to properly characterize postinjection SSNHL, especially in the case of a positive rechallenge, to provide appropriate individualized
recommendations.

(JMIR Public Health Surveill 2023;9:e45263)   doi:10.2196/45263
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Introduction

Background
SARS-CoV-2, the coronavirus responsible for COVID-19
disease, has spread rapidly, causing a global pandemic since
early 2020. In late 2020, the first messenger RNA
(mRNA)–based COVID-19 vaccine, Pfizer-BioNTech
BNT162b2, Comirnaty (tozinameran), was authorized by the
European Medicines Agency (EMA), followed by Moderna
mRNA-1273, Spikevax (elasomeran). The monitoring of
COVID-19 vaccines has been a major challenge in verifying
their effectiveness in the general population and identifying any
adverse drug reactions (ADRs) not yet observed in clinical trials.
Postmarketing spontaneous pharmacovigilance systems provide
a gold mine of data for drug safety research. Pharmacovigilance
systems are designed to identify emerging signals using multiple
data sources. Current pharmacovigilance is predominantly based
on spontaneous reporting and mainly helpful in detecting type
B effects (effects that are often allergic or idiosyncratic
reactions; characteristically occur in only a minority of patients;
are usually unrelated to dosage; and are serious, unexpected,
and unpredictable) [1]. Signals may arise from one or multiple
sources and may suggest a potentially new causal association
or new aspect of a known risk of a drug. Indeed, because of the
design of clinical trials, rare or delayed ADRs and those
occurring in specific subpopulations could be identified only
during postmarketing surveillance. Despite the use of many
data sources to detect emerging signal, spontaneous reports
continue to be the cornerstone of signal detection for most
marketed drugs or vaccines, as they have been since the 1960s
[2]. This challenge in COVID-19 vaccine surveillance seemed
very important because of the large number of individuals
(hundreds of thousands) exposed to these vaccines. In France,

the National Agency for the Safety of Medicines and Health
Products (Agence Nationale de Sécurité du Médicament et des
produits de santé [ANSM]) is responsible for assessing the
safety of vaccines through the continuous surveillance of all
ADRs to quickly detect potential safety issues and take
appropriate risk reduction measures. For the COVID-19
vaccination campaign, an enhanced surveillance system has
been put in place [3]. If a safety signal was validated, the EMA
Pharmacovigilance Risk Assessment Committee (PRAC) would
make recommendations for any necessary changes to the product
information or any further steps. For example, in May 2021,
based on the cases reported in clinical trials and from
vaccination campaigns, the EMA PRAC validated the potential
signal about delayed injection site reaction for elasomeran and
concluded that this information should be added to the product
information of Spikevax [4]. Moreover, on October 28, 2022,
the EMA PRAC recommended that heavy menstrual bleeding
be added to the Summary of Product Characteristics of the
mRNA vaccines (tozinameran and elasomeran) as a side effect
of unknown frequency. This signal was supported by the
ANSM’s requested review of all spontaneous reports in
European countries via EudraVigilance—the EMA’s system
for the management and analysis of information on suspected
ADRs in the European Economic Area [5].

Sudden sensorineural hearing loss (SSNHL) is defined as a
sensorineural hearing loss >30 dB over at least 3 consecutive
audiometric frequencies occurring within <72 hours [6]. In cases
where it occurs in the absence of reference audiometry, the
diagnosis is made by comparing the hearing thresholds of the
affected ear with those of the contralateral ear. SSNHL affects
5 to 20 individuals per 100,000 person-years [7,8], mainly those
aged between 40 and 54 years [8,9]. Early detection and
management of SSNHL are crucial to maximizing hearing
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recovery and the quality of life [10]. Although approximately
98% of SSNHL cases are unilateral [11], both their clinical
presentation and prognosis vary greatly depending on the
severity of the hearing loss [6], as well as the presence or
absence of associated otoneurological manifestations such as
tinnitus or balance disorders [6,11]. In most cases, there is no
identifiable etiology, and SSNHL is classified as idiopathic
[12]. The most likely pathophysiological mechanism for the
development of idiopathic SSNHL is thought to be cochlear
injury due to poor vascular perfusion or viral infection [13].
Disorders of the cochlear microcirculation due to altered plasma
viscosity, platelet aggregability, red blood cell deformability,
and endothelial dysfunction have been reported in patients with
SSNHL [14,15].

According to the available literature, post–COVID-19 SSNHL
is much less common than anosmia [16,17]. This may explain
why post–COVID-19 SSNHL has been underdiagnosed by
otolaryngologists compared with anosmia. However, several
in-depth case studies have linked SSNHL cases to the
COVID-19 outbreak [18-30]. The SARS-CoV-2 spike
glycoprotein is known to have a particular tropism for human
angiotensin-converting enzyme 2 receptors [31], which are
expressed not only in the lung respiratory epithelium and the
olfactory neuroepithelium but also in the vascular endothelium
[32]. Accordingly, it was hypothesized that hearing loss in
patients with COVID-19 might result from vascular endotheliitis
with microthrombosis in the cochlea, auditory nerve, or hearing
centers located in the temporal lobe [33]. Another mechanism
advanced is the spread of viral meningitis from the subarachnoid
space to the inner ear via the cochlear aqueduct, as supported
by magnetic resonance imaging scans in clinical cases
combining deafness and neurological symptoms [34]. A possible
neurological manifestation of SARS-CoV-2 is the Guillain-Barré
syndrome, which may induce auditory neuropathy [35].
Regardless of the pathophysiological mechanisms involved, it
is interesting to note that increased high-frequency pure tone
thresholds and reduced transient-evoked otoacoustic emissions,
suggestive of cochlear outer hair cell damage, have been
reported in asymptomatic patients who are COVID-19 positive
[36].

SSNHL has recently emerged as a possible adverse effect of
COVID-19 vaccines. Sporadic cases of unilateral SSNHL
occurring shortly after the first or second administration of
adenoviral vector– or mRNA-based vaccines have been recently
reported, either isolated or in association with other
cochleovestibular disorders (tinnitus, dizziness, and vertigo),
in patients of both sexes with or without a history of
audiovestibular, autoimmune, or cardiovascular diseases [37-40].
In February 2022, the World Health Organization (WHO) raised
a signal detection about cases of SSNHL after COVID-19
vaccination, prompting the need for investigation. As of
February 22, 2021, a total of 172 cases of hearing loss after
COVID-19 vaccination (including 142 cases after tozinameran
and 15 cases after elasomeran) were reported from 10 countries
[41]. To date, 2 large-scale studies have investigated SSNHL
after COVID-19 vaccine administration and reported conflicting
results. One study, using data collected between December 2020
and July 2021 in the United States by the Centers for Disease

Control and Prevention Vaccine Adverse Events Reporting
System (a passive surveillance system), found no difference
between the estimated incidence of SSNHL after COVID-19
vaccination with tozinameran, elasomeran, and ChAdOx1-S
(0.6 to 28.0 cases per 100,000 person-years) and the historical
incidence of SSNHL (11 to 77 cases per 100,000 person-years)
[42,43]. By contrast, a retrospective cohort study conducted by
the largest state-mandated health service organizations from
Israel on data collected from December 2020 to May 2021
concluded that there is a proven, albeit small, risk (<1 per
100,000 vaccinated individuals) of SSNHL following
immunization with tozinameran [44]. Recently, another
retrospective cohort study performed on the Finish
register–based countrywide data did not find a potential
association between COVID-19 vaccinations and SSNHL.
However, the results of these 3 studies were based on diagnosis
codes in administrative databases, and the authors suggested
the need for studies with more detailed clinical data with a more
objective diagnosis of SSNHL [45]: none of these studies
described the clinical characteristics of postvaccination SSNHL
in terms of severity or duration or examined the facilitating role
of potential risk factors, thereby prompting further research
[46]. Moreover, the reliability of passive surveillance system
databases when it comes to verifying SSNHL diagnostic criteria
has been questioned [47]. To our knowledge, there is no
large-scale, data-driven study investigating the cases of SSNHL
after mRNA COVID-19 vaccine exposure identified using robust
clinical measures of severity and recovery.

Objectives
After several spontaneous reports of postvaccination SSNHL
to the pharmacovigilance system and requests from patients and
physicians for documented data regarding the possibility of
revaccination (dose 2 or 3) after a first event of post–mRNA
vaccine SSNHL, a national population-based active surveillance
study was conducted to perform a rigorous and objective
analysis of spontaneously reported cases and assess this new
potential signal.

Methods

Study Design and Settings
The French pharmacovigilance system was established at the
end of the 1970s based on a decentralized network of Regional
Pharmacovigilance Centers (RPVCs), with the mission of
identifying, evaluating, and preventing adverse drug events after
marketing authorization. The ANSM is a decisional authority
and has mobilized the French network of 30 RPVCs to ensure
the continuous monitoring and evaluation of ADRs of
COVID-19 vaccines through the daily evaluation of spontaneous
reports. Health care professionals or users can report potential
ADRs following COVID-19 vaccines (similar to how they
would following the administration of other drugs) directly to
the RPVC or using a dedicated web portal [48]. Each report of
a potential ADR is assessed through a careful clinical,
chronological, semiological, and pharmacological analysis
before being registered (anonymous registration) in a centralized
French Pharmacovigilance Database (FPVDB). For this purpose,
an intensive pharmacovigilance survey was set up, and 6 RPVC
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experts were appointed to prepare weekly pharmacovigilance
reports for the first marketed vaccines (4 experts for tozinameran
and 2 experts for elasomeran). In addition, a scientific
monitoring committee was also set up, comprising ANSM staff
members, pharmacovigilance experts in charge of the survey,
and specialized medical experts (cardiologists; neurologists;
ear, nose, and throat specialists; etc) for a collegial evaluation
of the reports submitted daily [3]. In this study, we conducted
a nationwide population-based surveillance study using this
enhanced pharmacovigilance system to assess a potential signal
for post–mRNA COVID-19 vaccine SSNHL.

Data Collection
We conducted a retrospective study to collect all ADRs recorded
in the FPVDB occurring any time after mRNA COVID-19
vaccine administration from the beginning of the vaccination
campaign (December 28, 2020) to February 2, 2022. Eligible
SSNHL cases were selected using the Medical Dictionary for
Regulatory Activity hierarchy, with preferred term selected
from the narrow Standardized Medical Queries “Hearing
impairment” [49]. The ANSM provided a line listing with all
data related to ADR and the medical history generated by each
RPVC. In addition, we requested medical records, audiometry

examinations, magnetic resonance imaging, and all substantial
examination results for each case. Two audiology experts
analyzed all data according to the American Academy of
Otolaryngology-Head and Neck Surgery Foundation guidelines
[11]. The clinical analysis was performed on the basis of
demographics (sex and age), risk factors (autoimmune,
cardiovascular, or audiovestibular factors), the side of hearing
loss (one or both ears affected), the presence of tinnitus or
balance disorders, the degree of hearing loss (calculated by
averaging hearing thresholds at 0.5, 1, 2, and 4 kHz) [50], the
onset of SSNHL, and the rank of vaccination (first injection,
second injection, or booster), with a particular focus on positive
rechallenge cases. Following recent research on SSNHL [51,52],
patients were categorized according to a grading system
modified from the Siegel criteria [53]. This allowed both the
quantification of hearing loss and assessment of hearing
recovery outcomes using the same objective standards in all
patients. The quantification of hearing loss included 5 grades
covering all possible degrees of deafness: slight (grade 1), mild
(grade 2), moderate to moderately severe (grade 3), severe
(grade 4), and profound (grade 5). Recovery may be complete,
partial, slight, or absent, or SSNHL may result in a
nonserviceable ear (Tables 1 and 2).

Table 1. Modified Siegel criteria for hearing loss (HL) grades.

HL range (dB)Level of HL

≤25Grade 1

26-40Grade 2

41-70Grade 3

71-90Grade 4

>90Grade 5

Table 2. Modified Siegel criteria for hearing recovery outcomes.

Final hearing level (dB), gain (dB)Level of hearing recovery

≤25Complete recovery

26-40, >15Partial recovery

41-70, >15Slight improvement

71-90, <15No improvement

>90Nonserviceable ear

We classified the cases as medically or nonmedically
documented. After a detailed review of complementary medical
data, we excluded cases for which the attributable causes were
different from vaccination or those that were nonevaluable
because of missing data (nonmedically documented). Finally,
the cases fulfilling the criteria of SSNHL were included and
distinguished using a cutoff of 21 days. This cutoff value was
recommended by the Safety Platform for Emergency Vaccines
and the Brighton Collaboration guidelines for sensorineural
hearing loss [54]. According to previous research on the auditory
[43,44] or nonauditory [55] adverse events of mRNA
vaccination, exposure could be defined as vaccination with an
mRNA COVID-19 vaccine within the previous 21 days, and
patients vaccinated beyond that date were considered unexposed.

However, given the very limited number of large-scale studies
available on the auditory adverse effects of mRNA COVID-19
vaccination, we also considered the spontaneous reporting of
SSNHL after day 21 in the first instance.

A minimum of 3 months of follow-up was conducted (follow-up
until August 1) for each SSNHL case to collect missing data
and assess the potential hearing loss recovery.

Outcome Measure
Descriptive analysis was performed for the 2 mRNA COVID-19
vaccines (tozinameran and elasomeran) for all the items cited
earlier. The primary outcome was the reporting rate (Rr) of
SSNHL following mRNA COVID-19 vaccine administration
per 1 million doses, which was calculated using the total number
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of mRNA COVID-19 vaccine doses administered over the study
period as the denominator according to the month of
administration. Since the beginning of the French vaccination
campaign against COVID-19 to early February 2022, a total of
97,840,529 doses of tozinameran and 22,690,889 doses of
elasomeran have been administered in France [56].

Statistical Analysis
Patient characteristics were expressed as count (percentage) for
categorical variables and median (IQR) for quantitative variables
according to the administered vaccine and for the whole cohort
because of the few elasomeran cases. The Rr was expressed as
cases per 1 million vaccine injections. The number of reported
SSNHL cases and the number of vaccine injections were
estimated by month during the study period. Finally, we
performed a binomial test comparing a sample proportion with
a hypothetical proportion to analyze the potential association
of the Rr of SSNHL with sex, vaccination rank, and unilaterality
or bilaterality of hearing loss (significance level: P<.05; R
[version 4.2.1; R Foundation for Statistical Computing]).

Ethics Approval
This nationwide postmarketing surveillance study was conducted
with the authorization of the Commission nationale de
l’informatique et des libertés (CNIL; National Commission on
Informatics and Liberty; n 2014-302). The authorization was
granted specifically for the French pharmacovigilance
spontaneous reporting database placed under the responsibility
of the ANSM.

Results

During the study period, 400 cases of SSNHL after COVID-19
vaccine administration (n=340, 85% for tozinameran and n=60,
15% for elasomeran) were registered in the FPVDB. After case
review, a total of 42.8% (171/400) of cases fulfilled the criteria
of SSNHL (Figure 1). Hearing assessment was available either
through an initial audiogram test (118/171, 69% of cases) or
through an expert medical evaluation performed at the follow-up
(53/171, 30.9% of cases).

Figure 1. Flowchart for selection of cases of sudden sensorineural hearing loss (SSNHL) following messenger RNA (mRNA) vaccines. E: elasomeran;
T: tozinameran.

Description of Post–Tozinameran Vaccine SSNHL
Cases
A total of 323 cases of SSNHL after tozinameran vaccine
administration were selected, of which 142 (43.9%) cases met
the criteria for inclusion; 29 (8.9%) cases were consistent with
otologic manifestations other than SSNHL, and 152 (47.1%)

cases were not sufficiently documented to draw conclusions
(Figure 1).

For these 142 cases, the delay onset was ≤21 days for 108
(76.1%) cases, with a median delay onset of 4 (range 2-9) days.
Of these 142 cases, 84 (59.2%) were those of female patients.
The median age was 51 (range 13-83) years, and 69% (98/142)
of patients were aged 30 to 64 years. A total of 35.2% (50/142)
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of patients had a medical history, which was otoneurological
in 11.9% (17/142) of cases. The vaccination rank was known
for 88% (125/142) of cases, with the first injection involved in
42.3% (60/142) of cases. Steroids were administered orally in
47.2% (67/142) of cases. SSNHL was unilateral in 87.3%
(124/142) of cases. The hearing loss grade ranged between 1
and 3 in 75.4% (107/142) of cases. Tinnitus was associated with
SSNHL in 52.8% (75/142) of cases and vertigo in 28.9%
(41/142) of cases. Complete recovery was observed in 22.5%
(32/142) of cases, whereas no improvement was observed in

53.5% (76/142) of cases and nonserviceable ear in 8.5%
(12/142) of cases (Tables 3 and 4).

Deafness was more often unilateral than bilateral (P<.001). No
effect of sex or vaccination rank was observed. Case follow-up
identified 3.5% (5/142) of cases of positive rechallenge (Table
5): four were those of female vaccine recipients and 1 was that
of a male vaccine recipient (age range 32-72 years). SSNHL
was unilateral in most cases, was of grades 2 (37/142, 26.1%)
to 3 (46/142, 32.4%), occurred rapidly (<10 days) after the first
and second doses in all cases, and completely resolved in 2.1%
(3/142) of cases during the 3-month follow-up.
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Table 3. Characteristics of sudden sensorineural hearing loss cases.

ElasomeranTozinameranCharacteristics

Total (n=29)>21 days
(n=3, 10.3%)

<21 days
(n=26, 86.7%)

Total (n=142)>21 days (n=34,
23.9%)

<21 days (n=108,
76.1%)

Sex, n (%)

14 (48.3)1 (33.3)13 (50)58 (40.8)15 (44.1)43 (39.8)Male

15 (51.7)2 (66.7)13 (50)84 (59.2)19 (55.9)65 (60.2)Female

Age (years)

47 (33-81)43 (36-68)51 (33-81)51 (13-83)51 (16-72)50 (13-83)Values, median (range)

0 (0)0 (0)0 (0)4 (2.8)1 (2.9)3 (2.8)0-18, n (%)

0 (0)0 (0)0 (0)7 (4.9)0 (0)7 (6.5)19-29, n (%)

12 (41.4)2 (66.7)10 (38.5)55 (38.7)12 (35.3)43 (39.8)30-49, n (%)

9 (31)0 (0)9 (34.6)43 (30.3)17 (50)26 (24.1)50-64, n (%)

7 (24.1)1 (33.3)6 (23.1)23 (16.2)4 (11.8)19 (17.6)65-74, n (%)

1 (3.4)0 (0)1 (3.8)10 (7)0 (0)10 (9.3)≥75, n (%)

9 (31)2 (66.7)7 (26.9)50 (35.2)12 (35.3)38 (35.2)Medical history, n (%)

3 (10.3)1 (33.3)2 (7.7)14 (9.9)5 (14.7)9 (8.3)CVa

4 (13.8)1 (33.3)3 (11.5)17 (12)5 (14.7)12 (11.1)ONb

0 (0)0 (0)0 (0)9 (6.3)2 (5.9)7 (6.5)AIMc

0 (0)0 (0)0 (0)4 (2.8)0 (0)4 (3.7)CV and ON

1 (3.4)0 (0)1 (3.8)3 (2.1)0 (0)3 (2.8)ON and AIM

1 (3.4)0 (0)1 (3.8)3 (2.1)03 (2.8)Other etiologies

N/A50 (26-144)8 (1-21)N/Ae41 (25-67)4 (2-9)Time to onsetd (days), median (IQR)

Vaccination rank, n (%)

13 (44.8)1 (33.3)12 (46.2)60 (42.2)13 (38.2)47 (43.5)First dose

12 (41.4)2 (66.7)10 (38.5)53 (37.3)14 (41.2)39 (36.1)Second dose

2 (6.9)0 (0)2 (7.7)12 (8.5)0 (0)12 (11.1)Booster

2 (6.9)0 (0)2 (7.7)17 (12)7 (20.6)10 (9.3)Unknown

16 (55.2)2 (66.7)14 (53.8)67 (47.2)19 (55.9)48 (44.4)Oral steroid administration, n (%)

Laterality, n (%)

22 (75.9)2 (66.7)20 (76.9)124 (87.3)30 (88.2)94 (87)Unilateral

7 (24.1)1 (33.3)6 (23.1)18 (12.7)4 (11.8)14 (13)Bilateral

Hearing loss grades, n (%)

7 (24.1)3 (100)4 (15.4)24 (16.9)2 (5.9)22 (20.4)Grade 1

5 (17.2)0 (0)5 (19.2)37 (26.1)10 (29.4)27 (25)Grade 2

7 (24.1)0 (0)7 (26.9)46 (32.4)11 (32.4)35 (32.4)Grade 3

3 (10.3)0 (0)3 (11.5)19 (13.4)6 (17.6)13 (12)Grade 4

7 (24.1)0 (0)7 (26.9)16 (11.3)5 (14.7)11 (10.2)Grade 5

Associated cochleovestibular disorders, n (%)

10 (34.5)2 (66.7)8 (30.8)75 (52.8)16 (47.1)59 (54.6)Tinnitus

12 (41.4)1 (33.3)11 (42.3)41 (28.9)8 (23.5)33 (30.6)Vertigo and balance disorders

N/ANDf21 (2-90)N/A11 (8-22.5)15 (5-67.5)Time to recovery (days), median (range)

3 (10.3)1 (33.3)2 (7.7)5 (3.5)0 (0)5 (4.6)Positive rechallenge, n (%)
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aCV: cardiovascular.
bON: otoneurological.
cAIM: autoimmune disease.
dInterval between vaccine administration and symptom onset.
eN/A: not applicable.
fND: not determined.

Table 4. Hearing recovery outcomes by grade of hearing loss.

Hearing outcomeHearing
loss

Elasomeran (n=29), n (%)Tozinameran (n=142), n (%)

Nonservice-
able ear

No improve-
ment

Slight im-
provement

Partial re-
covery

Complete
recovery

Nonservice-
able ear

No improve-
ment

Slight im-
provement

Partial re-
covery

Complete
recovery

0 (0)3 (10.3)0 (0)0 (0)4 (13.8)0 (0)12 (8)0 (0)0 (0)12 (8.5)Grade 1

0 (0)2 (6.9)0 (0)1 (3.4)2 (6.9)0 (0)23 (16)0 (0)5 (3.5)9 (6.3)Grade 2

0 (0)4 (13.8)0 (0)2 (6.9)1 (3.4)0 (0)29 (20)1 (0.7)6 (4.2)10 (7.1)Grade 3

0 (0)2 (6.9)0 (0)1 (3.4)0 (0)0 (0)12 (8)3 (2.1)3 (2.1)1 (0.7)Grade 4

5 (17.2)0 (0)0 (0)2 (6.9)0 (0)12 (8.5)04 (2.8)0 (0)0 (0)Grade 5

JMIR Public Health Surveill 2023 | vol. 9 | e45263 | p.1319https://publichealth.jmir.org/2023/1/e45263
(page number not for citation purposes)

Thai-Van et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 5. Characteristics of the positive rechallenge cases.

Final hearing recov-
ery

Hearing loss

gradea
Hearing loss sideVaccination rank

and delay onset
(days)

Tinni-
tus

Verti-
go

Medical historyAge
(years)

Sex

Tozinameran

No improvement3UnilateralYesYesNone61Female • D1b—4
• D2c—7
• Bd—7

No improvement3UnilateralYesNoNone47Male • D1—9
• D2—9

Complete recovery3UnilateralYesNoFluctuating hearing loss
and vertigo punctually
treated with steroids

74Female • D1—8
• D2—9

Complete recovery2UnilateralNoNoProtein S deficiency32Female • D1—8
• D2—2

Complete recovery2Unilateral (con-
tralateral to the
Ménière side)

YesYesDiabetes mellitus stabi-
lized since 1977, left
Ménière’ disease since
1977, hypothyroidism
stabilized, high blood
pressure stabilized since
1985, and hypercholes-
terolemia stabilized since
1985

79Female • D1—8
• D2—8
• B—R-e

Elasomeran

Complete recovery2BilateralYesNoNone45Female • D1—5
• D2—<1
• B—R-e

Complete recovery2UnilateralYesNoNone71Male • D1—1
• D2—1

No improvement2BilateralYesNoHigh blood pressure41Female • D2—60

B—40

aMeasured after injection.
bD1: first vaccine injection.
cD2: second vaccine injection.
dB: booster.
eR-: Negative rechallenge (no recurrence of sudden sensorineural hearing loss; the booster of elasomeran was administered at half dose).

Description of Post–Elasomeran Vaccine SSNHL Cases
A total of 56 cases of SSNHL after elasomeran vaccine
administration were selected, of which 29 (49%) cases met the
inclusion criteria; 5 (8%) cases were consistent with otologic
manifestations other than SSNHL, and 22 (37%) cases were
not sufficiently documented to draw conclusions (Figure 1).

Among these 29 cases, the delay onset was ≤21 days for 26
(90%) cases, with a median delay onset of 8 (range 1-21) days,
and 15 (52%) were those of female patients. The median age
was 47 (range 33-81) years, and 72% (21/29) of patients were
aged 30 to 64 years. A total of 31% (9/29) of patients had a
medical history, which was otoneurological in 14% (4/29) of
cases. The vaccination rank was known for 27 cases, with the
first injection involved in 45% (13/29) of cases. Steroids were

administered orally in 55% (16/29) of cases. SSNHL was
unilateral in 76% (22/29) of cases. The hearing loss grade ranged
from 1 to 3 in 66% (19/29) of cases. Tinnitus was associated
with SSNHL in 34% (10/29) of cases and vertigo in 41% (12/29)
of cases. Complete recovery was observed in 24% (7/29) of
cases, whereas no improvement was observed in 38% (11/29)
of cases and nonserviceable ear in 18% (5/29) of cases (Tables
3 and 4).

Deafness was more often unilateral than bilateral (P<.003). A
rank effect was found in favor of the first dose (P<.03). No
effects of sex or side of hearing loss were observed. Case
follow-up identified 3 cases of positive rechallenge (Table 5):
two (67%) were those of female vaccine recipients and 1 (3%)
was that of a male vaccine recipient (age range 41-71 years).
SSNHL was unilateral in most cases, was of grades 2 (5/29,
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18%) to 3 (7/29, 24%), occurred rapidly (<10 days) after the
first and second doses in 2 cases (in the third case, delay onset
was >21 days, but with positive rechallenge with the booster),
and completely resolved in 2 cases during the 3-month follow-
up.

Rate of Spontaneous Reports
Figure 2 shows, by month, the number of spontaneous reports
of SSNHL cases after tozinameran vaccine administration and
after elasomeran vaccine administration, as well as the number

of injections of each vaccine in 2021. The total Rr seemed
similar for both vaccines and was estimated at 1.45/1,000,000
doses for tozinameran and 1.67/1,000,000 doses for elasomeran.
During this period, a total of 86,993 and 20,265 spontaneous
reports were registered for tozinameran and elasomeran,
respectively, in the FPVDB, of which 22,619 (26%) and 3782
(18.66%) were serious cases, respectively. As a result, SSNHL
cases accounted for 0.63% and 0.76% of the total serious
adverse events recorded for tozinameran and elasomeran,
respectively.

Figure 2. Reporting rate of sudden sensorineural hearing loss (SSNHL) cases for the 2 messenger RNA (mRNA) vaccines according to the month.
Solid lines: the number of tozinameran (gray) and elasomeran (yellow) injections expressed in million doses (right y-axis) per month. Bar graph: the
number of tozinameran-related (blue) and elasomeran-related (orange) SSNHL cases expressed in case number (left y-axis) per month.

Discussion

Principal Findings
The main objective of this nationwide postmarketing
surveillance study was to conduct a continuous assessment of
the safety of mRNA COVID-19 vaccines to generate potential
safety signals related to serious and typical adverse effects and
consider relevant measures that should be taken quickly [3].
Our results—based on all spontaneous reporting of mRNA
vaccine–induced SSNHL registered in the FPVDB during >1
year, supported by intensive pharmacovigilance monitoring,
and combined with administrative data on the doses of vaccines
administered—suggested that the occurrence of SSNHL after
mRNA COVID-19 vaccination could be defined as a very rare
adverse effect, as it was estimated to be <2 per 1 million
injections for both vaccines. The occurrence of SSNHL cases
was found to parallel the number of injections of the most widely
administered mRNA vaccine in France over the study period,
with tozinameran accounting for 80% of the injections. This
has not been verified for elasomeran injections, probably
because of the smaller number of people exposed to this vaccine
and the smaller number of SSNHL cases reported. The scarcity
of this adverse effect supports the appropriateness of
spontaneous reporting allowing a signal generation. Spontaneous

reporting is particularly useful for identifying rare and
idiosyncratic safety concerns. For example, 12 (57%) out of 21
drug withdrawals in France between 1998 and 2004 were solely
based on spontaneous reports. Similarly, 8 (73%) out of 11
product withdrawals between 1999 and 2001 in the United
Kingdom and the United States were based on early information
from spontaneous reports. Some studies suggest that
spontaneous reports are most useful for newly marketed
products, specifically within 3 years after launch [2]. A larger
investigation and disproportionality analysis of the spontaneous
reporting of WHO database (Vigibase) could be useful to
generate a signal. Moreover, a multicentric case-control study,
methodologically appropriate to investigate rare events, might
be of interest to conclude an association between mRNA
COVID-19 vaccination and SSNHL, considering the different
risk factors for SSNHL, as it has already been done for
myocarditis or pericarditis [57,58]. That said, the Rr of mRNA
COVID-19 vaccine–induced SSNHL cases remained below the
estimated incidence of SSNHL cases in the general population
(approximately 5 to 20 cases per 100,000 person-years in
France). In addition, unlike cases of mRNA COVID-19
vaccine–induced myocarditis [58] and because of the lack of
data, it should be difficult to compare the rate of SSNHL cases
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related to mRNA COVID-19 vaccine administration with that
presumably related to COVID-19 infections.

Another contribution of this study is the first clinical description
of SSNHL as an adverse effect of mRNA COVID-19
vaccination. Because strict diagnostic criteria were used, the
risk of false-positive results when identifying SSNHL cases
was reduced compared with previous research using passive
surveillance system databases [47]. To name a few, conductive
or posttraumatic hearing loss, vestibular neuritis, labyrinthitis,
and fluctuating hearing loss related to a history of Ménière
disease or acoustic neurinoma were excluded. Nevertheless, the
clinical presentation of mRNA COVID-19 vaccine–induced
SSNHL cases could include audiovestibular symptoms such as
tinnitus, vertigo, or balance disorders associated with deafness.
Although postvaccination hearing loss was most often found to
be unilateral and of grades 1 to 3 (ie, slight to moderately severe
hearing loss), there were also cases of bilateral and severe to
profound hearing loss that may have required specific treatment
in the absence of complete recovery for both vaccines studied.
It is interesting to note that at the end of the follow-up period
(minimal duration: 3 months), a complete recovery was achieved
in less than one-quarter of the cases. Whereas SSNHL secondary
to vaccination was found to be a very rare adverse event, it is
of note that 10% of affected patients were diagnosed with a
nonserviceable ear, which represents a potential indication for
cochlear implantation. The rate of complete or partial recovery
varied between 41% and 52% for hearing loss grades 1 to 3,
whereas the rate of complete or partial recovery was 23% for
grade 4 and only 9% for grade 5. This observation is in
agreement with the evolution of SSNHL reported outside the
vaccination context [51].

However, the rate of recovery could be greater because of
missing feedback from patients who recovered completely. The
most affected age group was intermediate (30-64 years), and
the median age was approximately 50 years for both vaccines,
which is consistent with the usual age of onset of idiopathic
SSNHL [9,10]. Thus, there was no evidence for a more frequent
occurrence of this adverse effect for the extreme age groups.
Autoimmune, cardiovascular, audiological, or otoneurological
risk factors were present in only one-third of the cases,
definitively preventing the identification of a specific patient
profile.

Furthermore, we should underline our findings related to the
delay onset of SSNHL according to the vaccination rank. A
rank effect was found only for elasomeran: the occurrence of
SSNHL was higher after the first injection than after the second
injection and the booster. In agreement with Safety Platform
for Emergency Vaccines and Brighton Collaboration guidelines
on postvaccinal SSNHL, as well as with previous data on
audiological or cardiac adverse events with mRNA COVID-19
vaccines, we found that the median delay onset fell within the
first 2 weeks after injection [42,43,54,57,58]. Wichova et al
[39] also reported an average delay onset of 10.18 (SD 9) days,
whereas the median (range) delay onset in the WHO report was
1 day (few hours to 19 days) [41].

Moreover, data supported a possible relationship between
exposure to mRNA COVID-19 vaccines and the occurrence of

SSNHL. Positive rechallenge cases were documented for 5
tozinameran and 3 elasomeran vaccinations, meaning that
repeated exposure to a COVID-19 mRNA-based vaccine led to
SSNHL for a minority of patients who had previously
experienced the same adverse event. In a pharmacovigilance
study, this result alone was sufficient to suggest a high
probability of a causal relationship [59].

Since the beginning of the COVID-19 outbreak, the association
between SARS-CoV-2 infection and the occurrence of SSNHL
has been supported exclusively by cross-sectional studies
conducted on limited case series [60]. Almost all reported cases
were unilateral sudden deafness [26,28], which could be
associated with disabling ipsilateral tinnitus [16,24] or vertigo
with nystagmus beating toward the contralateral side [28].
Regardless of the clinical presentation, the estimation of the
exact incidence of SSNHL attributable to COVID-19 infection
may have been hampered by the difficulty in applying the same
criteria for causal relationship across studies. These criteria
could include, in addition to the certainty of viral infection by
polymerase chain reaction test or the titration of specific
antibodies, the temporal concordance between the infection and
the onset of hearing loss; the presence of symptoms and signs
consistent with concomitant labyrinthitis or neuritis; and, above
all, the exclusion of any other reason that could be counted
among the causes of SSNHL [61]. Recent updates have pointed
out the need for the long-term documentation of audiovestibular
symptoms in large cohorts of SARS-CoV-2–infected patients
before conclusions can be drawn about their true incidence
[62-64]. On the basis of the existing literature, SSNHL can be
considered so far as a rare complication of COVID-19 infection
[21,65,66].

Limitations
Our study has some limitations. An important step in assessing
vaccine-related adverse events is to compare their rates in
vaccinated and unvaccinated populations, as was done for
myocarditis [58]. Because the studied adverse event is very rare,
large population-based pharmacovigilance studies (Vigibase)
or a case-control study appropriate for rare events is needed to
further define the role of mRNA COVID-19 vaccination in the
occurrence of SSNHL, as has been done for COVID-19 vaccines
and menstrual cycle [67]. Herein, we conducted a “case series
study,” a well-known design in pharmacoepidemiology that
differs from a cohort study or a case-control study. As such, our
nationwide postmarketing surveillance did not include any
control group, thus preventing the consideration of potentially
important variables such as age or SSNHL time to onset. After
drug marketing, case series are most useful for 2 related
purposes: first, to quantify the incidence or rate of an adverse
reaction and second, to detect any particular adverse effect not
yet identified in clinical trials because of its scarcity [68].
Moreover, we cannot rule out the underreporting of ADRs,
which may have biased the estimated rate of SSNHL. However,
following the introduction of mRNA COVID-19 vaccines in
France, a major effort has been made by the enhanced
pharmacovigilance system to improve the reporting of any
suspected ADR following the administration of these vaccines
by health professionals or patients. By February 2022,
approximately 80% of the French population had received the
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first 2 vaccine injections, and 52.6% had also received the
booster [69]. The impressive number of reports of suspected
ADRs (>80,000 between January 2021 and January 2022 in
France) suggests that underreporting may have been very rare,
particularly for potentially serious adverse events [3].

Other authors have retrospectively compared the incidence of
SSNHL cases in the population exposed to mRNA COVID-19
vaccines with that in the general population using a
population-based cohort and International Classification of
Diseases, Ninth Revision, codes without any data on patients’
medical history or risk factors [38,39]. In our clinical experience,
this could lead to a selection of false-positive SSNHL cases.
As previously done by Ouldali et al [70] for mRNA COVID-19
vaccine–induced pediatric inflammatory multisystem syndrome,
we chose a restrictive method to select and describe medically
confirmed SSNHL cases based on pharmacovigilance and
complementary medical data, which is the added value of our
survey. Nevertheless, the lack of available data for the general
population precluded comparisons with historical incidence or
incidence in the unvaccinated population. Another possible
limitation is the underdiagnosis of SSNHL cases related to the
COVID-19 outbreak due to the difficulties in accessing health

care during the COVID-19 outbreak. However, disabling
deafness remains a medical emergency and should lead to
hospital admission.

Conclusions
This study identified very rare but severe cases of medically
confirmed SSNHL after the administration of mRNA COVID-19
vaccines without calling into question the demonstrated benefit
of vaccinating a large population in the context of rapid
SARS-CoV-2 circulation. On the basis of our findings,
particularly those related to the cases of positive rechallenge
and grade-5 hearing loss, patients should undergo a
comprehensive evaluation of any otologic manifestation
occurring after COVID-19 vaccination. Early diagnosis of
SSNHL is essential for positive outcomes. Each medical
evaluation should be performed for 2 reasons: the prompt
initiation of appropriate treatment to improve the prognosis of
SSNHL and provision of expert counseling to patients regarding
subsequent vaccine injections, given the evolution of
SARS-CoV-2, its variants, and new adaptive vaccines. These
data are new and of critical interest to patients, physicians, and
regulatory policies to tailor public health messages and medical
care.
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Abstract

Background: The COVID-19 pandemic represents a global health crisis. The Shanghai municipal government in China
implemented strict and comprehensive pandemic control strategies in the first half of 2022 to eliminate a wave of COVID-19
infection. The pandemic and the resulting government responses have led to abrupt changes to families’ daily lives, including
the mental health of children and adolescents.

Objective: The aim of this paper is to examine the impact of COVID-19 exposure and the stringent lockdown measures on the
daily life and mental health of children and adolescents and to provide suggestions on maintaining their mental health when
similar public health emergencies occur in the future.

Methods: In this cross-sectional study, an anonymous survey was distributed online in May 1-15, 2022, in Shanghai. Individuals
were eligible to participate if they were currently the caregiver of a child or adolescent (aged 4-17 years). Outcomes were
psychosocial functioning of children and adolescents, as reported by parents, using the Pediatric Symptom Checklist-17. COVID-19
exposure and life changes were also reported. Multivariate logistic regression was used to analyze risk factors for poor psychosocial
functioning.

Results: In total, 2493 valid questionnaires were analyzed. The rate of positive scores on the global Pediatric Symptom
Checklist-17 scale was 16.5% (n=411). Internalizing, attention, and externalizing problem subscale positivity rates were 17.3%
(n=431), 10.9% (n=272), and 8.9% (n=221), respectively. Caregivers reported that 64.2% (n=1601) and 20.7% (n=516) of the
children’s interactions with friends or peers and parents deteriorated, respectively. Compared with male caregivers, female
caregivers were less likely to report psychosocial problems in children and adolescents (adjusted odds ratio [aOR] 0.68; 95% CI
0.53-0.88). Older children and those with lower COVID-19 Exposure and Family Impact Scales scores were less likely to have
psychological problems (aOR 1.15; 95% CI 1.10-1.21). Compared with children with screen times <1 hour per day for recreation,
those using screens for >3 hours had higher odds of psychological distress (aOR 2.09; 95% CI 1.47-1.97). Children who spent
1-2 hours exercising and had better interactions with friends or peers and parents showed a trend toward lower odds of psychological
problems. Children and adolescents with worse sleep compared with preclosure were more likely to have psychological problems.

Conclusions: The prevalence of psychosocial problems among children and adolescents is relatively high. Being young, having
more COVID-19 exposure, and having more screen times (>3 h/day), less exercise time (<30 min), worse sleep, and deteriorated
interactions with friends or peers and parents were risk factors for poor psychosocial functioning. It is necessary for governments,
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communities, schools, and families to take appropriate countermeasures to reduce the negative impact of the stringent control
measures on caregivers’ parenting and psychosocial functioning of children and adolescents.

(JMIR Public Health Surveill 2023;9:e43689)   doi:10.2196/43689
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COVID-19 exposure; psychosocial function; parenting; children and adolescents; China

Introduction

The COVID-19 pandemic represents a global health crisis.
According to the latest data, as of June 7, 2022, there have been
over 529 million confirmed cases of COVID-19 globally and
over 6 million deaths [1]. Governments across the world have
implemented several public health and social measures, such
as mask wearing, school closures, international travel
restrictions, and stay-at-home orders to prevent COVID-19
infection [1]. The unpredictability and uncertainty of the
COVID-19 pandemic, the associated lockdowns and
containment strategies, and the resulting economic disruption
have led to abrupt and unpredictable changes to families’ daily
lives and could increase the risk of mental health problems [2].
Previous studies showed that shielding behavior in both
clinically extremely vulnerable and non–clinically extremely
vulnerable populations during the first wave of the 2020
COVID-19 pandemic was associated with worse mental and
physical well-being, suggesting that the adoption of such
behavior may have resulted in avoidable detriments to physical
and mental health [3].

In late February 2022, a wave of intense COVID-19 infection
appeared in Shanghai, China. According to the Shanghai
Municipal Health Commission, as of May 4, 2022, 593,336
cases have been identified, including 538,450 asymptomatic
carriers [4]. To limit the spread of and subsequently eliminate
COVID-19, the Shanghai municipal government implemented
strict and comprehensive pandemic control strategies from
March to May, including mask wearing, school and business
closures, restrictions on domestic movement, public transport
closures, and stay-at-home orders. According to the Public
Health and Social Measures Severity Index issued by the World
Health Organization, Shanghai’s policy was level 4 (of 5) in
terms of severity [1]. The strict and comprehensive pandemic
control strategies in Shanghai are designed to reduce the number
of people infected and to allow for early diagnosis and
appropriate treatment for severe COVID-19 cases [4].
Shanghai’s significant and stringent efforts against Omicron
are essential for China as a whole to exit the pandemic situation.

Studies showed that the global pandemic and the resulting
government responses have led to abrupt and unpredictable
changes to damage to human health and creating burdens for
families, health care systems, and societies [5-7]. As members
of society, children and adolescents will not escape the
repercussions of COVID-19, and inevitably, some children and
families will experience these social costs differently. Efforts
to contain the spread of COVID-19 have involved sudden, and
often mandatory, physical distancing, thus removing many
regular sources of social connection. School closures and
quarantine orders may have contributed to a considerable

proportion of the harms experienced by children [8] through a
reduction in social contact with peers and teachers [9]. Many
children have been unable to play or socialize outside the home.
Social connections with classmates and peers were reduced,
and adolescents especially suffer from a lack of social stimuli
[10].

The mental health of children and adolescents during the
COVID-19 crisis has attracted great attention [11]. In a
systematic review of 36 studies from 11 countries, school
closures and social lockdown during the first COVID-19 wave
were associated with adverse mental health symptoms and
negative health behaviors among children and adolescents [12].
Between 18% and 60% of children and adolescents scored above
risk thresholds for distress, particularly anxiety and depressive
symptoms [12]. Significant anxiety rates of 10%-19% and
depressive symptom rates of 17%-39% have been estimated
during the first COVID-19 wave [12]. In a longitudinal study,
earlier internalization of symptoms increased the risk of
clinically relevant depressive symptoms [13]. Another study
suggested that 1 in every 4 young people globally are
experiencing symptoms of clinical depression, while 1 in 5 are
experiencing symptoms of clinical anxiety [8]. Assessments
should be performed, and risk factors should be found as soon
as possible to prevent serious mental problems from developing.

Longitudinal analysis indicated that more stringent policies and
intense pandemics are associated with worse mental health [14].
This study aimed to examine the impact of COVID-19 exposure
and the stringent lockdown measures on the daily life change
and mental health of children and adolescents and provide
suggestions on maintaining their mental health when similar
public health emergencies occur in the future, leading to
stringent lockdowns.

Methods

Recruitment
From May 1, 2022, to May 15, 2022, we conducted a
municipal-wide web-based questionnaire survey in Shanghai,
China. Individuals were eligible to participate if they were
currently the caregivers of a child or adolescent (aged 4 to 17
years). Data were collected through the Wenjuanxing online
questionnaire platform, on which only a fully completed
questionnaire can be uploaded. An invitation letter, detailing
the research aim and providing a QR code automatically
generated by Wenjuanxing, was issued on widely used social
platforms. Snowball sampling method and convenient sampling
method were used [15]. Any individual interested in the study
could use the QR code and fill in the questionnaire. In addition,
we have taken a number of questionnaire quality-control
measures, including the following: respondent as caregiver,
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who should be older than 20 years old; respondents with
Shanghai internet protocol addresses; each social account can
only fill in the questionnaire once; and respondents who took
less than 2 minutes to complete the questionnaire were excluded.

Ethical Considerations
This study was approved by the Ethics Committee of Xinhua
Hospital Affiliated to Shanghai Jiaotong University School of
Medicine (Approval Number: XHEC-C-2022-043). Appropriate
ethical considerations were applied during all the stages of this
study. Participation in the study was entirely voluntary. The
survey questionnaire was distributed among respondents who
provided their informed consent on the first page and clicking
on the “agree” button after reading about the purpose of the
survey. The questionnaire was anonymous to ensure the
confidentiality and reliability of data.

Measures

Demographic Characteristics of Caregivers and Children
Caregivers were asked to report the following information: age,
gender, education level, living area, and number of children
aged <18 years. In addition, the caregivers were asked to report
the child’s age (4-18 years), gender, daily exposure time to
screens for learning during school closures, daily exposure time
to screens for recreation during school closures, amount of
exercise per day during school closures, child’s sleep time
compared to preclosure, child’s interactions with friends or
peers compared to preclosure, child’s interactions with parents
compared to preclosure, and child’s psychosocial symptoms.

COVID-19 Exposure and Family Impact Scales
The COVID-19 Exposure and Family Impact Scales (CEFIS)
is a caregiver-report measure used to examine the degree to
which families are exposed to potentially traumatic aspects of
the COVID-19 pandemic, and the perceived impact on child,
caregiver, and family functioning. It has been used to examine
the impact of COVID-19 on various chronically ill pediatric
populations [16,17], as well as on healthy children [18]. The
CEFIS consists of the following three primary scales: Exposure,
Impact, and Distress. Our study used the Exposure scale. The
Exposure scale contains 25 “Yes/No” items that assess whether
families have been exposed to COVID-19–related events such
as lockdowns, school closures, changes in employment status,
or the virus itself. When completing the CEFIS, residents are
asked to think about the period from March 2022 to the present.
“Yes” responses are summed to yield a total score, with higher
scores indicating greater exposure to COVID-19 and related
events.

Pediatric Symptom Checklist-17 Items
The Pediatric Symptom Checklist-17 (PSC-17) is one of the
most frequently used general pediatric psychosocial screening

instruments [19]. It is a caregiver-report measure of children’s
psychosocial functioning. Parents rate the frequency of a variety
of symptoms in their child (0=never, 1=sometimes, and 2=often).
A screen can be considered “positive” based on total or domain
scores. Total scores can be used to categorize a child as “at risk”
or “not at risk” based on established cutoff scores. A score of
≥15 corresponds to at-risk status. On the three PSC-17 subscales,
scores of ≥5 is for internalizing and ≥7 for externalizing; scores
of attention ≥7 indicate risk. The PSC-17 has 3 subscales that
specifically assess internalizing, externalizing, and
attention-related problems.

Statistical Analysis
Descriptive statistics were generated for respondent
characteristics and CEFIS Exposure subscale scores. Caregiver
and child age, as continuous variables, were presented as median
with interquartile range, and were analyzed by the Wilcoxon
rank sum test. Categorical variables are presented as numbers
and percentages and were compared between poor psychosocial
health (PSC-17 score ≥15) and good psychosocial health

(PSC-17 score <15) groups using Pearson χ2 test or Fisher exact
test. P values for trends were calculated using mental health as
a binary categorical variable—event=PSC-17 score ≥15 (1),
nonevent=PSC-17 score <15 (0)—and Pearson χ2 trend test.
To further examine potential risk and protective factors for
mental health, univariate and multivariate logistic regression
were performed. All respondent characteristic variables were
included and adjusted in the multivariate logistic regression;
unadjusted odds ratios, adjusted odds ratios (aORs), and their
95% CIs were calculated. All analyses were performed with
SAS 9.4 (SAS Institute, Inc) and R statistical software (version
3.6.3; R Development Core Team). Statistical significance was
set at P<.05, and all tests were 2-tailed.

Results

Descriptive Analysis of Participants
A total of 2540 valid questionnaires were returned.
Questionnaires completed in <180 seconds were excluded, and
2493 valid questionnaires were finally analyzed. In total, 38.31%
(955/2493) of the participants were male (Table 1), and 73.20%
(n=1825) had 1 child (aged <18 years). In total, 52.55%
(n=1310/2493) of the children were boys, and their average age
was 10.99 (SD 4.18) years. Interactions with friends or peers
and parents reportedly deteriorated in 64.22% (n=1601/2493)
and 20.70% (n=516/2493) of the children, respectively.

The mean CEFIS score was 11.5 (SD 2.49). The scores for
individual CEFIS item are summarized in Figure 1.
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Table 1. Participant demographic characteristics (N=2493).

P trendbP valuePSC-17 score ≥15
(n=411)

PSC-17a score <15
(n=2082)

Total (N=2493)Characteristics

N/Ac.7940 (36, 43)40 (36, 43)40 (36, 43)Caregiver’s age (years), median (IQR)

N/A.008Caregiver’s gender, n (%)

182 (19.06)773 (80.94)955 (38.31)Male

229 (14.89)1309 (85.11)1538 (61.69)Female

.49.49Education level, n (%)

65 (14.64)379 (85.36)444 (17.81)High school and below

261 (17.04)1271 (82.96)1532 (61.45)Junior college or BA

85 (16.44)432 (83.56)517 (20.74)Postgraduate and above

.23.31Living area (square meters), n (%)

160 (17.98)730 (82.02)890 (35.70)<30

100 (15.31)553 (84.69)653 (26.19)30-50

151 (15.89)799 (84.11)950 (38.11)>50

N/A.004Number of children (<18 years old), n (%)

277 (15.18)1548 (84.82)1825 (73.20)1

134 (20.06)534 (79.94)668 (26.8)≥2

N/A<.00113 (11, 14)11 (9, 13)11 (10, 13)CEFISd score, median (IQR)

N/A.0811 (7, 14)11 (8, 15)11 (8, 14)Child age (years), median (IQR)

.51.046Child age group, n (%)

71 (15.01)402 (84.99)473 (18.97)4-6 years

206 (18.54)905 (81.46)1111 (44.56)7-12 years

134 (14.74)775 (85.26)909 (36.47)13-18 years

N/A.62Child’s gender, n (%)

221 (16.87)1089 (83.13)1310 (52.55)Boy

190 (16.06)993 (83.94)1183 (47.45)Girl

<.001.001Child’s length of daily exposure to screens for learning during closure, n (%)

93 (13.56)593 (86.44)686 (27.52)≤4 hours

94 (14.76)543 (85.24)637 (25.55)4-6 hours

105 (17.13)508 (82.87)613 (24.59)6-8 hours

119 (21.36)438 (78.64)557 (22.34)≥8 hours

<.001<.001Child’s length of daily exposure to screens for recreation during closure, n (%)

78 (12.30)556 (87.70)634 (25.43)≤1 hour

111 (13.29)724 (86.71)835 (33.49)1-2 hours

64 (15.46)350 (84.54)414 (16.61)2-3 hours

158 (25.90)452 (74.10)610 (24.47)≥3 hours

<.001<.001Child’s length of exercise per day during closure, n (%)

283 (20.66)1087 (79.34)1370 (54.96)≤30 minutes

94 (11.30)738 (88.70)832 (33.37)30 minutes to 1 hour

19 (8.68)200 (91.32)219 (8.78)1 hour to 2 hours

15 (20.83)57 (79.17)72 (2.89)≥2 hours

<.001<.001Child’s sleep compared to preclosure, n (%)

7 (7.61)85 (92.39)92 (3.69)Much better
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P trendbP valuePSC-17 score ≥15
(n=411)

PSC-17a score <15
(n=2082)

Total (N=2493)Characteristics

56 (12.20)403 (87.80)459 (18.41)A little better

121 (10.20)1065 (89.8)1186 (47.57)No change

143 (22.95)480 (77.05)623 (24.99)A little worse

84 (63.16)49 (36.84)133 (5.34)Much worse

<.001<.001Child’s interaction with friends or peers compared to preclosure, n (%)

5 (11.11)40 (88.89)45 (1.81)Much better

16 (9.94)145 (90.06)161 (6.46)A little better

57 (8.31)629 (91.69)686 (27.52)No change

129 (14.66)751 (85.34)880 (35.30)A little worse

204 (28.29)517 (71.71)721 (28.91)Much worse

<.001<.001Child’s interaction with parents compared to preclosure, n (%)

10 (7.63)121 (92.37)131 (5.25)Much better

69 (12.23)495 (87.77)564 (22.63)A little better

120 (9.36)1162 (90.64)1282 (51.43)No change

131 (32.91)267 (67.09)398 (15.96)A little worse

81 (68.64)37 (31.36)118 (4.73)Much worse

aPSC-17: Pediatric Symptom Checklist-17 Items.
bPearson χ2 trend test.
cN/A: not applicable.
dCEFIS: COVID-19 Exposure and Family Impact Scales.

Figure 1. Individual COVID-19 Exposure and Family Impact Scales (CEFIS) item responses.
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Bivariate Analysis of Psychosocial Functioning
As shown in Table 2, the proportion of positive screening scores
on the global PSC-17 scale was 16.5% (411/2493). The
internalizing, attention, and externalizing problem subscales
had positive screening rates of 17.3% (431/2493), 10.9%
(272/2493), and 8.9% (221/2493), respectively. Caregivers’

gender, number of children (younger than 18 years old), CEFIS
score, child age, child’s length of daily exposure to screens for
learning and recreation during closure, length of exercise per
day, sleep, interaction with friends/peers and interaction with
parents compared to pre-closure were significantly associated
with psychosocial problems (Table 1).

Table 2. Caregiver reports of child mental health (N=2493).

Mean score (SD)Positive screening scores, n (%)Mental health

8.23 (6.72)411 (16.5)PSC-17a total problems

3.43 (2.51)272 (10.9)PSC-17 attention problems

2.24 (2.29)431 (17.3)PSC-17 internalizing problems

2.55 (2.62)221 (8.9)PSC-17 externalizing problems

aPSC-17: Pediatric Symptom Checklist-17 Items.

Logistic Regression Analysis
Multivariate logistic regression analysis showed that, compared
with male caregivers, female caregivers were less likely to report
psychosocial problems in children and adolescents (aOR 0.68;
95% CI 0.53-0.88). Older children and those with lower CEFIS
scores were less likely to have psychological problems (aOR
1.15; 95% CI 1.10-1.21). Compared with children with screen
times <1 hour per day for recreation, those using screens for >3

hours had higher odds of psychological distress (aOR 2.09; 95%
CI 1.47-1.97). Compared with children who spent <0.5 hour
exercising, those who spent 0.5-1 hour exercising had lower
odds of psychological problems (aOR 0.70; 95% CI 0.52-0.94).
Children who spent 1-2 hours exercising showed a trend toward
lower odds of psychological problems. Children with worse
sleep compared with preclosure and worse interactions with
friends or peers and parents were more likely to have
psychological problems (Table 3).
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Table 3. Multivariate logistic regression analysis of characteristics associated with the mental health status of children and adolescents during the
COVID-19–related school closures in Shanghai, China.

P valueAdjusted OR (95% CI)P valueUnadjusted ORa (95% CI)Characteristic

.371.01 (0.99,1.04).651.00 (0.98,1.01)Caregiver’s age

Caregiver’s gender

N/AReferenceN/AbReferenceMale

.0040.68 (0.53,0.88).0070.74 (0.60,0.92)Female

Education level

N/AReferenceN/AReferenceHigh school and below

.501.14 (0.78,1.66).231.20 (0.89,1.61)Junior College or BA

.711.09 (0.69,1.70).441.15 (0.81,1.63)Postgraduate and above

Living area (square meters)

N/AReferenceN/AReference<30

.821.04 (0.76,1.42).170.83 (0.63,1.08)30-50

.490.90 (0.68,1.20).230.86 (0.68,1.10)>50

Number of children (<18 years old)

N/AReferenceN/AReference1

.0021.52 (1.16,1.99).0041.40 (1.12,1.76)≥2

<.0011.15 (1.10,1.21)<.0011.24 (1.19,1.30)CEFISc score

.010.95 (0.91,0.99).060.98 (0.95,1.00)Child age

Child’s gender

N/AReferenceN/AReferenceBoy

.180.85 (0.66,1.08).590.94 (0.76,1.17)Girl

Child’s length of daily exposure to screens for learning during closure

N/AReferenceN/AReference≤4 hours

.131.32 (0.92,1.90).531.10 (0.81,1.50)4-6 hours

.101.38 (0.94,2.01).071.32 (0.97,1.78)6-8 hours

.391.20 (0.79,1.81)<.0011.73 (1.29,2.33)≥8 hours

Child’s length of daily exposure to screens for recreation during closure

N/AReferenceN/AReference≤1 hour

.191.26 (0.89,1.79).571.09 (0.80,1.49)1-2 hours

.131.37 (0.91,2.07).151.30 (0.91,1.86)2-3 hours

<.0012.09 (1.47,2.97)<.0012.49 (1.85,3.36)≥3 hours

Child’s length of exercise per day during closure

N/AReferenceN/AReference≤30 minutes

.020.70 (0.52,0.94)<.0010.49 (0.38,0.63)30 minutes to 1 hour

.080.61 (0.35,1.06)<.0010.36 (0.22,0.59)1 hour to 2 hours

.840.93 (0.45,1.92).971.01 (0.56,1.81)≥2 hours

Child’s sleep compared to preclosure

N/AReferenceN/AReferenceMuch better

.451.42 (0.58,3.50).211.69 (0.74,3.83)A little better

.911.05 (0.44,2.54).431.38 (0.62,3.05)No change

.181.85 (0.76,4.48).0013.62 (1.64,7.99)A little worse

<.0015.32 (2.02,13.95)<.00120.82 (8.92,48.58)Much worse
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P valueAdjusted OR (95% CI)P valueUnadjusted ORa (95% CI)Characteristic

Child’s interaction with friends or partners compared to preclosure

N/AReferenceN/AReferenceMuch better, a little better, or no
change

.311.19 (0.85,1.66)<.0011.79 (1.33,2.42)A little worse

.0021.70 (1.22,2.39)<.0014.12 (3.10,5.47)Much worse

Child’s interaction with parents compared to preclosure

N/AReferenceN/AReferenceMuch better

.271.53 (0.72,3.25).141.69 (0.84,3.37)A little better

.681.17 (0.56,2.44).521.25 (0.64,2.45)No change

<.0014.03 (1.90,8.54)<.0015.94 (3.01,11.69)A little worse

<.00110.51 (4.53,24.34)<.00126.48 (12.47,56.24)Much worse

aOR: odds ratio.
bN/A: not applicable.
cCEFIS: COVID-19 Exposure and Family Impact Scales.

Discussion

Principal Findings
This study examined the impact of the COVID-19 crisis on a
sample of children and adolescents in Shanghai during the
lockdown in the first half of 2022. This was the first study to
assess the mental health of children and adolescents using the
PSC-17 in China. Nearly one-sixth (16.5%, 411/2493) of the
children and adolescents were reported to be with psychosocial
function problems by their caregivers, which was similar to the
results of a US study [20]. In another study, 18% of urban
school-age children (5-11 years old) were at risk according to
the total PSC-17 score, while 18% were at risk according to the
PSC-17 internalizing symptoms subscale score [19]. Given the
mental health impact on children and adolescents of COVID-19
exposure, measures should be taken to help families and parents
optimize child health and development [21].

Psychological problems of children and adolescents varied cross
different gender of reporting caregivers. Female caregivers
reported less psychosocial problems in their children. The results
were similar to those by Dave et al [22] but in contrast to the
findings from Hagerman [23]. Dave et al [22] reported higher
scores for externalizing behaviors, such as conduct problems
and hyperactivity, among children (according to their fathers).
Because of the stay-at-home policy, many fathers spent more
time with their children, were involved in looking after them,
and were more sensitive to externalizing behaviors than mothers,
who were often the primary caregivers. The results showed that
older children had fewer psychological problems. A possible
reason for this might be that younger children were more
susceptible to the crisis situation [24]. Those caregivers who
had more than one child (younger than 18 years old) reported
more psychological problems of their children. The reason might
be that large families with more children living in cramped
conditions might be under additional stress, including
parenting-related stress, abuse, violence against children [25],
and an increased risk of COVID-19 infection [26]. Government

and community efforts are needed that target those at-risk
households.

COVID-19 exposure was a risk factor for psychological
problems of children and adolescents. The results of our study
indicated severe COVID-19 exposure in our sample and
increased risks of psychological problems. To eliminate
COVID-19, stringent measures were implemented in Shanghai.
Transport restrictions resulted in inconvenience in everyday
life. Schools were closed, and children’s education was
disrupted. Everyone, except essential workers, had to stay at
home. Some families had difficulty obtaining essentials such
as food, medicine, health care, and so on. Moreover, the
shutdown had economic repercussions for many families, such
as decreased income or unemployment. The infected families
and those in which someone was serving as an essential worker
outside the home had more difficulties with parenting and
meeting the growth and developmental demands of their
children. Government and community efforts are needed that
target at-risk households. Children who are separated from their
caregivers also require particular attention, including those
infected with or suspected of being infected with COVID-19,
those who are quarantined in local hospitals or medical
observation centers, and those whose caregivers are infected
with COVID-19 [27].

In this study, the rate of psychosocial problems increased with
recreational screen time, consistent with other studies [28].
School closures and strict containment measures have led to
more families relying on technology and digital solutions for
their children’s learning, entertainment, and connection to the
outside world [28,29]. Many children and adolescents are
spending more time online, allowing for social interactions in
some cases but also increasing the risk of cyberbullying,
cybercrime, privacy infringements, and screen fatigue
[10,30,31]. It has been proved that cyberchondria partially
mediated the relationships between perceived severity of the
COVID-19 pandemic and depression, anxiety, and stress in
China [32]. As screen time increased, so too did sedentary
behavior [33], which was associated with poor behavioral
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conduct or prosocial behavior and reduced sleep duration
[34,35]. Worse sleep was a risk factor for the development of
psychosocial problems in our study. Therefore, for children and
adolescents, the time spent being sedentary should be limited,
particularly the amount of recreational screen time [36].
Mutually agreed rules, limits, and parental monitoring of screen
time were perceived as likely to be effective [37]. Interactive
games and exercises can serve as a supplement for filling the
time previously spent on screen.

Children and adolescents who spent 1-2 hours exercising showed
a trend toward lower odds of psychological problems, and
exercise for less than 30 minutes per day had a high probability
of psychosocial problems. Psychosocial problems were linked
to lower levels of physical activity [38-40]. Greater levels of
physical activity are associated with improved physical fitness,
bone health, cognitive outcomes, and mental health (reduced
symptoms of depression) and less adiposity [36]. The World
Health Organization recommends that children and adolescents
perform at least 60 minutes of moderate-to-vigorous–intensity
(mostly aerobic) physical activity per day. Vigorous-intensity
aerobic activities, as well as those that strengthen muscle and
bone, should be performed on at least 3 days a week [36].
High-quality physical education and supportive environments
can promote physical and health literacy for long-lasting,
healthy, active lifestyles [41]. Special attention should be paid
to long-duration exercise. Previous studies had showed exercise
durations of >3 hours were associated with worse mental health
than exercising for 45 minutes [42]. In this study, exercise
durations of 30 minutes to 1 hour were shown to be better for
the psychosocial function of children and adolescents. Moreover,
excessive exercise might cause fatigue and worsen mental health
of children and adolescents [43].

In total, 27.9% of the caregivers reported that their interactions
with children improved, which was significantly associated with
lower positive screening scores. The stay-at-home policy might
promote stronger relationships of children and adolescents with
their parents [25] and has shown to improve their mental health
[44]. Previous studies have reported that parent-child activities
and exercises together can improve interactions between
caregivers and children and amplifies the beneficial effects of
sleep on mental health [45]. For example,
mindfulness-promoting exercises (ie, yoga and tai chi) could
be performed indoors by parents and children together [42]. In
total, 64.2% (1601/2493) of the children and adolescents
reported worse relationships with friends and classmates, and
these children and adolescents were more likely to have poor
mental health. There is an urgent need to increase the social
interactions of children and adolescents during lockdown.
Communities could redesign neighborhoods to provide children

with spaces to play together and enjoy interactions [10]. Studies
have shown that digitalized social contact can mitigate the
potentially harmful effects of physical distancing on young
people [9]. Specifically, active use of social media, for example,
engaging in direct communication (ie, messaging) or posting
directly on another person’s social media profile, can increase
well-being and help maintain personal relationships.
Time-limited and active use of social media for contact with
peers might be beneficial for the mental health of children and
adolescents.

Limitations
This study had several limitations. First, its cross-sectional
nature limits the ability to establish a causal relationship between
risk factors and mental health. Furthermore, there were no
preclosure PSC-17 data for Chinese children and adolescents,
so we could not determine whether the psychosocial problems
detected in the participants were intensified during COVID-19
exposure. Second, the data were collected online because of the
COVID-19 pandemic, and caregivers whose lives were severely
disrupted and had limited time online might have been less
likely to finish the questionnaire. Third, data for the main
variable of interest, psychosocial functioning, were obtained
from caregivers of the children and adolescents, which may
cause bias. When compared to self-report or direct observation
of youth behaviors, caregiver report may not be as accurate.

Conclusions
In this cross-sectional study conducted during a wave of
COVID-19 infection in Shanghai, in which stringent responses
were implemented, we found that the prevalence of psychosocial
problems among children and adolescents was relatively high.
Daily life of the children and adolescents changed a lot,
including screen time, exercise, sleep, and interaction with
parents and peers. Younger children, more COVID-19 exposure,
more recreational screen time, and worse sleep were risk factors
for poor psychosocial functioning. In particular, exercise
durations of 1-2 hours and better interactions with friends or
peers and parents benefit the psychosocial function of children
and adolescents. The findings suggest that it is necessary for
governments, communities, schools, and families to take
appropriate countermeasures to reduce the impact of the
lockdown measures on daily life and its subsequent influence
on mental health of children and adolescents, which can be
provided as suggestions on maintaining the mental health when
similar public health emergencies occur in the future, leading
to the stringent lockdown. In addition, it will be necessary to
conduct longitudinal studies to clarify whether psychosocial
problems are reduced, maintained, or intensified over time, as
well as to identify subgroups of young people most at risk.
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Abstract

Background: The widespread use of vaccines against the novel coronavirus disease (COVID-19) has become one of the most
effective means to establish a population immune barrier. Patients with cancer are vulnerable to COVID-19 infection, adverse
events, and high mortality, and should be the focus of epidemic prevention and treatment. However, real-world data on the safety
of vaccines for patients with breast cancer are still scarce.

Objective: This study aims to compare the safety of COVID-19 vaccines between patients vaccinated before or after being
diagnosed with breast cancer.

Methods: Patients with breast cancer who sought medical advice from October 2021 to December 2021 were screened. Those
who received COVID-19 vaccines were enrolled in this study to analyze the safety of the vaccines. The primary outcome was
patient-reported adverse events (AEs). All events after vaccine injection were retrospectively documented from the patients.

Results: A total of 15,455 patients with breast cancer from 41 hospitals in 20 provinces in China were screened, and 5766
patients who received COVID-19 vaccines were enrolled. Of those enrolled, 45.1% (n=2599) of patients received vaccines before
breast cancer diagnosis, 41.3% (n=2379) were vaccinated after diagnosis, and 13.6% (n=784) did not known the accurate date
of vaccination or cancer diagnosis. Among the patients vaccinated after diagnosis, 85.4% (n=2032) were vaccinated 1 year after
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cancer diagnosis and 95.4% (n=2270) were vaccinated during early-stage cancer. Of all 5766 vaccinated patients, 93.9% (n=5415)
received an inactivated vaccine, 3.7% (n=213) received a recombinant subunit vaccine, and 2.4% (n=138) received other vaccines,
including adenovirus and mRNA vaccines. In the first injection of vaccines, 24.4% (n=10, 95% CI 11.2-37.5) of patients who
received an adenovirus vaccine reported AEs, compared to only 12.5% (n=677, 95% CI 11.6-13.4) of those who received an
inactivated vaccine. Patients with metastatic breast cancer reported the highest incidence of AEs (n=18, 16.5%, 95% CI 9.5-23.5).
Following the second injection, patients who received an inactivated vaccine (n=464, 8.7%, 95% CI 8.0-9.5) and those who
received a recombinant vaccine (n=25, 8.7%, 95% CI 5.5-12.0) reported the same incidence of AEs. No significant differences
in patient-reported AEs were found between the healthy population and patients with breast cancer (16.4% vs 16.9%, respectively);
the most common AEs were local pain (11.1% vs 9.1%, respectively), fatigue (5.5% vs 6.3%, respectively), and muscle soreness
(2.3% vs 3.6%, respectively). The type of vaccine and time window of vaccination had little impact on patient-reported AEs.

Conclusions: Compared with patients vaccinated before breast cancer diagnosis, there were no significant differences in
patient-reported AEs in the patients vaccinated after diagnosis. Thus, it is safe for patients with breast cancer, especially for those
in the early stage, to receive COVID-19 vaccines.

Trial Registration: Chinese Clinical Trial Registry ChiCTR2200055509; https://tinyurl.com/33zzj882

(JMIR Public Health Surveill 2023;9:e46009)   doi:10.2196/46009

KEYWORDS

breast cancer; COVID-19 vaccines; patients reported adverse events; healthy population; vaccine safety

Introduction

The outbreak of COVID-19 has had a huge impact on the lives
and work of people worldwide [1-3]. Although several drugs
have been authorized for emergency use by many countries
[4,5], inaccessibility and strong demand have limited their
widespread use during the pandemic. The establishment of a
population immune barrier through mass vaccination with
COVID-19 vaccines may be the one of the most effective means
to end the pandemic at this moment [6]. However, for certain
populations, safety concerns of vaccines may have negative
impacts on widespread vaccination, thus weakening the process
of herd immunity. In this process, vaccination of specific
patients is an important part of epidemic prevention and control
[7,8].

Cancers are the second leading cause of death worldwide, with
high morbidity and mortality rates in the general population. In
the setting of the SARS-CoV-2 pandemic, patients with cancer
are at high risk of infection, and the safety of these patients after
COVID-19 vaccination is an important consideration. Aberrant
immune responses in the context of underlying cancer and the
use of anticancer therapies may contribute to impaired immune
responses and altered reactogenicity following immunization
against SARS-CoV-2 [9,10]. Therefore, patients with tumors
have had a high risk of infection, high incidence of serious
events, and high mortality in the COVID-19 pandemic [11]. As
a special group, there is still confusion on whether the safety
of COVID-19 vaccines in such patients is the same as in healthy
individuals because of their immunosuppression [12,13].

For patients with breast cancer, there has been a history of
receiving vaccines for cancer treatment [14]. However, the
COVID-19 vaccination rate remains low in China due to
inadequate health education, the lack of vaccine safety data,
and even some other social status influences rather than vaccine
shortages [15-17]. The fear of delaying cancer therapy has
surpassed the fear of COVID-19 infection [18]. To better
understand why some patients with cancer are unwilling to

receive vaccines and the safety profiles of those who have
received vaccines, we conducted this real-world study, called
CSCO BC NCP-02, from cancer centers across China [19].
Notably, we found that half of the patients in the study received
COVID-19 vaccines before cancer diagnosis. This allowed us
to compare the differences in adverse events (AEs) between
patients who were vaccinated before or after breast cancer
diagnosis, thus providing more data to encourage patients with
breast cancer to be vaccinated with a COVID-19 vaccine. We
aimed to describe the clinical features and AEs of patients with
breast cancer and identify risk factors associated with AEs in
these patients.

Methods

Sample and Data
This was a cross-sectional study initiated by the Chinese Society
of Clinical Oncology breast cancer (CSCO BC) committee. The
inclusion criteria were as follows: (1) patients who received at
least 1 dose of a COVID-19 vaccine, (2) patients diagnosed as
having invasive breast cancer, (3) inpatients who visited the
participating hospital from November 2021 to December 2021,
and (4) patients with more than 3 months of overall survival.
The exclusion criteria were as follows: (1) patients with
microinvasion of ductal carcinoma in situ breast cancer and (2)
patients with a second primary tumors.

Different types of vaccines were recorded. Dosing regimens
were as follows: 1 dose for adenovirus vectored vaccines, 2
doses for inactivated viral vaccines and mRNA vaccines, and
3 doses for recombinant vaccines.

Procedures
Inpatients with breast cancer who were vaccinated were asked
to provide retrospective answers through self-reported
questionnaires. For highly professional medical issues,
physicians were asked to assist the patients to complete
questionnaires. Differences for those who received vaccines
before cancer diagnosis versus after cancer diagnosis were
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compared according to the time of cancer diagnosis and
vaccination. Patients were recruited in hospitals by the CSCO
BC committee. By adopting a competitive enrollment method,
only hospitals that contributed more than 20 valid questionnaires
by the cutoff date were included.

Through telephone follow-ups or questionnaire surveys, data
including epidemiology, demography, clinical information,
previous and current therapies, type of vaccines, and
patient-reported AEs and their severity after vaccination were
collected nationwide. Medical workers of participating hospitals
were responsible for data collection, and at least 1 professional
doctor from each hospital was responsible for data identification.
To ensure the quality of the data, we reviewed all the data, and
we retrieved missing data by answering questions. All the data
were checked by 2 physicians.

Ethical Considerations
This study was registered (ChiCTR2200055509) and was
approved by the ethics board of the Fifth Medical Center of the
Chinese People's Liberation Army General Hospital
(KY-2022-7-45-1). Oral informed consent was obtained from
participants, and secondary analysis was allowed without
additional consent. The study data were deidentified. No
compensation was involved in this study.

Measures of Variables
The outcome was the safety of the COVID-19 vaccines in
patients with breast cancer, which was mainly calculated by
dividing the number of AEs by the total population. Another
observed outcome was the incidence of AEs, which was
calculated by dividing the number of patients with AEs by the
total population. Patients were divided into 3 groups according
to their time of vaccination and cancer diagnosis: vaccinated
before cancer diagnosis, vaccinated after diagnosis, or unknown.
AEs were analyzed according to the vaccination time and
different doses of the vaccines.

Data Analysis Procedure
SPSS 21.0 (IBM) was used for data statistics. Pearson χ² was
used for data analysis and a 2-way ANOVA was used to detect
data differences. Frequency tables were analyzed using the χ²
test or Fisher exact test. A multivariable logistic regression
model was fitted to examine possible differences in AEs. Odds
ratios (ORs) and 95% CIs were calculated with Mantel-Haenszel
models. A 2-sided α<.05 was considered statistically significant.
GraphPad Prism v6.0 was used as the drawing software.

Results

A total of 15,455 patients from 41 hospitals in China were
screened (Figure 1), and 5766 patients were eligible in this
analysis, of which 45.1% (n=2599) were vaccinated before
cancer diagnosis, 41. 2% (n=2379) were vaccinated after
diagnosis, and 13.7% (n=788) lacked an accurate diagnosis time

or vaccination time. The baseline characteristics of the patients
are detailed in Table 1.

Among the patients vaccinated before breast cancer diagnosis,
57.9% (n=1505) were diagnosed with breast cancer 1-3 months
after vaccination and 34.4% (n=963) were diagnosed 4-6 months
after vaccination. Among the patients vaccinated after breast
cancer diagnosis, 85.4% (n=2032) received the vaccine 1 year
after cancer diagnosis (Figure 2).

Of all the patients, 93.9% (n=5415) received an inactivated
vaccine, 3.7% (n=213) received a recombinant vaccine, and
2.4% (n=138) received other vaccines, including adenovirus
and mRNA vaccines. Statistical analysis showed that more
patient-reported AEs occurred following the first dose than
following the second dose (Figure 3A). Following the first
injection, 24.4% (n=10, 95% CI 11.2-37.5) of patients who
received an adenovirus vaccine reported AEs compared to 12.5%
(n=677, 95% CI 11.6-13.4) for those who received an inactivated
vaccine. Following the second dose, patients who received an
inactivated vaccine (n=464, 8.7%, 95% CI 8.0-9.5) or a
recombinant vaccine (n=25, 8.7%, 95% CI 5.5-12.0) reported
the same incidence of AEs (Figure S1 in Multimedia Appendix
1).

Considering the timing of vaccination, of the patients vaccinated
before diagnosis, 13.1% (n=340, 95% CI 11.8-14.4) and 8.6%
(n=219, 95% CI 7.5-9.7) reported AEs following their first and
second injections, respectively (Figure 3B). The cohort included
patients in the early stage and patients with metastatic breast
cancer. In the early stage, 10.1% (n=227, 95% CI 8.9-11.4) of
patients reported AEs following the second dose. Of the patients
with metastatic breast cancer, 16.5% (n=18, 95% CI 9.5-23.5)
reported AEs after the first dose and 9.3% (n=10, 95% CI
3.8-14.7) after the second dose.

Of all the patients included in this study, a total of 16.4%
(n=427) and 16.9% (n=402) of patients vaccinated before or
after cancer diagnosis, respectively, reported AEs (Table 2).
The most common AEs were local pain (11.1% vs 9.1%,
respectively), fatigue (5.5% vs 6.3%, respectively), and muscle
soreness (2.3% vs 3.6%, respectively). Other reported AEs
included local swelling, local induration, headache, fever, joint
pain, and nausea, among others. The incidence of grade 3/4 AEs
was relatively low. The highest incidence was for fever, which
was reported by 0.4% (n=11) of patients vaccinated before
diagnosis and 0.2% (n=5) of those vaccinated after diagnosis.

To identify the factors associated with AEs, a multivariate
analysis was conducted (Table S1 in Multimedia Appendix 1).
The type of vaccine (odds ratio [OR]=0.937, 95% CI
0.689-1.273) and the time window of vaccination (OR=0.919,
95% CI 0.785-1.077) had little impact on AEs. Patients with
low educational degrees reported a lower incidence of AEs
(OR=0.794, 95% CI 0.680-0.927) (Table S2 in Multimedia
Appendix 1).
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Figure 1. Flow chart of the study.
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Table 1. Baseline characteristics of vaccinated patients.

Total (n=5766), n (%)Timing unknown (n=788),
n (%)

Vaccinated after diagno-
sis (n=2379), n (%)

Vaccinated before diagnosis
(n=2599), n (%)

Characteristic

Age (years)

2050 (35.6)211 (26.8)935 (39.3)904 (34.8)≤45

3408 (59.1)431 (54.7)1345 (56.5)1632 (62.8)>45

308 (5.2)146 (18.5)99 (4.2)63 (2.4)Unknown

Chronic illness

1107 (19.2)657 (83.4)1841 (77.4)2143 (82.5)No

4659 (80.8)131 (16.6)538 (22.6)456 (17.5)Yes

Level of education

3580 (62.1)462 (58.6)1543 (64.8)1575 (60.6)Without bachelor degree

2035 (35.3)210 (26.6)812 (34.1)1013 (39)With bachelor degree

151 (2.5)116 (14.7)24 (1)11 (0.4)Unknown

T stage

3861 (67)322 (40.8)1612 (67.8)1927 (74.1)T1-2

336 (5.8)25 (3.2)112 (4.7)199 (7.7)T3-4

1569 (27.2)441 (56)655 (27.5)473 (18.2)Unknown

N stage

2426 (42.1)215 (27.3)1096 (46.1)1115 (42.9)N0

1917 (33.2)139 (17.6)727 (30.6)1051 (40.4)N1-3

1423 (24.6)434 (55.1)556 (23.3)433 (16.7)Unknown

HRa

3524 (61.1)246 (31.2)1755 (73.8)1523 (58.6)Positive

1162 (20.2)97 (12.3)439 (18.5)626 (24.1)Negative

1080 (18.7)445 (56.5)185 (7.7)450 (17.3)Unknown

HER2b

1561 (27.1)118 (15)618 (26)825 (31.7)Positive

2880 (50)225 (28.5)1331 (55.9)1324 (50.9)Negative

1325 (22.9)445 (56.5)430 (18.1)450 (17.3)Unknown

Neoadjuvant

1177 (20.4)95 (12.1)373 (15.7)709 (27.3)Yes

4589 (79.6)693 (87.9)2006 (84.3)1890 (72.7)No

Surgery

4787 (83)403 (51.1)2295 (96.5)2089 (80.4)Yes

979 (17)385 (48.9)84 (3.5)510 (19.6)No

Adjuvant

4093 (71)284 (36)2105 (88.5)1704 (65.6)Yes

1673 (29)504 (64)274 (11.5)895 (34.4)No

Metastatic

342 (5.9)11 (1.4)203 (8.5)128 (4.9)Yes

5424 (94.1)777 (98.6)2176 (91.5)2471 (95.1)No

aHR: hormone receptor.
bHER2: human epidermal growth factor receptor 2.
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Figure 2. Time interval between COVID-19 vaccination and cancer diagnosis. Those without accurate dates of breast cancer diagnosis or COVID-19
vaccination were excluded.

Figure 3. Distribution of adverse events. (A) Incidence of adverse events in patients vaccinated with different vaccines. (B) Incidence of adverse events
in patients vaccinated at different stages of breast cancer.
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Table 2. Safety analysis of COVID-19 vaccines in the enrolled patients.

Timing unknown (n=788),
n (%)

Vaccinated after diagnosis (n=2379),
n (%)

Vaccinated before diagnosis (n=2599),
n (%)

106 (13.5)402 (16.9)427 (16.4)Adverse events

Local reactions

Local pain

38 (4.8)218 (9.1)288 (11.1)Any

0 (0)3 (0.1)2 (0.1)Grade 3/4

Local swelling

7 (0.9)33 (1.4)43 (1.7)Any

0 (0)2 (0.1)2 (0.1)Grade 3/4

Subcutaneous nodules

6 (0.8)9 (0.4)32 (1.2)Any

0 (0)1 (<0.1)4 (0.1)Grade 3/4

Systemic reactions

Fever

6 (0.6)25 (1)29 (1.1)Any

3 (0.3)5 (0.2)11 (0.4)≥38 °C

Headache

8 (1)41 (1.7)48 (1.8)Any

0 (0)1 (<0.1)2 (0.1)Grade 3/4

Fatigue

36 (4.6)150 (6.3)142 (5.5)Any

0 (0)0 (0)3 (0.1)Grade 3/4

Muscle soreness

13 (1.7)87 (3.6)61 (2.3)Any

0 (0)1 (<0.1)2 (0.1)Grade 3/4

Joint pain

4 (0.5)24 (1)18 (0.7)Any

0 (0)3 (0.1)2 (0.1)Grade 3/4

Nausea

2 (0.3)22 (0.9)27 (1)Any

0 (0)1 (<0.1)2 (0.1)Grade 3/4

Loss of appetite

4 (0.5)10 (0.4)12 (0.5)Any

0 (0)1 (<0.1)2 (0.1)Grade 3/4

Anaphylaxis

0 (0)15 (0.6)6 (0.2)Any

0 (0)0 (0)0 (0)Grade 3/4

Dizzy

0 (0)12 (0.5)4 (0.2)Any

0 (0)0 (0)0 (0)Grade 3/4

Disturbance in respiration

0 (0)5 (0.2)0 (0)Any
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Timing unknown (n=788),
n (%)

Vaccinated after diagnosis (n=2379),
n (%)

Vaccinated before diagnosis (n=2599),
n (%)

0 (0)0 (0)0 (0)Grade 3/4

Breast pain

0 (0)1 (<0.1)5 (0.2)Any

0 (0)0 (0)0 (0)Grade 3/4

Thirsty

0 (0)0 (0)6 (0.2)Any

0 (0)0 (0)0 (0)Grade 3/4

Diarrhea

0 (0)2 (0.1)1 (<0.1)Any

0 (0)1 (<0.1)0 (0)Grade 3/4

Angina pectoris

0 (0)4 (0.2)1 (<0.1)Any

0 (0)1 (<0.1)0 (0)Grade 3/4

Others

0 (0)20 (0.8)23 (0.9)Any

0 (0)0 (0)0 (0)Grade 3/4

Discussion

Principal Findings
This was a real-world study to compare patient-reported AEs
among patients vaccinated before or after breast cancer
diagnosis. The results have several implications. First, most
patients vaccinated after breast cancer diagnosis received their
vaccines 1 year after diagnosis, indicating that most patients
with early breast cancer received vaccines after chemotherapy
due to the short therapeutic period. Second, the incidence of
AEs in patients with early-stage breast cancer was lower than
in those with metastatic breast cancer. When compared with
patients vaccinated before diagnosis, the reported AEs from
patients vaccinated after diagnosis was not increased. Third,
patients reported a higher incidence of AEs following their first
dose compared to following their second dose. The most
common AEs were local pain and fatigue. The type of vaccine
and time window of vaccination had little impact on AEs.

In this study, of those vaccinated before diagnosis, 90% were
diagnosed with breast cancer within 6 months of vaccination.
Ipsilateral axillary swelling was one of most frequently reported
local reactions to the COVID-19 vaccine, occurring in 11.6%
and 16% of recipients following the first and second dose,
respectively [20,21]. The lymphadenopathy caused by
vaccination may encourage them to seek specialist treatment,
which was an important reason for the higher rate of positive
lymph nodes on diagnosis in those patients [22]. For patients
vaccinated after their diagnosis with breast cancer, most of them
received a COVID-19 vaccine 1 year after their diagnosis. Due
to the fact that 91.5% of these patients were in the early stage,
this contributed to a large proportion of patients being vaccinated
without any chemotherapy, which echoed the recommendations
in the Chinese expert consensus [23] and mitigated the negative

impact on the immune system from chemotherapy [24,25]. The
promotion of the consensus does have potential benefits for
elevating the rate of vaccination for patients with cancer [26].

In terms of different kinds of vaccines, the majority of patients
in this study chose inactivated vaccines (eg, Beijing Biotech,
Wuhan Biotech, and Sinovac). Compared with other types of
vaccines [27,28], inactivated vaccines presented relatively good
safety data in patients with breast cancer [29], although no
significant result was shown in the multivariate analysis. We
also found that there were significant differences in the incidence
of AEs in patients with breast cancer at different stages.
Compared with patients in the early stage, the incidence of AEs
was higher in late-stage patients after the first dose of vaccine.
For one thing, the overlap of the toxicity from the vaccine and
cancer treatment in advanced breast cancer may increase the
incidence of AEs [30,31]. For another, considering the
complexity of antigens, the immune response may have been
more aggressive, which can also lead to a significant increase
in AEs [32].

The common AEs in this study included local pain, fatigue,
muscle soreness, local swelling, local induration, headache, and
fever. The incidence of AEs in this study was much lower than
in a published randomized controlled study [33]. In our
multivariable analysis, we found that the time window of
vaccination and type of vaccine had little influence on AEs.
Notably, patients with different education levels exhibited a
significant difference in the incidence of AEs; patients with a
low degree of education had a lower incidence of AEs. The
limitation of real-world studies attributed to the lack of effective
guidance during the investigation and incomplete data from
case report forms may be one of the reasons [34]. To avoid
declines and delays in cancer treatment after COVID-19
quarantine restrictions [35], patients might conceal some
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discomfort from their physicians. During cancer therapy, some
AEs might be regarded as treatment-related AEs and ignored
by patients and clinicians. In addition, patients with severe AEs
might be transferred to a specialist hospital rather than a cancer
hospital, which can also result in an underestimated incidence
of AEs in this study.

As a retrospective real-word study, inevitable selection bias is
another limitation. Over 90% of patients received an inactivated
vaccine, so the safety data of other vaccines in patients with
breast cancer might be premature. We also paid less attention
to the efficacy of vaccines, and the originally planned follow-up
of infections has also been terminated due to indiscriminative
infection of COVID-19 after the end of quarantine restrictions
in China since December 2022. Fortunately, we have collected
blood samples from some of the patients to explore changes in

antibody titers, which might be a remaining effective alternative
indicator to evaluate the efficacy of vaccines [36,37].
Additionally, owing to the high possibility of selection bias and
measurement bias, although no data support the notion that
COVID-19 vaccination would induce breast cancer, much
importance should be attached to this kind of population.

Conclusions
Despite the limitations, our retrospective study highlights the
safety of COVID-19 vaccination in patients with breast cancer,
and these patients are recommended to receive COVID-19
vaccines, just like healthy individuals. Much attention should
be paid to the first injection of vaccines. While limited by
retrospective data, more evidence from high quality,
double-blind, randomized control trials are expected.
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Abstract

Background: Wasting is an immediate, visible, and life-threatening form of undernutrition in children aged <5 years. Within
a short time, wasting causes recurrent sickness, delayed physical and mental growth, impatience, poor feeding, and low body
weight. The long-term consequences of wasting and undernutrition are stunting, inability to learn, poor health status, and poor
work performance. Wasting remains a public health problem in Ethiopia. According to the World Health Organization, countries
have to reduce undernutrition including child wasting to below 5% by 2025. Ethiopia is attempting to attain national and
international targets of undernutrition while struggling with many problems.

Objective: This study aimed to identify the prevalence and associated factors of wasting to provide information for further
renewing policy commitments.

Methods: We used community-based, cross-sectional data from the Ethiopian Mini Demographic and Health Survey. The
survey was conducted in 9 regions and 2 city administrations. Two-stage cluster sampling was used to recruit study participants.
In the first stage, enumerations areas were selected, and 28-35 households per enumeration area were selected in the second stage.
Our analysis included 2016 women with children aged <5 years from the 2019 EMDHS data set. We dropped incomplete records
and included all women who fulfilled the eligibility criteria. We used multilevel ordinal regression using Generalized Linear
Latent and Mixed Models (GLLAMM) and predicted probability with log-likelihood ratio tests. Fulfilling the proportional odds
model’s assumption during the application of multilevel ordinary logistic regression was a cumbersome task. GLLAMM enabled
us to perform the multilevel proportional odds model using an alternative method.

Results: In our analysis, wasting was 7.68% (95% CI 6.56%-8.93%). Around 26.82% of mothers never used antenatal care for
their current child. Most mothers (52.2%) did not have formal education, and 86.8% did not have postnatal care for their children.
Additionally, half (50.93%) of the mothers have ≥6 household members. Wasting was associated with feeding diverse foods
(coefficient 4.90, 95% CI 4.90-4.98), female sex of the household head (–40.40, 95% CI –40.41 to –40.32), home delivery (–35.51,
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95% CI –35.55 to –35.47), first (16.66, 95% CI, 16.60-16.72) and second (16.65, 95% CI 16.60-16.70) birth order, female child
(–12.65, 95% CI –12.69 to –12.62), and household size of 1 to 3 (10.86, 95% CI 10.80-10.92).

Conclusions: According to the target set by World Health Organization for reducing undernutrition in children aged <5 years
to below 5% by 2025, child wasting of 7.68% in Ethiopia should spark an immediate reaction from the government and stakeholders.
Informed policy decisions, technology-based child-feeding education, and food self-sufficiency support could improve the current
challenges. Additional effort is important to improve low maternal education, family planning, awareness of sex preferences,
women empowerment, and maternal health services.

(JMIR Public Health Surveill 2023;9:e39744)   doi:10.2196/39744

KEYWORDS

wasting; Generalized Linear Latent and Mixed Models; GLLAMM; under-five children; factors; Ethiopia

Introduction

Background
Child wasting is a key indicator used by the World Health
Organization (WHO) to estimate the prevalence of childhood
malnutrition. Child wasting refers to children who are too thin
for their height because of recent rapid weight loss or failure to
gain weight. A wasted child is one whose weight falls below 2
SDs of what is expected for the child’s height. Moderately or
severely wasted children are at a greater risk of death [1].
According to the United Nations Children’s Fund (UNICEF),
child wasting due to acute undernutrition piles additional
life-costing health risks on children and usually arises as the
result of maternal undernutrition, low birth weight, poor feeding
and care practices, infection, food insecurity, and poverty [2].

The short-term consequences of undernutrition include frequent
sickness, delayed physical and mental development, restlessness,
poor feeding, and low body weight. In long run, it causes
stunting, inability to learn, poor health status, and poor work
performance [3-5]. Unfortunately, childhood undernutrition
constraints are disproportionally large in low-income countries
[6]. Despite this, evidence indicates that the international
community is fragmented in regard to engaging against the
problem [7]. Currently, the WHO developed a strategic plan
outlining the urgent and accelerated action to end hunger and
all forms of undernutrition by 2030 [8]. The status of the plan
was not assessed at present. As part of this initiative, the
government of Ethiopia is committed to ending wasting and
stunting in children aged ≤2 years by 2030, through the effective
coordination and collaboration of sectors, communities, and
development partners [9]. According to the Ethiopian Growth
and Transformation Plan II (GTP-II) evaluation, the rate of
wasting was 9% in 2015 and 4.9% in 2020 [10]. However, the
Ethiopian Health Sector Transformation Plan endorsed in the
same year as GTP-II showed that wasting was 7% in 2020 and
should be 5% by 2025 [11]. The discrepancy encourages further
investigation.

Specific observations show that undernutrition largely occurs
during the early time of childhood when higher energy is
necessary for growth and development [6,12]. In other words,
UNICEF, WHO, and World Bank all agree that a child who
experiences wasting has a reduced immunity against various
childhood infections and possibly result in death or poor mental
and physical development later [13]. Nutritional inadequacy

during the first 2 years is also prevalent in some Asian countries
[14]; however, the severity of the problem is higher in African
countries due to additional access and awareness constraints
[15].

A study conducted in 35 low- and middle-income countries
showed that the rate of wasting was still 12.9% in these countries
[16]. Stunting, underweight, and wasting combined in
sub-Saharan countries ranged from 12.14% in Benin to 0.58%
in the Gambia [17]. Recently, children in many African countries
still experience undernutrition [18]. Some of the prevalence are
18% in Niger, 15.5% in Burkina Faso, 12.7% in Mali, 11.1%
in Comoros, 8.7% in Ethiopia, 6.2% in Namibia, 13% in Chad,
and 10.5% in Sao Tomé and Príncipe [19]. It is 5.3% in Ghana
[20] and 25.5% in Baka Pygmy [21]. Wasting is common in
children aged <5 years and school-age children in Ethiopia. A
new small-scale study in Ethiopia showed that 15.3 % of
children aged 6-14 years are wasted [22], whereas another study
also showed that 6.3% of children aged 6-12 years in the South
Gondar Zone are wasted [23]. Another study showed that among
children aged 6-59 months, the rate of wasting was 16.8% in
Kersa [24], 18.2% in Dabat district [25], and 12.8 % North
Wollo [26], showing that there is high wasting in various corners
of the country.

Recalling factors associated with wasting in low-income
countries, one piece of evidence showed that child wasting was
due to the quality of children’s diet, low birth weight, maternal
undernutrition, and poor complementary feeding [15]. In Ghana,
wasting was associated with the wealth index of households,
maternal educational status, and region of residence [27].
Another study in South Africa stated that wasting was associated
with food insecurity and low awareness [28]. Household wealth,
iron deficiency, recent diarrhea, and exclusive breastfeeding
were the main associated factors of wasting in Somalia [29].
Generally, the age of the child, sex of the child, birth order, size
of the child, education of the mother, wealth index of the family,
working status of the mother, antenatal care, and postnatal care
for that child are factors associated with wasting in the
sub-Saharan region [17].

In Ethiopia, one study showed that wasting was significantly
associated with the types of toilets and the sex of the household
head [30]. In another study, wasting was associated with poor
dietary diversity, late initiation of breastfeeding, absence of
postnatal vitamin A supplementation, and maternal occupational
status [25]. Child age, sex, dietary diversity score, husband or
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partner’s educational level, and wealth index were associated
with wasting in other studies [16,26,27,31-35]. According to
the scaling-up management guideline, due to the climate
liabilities and public health crises, Ethiopian children share a
higher burden of wasting that needs undivided attention [36].
Despites this, relative to the WHO target for 2025, Ethiopia is
struggling to reduce undernutrition of the targeted proportion
[14]. Although wasting is an immediate, visible, and
life-threatening form of undernutrition in children aged <5 years
in peripheral and pastoralist areas in Ethiopia, studies usually
do not focus on this undernutrition. Wasting is the first outcome
of undernutrition, and early identification might help to control
other undernutrition. It is challenging to comprehend wasting
as a dichotomized variable because of its nature, which can be
normal, moderate, or severe. Usually, studies dichotomize
wasting as their main variable and this waste some information
because of unnecessary merging. This has led to either over- or

underestimation of wasting and not allowing appropriate policy
decisions. Additionally, the inconsistent reports between GTP-II,
Health Sector Transformation Plan, and some small scale studies
mentioned above might show the existence of contextual gaps.
The authors also believe that the unsuccessful previous efforts
are because of the inability of identifying determinants in a
country-representative sample that can show where to focus.
Here, our main aim was to identify child wasting and its
correlates using multilevel ordinary logistic regression to support
policy direction.

Conceptual Framework
Figure 1 depicts a conceptual framework adapted from
UNICEF’s conceptual framework for determinants of child
wasting. It summarizes the sequence in which the child wasting
occurs [37].

Figure 1. A conceptual framework adapted from United Nations Children's Fund (UNICEF) determinants for childhood wasting.

Methods

Data Sources and Participants
We used the 2019 Ethiopian Mini Demographic and Health
Survey (EMDHS) data for this analysis. This data were collected
for the second EMDHS in 2019. In Ethiopia, there are 4
administrative levels (Ethiopia or federal, regions, zones, and
woredas). The 9 regions are further divided into city
administrations (Addis Ababa and Dire Dawa), agrarian regions
(Tigray; Amhara; Oromia; Benishangul-Gumuz; Southern
Nations, Nationalities, and People’s Region; Gambela; and
Harari), and pastoralists regions (Afar and Somali). We obtained
data for 2016 eligible women with children aged <5 years from
the 2019 EMDHS data set, downloaded from the MEASURE
program web address, and extracted data elements necessary
for this analysis. EMDHS 2019 used a sampling frame of all
census enumeration areas (EAs) created for the 2019 Ethiopia
Population and Housing Census (PHC) prepared by the Central
Statistical Agency. There was a complete list of 149,093 EAs

created for the 2019 PHC. An EA is a geographic area covering
an average of 131 households. The sampling frame contained
information about the EA location, type of residence (urban or
rural), and an estimated number of residential houses focusing
on key indicators for this survey. Each region was stratified into
urban and rural areas, yielding 21 sampling strata. Samples of
EAs were selected independently in each stratum in 2 stages.
Finally, 305 EAs (93 in urban and 212 in rural areas) were
selected with a probability proportional to EA size (based on
the 2019 PHC frame) and with an independent selection in each
sampling stratum. Either all women aged 15-49 years who were
permanent residents of the selected households or visitors who
slept the night before the survey were eligible for interview.
The height and weight of children aged 0-59 months were
collected, and women aged 15-49 years were interviewed using
the Woman’s Questionnaire [37].

Variables
The outcome variable of this study was wasting in children aged
<5 years: if a child’s weight for height is below 2 SDs from the
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expected weight-for-height median identified by the WHO for
boys and girls [26]. In this study, we classified children as
normal (when the weight-for-height z score is between –2 SDs
to 2 SDs) [28]; moderate wasting (when the weight-for-height
z score is between –3 SDs to –2 SDs); and severe wasting (when
the weight-for-height z score is below –3 SDs), depending on
the references from WHO 2006 guideline [38].

Independent Variables
We selected the following independent variables based on
performance in previous evidence [17,23,25,26,30,32,33,39]
and the availability of variables in the 2019 EMDHS data set.
Age (mother and child), sex of the child, mother’s educational
status, head of household, wealth index, religion, residence,
antenatal care, place of delivery, postnatal care, breastfeeding,
anemia status of the mother, anemia status of the child, dietary
diversity score, husband or partner’s educational level, and birth
order were independent variables.

Variable Definitions

Antenatal Care
Antenatal care visits were presented in groups of none, 1-3, or
4+. A mother may have no visits, 1-3 visits, or over 4 visits
according to WHO.

Anemia Status of the Mother
The anemia state of the mother was defined as the percentage
of women aged 15-49 years with mild, moderate, or severe
anemia or with any anemia. It is the number of not pregnant
women whose hemoglobin count is less than 12.0 grams per
deciliter (g/dL) plus the number of pregnant women whose
count is less than 11.0 g/dL.

Anemia Status of the Child
The anemia state of the child was defined as the percentage of
children aged 6-59 months with mild, moderate, or severe
anemia or with any anemia. This is when the hemoglobin count
of a child is less than 11 grams per deciliter (g/dL).

Dietary Diversity Score
The dietary diversity score measured children aged <5 years
who consumed a minimum of 5 of the 8 food groups (grains,
roots and tubers, legumes and nuts, dairy products, meat [fish,
poultry, and liver/organ meats], eggs, vitamin A–rich fruits and
vegetables, other fruits and vegetables, and breast milk) in the
past 24 hours.

Household Head
Households were the primary unit selected for interview in the
Ethiopian Demographic and Health Survey (DHS). The
definition of a household is a person or group of related or
unrelated persons who live together in the same dwelling unit(s),
who acknowledge one male or female adult as the head of the
household, who share the same housekeeping arrangements,
and who are considered a single unit.

Family Wealth Index
The questionnaire included queries concerning the household’s
ownership of several consumer items such as television and car;

dwelling characteristics such as flooring material, type of
drinking water source, toilet facilities; and other characteristics
related to wealth status. Each household asset for which
information was collected is assigned a weight or factor score
generated through principal components analysis. The resulting
asset scores were standardized about a standard normal
distribution with a mean of 0 and an SD of 1. These standardized
scores were then used to create the breakpoints that define
wealth quintiles as lowest, second, middle, fourth, and highest
[40].

Data Processing and Analysis
We used frequencies, weighted frequencies, means, SDs, and
percentages or proportions to describe child wasting. Our data
set contained many factors, so we checked multi-colinearity
using the mean variance inflation factor (1.31), which was within
an acceptable range. Before applying different models for
analysis, we cleaned the data per the study criteria in Stata
software (version 15.0; StataCorp) and weighted considering
sampling weight, primary sampling unit, and strata before
analyzing. Since wasting has normal, moderate, and severe
categories, we applied multilevel ordinary logistic regression
to fit the data. We conducted a bivariate analysis to identify
candidate variables for multivariate analysis and selected
variables with a P value <.20 [40,41] for the multivariable
model. In current statistical analyses, studies conduct preanalysis
filters to select variables for final models at a P value <.25 [42]
and commonly at P<.20 [43]. We declared the final association
at a P value of <.05. We presented the outputs of the model
using coefficients and 95% CI.

Statistical Analysis—The Ordinal Logistic Regression
Model
The data used in this analysis were hierarchical, which we could
not analyze using binary logistic regression. Multilevel logistic
regression was also not applicable since the response variable
contained more than 2 categories. Therefore, we applied a
special type of ordinal logistic regression (Generalized Linear
Latent and Mixed Model [GLLAMM]) to account for the
parallel planes and proportional odds assumptions. This model
has been used to analyze clustered data [44]. We executed a
mixed-effects ordinal logistic regression in a multilevel
proportional odds model using GLLAMM. We used adaptive
quadrature to estimate deviance and log-likelihood [45-47].
After fitting the full model, we also estimated posterior means
and SDs of the latent variable. The marginal test gave us the
expected response regarding the prior distribution of the latent
variables so that we were able to look at the “marginal” or
population-averaged effects of covariates [44,48].

Ethical Considerations and Consent to Participate
This study used secondary data from demographic and health
survey data files. Initially, the authors formally requested access
to the data sets from the MEASURE DHS team by completing
the web-based request form [49]. Accordingly, permission to
access the data and the letter of authorization were obtained
from ICF International. Therefore, for this study, consent to
participate is not applicable. We kept all data confidential, and
no effort was made to identify households or individuals. The
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Ethiopian Health Nutrition and Research Institute Review Board
and the National Research Ethics Review Committee at the
Ministry of Science and Technology of Ethiopia approved
EMDHS 2019. The original informed consent allowed the free
deidentified secondary analysis without additional consent. The
authors also confirmed that all methods were carried out with
relevant guidelines and regulations. The authors also ensured
the study data were anonymous or deidentified for the
confidentiality and privacy of the participants. According to the
original consent, there was no compensation for this
cross-sectional data acquisition.

Results

We analyzed the data of 2016 mothers with children aged <5
years and found an overall wasting of 7.68% (95% CI
6.56%-8.93%). Using weighted frequencies, we found that
1.86% of children were severely wasted and 5.79% were
moderately wasted. Around half (48.68%) of the mothers of the
children were in the age range of 25-34 years, where 26.82%
of them did not have antenatal care for the current child. Over
half (52.2%) of the mothers had no education, and 86.8% never
had postnatal care for their current child. Half (50.93%) of the
mothers had ≥6 household members. Additionally, 24.93% of
mothers had a history of having 6 or more childbirths. More
exceptionally, 36.6% of mothers gave birth to 2 children in the
last 5 years. Many mothers (39.85%) did not use iron
supplementation in the previous pregnancy. Additionally,
37.49% of mothers did not give their children solid or semisolid
food yesterday, whereas 22.9% did not provide diverse food
for their children (Table 1).

In the GLLAMM, variables such as giving diverse food to a
child, sex of the child, total household members, sex of

household head, wealth index, birth order, and maternal
education were significantly associated with child wasting (all
P<.001). Accordingly, a child fed diverse food had 4.90 times
higher log odds of having normal body weight when other
factors were kept constant (coefficient 4.90, 95% CI 4.90-4.98).
If the sex of the household head was female, the log odds of
having normal body weight was 40.40 times lower (–40.40,
95% CI –40.41 to –40.32), and when the child delivered at
home, the log odds of having normal body weight was 35.51
times lower (–35.51, 95% CI –35.55 to –35.47). In other words,
first and second birth-order children had higher log odds of
falling into the normal body weight category (16.66, 95% CI
16.60-16.72; and 16.65, 95% CI 16.60-16.70, respectively).
Families in the poor or middle-income category had 5.95 and
5.94 times lower log odds of having normal body weight (–5.95,
95% CI –6 to –5.90; and –5.94, 95% CI –6 to –5.88,
respectively). The female sex of the child correlated with 12.65
times lower log odds of having normal body weight (–12.65,
95% CI –12.69 to –12.62) when all factors were constant.
Children from smaller household sizes (1-3 and 4-5 members)
had higher log odds of having the normal body weight (10.86,
95% CI 10.80-10.92; and 10.87, 95% CI10.91-10.92,
respectively), and children whose mothers were educated
(primary, secondary, and higher education) had higher log odds
of having normal body weight (1.96, 95% CI 1.89-2.03; 1.99,
95% CI 1.92-2.04; and 1.99, 95% CI 1.90-2.10, respectively)
(Table 2).

The equality between the nonproportional odds log-likelihood
and postestimation log-likelihood shows that the assumptions
hold for the model, and we applied the nonproportional model,
although the proportional model almost performed similarly
(Table 3).

JMIR Public Health Surveill 2023 | vol. 9 | e39744 | p.1355https://publichealth.jmir.org/2023/1/e39744
(page number not for citation purposes)

Gilano et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 1. Sociodemographic characteristics of mothers in Ethiopia, from the 2019 Ethiopian Mini Demographic and Health Survey.

Weighted frequency, n (%)Variables

Educational level

1052.89 (52.2)No education

745.1 (36.94)Primary

386.69 (7.85)Secondary

60.52 (3)Higher

Number of children

1113.56 (55.21)0-1

738.13 (36.6)2-4

165.26 (8.19)≥5

Timing of the initial ANCa

541.28 (36.67)First trimester

778.08 (52.71)Second trimester

156.68 (10.62)Third trimester

Total number of children ever born

1514.12 (75.07)<6

502.81 (24.93)≥6

Wasting

37.41 (1.86)Severe

116.74 (5.79)Moderate

1862 (92.36)Normal

Age group (years)

548.74 (27.21)15-24

981.94 (48.68)25-34

486.25 (24.11)35-49

Number of times child was fed solid food

756.05 (37.49)0 (not fed)

431.74 (21.41)1-2

604.55 (29.97)3-4

224.58 (11.13)≥5

Wealth status

896.88 (44.47)Poor

348.89 (17.3)Middle

771.15 (38.23)Rich

Feeding diverse food

461.87 (22.9)No

1555.06 (77.1)Yes

Took iron during ANC

803.73 (39.85)No

1213.19 (60.15)Yes

Number of household members

266.84 (13.23)1-3

722.9 (35.84)4-5
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Weighted frequency, n (%)Variables

1027.19 (50.93)≥6

Number of ANC visits

540.88 (26.82)None

239 (11.86)1-2

808.95 (40.11)3-4

427.92 (21.22)≥5

aANC: antenatal care.
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Table 2. The Generalized Linear Latent and Mixed Models of wasting in children aged <5 years in Ethiopia, from the 2019 Ethiopian Mini Demographic
and Health Survey.

P value95% CICoefficient (SE)Variables

Diverse food fed to child

——aNo

.0014.90 to 4.984.9 (.02)Yes

Give milk to child

.001–9.04 to –8.96–9 (.024)No

——Yes

Sex of household head

——Male

.001–40.41 to –40.32–40.4 (.022)Female

Birth order

.00116.60 to 16.7216.66 (.03)First

.00116.60 to 16.7016.65 (.026)Second

——Third or above

Place of delivery

.001–35.55 to –35.47–35.51 (.026)Home

——Health facility

Wealth index

.001–6 to –5.90–5.95 (.02)Poor

.001–6 to 5.88–5.94 (.30)Middle

——Rich

Sex of the child

——Male

.001–12.69 to –12.62–12.65 (.017)Female

Number of household members

.00110.80 to 10.9210.86 (.03)1-3

.00110.91 to 10.9210.87 (.02)4-5

——≥6

Maternal education

.——No education

.0011.89 to 2.031.96 (.04)Primary

.0011.92 to 2.041.99 (.03)Secondary

.0011.90 to 2.101.99 (.48)Higher

aNot applicable.
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Table 3. Parameter estimates and tests for wasting in children aged <5 years in Ethiopia, from the 2019 Ethiopian Mini Demographic and Health
Survey.

Nonproportional modelProportional odds modelParameters

1.501.59Variance

.36.37SE

.32.32Intracluster correlation coefficient

–671–666Log-likelihood of the model

558570Akaike information criteria of the model

635637Bayesian information criteria of the model

–3.84 (.51)–4.44 (.74)Severe stunting, σ (SE)

–2.32 (.50)–2.90 (.73)Moderate stunting, σ (SE)

—aLikelihood ratio test: χ2
9=11.04, P=.002Proportional model nested in nonproportional model

–671Log-likelihoodPredicted probability or marginal test

aNot applicable.

Discussion

Principal Findings
From our analysis, the overall wasting among children aged <5
years was 7.68% (95% CI 6.56%-8.93%). This finding is
consistent with the 7.4% and 9.5% wasting rates in Afghanistan
and India, respectively [27]. The finding is less than the average
wasting rate (12.14%) in sub-Saharan countries [17]. The rate
was 18% in Niger, 15.5% in Burkina Faso, 12.7% in Mali, and
11.1% in Comoros [19]. It is less than other study findings in
Ethiopia that show wasting was 15.3% in Northwest Ethiopia
[22], 16.8% in Kersa [24], 18.2% in Dabat district [25], and
12.8 % in North Wollo [26]. The clear discrepancy might show
that Ethiopia needs to work very hard to reach the less than 5%
wasting target set by WHO for 2025 [14]. Additionally, 52.2%
of the mothers did not have an education. This is also evidenced
by the 60.25% of those with no educational attainment from
country-level studies in 2019 [39]. From other evidence, 59.7%
of mothers have no education in the country [50], and other
studies have confirmed the same [33,51,52]. Education is
repeatedly the factor behind the most underachievement in the
country and needs further efforts. Nearly forty percent (39.85%)
of mothers did not use iron supplementation during pregnancy,
which is also consistent with a finding of 34.6% in Somali [29]
but sufficiently different from prenatal iron use of 45.3% in a
community-based study in the country [22]. Half (50.93%) of
mothers have 6 or more children, which is greater than the
finding of 30.8% from another study [53]. A poor wealth index
of 44.47% is consistent with the finding of 44.2% in another
study [54] that shows birth control and economically
empowering mothers could be the crucial target for future
improvement.

There are different factors associated with all
underachievements. Children who were fed diverse foods by
their mothers had higher log odds of normal body weight. The
finding is consistent with the results in other studies in the
country [26,51]. Ethiopia has diverse cultures, which are the
base for various feeding styles; however, as things change over
time, natural products are no longer available in sufficient

volumes and mothers might need further health education
[55,56]. Female household heads were associated with the poor
body weight of their children aged <5 years. In Ethiopia, men
lead the household and assume all responsibilities [57].
However, when the family is separated or divorced, finding
food and feeding children lies with women [37]. This might
result in the potential for the undernutrition of children [39,58].
Women are poor and undereducated and have low awareness
in the country, which needs attention when household
responsibility falls into their hands [37,58]. Home delivery is
associated with poor feeding practices (wasting) in children
aged <5 years, as was also observed in other studies [31,33].
The reason might be the exposure of mothers to health
professionals’ counseling, which could be useful for the future.
However, mothers who gave birth in health institutions might
be mothers who already know what to do. Therefore, careful
intervention selection is necessary. Additionally, children with
first or second birth order might get enough attention during
development, as opposed to those born later. This information
is also available from studies conducted in various parts of the
country [20,39]. A planned and economically sized family is
always important. It seems that those born with many children
do not give equal attention to every child, which needs attention
[50]. Consequently, wasting was largely experienced by
large-family children. This is consistent with another study
conducted in the country [31]. The essence of family planning
to reduce the risk of big families and maintain already large
families might be vital. Moreover, female children had higher
log odds for moderate or severe wasting, which is also consistent
with another study [33]. Thus, the problem of family planning
and management might have reduced most of these feeding
problems. In most studies in the country, maternal education is
the most prevalent problem, which was also seen in this study
[33,49,51,59-61]. Generally, the current problems could have
been reduced by maternal education, family planning, avoidance
of sex preference, and access to pregnant women’s services.
Despite all the essential findings of this study, there are also
some possible limitations. Disproportion of sampling, missing
data, and secondary nature of the data are some limitations. The
authors approached the problem through multilevel analysis,
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weighting, dropping records with missing data, and considering
the time of data collection in the discussion.

Conclusions
Considering the target set by WHO to reduce undernutrition in
children aged <5 years to below 5% by 2025, the current 7.68%
wasting rate in children aged <5 years is very high and should
spark immediate commitment from the government.
Additionally, improving low maternal education, supporting

women to use family planning, creating awareness of sex
preferences, empowering women economically, and renewing
commitment to improving maternal health services and
follow-ups during pregnancy might be inclusive activities that
need further encouragement. It was suggested that revisiting
policy with current technology-based child-feeding education
and advocating food self-sufficiency in the country could
improve the current challenges
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Abstract

Background: Cancer literacy is associated with several health-related behaviors and outcomes. However, there is still a lack
of nationwide surveys for cancer literacy in China.

Objective: This study aims to evaluate cancer literacy in China, explore disparities, and provide scientific evidence for policy
makers.

Methods: A cross-sectional survey was conducted in mainland China in 2021 using the multistage probability proportional to
the size sampling method. Both the reliability and validity of the questionnaire were evaluated. The awareness levels were adjusted
by sampling weights and nonrepresentativeness weights to match the actual population distributions. The Rao-Scott adjusted
chi-square test was applied to test geographic, demographic, and socioeconomic disparities. A generalized linear model was used
to explore potential factors.

Results: A total of 80,281 participants aged 15-74 years were finally enrolled from 21 provinces, with an overall response rate
of 89.32%. The national rate of cancer literacy was 70.05% (95% CI 69.52%-70.58%). The rates were highest regarding knowledge
of cancer management (74.96%, 95% CI 74.36%-75.56%) but were lowest regarding basic knowledge of cancer (66.77%, 95%
CI 66.22%-67.33%). Cancer literacy was highest in East China (72.65%, 95% CI 71.82%-73.49%), Central China (71.73%, 95%
CI 70.65%-72.81%), and North China (70.73%, 95% CI 68.68%-72.78%), followed by Northeast (65.38%, 95% CI 64.54%-66.22%)
and South China (63.21%, 95% CI 61.84%-64.58%), whereas Southwest (59.00%, 95% CI 58.11%-59.89%) and Northwest
China (57.09%, 95% CI 55.79%-58.38%) showed a need for improvement. Demographic and socioeconomic disparities were
also observed. Urban dwellers, the Han ethnic group, and population with higher education level or household income were
associated with prior knowledge. The questionnaire showed generally good internal and external reliability and validity.

Conclusions: It remains important for China to regularly monitor levels of cancer literacy, narrow disparities, and strengthen
health education for dimensions with poor performance and for individuals with limited knowledge to move closer to the goal
of Healthy China 2030.
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Introduction

Cancer is a global issue that threatens public health, and 23.7%
of new cancer cases and 30.2% deaths occurred in China in
2020 [1]. Meanwhile, regional and population disparities are
evident in terms of the burden of cancer across China [2]. Cancer
ranked the first and the third cause of death in urban and rural
China in 2020, respectively, and more cancer-related resources,
including qualified medical workers, high-level medical
institutions, and health input, were allocated in East China [3].
Faced with this situation, the Chinese government has issued a
series of documents [4-6] aiming to gradually promote
comprehensive strategies to slow down the growth of cancer.
Constant efforts have also been made to encourage health equity
by increasing funds and enacting policies.

Policy makers in the United States have recognized the
significance of health literacy, which may be a potential
intervenable factor to reduce health disparities with decreased
financial burdens on the health system [7,8]. Cancer literacy
refers to all the knowledge a layperson needs to possess to
understand the information and advice the health system has to
offer with regard to preventing, diagnosing, and treating cancer
[9]. Up to now, several studies have reported a consistent
association between health literacy and some health-related
behaviors or outcomes, including physical exercise, cancer
screening, and mortality [8,10-12]. Therefore, the Chinese
government has called for improvement in cancer literacy, with
the aim of finally decreasing the burden of cancer on the basis
of a 3-tiered prevention strategy (Figure 1) [13,14].

Figure 1. Cancer literacy might be associated with the burden of cancer through a 3-tiered prevention strategy.

Specifically, the Healthy China Initiative (2019-2030), the
guiding principle for national health undertakings in China in
the next decade, proposed phased targets for cancer literacy of
70% and 80% by 2022 and 2030, respectively [5]. The National
Health Commission of China has formulated a series of the
Three-year Action Plan for Cancer Prevention and Control,
which repeatedly emphasized urgency and significance of
improving cancer literacy [4,13]. As 1 of the 2 indicators for
the assessment of government work in cancer control action in
the Healthy China Initiative, the level of cancer literacy among
the Chinese population needs to be evaluated to indicate the
current status of progress in 2022 and to further promote the
accomplishment of the next goal. However, there is still a lack
of reliable measurement tools in China, and thus, national data
on cancer literacy are not available. To fill this gap, the primary
aim of this study was to evaluate the current level of cancer
literacy in China using a well-developed questionnaire. The
second aim was to assess disparities among regions and
populations to provide references for health education.

Methods

Ethics Approval
This study protocol was approved by the ethics committee of
the cancer hospital of the Chinese Academy of Medical Sciences

(NCC-007739). We followed the Strengthening the Reporting
of Observational Studies in Epidemiology reporting guideline
[15].

Participants and Sample Size
A national cross-sectional survey was administered in 7
administrative divisions of mainland China using the multistage
probability proportional to size sampling (PPS) method in 2021.
Residents aged 15-74 years were selected, except for those
registered in a collective residence. At least 2152 samples had
to be included in each province to ensure their evaluations of
cancer literacy (see details in Multimedia Appendix 1).

Sampling Method
The sampling process was divided into 6 stages in this national
survey (Multimedia Appendix 1). Briefly, the primary sampling
units of this study were provinces, and a total of 21 provinces
were selected from 7 administrative units using the PPS method.
The secondary sampling units (SSUs) were county-level
administrative units, and the whole survey was conducted in
urban and rural areas, which were classified according to the
document issued by the Ministry of Civil Affairs. The PPS
method was applied based on the 2020 China Statistical
Yearbook [14], and finally 3 streets or towns and 6 neighborhood
or village committees were randomly selected in each SSU.
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Simple random sampling was used to select households based
on the electronic geographic listings of community households.
One eligible family member was identified with the Kish grid
method and selected to complete a questionnaire survey [16].
Participants were reached and reviewed by attempts tried per
household.

Survey Tool
The tool applied in this study was designed by the National
Cancer Center of China and contains a 3-level index framework
constructed based on an extensive literature, public document,
and expert opinions (Multimedia Appendix 2). The questionnaire
consists of 13 true-or-false items, 13 single-choice items, and
11 multiple-choice items, and it covers 5 main dimensions:
basic knowledge (9 scores, 24.3%), primary prevention (9
scores, 24.3%), early detection and treatment (10 scores, 27.0%),
treatment (6 scores, 16.3%), and recovery of cancer (3 scores,
8.1%). Each item corresponds to the information recommended
by the Chinese Health Commission after several rounds of
deliberations, and all the items combined form a comprehensive
assessment of individuals’ cognition, attitude, skills, and
behavior choices for cancer prevention and treatment [17]. In
addition, basic information was also investigated, mainly age,
sex, education level, ethnicity, family history of cancer, smoking
status, annual income, and marital status.

Data Weighting and Calculation
For all items, 1 score was given for a complete correct answer,
zero score was given for a wrong or partially correct answer,
and the final score was defined as the sum of all the scores.
Cancer literacy at the population level was calculated as the
sum of the final scores of all respondents divided by the number
of items to be answered. Meanwhile, the cancer literacy
estimates were adjusted by the product of design weights and
nonrepresentativeness weights, considering the inevitable
inconsistencies of population distribution between the survey
sample and the actual population (see details in Multimedia
Appendix 1). SE values and the corresponding 95% CIs were
also calculated.

Statistical Analysis
The completed questionnaires were included in the final
analysis. Continuous variables are presented as the mean (SD)
or median (IQR), and categorical variables are reported as counts
and percentages. The internal and external reliability and validity
of the questionnaire were evaluated. Item response theory (IRT)
2-parameter logistic analysis was used to evaluate the
discrimination (a parameter) and difficulty (b parameter) of
each item by dimension. The values of the Human Development
Index (HDI), age-standardized incidence rates, and mortality
rates for 7 administrative divisions were extracted to explore
potential associations with cancer literacy [2,18]. The response
rates were estimated based on both the unit nonresponse and
the item nonresponse. R (version 4.1.0; R Foundation for
Statistical Computing) and SAS (version 9.4; SAS Institute Inc)
software were used to conduct data analysis. The Rao-Scott
adjusted chi-square test was used to compare cancer literacy
among subgroups, which is a modified chi-square test method
for survey data by improving the performance in the

goodness-of-fit problem and avoiding misleading results
generated by clustering in the survey design [19,20]. When any
assumptions of linear regression were violated (Linear
relationship, Independence, Homoscedasticity, and Normality)
[21], the levels of cancer literacy were grouped according to
quartiles, and the multivariable logistic regression analysis was
applied to explore the potential factors of cancer literacy, with
adjustments of all the background variables except self-reported
health status. A 2-sided P<.05 was considered statistically
significant.

Results

Basic Characteristics
By December 31, 2021, a total of 80,281 questionnaires had
been completed in mainland China, with an overall response
rate of 89.32% (Table S1, Multimedia Appendix 3). The median
age of all the participants was 46 (IQR 34-56) years, and the
population with registered permanent residences in urban areas
accounted for 51.24%, which was representative of Chinese
citizens according to the Sixth Census in China. As shown in
Table S2 (Multimedia Appendix 3), the survey sample
overrepresented females (57.49%) and those with high levels
of education (associate degree and above, 39.17%), whereas
Western China (Southwest and Northwest, 14.58%) was
underrepresented compared with the respective values of 21.19%
from census data. Multistep adjustments of the above variables
were carried out to ensure the representativeness of the main
findings. Additionally, most participants were married (81.11%),
never smokers (74.75%), and had no family history of cancer
(68.50%). There were no logical errors in the collected
questionnaires during random sampling checks, indicating good
quality control of this survey.

Assessments of the Questionnaire
A panel composed of 26 experts in clinical medicine, preventive
medicine, health economics, imaging diagnostics, and
immunology assessed the difficulty and significance of the
questionnaire framework, and the tool generally showed
satisfactory content validity (Tables S3-S5, Multimedia
Appendix 4). The cancer literacy rate of medical practitioners
was different from that of nonmedical practitioners, that is,
80.15% (95% CI 76.08%-84.21%) and 69.83% (95% CI
69.29%-70.37%), respectively, suggesting reasonable external
validity. The assessment of the internal consistency yielded an
overall Cronbach coefficient of .92. The coefficient values of
the 5 dimensions were 0.69, 0.79, 0.77, 0.76, and 0.59,
respectively, and the former 4 dimensions were internally
consistent on their own. Retest questionnaires were obtained 2
weeks later, and the correlation between the 2 rounds of testing
was 0.75, indicating acceptable test-retest reliability. In addition,
Table S6 (Multimedia Appendix 4) reports the IRT parameter
estimates. Discrimination parameters for all the items ranged
between 0.37 and 3.67, and the difficulty estimates were also
in the reasonable range [22].

Overall Levels of Cancer Literacy
The national level of cancer literacy in China was 70.05% (95%
CI 69.52%-70.58%). The awareness rates in terms of treatment
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and recovery of cancer were relatively high at 74.96% (95% CI
74.36%-75.56%) and 71.00% (95% CI 70.25%-71.76%),
respectively, followed by the level of knowledge of primary
prevention (70.81%, 95% CI 70.16%-71.46%). However, the
corresponding levels of basic knowledge and early detection
for cancer were below the target at 66.77% (95% CI
66.22%-67.33%) and 69.16% (95% CI 68.61%-69.71%),
respectively. Detailed rates of cancer literacy in terms of more
specific dimensions are shown in Table S7 (Multimedia
Appendix 5). Levels of cancer literacy in terms of the early
diagnosis of cancer, positive beliefs in cancer, and the
physiological recovery were relatively low at 59.05% (95% CI
58.32%-59.79%), 63.35% (95% CI 62.72%-63.99%), and
66.13% (95% CI 65.16%-67.10%), respectively.

Disparities in Cancer Literacy Levels
There were distinct discrepancies among the geographical
distributions of levels of cancer literacy (Figure 2). In general,
the rates were highest in the population residing in East China
(72.65%, 95% CI 71.82%-73.49%), Central China (71.73%,
95% CI 70.65%-72.81%), and North China (70.73%, 95% CI
68.68%-72.78%), followed by Northeast (65.38%, 95% CI
64.54%-66.22%) and South China (63.21%, 95% CI
61.84%-64.58%), and lowest in Southwest (59.00%, 95% CI
58.11%-59.89%) and Northwest China (57.09%, 95% CI

55.79%-58.38%). In general, the disease burden of cancer
decreased with improvements in cancer literacy, and superior
cancer literacy seems to be associated with a higher HDI value
(Table S8, Multimedia Appendix 5).

Demographic and socioeconomic disparities in population
distributions were also observed for cancer literacy within China
(Table 1, Figure 3). Briefly, urban dwellers (vs rural dwellers,
71.25% vs 68.45%) and females (vs males, 70.73% vs 69.45%)
had prior knowledge of cancer prevention and control. The rates
also increased as the education level (P<.001) and annual
household income (P<.001) increased. Although there was no
significant trend in the rates of cancer literacy among age
groups, individuals aged 35-54 years showed the highest overall
and dimension-specific rates, and elderly individuals had better
knowledge in terms of basic knowledge and early detection and
treatment of cancer than those younger than 35 years. In
addition, the levels of cancer literacy remained higher among
people of the Han ethnic group (vs ethnic minorities, 70.43%
vs 63.42%), married individuals (vs unmarried individuals,
70.38% vs 65.38%), never smokers (vs daily smokers, 70.58%
vs 67.96%), and individuals with a family history of cancer (vs
individuals without or with an unknown family history, 75.93%
vs 69.45% or 64.34%). After multivariable adjustment, the
above variables remained significantly associated with cancer
literacy (Table 2).
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Figure 2. Geographic disparities among provinces (A) and among administrative divisions (B) in terms of the rates of cancer literacy in China, 2021.
The provinces included in each administrative division were determined following the government document of China, and all the provinces were
allocated to 7 administrative divisions. AH, Anhui; BJ, Beijing; CQ, Chongqing; FJ, Fujian; GD, Guangdong; GS, Gansu; GX, Guangxi; GZ, Guizhou;
HA, Henan; HB, Hubei; HE, Hebei; HI, Hainan; HK, Hong Kong; HL, Heilongjiang; HN, Hunan; JL, Jilin; JS, Jiangsu; JX, Jiangxi; LN, Liaoning;
MO, Macao; NM, Inner Mongolia; NX, Ningxia; QH, Qinghai; SC, Sichuan; SD, Shandong; SH, Shanghai; SN, Shaanxi; SX, Shanxi; TJ, Tianjin; TW,
Taiwan; XJ, Xinjiang; XZ, Tibet; YN, Yunnan; ZJ, Zhejiang.
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Table 1. The levels of cancer literacy by participant characteristics.

P valueCancer literacy, % (range)Sample size (n)Characteristics

.02Sex

69.45 (68.72-70.19)34,127Male

70.73 (69.96-71.51)46,154Female

<.001Education level

66.80 (65.79-67.82)12,778Primary school and below

72.05 (71.56-72.54)19,827Middle school

77.45 (77.02-77.87)16,231High school

82.25 (81.94-82.55)31,445Associate degree and above

<.001Type of registered permanent residence

68.45 (68.05-68.85)41,138Rural

71.25 (70.36-72.14)39,143Urban

<.001Age (years)

68.03 (64.52-71.54)529215-24

67.77 (65.35-70.19)15,18325-34

71.01 (69.64-72.38)17,91535-44

71.41 (70.48-72.33)19,17945-54

68.93 (67.94-69.91)14,14655-64

70.19 (68.95-71.42)856665-74

<.001Ethnicity

70.43 (69.88-70.98)74,375Han ethnic group

63.42 (60.90-65.94)5856Ethnic minority

.20Marital status

65.38 (62.27-68.48)10,855Unmarried

70.38 (69.83-70.94)65,112Married

68.86 (63.28-74.43)333Separated

69.12 (66.16-72.08)1954Divorced

70.85 (68.40-73.30)1673Widowed

<.001Occupation

68.37 (67.65-69.09)24,471Primary industry

70.47 (68.42-72.52)4919Secondary industry

73.68 (72.43-74.92)35,220Tertiary industry

69.65 (68.56-72.52)14,828Unemployed

<.001Smoking status

67.96 (66.86-69.05)12,187Daily smoker

70.97 (67.87-74.08)2563Light smoker

71.42 (69.51-73.33)5282Former smoker

70.58 (69.95-71.21)60,012Never smoker

.001Self-reported health status

68.37 (67.32-69.42)24,216Good

70.84 (69.93-71.75)29,131Relatively good

71.11 (70.22-72.00)23,736Average

67.08 (64.28-69.87)2631Relatively poor
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P valueCancer literacy, % (range)Sample size (n)Characteristics

67.55 (61.89-73.21)549Poor

<.001Family history of cancer

75.93 (74.90-76.96)18,129Yes

69.45 (68.84-70.05)54,989No

64.34 (62.27-66.41)6801Unknown

<.001Annual household income per capita

65.41 (63.92-66.89)15,198<7500 CNY (<US $1117.00)

70.51 (69.56-71.46)21,3137500-16,667 CNY (US $1117.00-2482.28)

71.88 (70.79-72.97)12,81716,667-30,000 CNY (US $2482.28-4468.01)

70.12 (68.75-71.49)17,323>30,000 CNY (>US $4468.01)
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Figure 3. Demographic and socioeconomic disparities in terms of the overall and dimension-specific rates of cancer literacy in China, 2021.
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Table 2. Multivariate analysis of the associations between the included variables and the levels of cancer literacy.

P valueORa Level 4bP valueORa Level 3bP valueORa Level 2bVariables

Sex

1 (Reference)Male

<.0011.20.121.07.181.06Female

Age (years)

1 (Reference)15-24

.080.79.190.84.391.1225-34

.351.13.320.89.141.2035-44

.331.13.650.95.0481.2745-54

.700.95.020.76.621.10655-64

.071.25.270.88.971.0065-74

Smoking status

1 (Reference)Daily smoker

<.0011.67<.0011.63.471.08Light smoker

<.0011.85<.0011.88.151.11Former smoker

<.0011.31<.0011.39.0511.11Never smoker

Type of registered permanent residence

1 (Reference)Urban

<.0010.73<.0010.85.591.03Rural

Education level

1 (Reference)Primary school and below

<.0011.40<.0011.42<.0011.35Middle school

<.0012.34<.0012.16<.0011.74High school

<.0015.06<.0013.08.0041.83Associate degree and above

Ethnicity

1 (Reference)Han ethnic group

.010.80.0040.78.330.93Ethnic minority

Family history of cancer

1 (Reference)Yes

<.0010.50<.0010.60<.0010.64No

<.0010.38<.0010.48<.0010.47Unknown

Occupation

1 (Reference)Tertiary industry

<.0010.82.0030.84.030.88Primary industry

<.0010.58<.0010.75.060.86Secondary industry

<.0010.66<.0010.63<.0010.79Unemployed

Annual household income per capita (RMB)c

1 (Reference)<7500 RMB (<US $1117.00)

<.0011.41<.0011.54<.0011.507500-16,667 RMB (US $1117.00-2482.28)

<.0011.36<.0011.48<.0011.5816,667-30,000 RMB (US $2482.28-4468.01)

.121.10.0081.18<.0011.43>30,000 RMB (>US $4468.01)

Administrative divisions
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P valueORa Level 4bP valueORa Level 3bP valueORa Level 2bVariables

1 (Reference)Northwest China

<.0012.18.021.50.030.73Southwest China

<.0012.93.0011.76.671.06South China

<.0012.62<.0012.12.890.98Northeast China

<.0015.72<.0013.46.231.17North China

<.0015.28<.0013.79<.0012.25Central China

<.0016.98<.0013.27.071.24East China

aThe OR represents the odds ratio that higher levels of cancer literacy (level 2/level 3/level 4, compared with the reference level [level 1]) will occur
given a particular exposure and the odds of the outcome occurring in the absence of that exposure.
bThe rates were classified into 4 groups according to quartiles before the multivariate logistic regression analysis, which were level 1 (<59.46%, as the
reference), level 2 (59.46%-81.08%), level 3 (81.08%-91.89%), and level 4 (>91.89%).
cClassified according to quartiles.

Discussion

Principal Results
To our knowledge, this is the first national survey to measure
the level of cancer literacy through completely objective items,
aiming to provide references for the Chinese government as an
evaluation of former health education practices and a review of
current strategies. In this work, the standardized rate of cancer
literacy for the Chinese population has reached the target value
proposed in Healthy China 2030 for 2022 ahead of schedule.
However, from the perspective of knowledge dimensions, the
corresponding rate of basic knowledge of cancer remained
relatively low, and the grasp of information regarding early
diagnosis and treatment also needed improvement. Furthermore,
there were significant disparities in the distributions among
regions and populations with different characteristics. Gender,
household registration type, education level, smoking status,
annual household income per capita, ethnicity, occupation, and
family history of cancer were associated with cancer literacy.

Comparison With Prior Work
Before the development of the questionnaire, the published
evaluation tools for cancer literacy were systematically searched
and summarized (see Table S9 in Multimedia Appendix 6
[9,10,23-34] for details). In brief, there are several established
tools, such as the measure of awareness and beliefs about cancer
[23] and the Cancer Awareness Measure [24]. These
questionnaires contain single- or multidimensional assessments
of cancer understanding, attitude, and skills and have been
adopted in local survey practices. The Chinese government
proposed that the current task was to raise awareness of
systematic knowledge of cancer prevention and control.
Accordingly, we collected key information on cancer that the
general population was expected to know through a systematic
review and the Delphi method [35] and formed an item pool.
Existing questionnaires did not completely cover the
abovementioned core knowledge, and the corresponding Chinese
versions were not available or have not been validated in the
Chinese population. Although there have been 3 related surveys
administered during government-funded cancer screening
programs in China [26-28], 2 questionnaires were not considered

comprehensive, and the other multidimensional tool was
developed to assess attitudes instead of knowledge, which were
not suitable for a national survey on the evaluation of cancer
literacy. On the other hand, the questionnaire in this study has
a clear theoretical framework, comprehensive coverage of
information, and acceptable reliability and validity performance,
and is closely connected to the current situation in China.

Disparities among levels of cancer literacy in each dimension
reflected the achievements and shortcomings of health education
at this stage in China. Awareness of cancer management was
relatively high, possibly because the Chinese government
encouraged strengthening the professional advantages of health
workers, especially in popularizing science during clinical
activities [13]. Furthermore, low requirements were set for this
dimension considering its strong professionalism, which might
explain the better performance than in another survey [12]. The
corresponding rate of cancer prevention was also acceptable
[12,36], given that it was one of the main subjects in health
education that was closest to daily life and would not raise
concern. In general, the awareness level of primary prevention
in this survey was significantly higher than a survey conducted
in rural China during 2007-2014 (mean score 56.1, SD 19.3)
and a Switzerland survey in 2009 (mean score 54.9, SD 23.9)
[12,26], while still lower than a similar level reported by a UK
study [24]. In contrast, the lower awareness of basic knowledge
of cancer in China provided lessons for other developing
countries. Very high proportions of the participants showed
positive beliefs toward cancer outcomes in a survey conducted
in 6 high-HDI countries, especially in Norway, and the main
barrier to symptomatic presentation was the busy schedule [37].
However, in Chinese culture, people tend to delay diagnosis or
treatment because of social stigma, fear, familial obligations,
and embarrassment [38-40]. Thus, it is essential to emphasize
the importance of timely interventions and address common
misunderstandings through interactive communication that may
affect individual choices [41,42]. Meanwhile, paying more
attention to exerting the patient effect can help to eliminate
misconceptions of cancer through experience sharing. In
addition, there was room for improvement in skills, mainly the
identification of warning symptoms [40,41,43]. A
population-based survey in the United States reported awareness
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of an average of 8.43 (in 11) cancer symptoms, with the rates
of recognition on each symptom mostly over 76% [44]. Another
survey in developed countries also reported better awareness
of warning symptoms, ranging from 70.09% (7.71 in 11,
Sweden) to 79.09% (8.70 in 11, Canada) [37]. There are
currently 4 cancer screening programs targeting different regions
and populations in China [45]. During community mobilization
and the screening process, health education carried out by
community health workers and clinicians respectively might
contribute to this. It is believed that cancer screening will be
familiar to a wider range of individuals with the expansion of
programs and synchronous health education. Moreover,
appropriate examples of the application of knowledge in practice
are expected to contribute to cultivating comprehensive cancer
literacy.

There were evident variations in the levels of cancer literacy
among regions within China. Several prospective studies have
shown potential associations between cancer literacy and HDI
values or burden of cancer, while related evidence remains
limited and the majority was cross-sectional studies.
Specifically, low health literacy has been proven to be related
to poorer use of health care services and higher mortality [8,27],
which might exacerbate the disparities in health outcomes,
taking into account the existing differences in cancer burdens
and health resources among regions. Urban residents, individuals
with higher income, or those who finished compulsory education
tended to have higher levels of awareness, possibly due to the
more myriad ways that they obtain professional information
and their stronger ability to absorb information [40,46].
Therefore, health education efforts should be focused on regions
with lower life expectancy, years of schooling, and per capita
gross national income, especially Western China. Significant
disparities were also observed among populations. Populations
with a family history of cancer or those older than 55 years
showed acceptable levels of awareness because they might be
more willing to acquire knowledge and receive synchronous
education during health care [43]. This provided additional
evidence to counter the stereotype that elderly individuals are
not well adapted to information technologies [47]. Hence,
increasing the enthusiasm of actively seeking information may
improve the efficiency of health education. Participants occupied
in tertiary industry showed higher cancer literacy because of
higher coverage of health workers. In addition, higher awareness
rates were found among nonsmokers, which was consistent with
previous findings [48]. The gap in rates between genders was

not distinct, consistent with the results of a national survey on
health literacy [49].

Strength and Limitations
In comparison with previous surveys focusing on single types
of cancer (mainly colorectal cancer [40] and cervical cancer
[43,50]) or specific populations (such as students [51], females
[43,46], and elderly people [40]), this study was the first
large-scale cross-sectional survey that covered almost 70% of
provinces in mainland China and provided more comprehensive
information. With the aim of assessing government work, this
survey informs current disparities in cancer literacy in China
and essential references for improvements in health education
and promotion. However, there were also several limitations in
this work. First, because of the limitation of data accessibility,
only the distributions of the most important variables were
adjusted. As it was impossible to fully consider all possible
factors and approach the census population, the reported cancer
literacy might be overestimated or underestimated in this study.
Second, this was a cross-sectional survey, which can indicate
correlations but cannot infer causality between awareness and
other variables. Third, it was not appropriate to compare the
overall cancer literacy with that reported in other surveys
directly, considering the differences in the applied questionnaires
and the main purposes. However, as the questionnaire was
developed based on published articles, the items included in
each dimension were consistent with the commonly recognized
knowledge, and comparisons on some specific aspects can be
made with caution.

Conclusions
In summary, the weighted cancer literacy for Chinese residents
was 70.05% in this cross-sectional survey. The awareness level
was highest in the dimension of cancer management but was
lowest for basic knowledge of cancer and the knowledge of
early diagnosis and treatment. There were significant
geographic, demographic, and socioeconomic disparities
regarding cancer literacy, which calls for urgent efforts to carry
out targeted health education for individuals with a heavier
disease burden, lower income, or limited education level,
especially in Southwest and Northwest China. Policy makers
should conduct regular surveys to grasp the most current
situations, address weaknesses in knowledge, correct
misunderstandings, and move toward the goal of Healthy China
2030.
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Abstract

Background: Peritoneal dialysis (PD) care in mainland China has been progressing in the past 10 years.

Objective: To complement information from the dialysis registry, a large-scale nationwide survey was conducted to investigate
the current infrastructure and management of PD care at hospitals of different tiers.

Methods: A web-based multiple-choice questionnaire was distributed through the National Center for Nephrology Medical
Quality Management and Control to PD centers of secondary and tertiary hospitals in October 2020. The 2-part survey collected
the information of PD centers and the clinical management of patients on PD. A total of 788 effective surveys from 746 hospitals
were voluntarily returned, and data were extracted and analyzed.

Results: The effective survey data covered 101,537 patients on PD, with 95% (96,460/101,537) in the tertiary hospitals. The
median number of patients per PD center was 60 (IQR 21-152); this number was 32 (IQR 8-65) and 70 (IQR 27-192) for secondary
and tertiary hospitals, respectively. There was a discrepancy in the availability of designated physical areas for different functions
of PD care between the secondary and tertiary hospitals. The proportion of tertiary hospitals with PD training (P=.01), storage
(P=.09), and procedure area (P<.001) was higher compared to secondary hospitals. PD catheter placement was performed in 96%
(608/631) of the PD centers in tertiary hospitals, which was significantly higher compared to 86% (99/115) in secondary hospitals
(P<.001). Automated PD was available in 55% (347/631) of the tertiary hospitals, which was significantly higher than that in
secondary hospitals (37/115, 32%) according to the survey (P<.001). The most commonly performed PD module was continuous
ambulatory peritoneal dialysis (772/788, 98%), followed by intermittent peritoneal dialysis (543/788, 69%). The overall reported
nocturnal intermittent peritoneal dialysis was 31% (244/788); it was 28% (220/788) for continuous cycling peritoneal dialysis
and 15% (118/788) for tidal peritoneal dialysis. Comparisons between the secondary and tertiary hospitals revealed no significant
differences in prophylactic antibiotic use for PD catheter placement and therapeutic use for peritonitis. The first peritoneal
equilibrium test was conducted in 58% (454/788) of patients at 4-6 weeks after initiation of PD, and 91% (718/788) reported at
least one peritoneal equilibrium test per year. Overall, 79% (570/722) and 65% (469/722) of PD centers performed assessment
for dialysis adequacy and residual kidney function, respectively; and 87% (685/788) of patients on PD were followed every 1 to
3 months for laboratory and auxiliary examinations.

Conclusions: This national survey reflects the current status and disparities of PD center management in mainland China. The
study results suggest that the PD care needs to be more conveniently accessible in secondary hospitals, and quality management
and staff training in secondary hospitals are still in high demand.

(JMIR Public Health Surveill 2023;9:e39568)   doi:10.2196/39568
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Introduction

It was not until the late 1990s that peritoneal dialysis (PD)
started to grow rapidly in academic hospitals in large cities of
mainland China [1]. Although those top PD centers gained
significantly improved clinical outcomes in the late 2000s, the
accumulated experiences were shared through published
materials of standard operating procedure (SOP) for PD
management [2] and through organized training materials [3]
and courses from 2011 to 2012.

In China, the pyramid of the health care system is constructed
by 3 tiers of hospitals and community convenient clinics. There
were about 3000 tertiary hospitals and more than 10,000
secondary hospitals in China according to the 2020 China Health
Care Development Statistics [4]. The tertiary hospitals are the
top-level hospitals usually located in regional capitals, serving
as teaching hospitals as well as medical care providers to
manage complex and incurable diseases. The primary hospitals
and clinics are often the service providers for long-term disease
follow-up, general prescription renewal, and preventive care.
Health care workers at tertiary hospitals and in large cities
tended to have better exposure to up-to-date medical knowledge,
clinical management concept, and more training opportunities
for advanced procedures. More patients in end-stage kidney
disease (ESKD) choose PD as their renal replacement therapy
due to continuing increase in the prevalence and incidence of
ESKD [5,6], average educational level of the patients,
availability and accessibility of PD resources, and better policy
support. In the recent 10 years, PD service is available not only
in leading tertiary hospitals but also in secondary hospitals,
which has raised a concern about the sufficient governance of
PD care quality.

In mainland China, there has been a nationwide registry for
dialysis—Chinese National Renal Data System (CNRDS)
[7-9]—along with some independent provincial-level databases
[10-12] that mostly record clinical and socioeconomic outcomes.
Detailed facility infrastructure data, especially for PD centers,
are not available in these databases. Although some data related
to the concept and behavior of PD care providers (such as the
common follow-up parameters, check-up schedule, and the use
of medicine for comorbidities and peritonitis) are included in
the dialysis registries, these data are largely not spontaneously
reported. In addition, some of the information about the reasons
that hindered PD as the choice for renal replacement therapy

are not collected by the registries. Moreover, previously reported
results from large-scale, real-world studies or analysis of registry
data did not include information from the recent 2 years [12-14].
Thus, there is a strong need to have another way to collect
real-world PD care data and elicit relevant information for better
PD care in the future.

To complement a comprehensive picture of current PD practice
in mainland China, a national survey was designed focusing on
hospital infrastructure for PD as well as conceptual modalities
and goals for management of patients on PD. By October 2020,
the time when the questionnaires were distributed, data from
CNRDS showed that there were about 1000 hospitals offering
PD service, with only few in primary hospitals.

Methods

Participants
From September to October 2020, according to the information
in the CNRDS, renal divisions from tertiary and secondary
hospitals known to have or likely to have PD programs were
invited to the web-based survey. Through the National Center
for Health Care Quality Management in Nephrology Diseases,
the invitation QR code and questionnaire instruction pack was
first sent to each provincial Center for Health Care Quality
Management in Nephrology Diseases and then distributed to
physicians whose practice field was PD. Survey results were
voluntarily submitted by participating centers and practitioners.

Survey Design
A multiple-choice type of questionnaire was designed and tested
in a pilot group before being distributed to the target
respondents. Detailed questions included in the survey are listed
in Table 1. The questionnaire consisted of 2 parts. The first part
collected the information of the hospital or PD center, including
the location and health care level of the facility (secondary or
tertiary), availability of nephrology and dialysis care resources,
regulatory rules on PD, number of current patients on PD, and
the types of PD performed.

The second part of the survey addressed practice concepts or
the current situation of clinical management for patients on PD.
The questions covered PD catheter placement and care; use of
peritoneal equilibrium test (PET); regular follow-up schedule
and items; as well as management of common complications,
including peritonitis, anemia, and hypertension.
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Table 1. Survey items listed in the questionnaire for peritoneal dialysis (PD).

ItemCategory

Facility-related survey items • Name and location of the hospital
• Administrative ranking of the hospital (secondary hospital or tertiary hospital)
• Number of current patients on PD
• Types of PD performed in your center
• Diseases treated with PD in your center
• Common situations hindering you from choosing PD
• Functional areas designated for PD
• Does your center register patients on PD in the CNRDSa [15]?
• Is PD catheter placement performed in your center?
• Do you perform PD catheter implantation surgery?

Concept-related survey items • Antibiotic medicine routinely given right after PD catheter placement
• Maximal interval for change of external connecting tube
• Do you prescribe or perform peritoneal equilibrium test (PET)?
• Time to administer the first PET
• Frequency of repeat PETs
• Common follow-up interval for patients on PD
• Laboratory tests and examinations administered for PD follow-up
• Antibiotics for treatment of peritonitis
• Common hemoglobin level of patients on PD in your center
• Use of antihypertensive drugs, number of drugs, and estimated percentage of patients

aCNRD: Chinese National Renal Data System.

Statistical Analysis
Descriptive statistical analysis was performed to evaluate PD
items in the survey, and median (IQR) or proportion (frequency)
were reported for continuous or categorical variables, as
appropriate. Comparisons by health care level of the facility
were conducted using Pearson chi-square and Wilcoxon tests
for categorical and continuous variables, respectively, along
with figures. R (version 4.03; R Core Team) and GraphPad
Prism (version 8.0; GraphPad Software Inc) were used for data
analysis and figures.

Ethical Considerations
This work was carried out under the research program of
National Health Care Quality Management in Nephrology
Diseases of Chinese People’s Liberation Army General Hospital.
The research protocol was reviewed and exempted by the
institutional review board of Chinese People’s Liberation Army
General Hospital. There was no collection of individual and
identifiable patient data for the survey. The original informed
consent from each participating hospital allows for secondary
data analysis without additional consent. All questionnaires
were voluntarily responded without compensation.

Results

Participating PD Centers and Patients
A total of 788 surveys from 746 hospitals located in all 31
provincial-level areas (ie, province, autonomous prefecture, or
municipality directly under the central government) in mainland
China were returned. These 746 centers covered 101,537
patients on PD, with 95% (96460/101,537) of them in the
tertiary hospitals. Collected data were further grouped into 6
socioeconomic administrative areas (ie, North, Northeast, East,
South, Southwest, and Northwest China); proportions of the
hospitals and patients from each area are shown in Figure 1A.
Overall, the median patient number per PD center was 60 (IQR
21-152), that is, 70 (IQR 26-192) for tertiary hospitals and 32
(IQR 8-65) for secondary hospitals (Figure 1B). There was no
significant regional difference in the distribution of PD centers
in terms of patient size. Among the 746 centers, 10 centers did
not treat patients on PD, 6 (60%) of which were tertiary
hospitals; however, among the 722 centers providing PD care,
611 (85%) were tertiary hospitals. All these indicate that tertiary
hospitals are the primary provider of PD care in mainland China
(P=.03).
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Figure 1. Characteristics of hospitals and patients on peritoneal dialysis (PD) covered by the survey. (A) Proportions (%) of participated hospitals and
patients in different regions of mainland China; inner ring: secondary hospitals; middle ring: tertiary hospitals; and outer ring: all hospitals. (B) Proportion
of participated hospitals with different number of patients on peritoneal dialysis (PD). (C) Proportions of diseases treated with PD and the types of PD
performed. APD: automated PD; CAPD: continuous ambulatory PD; CCPD: continuous cycling PD; IPD: intermittent PD; NIPD: nocturnal IPD; TPD:
tidal PD.

Clinical Conditions Impacting PD Decision
Data from the 788 submitted surveys showed that besides
chronic and acute renal failure, secondary hospitals tended to
apply less PD compared to tertiary hospitals for acute congestive
heart failure (P=.05), electrolyte (P=.03), acid-base disorders
(P=.02), and drug intoxications (P=.10; Figure 1C). Between
the secondary and tertiary hospitals, there was no significant
difference in factors hindering PD decision when coming across
clinical situations, such as extensive adhesion of the peritoneum
(776/788, 98%), unrepaired hernia (721/788, 91%), and severe
skin disease (671/788, 85%).

Treatment Module of PD
The most common PD type was continuous ambulatory
peritoneal dialysis, which was reported by 98% (772/788) of
the respondents. It was followed by intermittent peritoneal
dialysis 69% (543/788). The overall reported nocturnal
intermittent peritoneal dialysis, continuous cycling peritoneal
dialysis, and tidal peritoneal dialysis were 31% (244/788), 28%
(220/788), and 15% (118/788), respectively. Automated PD
was available in 32% (37/115) of the secondary facilities and
55% (347/631) of the tertiary facilities by the end of October
2020 (Figure 1C). A combination of hemodialysis and PD was

reported by 11 centers; daytime ambulatory PD was reported
by 23 centers, and a combination of manual continuous
ambulatory peritoneal dialysis and automated PD was reported
by 1 center.

Management of PD Centers
Among the secondary centers, 17% (20/115) reported that there
were no established management rules for the PD center, while
this number was 7% (44/631) in tertiary hospitals (P=.002).

About 19% (22/115) of the secondary hospitals did not have
specialized PD medical records for each patient, and this was
11% (69/631) in the tertiary hospitals (P=.01).

More than 80% of the centers reported separate functional areas
designated for PD care, including areas for reception, procedure
or treatment, biohazard disposal, and staff office (Figure 2),
with no significant statistical difference between the secondary
and tertiary hospitals. Compared to the secondary hospitals,
tertiary centers were more likely to have designated areas for
training or patient education (P=.01), storage (P=.09), and
procedures (P<.001). Only 40% (289/722) of the PD centers
had operation rooms exclusive for dialysis access, and there
was no discernible difference between the secondary and tertiary
centers.
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Figure 2. Proportion of hospitals having functional areas designated for peritoneal dialysis use.

PD Catheter Implantation and Care
About 96% (608/631) of the participating tertiary hospitals
performed implantation surgery for PD catheters, which
involved 78% (515/662) of the survey participants; this was
performed in 86% (99/115) of the secondary centers (vs tertiary
centers; P<.001) and by 67% (85/126) of physicians in the
secondary hospitals (vs tertiary hospitals; P=.01). Assessment
and patient education were conducted before the implantation
surgery in 100% of the 631 tertiary hospitals and 94% (108/115)
in the secondary centers. Among the hospitals performing PD
catheter implantation, 100% (746/746) provided preoperative
assessment and patient education. Cephalosporin of the first or
second generation was commonly used right after the surgery,
accounting for 48.7% (384/788) of the antibiotics used. Other
antibiotics included third or fourth-generation cephalosporin
(72/788, 9.1%), quinolone (10/788, 1.3%), and aminoglycosides
(4/788, 0.5%). About 40.4% (318/788) of the participants
reported using antibiotics other than the ones mentioned above
or not using them. There was no significant difference in
postoperative antibiotic use between the tertiary and secondary
hospitals.

There was a slight but significant difference in the frequency
of replacing the external tube that connects to the PD catheter
(P=.04). Among the secondary hospitals, 82% (94/115) changed
the connecting tube every 6 months, and 15% (17/115) did so
every 3 months; this was 90% (568/631) for every 6 months
and 7% (44/631) for every 3 months in the tertiary hospitals. A
few centers reported replacement frequency at every 9 months
(about 2%) or every 12 months (<1%) from both secondary and
tertiary hospitals.

Management of PD Patient Follow-Up
The use of PET to assess the function of the peritoneum was
reported in 91% (574/631) of the tertiary hospitals and 76%
(87/115) of the secondary hospitals (P<.001; Figure 3A). Around
58% (454/788)of the first PETs were performed within 4-6
weeks after initiation of PD, and 31% (247/788) conducted the
first PET between 2-4 weeks overall in tertiary and secondary
hospitals. PET was repeated every 6 months in 60% (475/788)
of the PD centers, and another 25%-29% (166/662 for tertiary
hospitals and 36/126 for secondary hospitals) of the centers had
repeat PET every 3 months (Figure 3A).

For PD long-term care, the most common follow-up interval
was every month (385/788, 49%), followed by every 3 months
(226/788, 29%), irregular (85/788, 11%), every 2 months
(74/788, 9%), and every 6 months (18/788, 2%).

For the laboratory tests and imaging examinations, peripheral
blood count was considered for each patient (788/788, 100%);
blood biochemistry panel (ie, parameters for liver enzymes,
kidney function, and electrolytes; 788/788, 100%); serum
calcium, phosphate, intact parathyroid hormone (772/788, 98%);
and glucose and lipid profiles (748/788, 95%) were routinely
followed. Parameters for iron metabolism (P=.002), nutrition
status (ie, albumin and pre-albumin; P<.001), and inflammation
biomarker high-sensitive C-reactive protein (P=.003) were more
likely to be followed up in the tertiary hospitals compared to
the secondary hospitals (Figure 3B). Transmitted disease panel,
BMI, serum β2-macroglobulin, chest x-ray, electrocardiogram,
and cardiovascular ultrasound were also checked in both tertiary
and secondary centers, with checking rates ranging from 30%
(236/788) to 67% (527/788). PET (P=.01), PD adequacy test
(P=.06), and assessment for residual kidney function (P=.04)
were administered more in tertiary hospitals than in secondary
hospitals.
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Figure 3. Follow-up Items for peritoneal dialysis. (A) Availability of peritoneal equilibrium test (PET) and the time it was performed (ter: tertiary
hospital; sec: secondary hospital; w: week). (B) The follow-up items regularly applied in secondary and tertiary hospitals for patients on peritoneal
dialysis. Ca: Calcium; eGFR: estimated glomerular filtration rate; Fe: Ferrum; hsCRP: high-sensitive C-reactive protein; P: Phosphorus; PBC: peripheral
blood cell; PTH: parathyroid hormone; SGA: subjective global assessment.

PD Complication Management
For infectious peritonitis, about 84% (659/788) of the
participants chose first-generation cephalosporin for
gram-positive bacteria, and 78% (612/788) chose
third-generation cephalosporin for gram-negative pathogens
(Figure 4A). Vancomycin was also commonly used for the
treatment of gram-positive peritonitis, and aminoglycoside was
used for gram-negative peritonitis. For severe infection, 29%
(33/115) of the secondary hospitals did not continue antibiotic
therapy longer than 3 weeks, compared to 18% (114/631) of
the tertiary centers (P=.005). Awareness of applying drug
sensitivity tests and individualized use of antibiotics was more
than 92% (725/788) among the participants.

In the secondary hospitals, 89% (112/126) of the patients on
PD had hemoglobin levels greater than 90 g/L, compared to
94% (623/662) of them in the tertiary centers (Figure 4B).

The majority of patients on PD took 1-3 antihypertensive drugs,
with a total of 97% (764/788; 95% CI 95%-98%) of the
respondents prescribing 1-3 drugs for more than 30% of the
patients (Figure 4C). A combination of 2-3 antihypertensive
medicines was more common than using a single drug (677/788,
86%, 95% CI 83%-88% vs 362/788, 46%, 95%CI 43%-50%;
P<.001) or ≥4 drugs (vs 95/788, 12%, 95%CI 10%-14%;
P<.001).
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Figure 4. Complication management. (A) Antibiotic choice for peritonitis (G+: gram-positive; G–: gram-negative; Cont: continued). (B) Hemoglobin
level in patients on peritoneal dialysis. (C) Number of antihypertensive drug used (ter: tertiary hospital; sec: secondary hospital).

Discussion

To our knowledge, this survey was the first nationwide study
focusing on the current situation of PD management and PD
practitioners’ concepts and behavior in mainland China
[1,12,14]. It covered about 80% of PD centers and nearly 90%
of the estimated number of current patients on PD from all
provincial-level areas, according to previously published registry
data [9,13], as well as about 70% of PD centers and 80% of
patients on PD, according to unpublished CNRDS 2021 data.
The respondents who filled the survey were mostly physicians
in charge of the PD centers or some chief nurses who were well
knowledgeable about the PD center operations. The big number
of the returned surveys and the personnel responding to the
questionnaires suggested a faithful reflection of the real
situations that may not be accurately captured or reported by
the registries. The participating numbers of tertiary and
secondary hospitals were about 20% and 1% of the total number
of tertiary and secondary hospitals in mainland China,
respectively, according to the 2020 China Health Care
Development Statistics [4]. In this study, we reported that PD
care was provided mostly by tertiary hospitals in mainland
China, and about 5% of patients were managed by secondary
hospitals. We found that tertiary hospitals had a more complete
infrastructure of PD centers, performed more operations for PD

catheter placement, treated more PD indication–related acute
diseases, and conducted more assessments for peritoneal
membrane characteristics and dialysis adequacy than the
secondary hospitals. This study also showed that current
concepts of the goals for long-term PD complication
management were adequately adopted by health care providers
(HCPs) in both tertiary and secondary hospitals, with a relatively
similar compliance rate of the follow-up items.

Our study showed a couple of differences in PD care
management between the secondary and tertiary hospitals. In
the secondary hospitals, a lack of designated infrastructure for
PD patient education was common, and the PD catheter
placement procedure was significantly less performed. This
discrepancy could be explained by the lack of clinical experience
and human power as well as low financial incentive for PD
catheter implantation. To overcome these barriers, it is necessary
to implement a well-designed and feasible PD program for
catheter implantation. Sufficient surgical training, a dedicated
team and time, and protected reimbursement from payers would
help to achieve this goal. Complex and more advanced PD
treatment modules, such as cycler-facilitated nocturnal
intermittent peritoneal dialysis or tidal peritoneal dialysis as
well as a combination of hemodialysis and PD, were
significantly less reported by secondary hospitals. We speculate
that, along with the development of digital tools for PD patient
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management, more available web-based patient education
resources, more use of PD cycler, and the shifting of
reimbursement policy toward lower tiers of cities and health
care facilities, more patients with incident dialysis will choose
PD and more patients on PD will migrate to secondary and even
primary health care centers for chronic PD management. In that
regard, the proportion of patients on PD in rural and lower-tier
facilities is expected to increase rapidly in the near future, which
advocates strengthened implementation of standardized PD
quality management and control at high priority.

Adequate patient follow-up scheme and good execution are
necessities for quality PD care [16]. In China, a usual PD
outpatient follow-up routine includes HCPs’ tracking of the
daily records of PD exchanges, measurement of blood pressure,
prescriptions for examinations, and medication adjustment [17].
Our survey results showed that more than 85% of patients on
PD were regularly followed every 1 to 3 months, and almost
every patient was checked for anemia (low hemoglobin) and
mineral bone markers (ie, calcium, phosphorus, and parathyroid
hormone), which was similarly complied according to multiple
international guidelines and recommendations [18-20]. These
proportions were higher than that reported in China Kidney
Disease Network 2016 Annual Data Report, which was around
90% [8]. The difference may be explained as follows: our survey
covered wider regions and more patients on PD, whereas the
China Kidney Disease Network Report used data sources from
claim databases and included primary hospitals. Nonetheless,
thanks to the continuous effort of improving health care
accessibility and affordability from the government at all
administrative levels, results from these 2 studies indicate that
patients with ESKD are getting an adequate standard of care in
mainland China.

In our survey, there were about 10% (10,150/101,537) of
patients on PD whose hemoglobin level was below 90 g/L, the
level at which rescue therapy for anemia should be considered
[21]. These data were also similar to the data recently reported
by the US Renal Data System [16]. Multiple guidelines
recommend treating chronic kidney disease anemia to the
hemoglobin level of 110-120 g/L [21,22] or around 110 g/L
[18,19]. In our study, about 22% (175/788) of the respondents
reported hemoglobin levels of their patients on PD as above
110 g/L, with no difference between the secondary and tertiary
hospitals, indicating that further clinical effort may be needed
to reduce the anemia burden in patients on PD. Multidrug
therapy is usually required and recommended for the control of
blood pressure in patients with chronic kidney disease
worldwide [23-25]. In PD, antihypertensive treatment is
dependent on not only the drug administration but also fluid
volume control. Our study showed that 86% (87,321/101,537)
of patients on PD took 2-3 antihypertensive medicines. Future
studies on the relationships among blood pressure level; types
of antihypertensive drugs; volume status; and other factors, such
as retaining of residual kidney function, longevity of peritoneal
membrane function, anemia treatment regimen, cardiovascular
outcome, patient compliance, and health economics would
provide guidance to improve PD outcomes as well as
goal-directed value-based PD care [17,26].

Assessment for peritoneal membrane characteristics is helpful
for appropriate PD prescription. International PD guidelines
consistently recommended performing the first PET at 4-6 weeks
after PD initiation and having it reevaluated every 6-12 months
[27-30]. In our study, PET was not performed in 9% (57/631)
of the tertiary hospitals and 24% (28/115) of the secondary
hospitals. About 42% (334/788) of the first PETs was performed
within 4 weeks after initiation of PD. Moreover, about 26%
(202/788) of the respondents repeated PET every 3 months. All
these indicate that Chinese HCPs use PET more frequently than
those tests commonly recommended by different guidelines,
suggesting that in-depth education about PET should be
enhanced.

Infectious peritonitis or PD catheter–related infection is the
major PD complication that affect long-term PD survival and
require immediate empirical treatment with antibiotics and
systemic long-term management [31,32]. In China, most
participating hospitals implemented the same recommendations
of the guideline of International Society for Peritoneal Dialysis
[33] for the management of peritonitis in PD. Our survey
revealed that 92% (726/788)of PD HCPs acknowledged the
values of pathogen detections and drug sensitivity tests,
continued antibiotic treatment for 2-3 weeks, and individualized
antibiotic regimen for PD-related peritonitis [30,33]. For initial
empirical therapy, 84% (659/788) of respondents chose
first-generation cephalosporins for gram-negative pathogens,
and 78% (612/788) chose third-generation cephalosporins for
gram-negative pathogens. Besides the cephalosporins,
vancomycin was also chosen for gram-positive pathogens by
61% (481/788) of the respondents and aminoglycoside for the
gram-negative pathogens by 49% (386/788). These patterns of
choice were in line with multiple guidelines or recommendations
regarding PD-related peritonitis [29,30,33].

In our study, 95% (96,460/101,537) of the patients on PD were
managed by tertiary hospitals, despite the fact that the number
of secondary hospitals in China is about 5 times that of the
tertiary hospitals. Although our survey covered a much larger
PD patient population, it was likely that our data were skewed
toward tertiary facilities. It is also possible that some transferring
of patients on PD overlapped, and data were not completely
aggregated for analysis in our study.

It is known that the quality of ESKD care is influenced by
socioeconomic status and geographic regions [34]. Except for
the number of responded hospitals and patients on PD, this study
did not find significant regional differences in the answered
items listed in the questionnaire. The dominance of patients in
tertiary hospitals in this study might contribute to the diminished
possible regional discrepancy because most of the tertiary
hospitals similarly follow the SOP for PD, despite being from
different regions. Due to the infrastructure inadequacy, there
were still 13% (94/722) of the PD centers that did not have a
dedicated PD reception area; 19% (137/722) had no PD training
room, 22% (159/722) had no separated PD storage room, and
only 41% (296/722) had their unique PD operation room.
Furthermore, 9% (65/722) of PD centers had not established
local SOP, and 12% (87/722) had no specific PD-related health
records. These need to be improved in the future for sustainable
growth of PD along with high-quality standards of care.
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This study did not limit the qualification of participants from
each hospital and used voluntary responses, and this could cause
selection bias. In addition, disposing bias might be introduced
during the process of aggregating data from the same facility.
More studies on the relationship between PD clinical outcomes
and hospital quality management can be more instructive for
health care policy makers. Future studies addressing improved
prognosis of patients on PD through strengthened measures will
require longitudinal analyses using both registry and survey
data.

In summary, this first national survey provided data reflecting
the current status of PD center management in mainland China.
It also collected HCPs’ concepts for the routine practice of PD
patient management. The discrepancy of PD care between the
secondary and tertiary hospitals may guide future iteration of
the SOP for PD and quality management, targeted HCP training
for PD, as well as value-oriented patient education. To a broader
extent, providing a better goal-oriented PD care would help to
reduce the substantial health care costs and improve the quality
of life of patients with ESKD.
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CNRDS: Chinese National Renal Data System
ESKD: end-stage kidney disease
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Abstract

Background: Depression escalating public health concern and the modest efficacy of currently available treatments have
prompted efforts to identify modifiable risk factors associated with depression symptoms. Physical inactivity, poor nutrition, or
other lifestyle behaviors are among the potentially modifiable risk factors most consistently linked with depression. Past evidence
regarding the single effect of physical activity (PA) or dietary quality (DQ) on reducing the risk of depression symptoms has
been well-documented. However, the association of the joint effect of PA and DQ on depression symptoms has never been
investigated in a representative sample of adults.

Objective: This study investigates the association between PA and depression symptoms and between DQ and depression
symptoms, and their combined effects on US adults.

Methods: Data were obtained from the National Health and Nutrition Examination Survey (NHANES) 2007 to 2018 cycles.
The primary exposures were DQ and PA, measured using the Healthy Eating Index (HEI)-2015 and the metabolic equivalent
(MET) minutes per week reported in questionnaires, respectively. Depression symptoms were defined as a 9-item Patient Health
Questionnaire (PHQ-9) score of ≥10. We created 4 lifestyle categories: healthy diet and active individuals, unhealthy diet but
active individuals, healthy diet but inactive individuals, and unhealthy diet and inactive individuals. Participants were considered
to have a healthy diet if they fell within the 60th percentile of the HEI-2015 or to be active if they met the current guidelines for
PA. A survey-multivariable logistic regression approach was used to model adjust the variables relevant to the associations, and
an age-adjusted prevalence for depression symptoms was calculated following the NHANES guidelines.

Results: In total, 19,295 participants represented a weighted number of 932.5 million adults aged 20 to 80 years in the
noninstitutionalized US population. The total age-adjusted prevalence of depression symptoms among all respondents was 7.08%
(1507/19,295). Of the respondents, 81.97% (15,816/19,295) met the PA recommendation and 26.79% (5170/19,295) scored at
or above the 60th percentile on the HEI-2015. Depression symptoms were inversely associated with a higher level of PA (adjusted
odds ratio [AOR] 0.819, 95% CI 0.716-0.938) and healthy DQ (AOR 0.809, 95% CI 0.701-0.931), respectively. A healthy diet
combined with recommended PA was associated with a significantly lower risk of depression symptoms (AOR 0.658, 95% CI
0.538-0.803) than those who consumed an unhealthy diet but were physically active (AOR 0.890, 95% CI 0.765-1.038) or
consumed a healthy diet but were physically inactive (AOR 1.077, 95% CI 0.817-1.406).

Conclusions: Our findings indicate that people with a healthy diet and recommended PA have a lower risk of depression
symptoms than those with an unhealthy diet and a low level of PA. A healthy dietary habit and regular PA are potential precautions
against depression.

(JMIR Public Health Surveill 2023;9:e45776)   doi:10.2196/45776
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Introduction

Depression, a major worldwide public health concern commonly
characterized by low emotion, diminished interest, and decreased
energy and attention, has been affecting nearly 7.2% to 9.2%
of the US population, particularly adults, from 2015 to 2020
[1]. Depression will continue to affect individuals, the health
care system, and the whole society if left unprevented [2]. The
growing prevalence of depression poses an increasing demand
for highly effective, preventative approaches. Some studies have
reported potentially protective effects of dietary quality (DQ)
or physical activity (PA) on depression symptoms, as well as
the biological actions of nutrients or behavior, both within and
beyond the context of healthy behavior [3,4]. Understanding
PA and DQ is vital to intervene against depression symptom
risks during adulthood, as dietary pattern, PA, and other
behaviors are the major triggers determining the well-being of
mental health [5].

Nevertheless, robust evidence concerning the association
between the single effect of DQ or PA and the prevalence of
depression symptoms remains sparse and debated. For example,
although PA was linked to a decreased risk of depression in
several studies [6,7], these findings were not consistently
replicated in another study [8]. Moreover, little is known about
the combined influence of dietary behaviors and PA on
depression symptoms in the US population. It can be argued
that healthy diet and sufficient activity may be more effective
than unhealthy diet and inactivity in promoting the mental health
of adults. Nevertheless, empirical evidence for it is far from
clear cut, and there exist limitations in prior related studies
[9-14]. First, most previous studies simply examined isolated
nutrients, such as energy intake and eating behavior, for
depression symptoms, rather than the total DQ [9,10], which is
a comprehensive representation of an individual’s overall diet
pattern. Second, the most important finding is that no studies
so far have specifically targeted the association between DQ
and PA and depression symptoms among the US population,
except for some studies that investigated this exposure on other

health indicators [11-13]. Furthermore, a few studies reported
the trends for DQ with serial cross-sectional investigations using
older data (updated to the year 2016) [14], but these findings
need to be verified by more subsequent national data (National
Health and Nutrition Examination Survey [NHANES] is updated
to the 2020 cycle). Finally, as there might be no race-related
information available in their studies, the impact of discrepancy
on race or ethnicity on diets, which deserves more attention,
was often neglected in previous studies. For example, Black
people, commonly reported to have poor DQ, have the highest
morbidity rates of diet-related diseases in comparison with other
racial or ethnic groups in the United States [15,16]. Individual
depression symptoms might be affected by lifestyle, depending
on sex, age, and race, but no relevant study has examined the
heterogeneity of populations. To compensate for these
limitations, we sought to describe the prevalence of depression
symptoms and its association with DQ and PA, considering age,
race or ethnicity, sex, and sociodemographic status, among the
US population using data from the continuous NHANES.

Methods

Study Design
The NHANES is an ongoing cross-sectional program conducted
by the National Center for Health Statistics of the Centers for
Disease Control and Prevention to investigate the public’s
general health-related behaviors, their socioeconomic and
nutritional status, and the results of physical examinations. With
a multistage, stratified probability sample selected from cities,
blocks, households, and the number of people within households,
the NHANES offers comprehensive data to represent the US
civilian and noninstitutionalized population. The objectives,
study design, and implementation of the NHANES have been
introduced before [14]. The 24-hour dietary recall was
administered in person by a trained interviewer using the United
States Department of Agriculture automated multiple-pass
method [17]. This study was conducted in accordance with the
Declaration of Helsinki [18]. Flowchart of selection of NHANES
participants can be found in Figure 1.
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Figure 1. Flowchart of selection of National Health and Nutrition Examination Survey (NHANES) participants: unhealthy diet and physically inactive
individuals (participants did not meet the US physical activity [PA] recommendation guideline and below the 60th percentile of the Healthy Eating
Index [HEI]-2015 score), healthy diet but physically inactive individuals (participants did not meet the US PA recommendation guideline but at or
above the 60th percentile of the HEI-2015 score), unhealthy diet but physically active individuals (participants met the US PA recommendation guideline
but below the 60th percentile of the HEI-2015 score), healthy diet and physically active individuals (participants met the US PA recommendation
guideline and at or above the 60th percentile of the HEI-2015 score). FPED: food patterns equivalents database.

Ethics Approval and Informed Consent
Written informed consent was obtained from all study
participants, and the program was approved by the Ethics
Review Board of the National Center for Health Statistics [19].
The NHANES data are free for public use and available on the
web [20], so it was not necessary to obtain the agreement of the
medical ethics committee board [21].

Assessment for DQ
With an interval of 3 to 10 days, two 24-hour recalls of all the
food and drink consumed the day before the interview (midnight
to midnight) were conducted. The Healthy Eating Index
(HEI)-2015 is a comprehensive measurement of an individual’s
dietary pattern with overall and subcomponents scores, which
adheres to the 2010 Dietary Guidelines for Americans [22]. The
HEI-2015 contains 13 nutrient- and food-based components,
which comprise 9 adequacy food components (total fruits, whole
fruits, total vegetables, greens and beans, whole grains, dairy,
total protein foods, seafood and plant proteins, and fatty acids)
and 4 moderation components (refined grains, sodium, added
sugars, and saturated fats). The total HEI-2015 score ranges
from 0 to 100, with a higher score indicating greater overall DQ
[22]. Participants whose average score of the 2 days was in or
above the 60th percentile in the HEI were considered to have
observed the dietary guidelines or consumed healthy foods [23].

Assessment for PA
Data were collected using the Global Physical Activity
Questionnaire. Created by the World Health Organization
(WHO), the Global Physical Activity Questionnaire was used
to assess different domains of individuals’ PA, such as
leisure-time PA, occupation, and transportation PA [24,25]. In
accordance with the WHO analysis guide, PA was converted
to metabolic equivalent (MET) minutes of moderate to vigorous
PA per week [24]. MET values vary with the type of exercise,

and the NHANES offers the recommended MET values for
each PA. PA was based on the MET values of type, frequency,
and duration of activities per week, which was calculated using
the following formula: PA (MET-min/wk) = MET × weekly
frequency × duration of each PA [26]. PA=0 denotes participants
who do not engage in any PA, else, it means that participants
have constant or intermittent PA. The respondents were
classified based on whether they met the American PA guideline
(PA at moderate intensity should be done for 150 minutes
[equivalent to 600 MET min/wk] a week or, at vigorous
intensity, should be performed 75 min/wk for adults [27]).

Definitions of Lifestyle Groups for PA and DQ
According to previous studies [13,23], we created four lifestyle
categories according to DQ and PA: (1) healthy diet and active
individuals, (2) unhealthy diet but active individuals, (3) healthy
diet but inactive individuals, and (4) unhealthy diet and inactive
individuals. Participants were considered to have a healthy diet
if they fell within the 60th percentile of the HEI or were active
if they met the current guidelines for PA [13,27].

Outcome Measurements
The 9-item Patient Health Questionnaire (PHQ-9) is a brief
self-report measure of depression symptoms in a primary care
and research setting that has a well-established factor structure,
reliability, and validity [28,29]. The range of scores for PHQ-9
is from 0 to 27, with higher scores reflecting greater severity,
and a PHQ-9 score of ≥10 was recommended as the binary
threshold to define the presence of depression symptoms, which
has a sensitivity of 88% and a specificity of 88% for screening
major depression symptoms [30].

Assessment of Covariates
According to prior research and clinical experts, potentially
confounding and modifying variables were identified [31] as
follow: age group (20-39, 40-59, or 60-80 years), sex (male or
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female), race or ethnicity (non-Hispanic White, non-Hispanic
Black, Mexican American, Other races [including multiracial
and other Hispanic]), the highest level of education achieved
(less than 9th grade, 9th-11th grade [including 12th grade
without diploma], high school graduate [general educational
development or equivalent], college graduate or above, or some
college or associate’s degree), marital status (widowed or
divorced or separated, never married, married or living with
partner), poverty-to-income ratio (PIR; a family poverty index
was used to estimate socioeconomic status, which is calculated
by measuring the income thresholds of different types of
households and updating them annually because of inflation,
based on the Consumer Price Index. According to the commonly
used cutoff levels for identifying eligibility for federal
assistance, we classified these ratios as being either ≤100% or
≥100% of the poverty threshold, depending on whether they
exceeded the poverty threshold), BMI (calculated based on the
ratio of weight in kilograms to height in meters squared),
smoking status (current, previous, or never), whether taking
antidepressant or anxiolytic medications, sleep time (<7 h, 9 h,
and >9 h), and sedentary behavior (SB; the amount of time spent
sitting per day is considered SB, including sitting at a desk
reading; playing cards; watching television or using a computer;
sitting with friends; and traveling by car, bus, or train).

Statistical Analyses
We used weighted samples and considered stratification and
clustering in the design to generate nationally representative
estimates that were applied to US residents [32]. The combined
NHANES cycle and weights were constructed following the
guidelines for continuous NHANES analyses [33]. Proportional
outcome variables are presented as means (SD) with analysis
of variance F and the proportional outcome variables as
proportions (%) with analysis of the chi-square test to determine
statistical significance by 4 groups. The estimates obtained from
adjusted odds ratios (AORs) and corresponding 95% CIs were
used to evaluate the associations between PA and DQ and
depression symptoms. A survey-multivariable logistic regression
approach was used to adjust the variables relevant to the
associations. For each lifestyle group, the median values of
health variables were treated as continuous variables in a
multivariate linear regression model to estimate the trend
between each lifestyle and depression symptom. We used 3
different models: a crude model; a model adjusted for age, sex,
and race or ethnicity; and a model in which we additionally
adjusted for age, sex, race or ethnicity, education, marital status,
BMI, PIR, smoking status, sleep time, and SB. We also
generated 3 indicators along with their 95% CI, namely, relative
excess risk due to interaction (RERI), attributable proportion
due to interaction (AP), and synergy index (SI), to estimate the
interactive effect between PA and DQ [34,35]. The 95% CI of
RERI and AP containing 0 indicates there is an additive
interaction between the 2 exposures, and the greater the absolute
value of RERI, the stronger the interaction between the 2
exposures (PA and DQ) [36]. For a 95% CI of SI, if it contains
1, it indicates that there exists an additive interaction between
the 2 exposures (PA and DQ) simultaneously. An SI value
greater than 1 indicates that the synergistic effect is enhanced

when the factors were both exposures, while a value below 1
indicates that the effect of the 2 factors is weakened [36]. An
age-adjusted prevalence for depression symptoms was calculated
according to the NHANES guidelines [37]. To account for
potential variability in the associations in terms of age, sex, and
other demographic characteristics, exploratory subgroup
analyses were performed with the interactions obtained,
followed by sensitivity analyses after excluding individuals
exposed to extreme PIR or individuals with extreme BMI values
to identify the robustness of our findings. Moreover, alcohol
use (former, never, and now), total energy, and whether taking
antidepressant or anxiolytic medications were regarded as
additional covariates to control their potential influence. The
probability of the null hypothesis value (P value) below .05 was
considered to reflect a statistically significant difference. All
statistical analyses were conducted using R statistical
programming language (X64 version 4.1.0; R Foundation for
Statistical Computing).

Results

General Characteristics
Approximately, a weighted population of 932.5 million
American residents was represented by 19,295 NHANES
participants with valid data, and most of them were
non-Hispanic White participants (645.6 million; Multimedia
Appendix 1). Among the 19,295 respondents, 52.59%
(n=10,147) were female, 44.76% (n=8637) were non-Hispanic
White, 80.54% (n=15,541) had at least a high school education,
and 20% (n=3859) lived in households with incomes below the
federal poverty level. Overall, 81.97% (15,815/19,295) of the
respondents met the PA recommendation, and 26.79%
(5170/19,295) of participants scored at or above the 60th
percentile on the HEI-2015. Moreover, participants with a
healthy diet and regular exercise had an average HEI-2015 score
of 69.32 (SD 0.19) and were active with 4476 (SD 105.15) MET
minutes moderate to vigorous PA per week. In contrast, people
who eat unhealthily and are inactive have an average score of
44.87 (SD 0.25) and only 316.90 (SD 4.24) minutes of moderate
to vigorous PA per week. The age-adjusted prevalence of
depression symptoms among respondents who did not meet the
PA guidelines and had a low-quality diet was 9.51% (264/2565).
In total, 4.19% (200/4255) of participants with depression
symptoms in the group met the PA recommendations and had
a higher DQ. The age-adjusted prevalence for another 2 groups
was 7.54% (961/11,560; unhealthy diet but physically active)
and 8% (82/915; healthy diet but physically inactive). We also
found a relatively higher age-adjusted depression symptom
prevalence in female (922/9148, 8.68%), low education
participants (<9th grade: 152/1381, 11.44%; 9th-11th grade:
313/2373, 12.71%), and especially smokers (586/3982, 14.17%).
Multimedia Appendix 1 and Figure 2 present the characteristics
of the 19,295 US adults according to their lifestyles. The
demographic characteristics and health variables of participants,
both classified by depression symptom status and 6 survey
cycles, are presented separately in Multimedia Appendices 2
and 3.
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Figure 2. Prevalence of age-adjusted depression symptoms and estimate US population of different characteristics among US general adults, National
Health and Nutrition Examination Survey 2007 to 2018. AA: Associate’s Degree; GED: general educational development; PIR: poverty income ratio.

Association Between Single PA or DQ and Depression
Symptoms
For the single effect of PA or DQ on depression symptoms, a
statistically significant inverse relationship was found between
the single PA effect and depression symptom prevalence in each
model (P<.001; Figure 3). An inverse significant association

was detected after controlling for multiple variables in the met
PA guidelines group (AOR 0.817, 95% CI 0.714, 0.937;
P=.003). Similarly, we noted a significant positive association
between the single DQ effect and depression symptom
prevalence: participants with a higher DQ had a lower risk of
depression symptoms (AOR 0.827, 95% CI 0.716, 0.952;
P=.009) compared with those with poor DQ (Figure 3).

Figure 3. Association between PA and dietary quality and their combined effect and prevalence of depression symptoms among 19,295 study participants.
Significant results are in bold. Model 1: crude model, no covariates were adjusted; model 2: adjusted for age, sex, and race or ethnicity; model 3: adjusted
for age, sex, race or ethnicity, education, marital status, BMI, poverty-to-income ratio (PIR), smoking status, sedentary behavior (SB), and sleep time.
N/A: not applicable; OR: odds ratio; PA: physical activity.

Joint Association Between PA and DQ and Depression
Symptoms
Regarding the joint effect of PA and DQ on depression
symptoms, when comparing depression symptom prevalence
between groups with different lifestyles, participants consuming
a healthier diet and being more physically active had a lower
risk ratio of depression symptoms of 0.670 (95% CI
0.548-0.819; P<.001). Participants who consumed a healthy
diet but were physically inactive did not have a significantly
lower risk of depression symptoms (AOR 1.076, 95% CI

0.816-1.407; P=.59), as well as those who consumed an
unhealthy diet and were physically active (AOR 0.883, 95% CI
0.758-1.030; P=.13). The results regarding the additive
interaction between the 2 exposures (PA and DQ) showed that
the RERI and AP between PA and DQ were statistically
significant (RERI=−0.052, 95% CI −2.149 to 2.044; AP=−0.078,
95% CI −3.333 to 3.177), which meant there is an additive
interaction between the 2 exposures. A similar significant
interactive effect of SI (SI=1.189, 95% CI 0.001-1170.880) was
observed, which indicates the synergistic effect of PA and DQ
is enhanced in our model (Figure 3).
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Subgroup Analyses and Sensitivity Analyses
The main analysis of the lifestyle-depression symptom
association based on demographic subgroups showed similar
AORs within each group (Figure 4). The AORs remained
significant for participants having a healthy diet and PA, who
were male (AOR 0.572, 95% CI 0.404-0.806; P<.001), who
were non-Hispanic Black (AOR 0.608, 95% CI 0.388-0.939;

P<.05), or had a PIR above the average level (AOR 0.646, 95%
CI 0.500-0.833; P<.001). In the sensitivity analyses for
depression symptoms attributed to lifestyle exposures, after
further adjusting for several potential indicators (alcohol users
[former, never, and now], total energy, whether taking
antidepressant or anxiolytic medications, and sleep time), the
results remained similar in that DQ and PA were positively
correlated with mental health (Multimedia Appendix 4).

Figure 4. Associations between exposure to different lifestyle groups and incidence of depression symptoms in stratified analyses. Significant results
are in bold. The multivariable model was adjusted for age, sex, race or ethnicity, education, marital status, BMI, PIR, smoking status, SB, and sleep
time. AA: Associate’s Degree; GED: general educational development; OR: odds ratio; PIR: poverty-to-income ratio; SB: sedentary behavior.

Discussion

Principal Findings
Comprising 19,295 participants with 6 waves (NHANES cycles:
2007-2018), the overall analysis indicated that lower depression
symptom rates were seen in participants who either followed a
healthier dietary pattern or were engaged in more PA and who
both had better DQ and more PA. The association remained
significant when other potential covariates were controlled for
in sensitivity analyses.

The benefits of a healthy diet or PA alone for depression have
been well-documented [3,38]. However, data from the latest
Global Status Report on PA issued by the WHO in October
2022 showed that 27.5% of adults failed to meet the WHO’s
recommendation for PA that an adult should work out 150 to
300 minutes a week with moderate PA or 75 to 150 minutes a
week at an aerobic intensity [27]. Consequently, among the
27.5% of adults with insufficient PA, 47% had health-related
indicators of noncommunicable diseases caused by hypertension,
and 43% had depression [39]. Similarly, our results also showed
that 18.03% of US adult participants did not have adequate PA,
as recommended by the WHO. The similarity of sample
characteristics between our study and the global report makes
our findings more reliable and increases their authenticity. In
line with previous studies, our results showed that a single effect
of PA or DQ was significantly associated with mental health
[40,41]. This association is explained by the reaction of the
endocannabinoid system to acute neuroendocrine stimulation
and inflammation [42] and long-term brain adaptations, such
as changes in neural architecture [43]. A Mendelian
randomization study has investigated more than 100 potentially

modifiable factors for their association with incident depression,
but it only identified several modifiable risk factors for the
prevention of depression, including PA-related domains and
dietary [44]. PA showed a potential causal connection with
depression in a large-scale genome-wide association study,
which suggested more PA might help prevent depression [45].

Comparison With Prior Work
As noted earlier, there might exist a causal relationship between
dietary habits and depression [44]. A comprehensive food-based
diet pattern made up of multiple dietary components or food
groupings, rather than single nutrients or foods, has become
widespread and helps us understand health trajectories, as such
dietary patterns can evaluate the interplay between nutrients
and foods consumed simultaneously through a multidimensional
approach with the impact of the overall diet considered [46,47].
Our findings revealed that a healthy diet was negatively
associated with depression symptoms among adults by
comparing their DQ. Recent studies using the same NHANES
data to investigate the association between HEI and depression
symptoms concluded that higher HEI scores significantly
correlated with fewer depression symptoms [48]. For all age
groups, a constantly optimized diet will probably offer
substantial health gains, which are predicted to be larger with
earlier optimization in diet [49]. The hypotheses for healthy
dietary pattern are also applicable to the prevention of depression
symptoms, probably because an inflammatory process can be
inhibited by a high-quality diet that includes vegetables, fruits,
whole grains, nuts, and legumes [50,51]. Several inflammatory
markers, namely IL-1, IL-6, TNF-α, and hsCRP, have been
found to be elevated in individuals with depression [52], and
thus depression may be pathophysiologically underpinned by
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chronic inflammation. The researchers also found that people
who closely followed the specific dietary patterns, such as the
Dietary Approaches to Stop Hypertension (DASH) diet,
Mediterranean diet, or Mediterranean-DASH Intervention for
Neurodegenerative Delay diet—a newly developed one that
incorporates elements from the Mediterranean and DASH diets,
emphasizes plant-based food, and avoids animal-based
food—tended to have lower depression risk [4,45,46]. Among
the recommended diet for reducing depression risk are fruits,
vegetables, legumes, wholegrain cereals, and nuts instead of
unhealthy products such as fast foods, pastries, and soft drinks
[53]. Despite the fact that existing evidence on DQ only
discussed certain kinds of food, the healthy dietary pattern in
our study is comprehensive enough to cover the aforementioned
nutrients, whose potential positive impact on depression
symptoms is worthy of prompt replication in larger populations
[54]. As well-documented as either the single effect of diet or
PA alone for preventing depression is, there are no relevant
studies that have examined the effects of diet and PA as a whole
on depression. PA and a reduction in certain “unhealthy” foods,
such as fast foods and pastries, are widely recognized as
independently protective against depression. However, these
studies used self-reported PA measures and focused on a single
nutrient or nutrient group rather than on the quality of the overall
diet. Our study provides a new comprehensive diet pattern for
depression prevention unlike previous findings focusing on
single nutrients or food groups. A comprehensive DQ score
captures not only individual intake levels but also higher-level
interactions. Meanwhile, our results showed that PA exposure
was also a recommended lifestyle. Specifically, this study
emphasizes the importance of incorporating dietary behaviors
into health behavior models when examining influence of PA
on depression. On the basis of the most recent NHANES data
(updated to the 2018 cycle) with 19,295 participants on behalf
of approximately 932,548,888 US adults, the study measured
health parameters for each of the 4 lifestyle groups to further
demonstrate the joint benefits of adequate PA and healthy diet
for depression symptoms among US adults. Furthermore, to
enhance the robustness of our analyses, we have also considered
a moderate number of potential confounders, such as SB, an
important factor related to individual health that is independent
of PA. On the basis of the findings of the integrated effect of
PA and DQ on depression symptoms, we found that the risk of
depression symptoms had reduced for participants who achieved
the recommended PA level or consumed a healthy diet.
However, when participants with different PA levels and DQ
were classified into 4 lifestyle groups to examine the combined
effect of PA and DQ, correlations of the 2 lifestyles (unhealthy
diet but physically active and healthy diet but physically
inactive) with depression symptoms (reported in Figure 3) were
mild and moderate, respectively, without statistical significance.
It showed that the combination of PA and DQ may be more
effective than either factor alone in reducing depression
symptoms. Hence, it may be hypothesized that regular PA and
a healthy diet are both at work for the prevention of depression
symptoms and neither can be omitted. In addition, our model
has further demonstrated that there existed an additive
interaction between PA and DQ, and the synergistic effect is
enhanced on the improvement of depression symptoms when

the recommended PA level and a healthy diet are simultaneously
exposed. Such a synergistic effect may be linked to the Lifestyle
Medicine (LM) preventive strategy, a multicomponent and
multimodal therapeutic approach that combines nutrition, PA,
and other behaviors management [55]. That the pathogenesis
and progression of depression involve lifestyle determinants
has been well established, although the effectiveness of these
determinants in helping patients with depression is
underappreciated in current first-line treatments [56]. The
analysis of the integrated effect in our study agreed with the
results of the meta-analysis that examined the effect of
multicomponent LM interventions, which include PA, DQ, and
smoking cessation, on relieving depression symptoms
(nonclinical depression) among adults in comparison with the
named control group [5]. This study deliberately excluded
patients with clinical depression to examine the preventive effect
of LM intervention on depression symptoms [5]. The results
highlighted that patients with depression might benefit greatly
from the LM intervention, whose potential effect in the
prevention of depression symptoms may be valued by major
clinical guidelines and mental health experts [57]. One
meta-analysis analyzed 50 randomized controlled trials
concerning LM intervention and revealed that the effect of
multicomponent LM intervention on depression symptoms was
greatly moderated by the number of lifestyle factors adopted
[58], which was consistent with our main finding that the
synergistic effect was enhanced when more lifestyle behaviors
that are beneficial to depression symptoms have been involved
in one’s daily life. Considering that the multicomponent LM
intervention could possibly be used in clinical practice of
controlling depression, examining the preventative effect of this
intervention on depression symptoms is therefore essential. LM
may be a promising complementary treatment for depression
symptoms. However, more research is needed to determine its
effectiveness and applicability as an adjunct to existing first-line
treatments and to understand the impact of LM interventions
on different populations, such as adolescents and older adults
[59]. On the basis of these findings, it is important to combine
DQ and PA in national and community strategies for depression
symptoms to obtain the optimal prevention effects.

Limitations
However, we acknowledge the possibility of limitations in our
study that must be considered. First, PA was only measured by
self-report, which is subject to recall and social desirability
biases. Second, our cross-sectional study design made it difficult
to establish causal links between diet and PA and depression.
Nevertheless, evidence regarding the single effect of PA or a
healthy diet on depression symptoms has been identified in
previous Mendelian randomization studies [44,45], implying
that reverse causation was less likely to occur in our study. Thus,
high-quality prospective population-based studies should be
conducted to verify this causal relationship. Third, as another
common depression symptom population, children and
adolescents are not included as they have not completed the
relevant assessment concerning PA and depression symptoms.
Thus, caution should be exercised when extrapolating this
association in general adults to younger populations. Fourth,
several potential risk factors, such as hypertension and diabetes
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mellitus, may also be the cause of the depression symptoms but
are not considered as covariates in our study. Moreover, as our
study focused on the PA pattern, we did not further explore the
association between PA frequency, duration, and intensity and
depression symptoms, and the dose-response relationship
between them, which could be examined in a future study.

Conclusions
On the basis of the NHANES data from the 1999 to 2018 cycle,
our study found that a higher level of PA incorporated with

better DQ was inversely related to depression symptoms in a
representative sample of the US population, which meant that
participants experiencing the recommended PA level and
consuming a healthy diet together enhance the synergistic effect
on depression symptoms. Therefore, our findings help identify
the elements of specific lifestyles that are effective for the
prevention of depression symptoms and offer useful reference
for decision makers to start relevant preventive programs and
promote them to the public.
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Abstract

Background: In some countries, including Japan—the leading country in terms of longevity, life expectancy has been increasing;
meanwhile, healthy life years have not kept pace, necessitating an effective health policy to narrow the gap.

Objective: The aim of this study is to develop a prediction model for healthy life years without activity limitations and deploy
the model in a health policy to prolong healthy life years.

Methods: The Comprehensive Survey of Living Conditions, a cross-sectional national survey of Japan, was conducted by the
Japanese Ministry of Health, Labour and Welfare in 2013, 2016, and 2019. The data from 1,537,773 responders were used for
modelling using machine learning. All participants were randomly split into training (n=1,383,995, 90%,) and test (n=153,778,
10%) subsets. Extreme gradient boosting classifier was implemented. Activity limitations were set as the target. Age, sex, and
40 types of diseases or injuries were included as features. Healthy life years without activity limitations were calculated by
incorporating the predicted prevalence rate of activity limitations in a life table. For the wide utility of the model in individuals,
we developed an application tool for the model.

Results: In the groups without (n=1,329,901) and with (n=207,872) activity limitations, the median age was 47 (IQR 30-64)
and 69 (IQR 54-80) years, respectively (P<.001); female sex comprised 51.3% (n=681,794) in the group without activity limitations
and 56.9% (n=118,339) in the group with activity limitations (P<.001). A total of 42 features were included in the feature set.
Age had the highest impact on model accuracy, followed by depression or other mental diseases; back pain; bone fracture; other
neurological disorders, pain, or paralysis; stroke, cerebral hemorrhage, or infarction; arthritis; Parkinson disease; dementia; and
other injuries or burns. The model exhibited high performance with an area under the receiver operating characteristic curve of
0.846 (95% CI 0.842-0.849) with exact calibration for the average probability and fraction of positives. The prediction results
were consistent with the observed values of healthy life years for both sexes in each year (range of difference between predictive
and observed values: −0.89 to 0.16 in male and 0.61 to 1.23 in female respondents). We applied the prediction model to a regional
health policy to prolong healthy life years by adjusting the representative predictors to a target prevalence rate. Additionally, we
presented the health condition without activity limitations index, followed by the application development for individual health
promotion.

Conclusions: The prediction model will enable national or regional governments to establish an effective health promotion
policy for risk prevention at the population and individual levels to prolong healthy life years. Further investigation is needed to
validate the model’s adaptability to various ethnicities and, in particular, to countries where the population exhibits a short life
span.
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Introduction

Global public health, secure social systems, and advances in
medical practice have contributed to the extension of life
expectancy and healthy life years (referred to as the healthy life
expectancy) of humans worldwide. With the growing
recognition of the importance of taking into account the state
of being alive or quality of life, “healthy life years” has come
to be focused on as an integrated health indicator that combines
not only mortality data but also data on the state of being alive.
Healthy life years are not merely defined as life without
disability or illness but include a holistic life of well-being.
Although life expectancy has been increasing, healthy life years
have not yet been kept pace, necessitating an effective health
policy to narrow the gap [1,2].

There have been several measures to estimate healthy life years,
which are used to evaluate national or regional health status.
The World Health Organization has used the health-adjusted
life expectancy, a measure of healthy life years based on a
specialized health survey producing disability weight on various
diseases, injuries, and sequelae [3-5]. In some countries,
including Japan—the leading country in terms of longevity, a
national survey is conducted to investigate healthy life years
using a questionnaire for the presence of activity limitations.

To date, some determinants of healthy life years and the relevant
activity limitations have been identified. Typical risk factors,
such as obesity, hypertension, hyperglycemia, smoking, and
excessive alcohol consumption, are negatively associated with
a healthy life [6,7]. Physical activity and exercise [8-11] as well
as a diverse healthy diet [12,13] are expected to prolong healthy
life years. In addition to fatal diseases, several nonfatal
conditions, such as mental health disorders, musculoskeletal
problems, and ophthalmic diseases, are also crucial determinants
of activity limitations [10,14,15].

Despite the increasing interest in a healthy life for public health
campaign and individual health awareness, a prediction model
of healthy life years with integrated features has not been
reported. In this study, we sought to develop a prediction model
for healthy life years without activity limitations using machine
learning and to deploy the model to a health policy in prolonging
healthy life years at the population and individual levels.

Methods

Data Description
The Comprehensive Survey of Living Conditions, a
cross-sectional national survey, is conducted every 3 years by
the Japanese Ministry of Health, Labour and Welfare to
investigate the fundamental aspects of the nation’s livelihood,
such as health, medical care, welfare, pension, and income [16].
In health questionnaire of the Comprehensive Survey of Living

Conditions, subjective symptoms, health problems in daily life,
disease or injury under treatment, subjective health assessment,
worries and stress, mental state, and receiving rate of health
check-ups are surveyed. The response rate in 2019 was 72.5%
according to the Japanese Ministry of Health, Labour and
Welfare. Among the data in 2013, 2016, and 2019, data from
1,537,773 responders were used for the analysis. The activity
limitations of responders were evaluated using responses to the
questions, “Do you have any health problem which limits your
daily activity?” Respondents who answered “yes” were
categorized as the “activity limitations” group, and those who
answered “no” were categorized into the “no activity limitation”
group. Activity limitations, age, sex, and the 40 types of diseases
or injuries under treatment were included in the analysis.

Model Description
The activity limitations, which were classified as binary, were
set as model target; the “activity limitations” group was
classified as 1, and the “no activity limitation” group as 0. Age,
sex, and the 40 types of diseases or injuries under treatment
were included as features. We implemented the extreme gradient
boosting (XGB) classifier—a widely used supervised tree-based
model, which uses labeled data sets to train a model
[17-19]—for the binary classification of activity limitations
using the scikit-learn 1.1.1 package [20] in Python 3.10.4. Using
the “train_test_split” function, we randomly split the data set
into training (n=1,383,995, 90%) and test (n=153,778, 10%)
subsets [21,22]. We selected the best feature set using the
recursive feature elimination function in the training data set,
with the XGB classifier as an estimator. To determine the best
hyperparameter values providing the highest model performance,
we used the GridSearchCV function for training subset with
the five-fold cross validation. A total of 480 XGB models were
compared using different combinations of hyperparameters.
Consequently, we selected a model with hyperparameters
(n_estimators=200, max_depth=9, eta=0.1, min_child_weight=2,
max_delta_step=5, and subsample=0.5) yielding the highest
area under the receiver operating characteristic curve (AUROC).
Finally, the model performance was evaluated for the test
subsets.

The impact of the features on the model accuracy was estimated
by permutation importance, which is defined as difference of
error when a feature value is randomly shuffled, assigning 1.0
to the highest impact. The SHapley Additive exPlanations
(SHAP) value, which explains a feature contribution on model
output in each sample, was used to evaluate the effect of features
on the model output [23]. We calculated the area under the curve
and log loss, a measure of how close predictive probability is
to observed value, as the model accuracy metrics for the XGB
classifier, random forest, and logistic regression. Other metrics
were calculated based on the confusion matrix. We used
calibration_curve function for the model calibration between
predictive probability and fraction of positives, dividing samples
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into 10 bins according to predictive probability. Cost-benefit
was calculated to determine the optimal cut-off of prediction
by the sum of true positive and true negative as 0, false positive
as +1, and false negative as −1 in the confusion matrix. Healthy
life years without activity limitations of female respondents in
Kyoto Prefecture were predicted using the prediction model
with the original and target prevalence rates of the representative
diseases, which are much higher than the mean prevalence rates
in the whole country. Random sampling was performed for
populations with each disease to achieve target prevalence rate.
The web-based application tool for the model was developed
on a web application platform based on the programming code
[24].

Statistical Analysis
General descriptive statistics were performed in R (version
4.2.0; R Core Team) [25]. Categorical values are represented
as numbers (along with percentages), and numerical values are
represented as medians (IQRs). The chi-square test was used
for categorical values, and the Mann-Whitney U test was used
for continuous values with a nonparametric distribution. P<.01
was considered statistically significant. The health condition
without activity limitation (HCAL) index was calculated by
subtracting the percentage of predictive probability for activity
limitations from 100. Curve fitting was performed using
third-order polynomial regression. Healthy life years without
activity limitation were calculated using Sullivan’s method,
which is widely used to calculate life expectancy based on
age-stratified mortality rate and life table, incorporating the
prevalence rate of activity limitations to a life table in Japan
[26,27].

Ethical Considerations
The study was approved by the ethics committee of Kyoto
Prefectural University of Medicine (approval number
ERB-C-2496). This study conformed to the principles outlined
in the Declaration of Helsinki. Since this study used only
existing national survey data, opt-out decline was adopted for
participants on the university website instead of informed
consent. The study data are anonymous. There was no
compensation for participants.

Results

Participant Characteristics
The characteristics of participants (N=1,537,773) are described
and stratified according to the presence of activity limitations
(Table 1). In the groups without (n=1,329,901) and with activity
limitations (n=207,872), the median age was 47 (IQR 30-64)
and 69 (IQR 54-80) years, respectively (P<.001), and female
sex comprised 51.3% (n=681,79) of the participants in the group
without activity limitations (vs n=118,339, 56.9%; P<.001).
Diseases under treatment, except for infertility, were also
significantly different between the two groups (depression or
other mental disease: n=13,727, 1% vs n=15,347, 7.4%;
dementia: n=2420, 0.2% vs n=8667, 4.2%; stroke, cerebral
hemorrhage, or infarction: n=8452, 0.6% vs n=10,818, 5.2%;
angina or myocardial infarction: n=16,467, 1.2% vs n=13,043,
6.3%; rheumatoid arthritis: n=5153, 0.4% vs n=6239, 3%;
arthritis: n=15,682, 1.2% vs n=19,753, 9.5%; back pain:
n=42,856, 3.2% vs n=37,980, 18.3%; kidney disease: n=7415,
0.6% vs n=7866, 3.8%; malignant neoplasm or cancer: n=7594,
0.6% vs n=6249, 3%). All participants (N=1,537,773) were
randomly split into training (n=1,383,995, 90%) and test
(n=153,778, 10%) subsets with similar characteristics (Table
S1 in Multimedia Appendix 1).
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Table 1. Characteristics of participants stratified by presence of activity limitations.

P valueWith activity limitation
(n=207,872)

Without activity limitation
(n=1,329,901)

All (N=1,537,773)Characteristics

<.00169 (54-80)47 (30-64)50 (32-67)Age (years), median (IQR)

<.001118,339 (56.9)681,794 (51.3)800,133 (52)Sex (female), n (%)

<.00124,001 (11.5)53,671 (4)77,672 (5.1)Diabetes, n (%)

<.0015451 (2.6)14,360 (1.1)19,811 (1.3)Thyroid disease, n (%)

<.00115,347 (7.4)13,727 (1)29,074 (1.9)Depression or other mental disease, n (%)

<.0018667 (4.2)2420 (0.2)11,087 (0.7)Dementia, n (%)

<.0012661 (1.3)533 (0)3194 (0.2)Parkinson disease, n (%)

<.0016717 (3.2)4311 (0.3)11,028 (0.7)Other neurological disorders, pain, or paralysis, n (%)

<.00130,636 (14.7)52,941 (4)83,577 (5.4)Eye disease, n (%)

<.0017057 (3.4)9354 (0.7)16,411 (1.1)Ear disease, n (%)

<.00110,818 (5.2)8452 (0.6)19,270 (1.3)Stroke, cerebral hemorrhage, or infarction, n (%)

<.00113,043 (6.3)16,467 (1.2)29,510 (1.9)Angina and myocardial infarction, n (%)

<.00113,050 (6.3)15,653 (1.2)28,703 (1.9)Other cardiovascular disease, n (%)

<.0011576 (0.8)3549 (0.3)5125 (0.3)Acute nasopharyngitis and common cold, n (%)

.02177 (0.1)1359 (0.1)1536 (0.1)Infertility, n (%)

<.00116,892 (8.1)63,668 (4.8)80,560 (5.2)Dental disease, n (%)

<.0013306 (1.6)12,090 (0.9)15,396 (1)Gout, n (%)

<.0013025 (1.5)5013 (0.4)8038 (0.5)Obesity, n (%)

<.00117,934 (8.6)63,404 (4.8)81,338 (5.3)Dyslipidemia, n (%)

<.00152,603 (25.3)153,500 (11.5)206,103 (13.4)Hypertension, n (%)

<.0017838 (3.8)24,472 (1.8)32,310 (2.1)Allergic rhinitis, n (%)

<.0011437 (0.7)813 (0.1)2250 (0.1)Chronic obstructive pulmonary disease, n (%)

<.0015873 (2.8)13,149 (1)19,022 (1.2)Asthma, n (%)

<.0016617 (3.2)8517 (0.6)15,134 (1)Other respiratory disease, n (%)

<.0019237 (4.4)17,048 (1.3)26,285 (1.7)Stomach or duodenum disease, n (%)

<.0015341 (2.6)9283 (0.7)14,624 (1)Liver or gallbladder disease, n (%)

<.0017628 (3.7)11,028 (0.8)18,656 (1.2)Other digestive disease, n (%)

<.0012800 (1.3)11,553 (0.9)14,353 (0.9)Atopic dermatitis, n (%)

<.0018730 (4.2)20,475 (1.5)29,205 (1.9)Other skin disease, n (%)

<.0016239 (3)5153 (0.4)11,392 (0.7)Rheumatoid arthritis, n (%)

<.00119,753 (9.5)15,682 (1.2)35,435 (2.3)Arthritis, n (%)

<.00115,381 (7.4)28,093 (2.1)43,474 (2.8)Stiff shoulder, n (%)

<.00137,980 (18.3)42,856 (3.2)80,836 (5.3)Back pain, n (%)

<.00114,184 (6.8)14,606 (1.1)28,790 (1.9)Osteoporosis, n (%)

<.0017866 (3.8)7415 (0.6)15,281 (1)Kidney disease, n (%)

<.0017639 (3.7)12,293 (0.9)19,932 (1.3)Prostatic hypertrophy, n (%)

<.0011061 (0.5)1980 (0.1)3041 (0.2)Menopausal or postmenopausal disorder, n (%)

<.0017119 (3.4)3345 (0.3)10,464 (0.7)Bone fracture, n (%)

<.0014779 (2.3)5451 (0.4)10,230 (0.7)Other injury or burns, n (%)

<.0014680 (2.3)5980 (0.4)10,660 (0.7)Anemia or blood disease, n (%)

<.0016249 (3)7594 (0.6)13,843 (0.9)Malignant neoplasm or cancer, n (%)
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P valueWith activity limitation
(n=207,872)

Without activity limitation
(n=1,329,901)

All (N=1,537,773)Characteristics

<.001633 (0.3)1565 (0.1)2198 (0.1)Pregnancy, puerperium, threatened abortion, or placen-
ta previa, n (%)

Model Performance Evaluation
To create the model feature set, the AUROC was compared for
each feature number. A total of 42 features were included in
the feature set because they had the highest AUROC (Figure
S1 in Multimedia Appendix 1). The feature impact estimated
by permutation importance showed that age had the highest
impact on model accuracy, followed by depression or other
mental diseases; back pain; bone fracture; other neurological
disorders, pain, or paralysis; stroke, cerebral hemorrhage, or
infarction; arthritis; Parkinson disease; dementia; and other
injuries or burns (Figure 1).

The accuracy metrics were compared for some learners. We
selected the XGB classifier as a learner because it exhibited a

high AUORC and low log loss compared with random forest
and logistic regression (Table S2 in Multimedia Appendix 1).
The model performance was evaluated by depicting the receiver
operating characteristic curve, and the AUROC was 0.846 (95%
CI 0.842-0.849; Figure 2A). The calibration plot exhibited exact
calibration for the average probability and fraction of positives
(Figure 2B). We set the cut-off of 0.31 according to the lowest
absolute value of the mean cost-benefit (Figure 2C). The
prediction results were consistent with the observed values of
healthy life years for both sexes in each year (range of difference
between predictive and observed value: −0.89 to 0.16 in male
and 0.61 to 1.23 in female respondents; Figure 2D). Thus, the
developed model exhibited a markedly high performance in
predicting healthy life years without activity limitations.
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Figure 1. Feature impact estimated by permutation importance. Permutation importance was calculated for features using test data.
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Figure 2. Evaluation of model performance. (A) Receiver operating characteristic curve for the model. Area under the receiver operating characteristic
curve was 0.846 (95% CI 0.842-0.849). (B) Calibration plot for the model; samples were divided into 10 bins according to probability. (C) Mean
cost-benefit curve. (D) Predictive and observed value of healthy life years for male and female respondents in each year.

Model Application for Population and Individual
Health
For model application at the population level, we used the
prediction model for a regional health policy regarding healthy
life years (Table S3 in Multimedia Appendix 1). Healthy life
years without activity limitations of females in Kyoto prefecture
in Japan were predicted using the prediction model with the
original and target prevalence rates of representative predictors,
such as depression or other mental diseases, back pain, and stiff
shoulder. As a result, healthy life years without activity

limitations were simulated to be prolonged from 73.25 in the
original to 73.81 in the target, a difference of 0.56. Herein, we
demonstrate the use of a prediction model for a regional health
policy to prolong healthy life years at the population level.

To enhance the interpretability of the feature effect on the model
output, the SHAP value is displayed for each feature (Figure
3). This shows that age has the greatest effect on model output.
HCAL index was decreased by aging (Figure 4). For the wide
utility of the model in individuals, we developed a web-based
application tool to display the HCAL index (Figure S2 in
Multimedia Appendix 1).
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Figure 3. Feature effect on model output. SHapley Additive exPlanations (SHAP) value was calculated for features using test data.
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Figure 4. Health condition without activity limitation (HCAL) per age. The HCAL index indicates subtraction of the percentage of predictive probability
from 100. Curve fitting was done using third-order polynomial regression. Error bar indicates 95% CI. Each dot represents mean HCAL index per age.

Discussion

Principal Findings
In this study, we developed a prediction model for healthy life
years without activity limitations using machine learning by
analyzing a cross-sectional national survey. The model exhibited
markedly high performance with a high AUROC and subtle
differences between the observed and predicted values of healthy
life years without activity limitations. We applied the prediction
model to a regional health policy to prolong healthy life years
by adjusting the representative predictors to a target prevalence
rate. Additionally, we presented the HCAL index, followed by
the application development, for individual health promotion.

We estimated the feature impact on model accuracy by
permutation importance and the effect on model output by the
SHAP value. The impact of features on model accuracy showed
that age had the highest impact, followed by depression or other
mental disease; back pain; bone fracture; other neurological
disorders, pain, or paralysis; stroke, cerebral hemorrhage, or
infarction; arthritis; Parkinson disease; dementia; other injuries
or burns. Interestingly, the high-impact features included several
nonfatal conditions, such as mental disorders, musculoskeletal
problems, and neurological diseases. Our findings were
consistent with previous reports that suggest mental health
disorders and musculoskeletal problems are crucial predictive
factors for activity limitations [10,15]. Of mental disorders,
schizophrenia and major depression have heavy disability weight
according to the Global Burden of Disease Study [3]. A study
using data from the Global Burden of Disease Study found no
association between health output and common health system
per prefecture in Japan [28]. These findings indicate that healthy
life years without activity limitations largely rely on mental,
musculoskeletal, or neurological causes rather than other typical
lifestyle-related factors.

We leveraged machine learning to predict healthy life years
without activity limitations. The presence of activity limitations
assessed by a subjective questionnaire was used for the model
target; nonetheless, healthy life years could be predicted

accurately with the objective 42 features using machine learning.
Machine learning facilitated model deployment by application
development at the population and individual levels. Natural
language processing has been applied to calculate the
health-adjusted life expectancy using electronic medical records
[29]. Machine learning combined with natural language
processing for electronic medical records will provide a solution
for global health issues regarding healthy life years.

We demonstrated the model application for population and
individual health. Healthy life years without activity limitations
of females in Kyoto prefecture were simulated using the
prediction model with the original and target prevalence rates
of representative predictors. Thus, the model could be used to
present effective ways to prolong healthy life years for a regional
health policy. Moreover, the application tool was developed
using the model for wide utility in individual health promotion.
The tool can be used in several situations, such as health check,
patient education, and outpatient clinics. Our model was
developed with machine learning and can be used for prediction
of population-level healthy life years as well as individual health
conditions, increasing its feasibility compared with other
measures for healthy life years.

Limitations
This study had certain limitations, as it was based on a survey
that included subjective data, and only data from Japan were
used. Further investigation is needed to validate the model’s
adaptability to various ethnicities and, in particular, countries
where the population has a short life span. For complexity of
machine learning to explain and interpret, we used permutation
importance and SHAP values for feature impact.

Conclusions
In conclusion, we developed a prediction model for healthy life
years without activity limitations, using machine learning. The
prediction model will enable the national or regional government
to establish an effective health promotion policy for risk
prevention at the population and individual levels to prolong
healthy life years. It would be interesting to investigate the
model’s applicability to other countries and ethnicities.
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Abstract

Background: Multimorbidity causes substantial disease and economic burdens on individuals and the health care system.

Objective: This study aimed to explore the disease burden of multimorbidity and the potential correlations among chronic
noncommunicable diseases (NCDs) in a rural population in Henan, China.

Methods: A cross-sectional analysis was performed using the baseline survey of the Henan Rural Cohort Study. Multimorbidity
was defined as the simultaneous occurrence of at least two NCDs in a participant. This study examined the multimorbidity pattern
of 6 NCDs, including hypertension, dyslipidemia, type 2 diabetes mellitus, coronary heart disease, stroke, and hyperuricemia.

Results: From July 2015 to September 2017, a total of 38,807 participants (aged 18-79 years; 15,354 men and 23,453 women)
were included in this study. The overall population prevalence of multimorbidity was 28.1% (10,899/38,807), and the multimorbidity
of hypertension and dyslipidemia was the most common (8.1%, 3153/38,807). Aging, higher BMI, and unfavorable lifestyles
were significantly associated with a higher risk of multimorbidity (multinomial logistic regression, all P<.05). The analysis of
the mean age at diagnosis suggested a cascade of interrelated NCDs and their accumulation over time. Compared with participants
without 2 conditional NCDs, participants with 1 conditional NCD would have higher odds of another NCD (1.2-2.5; all P<.05),
and those with 2 conditional NCDs would elevate the odds of the third NCD to 1.4-3.5 (binary logistic regression, all P<.05).

Conclusions: Our findings indicate a plausible tendency for the coexistence and accumulation of NCDs in a rural population
in Henan, China. Early prevention of multimorbidity is essential to reduce the NCD burden in the rural population.

(JMIR Public Health Surveill 2023;9:e43381)   doi:10.2196/43381
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Introduction

Multimorbidity is the coexistence of multiple disease conditions
over time. Many of these conditions shared similar
age-associated structural, physiologic, and biological changes
in predispose patients with multimorbidity, resulting in
compound risks and adversities [1-4]. The occurrence of
multimorbidity is often a powerful predictor of poor health
outcomes in the future. Recent studies have demonstrated that
people with multimorbidity were at significantly increased risks
of depression, disability, and premature death. The physiological
interaction between multiple disease conditions increases the
difficulty of treating individual conditions [5]. Multimorbidity
often leads to a substantial financial burden on individuals,
families, and the health care system [6-10].

In China, this prevalence ranged from 6.4% to 76.5%, as
reported in 2015 [11]. Previous studies have reported that aging,
physical inactivity, and higher BMI were contributors to
noncommunicable diseases (NCDs) and their multimorbidity
[12]. However, as the study population and the targeted NCDs
varied, the prevalence and associating factors of multimorbidity
also substantially varied across different studies [11-13]. Further,
in China, most studies have focused on older adults and were
conducted among the community-dwelling population [14,15],
whereas research on multimorbidity in rural adults remains
limited. With an aging population and high levels of risk factors,
multimorbidity is becoming a public health issue in China.
However, understanding the trend and characteristics of the
coexistence and accumulation of NCDs is limited.

The United States has emphasized the importance of timely
diagnosis of multiple NCDs to support the development of
effective clinical guidelines for multimorbidity [16]. In addition,
previous studies found that NCDs can mutually interact with
each other [17-22]. However, to our knowledge, the study of
the accumulation of NCDs based on the temporal sequence of
NCD onset was limited. A better understanding of the
accumulation of NCDs can help explore complex interactions
between NCDs and develop interventions for managing
multimorbidity to diminish the public health burden.

Our study aimed to explore the disease burden of multimorbidity
and determine the pattern of NCD accumulation among rural
adults in Henan, China. We recruited 39,259 participants aged
18-79 years in Henan province for this study.

Methods

Study Population
The baseline survey of the Henan Rural Cohort Study enrolled
a total of 39,259 participants aged from 18 to 79 years between
July 2015 and September 2017 in the counties of Yuzhou,
Xinxiang, Tongxu, Yima, and Suiping in Henan Province by
using the stratified cluster sampling method. Detail description
of the cohort had been previously published [23]. In this study,
participants were excluded if they (1) had cancer or renal failure
(n=350; for abnormal metabolism [protein, glucose, and lipid])
[24,25] or (2) did not have complete NCD information on
hypertension, dyslipidemia, type 2 diabetes mellitus (T2DM),

coronary heart disease (CHD), stroke, or hyperuricemia (n=102).
Ultimately, 38,807 participants were included in this study (see
the study flowchart about the data process in Multimedia
Appendix 1).

Ethics Approval
This study was approved by the Zhengzhou University Life
Science Ethics Committee (ethics approval 2015 MEC [S128]).
Informed consent was signed by all participants.

Data Collection and Measurements
Information was collected through face-to-face interviews using
a standardized questionnaire. Demographic characteristics
included age (18-44, 45-59, and ≥60 years, according to the
classification provided by the World Health Organization
[WHO] [26]), gender, educational level (elementary school or
below, junior high school, and senior high school or above),
marital status (married or cohabiting and living alone), and
average monthly individual income (<500 RMB [<US $72.4],
500-1000 RMB [US $72.4-144.8], and ≥1000 RMB [≥US
$144.8], according to the average monthly income of Chinese
rural populations [27]). Lifestyle factors included smoking status
(never, former, and current), drinking status (never, former, and
current), and physical activity (low, moderate, and high) [28].
Dietary status included vegetable and fruit intake (low [<500
g/day] and high [≥500 g/day]), salt diet (low and high according
to dietary flavor habits), and fat diet (low [<75 g/day] and high
[≥75 g/day] according to an average taking of meat from
livestock and poultry). Family history of hypertension,
dyslipidemia, diabetes, CHD, stroke, and gout were also
recorded.

BMI was calculated as weight in kilograms divided by height
in meters squared, and further categorized as underweight (<18.5

kg/m2), normal (18.5-23.9 kg/m2), overweight (24.0-27.9 kg/m2),

and obesity (≥28.0 kg/m2) [29]. Systolic blood pressure and
diastolic blood pressure were obtained by using an electronic
sphygmomanometer (HEM-770afuzzy, Omron). Venous blood
samples were obtained from individuals after at least eight hours
of overnight fasting. Total cholesterol, triglyceride, high-density
lipoprotein cholesterol, low-density lipoprotein cholesterol,
fasting blood glucose, and serum uric acid (SUA) level were
measured by a chemistry analyzer (Cobas C501, Roche
Diagnostics GmbH).

Definitions of NCDs and Multimorbidity
In light of the lack of a standard approach to measure
multimorbidity, the selection of morbidities to be included is
inevitably subjective and relies on the previous studies. We
have selected 6 NCDs—hypertension, dyslipidemia, T2DM,
CHD, stroke, and hyperuricemia—that have been reported to
be the core diseases in multimorbidity studies [30,31]. These 6
NCDs have been defined in our original survey for the cohort
[23]. The definition of hypertension was average systolic blood
pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm Hg, or
self-reported hypertension diagnosed by a physician and
receiving antihypertensive therapy within the past 2 weeks [32].
Dyslipidemia was defined as one of the following conditions:
elevated total cholesterol level (≥6.2 mmol/L); elevated
low-density lipoprotein cholesterol (≥4.1 mmol/L); low
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high-density lipoprotein cholesterol (<1.0 mmol/L); elevated
triglyceride (≥2.3 mmol/L); or self-reported dyslipidemia
diagnosed by a physician and the use of anti-dyslipidemia
medications in the past 2 weeks [33]. T2DM was defined as
fasting blood glucose ≥7.0 mmol/L or self-reported T2DM
diagnosed by a physician and the use of antidiabetic medications
in the past 2 weeks [33]. CHD and stroke were defined as
self-reports of a previous diagnosis by specialist physicians
according to criteria recommended by the WHO [34,35]. The
definition of hyperuricemia was SUA >7.0 mg/dL (417.0
μmol/L) in men and SUA >6.0 mg/dL (357.0 μmol/L) in women.
Multimorbidity was defined as the simultaneous occurrence of
at least two NCDs in a single patient [36-39].

Statistical Analysis
The participants were divided into healthy individuals,
individuals living with 1 NCD, those with multimorbidities of
2 NCDs, and those with multimorbidities of ≥3 NCDs.
Continuous variables were expressed as mean (SD), and
ANOVA was used for statistical analysis. Categorical variables
were presented as counts and percentages, and the chi-square
test was used for statistical analysis.

The prevalence of multimorbidity was assessed for each
characteristic group, and we quantified the number of events
for each NCD separately and visualized all observed
combinations of NCDs with an intersection diagram.
Multinomial logistic regression analysis was used to analyze
the relationship between demographic factors, lifestyle, BMI,
or family history of NCDs and 1 NCD or multimorbidity. When
one factor was analyzed, all other factors were adjusted as
covariance.

Based on the mean age at diagnosis, the temporal order of NCDs
was determined, and binary logistic regression was used to
explore the associations between NCD pairs. An NCD with an
earlier onset was regarded as a predictor of an NCD with a later
onset [40]. Following the cascade of NCD onset, binary logistic
regression was used to assess the combined association of 2

conditional NCDs with a third, later NCD by creating a new
combined variable with 4 groups of both conditional NCDs, in
which the combined group without both conditional NCDs
served as the reference. Demographic characteristics, lifestyle
factors, dietary status, BMI, and family history of NCDs were
adjusted in the regression models. In addition, in the regression
of assessing the combined association, when 3 of the conditions
were analyzed, the others were adjusted.

Results from the logistic regression models were presented as
odds ratio (OR) with a 95% CI. The level of statistical
significance was set at P<.05. Statistical analysis was conducted
using SPSS (version 21.0; IBM Corp) and R (version 4.0.4; R
Foundation for Statistical Computing).

Our study was implemented according to the Strengthening of
the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines [41] (see the study STROBE checklist
for cross-sectional studies in Multimedia Appendix 2).

Results

Characteristics of Study Participants
Table 1 showed the characteristics of the participants of the
baseline survey from July 2015 to September 2017. The mean
age was 55.6 (SD 12.2) years among the 38,807 participants.
Across the NCD groups, age, gender, educational level, average
monthly individual income, marital status, physical activity,
smoking status, drinking status, high-salt diet, high vegetable
and fruit intake, high-fat diet, and BMI were all significantly
different (ANOVA and chi-square test, all P values were <.001,
except high-salt diet [P=.008]). Compared with the healthy
individuals, participant groups with 1, 2, or 3 or more NCDs
were more likely to be older and women and have lower
education and income, higher BMI, poorer marital status, a
higher-salt diet, and lower physical activity level (ANOVA and
chi-square test, all P<.001). They were also less likely to have
a high-fat diet and adequate fruit and vegetable intake than
healthy individuals (chi-square test, all P<.001).
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Table 1. Demographic characteristics of study participants according to multimorbidity.

P value≥3 NCDs
(n=3614)

2 NCDs
(n=7285)

1 NCD (n=12,990)No NCDsa

(n=14,918)

Total participants
(n=38,807)

Variables

<.00160.8 (9.9)58.6 (11.0)52.3 (11.7)52.2 (12.7)55.6 (12.2)Age (year), mean (SD)

<.0012078 (57.5)4200 (57.6)7623 (58.7)9552 (64)23,453 (60.4)Gender, women, n (%)

<.001Educational level, n (%)

1993 (55.2)3592 (49.3)5869 (45.2)5912 (39.6)17,366 (44.8)Elementary school or below

1165 (32.2)2643 (36.3)5241 (40.3)6408 (43)15,457 (39.8)Junior high school

456 (12.6)1050 (14.4)1880 (14.5)2598 (17.4)5984 (15.4)Senior high school or above

<.001446 (12.3)884 (12.1)1314 (10.1)1335 (8.9)3979 (10.3)Marital status, living alone, n (%)

<.001Average monthly income, n (%)

1478 (40.9)2705 (37.1)4693 (36.1)4949 (33.2)13,825 (35.6)<500 RMB (<US $72.4)

1079 (29.9)2482 (34.1)4251 (32.7)4966 (33.3)12,778 (32.9)500-1000 RMB (US $72.4-
144.8)

1057 (29.2)2098 (28.8)4046 (31.2)5003 (33.5)12,204 (31.5)≥1000 RMB (≥US $144.8)

<.001Physical activity, n (%)

1587 (43.9)2699 (37.1)4132 (31.8)4126 (27.7)12,544 (32.3)Low

1240 (34.3)2587 (35.5)4905 (37.8)5899 (39.5)14,631 (37.7)Moderate

787 (21.8)1999 (27.4)3953 (30.4)4893 (32.8)11,632 (30)High

<.001Smoking, n (%)

2579 (71.4)5147 (70.6)9319 (71.7)11,180 (75)28,225 (72.7)Never

485 (13.4)726 (10)1019 (7.9)901 (6)3131 (8.1)Former

550 (15.2)1412 (19.4)2652 (20.4)2837 (19)7451 (19.2)Current

<.001Drinking, n (%)

2700 (74.7)5463 (75)9958 (76.7)11,860 (79.5)29,981 (77.3)Never

290 (8)432 (5.9)549 (4.2)523 (3.5)1794 (4.6)Former

624 (17.3)1390 (19.1)2483 (19.1)2535 (17)7032 (18.1)Current

.008658 (18.2)1351 (18.6)2319 (17.9)2609 (17.5)6937 (17.9)High-salt diet, n (%)

<.0011395 (38.6)2880 (39.5)5367 (41.3)6541 (43.8)16,183 (41.7)More vegetable and fruit intake,
n (%)

<.001575 (15.9)1263 (17.3)2447 (18.8)3136 (21)7421 (19.1)High-fat diet, n (%)

<.00127.0 (3.5)26.2 (3.6)25.03 (3.4)23.51 (3.2)24.8 (3.6)BMI (kg/m2), mean (SD)

aNCD: noncommunicable disease.

Prevalence of NCDs and Their Multimorbidities
Among all participants, 33.5% (12,990/38,807) were living with
1 NCD, among which dyslipidemia was the most common
(5858/38,807, 15.1%). In contrast, 18.8% (7285/38,807) of
participants were living with 2 NCDs, and the most frequent
cluster of NCDs was dyslipidemia and hypertension
(3153/38,807, 8.1%). Moreover, 9.3% (3614/38,807) of
participants were living with 3 or more NCDs, and the cluster
of dyslipidemia, hypertension, and hyperuricemia (818/38,807,

2.1%) was the most common in participants (Figure 1 and Table
2).

Overall, the prevalence of multimorbidity (2 or ≥3 NCDs) was
28.1% (10,899/38,807), and it was significantly higher in
participants who were aged over 60 years (1330/3982, 36%),
men (4621/15,354, 30.1%), educated in elementary school or
below (5585/17,366, 32.2%), living alone (1330/3982, 33.4%),
had low physical activity (4286/12,544, 34.2%), and obese
(3280/6878, 47.7%; chi-square test, all P<.001; Table 2).
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Figure 1. NCDs multimorbidity. The left panel displayed bars for each NCD separately that quantify the total number of events per disease, and the
line chart showed the cumulative prevalence of NCDs. CHD: coronary heart disease; DYS: dyslipidemia; HTN: hypertension; HUA: hyperuricemia;
NCDs: noncommunicable diseases; T2DM: type 2 diabetes mellitus.
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Table 2. The prevalence of 1 noncommunicable disease (NCD) and multimorbidity.

≥3 NCDs, n (%)2 NCDs, n (%)1 NCD, n (%)Variables

3614 (9.3)7285 (18.8)12,990 (33.5)Total (n=38,807)

Age (years)

222 (3.3)728 (10.7)1963 (28.6)18-44 (n=6805)

1156 (7.6)2734 (18)5225 (34.4)45-59 (n=15,181)

2236 (13.3)3823 (22.7)5802 (34.5)≥60 (n=16,821)

2078 (8.9)4200 (17.9)7623 (32.5)Gender, women (n=23,453)

Educational level

1993 (11.5)3592 (20.7)5869 (33.8)Elementary school or below (n=17,366)

1165 (7.5)2643 (17.1)5241 (33.9)Junior high school (n=15,457)

456 (7.6)1050 (17.6)1880 (31.4)Senior high school or above (n=5984)

446 (11.2)884 (22.2)1314 (33)Marital status, living alone (n=3979)

Average monthly income

1478 (10.7)2705 (19.6)4693 (34)<500 RMB (<US $72.4; n=13,825)

1079 (8.4)2482 (19.4)4251 (33.3)500-1000 RMB (US $72.4-144.8; n=12,778)

1057 (8.7)2098 (17.2)4046 (33.2)≥1000 RMB (≥US $144.8; n=12,204)

Physical activity

1587 (12.7)2699 (21.5)4132 (32.9)Low (n=12,544)

1240 (8.5)2587 (17.7)4905 (33.5)Moderate (n=14,631)

787 (6.8)1999 (17.2)3953 (34)High (n=11,632)

Smoking

2579 (9.1)5147 (18.2)9319 (33)Never (n=28,225)

485 (15.5)726 (23.2)1019 (32.6)Former (n=3131)

550 (7.4)1412 (19)2652 (35.6)Current (n=7451)

Drinking

2700 (9)5463 (18.2)9958 (33.2)Never (n=29,981)

290 (16.2)432 (24.1)549 (30.6)Former (n=1794)

624 (8.9)1390 (19.8)2483 (35.3)Current (n=7032)

658 (9.5)1351 (19.5)2319 (33.4)High-salt diet (n=6937)

1395 (8.6)2880 (17.8)5367 (33.2)More vegetable and fruit intake (n=16,183)

575 (7.8)1263 (17)2447 (33)High-fat diet (n=7421)

BMI

19 (2)67 (7.1)233 (24.8)Underweight (n=938)

687 (4.4)1938 (12.5)4867 (31.3)Normal (n=15,567)

1611 (10.5)3243 (21.2)5546 (36.2)Overweight (n=15,306)

1268 (18.4)2012 (29.3)2309 (33.6)Obesity (n=6878)

1023 (13.6)1657 (22)2490 (33.1)Family history of hypertension (n=7522)

194 (12)339 (21)523 (32.3)Family history of diabetes (n=1618)

306 (9.9)534 (17.2)1053 (33.9)Family history of CHDa (n=3106)

152 (11)249 (18.1)420 (30.5)Family history of hyperlipemia (n=1378)

360 (10.9)582 (17.6)1089 (32.9)Family history of stroke (n=3313)

7 (8.8)13 (16.3)26 (32.5)Family history of gout (n=80)
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aCHD: coronary heart disease.

Associating Factors of Multimorbidity
Overall, participants with older age (all P<.001), those who are
living alone (P<.001 and P=.007), those who are overweight
and obese (all P<.001), former drinkers (all P<.001), current
drinkers (P=.006 and P=.047), and those with a history of family
hypertension and diabetes (all P<.001) were at a significantly
higher risk of multimorbidity (2 or ≥3 NCDs, respectively;

multinomial logistic regression). Although women (all P<.001)
and participants with moderate and high physical activity (all
P<.001), high-fat diet (P=.004 and P=.008), and who are
underweight (all P<.001) were less likely to report
multimorbidity (2 or ≥3 NCDs, respectively), individuals who
currently smoke were less likely to report multimorbidity (≥3
NCDs; multinomial logistic regression, P<.001; Table 3).
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Table 3. The associating factors of 1 noncommunicable disease (NCD) and multimorbidity.

≥3 NCDs2 NCDs1 NCDVariables

P valueOR (95% CI)P valueOR (95% CI)P valueORa (95% CI)

Age (years)

1.01.01.018-44

<.0013.5 (3.0-4.1)<.0012.5 (2.3-2.7)<.0011.7 (1.6-1.8)45-59

<.00110.7 (9.1-12.7)<.0015.2 (4.7-5.8)<.0012.6 (2.4-2.8)≥60

<.0010.7 (0.6-0.8)<.0010.8 (0.7-0.8)<.0010.8 (0.7-0.8)Gender, women

Educational level

1.01.01.0Elementary school or below

<.0010.8 (0.7-0.9).0050.9 (0.8-0.9).531.0 (0.9-1.0)Junior high school

.080.9 (0.8-1.0).641.0 (0.9-1.1).241.0 (0.9-1.0)Senior high school or above

.0071.2 (1.1-1.4)<.0011.3 (1.2-1.4).081.1 (1.0-1.2)Marital status, living alone

Average monthly income

1.01.01.00<500 RMB (<US $72.4)

<.0010.8 (0.7-0.9).751.0 (0.9-1.1).081.0 (0.9-1.0)500-1000 RMB (US $72.4-144.8)

.421.0 (0.9-1.1).120.9 (0.9-1.0).281.0 (0.9-1.0)≥1000 RMB (≥US $144.8)

Physical activity

1.01.01.0Low

<.0010.6 (0.6-0.7)<.0010.8 (0.7-0.8)<.0010.9 (0.8-0.9)Moderate

<.0010.4 (0.4-0.5)<.0010.6 (0.6-0.7)<.0010.8 (0.7-0.8)High

Smoking

1.01.01.0Never

.021.2 (1.1-1.4).261.1 (0.9-1.2).521.0 (0.9-1.1)Former

<.0010.8 (0.7-0.9).621.0 (0.9-1.1).511.0 (0.9-1.1)Current

Drinking

1.01.01.0Never

<.0011.8 (1.5-2.1)<.0011.4 (1.2-1.7).751.0 (0.9-1.2)Former

.0471.1 (1.1-1.3).0061.2 (1.1-1.3).071.1 (1.0-1.2)Current

.551.0 (0.9-1.1).261.1 (1.0-1.1).701.0 (1.0-1.1)High-salt diet

.431.0 (0.9-1.1).131.0 (0.9-1.0).101.0 (0.9-1.0)More vegetable and fruit intake

.0090.9 (0.8-0.9).0040.9 (0.8-0.9).030.9 (0.9-0.9)High-fat diet

BMI

<.0010.3 (0.2-0.5)<.0010.4 (0.3-0.5)<.0010.6 (0.5-0.7)Underweight

1.01.01.0Normal

<.0014.4 (4.0-4.9)<.0013.0 (2.8-3.2)<.0012.0 (1.9-2.1)Overweight

<.00114.8 (13.1-16.6)<.0017.8 (7.1-8.6)<.0013.3 (3.1-3.6)Obesity

<.0012.7 (2.4-2.9)<.0011.9 (1.8-2.1)<.0011.4 (1.3-1.5)Family history of hypertension

<.0011.6 (1.3-1.9)<.0011.4 (1.2-1.6).041.2 (1.1-1.3)Family history of diabetes

.271.1 (0.9-1.3).290.9 (0.8-1.1).411.0 (1.0-1.1)Family history of CHDb

.331.1 (0.9-1.4).771.0 (0.8-1.2).200.9 (0.8-1.1)Family history of hyperlipemia

.361.1 (0.9-1.2).020.9 (0.8-0.9).251.0 (0.9-1.0)Family history of stroke

.550.8 (0.3-1.9).470.8 (0.4-1.5).610.9 (0.5-1.5)Family history of gout
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aOR: odds ratio.
bCHD: coronary heart disease.

Age Gaps Between NCDs
A cascade of NCDs was depicted by the mean age of participants
at diagnosis. Among the study participants, 10.2% (3973/38,807)
were diagnosed with hyperuricemia at a mean age of 54.0 years,
followed by dyslipidemia (14,569/38,807, 37.5% at 55.1 years),

hypertension (12,692/38,807, 32.7% at 55.4 years), CHD
(1708/38,807, 4.4% at 56.1 years), T2DM (3664/38,807, 9.4%
at 56.7 years), and stroke (2613/38,807, 6.7% at 59.1 years). In
addition, we observed additional connections between NCD
pairs (Figure 2 and Multimedia Appendix 3).

Figure 2. Age gaps between NCDs and the accumulation of NCDs in individuals based on mean age at diagnosis. NCDs along the x-axis were in order
of increasing mean age at diagnosis. The number of the connected edge reflected the OR (95% CI) of the NCD pairs. The forest plot displayed the
independent and combined effects of NCDs. The dots and lines exhibited OR and 95% CI, respectively. The model reference was "no/no," which meant
without 2 conditional NCDs; "yes/no" meant having the first NCD of the 2 conditional NCDs, "no/yes" meant having the second NCD, and "yes/yes"
meant having both conditional NCDs. CHD: coronary heart disease; DYS: dyslipidemia; HTN: hypertension; HUA: hyperuricemia; NCD:
noncommunicable disease; OR: odds ratio; STR: stroke; T2DM: type 2 diabetes mellitus.

Impact of Multimorbidity on Hypertension Occurrence
Compared with individuals without 2 conditional NCDs,
individuals with 1 conditional NCD (hyperuricemia or
dyslipidemia) would have significantly higher odds of
hypertension (1.3-1.4, logistic regression; both P<.001).
Individuals with 2 conditional NCDs (hyperuricemia and

dyslipidemia) would further elevate their odds of hypertension
to 2.1 (P<.001; Figure 2 and Multimedia Appendix 4).

Impact of Multimorbidity on CHD Occurrence
Compared with individuals without 2 conditional NCDs,
individuals with one of the conditional NCDs (hyperuricemia,
dyslipidemia, or hypertension) would have significantly higher
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odds of CHD (1.2-1.5; the combination of hyperuricemia
without dyslipidemia: P=.008; the combination of no
hyperuricemia but dyslipidemia: P<.001; the combination of
hyperuricemia without hypertension: P=.001; and the
combination of no hyperuricemia but hypertension: P=.02).
Individuals with 2 conditional NCDs (hyperuricemia and
dyslipidemia combination: P<.001; or hyperuricemia and
hypertension combination: P=.002) would further elevate their
odds of CHD to 1.4-1.7 (Figure 2 and Multimedia Appendix
4).

Impact of Multimorbidity on T2DM Occurrence
Compared with individuals without 2 conditional NCDs,
individuals with 1 conditional NCDs (dyslipidemia,
hypertension, or CHD) would have a significantly higher odd
of T2DM (1.3-2.2; all P values were <.001 except the
combination of no dyslipidemia but CHD [P=.01]), and
individuals with these 2 conditional NCDs (dyslipidemia and
hypertension combination or dyslipidemia and CHD
combination) would further elevate their odds of T2DM to
2.7-3.1 (all P<.001; Figure 2 and Multimedia Appendix 4).

Impact of Multimorbidity on Stroke Occurrence
Compared with individuals without 2 conditional NCDs,
individuals with one of the conditional NCDs (dyslipidemia,
hypertension, CHD, or T2DM) would have significantly higher
odds of stroke (1.4-2.5; all P<.001). Individuals with these 2
conditional NCDs (6 NCD combinations) would further elevate
their odds of a stroke to 2.3-3.5 (all P<.001; Figure 2 and
Multimedia Appendix 4).

Discussion

Principal Findings
Our findings indicated a strong tendency for the coexistence
and accumulation of NCDs in a rural population in Henan,
China. The prevalence of multimorbidity was 28.1%
(10,899/38,807) and increased with age, unfavorable lifestyles,
and a higher BMI among Henan rural adults. The multimorbidity
of dyslipidemia and hypertension was the most prevalent in
study participants of all age groups. In addition, the onset of
NCDs was associated, and a later NCD is often predictable by
1 or more preceding NCDs. The tendency of NCD accumulation
indicates that compared with participants without conditional
NCDs, participants with 1 existing NCD are more likely to
develop a second NCD, whereas participants with 2 NCDs have
an even greater likelihood to develop a third NCD.

Our study finding demonstrated a lower multimorbidity
prevalence than previous studies [14]. A younger age, existing
recall and reporting biases, and a fewer number of NCDs
included may have contributed to the lower prevalence observed
in our study. Further, consistent with previous studies [2,42,43],
the prevalence of multimorbidity increases with age, and
approximately one-third of older adults aged 60-79 years
develop multimorbidity. Nevertheless, multimorbidity in the
young and middle-aged population should not be neglected,
given the increasing trend of risk factors in the young and
middle-aged population [13,44]. Multimorbidity research and
preventive strategies should not focus on older adults only but

should instead recognize its importance throughout the whole
life cycle.

Our study found that unfavorable lifestyles and a higher BMI
were associated with a higher risk of multimorbidity. Our
finding is supported by evidence in other settings. A
multinational cohort study found that a prediagnostic healthy
lifestyle, such as a healthy diet, lower BMI, and higher physical
activity, could reduce the risk of multimorbidity [45]. A pooled
study from 16 cohort studies demonstrates that a high BMI
significantly contributes to the risk of cardiometabolic
multimorbidity [46]. Further, a systematic review identifies that
physical activity may improve immunity and reduce systemic
inflammation and thereby ameliorate multimorbidity [47].
Overall, many modifiable risk factors associated with
multimorbidity, including drinking, overweight and obesity,
and physical inactivity, could be targets of behavioral prevention
and interventions. Differing from previous studies [48-50], our
study found that a high-fat diet, current smoking status, and
being underweight may reduce the risk of multimorbidity. Given
our study is a cross-sectional study with certain biases, the power
to explain the causative effects of risk factors on diseases is
limited. Further investigation is necessary to confirm this
particular finding. Our findings support the WHO’s
recommendation to implement evidence-based strategies to
reduce poor use of alcohol, encourage physical activity, and
maintain a healthy weight.

Our study suggested a tendency for NCD accumulation among
the participants. The clustering of dyslipidemia and hypertension
was the most prevalent multimorbidity observed in our study,
consistent with previous studies [30,51]. A Japanese study
further describes hypertension as the most common comorbidity
among individuals with dyslipidemia [52]. In addition, the
temporal sequence reflects the order of NCDs onset and suggests
a potential causal association between the occurrence of these
NCDs and the development of other comorbidities [40]. The
accumulation of NCDs reflects that participants who lived with
1 conditional NCD are more likely to develop a second NCD,
whereas individuals with 2 conditional NCDs are more likely
to develop a third NCD than otherwise. Similar results have
also been reported in a large-series prospective study:
participants with the multimorbidity of T2DM and hypertension
have a higher risk of CHD or stroke than participants with
hypertension or T2DM [53]. This observation might be partly
explained by obesity and the variations of metabolites that have
accumulating side effects on health over time [54,55]. Kivimaki
et al [54] found that obesity-related disease predicted or was
predicted by 1 or more other obesity-related diseases, leading
to the accumulation of NCDs. A study of 11,000 participants
to examine metabolic pathways associated with 27 NCDs shows
that two-thirds of metabolites are associated with more than 1
NCD. In addition, 420 metabolites shared between
multimorbidity have been found, revealing several key common
pathways in NCDs [55]. Our study suggests that taking
reasonable health management and therapies of early NCDs can
reduce the incidence or slow down the progression of
multimorbidities effectively and ultimately improve the quality
of life of the population [56,57].
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Our findings have important implications for research and public
health policy for multimorbidity. This study indicates that
multimorbidity is an important health concern in rural Henan.
In light of the WHO Sustainable Development Goals for
preventing and controlling NCDs [58], existing health care
needs to be improved to cope with the burden of multimorbidity.
First, the prevalence of multimorbidity is higher in those older
than 45 years. A life cycle approach to multimorbidity and to
the challenges it poses to public health is vitally important [59].
Second, there is a clear need to increase the awareness of the
importance of a healthy lifestyle in the rural population in
Henan. Measures of propagating publicity and education on
relevant health knowledge, improving health literacy, and
changing unfavorable lifestyles should be implemented. Third,
disease-specific guidelines are insufficient to effectively manage
patients with multimorbidity, and new detailed guidelines for
multimorbidity need to be developed [6]. Given the tendency
of the coexistence and accumulation of NCDs, preventing
multimorbidity will become difficult if the NCDs are treated
separately. Integrated strategies for multimorbidity should be
developed, such as monitoring at the individual level with
electronic health records and increasing the screening
management of high-risk populations.

Limitations
This study has several limitations. First, the causal relationship
between NCDs may not be reliable on account of the data being
from the baseline survey of a prospective cohort study in Henan
Province. Therefore, prospective studies are needed to confirm
the results of this study. Second, we define hypertension,
dyslipidemia, hyperuricemia, and T2DM by self-report with
laboratory measurements, whereas CHD and stroke are defined
only by self-report, which might underestimate their prevalence.
Finally, although several potential confounders are controlled,
there may be other unknown confounders affecting the results
of this study.

Conclusions
In conclusion, our study indicates that multimorbidity is an
important health issue in rural Henan. Older age, unfavorable
lifestyles, and a higher BMI are associated with a higher risk
of multimorbidity. In addition, our findings highlight a plausible
explanation for the coexistence and accumulation of NCDs.
Care for multimorbidity is complex, and concerted efforts and
early interventions to prevent the occurrence of multimorbidity
are essential to improve health in the rural population in Henan,
China.
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Abstract

Background: Cambodia has seen an increase in the prevalence of type 2 diabetes (T2D) over the last 10 years. Three main care
initiatives for T2D are being scaled up in the public health care system across the country: hospital-based care, health center–based
care, and community-based care. To date, no empirical study has systematically assessed the performance of these care initiatives
across the T2D care continuum in Cambodia.

Objective: This study aimed to assess the performance of the 3 care initiatives—individually or in coexistence—and determine
the factors associated with the failure to diagnose T2D in Cambodia.

Methods: We used a cascade-of-care framework to assess the T2D care continuum. The cascades were generated using primary
data from a cross-sectional population-based survey conducted in 2020 with 5072 individuals aged ≥40 years. The survey was
conducted in 5 operational districts (ODs) selected based on the availability of the care initiatives. Multiple logistic regression
analysis was used to identify the factors associated with the failure to diagnose T2D. The significance level of P<.05 was used
as a cutoff point.

Results: Of the 5072 individuals, 560 (11.04%) met the definition of a T2D diagnosis (fasting blood glucose level ≥126 mg/dL
and glycated hemoglobin level ≥6.5%). Using the 560 individuals as the fixed denominator, the cascade displayed substantial
drops at the testing and control stages. Only 63% (353/560) of the participants had ever tested their blood glucose level in the
last 3 years, and only 10.7% (60/560) achieved blood glucose level control with the cutoff point of glycated hemoglobin level
<8%. The OD hosting the coexistence of care displayed the worst cascade across all bars, whereas the OD with hospital-based
care had the best cascade among the 5 ODs. Being aged 40 to 49 years, male, and in the poorest category of the wealth quintile
were factors associated with the undiagnosed status.

Conclusions: The unmet needs for T2D care in Cambodia were large, particularly in the testing and control stages, indicating
the need to substantially improve early detection and management of T2D in the country. Rapid scale-up of T2D care components
at public health facilities to increase the chances of the population with T2D of being tested, diagnosed, retained in care, and
treated, as well as of achieving blood glucose level control, is vital in the health system. Specific population groups susceptible
to being undiagnosed should be especially targeted for screening through active community outreach activities. Future research
should incorporate digital health interventions to evaluate the effectiveness of the T2D care initiatives longitudinally with more
diverse population groups from various settings based on routine data vital for integrated care.

JMIR Public Health Surveill 2023 | vol. 9 | e41902 | p.1429https://publichealth.jmir.org/2023/1/e41902
(page number not for citation purposes)

Te et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:vannarath_te@yahoo.com
http://www.w3.org/Style/XSL
http://www.renderx.com/


Trial Registration: International Standard Randomized Controlled Trials Number (ISRCTN) ISRCTN41932064;
https://www.isrctn.com/ISRCTN41932064

International Registered Report Identifier (IRRID): RR2-10.2196/36747

(JMIR Public Health Surveill 2023;9:e41902)   doi:10.2196/41902

KEYWORDS

diabetes; cascade of care; implementation research; population-based survey; care continuum; mobile phone

Introduction

Background
In 2021, globally, 1 in 10 adults aged 20 to 79 years was living
with type 2 diabetes (T2D) [1]. Similar to other countries in the
Western Pacific region—the World Health Organization (WHO)
region with the highest number of adults living with T2D (206
million) [1]—Cambodia has been severely affected by the T2D
epidemic. In 2016, the prevalence rate of T2D in this
lower–middle-income country was 9.6% among adults aged 18
to 69 years, signifying a significant increase compared with the
prevalence rate in 2010 (2.9% among adults aged 25-64 years)
[2]. As a response to the increased burden of chronic conditions,
including T2D, across the globe, the WHO adopted the
innovative care for chronic conditions (ICCC) framework as a
road map for countries, regardless of income level, to transform
their health systems toward better care for chronic conditions
[3].

The incurable nature of T2D, along with its chronicity and silent
progression, requires the condition to be diagnosed as early as
possible and managed properly and promptly on a regular basis
by patients, caregivers, and health care professionals to prevent
or delay complications [3]. Care for T2D relies not only on
medical interventions provided by health care professionals but
also on high-quality and continuous self-management [4]. A
systematic review shows that the quality of T2D care in low-
and middle-income countries (LMICs) in Asia and the Middle
East has been reported to be limited, with the care goals
recommended in the evidence-based guidelines not being met
[5]. The WHO promotes the adoption of integrated care for
disease management in the health system as outlined in the
ICCC framework [3], which is evidence based in improving
blood glucose level control [6,7], to fill the gaps.

Likewise, care for T2D in Cambodia has been limited among
the population at risk and people living with T2D. Many adults
(more than two-thirds of the population) have never had their
blood glucose level tested, and more than half of those living
with T2D are not receiving treatment [2].

Cambodia’s health system is pluralistic—both public providers
and private providers (including nonprofit organizations) provide
care for T2D in the country. The ministry of health is in charge
of the public health providers, which are organized on a district
health system model and guided by the primary health care
approach [8]. In this model, an operational district (OD) usually
comprises a referral hospital providing secondary care and 10
to 25 health centers providing primary care with support from
community health workers. The public providers mainly cover
health prevention activities by providing primary health care

for people with infectious diseases (such as HIV infection and
AIDS, tuberculosis, and malaria) and focusing on maternal and
child health, leaving care for chronic conditions, including T2D,
to be provided mainly by private providers [9]. A self-reported
survey on availability of T2D services at primary care facilities
indicated that only approximately 1 in 5 health centers reported
providing T2D services [10].

To improve the availability of integrated care for T2D, three
main care initiatives for T2D are currently being scaled up
across the 103 ODs in Cambodia [11]: (1) hospital-based care,
(2) health center–based care, and (3) community-based care.
In 2019, the ministry of health approved a national standard
operating procedure for the management of T2D and
hypertension in primary care in an attempt to integrate these 3
care initiatives for the T2D and hypertension care continuum
in which health centers provide continuity and coordination
across the care levels in the OD [11]. This standard operating
procedure was adapted from the WHO package of essential
noncommunicable disease interventions (WHO PEN) [12]—we
refer to health centers implementing the standard operating
procedure as the WHO PEN health centers.

Hospital-based care is standard care at the referral hospitals that
provide ambulatory care for serious or complicated T2D cases.
In 2018, with support from the ministry of health, 29 of the 117
referral hospitals provided exclusive care for T2D and
hypertension at separate noncommunicable disease (NCD)
clinics [13]. Health center–based care is implemented at the
WHO PEN health centers. They are allowed to take care of mild
or stable T2D cases without complications, with the diagnosis
confirmed and treatment initiated at the referral hospital. In
early 2020, only 86 of the 1221 health centers had implemented
the WHO PEN program [13]. Community-based care is
implemented through peer educator networks run by a
Cambodian nongovernmental organization called MoPoTsyo.
The networks offer (1) self-management support to patients
through peer educators who have been diagnosed with T2D
themselves, (2) laboratory tests, (3) physician consultations,
and (4) low-cost medicines through a revolving drug fund
program [14]. Each peer educator is responsible for a health
center’s catchment area, with populations ranging from 10,000
to 20,000 [8]. By 2019, MoPoTsyo had 255 peer educators
trained to serve >40,000 patients [14]. Detailed descriptions of
the 3 care initiatives have been provided in a study protocol
[15].

The coexistence of the 3 care initiatives—combining hospital-,
health center–, and community-based care components—in an
OD could potentially produce the ideal context for integrated
care as described in the ICCC framework [3]. However, for the
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care initiatives to be integrated and thus for these 3 care
initiatives to strengthen each other, necessary information has
to be shared, and resources have to be coordinated in an effective
and efficient manner [16].

To our knowledge, no empirical study has assessed the
performance of the aforementioned 3 care initiatives—either
individually or in coexistence—across the T2D care continuum
in Cambodia. We used the test-treat-retain cascade of care as
adapted from the HIV program to assess the T2D care
continuum [17]. This method allowed us to document how many
patients were lost along the care continuum with regard to
testing, diagnosis, retention in care, receiving treatment, and
achieving good control of their health condition. In other LMICs,
limited existing studies have pooled secondary data from
cross-sectional surveys to generate countrywide cascades of
care [18-20] as an approach to assess health system performance
to meet the T2D care continuum goals. A systematic assessment
of the performance of the different care initiatives—either
individually or in coexistence—currently being scaled up in
Cambodia is not yet available.

Objectives
This study aimed to address the research gap by assessing the
performance of the aforementioned care initiatives either
individually or in coexistence with the cascade-of-care
framework using primary data from a population-based survey
and determining the factors associated with the undiagnosed
status of T2D among the population.

Methods

Study Design
The study was part of a population-based survey conducted in
2020. It was a cross-sectional study involving 5072 individuals
aged ≥40 years [15]. A detailed explanation of the study design
was included in the study protocol [15].

Study Setting
Five ODs were purposively selected to assess the performance
of the aforementioned care initiatives—individually or in
coexistence. OD Samrong in Oddar Meanchey province

provided hospital-based care at the NCD clinic of the referral
hospital—the only public provider for T2D care in the OD at
the time of the study. People with T2D visited the physician for
a medical consultation (prescriptions and medicines were
provided) on a monthly appointment basis. The second selected
OD was OD Pearaing in Prey Veng province. This OD began
implementing health center–based care in 2015. Assigned staff
at the WHO PEN health centers receive training to perform
screening, provide follow-up care for mild and stable T2D cases,
and offer health education and counseling on healthy behavior
as part of cardiovascular disease risk factors management [11].
By structural design, the NCD clinic at the referral hospital is
required to support the WHO PEN health centers. In this OD,
at the time of the study, 8 of the 9 health centers were WHO
PEN health centers (high coverage). The third selected OD was
OD Sotr Nikum in Siem Reap province. This OD has been
historically and substantially influenced by financial aid from
various development partners and nongovernmental
organizations. At the time of the study, 5 of the 25 health centers
in the OD were WHO PEN health centers (low coverage),
supported by a chronic disease clinic that provided treatment
and care to both people with T2D and hypertension and those
with HIV infection [21]—the clinic was essentially the NCD
clinic of the referral hospital. Therefore, we consider this OD
the host of health center–based care (with context). The fourth
selected OD was OD Kong Pisey in Kampong Speu province.
In this OD, the peer educator network provided
community-based care. At the time of the study, none of the
public providers in this OD formally offered care for people
with T2D. MoPoTsyo made arrangements with the referral
hospital to provide physician consultations for people with T2D
in the network once a week. The fifth selected OD was OD
Daunkeo in Takeo province—the only OD found to host all 3
care initiatives together across the 103 ODs in Cambodia. At
the time of the study, hospital-based care in this OD was
provided at the NCD clinic of the referral hospital, whereas 8
of the 15 WHO PEN health centers in this OD provided health
center–based care. The peer educator network provided
community-based care, but the network had already been handed
over to the OD health authorities for governance. Table 1
summarizes the study settings.

Table 1. Selected provinces and operational districts (ODs) with different types of care initiatives.

Care initiativeExisting care provisionProvinceName of OD

Hospital-based careNCDa clinic at referral hospitalOddar MeancheySamrong

Health center–based careNCD clinic+WHO PENb (high coverage)Prey VengPearaing

Health center–based care with contextNCD clinic+WHO PEN (low coverage)Siem ReapSotr Nikum

Community-based carePeer educator networkKampong SpeuKong Pisey

Coexistence of careNCD clinic+WHO PEN+peer educator networkTakeoDaunkeo

aNCD: noncommunicable disease.
bWHO PEN: World Health Organization package of essential noncommunicable disease interventions.

Study Participants and Recruitment
The target study participants were adults aged ≥40 years. This
age group was targeted for T2D screening according to the

national standard operating procedure [11]. The recruitment
was processed via a 3-level procedure. First, within each OD,
a list of villages affected by the care initiative was drawn up,
and 44 villages were randomly selected. Second, 24 eligible
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households (ie, those containing at least 1 household member
aged ≥40 years) were randomly selected from a list of all eligible
households in the selected villages. Within the selected
households, potential participants had to be (1) usual members
of the household either staying in the house the night before the
interview or not being absent for >6 months, (2) physically and
mentally capable of answering questions, and (3) well-informed
regarding the consent procedure for participation in the study.
In the third step, 1 household member meeting the
aforementioned eligibility criteria from each randomly selected
household was randomly recruited into the study. Each selected
participant was interviewed based on a preset questionnaire and
their anthropometric measurements (blood pressure, body
weight, height, and waist and hip circumferences) and
biochemical measurements (fasting blood glucose [FBG] level,

glycated hemoglobin [HbA1c] level, and creatinine level) taken.
Data were digitally collected using the KoboToolbox system
developed by the Harvard Humanitarian Initiative [22].

Measures and Analytical Strategy

Primary Outcome of Interest
The main outcome of interest in this study was the cascade of
care consisting of six bars: (1) the prevalence bar, (2) the ever
tested or screened bar, (3) the ever diagnosed bar, (4) the in
care bar, (5) the in treatment bar, and (6) the under control bar.
A fixed denominator approach was used for constructing the
cascades of care to identify the leakages between the stages of
the care continuum [23]. Table 2 shows the definitions of each
bar and describes the sources of the data extracted for the
analysis.

Table 2. Definitions of the cascade bars for type 2 diabetes (T2D).

Source of data extracted for analysisBars of the cascade of care for T2D and definitions

Prevalence of the target population living with T2D

Participants having biochemical measurement of FBGa (cap-

illary plasma value) level ≥126 mg/dL (7 mmol/L) and HbA1c
b

level ≥6.5% [18,24,25]

• Measurement of FBG level
• Measurement of HbA1c level

Participants reporting the use of drugs for T2D, irrespective
of their biomarker values

• Response to the question, Have you ever been told by a physician or other
health worker that you have T2D?

Number of people in the target population with T2D ever tested for T2D

Patients classified as living with T2D having had FBG level
tested in the last 3 years

• Response to the question, Have you ever had your blood glucose level tested
in the last 3 years?

Number of those tested ever diagnosed for T2D

Tested patients with T2D reporting ever being told by a
physician or other health worker that they have T2D

• Response to the question, Have you ever been told by a physician or other
health worker that you have T2D?

Number of those diagnosed in care

Patients diagnosed with T2D reporting receiving treatment or
care for their conditions at least once in the past 12 months

• Response to the question, Did you get treatment or care for your T2D condi-
tion in the past 12 months?

Number of those in care receiving treatment

Patients with T2D in care reporting using drugs for T2D or
insulin in the past 2 weeks

• Response to the question, Are you currently receiving any of the following
treatments for your T2D condition prescribed by a physician or other health
care worker?
• Insulin
• Drugs (medication) that you have taken in the past 2 weeks

Patients with T2D in care reporting following advice to lose
weight, stop smoking, perform physical exercise, and be on
a special prescribed diet

• Response to the question, Are you currently receiving all of the following
advice for your T2D condition prescribed by a physician or other health
care worker?
• Special prescribed diet
• Advice to lose weight
• Advice to stop smoking
• Advice to start or perform more physical exercise

Number of those receiving treatment with T2D under control

Patients with T2D in treatment having HbA1c level <8% [18] • Measurement of HbA1c level for known T2D

aFBG: fasting blood glucose.
bHbA1c: glycated hemoglobin.
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Secondary Outcomes of Interest
The secondary outcomes of interest were the factors associated
with the undiagnosed status of participants living with T2D.
We defined person with undiagnosed status as a person having
biochemical measurements of FBG level ≥126 mg/dL and HbA1c

level ≥6.5% in our study but never being told by a physician or
other health worker that they had T2D.

Explanatory Variables
The explanatory variables for this analysis included demographic
characteristics, socioeconomic status, and the care initiatives
(either individually or in coexistence). The demographic
characteristics consisted of (1) age in years (40-49, 50-59, or
≥60); (2) sex (male or female); (3) educational attainment (none,
primary school, secondary school, or higher); and (4)
socioeconomic status (poorest, poor, medium, rich, or richest),
which was measured using a household wealth index. To obtain
the household wealth index, each household was interviewed
using a 20-item questionnaire adapted from the 2014 Cambodia
Demographic Health Survey [26]. This tool has been validated
and widely used to classify household socioeconomic class [27].
Finally, the care initiative settings included (1) hospital-based
care, (2) health center-based care, (3) health center-based care
with context, (4) community-based care, and (5) the coexistence
of the 3 care initiatives.

Statistical Analysis
We produced bar charts of the T2D cascades of care in
accordance with the definitions provided in Table 2. We used
bivariate analyses to compare the proportion of participants
living with T2D without a diagnosis by participant
characteristics. Subsequently, a multiple logistic regression
analysis was used to identify the factors associated with the
undiagnosed status. As we had only a limited number of
explanatory variables in the bivariate analysis, we included all
these variables in our initial multiple logistic regression analysis,

regardless of the significance level. We additionally used a
backward elimination method. Variables with the highest P
value were eliminated from the model one by one. We retained
all variables with a significance level of P<.05 in the final
model. The statistical software Stata (version 14.2; StataCorp
LLC) was used to perform the statistical analyses [28].

Ethics Approval
This study was approved by the National Ethics Committee for
Health Research in Cambodia (NECHR; 105 NECHR) and by
the institutional review board of the Institute of Tropical
Medicine (Antwerp, Belgium; 1323/19). The study has also
been registered as part of the Scale-up Integrated Care for
Diabetes and Hypertension (SCUBY) project protocol at the
ISRCTN Registry (ISRCTN41932064).

Results

Cascade of Care
Of the 5072 individuals participating in this study, 614 (12.11%)
had raised blood glucose level (FBG level ≥126 mg/dL), and
560 (11.04%) met the definition of having T2D (Multimedia
Appendix 1). Using the 560 individuals as the fixed
denominator, we observed that 2 bars—ever tested and under
control—had a substantial drop. Of the 560 individuals with
T2D, only 353 (63%) had ever undergone a blood glucose level
test in the last 3 years, 309 (55.2%) had ever been diagnosed as
having T2D, 279 (49.8%) had received care in the past 12
months, and 273 (48.8%) had received insulin or antidiabetic
medication in the past 2 weeks. In addition, only 130 (47.6%)
of the 273 treated participants also received advice regarding a
prescribed diet, weight loss, smoking cessation, and physical
exercise. Only 10.7% (60/560) achieved blood glucose level
control with the cutoff point of HbA1c level <8% (Multimedia
Appendix 1). Figure 1 shows the comparison of the cascades
of care by setting with the overall cascade of care.
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Figure 1. Type 2 diabetes (T2D) cascades of care by setting in 2020 in Cambodia. HbA1c: glycated hemoglobin.

Participant Characteristics
As can be seen in Table 3, the majority of our study participants
with T2D were those aged ≥50 years (476/560, 85%), female
(418/560, 74.6%), and with low educational level (primary

school level or lower: 490/560, 87.5%). Of the 560 participants
living with T2D, 251 (44.8%) were undiagnosed. In this
bivariate analysis, we observed that age (P<.001) and sex
(P=.03) were associated with the undiagnosed status of
participants living with T2D.
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Table 3. Characteristics of the diagnosed and undiagnosed type 2 diabetes cases in 2020 in Cambodia.

P valueUndiagnosed cases (n=251), n
(%)

Diagnosed cases (n=309), n
(%)

Overall (N=560), n (%)Characteristics

<.001aAge (years)

55 (21.9)29 (9.4)84 (15)40-49

94 (37.5)125 (40.4)219 (39.1)50-59

102 (40.6)155 (50.2)257 (45.9)≥60

.03Sex

75 (29.9)67 (21.7)142 (25.4)Male

176 (70.1)242 (78.3)418 (74.6)Female

.53Marital status

169 (67.3)204 (66)373 (66.6)Married or living with spouse

77 (30.7)102 (33)179 (32)Widowed or not living with spouse

5 (2)3 (1)8 (1.4)Never married and never lived together

.53Educational level

69 (27.5)95 (30.8)164 (29.3)No formal education or less than primary
education

147 (58.6)179 (57.9)326 (58.2)Primary education

35 (13.9)35 (11.3)70 (12.5)Secondary education or higher

.45Household wealth quintile

52 (20.8)48 (15.5)100 (17.9)1 (poorest)

48 (19.1)54 (17.5)102 (18.2)2

47 (18.7)67 (21.7)114 (20.3)3

46 (18.3)67 (21.7)113 (20.2)4

58 (23.1)73 (23.6)131 (23.4)5 (richest)

.22Care initiative

51 (20.3)51 (16.5)102 (18.2)Coexistence of care

54 (21.5)58 (18.8)112 (20)Community-based care

57 (22.7)60 (19.4)117 (20.9)Health center–based care

41 (16.3)62 (20.1)103 (18.4)Health center–based care with context

48 (19.2)78 (25.2)126 (22.5)Hospital-based care

aItalicization indicates values that met the significance threshold (P<.05).

In the multiple logistic regression analysis (Table 4), being aged
40 to 49 years was associated with higher odds of not receiving
the T2D diagnosis (adjusted odds ratio [AOR] 3.2, 95% CI
1.9-5.5; P<.001) compared with those aged ≥60 years. Male
participants with T2D displayed higher odds of not being
diagnosed (AOR 1.7, 95% CI 1.1-2.5; P<.001) than female
participants living with T2D.

We also observed that being in the poorest category of the
wealth quintile was associated with having higher odds of not
being diagnosed with T2D (AOR 2.3, 95% CI 1.3-4.2; P=.005)
than those in the richest category. Finally, the care initiative
setting was also associated with the undiagnosed status of
participants with T2D. Compared with those in the

hospital-based care setting, higher odds of not being diagnosed
were observed in the coexistence of care setting (AOR 1.9, 95%
CI 1.1-3.3; P=.03), community-based care setting (AOR 1.9,
95% CI 1.1-3.3; P=.02), and health center–based care setting
(AOR 2.1, 95% CI 1.2-3.6; P=.01).

It was observed that among the 309 participants diagnosed with
T2D, 177 (57.3%) were diagnosed by a private provider, 121
(39.2%) by a public provider, and 11 (3.6%) by others. Table
5 compares public providers with private providers in each
setting in terms of the proportion of participants with diagnosed
T2D status and that of those with T2D control status. No
statistical significance was observed.
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Table 4. Factors associated with the undiagnosed status of participants with type 2 diabetes in 2020 in Cambodia.

P valueAdjusted odds ratio (95% CI)Characteristics

Age (years)

<.001a3.2 (1.9-5.5)40-49

.341.2 (0.8-1.8)50-59

N/AbReference≥60

Sex

<.0011.7 (1.1-2.5)Male

N/AReferenceFemale

Household wealth quintile

.0052.3 (1.3-4.2)1 (poorest)

.141.5 (0.9-2.6)2

.841.1 (0.6-1.8)3

.921.0 (0.6-1.8)4

N/AReference5 (richest)

Care initiative setting

.031.9 (1.1-3.3)Coexistence of care

.021.9 (1.1-3.3)Community-based care

.012.1 (1.2-3.6)Health center–based care

.601.2 (0.7-2.0)Health center–based care with context

N/AReferenceHospital-based care

aItalicization indicates values that met the significance threshold (P<.05).
bN/A: not applicable.
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Table 5. Distributions of participants with diagnosed type 2 diabetes (T2D) status and those with T2D control status categorized by health care provider
in each setting.

P valuePrivate provider, n (%)Public provider, n (%)Setting

.10Participants with diagnosed T2D status (n=298a)

22 (7.4)26 (8.7)Coexistence of care

41 (13.8)16 (5.4)Community-based care

37 (12.4)22 (7.4)Health center–based care

35 (11.7)27 (9.1)Health center–based care with context

42 (14)30 (10.1)Hospital-based care

Participants with T2D control status

.57Coexistence of care (n=38)

3 (7.9)3 (7.9)HbA1c
b level <8%

20 (52.6)12 (31.6)HbA1c level ≥8%

.88Community-based care (n=53)

3 (5.7)3 (5.7)HbA1c level <8%

22 (41.5)25 (47.1)HbA1c level ≥8%

.20Health center–based care (n=55)

10 (18.2)1 (1.8)HbA1c level <8%

32 (58.2)12 (21.8)HbA1c level ≥8%

.23Health center–based care with context (n=57)

7 (12.3)8 (14)HbA1c level <8%

27 (47.4)15 (26.3)HbA1c level ≥8%

.19Hospital-based care (n=67)

11 (16.4)11 (16.4)HbA1c level <8%

30 (44.8)15 (22.4)HbA1c level ≥8%

aThe category of other provider was removed from the analysis owing to its small proportion, which made the statistical test unreliable.
bHbA1c: glycated hemoglobin.

Discussion

Principal Findings
This study used primary data from a cross-sectional survey to
generate the cascade of care for the T2D care continuum in 5
purposively selected ODs in Cambodia. Overall, the cascade
displayed substantial drops at the testing stage (207/560, 37%,
loss from the prevalence bar) and at the control stage (213/560,
38%, loss from the in treatment bar), indicating that all selected
settings, regardless of the care initiatives present, have limited
capacity to detect people with T2D and control the condition
(blood glucose level control) in those with T2D despite being
in receipt of treatment. The findings were consistent with the
T2D cascade analyses in other LMICs that displayed significant
losses at the testing stage (also 37%) [18]. However, the drop
between the treatment stage and the control stage observed in
this study was much larger than that in the studies in other
LMICs—only 15% in other LMICs compared with 38%
(213/560) in this study [18]. With the cutoff point of HbA1c

level <8%, the proportion of those with T2D under control was

23% in other LMICs [18]; in this study, 10.7% (60/560) were
considered as having achieved blood glucose level control. This
is an exceptionally low rate, indicating that T2D in Cambodia
is not being treated properly and adequately.

We disaggregated the cascades of care by study setting to
observe the influence of the care initiatives. Unexpectedly, the
coexistence of care setting displayed the worst cascade across
all bars, whereas the hospital-based care setting had the best
cascade among the 5 settings. This discovery was unexpectedly
contradictory to the ICCC theoretical framework [3], calling
into question the assumption underlying the ICCC framework
that the combined care initiatives of health care organization
and community represent an ideal context for integrated care
for T2D and thereby would reduce leakages in the cascade. This
suggests that the presence of health care infrastructure is not
directly translated into improved care performance [29].
Implementation fidelity that focuses on the process of care
implementation has to be taken into account [30]. Working
mechanisms such as integrated care management across care
levels and actors, the use of shared disease registries, and
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coordinated resources for self-management support and
community education have to be in place for the coexistence of
care to represent the ideal ICCC framework [3,16]. An
investigation of the actual implementation of the care initiatives
in these ODs was conducted in another study (Te V et al,
unpublished data, July 2022). The investigation found that the
3 care initiatives were not implemented in an integrated way as
intended in the written guideline [11] but in isolation, with
limited interaction among them. The working mechanisms that
facilitate integrated care for T2D in terms of shared necessary
information and coordinated resources [16] were not observed.
There was no proper system for following up patients for the
continuity of care. The referral system among the communities,
health centers, and referral hospitals was dysfunctional. The
peer educator network in the OD with coexistence of care was
not functioning optimally. The network had been handed over
to the OD health authorities for governance, and technical or
financial support from MoPoTsyo disappeared, rendering the
network dysfunctional.

It should be noted that the care initiatives were not solely
responsible for the provision of care for T2D in the selected
ODs. On the basis of the same survey data, we found that, in
general, health care use occurred dominantly in the private sector
(78% among those seeking care in the 3 months preceding the
survey), and referral hospitals were the common public health
care facilities used by those with T2D and hypertension [31].
Therefore, our findings may not be fully attributed to the care
initiatives. In the community-based care setting of OD Kong
Pisey, only 12% (7/58) of the study participants were people
living with T2D who were connected to the peer educator
network, and only 4% (2/51) were connected to the peer
educator network in the coexistence of care setting of OD
Daunkeo. This may potentially undermine the effectiveness of
community-based care. In a study based on MoPoTyso’s routine
data, 43% of the people in the network achieved the median
HbA1c level of 7.1% [32]. In the hospital-based care setting of
OD Samrong, only 5% (4/78) of the participants were seeking
T2D care or treatment at the NCD clinic of the referral hospital
in the 3 months preceding the survey, whereas at WHO PEN
health centers in the health center–based care setting of OD
Pearaing with high WHO PEN coverage, 3% (2/60) of the
participants were identified seeking care for T2D.

Further statistical analysis, although not statistically significant,
found that in all settings, except for the coexistence of care,
private providers—who could not be fully incorporated into our
study design owing to a lack of trustworthy information system
in this sector—played a dominant role in diagnosing people
with T2D. This suggests that the coexistence of care would
increase the role of public health providers in the care
continuum. In another study based on the same survey data, we
found that the proportion of people with T2D seeking care at
public health care facilities was higher than that of those with
only hypertension or no condition [31]. This increased use of
public health care facilities was also associated with a reduction
in health care expenditure among patients, especially those in
the poorest category of the wealth quintile who benefit from
Health Equity Fund membership [31]. In a health system–level

study, financial constraints have been found to be one of the
main barriers to the T2D care continuum [6].

In this study, we found that 11.04% (560/5072) of the
participants aged ≥40 years were identified as having T2D—of
whom almost half (251/560, 44.8%) had not been diagnosed.
This is a high prevalence rate because the overall prevalence
rate of undiagnosed T2D in other LMICs has been reported to
be 4.8% [18]. Predictors of being undiagnosed were being aged
40 to 49 years, being male, or falling in the poorest category of
the wealth quintile. This suggests that more testing efforts are
needed from the health system to reach people at risk for T2D,
especially those from the aforementioned groups. A systematic
review found that targeted screening was more cost-effective
than universal screening [33]. A more convenient
implementation arrangement for immediate diagnosis after
testing should be put in place so that avoidable loss between
these stages can be further minimized. In the national standard
operating procedure [11], the WHO PEN health center staff are
only allowed to perform the screening, whereas the diagnosis
needs to be confirmed by the physician at the NCD clinic of the
referral hospital. If the people who have been screened cannot
have access to the diagnosis procedure at the referral hospital
for some reason, the chances of not receiving prompt care or
treatment increase. This requires strong coordination between
the health centers and the NCD clinics, which has to be robust
and supportive.

Limitations
First, despite using the primary data collected intentionally for
the construction of the cascades of care, the sample size was
not large enough to yield a sufficiently large number of patients
with T2D who had achieved T2D control to enable us to assess
the determinants of this particular bar. Second, the care
initiatives, either individually or in coexistence, were not
exclusively responsible for the provision of T2D care in each
OD, thereby resulting in a weak connection between the
presence of care initiatives and the cascade of care results of
each study setting. We used the OD as a proxy variable to
measure the effect of the care initiative, which in fact could
mask a number of potential confounding contextual factors such
as the dominant use of private services. In addition, in the
Cambodian health system, the population is not confined to a
particular public health facility in the catchment area. People
can shop around freely, which means that patients may use
services outside the catchment area of the facility. Third, the
cross-sectional design did not allow us to determine the causal
pathways leading to diabetes care outcomes, and the use of
self-reported data in related sections could have produced biased
results. A longitudinal study design with the collection of routine
cohort data would enable us to address the limitations and
evaluate the effectiveness of the different T2D care initiatives
over time. This can be supported by digital health interventions.
Systematic reviews have demonstrated the effectiveness of
telemedicine via smartphone functions to provide self-care
education, facilitate self-monitoring, produce the required
treatment reminders, and collect feedback for health care
professionals, which facilitates informed treatment
recommendations [34,35]. In Cambodia, a study assessing the
potential use of a wearable health monitor in the prevention and
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control of NCDs revealed that this health technology had the
potential to support activities related to health promotion, patient
follow-up and monitoring, and surveys of NCD risk factors,
with positive user experiences and high levels of acceptance
[36,37]. A digital health intervention that was tried among the
MoPoTsyo networks produced valuable knowledge on pathways
to address barriers to successful adoption in the Cambodian
context [38].

Conclusions
This study provided an updated estimate of T2D prevalence
among people aged ≥40 years (approximately 1 in 10 people)
in Cambodia. The findings revealed that the unmet need for
T2D care was large, particularly in the testing and control stages,
indicating the need to substantially improve early detection and
management of T2D in Cambodia. With almost half of the study
participants with T2D undiagnosed (251/560, 44.8%) and thus
unaware of their condition, early detection of people with T2D
is an important first step that the health system needs to achieve
to improve the T2D care continuum. We recommend rapid
scale-up of T2D care components at public health facilities to
increase the chances of the population with T2D of being tested,
diagnosed, retained in care, and treated, as well as of achieving
blood glucose control. At the same time, raising awareness and
encouraging testing among the population at risk through a

broad public health campaign should be one of the priorities.
With advanced technology, a social media campaign has the
potential to reach large parts of the population at low cost. Public
health care use can reduce financial constraints among the
population, particularly among those in the poorest category of
the wealth quintile. We also recommend that within the context
of resource constraints, specific groups considered susceptible
(being male, being aged 40-49 years, or falling in the poorest
category of the wealth quintile) should be especially targeted
for testing through active community outreach activities because
these groups are more likely to be unaware of their T2D
condition. Adding care during off-hours for chronic conditions,
including T2D, at public health facilities could increase access
to care for male patients who are employed or busy during
working hours. Future research should focus on evaluating the
effectiveness of the different T2D care initiatives longitudinally
with more diverse population groups from various settings.
Given that digital health interventions have the potential to
improve the prevention and control of NCDs while, at the same
time, collecting longitudinal routine data vital for integrated
care, feasibility and effectiveness studies of digital health
interventions, such as telemedicine and mobile health, should
be prioritized as a promising means to enable improvements
along the T2D care continuum in Cambodia.
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Abstract

Background: Health advocates and the media often use the rankings of the leading causes of death (CODs) to draw attention
to health issues with relatively high mortality burdens in a population. The National Center for Health Statistics (NCHS) publishes
“Deaths: leading causes” annually. The ranking list used by the NCHS and statistical offices in several countries includes broad
categories such as cancer, heart disease, and accidents. However, the list used by the World Health Organization (WHO) subdivides
broad categories (17 for cancer, 8 for heart disease, and 6 for accidents) and classifies Alzheimer disease and related dementias
and hypertensive diseases more comprehensively compared to the NCHS list. Regarding the data visualization of the rankings
of leading CODs, the bar chart is the most commonly used graph; nevertheless, bar charts may not effectively reveal the changes
in the rankings over time.

Objective: The aim of this study is to use a dashboard with bump charts to visualize the changes in the rankings of the leading
CODs in the United States by sex and age from 1999 to 2021, according to 2 lists (NCHS vs WHO).

Methods: Data on the number of deaths in each category from each list for each year were obtained from the Wide-ranging
Online Data for Epidemiologic Research system, maintained by the Center for Disease Control and Prevention. Rankings were
based on the absolute number of deaths. The dashboard enables users to filter by list (NCHS or WHO) and demographic
characteristics (sex and age) and highlight a particular COD.

Results: Several CODs that were only on the WHO list, including brain, breast, colon, hematopoietic, lung, pancreas, prostate,
and uterus cancer (all classified as cancer on the NCHS list); unintentional transport injury; poisoning; drowning; and falls (all
classified as accidents on the NCHS list), were among the 10 leading CODs in several sex and age subgroups. In contrast, several
CODs that appeared among the 10 leading CODs according to the NCHS list, such as pneumonia, kidney disease, cirrhosis, and
sepsis, were excluded from the 10 leading CODs if the WHO list was used. The rank of Alzheimer disease and related dementias
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and hypertensive diseases according to the WHO list was higher than their ranks according to the NCHS list. A marked increase
in the ranking of unintentional poisoning among men aged 45-64 years was noted from 2008 to 2021.

Conclusions: A dashboard with bump charts can be used to improve the visualization of the changes in the rankings of leading
CODs according to the WHO and NCHS lists as well as demographic characteristics; the visualization can help users make
informed decisions regarding the most appropriate ranking list for their needs.

(JMIR Public Health Surveill 2023;9:e42149)   doi:10.2196/42149

KEYWORDS

COVID-19; dashboard; data visualization; leading causes of death; mortality/trend; ranking; surveillance; cause of mortality;
cause of death; monitoring; surveillance indicator; health statistics; mortality data

Introduction

Vital statistics can be used to monitor the vital signs of a nation
[1]. Health advocates and the media often use the rankings of
the leading causes of death (CODs) to draw attention to major
health issues with relatively high mortality burdens in a
population. The National Center for Health Statistics (NCHS)
publishes “Deaths: leading causes” annually [2]. However, the
ranking list used by the NCHS and statistical offices in several
countries includes broad categories such as cancer, heart disease,
and accidents [3-7]. The International Classification of Diseases
and Health Related Problem Tenth Revision (ICD-10) has 89
subcategories in the broad cancer category, 41 subcategories in
the broad heart disease category, and more than 100
subcategories in the broad accidents category [8]. Different
subcategories within a broad category may have different levels
of preventability, and therefore, may require different prevention
strategies. For example, the 2019 version of the Organisation
for Economic Co-operation and Development/Eurostat list of
preventable and treatable CODs includes only 16 out of 89
cancer sites [9]. Stakeholders in public health policy require
more specific and actionable information to help them set
priorities.

To address the limitations of using broad categories for ranking,
the World Health Organization (WHO) proposed a list in which
cancer was divided into 17 cancer sites, heart disease into 8
specific forms of heart disease, and accidents into 6
unintentional injuries. Furthermore, more comprehensive COD
categories are defined in the WHO list. For example, in the
WHO list, the Alzheimer disease and related dementias (ADRD)
category has ICD-10 codes F01 (vascular dementia), F03
(unspecified dementia), and G30 (Alzheimer disease), whereas
in the NCHS list, ICD-10 code G30 is the only code available
to classify ADRD-related mortality. In the WHO list, the
hypertensive diseases category includes ICD-10 codes I10
(essential [primary] hypertension), I11 (hypertensive heart
disease), I12 (hypertensive renal disease), I13 (hypertensive
heart and renal disease), and I15 (secondary hypertension);
however, in the NCHS list, ICD-10 codes I10, I12, and I15 are
composed as one rankable category (essential hypertension and
hypertensive renal disease) and I11 as well as I13 are included
in the broad heart disease category. The WHO list has been
routinely used to present the leading CODs by the WHO, the
United Kingdom, Australia, and Italy [10-13]. However, the
ranking profiles of leading CODs in the United States according
to the WHO list remain unexplored.

Regarding the data visualization of the rankings of the leading
CODs, the bar chart is the most commonly used chart
[10-12,14]. However, it is difficult to reveal the changes in the
rankings over time through bar charts. For example, the stacked
bar chart by year was used by the UK Office for National
Statistics; nevertheless, it was difficult to detect the changes in
the ranking of a particular COD across years [11]. Bump charts
have been recommended to represent the changes in the position
of a given number of competing entities over a fixed duration
[15]. Accordingly, in this study, we sought to design a dashboard
with bump charts to visualize the changes in the rankings of the
leading CODs in the Unites States by sex and age from 1999
to 2021 according to 2 lists (NCHS vs WHO).

Methods

The data on the number of deaths in each category were obtained
from the Wide-ranging Online Data for Epidemiologic Research
system maintained by the Center for Disease Control and
Prevention for the period from 1999 to 2021 [16]. The NCHS
list had 52 categories, and the WHO list had 65 categories. The
name and ICD-10 codes of each category in the WHO list
mapped to the NCHS list are presented in Table S1 in
Multimedia Appendix 1. We followed the method used by the
NCHS to determine the rank of each category. The NCHS
determines the rank of each category on the basis of the number
of deaths in each category.

We used Tableau to create a dashboard with a bump chart that
can be filtered by list and demographic characteristics (ie, sex
and age), which allows the viewers to select the dimension in
which they are interested [15]. In the bump chart, each COD
has a specific color, and the abbreviated name of each COD
category appears in each circle. When the cursor points to a
circle in the bump chart, a tooltip appears and indicates the
number of deaths for that category, the proportion of total deaths
that category accounts for, and the full name of the category.
We also designed a filter to highlight the particular COD.

Ethical Considerations
This study used publicly available mortality data. All data used
in this study were anonymized. This study was approved by the
Institutional Review Board of National Cheng Kung University
Hospital (B-EX-112-016) and the requirement of informed
consent was waived by the abovementioned ethics committee.
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Results

According to the NCHS list, the first and second leading CODs
for both sexes of all ages were heart disease and cancer
throughout the 23-year study period (Figure 1B). However,
according to the WHO list, the first and second leading CODs
were ischemic heart disease (IHD) and cerebrovascular disease
from 1999 to 2002, IHD and lung cancer from 2003 to 2007,
IHD and ADRD from 2008 to 2019, IHD and COVID-19 in
2020, and COVID-19 and IHD in 2021 (Figure 1A). In the
WHO list, IHD and heart failure were each identified in the 10
leading CODs, whereas in the NCHS list, these 2 conditions
were both classified as heart diseases and are not distinguished.
Likewise, lung cancer and hematopoietic cancer were among
the 10 leading CODs in the WHO list but were not distinguished
in the NCHS list because in the NCHS list they were both
classified into the broader cancer category (Figure 1A).

The 10 leading CODs for men of all ages according to the WHO
and NCHS lists are presented in Figure 2. We noted an abrupt
increase in the rank of unintentional poisoning according to the
WHO list, from ninth in 2019 to seventh in 2020 and third in
2021 (Figure 2A). In contrast, the accidents category was the
third leading COD from 2001 to 2019 and the fourth leading
COD in 2020 and 2021 (Figure 2B). Several CODs such as
cirrhosis, kidney disease, and pneumonia, which appeared

among the 10 leading CODs according to the NCHS list (Figure
2B), were squeezed out from the 10 leading CODs if the WHO
list was used.

The rankings of leading CODs among women of all ages in the
WHO and NCHS lists are compared in Figure 3. According to
the WHO list, ADRD ranked first from 2014 to 2020 and third
in 2021 (Figure 3A). However, the Alzheimer disease category
used in the NCHS list ranked fifth from 2002 to 2018, fourth
from 2019 to 2020, and fifth in 2021 (Figure 3B). According
to the WHO list, hypertensive diseases persistently increased
in ranking, from eighth in 2009-2014 to seventh in 2015-2020,
and to sixth in 2021 (Figure 3A). However, the category
“hypertension” used in the NCHS list did not appear in the 10
leading CODs during the study period, except in 2019 and 2021,
when it was ranked tenth (Figure 3B). By contrast, several CODs
including pneumonia, kidney disease, and sepsis that appeared
among the 10 leading CODs according to the NCHS list did not
appear among the 10 leading CODs if the WHO list was used.

Figure 4 contrasts the rankings of the 10 leading CODs among
men aged 45-64 years according to the WHO list with and
without using a highlight filter. For example, by selecting
unintentional poisoning in the highlight filter, we can better
visualize the marked increase in the rankings of unintentional
poisoning (Figure 4B).
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Figure 1. Ranking of the 10 leading causes of death for both sexes of all ages in the United States according to (A) the World Health Organization
(WHO) list and (B) the National Center for Health Statistics (NHCS) list. This dashboard is accessible [17]. Acci: accidents; AD: Alzheimer disease;
ADRD: Alzheimer disease and related dementias; Ca: cancer; Cirr: chronic liver disease and cirrhosis; CLRD: chronic lower respiratory disease; CO19:
COVID-19; CVD: cerebrovascular disease (stroke); DM: diabetes mellitus; HD: heart disease; HeaF: heart failure; HemC: hematopoietic cancer; Hypt:
hypertensive diseases; IHD: ischemic heart disease; KidD: kidney diseases; LunC: lung cancer; Pneu: pneumonia; Pois: unintentional poisoning; Seps:
sepsis; Suic: suicide; Urin: urinary diseases.
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Figure 2. Ranking of the 10 leading causes of death for men of all ages in the United States according to (A) the World Health Organization (WHO)
list and (B) the National Center for Health Statistics (NCHS) list. This dashboard is accessible [17]. Acci: accidents; AD: Alzheimer disease; ADRD:
Alzheimer disease and related dementias; Ca: cancer; Cirr: chronic liver disease and cirrhosis; ColC: colon cancer; CLRD: chronic lower respiratory
disease; CO19: COVID-19; CVD: cerebrovascular disease (stroke); DM: diabetes mellitus; HD: heart disease; HeaF: heart failure; HemC: hematopoietic
cancer; Hypt: hypertensive diseases; IHD: ischemic heart disease; KidD: kidney diseases; LunC: lung cancer; Pneu: pneumonia; Pois: unintentional
poisoning; ProC: prostate cancer; Suic: suicide; Tran: transportation accidents; Urin: urinary diseases.
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Figure 3. Ranking of the 10 leading causes of death for women of all ages in the United States according to (A) the World Health Organization (WHO)
list and (B) the National Center for Health Statistics (NCHS) list. This dashboard is accessible [17]. Acci: accidents; AD: Alzheimer disease; ADRD:
Alzheimer disease and related dementias; BreC: breast cancer; Ca: cancer; CLRD: chronic lower respiratory disease; CO19: COVID-19; CVD:
cerebrovascular disease (stroke); DM: diabetes mellitus; HD: heart disease; HeaF: heart failure; Hypt: hypertensive diseases; IHD: ischemic heart
disease; KidD: kidney diseases; LunC: lung cancer; Pneu: pneumonia; Seps: sepsis.
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Figure 4. Ranking of 10 leading causes of death for men aged 45-64 years in the United States according to the World Health Organization (WHO)
list (A) without using and (B) with using the highlight filter. This dashboard is accessible [17]. Cirr: chronic liver disease and cirrhosis; ColC: colon
cancer; CLRD: chronic lower respiratory disease; CO19: COVID-19; CVD: cerebrovascular disease (stroke); DM: diabetes mellitus; HemC: hematopoietic
cancer; Hypt: hypertensive diseases; IHD: ischemic heart disease; LunC: lung cancer; Pois: unintentional poisoning; Suic: suicide; Tran: transportation
accidents.

Discussion

Principal Findings
The findings of this study indicate that profiles of the rankings
of the 10 leading CODs differ depending on which list is used.
Several CODs were among the 10 leading CODs in several sex
and age subgroups when the WHO list was used, including
brain, breast, colon, hematopoietic, lung, pancreas, prostate,
and uterus cancer (all classified as cancer on the NCHS list);
unintentional transport injuries; poisoning; drowning; and falls
(which were all classified as accidents on the NCHS list). ADRD
and hypertensive diseases, which have more comprehensive
definitions in the WHO list, were ranked higher in the WHO
list than similar categories in the NCHS list. By contrast, some

CODs that appeared among the 10 leading CODs according to
the NCHS list, such as cirrhosis, kidney disease, sepsis, and
pneumonia, were squeezed out of the 10 leading CODs
according to the WHO list. Through the use of a dashboard with
bump charts, users can select a list, stratify the data by age and
sex, and use a highlight filter to visualize the changes in the
rankings of a particular COD across years.

The main reason for the differences between the lists in the
COD rankings was the number of categories used to rank CODs.
The NCHS list had 52 categories, and the WHO list had 65
categories (Table S1 in Multimedia Appendix 1). Selecting
which list to use involves a trade-off. Some new specific CODs
that existed in the 10 leading CODs according to the WHO list
could not be revealed if the NCHS list was used. On the
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contrary, some CODs that appeared in the 10 leading CODs
according to the NCHS would be squeezed out if the WHO list
were used. The use of a more comprehensive definition for
ADRD and hypertensive diseases might sacrifice the specificity,
meaning that some individuals with ADRD diagnosis might be
false positives. To obtain the most comprehensive information
for health policy decision-making, we recommend using both
lists.

Several studies have examined the changes in the rankings of
the leading CODs in the United States [18-20]. Because the
categories in the NCHS list are relatively broad, prominent
changes cannot be detected, except for accidents, which
increased in rank from fifth in 2011 to third in 2018 [19]. The
pattern of changes in the leading CODs in the United States
according to the WHO list differed from that in Japan, Korea,
and Taiwan [7]. According to the WHO list, the leading COD
from 1999 to 2020 in the United States was IHD, whereas in
Japan, Korea, and Taiwan, the leading COD in most of the years
during this period was stroke [7].

Strengths and Limitations
This study has several strengths. First, this study was the first
to use the WHO list to illustrate changes in the ranking of the
leading CODs in the United States. Using the WHO list enabled
us to detect several drastic increases in the ranks of some leading
CODs, which could not be revealed according to the NCHS list.
The second strength of this study was the use of bump charts,
which aid in visualizing the changes in rankings of specific
CODs in a ladder-like manner. The third strength was the
creation of a dashboard, which enables viewers to select the
specific demographic group they wish to examine using either

the NCHS or the WHO list (or another list can be added) and
highlight the changes of a particular COD.

However, several limitations should be considered when
interpreting the findings of this study. First, the changes in the
relative position of each rank on the bump charts did not
correspond to the extent of the changes in the proportions of
total deaths accounted for by each category. For example,
ADRD increased in ranking between 2013 and 2020 (from
second to first) but accounted for fewer proportion of deaths in
2020 than it did in 2013 (10.9% vs 12.1%, respectively).
Therefore, an increase (or decrease) in ranking does not indicate
an increase (or decrease) in either burden or risk. Second,
although the WHO list uses more specific categories compared
to the NCHS list, several categories are still relatively broad.
For example, unintentional poisoning comprises ten 3-digit
ICD-10 codes (X40-X49) that each correspond to a different
drug or chemical. Third, both ranking lists are limited in terms
of detail and are not comprehensive, meaning that not all deaths
can be categorized and ranked. The increase in the number of
deaths in some emergent diseases within the residual category
could not be detected using rankings of leading CODs.

Conclusions
The rankings of the leading CODs constitute a highly popular
health statistic used to convey relative mortality burdens and
are widely used by media and health advocates. A dashboard
with bump charts can be used to improve visualizing the changes
in the rankings of the leading CODs according to the WHO and
NCHS lists as well as the demographic characteristics; it can
also help users make informed decisions regarding the most
appropriate ranking list for their needs.
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Abstract

Background: The world is undergoing an unprecedented wave of urbanization. However, the effect of rapid urbanization during
the early or middle stages of urbanization on seasonal influenza transmission remains unknown. Since about 70% of the world
population live in low-income countries, exploring the impact of urbanization on influenza transmission in urbanized countries
is significant for global infection prediction and prevention.

Objective: The aim of this study was to explore the effect of rapid urbanization on influenza transmission in China.

Methods: We performed spatiotemporal analyses of province-level influenza surveillance data collected in Mainland China
from April 1, 2010, to March 31, 2017. An agent-based model based on hourly human contact–related behaviors was built to
simulate the influenza transmission dynamics and to explore the potential mechanism of the impact of urbanization on influenza
transmission.

Results: We observed persistent differences in the influenza epidemic attack rates among the provinces of Mainland China
across the 7-year study period, and the attack rate in the winter waves exhibited a U-shaped relationship with the urbanization
rates, with a turning point at 50%-60% urbanization across Mainland China. Rapid Chinese urbanization has led to increases in
the urban population density and percentage of the workforce but decreases in household size and the percentage of student
population. The net effect of increased influenza transmission in the community and workplaces but decreased transmission in
households and schools yielded the observed U-shaped relationship.

Conclusions: Our results highlight the complicated effects of urbanization on the seasonal influenza epidemic in China. As the
current urbanization rate in China is approximately 59%, further urbanization with no relevant interventions suggests a worrisome
increasing future trend in the influenza epidemic attack rate.

(JMIR Public Health Surveill 2023;9:e41435)   doi:10.2196/41435
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Introduction

The influenza virus is mainly spread within close ranges rather
than over long distances [1,2]. The distance from an
influenza-infected individual may significantly affect the
potential of influenza transmission. Social distancing is a
well-recognized nonpharmaceutical intervention that could
reduce the transmission of viruses from infected to susceptible
individuals because of the increased physical distance between
these individuals or reduced frequency of congregation in
socially dense community settings such as schools or workplaces
[3]. Urbanization is a complex phenomenon that is associated
with population density in an urban area. In this study,
urbanization rate, defined as the percentage of population living
in an urban area, was used to characterize the urbanization
process. Urbanization can worsen an epidemic through a variety
of mechanisms [4]. Studies on low-income nations have clearly
documented the association between epidemic severity and the
combination of high-density living conditions, extreme poverty,
and poor sanitation [5]. With respect to communicable diseases
such as influenza, which is mainly spread within close ranges
[1,2], the population concentrations in an urban area can lead
to more rapid proliferation of infectious diseases [6].
Urbanization affects the seasonal epidemic transmission in
highly urbanized countries [4,7]. In the United States with an
urbanization rate of 83% in 2021 [8], cities in urban areas with
higher population densities had a higher influenza transmission
potential [7]. In Australia with an urbanization rate of 88% in
2021 [8], the peak influenza infection rate and peak prevalence
increased steadily as the urban population density increased [4].
However, the impact of urbanization on the influenza epidemic
in urban countries such as China with urbanization rates at 63%
and India with urbanization rates at 35% in 2021, where about
70% of the population live, is less well-understood. In addition,
in highly urbanized countries, urban living has been the norm
in the last century. Therefore, the direct effects of further
increases in the urban population density on the potential
seasonal influenza epidemic might be less obvious [4]. In this
study, attack rate, defined as the cumulative incidence rates of
seasonal influenza during the study period, was used to
characterize the seasonal influenza activities. Since urbanization
will continue in urban countries in the near future, understanding
the impact of urbanization on influenza transmission is essential
for precise influenza prediction and prevention and for building
a healthy society.

As a low-income country, China has experienced an
unprecedented wave of rapid urbanization, as reported by the
rapid increase in the urbanization rate from 17.9% in 1978 to
58.5% in 2017 [9]. The urbanization rate also varies significantly
between provinces in China, thereby providing a unique
opportunity to study the impact of urbanization on the influenza
epidemic at different levels of urbanization within a single health
care system. In China, urbanization has led not only to a rapid
increase in the urban population density but also to a sharp

decrease in the household size [10]. As households, schools
(workplaces), and communities have been identified as the
primary contexts of influenza transmission [11,12], the impact
of urbanization on seasonal influenza in China may be
complicated.

Dynamic models such as the susceptible-infected-recovered
models have been developed to understand the dynamics of
influenza transmission [7]. However, these models do not study
the dynamics of influenza transmission at the individual level
[13]. In highly urbanized countries, urban living has been the
norm in the last century; thus, the susceptible-infected-recovered
model could be used to study the impact of urbanization on
influenza transmission [7]. However, the impact of urbanization
on the influenza epidemic in urbanizing countries is complicated.
In this study, to characterize the complicated impact of
urbanization on human contact behaviors and population age
structures in China, we used an agent-based model in which
each individual or group of people was defined as an agent. The
agent-based model based on human contact behavior has been
used previously to model infectious disease transmission
[11,14,15]. We also used similar models previously to
successfully simulate influenza transmission in China [12,16].

In this study, we aimed to explore the effects of urbanization
on seasonal influenza epidemic intensities in urban Mainland
China (except Hong Kong, Macao, and Taiwan) according to
the spatiotemporal analyses and modelling study of influenza
surveillance data collected in Mainland China from 2010 to
2017.

Methods

Data Sources
We used weekly reports of influenza surveillance data from the
Chinese National Influenza Center. The study data set was based
on the number of specimens tested at 554 sentinel hospitals
located in the urban areas of 31 provinces of Mainland China
(including autonomous regions and municipalities). After
excluding Tibet from the analysis due to the incompleteness of
data, 30 provinces were evaluated. Although the surveillance
data collection began in 2004, we focused on the period from
April 1, 2010, to March 31, 2017, as the surveillance network
was improved and expanded after the 2009 influenza A/H1N1
pandemic [17]. Shu et al [18] provide additional details about
the Chinese influenza surveillance system. The data set of the
influenza surveillance system in China included the number of
visits at each hospital, number of cases of influenza-like illness
(ILI), number of specimens tested, and number of
laboratory-confirmed cases of influenza A (H1N1, H3N2, and
pdmH1) and B (Yamagata and Victoria). ILI cases were
identified based on a standard case definition: body temperature
>38 °C, either cough or sore throat, and the absence of an
alternative diagnosis. Several indicators were defined to
characterize influenza activity in China. First, the ILI rate was
defined as the number of ILI cases divided by the number of
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visits. Second, the influenza viral positive rate was defined as
the number of laboratory-confirmed influenza cases divided by
the number of specimens tested. In accordance with earlier
studies [18-20], in this study, we defined a proxy for the weekly
incidence rate (henceforth, incidence rate) of influenza, which
is the multiplication of the ILI rate and the influenza viral
positive rate. The incidence rate more precisely represents the
incidence of influenza infection.

The influenza epidemic in Northern China intensifies in
winter-spring months, while that in Southern China shows a
semiannual cyclic pattern with clear peaks in both summer and
winter [21,22]. We therefore defined an epidemiological annual
cycle as the period from April 1 to March 31 of the following
year [21], and we divided the annual cycle into summer months
and winter-spring months, which included calendar weeks 14-39
(26 weeks in total) and weeks 40-13 of the following year (26
or 27 weeks in total), respectively [21]. The attack rate of the
winter-spring or summer influenza epidemic in each province
is defined as the cumulative weekly incidence rates during the
half-year time (25 weeks in total): 12 weeks within the peak
weeks since the median duration of an influenza epidemic wave
is 15.6-22.5 weeks [21]. Province-level data on urbanization,
urban areas, populations, household and school sizes, and
number of students, schools, and factories from year 2010 to
year 2016 were obtained from the China Statistical Yearbook
[9], China City Statistical Yearbook [23], and National Bureau
of Statistics of China [24].

Modelling
We used an agent-based model to simulate the influenza
transmission dynamics in provinces with different urbanization
rates. Our simulation strategy is similar to that reported
previously in the literature [11]. Similar models have been used
to simulate influenza transmission in Beijing [25] and Hong

Kong [16]. In this study, we simplified the model and considered
4 types of indoor spaces: homes, schools, workplaces, and
communities (ie, public spaces). These 4 types of indoor spaces
are known as the primary contexts of influenza transmission
[11,12]. Populations were divided into 3 groups: workers,
students, and others.

Figure 1A presents the assumed typical daily movements of 3
groups of people. Although real human movement patterns are
much more complicated, we considered the simulated movement
pattern to represent a general daily schedule. The time step in
the simulation was set to 1 hour. For each case, the simulation
was performed with 100 replications to account for randomness
in the status of each individual (infectious, susceptible/removed).
Differences in human movement behaviors between weekdays
and weekends were not considered. The percentage of students
decreased significantly with urbanization (Figure 1B). The
number of workers (NW) was estimated based on the number of
people aged between 18 and 60 years (N18-60), the number of
students in universities (NSU), and the unemployment rate (Ru)
as NW = (N18-60 – NSU)∗(1 – Ru). The percentage of workers
increased significantly with urbanization (Figure 1C). The
remaining populations were classified as others. Influenza
transmission is affected by the number of students, workers,
and others, as well as by the distributions of these populations
in each indoor space. The province-level distribution of
household sizes at different urbanization levels is shown in
Figure 1D. Notably, the school size increased with urbanization
(Figure 1E). As we did not observe a significant linear
relationship between urbanization and the number of workers
per workplace (Figure 1F), we adopted a mean value of 2020
workers per workplace at all urbanization levels. With
urbanization, the urban population density increased
exponentially (Figure 1G), and it is reasonable to believe that
population contact in the community would also increase.
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Figure 1. Individual routines and population distribution data in Mainland China between 2010 and 2016. (A) Flowchart of individual hourly routines.
(B) Changes in the proportion of students with increasing urbanization. (C) Changes in the proportion of the workforce with increasing urbanization.
(D) Changes in the household size with increasing urbanization. (E) Changes in the school size distribution with increasing urbanization. (F) Changes
in the workplace size distribution with increasing urbanization. (G) Changes in the urban population density with increasing urbanization rates.

Here, we defined Ii as 1 if individual i were infectious and 0
otherwise. The force of infection per hour experienced by
individual i by 1 infected person in a home, community, school,

and workplace was then calculated as Ikδhe
a+bshi(t), Ikδce

a+bshi(t),

Ikδse
a+bshi(t), and Ikδwea+bshi(t), respectively, where nhi is the

household size of individual I; nci is the mean number of people

in the community that individual i would contact per hour, which
was assumed to be in proportion to the urban population density
[25]; nsi (nwi) is the mean number of individuals that individual
i would contact in school (workplace) per hour if he/she were
a student (worker), which was assumed to be constant in
different provinces and nsi=9, nwi=4 [26]; and a and b are
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parameters used to adjust the impact of specific humidity, sh(t),
at time t on influenza transmission. For this study, a=0.788 and
b=–180 [27], while δh, δc, δs, and δw indicate the influenza
transmission coefficients in a home, community, school, and
workplace, respectively. We assumed that δh:δc:δs:δw = 6:1:12:6
[11], as children are known to have high clinical attack rates of
influenza [28,29]. The absolute influenza transmission
coefficients in homes, communities, schools, and workplaces
(δh, δc, δs, and δw, respectively) are always unknown, and these
are mainly determined by the antigenic evolution of the
influenza virus and thus vary across years [7]. Therefore, we
relied on our model approach to back-calculate the transmission
coefficients. For each year, we selected the surveillance data in
1 province and used the least squares method to determine the
influenza transmission coefficient parameter value in that year.
Then, we used the back-calculated transmission coefficients to
simulate the influenza transmission in other provinces and
compared them with surveillance data to test our model. The
simulation duration of influenza transmission was set to 8
months from November 1, 2013, to June 30, 2014. The time
step was set to 1 hour. Each simulation under different settings
was conducted 100 times to improve the reliability of the results.
The latent and infectious periods were set to 2 and 4 days [30],
respectively.

There were 2 types of settings in our simulation. When we
simulated infection spread in different provinces, the real
parameters from each province were used. When we simulated
infection spread at different urbanization levels, the ideal
parameters obtained by data fitting based on real parameters
from all provinces were used. In this setting, Beijing climate
data were used to eliminate the impact of climate differences.
The detailed model structure and parameter estimation are
shown in Multimedia Appendix 1 [11,12,27,30-34].

Spatial Analysis of the Influenza Surveillance Data by
Province
The spread of influenza is influenced by climate [35]. As China
is a climatologically diverse country, we cannot directly compare
the province-level intensities of the influenza epidemic. To
minimize the influence of climate on the analysis, we attempted
to compare the epidemic attack rates in provinces with similar
climates by using the following 2 methods. First, we analyzed
the attack rates of the influenza epidemic in 15 provinces in
Northern China that are situated in the temperate climate zone.
Second, there is no significant latitude gradient with respect to
province-level urbanization in China. Therefore, we classified
the provinces according to the urbanization rate. The province
urbanization rates ranged from 33.8% to 89.6%, and therefore,
we classified the provinces according to the following
urbanization rate ranges: <40%, 40%-50%, 50%-60%,

60%-70%, and >70%. The urbanization within each range was
defined as the mean urbanization level of the provinces within
this range. The influenza epidemic attack rate was also defined
as the mean attack rate in the provinces within each urbanization
range. Using year 2013 as an example, the provinces within
different urbanization ranges are shown in Figure S2 of
Multimedia Appendix 1. The mean latitudes of the provinces
with urbanization levels <50%, 50%-60%, 60%-70%, and >70%
were 31.8, 35.7, 30.4, and 36.8 °N, respectively; the variance
in the latitude was narrow within each urbanization range.
Therefore, the influence of climate could be minimized. Last,
binomial fitting was used to quantify the observed U-shaped
relationships between the province-level influenza epidemic
attack rates and urbanization rates by the following equation:

y = ax2+bx+c, where y represents the influenza epidemic attack
and x represents the urbanization rate. The least squares method
was used to estimate the unknown parameters a, b, and c. The
turning point of the urbanization rate was –b/2a.

Ethical Considerations
Data in this study are from public database, ie, Chinese National
Influenza Centre [36]. We did not make any interventions in
the study.

Results

Spatiotemporal Analysis of the Influenza Surveillance
Data
During the study period between 2010 and 2016, differences in
the mean epidemic attack rate followed a geographic pattern,
with the highest intensive epidemic detected in both the most
and least urban regions of Beijing (mean urbanization, 86%)
and Guizhou (mean urbanization, 39%), respectively. The lowest
epidemic attack rate was observed in moderate urban regions
such as Ningxia (mean urbanization, 53%) and Chongqing
(mean urbanization, 58%; Figure 2A). In addition, the
differences persisted over time, that is, some provinces had
consistently more intense epidemic than others year after year.
The influenza incidence rates in Beijing were always higher
than those in Ningxia (Figure 2B). For these 5 provinces with
the most or least intense epidemic, the mean epidemic attack
rates followed a similar trend over time as the mean epidemic
attack rates in all 30 provinces (Figure 2C). The Pearson
correlation coefficients of the epidemic attack rates in the 30
provinces between any 2 epidemiological years were higher
than 0.5 (Figure 2D), indicating that the differences in the
epidemic attack rates among provinces persisted over time.
There was no significant linear relationship between the
urbanization rate and influenza surveillance intensity (P=.64)
(Figure S3 of Multimedia Appendix 1).

JMIR Public Health Surveill 2023 | vol. 9 | e41435 | p.1457https://publichealth.jmir.org/2023/1/e41435
(page number not for citation purposes)

Lei et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Systematic differences in the seasonal influenza epidemic attack rates in the winter-spring waves across provinces in Mainland China according
to surveillance data between 2010 and 2016. (A) Mean influenza epidemic attack rates (black circles) and urbanization rates (colored bars) in 30 Chinese
provinces; grey areas indicate a lack of data. (B) Time-series influenza incidence rates in Beijing and Ningxia provinces. (C) Influenza epidemic attack
rates in 5 provinces with the most or least intense epidemic and in all provinces across epidemiological years, where error lines represent 95% CIs. (D)
Pearson correlation coefficients of the epidemic attack rates in 30 provinces between epidemiological years.

Modelling Study
We hypothesize that these patterns of epidemic attack rates are
due to urbanization. The categorization of the provinces by
urbanization rates revealed that the correlation between the
influenza epidemic attack rate and urbanization rate yielded a

U-shaped curve throughout the study period, with a turning
point at about 55% urbanization (Figure 3A). From our
binomial-fitter curves, we also found U-shaped relationships
between province-level influenza epidemic attack rates and
urbanization rates in 15 provinces in Northern China, and we
consistently observed the lowest attack rates in provinces with
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urbanization rates of 50%-60% (Figure 3B and Table 1). The
agent-based model that we built in this study also revealed
U-shaped relationships between province-level influenza
epidemic attack rates and urbanization rates (red line in Figure

3B). The sensitivity analyses of the key parameters in the
agent-based model are shown in Figure S4 of Multimedia
Appendix 1.

Figure 3. Determination of a U-shaped relationship between the influenza epidemic attack rates and urbanization rate in China. Data are presented by
(A) clustering of 30 provinces by the urbanization rate and (B) province-level data in 15 provinces in Northern China. The curves are the binomial
fitting of the data in 2010-2016. The red line indicates the agent-based model simulation results, and the error bars indicate the 95% CIs of the 100
replications.

Table 1. Binomial fitting of the province-level epidemic attack rates in the 15 provinces in Northern China.

Urbanization rate turning point (%)P valueR 2Epidemiological year

52.0040.612010

50.010.512011

50<.0010.762012

55<.0010.772013

55<.0010.792014

61.0010.672015

57.0010.682016

Next, we simulated the influenza transmission to quantify the
U-shaped relationship observed in Figure 3. As demonstrated
using 2013 as an example, we selected surveillance data from
Beijing for back-calculation of the unknown transmission

coefficients (Figure 4A, R2=0.96). The back-calculated
transmission coefficients and our model simulated the influenza

transmission dynamics in Jilin well (Figure 4B, R2=0.94),
demonstrating that the models could be used to simulate
influenza transmission in China. Next, we used the model to
simulate influenza transmission in provinces with different
urbanization rates. The model also yielded a U-shaped
association between the urbanization rate and influenza epidemic
attack rate (Figure 3B), with a turning point at 55% urbanization.
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Figure 4. Simulated influenza epidemic in provinces with different urbanization rates. Simulated incidence rates in (A) Beijing and (B) Jilin. (C)
Simulated contributions of each setting to influenza transmission according to the urbanization rate. (D) Influenza prevalence among students, workers,
and others according to the urbanization rate.

Taking the simulation in Beijing and Jilin as an example, the
agent-based model built in this study well-fitted the influenza
surveillance data (Figure 4A and 4B). Thus, using the
agent-based model built in this study, we simulated the
contributions of different locations and people in influenza
transmission with different urbanization rates. Figure 4C
presents the percentage contributions of the 4 studied locations

with different urbanization rates to influenza transmission. As
the urbanization rate increased from 35% to 85%, the
contributions of each location to influenza transmission
increased from 2.7% to 41.8%: the contribution of workplaces
increased from 8.3% to 13.4%, but that of homes decreased
from 38.9% to 27.4% and that of schools decreased from 50.2%
to 17.4%. Given the relatively frequent number of contacts and
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the high infection risk per contact in schools, our simulation
results demonstrate that students face a much higher infection
risk than workers (relative risk 5.4, SD 1.7) and others (relative
risk 6.8, SD 2.2; Figure 4D).

Discussion

To the best our knowledge, this study is the first to explore the
effect of urbanization on the attack rate of the seasonal influenza
epidemic in a country experiencing an unprecedented rapid rate
of urbanization. This study was made possible by the availability
of census data and influenza surveillance data. Our analyses
revealed a U-shaped relationship between the urbanization rate
and influenza attack rate, with a turning point at around 55%
urbanization rate. We used an agent-based mathematical model
based on hourly human contact behaviors to explore the 2 main
primary mechanisms responsible for the observed trend. We
found that an increase in the urban population density (Figure
1G) increased the number of close contacts between people in
communities and thus enhanced the transmission of influenza
in public areas. Further, decreases in household sizes (Figure
1D) and percentages of students (Figure 1B) reduced the rates
of influenza transmission in homes and schools, respectively.
The net effects of these 2 mechanisms provide a simple but
reasonable explanation for the observed U-shaped trend in the
influenza epidemic attack rate over the 7-year study period.
Further confirmation of this U-shaped trend would have
significant implications for the influenza epidemic in China. In
addition, although this study analyzes the influenza data in
China, the methods may also be applicable in other urbanizing
countries and for other respiratory infections such as COVID-19,
measles, and Middle East respiratory syndrome because indoor
environments such as households, schools (workplaces), and
communities have always been identified as the primary context
of infection transmission [37,38].

The epidemic attack rate is an important parameter for the
development of medical surge capacities and public health
systems, including primary care facilities. This is particularly
important for influenza, as a vaccine specific for a new pandemic
virus might not be widely available for up to 6 months based
on the current vaccine production technology [3]. Previous
studies have proposed that socioeconomic factors may affect
both the influenza epidemic and pandemic [4,7,39]. Our study
also demonstrates regional differences in the intensity of the
influenza epidemic across China, which suggest that seasonal
influenza interventions should vary among provinces. We found
that the most intense influenza epidemic occurred in the most
and least urbanized provinces, suggesting that increased
attention should be directed to influenza control in the latter
provinces, which are also economically underdeveloped.
Previous analyses of the history of infectious diseases and
human populations have suggested that the host population
density is a critical determinant of the establishment and
persistent endemicity of a pathogen in a population.
Accordingly, urban aggregations play an important role in
maintaining infectious disease endemics [40]. As people have
become increasingly concentrated in urban areas, and
particularly in large cities, influenza viruses could potentially
be spread more easily nowadays. Moreover, large cities always

serve as hubs in intercity travel networks, which are linked by
high-speed rail in China. These hubs could also influence the
spread of the influenza epidemic among cities. These potential
trends associated with urbanization pose a challenge to future
influenza interventions.

There are at least 2 policy implications to build healthy cities
in the aspect of infection control. The first is that influenza
vaccine recommendations in China should speed up since
vaccine coverage is only approximately 2% in China [41],
especially in provinces with urbanization rates greater than 60%.
In this study, we found a U-shaped relationship between the
influenza epidemic attack rate and urbanization rate, with a
turning point between 50% and 60% urbanization. In China,
the recent urbanization rate is approximately 60%, and a large
number of provinces are currently at the turning point in the
U-shaped trend curve. As further urbanization is expected, the
trajectory of the influenza epidemic intensity in those provinces
in the near future would be worrisome if no interventions were
made because of the nonlinear increase in the strain placed on
the medical infrastructure [4]. The second is that
nonpharmaceutical interventions implemented to control the
influenza epidemic and even pandemic should vary by province
since this study demonstrates regional differences in the intensity
of the influenza epidemic across China. This study shows that
in low urbanized regions, influenza transmission mainly occurs
in the schools, while in highly urbanized regions, influenza
transmission mainly occurs in the community. These findings
are well supported by the observed decreasing effectiveness of
school closure with increasing urbanization in China [42]. Thus,
in highly urbanized regions, ventilation and surface
cleaning/disinfection in public places may be effective, while
in low urbanized regions, school closures should be
recommended.

Parameters in the simulation determined the infectious disease
transmission (eg, attack rate). Some parameters such as the time
schedule of workers and students and number of students per
class were obtained from the literature or real statistical data.
However, other parameters such as the daily numbers of the
contacted students in each class and the number of workers in
each office were estimated and assumed. We adjusted these
parameters to minimize the difference between the simulation
results and the real infection spread. Moreover, we performed
a sensitivity analysis for 10 parameters to show how these
parameters influence the infection spread (Figure S4 of
Multimedia Appendix 1).

This study suggests a number of limitations and possibilities
for future research. First, our model did not consider differences
in the medical service levels. Highly urbanized areas have access
to better medical services, which would enable a more rapid
cure of infectious cases and better control of the influenza
epidemic. However, approximately 90% of the seasonal
influenza cases remain unreported [43], and infectious cases
are mostly transmissible during the incubation period and during
2-3 days with clinical symptoms. Therefore, the medical service
level would have a very limited impact on the influenza
epidemic. Second, our model did not consider differences in
the influenza vaccine coverage because this rate has increased
only gradually to approximately 2% of the Chinese population
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over the past 15 years [41]. This low influenza vaccination rate
would have a very limited influence on an epidemic. Third, the
results of this study cannot be generalized to rural areas since
there is a lack of rural-related data. Fourth, this study assumes
that all types of agents (eg, worker, student) have a constant
time schedule and all offices and classrooms in a province have
the same setting. Therefore, the random scenarios, which could
be referred to as a dynamic network, were ignored. Finally,
higher resolution analyses of the influenza epidemic, such as
those conducted at a city level, would provide more accurate
information, as cities are the principal locations of influenza
transmission between humans [7]. However, our relatively
coarse data set did not allow us to evaluate the influenza patterns

at the city or hospital level, even though the surveillance data
from 4 of the 30 studied provinces were based on single cities
(Beijing, Tianjin, Chongqing, and Shanghai).

In conclusion, we found a U-shaped relationship between the
influenza attack rates and urbanization rate in provinces of the
urbanizing mainland China, with a turning point between 50%
and 60% urbanization. This finding is different from that
reported in other studies in urbanized countries. Our study poses
the potential challenges of the expected further urbanization
process in China on population health and health infrastructure.
Further, our results will be critical for precise influenza
prediction and prevention.
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Abstract

Background: The increase in tobacco/conventional cigarette (CC) and electronic cigarette (EC) usage among Chinese youth
has become a growing public health concern. This is the first large-scale study to compare the impact of CC and EC usage on
risk for nonsuicidal self-injury (NSSI) and suicidality in cis-heterosexual and sexual and gender minority (SGM) youth populations
in China.

Objective: This study examines the CC and EC risks for NSSI and suicidality among Chinese youth and compares the extent
to which SGM and cis-heterosexual youth’s risks for NSSI and suicidality are influenced by their CC and EC usage and dependence.

Methods: A total of 89,342 Chinese participants completed a cross-sectional self-report survey in 2021. Sociodemographic
information, sexual orientations, gender identities, CC and EC usage, CC and EC dependence, and risks for suicidality and NSSI
were assessed. The Mann-Whitney U test and chi-square test were performed for nonnormally distributed continuous variables
and categorical variables, respectively. The multivariable linear regression model was used to examine both the influence of CC
and EC usage and CC and EC dependence on NSSI and suicidality as well as the interaction effects of CC and EC usage and CC
and EC dependence on NSSI and suicidality by group.

Results: The prevalence of CC usage (P<.001) and dependence (P<.001) among SGM participants was lower than that among
their cis-heterosexual counterparts. However, the prevalence of EC usage (P=.03) and EC dependence (P<.001) among SGM
participants was higher than that among their cis-heterosexual counterparts. The multivariable linear regression model showed
that CC dependence and EC dependence had a unique effect on NSSI and suicidality (CCs: B=0.02, P<.001; B=0.09, P<.001;
ECs: B=0.05, P<.001; B=0.14, P<.001, respectively). The interaction effects of (1) CC usage and group type on NSSI and
suicidality (B=0.34, P<.001; B=0.24, P=.03, respectively) and dual usage and group type on NSSI and suicidality (B=0.54,
P<.001; B=0.84, P<.001, respectively) were significant, (2) CC dependence and group type on NSSI were significant (B=0.07,
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P<.001), and (3) EC dependence and group type on NSSI and suicidality were significant (B=0.04, P<.001; B=0.09, P<.001,
respectively). No significant interaction effect was observed between EC usage and group type on NSSI and suicidality (B=0.15,
P=.12; B=0.33, P=.32, respectively) and between CC dependence and group type on suicidality (B=–0.01, P=.72).

Conclusions: Our study shows evidence of intergroup differences in NSSI and suicidality risks between SGM and cis-heterosexual
youth related to CC and EC usage. These findings contribute to the growing literature on CC and EC in cis-heterosexual and
SGM populations. Concerted efforts are necessary at a societal level to curb the aggressive marketing strategies of the EC industry
and media coverage and to maximize the impact of educational campaigns on EC prevention and intervention among the youth
population.

(JMIR Public Health Surveill 2023;9:e47058)   doi:10.2196/47058

KEYWORDS

electronic cigarettes; tobacco; conventional cigarettes; SGM; nonsuicidal self-injury; suicidality; suicidal; cigarette; cigarettes;
suicide; self-harm; mental health; sexual minority; gender minority; sexual and gender minority; transgender; youth; cross-sectional;
survey; smoker; smoking

Introduction

Electronic cigarettes or e-cigarettes (ECs) are battery-based
vaping devices simulating tobacco/conventional cigarette (CC)
smoking by aerosolizing artificially manufactured liquid
solutions containing nicotine for users’ inhalation [1]. The
association between the usage of CCs and suicidality is
well-established, with previous studies showing that regular
usage of CCs is associated with an increased risk of suicidality
(ie, suicidal ideation, plan, and attempt) [2-4]. Several studies
have reported the neurotoxicity of CC usage on adolescents’
brain structure, increasing the risk of oxidative stress–related
neurological disorders while promoting emotional dysregulation
[4-6]. Subsequently, the emotional dysregulation brought about
by CC usage could further aggravate individuals’ pre-existing
mental health conditions (eg, depressive thinking featured by
hopelessness and worthlessness). Combined with relevant social
factors (eg, isolation), the complex interplay between CC usage
and mental health risks may heighten the risk of suicidality
among CC users [4-6].

Similar to CC usage, EC usage can impose not only physical
risks (ie, nicotine dependence, cardiovascular injury, respiratory
system damage, and noncancer pulmonary disease) but also
mental health threats, including but not limited to depression,
anxiety, and nonsuicidal self-injury (NSSI) [5,6]. In addition,
recent studies suggest that nicotine usage, including CC and
EC usage, has a bivariate relationship with NSSI, underscoring
the potential relationship between NSSI and both CC and EC
usage [7,8]. Nevertheless, although findings from the
abovementioned studies have shown the impact of CC and EC
usage on youth NSSI and suicidality, their differences in
chemical composition, method of consumption, and
sociocultural perceptions are drastically different from each
other. First, regarding the chemical composition, compared to
tobacco in CC, EC is featured with a liquid containing both
nicotine and flavoring, with a high percentage of it being
glycerol or propylene glycerol [9]. Second, concerning the
method of consumption, compared to the lighting process of
CC, EC often uses a power button to activate an atomizer to
generate an aerosol from its liquid, which simulates smoke from
CC and requires no fire and burning, thereby making its usage
more prevalent in places where CC is banned [9,10]. Third,

with regard to sociocultural perceptions, EC has been marketed
as less harmful than CC in the Chinese market, with relatively
limited regulations on the minimum age to purchase compared
to CC [10]. Due to the abovementioned differences, EC and CC
may influence youth NSSI and suicidality differently.

Findings from past research postulate that college students’high
susceptibility to mental health risks, exemplified in forms of
anxiety, depression, and stress, when facing concerns resulting
from sudden environmental changes (ie, moving from one’s
hometown to another city), social isolation, social alienation,
worries of financial independence, high academic performance
expectations, and learning style change corresponds to their
high risk of suicidality [11,12]. Previous research argues that
college students often begin to explore their gender and sexual
identity in their college lives, during which the disparity between
cis-heterosexual and sexual and gender minority (SGM) youth
in suicidality may surface [13,14]. The 2016 National Health
Interview Survey showed that 20.5% of sexual minority young
adults smoke CCs, which is much higher than that reported
among their heterosexual counterparts (ie, 15.3%) [15]. The
prevalence of CC usage in the transgender and gender-diverse
population is also higher than that in their cisgender counterparts
[15,16]. Similarly, recent studies have also found that the
prevalence of EC usage in the SGM population is higher than
that in their cis-heterosexual counterpart [17-20]. Specifically,
there is burgeoning evidence from previous studies that suggest
SGM youth’s current usage (SGM: 9.4%; cis-hetero: 4.9%),
lifetime usage (SGM: 25.1%; cis-hetero: 14.3%), and past
30-day usage of ECs (SGM: 28.5%; cis-hetero: 23.4%) are all
higher than those among cis-heterosexual youth, indicating this
group’s vulnerability toward EC usage [18-20].

Such a disparity in EC and CC usage between SGM and
cis-heterosexual youth could be potentially explained by the
minority stress model. Minority stressors, including but not
limited to heterosexist discrimination, social rejection, social
isolation, and homo/bi/transphobic harassment, could further
worsen the stigmatization of SGM youth’s identities while
inducing higher stress levels among them, contributing to their
increased risk of substance usage [21]. Furthermore, besides
the minority stress experienced by SGM youth, the tobacco
industry has further exploited their vulnerability since they have
historically been targeting SGM youth as a major consumer
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crowd and pushed forward relevant campaigns such as the
Project Subculture Urban Marketing for gay individuals in San
Francisco [22]. Nevertheless, to date, no study has examined
the relationship between the usage of CCs and ECs on college
students’ NSSI and suicidality while investigating potential
intergroup differences existing between cis-heterosexual and
SGM youth, leaving a critical gap in the literature. Most of the
current CC and EC research [4-22] examining the increasing
risks of youth for NSSI and suicidality focused on studying CC
and EC usage separately and did not further investigate the
different extents to which the SGM and cis-heterosexual youth’s
risks for NSSI and suicidality were affected by CC and EC
usage, ignoring the potentially existing intergroup differences.
Our cross-sectional study aims to fill this gap by investigating
the effects of CC and EC on NSSI and suicidality and the
difference in the effects between SGM and cis-heterosexual
youth. This study’s hypotheses postulate that (1) cigarette usage
(including CC and EC usage) and cigarette dependence
(including CC and EC dependence) have a unique and positive
impact on both NSSI and suicidality, (2) cigarette usage has a
more pronounced impact on NSSI and suicidality among SGM
youth than on NSSI and suicidality among their cis-heterosexual
peers, and (3) cigarette dependence has a more severe impact
on NSSI and suicidality among SGM youth than on NSSI and
suicidality among their cis-heterosexual peers.

Methods

Participant Recruitment
University students from 63 universities and colleges in the Jilin
province, China, were invited to participate in a cross-sectional
web-based self-report survey. Recruitment was performed via
universities’ and colleges’ staff teachers and targeted WeChat
groups (similar to WhatsApp groups). Students who were
interested in participation entered the secure and anonymous
questionnaire through the QR code mentioned in the study poster
that was distributed by school staff teachers. Students were first
asked to thoroughly read the study description, and those who
selected the commensurate button and continued to answer the
questionnaire were deemed as consented to this study.
Individuals who successfully completed this questionnaire were
offered the opportunity to join a cash prize lottery by accessing
a separate link. The description of the cash prize lottery was
listed on the front page of the web-based survey, and the amount
was carefully calibrated to strike a balance between being
sufficient to encourage participation and minimize dropout
without being excessively large to create an undue influence on
participants’ behavior or reporting. Respondents’ data were
collected between October 26 and November 18, 2021, via
Credamo [23].

For statistical quality control of this study, we excluded
respondents who (1) were younger than 15 years (ie, below the
lowest threshold of the regular age range of college or university
students in China), (2) failed 2 or more of the 4 attention check
questions (ie, this question is an attention check question. There
are many colors of the sky, which can be green, blue, red and
black, but, for this question, please choose “green” for your
answer) that were designed to assess whether survey respondents

were focused during their responding process, and (3) showed
presence of logical contradictions or inconsistencies within
responses (eg, male participants choosing “male” for sexual
preference while choosing “heterosexual” for sexual orientation),
omission of answers (eg, leaving blanks in their answers instead
of choosing options such as “none of the above” or “prefer not
to say”), or their answers showed evidence of patterned or
nondiscriminatory responses (eg, consistently choosing the first
option across multiple questions). The final sample consisted
of 89,342 participants, among which 8853 were SGM
respondents and 80,489 were cis-heterosexual respondents.

Study Measures

Gender Identity
Participants’ sociodemographic information, including age,
ethnicity (Han ethnicity or non-Han ethnicity), educational
background (undergraduate, master, or doctoral students),
residence areas prior to university/college enrollment (urban or
rural), only-child status, and annual family income, was
collected. This study’s 3 gender identity assessment questions
were based on the GenIUSS published report from the Williams
Institute, University of California, Los Angeles [24]. First,
participants were asked, “What was your sex assigned at birth?
(gender specified at birth or the one listed on your original birth
certificate)” with options being male and female. Second,
participants were asked, “What is your gender identity? (your
personal thoughts and understanding of your own gender)” with
options being cisgender, transgender, nonbinary/gender
nonconforming/agender/others, unsure, and cannot understand
the question. Third, participants were asked, “If you can only
choose from 1 option below, which gender option best describes
you?” with options being male, female, transgender male
(female-to-male or longing to become male), transgender female
(male-to-female or longing to become female),
genderqueer/nonbinary/gender nonconforming, cross-dresser,
unsure, and not listed (please write down your answer in the
blank). The third question served the function of discerning
self-identified transgender male and female participants in our
sample, including male-to-female, female-to-male, and
participants who desired to live their lives as the opposite sex.
Written answers from participants who chose “not listed (please
write down your answer in the blank)” were manually inspected
and reviewed by 2 research assistants who then recoded those
participants’ gender identities after reaching a consensus in
thorough discussions. Due to the sociocultural unfamiliarity
with the gender identity glossary, a validity check was
performed for the first and third questions. Transgender and
gender nonconforming participants, including transgender males,
transgender females, and participants who were
genderqueer/nonbinary/gender nonconforming, who answered
consistently across all 3 questions were included in the analyses.

Sexual Orientation
This study’s 3 sexual orientation assessment questions were
also based on the SMART published report from the Williams
Institute, University of California, Los Angeles [25]. First,
participants were asked, “Which one of the following best
describes your sexual orientation?” with choices being asexual
(not sexually attracted to others or have low interest in sexual
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activity), homosexual, heterosexual, bisexual (can be
romantically and sexually attracted to both males and females),
pansexual (can be romantically and sexually attracted to anyone,
regardless of their sex or gender identity), and not listed.
Participants were then asked to answer the second and third
questions, “What kind of person are you sexually attracted to?”
and “What kind of person are you romantically attracted to?”
with the same set of choices ranging from male, female, both
male and female, any gender (including transgender,
genderqueer, and nonbinary), unsure, and not listed (please
write down your answer in the blank). For participants who
chose “not listed” for the first question, 2 aforementioned
research assistants manually inspected their written answers,
confirmed their answers’ consistency by comparing their
answers to the second and third questions, and eventually
recoded their sexual orientations after reaching consensus in
thorough discussions. Participants who sexually identified as
homosexual, bisexual, and pansexual were included in the final
analyses. Upon coding completion, all participants in this study
were successfully labeled as SGM and cis-heterosexual.

CC and EC Usage
We employed 2 screening questions to assess participants’ CC
and EC usage. Participants were asked to answer the first
question, “Do you currently have smoking habits?” with options
including yes and no. Those who chose yes continued to answer
the remaining questions related to CC and EC usage, while
others directly skipped to the next section of the questionnaire.
Those who chose yes were then asked the second question, “Do
you usually smoke e-cigarettes or conventional cigarettes?”
with options including e-cigarettes, conventional cigarettes, and
both. First, those who chose conventional cigarettes were then
assessed by answering the 6-item validated Chinese version of
the Fagerström Test of Nicotine Dependence (FTND) [26,27].
Their scores, ranging from 0 to 10, were calculated by summing
up their responses, with higher scores indicating higher levels
of nicotine dependence. Scores from 0 to 2 demonstrate very
low dependence; scores from 3 to 4 demonstrate low
dependence; scores at 5 demonstrate medium dependence; scores
from 6 to 7 demonstrate high dependence; and scores from 8
to 10 demonstrate very high dependence. The validated Chinese
version has been used in previous research for similar purposes,
demonstrating good internal consistency and validity [28,29].
Second, for those who chose ECs, we revised the validated
Chinese version of the FTND to measure their EC dependence.
Although the revised scale also contains 6 items, we expanded
the measurement ranges of both the first and fourth items by
adding 2 additional options for each item, increasing the score
range from 0-10 to 0-14. Nevertheless, participants still scored
on a response scale, with a higher score indicating a higher level
of EC dependence. Third, those who chose “Both” were asked
to answer both sets of questions. For those who did not answer
the corresponding part of the questionnaire, scores were set to
0. In this study, the reliability values of FTND (ω=0.83) and
e-FTND (ω=0.80) were acceptable.

Suicidality
The Suicidal Behaviors Questionnaire-Revised (SBQ-R) was
designed to measure individuals’ suicide-related behaviors from

4 different dimensions, that is, individuals’ history of suicide
attempt(s), individuals’ frequency of suicidal ideation,
individuals’ suicide threats, and individuals’ future suicide
attempts likelihood [30]. The validated Chinese version of the
SBQ-R contains 4 items, with the total score ranging from 3 to
18 and higher scores indicating higher levels of suicidality [31].
A total score of 7 or higher was considered a high suicide risk,
while a total score below 7 was considered a moderate or low
suicide risk. In this study, the ω of SBQ-R was 0.81.

NSSI Analysis
Two items adapted based on the Clinician-Rated Severity of
Nonsuicidal Self-Injury were used in this study [32]. The first
item asked participants whether they have ever engaged in NSSI,
with options including “Yes. I engaged in NSSI more than one
year ago,” “Yes, I engaged in NSSI within the past year,” and
“no.” The second item asked how many days during the past
year did participants engage in NSSI, with options including
none, 1 to 4 days, 5 to 7 days, 8 to 11 days, and 12 days or more.
We combined these 2 items as 1 item for participants to answer,
with options ranging from “None,” “I engaged in NSSI more
than one year ago,” “I have had NSSI 1 to 4 days in the past
year,” “I have had NSSI 5 to 7 days in the past year,” “I have
had NSSI 8 to 11 days in the past year,” to “I have had NSSI
12 days or more in the past year,” with participants’ scores
ranging from 0 (none) to 6 (12 days or more in the past year).
Since NSSI for 5 or more days in the past year was the clinically
recommended cutoff, as suggested by the American Psychiatric
Association [32], participants in this study were classified into
3 groups (ie, group with no NSSI history, group with less than
5 days of NSSI within the past year, and group with more than
5 days of NSSI within the past year) for further analyses.

Data Analysis
First, we performed a descriptive analysis of the
sociodemographic variables of the SGM and the cis-heterosexual
groups. The Mann-Whitney U test and chi-square test were
performed for nonnormally distributed continuous variables
(eg, scores of CC dependence, EC dependence, NSSI,
suicidality) and categorical variables (eg, classifications of
cigarette usage, NSSI, and suicidality), respectively. Our primary
analyses using the multivariable linear regression model
involved examinations of both the influence of CC usage and
EC usage on NSSI and suicidality and the interaction effects of
CC usage and EC usage on NSSI and suicidality by group (ie,
SGM and cis-heterosexual). Both models were controlled for
other sociodemographic variables. Results were reported at 95%
CIs and were only considered significant when P values were
less than .05. For variables with a small number of missing
values (eg, age, education background), we used mean
substitution to input the missing data. We used ω as the measure
of the tools’ reliability index [33]. All statistical analyses were
performed using SPSS (version 28, IBM Corp).

Ethics Approval
This cross-sectional survey received approval from the ethics
committee at Jilin University (approval 2021-9-29). Informed
consent for primary data collection and secondary data analyses
from participants was automatically collected from students
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who selected the commensurate button and continued to answer
the questionnaire. The privacy and confidentiality of the
participants in this study were protected during data collection
and analysis through anonymization and deidentification. None
of the personally identifiable information was collected, and all
data were stored in a personal computer in the laboratory with
password protection. As mentioned earlier, compensation for
participants in the study was provided with a link on the
postsurvey completion page to the cash reward lottery, with the
amount being meticulously calculated to be rewarding while
not generating potential bias.

Results

Table 1 summarizes the sociodemographic characteristics of
the participants by group type (ie, SGM or cis-heterosexual).
Cigarette usage prevalence was different between SGM
participants and cis-heterosexual participants

(χ2
3[N=89,342]=149.8; P<.001). Specifically, the proportion

of SGM participants (454/8853, 5.1%) who only used CC was
lower than that of their cis-heterosexual counterparts
(7161/80,489, 8.9%; P<.05); the proportion of SGM participants
(53/8853, 0.6%) who only used EC was higher than that of their
cis-heterosexual counterpart (348/80,489, 0.4%; P<.05).
Moreover, the proportion of SGM participants who used CCs
was lower than that of their cis-heterosexual counterpart

(873/8853, 9.9% vs 10,685/80,489, 13.3%; χ2
1[N=89,342]=82.5;

P<.001, respectively). In contrast, the proportion of SGM
participants who used ECs was higher than that of their
cis-heterosexual counterpart (472/8853, 5.3% vs 3872/80,489,

4.8%, χ2
1[N=89,342]=4.7; P=.03, respectively).

Table 2 summarizes the intergroup differences between SGM
and cis-heterosexual individuals in this study. The CC
dependence score of the SGM group was lower than that of
their cis-heterosexual counterpart (z=–9.25, P<.001).
Furthermore, the SGM participants had lower dependence levels
on CCs than the cis-heterosexual participants

(χ2
4[N=89,432]=37.6; P<.001). However, compared to the

cis-heterosexual group, the SGM group scored higher in EC
dependence, suicidality, and NSSI (z=3.20, P=.001; z=69.91,
P<.001; z=54.32, P<.001, respectively). At the same time, the
SGM group had higher suicide risk and individuals with more
NSSI compared to the cis-heterosexual group

(χ2
1[N=89,432]=4507.5; P<.001; χ2

2[N=89,432]=3070.9;
P<.001, respectively). In addition, we analyzed the intergroup
difference between the SGM and the cis-heterosexual groups
in the revised 6-item scale measuring EC usage. As shown in
Table S1 of Multimedia Appendix 1, results from the chi-square
test analysis highlighted that compared with the cis-heterosexual
group, the SGM group showed a greater degree of EC
dependence on each item of the revised scale.
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Table 1. Sociodemographic and cigarette usage data of the sample population in this study.

Cis-heterosexual participants (n=80,489)Sexual and gender minority participants (n=8853)Variables

19.60 (1.75)19.57 (1.74)Agea (years), mean (SD)

Sex assigned at birth, n (%)

35,582 (44.2)2322 (26.2)Male

44,907 (55.8)6531 (73.8)Female

Ethnicity, n (%)

72,179 (89.7)7850 (88.7)Han ethnic group

8310 (10.3)1003 (11.3)Others

Education backgroundb, n (%)

75,780 (94.2)8361 (94.4)Undergraduate

4516 (5.6)477 (5.4)Masters

193 (0.2)15 (0.2)Doctoral

Residence areas prior to university/college enrollment, n (%)

40,060 (49.8)5304 (59.9)City

40,029 (50.2)3549 (40.1)Rural/suburban

Only-child status, n (%)

37,829 (47)4506 (50.9)Yes

42,660 (53)4347 (49.1)No

Annual family income (¥)c, n (%)

24,020 (29.8)2287 (25.8)<¥6000

26,135 (32.5)2831 (32)¥6000-¥14,000

13,399 (16.6)1606 (18.1)¥14,000-¥23,000

7894 (9.8)948 (10.7)¥23,000-¥36,000

5383 (6.7)715 (8.1)¥36,000-¥70,000

3658 (4.5)466 (5.3)>¥70,000

Cigarette usage, n (%)

69,456 (86.3)7927 (89.5)No

7161 (8.9)454 (5.1)Conventional cigarette

348 (0.4)53 (0.6)Electronic cigarette

3524 (4.4)419 (4.7)Dual usage

a48 individuals did not answer their age.
b13 individuals did not answer their education background.
c¥1=US $0.14.
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Table 2. Intergroup differences between sexual and gender minority and cis-heterosexual participants.a

P valueχ2 (df)z scoreCis-heterosexual participants
(n=80,489)

Sexual and gender minority
participants (n=8853)

Variables

Conventional cigarettes

<.001N/Ab–9.250.24 (0.95)0.17 (0.82)Dependance, mean (SD)

<.00137.6 (4)Classification, n (%)

77,045 (95.7)8590 (97)Very low (0-2)

2189 (2.7)155 (1.8)Low (3-4)

607 (0.8)53 (0.6)Medium (5)

562 (0.7)44 (0.5)High (6-7)

86 (0.1)11 (0.1)Very high (8-10)

e-Cigarettes

.001N/A3.200.14 (0.95)0.20 (1.21)Dependance, mean (SD)

Suicidality

<.001N/A69.914.11 (2.12)6.19 (3.44)Mean (SD)

<.0014507.5 (1)Classification, n (%)

71,073 (88.3)5487 (62)Low risk (3-6)

9416 (11.7)3366 (38)High risk (7-18)

Nonsuicidal self-injury

.001N/A54.320.13 (0.58)0.53 (1.20)Mean (SD)

<.0013070.9 (2)Classification, n (%)

75,460 (93.8)6869 (77.6)Never

3885 (4.8)1322 (14.9)Less than 4 days in the past
year

1144 (1.4)662 (7.5)5 or more days in the past
year

aThe Mann-Whitney U test was performed for nonnormally distributed continuous variables (eg, scores) and chi-square test was performed for categorical
variables (eg, classifications).
bN/A: not applicable.

Table 3 summarizes the effects of cigarette usage and cigarette
dependence on NSSI. When only cigarette usage was included
in the model (model 1), CC usage, EC usage, and dual usage
were associated with increased risks of NSSI when compared
to no usage (B=0.12, P<.001; B=0.24, P<.001; B=0.29, P<.001,
respectively). However, when cigarette usage and cigarette
dependence were both included in the model (model 3), EC

usage was not associated with increased risks of NSSI when
compared to no usage (B=0.05, P=.13). Regardless of whether
cigarette dependence was included alone (model 2) or in
conjunction with cigarette usage (model 3), EC dependence and
CC dependence were associated with increased risks of NSSI
(CCs: B=0.04, P<.001; B=0.02, P<.001; ECs: B=0.06, P<.001;
B=0.05, P<.001, respectively).
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Table 3. Effects of cigarette usage and dependence on nonsuicidal self-injury.a

Model 3Model 2Model 1Variables

P valueB (95% CI)P valueB (95% CI)P valueB (95% CI)

Cigarette usage

Reference1 (Reference)N/AN/AbReference1 (Reference)No cigarette usage

<.0010.08 (0.06 to 0.10)N/AN/A<.0010.12 (0.10 to 0.13)Conventional cigarette

.130.05 (–0.02 to 0.12)N/AN/A<.0010.24 (0.17 to 0.30)Electronic cigarette

<.0010.10 (0.07 to 0.12)N/AN/A<.0010.29 (0.26 to 0.31)Dual usage

<.0010.02 (0.02 to 0.03)<.0010.04 (0.03 to 0.04)N/AN/AConventional cigarette

dependence

<.0010.05 (0.04 to 0.06)<.0010.06 (0.05 to 0.06)N/AN/AElectronic cigarette

dependence

aModel adjusted for age, sex assigned at birth, ethnicity, educational background, residence areas prior to university/college enrollment, only-child
status, and annual family income.
bN/A: not applicable.

Table 4 summarizes the effects of cigarette usage and cigarette
dependence on suicidality. When only cigarette usage was
included in the model (model 1), CC usage, EC usage, and dual
usage were associated with increased risks of suicidality when
compared to no usage (B=0.22, P<.001; B=0.75, P<.001;
B=0.82, P<.001, respectively). However, when both cigarette
usage and cigarette dependence were included in the model

(model 3), CC usage was not associated with increased risks of
suicidality when compared to no usage (B=0.07, P=.07).
Regardless of whether cigarette dependence was included alone
(model 2) or in conjunction with cigarette usage (model 3), CC
dependence and EC dependence were associated with increased
risks of suicidality (CCs: B=0.11, P<.001; B=0.09, P<.001;
ECs: B=0.17, P<.001; B=0.14, P<.001, respectively).

Table 4. Effects of cigarette usage and dependence on suicidality.a

Model 3Model 2Model 1Variables

P valueB (95% CI)P valueB (95% CI)P valueB (95% CI)

Cigarette usage

Reference1 (Reference)N/AN/AbReference1 (Reference)No cigarette usage

.070.07 (–0.01 to 0.13)N/AN/A<.0010.22 (0.17 to 0.28)Conventional cigarette

.0450.25 (0.01 to 0.49)N/AN/A<.0010.75 (0.52 to 0.98)Electronic cigarette

<.0010.24 (0.14 to 0.34)N/AN/A<.0010.82 (0.74 to 0.89)Dual usage

<.0010.09 (0.07 to 0.11)<.0010.11 (0.09 to 0.13)N/AN/AConventional cigarette

dependence

<.0010.14 (0.12 to 0.16)<.0010.17 (0.15 to 0.18)N/AN/AElectronic cigarette

dependence

aModel adjusted for age, sex assigned at birth, ethnicity, educational background, residence areas prior to university/college enrollment, only-child
status, and annual family income.
bN/A: not applicable.

Besides, the multivariable linear regression models showed that
cigarette usage has a unique effect on NSSI and suicidality
(Table 5). Specifically, the results demonstrated that CC usage,
EC usage, and dual usage increased risks for both NSSI and
suicidality when compared to no usage (CC: B=0.09, P<.001;
B=0.22, P<.001; EC: B=0.20, P<.001; B=0.64, P<.001; dual
usage: B=0.22, P<.001; B=0.68, P<.001, respectively). The
results also showed that SGM participants had increased risks
of NSSI and suicidality when compared to cisgender

heterosexual participants (B=0.35, P<.001; B=1.94, P<.001,
respectively). Table 5 underscores the significant interactions
of (1) CC usage and group type on NSSI and suicidality
(B=0.34, P<.001; B=0.24, P=.03, respectively) and (2) dual
usage and group type on NSSI and suicidality (B=0.54, P<.001;
B=0.84, P<.001, respectively). No significant interaction effect
was observed between EC and group type on NSSI and
suicidality (B=0.15, P=.12; B=0.33, P=.32, respectively).
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Table 5. Interaction effects of cigarette usage with group models.a

SuicidalityNonsuicidal self-injuryVariables

P valueB (95% CI)P valueB (95% CI)

Main effects

Cigarette usage

Reference1 (Reference)Reference1 (Reference)No

<.0010.22 (0.16 to 0.28)<.0010.09 (0.08 to 0.11)Conventional cigarette

<.0010.64 (0.40 to 0.88)<.0010.20 (0.13 to 0.27)Electronic cigarette

<.0010.68 (0.60 to 0.75)<.0010.22 (0.19 to 0.24)Dual usage

<.0011.94 (1.89 to 1.99)<.0010.35 (0.34 to 0.37)Groupb

Interaction effects

Cigarette usage × group

.030.24 (0.02 to 0.47)<.0010.34 (0.28 to 0.41)Conventional cigarette × group

.320.33 (–0.33 to 0.99).120.15 (–0.04 to 0.35)Electronic cigarette × group

<.0010.84 (0.60 to 1.07)<.0010.54 (0.47 to 0.61)Dual usage × group

aModel adjusted for age, sex assigned at birth, ethnicity, educational background, residence areas prior to university/college enrollment, only-child
status, and annual family income.
bGroup (0=cis-heterosexual participants; 1=sexual and gender minority participants).

In addition, the multivariable linear regression models showed
that CC dependence and EC dependence have a unique effect
on NSSI and suicidality (Table 6). Specifically, the results
demonstrated that participants’ CC and EC dependence
simultaneously increased risks for both NSSI and suicidality
(CCs: B=0.03, P<.001; B=0.12, P<.001; ECs: B=0.04, P<.001;
B=0.13, P<.001, respectively). The results also showed that
SGM participants had higher levels of NSSI and suicidality

when compared to the cisgender heterosexual participants
(B=0.38, P<.001; B=1.97, P<.001, respectively). Table 6
underscores the significant interactions of (1) CC dependence
and group type (ie, SGM or cis-heterosexual) on NSSI (B=0.07,
P<.001) and (2) EC dependence and group type on NSSI and
suicidality (B=0.04, P<.001; B=0.09, P<.001, respectively). No
significant interaction effect between CC dependence and group
type on suicidality was found (B=–0.01, P=.72).

Table 6. Interaction effects of cigarette dependence with group models.a

SuicidalityNonsuicidal self-injuryVariables

P valueB (95% CI)P valueB (95% CI)

Main effects

<.0010.12 (0.10 to 0.13)<.0010.03 (0.03 to 0.04)Conventional cigarette dependence

<.0010.13 (0.12 to 0.15)<.0010.04 (0.04 to 0.05)Electronic cigarette dependence

<.0011.97 (1.92 to 2.02)<.0010.38 (0.36 to 0.39)Groupb

Interaction effects

.72–0.01 (–0.08 to 0.06)<.0010.07 (0.05 to 0.09)Conventional cigarette dependence × group

<.0010.09 (0.04 to 0.14)<.0010.04 (0.03 to 0.06)Electronic cigarette dependence × Group

aModel adjusted for age, sex assigned at birth, ethnicity, educational background, residence areas prior to university/college enrollment, only-child
status, and annual family income.
bGroup (0=cis-heterosexual participants; 1=sexual and gender minority participants).

Discussion

Principal Findings
To our knowledge, this is the first study examining the usage
of different cigarette types (ie, CCs and ECs) and their
relationship with NSSI and suicidality while investigating
intergroup differences between Chinese cis-heterosexual and

SGM youth by using data from a large-scale cross-sectional
survey. We found that CC usage and dependence were more
prevalent among cis-heterosexual individuals, whereas EC usage
and dependence were more prevalent among SGM individuals.
We found that only CC usage or EC usage increased individuals’
risks for both NSSI and suicidality; in particular, dual usage
increased these risks. We also found that CC dependence and
EC dependence could simultaneously impact individuals’ risks
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for NSSI and suicidality independently, and the impacts of each
could overlay with the usage of CCs and ECs.

Our findings shed light on the existing intergroup differences
in susceptibility to NSSI and suicidality risks. Although CC
usage, EC usage, and dual usage increased an individual’s risk
of NSSI and suicidality compared with no usage, we found that
only CC usage and dual usage increased the risks of NSSI and
suicidality in the SGM population compared to those in the
cis-heterosexual population. These results are supported by
previous research [34-42]. SGM youth are susceptible to the
disproportionately high risk of CC usage due to societal, peer,
and community influence, which are the major risk factors for
NSSI and suicidality. Such societal, peer, and community
influences could also be applied to EC usage with its increasing
advertisements on social media, and EC usage could be a
significant risk factor for mental health risks. Furthermore,
recent studies [34-43] underline the fact that there is a significant
overlap between CC and EC users in the SGM population,
supporting our finding that individuals with dual usage have
the highest risks of NSSI and suicidality compared to individuals
with no usage of CC and EC.

We found that both CC dependence and EC dependence
increased an individual’s risk of NSSI and suicidality.
Specifically, we found that both CC and EC dependence
increased the risks of NSSI in the SGM population compared
to that in the cis-heterosexual population. However, only EC
dependence increased the risk of suicidality in the SGM
population compared to that in the cis-heterosexual population.
Although only a relatively limited amount of research has
focused on investigating EC dependence, findings showed that
youth with EC usage could experience dependence symptoms
(ie, higher usage frequency compared to CC) unique to ECs,
creating more barriers to EC cessation [43]. Considering that
SGM youth could be more influenced by EC due to societal,
peer, and community influence and EC has been deemed as the
major risk factor for SGM population’s mental health, we
believe our findings on EC dependence and its impact on SGM
youth could be valuable for further research. Thus, our findings
add to the emerging breadth of evidence emphasizing the
imminent risks posed by CC and EC usage and dependence
among youth.

The existing intergroup difference between SGM and
cis-heterosexual college students in NSSI and suicidality risks
resulting from CC and EC usage and dependence can be
explained by SGM individuals’ less stable mental health and
their vulnerability toward CC usage and EC dependence. First,
findings from US and international studies have consistently
underlined the continuing worsening situation of SGM youth’s
mental health [34-37]. Such a disparity arises from a wide range
of structural vulnerabilities such as unavoidable systemic
discrimination and prejudice in education, employment, and
health care opportunities [38,39]. Further, these structural
vulnerabilities stem from the imbalanced hierarchical social
power structure that is responsible for generating and widening
the mental health gap between SGM and cis-heterosexual
individuals while limiting SGM individuals’ accessibility to
determinants of health, leaving the SGM population defenseless
against risky behaviors such as substance use [39-45].

As previously mentioned, a number of explanations have been
proposed in past research, including being impacted by the
marketing target of the tobacco industry on the media scale,
community norms on a group scale, and minority stressors on
a personal scale. First, it is well-established that SGM youth
are at disproportionately high risk of CC usage [41,42]. Past
research also suggests that the SGM population has been the
major marketing target of the tobacco industry, resulting in
increased difficulties for SGM youth to resist CC usage when
such behavior is normalized by the public media [44]. With the
increase in EC usage, recent research underlines that the same
aggressive marketing strategy has also been employed by the
EC industry and public media. To be more precise, studies
indicate that SGM youth were more likely to report being
exposed to, searching for, sharing, or being shared with
EC–related content on the news or social media platforms
compared to their non-SGM peers [46-50]. Second, from a
community standpoint, past research has pointed out that the
community context could be an influential factor in SGM
youth’s smoking behavior [47-50]. Under the influence of
increasing exposure to EC-related content among the SGM
population, it becomes reasonable to assume that, in social
situations with SGM peers (ie, one of the potential triggers for
EC usage and combined CC and EC usage), SGM youth would
become more susceptible to the rising trend of EC usage among
their peers [48]. Third, on a personal scale, as mentioned earlier,
the minority stress model underscores that unique stressors
experienced by the SGM population, including but not limited
to discrimination and internalized homo/bi/transphobia, could
result in higher stress levels among this stigmatized group
[40-45]. Such stress could then contribute to the thought pattern
of EC usage being a way for individuals to express or assert
their gender identity or to rebel against traditional gender norms
[40-45]. Due to all the aforementioned reasons, concerted efforts
need to be made on a societal level in terms of educating SGM
youth about the misconceptions, safety concerns, and, most
importantly, adverse mental health outcomes such as increased
risks for NSSI and suicidality that could be potentially induced
by EC usage.

From a broader perspective, the rise of EC usage among Chinese
youth has become a public health concern in recent years. Unlike
the easy accessibility of the adverse effects of CC usage from
various reliable sources, youth often receive inaccurate
information about EC usage, resulting in a higher likelihood of
maintaining their positive perception of ECs. Under the massive
impact created by extensive marketing campaigns, ECs have
been promoted as less harmful than CCs and, therefore, have
rapidly gained popularity among the younger generation [45].
Compared to the downhill journey of CC usage among Chinese
youth (ie, a significant reduction from 12.9% in 2014 to 3.9%
in 2019), the rise in EC usage (ie, from 1.2% in 2014 to 2.7%
in 2019) reveals that smoking among youth is still a major public
health concern in China, many of whom are not fully aware of
the physical and mental health risks induced by EC usage [46].
Although camouflaged by the utility for smoking cessation,
nonsecondhand smoke exposure, and easy accessibility, ECs’
negative impact on youth’s physical and psychological
well-being cannot be ignored. Considering EC’s relationship
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with NSSI and suicidality, efforts to prevent youth from EC
addiction must be made on a societal level [50].

It is worth noting that Chinese government officials and policy
makers have promulgated the Law on Youth Protection and
published the Notice of the “Guarding Youth” Special Action
Plan for Youth Protection from Tobacco Abuse in 2021 while
further strengthening the supervision of EC products, regulating
the market order, and standardizing industrial governance by
putting into effect the Measures for the Administration of
Electronic Cigarettes as of May 1, 2022 [50]. The
implementation of these measures has prohibited youth younger
than 18 years from purchasing EC products, which could
correspondingly reduce their NSSI and suicidality risks.
Nevertheless, to prevent the situation from further worsening,
future efforts are still required from a societal level to regulate
the aggressive marketing of the EC industry and to expand the
media and school coverage of educational campaigns in formats
such as nonprofit advertisements, school lectures, and short
videos on social media platforms on EC usage prevention and
its adverse mental health effects on youth.

Limitations
The findings from this study must be considered in light of a
few limitations. First, findings from this study are limited to
Chinese SGM college students and, thus, may not be
generalizable to SGM youth of other cultural backgrounds or
who reside in other countries. Nevertheless, our findings provide
crucial insights into the disparity between SGM and
cis-heterosexual youth with regard to EC usage, propelling
future studies to further investigate the extent and nature of such
disparity. Second, although the effect size found in this study
was relatively small, our large sample size indicates that such
an effect was still stable on a large population scale. Specifically,
the impact of cigarette usage and dependence on suicidality and
NSSI in SGM youth is more pronounced than that on their
cis-heterosexual peers, highlighting the need from a public
health standpoint to pay more attention to the impact of EC and

CC on suicidality and NSSI among the SGM population. Third,
due to the cross-sectional nature of this study, only associations
were examined. Longitudinal data are required to investigate
these associations over time. Fourth, the sex assigned at birth
of the SGM participants in this study was mostly female
(6531/8853, 73.8%), which could potentially incur sampling
bias and limit the study findings’ generalizability.

Conclusions and Implications
Overall, our findings have crucial implications for understanding
the disparity of NSSI and suicidality risks between SGM and
cis-heterosexual youth. First, this study contributes to the
growing body of literature highlighting the mental health risks
induced by CC usage and EC usage, emphasizing that SGM
youth are more susceptible to EC usage. Second, since the
sample in this study consisted of Chinese college students, these
results could suggest that relevant school policies (eg, CC-free
and EC-free campus policies that prohibit EC usage in school
public areas and dormitories) and other school-level activities
(eg, informative workshops directed by student health centers
on EC usage, SGM susceptibility to EC usage, and its physical
and mental health risks) could be enacted and hosted to address
the health disparity among SGM students. Feedback surveys
could be distributed for those policies and school-level
interventions to ensure that these interventions attenuate SGM
students’ needs rather than perpetuate and exacerbate SGM
stereotypical views. Third, findings from this study could inform
governmental officials and policy makers on the vulnerability
of SGM youth to EC usage. For instance, policy makers could
further develop comprehensive EC control policies that are
similar to the Notice of the “Guarding Youth” Special Action
Plan for Youth Protection from the Tobacco Abuse in 2021 but
with an emphasis on reducing EC usage and content exposure
among SGM youth. Overall, our study provides clear guidance
for influential parties to develop effective strategies to resolve
the rising imminent public health concern of EC usage among
SGM youth.
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Abstract

Background: China is facing a rapidly expanding aging population. Insights into the health status of older adults are of great
significance for health resource allocation and health care provision to this population.

Objective: With the goal of providing a comprehensive understanding of the health status of older adults and to inform potential
interventions, we investigated the level of disability and identified risk factors associated with disability among the older population
(aged ≥60 years) living in China.

Methods: A total of 8467 older adults living in the Chinese city of Shenzhen were enrolled in this cross-sectional study. We
used a multidimensional ability assessment survey, which assessed their activities of daily living (ADL; including eating, bathing,
grooming, dressing, defecation control, urination control, using a toilet unaided, transfer, flat-ground walking, stair activity),
mental status (including cognitive function, aggressive behavior, depression symptoms), sensory and communication (including
consciousness level, vision, hearing, communication), and social participation (including living, working, time/space orientation,
distinguish persons, social communication) abilities. The impact of demographic risk factors on ability levels was analyzed using
ordinal logistic regression. The correlations between the four dimensions of ability mentioned above were analyzed using Spearman
correlation analysis.

Results: A total of 7766 participants were effectively assessed. The participants’ average age was 70.64 (SD 8.46) years
comprising 56.53% females. The overall ability level was classified as mildly, moderately, and severely impaired for 27.57%
(n=2141), 2.83% (n=220), and 4.28% (n=332) of the 7766 participants, respectively. With increasing age, the proportion of
impaired participants increased from 17.62% (365/2071) in the age group 60-64 years to 91.3% (253/277) in the age group above
90 years (P<.001), corresponding to an approximate 10% rise for every 5-year age increment. The odds of having more severe
overall ability impairment in females was 1.15 times that in males (odds ratio [OR] 1.15, 95% CI 1.04-1.28). Participants who
were divorced or widowed had a higher risk of more severe overall ability impairment than those currently married (OR 1.98,
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95% CI 1.68-2.33). Participants living with nonrelatives had an increased risk of more severe overall ability impairment than
those living alone (OR 2.38, 95% CI 1.46-3.91). Higher education level was a protective factor of overall ability impairment
(college degree or above: OR 0.32, 95% CI 0.24-0.42). The four dimensions of ability assessed were significantly correlated; a
low score for ADL was significantly correlated with poorer mental status, sensory and communication, and social participation
(all P<.001).

Conclusions: The proportion of disability among Chinese older adults increases with age, being female, having lower education
levels, being divorced or widowed, and living with nonrelatives. Impairment in ADL ability is significantly correlated with poor
mental status, social participation, and sensory and communication abilities. A holistic approach to improving the health of the
older population is recommended in China.

(JMIR Public Health Surveill 2023;9:e43612)   doi:10.2196/43612

KEYWORDS

older adults; ability assessment; activities of daily living; mental status; sensory and communication; social participation

Introduction

Population aging is accelerating worldwide due to declining
birth rates, economic development, and improved medical and
health services that extend human life longevity [1]. It is
estimated that the world’s population aged 60 years and over
will rise by 56% from 901 million to 1.4 billion during
2015-2030 [2]. In China, an estimated 176 million individuals
were aged 65 years or above in 2019, accounting for 12.6% of
the Chinese population. This indicates that China has entered
a fast track of population aging [3]. By 2050, the older
population aged 65 years or above in China is expected to reach
330 million, accounting for more than 20% of the world’s older
population [4]. Notably, China is currently in a stage of rapid
development and the necessary resources required to address
the aging population, including financial, material, and human
resources, have not been fully prepared [5]. The rapidly aging
population has brought substantial challenges to China’s health
care system, in particular with respect to the allocation of limited
health resources and pension services required to secure a
healthy life in older age [6].

Aging is accompanied by multiple chronic diseases such as
hypertension, diabetes, cardiovascular diseases, and dementia.
These conditions are often due to chronic, low-grade
inflammation; macromolecular and organelle dysfunction; stem
cell and progenitor changes; and cellular senescence [7,8].
According to the Fourth National Health Data Survey in China,
the prevalence of chronic diseases was 64.5% in people aged
above 65 years [9]. Moreover, mental health has also become
a prevalent issue among the older Chinese population. Li et al
[10] reported a depression prevalence of 11.6% among
community-dwelling older adults and of 18.1% among older
hospital inpatients in China. Physical and mental disabilities
are known to have a profound impact on the quality of life
experienced by older adults. This may be attributed to the
challenges faced by this population in creating wealth due to
their disabilities, which often place them in a lower
socioeconomic profile rendering them highly susceptible to
social isolation [11]. China has the largest population of disabled
older adults in the world [12]: approximately 41 million older
people were considered disabled and semidisabled in 2015,
accounting for approximately 18.3% of people aged above 60
years in the country [13]. This number is expected to increase

to 62 million in 2030 and to 98 million in 2050 [14]. In this
context, to improve the quality of life of older people, it is
important to adopt personalized multicomponent prevention
and intervention measures to improve or maintain their overall
abilities [15]. Hence, multidimensional ability assessments for
older adults would provide the necessary evidence to inform
prevention and intervention strategies.

To date, numerous studies have been conducted to assess the
multidimensional abilities of older adults in developed countries
with comprehensive assessment tools used in community
settings, such as the Resident Assessment Instrument for Home
Care and the EASYcare instrument, which have been widely
used to evaluate physical functioning, including activities of
daily living (ADL), mental functioning, and social functioning
[16,17]. In comparison, there have been limited studies related
to multidimensional ability assessment in the older population
in China. Previous studies on ability assessment in older adults
mainly focused on the ability to fulfill ADL [18,19]. Yet, as
mentioned, a more comprehensive approach that assesses
various aspects, including physical, mental, and social function,
among the older population would provide more holistic insights
into this population’s overall health status [20-24]. In addition,
previous studies in China have reported that the overall ability
of the older population was largely related to their sex,
education, and living condition; however, the findings were not
consistent across different settings [25,26].

In this study, we investigated a large group of older adults in
the Chinese city of Shenzhen. We aimed to comprehensively
assess the older population’s overall ability across multiple
dimensions, including ADL, mental status, sensory and
communication, and social participation. We further explored
the potential demographic factors associated with the impairment
of overall ability and the correlation between the four
dimensions of ability. The study findings will provide evidence
to inform interventions, health policy, and health resources
allocation for the older population in a Chinese setting.

Methods

Setting
The study was conducted across two districts (57 community
centers) in the city of Shenzhen, China. The rollout of the survey
and data collection was coordinated by a community-based
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nursing home privately founded in 2016. The nursing home
provides aged care, nursing services, rehabilitation training, and
mass health education for older adults living in the community.
The nursing home has employed a smart information cloud
platform that can generate an electronic version of the
questionnaire used to assess the overall ability of the older
population. The information system enabled a sanity check on
the input information and reported errors if the input information
is inappropriate, providing a certain accuracy guarantee for the
data. Data were securely backed up and stored on the cloud
platform.

Study Design
A cross-sectional study design was used and the study was
conducted according to STROBE (Strengthening the Reporting
of Observational Studies in Epidemiology) guidelines (see
Multimedia Appendix 1). From April 2017 to December 2019,
a total of 8467 older adults aged ≥60 years and owning a local
household registration were recruited through the nursing home
mentioned above. The nursing home’s catchment area covers
a total of 57 local communities and 8467 older adults. Of the
8467 recruited older adults, 7965 completed assessments that
were ultimately collected, excluding those who were absent at
the time of the assessment or chose not to participate. During
the assessment, the participants were routinely asked to provide
demographic information and complete a standardized ability
assessment survey. The survey was conducted using the “Ability
Assessment for Older Adults” questionnaire, which is the
standardized questionnaire published by the Ministry of Civil
Affairs of the People’s Republic of China. This questionnaire
was jointly drafted by members of the China Social Welfare
Association, School of Nursing of Peking University, China
Medical Women’s Association, and other units regarding the
existing tools for the ability assessment of older adults in China
and abroad [27]. A team of 30-50 staff members from the
nursing home was trained to conduct face-to-face interviews to
administer the survey. After they explained the purpose and
significance of the survey, the participants provided informed
consent. For the participants who were unable to complete the
survey independently due to physical or cognitive disabilities,
family members or primary caregivers answered the survey on
their behalf. The collected data were then entered into the smart
information cloud platform to inform the future provision of
services. In this study, we retrospectively examined the
information provided by the participants at enrollment.

Inclusion and Exclusion Criteria
The inclusion criteria for participants were as follows: (1) aged
60 years or older, (2) have a local household registration and
have lived there for more than 6 months, (3) willing to
participate in the survey for ability assessment, and (4)
completed the demographic information collection form and
the overall ability assessment questionnaire. Note that criteria
1-3 were utilized for selecting participants during the field
survey, whereas the fourth criterion was employed during the
data analysis phase.

Participants were excluded if there was missing information on
the (1) variable “accidents over the last 30 days” in the
demographic information collection form, (2) ADL assessment

part of the overall ability assessment questionnaire, (3) mental
status assessment part of the overall ability assessment
questionnaire, (4) sensory and communication assessment part
of the overall ability assessment questionnaire, and (5) social
participation assessment part of the overall ability assessment
questionnaire. All five criteria were used for excluding
participants during the data analysis phase.

Ethics Approval
Ethics approval was obtained from the Biomedical Ethics
Committee of the Medical Department of Xi’an Jiaotong
University (Human Ethics Approval Number 2020-10). The
data collection process was carried out using a deidentified
approach to ensure the confidentiality of the study participants.
During the study period, participants were offered certain
services, including meal delivery and room cleaning, by the
nursing home mentioned above, without any form of
compensation. Prior to participation in the study, all participants
provided their oral informed consent, in line with established
ethical guidelines and regulatory requirements governing human
research studies. This crucial step ensured that participants were
fully informed of the study’s objectives, procedures, and
potential risks, and made an informed decision to voluntarily
participate in the study.

Data Collection
We collected demographic and ability assessment data from the
information service platform. To fulfill one of our research
objectives, we selected demographic variables that were
commonly collected from all study participants and had been
previously shown to contribute to the ability level of older adults
[25,26]. Ultimately, we selected five variables (age, sex,
education, marital status, and living situation) as the
demographic variables of interest for this analysis.

The participants’ overall ability assessment consisted of four
main dimensions. First, the ADL assessment included 10 daily
activity items (eating, bathing, grooming, dressing, defecation
control, urination control, using a toilet unaided, transfer,
flat-ground walking, stair activity) and had a total score of 100
points (see Multimedia Appendix 2 for details). The score was
graded according to four levels (100 points, unimpaired; 65-95
points, mildly impaired; 45-60 points, moderately impaired;
≤40 points, severely impaired). Second, the mental status
assessment included three items (cognitive function, aggressive
behavior, depression symptoms) with 6 points in total, which
were divided into four levels (0 points, unimpaired; 1 point,
mildly impaired; 2-3 points, moderately impaired; 4-6 points,
severely impaired). Third, the sensory and communication
assessment included four items (consciousness level, vision,
hearing, and communication). The assessment results were
classified according to certain conditions and were divided into
four levels (unimpaired, mildly impaired, moderately impaired,
and severely impaired). Fourth, the social participation
assessment included five items (living ability, working ability,
time/space orientation, distinguish persons, social
communication ability) with a total score of 20 points divided
into four levels (0-2 points, unimpaired; 3-7 points, mildly
impaired; 8-13 points, moderately impaired; 14-20 points,
severely impaired).
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The classification of the overall ability level was predetermined
by the survey according to the standard of the Chinese Ministry
of Civil Affairs [27]. In brief, if all ADL, mental status, and
sensory and communication dimensions were classified as
“unimpaired” and only social participation was classified as
“unimpaired” or “mildly impaired,” then the overall ability
result was classified as “unimpaired.” The overall ability level
was defined as “mildly impaired” if it satisfied one of the
following: (1) the result of ADL was “unimpaired” but at least
one of mental status or sensory and communication was
classified as “mildly impaired” or above or the social
participation was classified as “moderately impaired”; (2) the
ADL was classified as “mildly impaired” but at least one of the
other three dimensions was classified as “unimpaired” or “mildly
impaired.” The overall ability was classified as “moderately
impaired” if it satisfied one of the following: (1) the result of
ADL was “mildly impaired” but the other three dimensions
were all classified as “moderately impaired” or at least one
dimension was classified as “severely impaired”; (2) the result
of ADL was “moderately impaired” and one or two of the other
three dimensions were classified as “mildly impaired” or
“moderately impaired.” The overall ability was defined as
“severely impaired” if it satisfied one of the following: (1) the
result of ADL was “severely impaired,” (2) the results of four
dimensions were all “moderately impaired,” and (3) the result
of ADL was “moderately impaired” and at least one of the other
three dimensions was classified as “severely impaired.” Notably,
participants with cognitive impairment/dementia or mental
illness would raise the original level by one level. Participants
with two or more falls, choking, suicide, and missing in the past
30 days would raise the original level by one level. Participants
in a coma would be assessed as “severely impaired.”

Statistical Analysis
Data management and statistical analysis were completed using
Microsoft Excel 2016 and R 4.1.1; statistical significance was

set at P<.05. Continuous variables are described by mean and
SD, whereas categorical variables are described by frequency
(n) and percentage (%). Data between different groups were

compared with the χ2 or Fisher test for categorical data and then
the proportion test was used for posthoc multiple comparisons;
P values were adjusted using Bonferroni correction. Ordinal
logistic regression was used to analyze the association between
demographic characteristics and the severity of the overall
ability impairment. In this model, the assessment results of the
overall ability of participants were used as the dependent
variable and the demographic variables that exhibited statistical

significance based on the χ2 or Fisher test were used as
independent variables. The η coefficient, SE, and t value were
estimated to determine the statistical significance of each
independent variable in the model. Associations between the
severity of the overall ability impairment and demographic
characteristics were also assessed by odds ratios and
corresponding 95% CIs. The correlation between the various
assessment items was analyzed using Spearman correlation
analysis.

Results

Demographic Characteristics
According to the inclusion and exclusion criteria, 7766
participants out of 8467 individuals were selected for the
analysis (Figure 1). Among the 7766 participants, the average
age was 70.64 (SD 8.46) years, ranging from 60 to 109 years
(Table 1). There were 3376 (43.47%) males and 4390 (56.53%)
females. Among the 7766 participants, 45.58% (n=3540) had
primary or junior high school education levels and 13.67%
(n=1062) were divorced or widowed. Most participants
(3745/7766, 48.22%) were living with their children before
enrollment.

Figure 1. Flow chart for the selection of participants.
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Table 1. Demographic characteristics of study participants according to ability impairment based on the Ability Assessment for Older Adults questionnaire
(N=7766).

P val-
ue

Pearson χ2

or Fisher ex-
act test

Overall ability level, n (%)Responses, n (%)Variable

Severely impaired
(n=332, 4.28%)

Moderately im-
paired (n=220,
2.83%)

Mildly impaired
(n=2141, 27.57%)

Unimpaired
(n=5073, 65.32%)

<.0011875.61Age group (years)

16 (0.77)22 (1.06)327 (15.79)1706 (82.38)2071 (26.67)60-64

36 (1.59)33 (1.45)493 (21.75)1705 (75.21)2267 (29.19)65-69

30 (2.14)29 (2.07)406 (29.00)935 (66.79)1400 (18.03)70-74

32 (4.44)21 (2.92)272 (37.78)395 (54.86)720 (9.27)75-79

65 (10.89)35 (5.86)287 (48.07)210 (35.18)597 (7.69)80-84

68 (15.67)40 (9.22)228 (52.53)98 (22.58)434 (5.59)85-89

85 (30.69)40 (14.44)128 (46.21)24 (8.66)277 (3.56)≥90

<.00191.10Sex

116 (3.44)75 (2.22)782 (23.16)2403 (71.18)3376 (43.47)Male

216 (4.92)145 (3.30)1359 (30.96)2670 (60.82)4390 (56.53)Female

<.001716.27Education

88 (17.60)45 (9.00)247 (49.40)120 (24.00)500 (6.44)Illiterate/semi-illit-
erate

129 (3.64)116 (3.28)1027 (29.01)2268 (64.07)3540 (45.58)Primary or junior
high school

34 (2.37)17 (1.18)246 (17.13)1139 (79.32)1436 (18.49)Senior high or
technical school

10 (1.58)7 (1.10)100 (15.80)516 (81.52)633 (8.15)College degree or
above

71 (4.29)35 (2.11)521 (31.44)1030 (62.16)1657 (21.34)Missing

<.001641.38Marital status

3 (13.04)4 (17.39)6 (26.09)10 (43.48)23 (0.30)Never married

117 (2.30)101 (1.98)1186 (23.26)3694 (72.46)5098 (65.65)Currently married

138 (12.99)79 (7.44)442 (41.62)403 (37.95)1062 (13.67)Divorced or wid-
owed

74 (4.68)36 (2.27)507 (32.03)966 (61.02)1583 (20.38)Missing

<.001394.89Living situation

32 (8.89)21 (5.83)168 (46.67)139 (38.61)360 (4.64)Live alone

57 (2.43)46 (1.96)628 (26.82)1611 (68.79)2342 (30.16)Live with spouse

145 (3.87)106 (2.83)883 (23.58)2611 (69.72)3745 (48.22)Live with children

4 (6.25)4 (6.25)21 (32.81)35 (54.69)64 (0.82)Live with other
relatives

26 (35.62)11 (15.07)30 (41.09)6 (8.22)73 (0.94)Live with nonrela-
tives

4 (25.00)4 (25.00)4 (25.00)4 (25.00)16 (0.21)Nursing home

64 (5.49)28 (2.40)407 (34.91)667 (57.20)1166 (15.01)Other means and
missing
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Ability Assessment
In brief, 65.32% of participants’ overall ability was assessed as
unimpaired, 27.57% as mildly impaired, 2.83% as moderately
impaired, and 4.28% as severely impaired (Table 1). For ADL,
81.97% of participants were classified as unimpaired, whereas
13.80%, 1.47%, and 2.76% were classified as mildly,
moderately, and severely impaired, respectively. For social
participation, 85.63% of participants were classified as
unimpaired, whereas 8.63%, 3.23%, and 2.51% were classified
as mildly, moderately, and severely impaired, respectively. For
sensory and communication, 81.73% of participants were
classified as unimpaired, whereas 11.79%, 5.02%, and 1.46%
were classified as mildly, moderately, and severely impaired,
respectively. For mental status, 80.03% of participants were
classified as unimpaired, whereas 15.75%, 3.78%, and 0.44%
were classified as mildly, moderately, and severely impaired,
respectively.

Impact of Demographic Characteristics on Overall
Ability
The association of ability levels with demographic
characteristics is summarized in Table 1; detailed results of

pairwise comparisons are presented in Multimedia Appendix
3. Age was a key factor that influenced the overall ability of the
participants (Table 1, Figure 2). With increasing age, the
proportion of impaired participants gradually increased from
17.62% (365/2071) in the age group 60-64 years to 91.34%
(253/277) in the age group above 90 years (P<.001),
corresponding to an approximately 10% rise for every 5-year
age increment. In particular, the respective proportion of
moderately and severely impaired participants increased from
1.06% and 0.77% in the age group 60-64 years to 14.44% and
30.69% in the age group above 90 years (Table 1). Further, the
proportion of overall ability impairment was significantly higher
in female participants than in male participants (39.18% vs
28.82%, P<.001). The proportion of overall ability impairment
was much higher in illiterate or semi-illiterate participants
(76.00%) than in those with a college degree or above (18.48%,
P<.001). The proportion of overall ability impairment was
higher in divorced or widowed (62.05%) or never-married
(56.52%) participants than in those currently married (27.54%,
P<.001 and P=.02 respectively). A higher proportion of
participants who lived alone (61.39%) had an ability impairment
compared with those who lived with their spouse (31.21%) or
children (30.28%) (all P<.001).
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Figure 2. Radar maps showing the distribution of various impaired levels of ability dimensions stratified by sex and age groups. ADL: activities of
daily living.

Ordinal Logistic Regression Analysis for the Severity
of Overall Ability Impairment
The analysis results revealed that age, sex, education, marital
status, and living situation were significantly associated with
the severity of the overall ability impairment (Table 2).
Specifically, the odds of having more severe overall ability
impairment increased with age; for participants aged above 90
years, the odds of having more severe overall ability impairment
was 23.92 times that of participants aged 60-64 years. The odds

of having more severe overall ability impairment in females
was 1.15 times that in males. Participants who were divorced
or widowed were associated with a higher risk of more severe
overall ability impairment than those currently married. In
addition, participants living with nonrelatives had an increased
risk of more severe overall ability impairment than those living
alone. In contrast, higher education levels (college degree or
above) emerged as a protective factor of the overall ability
impairment.
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Table 2. Ordinal logistic regression analysis of demographic characteristics associated with the severity of the overall ability impairment.

ORa (95% CI)P valuet valueη coefficient (SE)Variable

Age group (years)

1.00N/AN/AN/Ab60-64 (reference)

1.49 (1.28-1.73)<.0015.230.40 (0.08)65-69

2.13 (1.82-2.51)<.0019.220.76 (0.08)70-74

3.30 (2.74-3.98)<.00112.491.19 (0.10)75-79

6.81 (5.59-8.31)<.00118.931.92 (0.10)80-84

9.94 (7.91-12.50)<.00119.692.30 (0.12)85-89

23.92 (18.18-31.50)<.00122.653.17 (0.14)≥90

Sex

1.00N/AN/AN/AMale (reference)

1.15 (1.04-1.28).012.640.14 (0.05)Female

Education

1.00N/AN/AN/AIlliterate or semi-illiterate (reference)

0.67 (0.55-0.82)<.001–3.88–0.40 (0.10)Primary or junior high school

0.40 (0.32-0.51)<.001–7.57–0.91 (0.12)Senior high or technical school

0.32 (0.24-0.42)<.001–7.84–1.15 (0.15)College degree or above

0.43 (0.31-0.60)<.001–4.96–0.83 (0.17)Missing

Marital status

3.60 (1.51-8.45)<.0012.931.28 (0.44)Never married

1.00N/AN/AN/ACurrently married (reference)

1.98 (1.68-2.33)<.0018.260.68 (0.08)Divorced or widowed

1.41 (1.06-1.88).022.360.34 (0.15)Missing

Living situation

1.00N/AN/AN/ALive alone (reference)

1.16 (0.91-1.49).241.170.15 (0.13)Live with spouse

0.84 (0.67-1.05).13–1.52–0.18 (0.12)Live with children

0.92 (0.51-1.61).77–0.30–0.09 (0.29)Live with other relatives

2.38 (1.46-3.91)<.0013.460.87 (0.25)Live with nonrelatives

3.33 (1.32-8.31).012.581.20 (0.47)Nursing home

1.27 (0.98-1.66).081.770.24 (0.14)Other means and missing

aOR: odds ratio.
bN/A: not applicable.

Correlations of Ability Assessment Scores With
Various Assessment Dimensions
Figure 3 demonstrates that the four assessment dimensions were
significantly correlated. Items within each dimension were

positively correlated with other items in the same dimension
(all P<.001). Overall, poor ADL was significantly correlated
with poor mental status, sensory and communication, and social
participation (all P<.001).
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Figure 3. Correlation between the scores of individual items in the ability assessment. ADL: activities of daily living. See Multimedia Appendix 2 for
the specific questionnaire items.

Discussion

Principal Findings
Our study assessed the health status of a large older population
in the Chinese city of Shenzhen. Since 95% of Shenzhen citizens
migrated from other places all over China, our study provides
certain generality of the Chinese population. We found that
nearly 34.7% of participants’overall ability was impaired, which
is higher than the reported older adult disability rate of 28.5%
(25.9%-31.2%) in a recently published meta-analysis of other
relevant studies from the Chinese population [28]. The
proportion of moderately and severely impaired participants
(7.11%) is also slightly higher than the findings from the Sixth
Population Census of China (2.95%) in 2010 [29]. The
differences in population size, the definition of disability, and
the time of the investigation may all contribute to the difference
in this result. We found that older age, being female, having
lower education levels, being divorced or widowed, and living
with nonrelatives were important factors associated with ability
impairment. In particular, with every 5-year increment in age,
the proportion of ability impairment increased by approximately
10%. Our study found that the four dimensions of ADL, mental
status, sensory and communication, and social participation
were significantly correlated. Poor ability in one dimension also
indicated poor abilities in the other three dimensions.

Our study demonstrated that age was a strong risk factor for
overall ability impairment in the Chinese community-dwelling

older population and its impact increased with age. Our finding
is consistent with a previous study indicating that the disability
rate in older adults doubles with every 5-year age increment
[30]. With aging, physical function deteriorates gradually, and
nutrient intake and assimilation may be deficient and
imbalanced. The prevalence of multimorbidity increases
substantially with age; the proportion of adults over the age of
65 years and 85 years with multimorbidity is more than 60%
and 80%, respectively [31]. Multimorbidity such as
hypertension, diabetes, and cardiovascular disease can
considerably reduce ability levels during a late-life stage [32,33].
Further, the risk of neurodegenerative diseases such as
Alzheimer disease and Parkinson disease also increases with
age, leading to cognitive dysfunction and a reduced ability level.

Our study found a significant 15% higher risk of more severe
overall ability impairment in females than in males. This is in
agreement with previous findings [25,26]. A similar sex
difference has also been documented in various
income-developed countries, including the United States and
Korea, and in developing countries such as Mexico and
Indonesia [34]. The sex difference may be due to two reasons.
First, females generally have a longer life expectancy than males
[35]. At the same time, since males are more likely to suffer
from common fatal diseases, the number of disability cases in
males is lower than that for females [36]. Second, major diseases
that lead to disability, such as arthritis and depression, are more
common in females [37].
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Our finding that a lower education level was associated with a
more severe overall ability impairment risk also echoes previous
studies [38,39]. Several factors may contribute to this
association. First, older adults with a higher education level
may have more opportunities in engaging in employment after
retirement, leading to a wider social network and better social
support [40]. Second, a higher education level also contributes
to a better socioeconomic status, giving older adults access to
wider and better health care when suffering from diseases [41].
Third, older adults with a higher education level usually have
a greater awareness of self-care and self-protection, which
results in a healthier lifestyle and lower disability risk.

We identified that older adults who were divorced or widowed
were more likely to have severe overall ability impairment
compared with those currently married as the reference
condition. This finding also echoes the findings of other
researchers [42,43]. Marriage is a core relationship for Chinese
adults, and in this setting, remaining married in general implies
greater satisfaction in the social relationship and well-being of
older adults [44]. Further, Chinese couples in stable marriages
are often able to accumulate more wealth to secure better health
care and medical services than others [45].

Our study found that four dimensions of the ability assessment
were highly correlated. Consistently, previous studies also found
that ADL ability had a significant impact on cognitive function
[46,47] and that more social participation helped maintain the
instrumental daily living ability of older adults [48-50]. Our
research indicates the need for a comprehensive approach to
care for older adults, supporting their physical, mental, and
social well-being. By administering the questionnaire employed
in this study to assess older adults’ abilities across these
dimensions, we can determine and follow their individual status
and identify aspects that should be improved, allowing for
tailored interventions. To this end, smart devices are becoming
a viable option to support the health and independence of the
older population. These devices have become increasingly
prevalent with rapid advancements in photoelectronics and
information technology, which can assist with daily activities,
promote mental acuity, enhance sensory function, and facilitate
social engagement [51].

The main contribution of our study lies in the use of a more
comprehensive assessment tool to assess the ability of older
adults. With the increase in aging, there has been a growing
emphasis on healthy aging. Achieving healthy aging entails
ensuring that older adults are healthy in multiple dimensions,
including physical, mental, and social participation [52].

Therefore, as previous studies in China have assessed ability in
only one dimension, they failed to provide a comprehensive
reflection of the overall ability of older adults. Our study
reinforces the importance of a multidimensional assessment of
older adults’ ability as a means to develop comprehensive
interventions that support healthy aging. Our study provides
important evidence to inform the government and health
providers about the health profile of community-dwelling older
adults, and serves as a valuable reference for the development
of services and resource allocation for the older population.

Limitations and Future Implications
Our study has several limitations. First, the data collected were
mainly from one district in a southern Chinese city and hence
may not be representative of other Chinese settings with
different climates. Second, although the sample size of this
study was large, there were relatively fewer participants in
categories with certain demographic characteristics, such as the
number of never-married (single) participants with moderately
impaired overall ability. Third, due to missing data on other
potential confounders such as disease and lifestyle factors, we
were unable to include them in our study. This may affect our
results; for instance, disease complications are more likely to
affect the ability of older adults at a higher age and therefore
the effect of age on the ability assessment may have been
overestimated in our study. Fourth, our study followed a
cross-sectional design; therefore, evidence for causal
associations will need to be further investigated. Nevertheless,
our multidimensional assessment has provided valuable evidence
to inform the health status of the older population. As a part of
future investigations, we plan to integrate these
community-based data with hospital-based electronic medical
records. This integration may form a much larger database and
enable us to investigate the complex factors that affect the health
of the older population in greater detail to provide additional
evidence to support healthy aging initiatives.

Conclusions
In conclusion, this study found a high level of disability among
the older population living in Shenzhen, China. The proportion
of disability increased with age, being female, having lower
education levels, being divorced or widowed, and living with
nonrelatives. Impairment in ADL ability was significantly
correlated with poor mental status, social participation, and
sensory and communication ability. Holistic interventions
targeting these factors should be implemented to prevent or
delay the development of disability in the Chinese older
population.
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Abstract

Background: Developmental trauma depending on several factors may lead to later adult health risks and is an increasing public
health concern, especially in states with predominantly rural populations. Oklahoma remains one of the states in America with
the highest count of adverse childhood experiences (ACEs); therefore, more refined research methods for quantifying ACEs are
vital for ensuring proper statewide interventions.

Objective: While data sets already exist at the state level measuring specific ACEs like divorce or child abuse, the state currently
lacks a single source for specific ACEs that can incorporate regions to allow for the identification of counties where ACEs are
especially high. This county identification will allow for assessing trends in adversity prevalence over time to indicate where
targeted interventions should be done and which counties experience amplified long-term consequences of high ACE rates. Thus,
the model for the Oklahoma Adversity Surveillance Index System (OASIS) was born—a public health tool to map ACEs at the
county level and grade them by severity over time.

Methods: County-level data for 6 ACEs (mental illness, divorce, neglect, child abuse, domestic violence, and substance use)
were collected from the Oklahoma Department of Human Services, Oklahoma State Department of Health, and Oklahoma
Community Mental Health Centers for the years 2010 to 2018. First, a potential ACEs score (PAS) was created by standardizing
and summing county rates for each ACE. To examine the temporal change in the PAS, a bivariate regression analysis was
conducted. Additionally, an ACEs severity index (ASI) was created as a standardized measure of ACE severity across time. This
included scoring counties based on severity for each ACE individually and summing the scores to generate an overall ASI for
each county, capturing the severity of all ACEs included in the analysis.

Results: Mental illness and substance use showed the highest rates at the state level. Results from the regression were significant
(F1,76=5.269; P=.02), showing that county PAS showed an increase over years. The ASI scores ranged from 0 to 6, and 4 Oklahoma
counties (Adair, McCurtain, Muskogee, and Pittsburg) received a score of 6.

Conclusions: OASIS involves the identification of counties where ACEs are most prevalent, allowing for the prioritization of
interventions in these “hot spot” counties. In addition, regression analysis showed that ACEs increased in Oklahoma from 2010
to 2018. Future efforts should center on adding additional ACEs to the ASI and correlating adverse outcome rates (such as violence
and medical disorder prevalence) at the county level with high ASI scores.

(JMIR Public Health Surveill 2023;9:e45891)   doi:10.2196/45891
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Introduction

Background
The Adverse Childhood Experiences Study, published in 1998,
is a sentinel publication in modern health care [1]. This study
demonstrated several important factors. First, childhood
adversity is associated with poor outcomes as an adult, including
cardiovascular disease, diabetes, obesity, liver and digestive
diseases, and cancer [2-4]. Second, this correlation is
dose-dependent—the more adversity, the higher the likelihood
of poor outcomes [1]. Third, adversity in childhood extends
beyond personal factors such as abuse and neglect and includes
household dysfunction [1]. Since this study was first published,
adverse childhood experiences (ACEs) have become common
terminology in medicine [4,5]. With the strong correlation with
adverse health outcomes, measuring the burden of ACEs can
be important for public health and prevention. Secondary to the
burden of disease and dysfunction, it is important to quantify
the effect of ACEs on a community. Understanding this burden
is essential for the deployment of limited resources and the
implementation of evidence-based primary, secondary, and
tertiary prevention programs.

A definitive list of ACEs does not exist. Those listed in the
original Adverse Childhood Experiences Study questionnaire
included physical, emotional, and sexual abuse; physical and
emotional neglect; violence toward one’s mother; mental illness;
substance abuse; and incarceration of a household member [1].
Other ACEs that should be considered according to the
Behavioral Risk Factor Surveillance System (BRFSS) and Child
Trends include educational and financial opportunities, chronic
and infectious diseases, maternal health, risky behavior, injury,
violence outside of the home, neighborhood safety,
homelessness, bullying, racial and ethnic discrimination, and
parent or guardian death [6,7].

Screening for childhood adversity and trauma is gaining
acceptance and is recommended by the American Academy of
Pediatrics [8]. It is unclear whether or not assessing ACEs at
the patient level can alter health outcomes [9,10]. However, it
has been demonstrated that patients are not averse to discussing
the topic [11]. The more uptake there is in the use of patient
instruments such as the ACEs questionnaire, the more useful
this method can be in public health surveillance.

Assessing ACEs Through Instruments
There are many different instruments available for assessing
the number of ACEs an individual experiences. Most of these
instruments will score the presence of an ACE in a dichotomous
fashion, such as yes or no for the exposure. This method does
not account for the intensity or duration of a particular traumatic
experience. Further, this method does not allow for the
experience to be evaluated in context. For example, a patient
who is the child of a divorce may become separated from an
abusive caregiver. Such circumstances underline the problems

in attempting to understand and contextualize social dysfunction
and the need for further development in methods for measuring
and analyzing ACEs.

Perhaps the most common method of assessing ACEs is what
was used in the Adverse Childhood Experiences Study, which
was a retrospective survey [1]. This method can be used for
public health programming and also for basic research. In the
public health field, an ACE module was added to collect
information on child abuse and neglect and household challenges
through the BRFSS [12]. The ACE module was included at
least once in the BRFSS of every state by the end of 2020 [13].
The BRFSS ACE module asks an individual to reflect on their
childhood and answer a series of questions surrounding abuse,
violence, drug use, and mental illness in the home which are
adapted from the original Adverse Childhood Experiences Study
[14]. Since 2009, the BRFSS has been collecting data on ACEs,
and the module was updated in 2019 to include questions about
neglect. Most recently, it was updated in 2021 with questions
about childhood support and caregiver involvement.

Another important survey is the National Survey of Children’s
Health (NSCH). This is an annual survey conducted in the
United States that began in 2003 and has been reported as
recently as 2021 [7,15]. One child under the age of 18 in each
household is selected to be the focus of the survey. Specific
ACE questions in the survey include parent or guardian divorce,
separation, death, or incarceration; mental illness; suicide; illicit
drug use; alcohol use; depression of a household member;
domestic violence; neighborhood violence; income; and housing
or food security [7]. In 2016, data collected by the NSCH
indicated that 45% of children experienced at least one ACE,
and 10% experienced 3 or more ACEs [7,16]. The most common
ACEs reported were parental separation and low socioeconomic
status [7].

Another method used to measure ACEs is by directly asking
an individual as they intersect with the health care system [4,17].
This includes having the patient complete a screening
instrument, such as the Adverse Childhood Experiences
Questionnaire (ACE-Q), which can then be analyzed at a larger
clinical level [11,18,19]. However, patient questionnaires also
have shortcomings. First, they measure individuals presenting
to a health care setting [18-20]. This is important because of
well-known disparities in individuals accessing health care,
including lack of a provider (such as in rural areas) or lack of
ability to pay [21]. And while there is research indicating some
patients feel comfortable discussing childhood trauma or ACEs
with a health care provider [22], there are also patients with
concerns about medical record storage in general, as issues with
privacy arise in the increasingly digital world [23].

Knowledge of ACEs in a community could be important for
primary, secondary, and tertiary prevention planning. Improved
knowledge of prevalence rates could lead to larger gains in
positive outcomes and more efficient use of precious resources.
This is especially important in high-burden, low-resource areas,
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such as Oklahoma [24-27]. Oklahoma has consistently been
recognized as leading the nation in childhood adversity, with
28.5% of Oklahoma children experiencing 2 or more ACEs
[28]. Oklahoma also experiences poor social determinants of
health (SDOH), such as health care shortages, violence, and
food insecurity, among others [29]. Further, there is a lack of
access to care due to a lack of primary care providers outside
of metropolitan areas in rural communities, which make up the
majority of Oklahoma [24-27]. These upstream deficiencies
lead to high levels of adverse health outcomes such as diabetes,
obesity, substance use disorders, and overdose mortality [24,30].

While it is known that Oklahomans have high rates of childhood
adversity, there is no condensed source of data to which
stakeholders can turn to receive aggregated, targeted information
on ACEs at a granular (county) level. While there are great data
sets like the BRFSS and NSCH, these lack county-level statistics
for all of Oklahoma [31]. Currently, data is spread out across
various state agencies, such as the Oklahoma State Courts
Network (OSCN), the Oklahoma Department of Health Services
(OKDHS), and Oklahoma community mental health centers
(CMHCs). With multiple agencies doing different parts of the
work in silos, Oklahoma does not have a coordinated
trauma-response system in place to capture and publish all ACE
data in one location.

To address this lack of a coordinated system and to combat this
epidemic of childhood adversity and subsequent negative health
consequences, the Oklahoma Adversity Surveillance Index
System (OASIS) was created. OASIS was initiated in 2021
through a collaboration between the Oklahoma State University
Center for Health Sciences and multiple state agencies.
Data-sharing agreements were used to obtain data that were not
publicly available. This system relies on several concepts. First,
the adversity burden shared by a population should have a
footprint in interaction with public agencies that collect or could
collect data. Second, while there may be inaccuracies in data
collection, these inaccuracies should be equally inaccurate over
space and time. This allows for hot spot determination and
comparisons among similar geographical entities (ie, county,
zip code) and time (ie, years). Third, the data should be regularly
collected and analyzed to monitor emerging areas and trends.
Identifying trends can allow for the examination of intercounty
differences and temporal variations between geographical
entities. These trends can indicate where further analyses should
be done to determine the factors that may contribute to the
observed variations in ACE burden across counties and years.
Such factors could include socioeconomic conditions, access
to health care and support services, community resources,
education levels, and public health initiatives. Finally, all efforts
should be made to review and refine the system so that it
becomes more accurate and insightful over time.

With the implementation of OASIS, the state of Oklahoma now
has access to a public health tool that encapsulates county-level
statewide data on ACEs that were previously unavailable or
difficult to obtain. Additionally, with OASIS in place, the state
will be able to carry out targeted interventions in the counties
that need it the most. Without this surveillance system,
high-burden counties would have been previously unidentifiable,
and it would not have been possible to specifically target them

with additional resources and prevention strategies. We hope
that other states will replicate our methodology and identify
their own hot spots to ultimately better serve areas that need
more ACE-related support, resources, and services.

Methods

Overview
Data were obtained from various state agency sources for the
years 2010 to 2018. Counts of abuse and neglect were obtained
from the OKDHS. The OKDHS reports these data as a
combination of physical, sexual, and psychological abuse, listed
as a single “abuse” category. Ideally, these data would be
separated, but currently, a county-level data set with these
distinctions is unavailable. Neglect is listed separately. Data
were available at the zip code and county level. OKDHS
receives data from reports substantiated by child protective
services (CPS). Data for divorce were obtained from the
Oklahoma State Department of Health (OSDH). The OSDH
collects divorce data for all counties in Oklahoma from county
clerks. Unfortunately, Oklahoma does not inquire about whether
or not children are involved when an individual files for divorce.

Data for parental mental illness and substance use were obtained
at the zip code level for patients treated at Oklahoma CMHCs.
CMHCs aggregate their data from appointments and patient
files. This data are then submitted to the Oklahoma Department
of Mental Health and Substance Abuse Services (ODMHSAS).
Rates of mental illness and substance use were calculated at the
population level. For divorce, mental illness, and substance use,
information is not obtained as to whether an individual has
children, so only raw numbers were used. Domestic violence
rates were calculated through the number of charges filed as
listed in the OSCN. Through the use of a publicly available
application programming interface, records were searched at
the county level. Again, this information may not be specific
to parents. Data from the US Census Bureau were used to
calculate population data for all counties. Counties were coded
as metro or nonmetro following US Department of Agriculture
Economic Research Service Rural Urban Continuum Codes.

Potential ACE Score
To calculate additive totals, county crude rates for each ACE
were standardized to 100 (average county crude rates per year
are reported in the Results section). The available ACEs were
added to create a potential ACE score (PAS). The PAS ranges
from 0 to 600, representing the potential for children in each
county to experience ACEs. Rates of determinants like divorce
and substance use at the county level were used as proxies for
the potential ACEs experienced by the children in that county.

Statistical Analysis
Data were uploaded into SPSS (version 28.0.1.1; IBM Corp)
for analysis. To examine the temporal changes in ACEs, a
bivariate regression analysis was conducted. The PAS was used
as the dependent variable, and the year was treated as the
independent variable. This analysis allowed for the assessment
of how the PAS changed over time. Results were visualized
using Tableau (version 2021.4.5; Tableau Software, LLC).
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ACE Severity Index
In addition to the PAS, we developed the ACE severity index
(ASI) as a standardized measure to assess the burden and
severity of ACEs over time. The ASI aimed to identify counties
more heavily impacted by ACEs, considering both the depth
and duration of ACEs. To determine the impact of ACEs on
specific counties, we scored each county based on ACE severity.
Severity was measured for each ACE individually, assessing
the extent of its occurrence over time. Counties were classified
as “severe” for a particular ACE if its rate was above the state
average. Severity scores ranged from 0 (indicating the county
had an average or below-average rate for that ACE in all years)
to 9 (indicating the county had an above-average rate for that
ACE in all years). We calculated severity scores for each county
for all 6 ACEs included in the analysis. Counties with severity
scores above the average were given a point for that ACE,
contributing toward their total ASI. This process was repeated
for all 6 ACEs analyzed. The outcome was an ASI for each
county, encompassing the severity of all ACEs included in the
analysis and ranging from 0 to 6.

Ethical Considerations
Data-sharing agreements were obtained before the project start.
The project was approved as non–human subjects research by
the institutional review board at Oklahoma State University
Center for Health Sciences (#2021009). The requirement for
informed consent was waived due to the retrospective nature
and minimal risk of this study.

Results

Over the study period (2010-2018), the average PAS was
215.08, with an overall increasing trend from 2010 to 2018
(Figure 1). An analysis of the data set revealed notable trends
in several Oklahoma counties regarding their PAS from 2010
to 2018. Specifically, Choctaw and Greer counties showed an
increasing trend over the study period, while Cimarron and
Harper counties consistently remained below the average PAS.
Adair, Woodward, Coal, Muskogee, Pittsburg, and Brian
counties consistently maintained a PAS above the average.

Figure 1. Yearly Oklahoma average PAS. PAS: potential adverse childhood event score.

Choctaw County exhibited a consistent upward trend in PAS
over the years, with a score of 274.637 in 2010 and 322.841 in
2011, reaching a peak of 439.225 in 2012, and still maintaining
a score in the top 10 of counties in 2018 (335.35). Greer County
also experienced an increasing trend, starting at 171.454 in 2010
and steadily rising to 302.128 in 2018. On the other hand,
Cimarron County consistently remained below the average PAS
throughout the study period. The county had a relatively low
PAS of 83.137 in 2010 and showed slight fluctuations over the
years, but remained consistently below average, reaching 108.26
in 2018. Similarly, Harper County started with a PAS of 163.285

in 2010 and remained consistently below average, with a score
of 114.229 in 2018.

In contrast, Adair County consistently displayed remarkable
PAS well above the average throughout the study period.
Starting with a high PAS of 408.354 in 2010, Adair County
maintained consistently elevated scores, reaching its peak of
433.736 in 2018. Similarly, Woodward County demonstrated
a pattern of consistently scoring above the average. Beginning
at 295.013 in 2010, Woodward County steadily increased its
PAS over the years, culminating in a peak of 369.031 in 2018.
Joining them in consistently exhibiting higher-than-average
PAS were several other notable counties. Coal County, despite
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experiencing some fluctuations, maintained relatively high
scores throughout the study period, with its highest PAS of
404.271 recorded in 2010 and remaining significantly above
average at 309.158 in 2018. Muskogee County followed a
similar trajectory, with a starting PAS of 277.018 in 2010 and
a peak of 322.252 in 2018. Pittsburg County consistently scored
above the average as well, reaching a peak PAS of 319.14 in

2018. Notably, Bryan County had a consistent above-average
pattern, starting at 281.216 in 2010 and reaching its peak of
242.676 in 2018. These counties, including Adair and
Woodward, stood out for their remarkable and consistent
above-average PAS throughout the study period. Notably, the
top 10 counties in 2018 had higher PAS values compared to the
top ten counties in 2010 (Table 1).

Table 1. Top 10 Oklahoma counties for PASa in 2010 and 2018.

20182010Ranking

PASCountyPASCounty

433.74Adair408.354Adair1

369.03Woodward404.271Coal2

347.2Kay331.141Beckham3

345.48Seminole307.987Marshall4

335.35Choctaw304.522Seminole5

322.25Muskogee295.013Woodward6

319.14Pittsburg283.525Okfuskee7

319.08Ottawa281.216Bryan8

316.2Blaine277.018Muskogee9

312.23Latimer275.589Pittsburg10

aPAS: potential adverse childhood event score.

Our analysis revealed a significant relationship between year
and PAS (F1,76=5.269; P=.02) (Table 2). For each 1 unit increase
in the year variable, there was a corresponding 2.193 increase

in the PAS (SE 0.955, t1,76=2.295; P=.02). The model summary
indicates that the regression model explains a small proportion
of the variance in the PAS.

Table 2. Model summary of regression analysis assessing the relationship between year and potential adverse childhood event score. The dependent
variable was potential adverse childhood event score.

Change in statisticsEstimate SEAdjusted R2R 2RModel

P valueChange in F (df)Change in R2

.025.269 (1,691)0.00864.944223320.0060.0080.087a1

aPredictors were (constant), year.

When visualized, the difference between county PAS in 2010
and 2018 shows an overall increase (Figures 2 and 3).
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Figure 2. Oklahoma PAS county distribution in 2010. PAS: potential adverse childhood event score.

Figure 3. Oklahoma PAS county distribution in 2018. PAS: potential adverse childhood event score.
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The results for the ASI showed that 4 nonmetro Oklahoma
counties—Adair, McCurtain, Muskogee, and Pittsburg—had

scores of 6 (Figure 4). Garfield, Blaine, Seminole, Okfuskee,
Okmulgee, Hughes, and LeFlore counties received scores of 5.

Figure 4. Map of Oklahoma Adversity Surveillance Index System (OASIS) showing the ASI for each Oklahoma county. Zero represents the lowest
burden and 6 the highest burden encompassing all 6 adverse childhood events included in our analysis. ASI: adverse childhood event severity index.

Discussion

Principal Findings
In this study, we aimed to examine the prevalence of ACEs and
their variations across counties in Oklahoma using OASIS. Our
findings provide valuable insights into the burden of ACEs in
the state and highlight the need for targeted interventions and
resource allocation. The analysis of the PAS revealed an
increasing trend in ACE burden from 2010 to 2018, and our
regression analysis demonstrated a significant relationship
between the year and PAS, indicating a continuous rise in ACE
burden over time.

The ASI allowed us to identify counties more heavily impacted
by ACEs. After indexing counties on the ASI, 4 counties stood
out, with scores of 6 of 6. All 4 counties are rural, nonmetro,
located in Indian Country, are significantly below the national
median income, have a greater percentage of persons living in
poverty, and have higher unemployment rates than the national
average [32]. All of these poor SDOH are known upstream risk
factors for ACEs [7]. Much more in-depth analysis of these
counties, along with others with high ASI scores, should be
done to ascertain how their poor SDOH are driving childhood
adversity.

The average county in Oklahoma exhibited rates of ACEs that
were consistently above the state average for 4 or more years.
This increasing trend is concerning and shows the need for

further expansion of OASIS with the addition of other ACEs,
for example, incarceration of a family member; Oklahoma
consistently ranks in the top 10 for incarceration rate in the
United States over the past decade [33]. Our analysis of the
PAS showed that there was a significant relationship between
year and PAS (F1,691=5.269; P=.02). For every 1 unit increase
by year, there was a 2.193 (SE 0.955) unit increase in PAS
(t1,76=2.295; P=.02).

OASIS has several strengths and limitations. The strengths
include the creation of a framework that can be built upon and
improved over time. With OASIS, we have designed and
implemented a framework for data sharing and analysis across
state data sets, an accomplishment that is not necessarily easy
to do given the sensitivity around information on ACE variables.
Having created a proof of concept, legislators and agency heads
can understand how the way they collect data intersects with
other agencies and allows judicious spending of resources.
Another strength is the ability to compare geographical entities
together. Comparing zip codes in large urban areas could be
valuable to understanding population disparities, as survey
studies of ACE prevalence have known weaknesses [34]. To
generalize the results of a survey to the general population, it
should be administered to a sufficiently large and randomized
sample of the general population. This can be difficult to
achieve. For example, the population mixture of the original
Adverse Childhood Events Study was primarily White,
health-insured individuals [35]. The BRFSS has similar

JMIR Public Health Surveill 2023 | vol. 9 | e45891 | p.1499https://publichealth.jmir.org/2023/1/e45891
(page number not for citation purposes)

Beaman et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


concerns. Analysis has shown that individuals answering the
ACEs module are more likely to have higher education than the
US average [6,35]. These differences are notable in health care
because it is well documented that there are significant health
disparities among races, insured and uninsured people, and
different levels of education [36-40]. Thus, with OASIS, the
state of Oklahoma now has a way to easily access county-level
ACE-related data that are generalizable to the whole state. This
public health tool allows stakeholders to better identify areas
that need more ACE-related support, resources, and services.
Understanding why is the first step toward prevention.

Another strength is the ability to identify hot spots by depth and
time. The PAS allows for counties to be compared across time
to see if their rates of childhood adversity are increasing or
decreasing. In addition, the PAS allows for counties to be
compared to each other and trends identified between counties.
We found that some counties, such as Adair, ranked consistently
higher on the PAS compared to other counties. On the other
hand, some counties, such as Harper and Cimarron, consistently
ranked below the average PAS. These counties showing lower
rates over time should be studied further; they can serve as
models for successful prevention strategies that could be
replicated in other areas.

OASIS is not without limitations, however. First is the lack of
data on all known ACEs. For example, at one time, Oklahoma
was the second most prevalent place in the world to incarcerate
women and incarcerated more men and women combined than
any other state in the United States [41,42]. Yet the Oklahoma
Department of Corrections does not systematically collect data
on inmates and their children. This prevents the understanding
of this trauma as it relates to other ACEs and also prevents
understanding the damage mass female incarceration can have
on a community. One additional limitation of the surveillance
system is the absence of validity testing, which means that the
extent of error or inaccuracy within the system is unknown.
Consequently, there is a risk of incorrectly identifying hot spots.
However, it should be noted that since all data were collected
using the same method, any inaccuracies should be consistent
across different areas. Nonetheless, it is crucial for future efforts
to develop methods that can test the validity of the system and
address its identified weaknesses. By doing so, improvements
can be made to enhance accuracy and ensure more reliable
identification of hot spots. Another weakness lies in the
extrapolation of population data without accounting for the
number of children involved. The collected data for divorce,
for example, are based on raw divorce numbers, without
considering divorces that specifically affect children, as that
information is not available from ODMHSAS court records.
Consequently, there is a possibility of overcounting divorces
involving children. However, it is important to note that this
overcounting issue is consistent across all counties, as the same
calculation method is used. Therefore, while the accuracy may
be compromised, it is uniformly inaccurate across all counties.

A final limitation are the data themselves. OASIS relies on
individuals accessing services and does not include those that
do not. For example, if a mother accessed mental health
treatment outside of a CMHC, that would not be measured. This
is less of a problem in rural areas that have limited providers.
However, in the urban areas of Oklahoma City and Tulsa, this
likely leads to undercounting. This limitation is highlighted
again in divorce. Individuals do not have to be married to raise
children together. Therefore, when unmarried parents separate,
that would not be reflected in OSDH divorce data, and this
would lead to an undercounting of events.

Conclusions
The findings of our study have significant implications for the
field of public health and can shape future interventions and
strategies. The identification of counties with a high prevalence
of ACEs through OASIS allows for targeted interventions and
prioritization of resources in these hot spot areas. Tailored
interventions at the county level are crucial, considering the
variations in ACE burden across different regions.

Our study highlights the value of the ASI in revealing
geographic disparities in the severity and persistence of ACEs.
Four counties in particular stood out, with an ASI score of 6,
indicating an elevated prevalence of ACEs and consistently
above-average rates across all ACE types examined. This
signifies a pressing need for urgent and coordinated action from
policymakers, health practitioners, social care providers, and
researchers in addressing this public health issue. Counties with
high ASI scores are likely to experience amplified long-term
consequences associated with ACEs, including increased risks
for chronic diseases, reduced educational achievement, and a
higher likelihood of involvement with the criminal justice
system [43,44]. It is imperative to respond promptly with both
ACE prevention and effective management strategies to mitigate
these outcomes. The ASI also serves as a valuable guide for
targeted resource allocation. By identifying counties burdened
by ACEs, resources can be efficiently prioritized, focusing on
services such as trauma-informed care, community health
initiatives, and educational interventions tailored to address
ACEs. Future research should explore community-level factors
(eg, poverty, community violence, service accessibility) as well
as individual and family-level dynamics to design effective
prevention and intervention strategies.

While acknowledging the limitations of this study, OASIS
provides a foundation that can be refined and improved over
time. This surveillance system facilitates collaboration and
coordination across sectors, states, and agencies, enabling a
comprehensive response to high-need areas. Future efforts
should focus on expanding the range of ACEs, improving data
collection, adding adverse outcome rates, and conducting
validity testing. The ultimate objective of OASIS should be to
develop effective strategies that not only address the present
situation in counties with high childhood adversity indicated
by the ASI but also prevent future generations from experiencing
similar levels of adversity.
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Abstract

Background: Bisphenol A (BPA), bisphenol S (BPS), and bisphenol F (BPF) are widely used in various consumer products.
They are environmental contaminants with estrogenic properties that have been linked to various health outcomes. Understanding
their impact on body composition is crucial for identifying potential health risks and developing preventive strategies. However,
most current studies have only focused on their relationship with BMI.

Objective: This study aimed to investigate the association between urinary levels of BPA, BPS, and BPF and body composition,
including BMI, lean mass, and fat mass, in a large population-based sample.

Methods: We conducted a cross-sectional analysis using data from the National Health and Nutrition Examination Survey
2003-2016. Body composition data were assessed using dual-energy X-ray absorptiometry, which provided precise measurements
of lean mass, fat mass, and other indicators. We used multivariate linear regression models to estimate the associations, adjusting
for potential confounders such as age, gender, race, socioeconomic factors, and lifestyle variables.

Results: The results revealed significant associations between bisphenol exposure and body composition. After adjusting for
covariates, BPS showed a positive association with BMI, with quartiles 3 and 4 having 0.91 (95% CI 0.34-1.48) and 1.15 (95%
CI 0.55-1.74) higher BMI, respectively, compared with quartile 1 (P<.001). BPA was negatively associated with total lean mass
(TLM) and appendicular lean mass, with quartiles 2, 3, and 4 having –7.85 (95% CI –11.44 to –4.25), –12.33 (95% CI –16.12 to
–8.54), and –11.08 (95% CI –15.16 to –7.01) lower TLM, respectively, compared with quartile 1 (P<.001). BPS was negatively
associated with TLM, with quartiles 3 (β=–10.53, 95% CI –16.98 to –4.08) and 4 (β=–11.14, 95% CI –17.83 to –4.45) having
significantly lower TLM (P=.005). Both BPA and BPS showed a positive dose-response relationship with trunk fat (BPA: P=.002;
BPS: P<.001) and total fat (BPA: P<.001; BPS: P=.01). No significant association was found between BPF and any body
composition parameter.

Conclusions: This large-sample study highlights the associations between urinary levels of BPA and BPS and alterations in
body composition, including changes in lean mass, fat mass, and regional fat distribution. These findings underscore the importance
of understanding the potential health risks associated with bisphenol exposure and emphasize the need for targeted interventions
to mitigate adverse effects on body composition.
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Introduction

Background
Bisphenol A (BPA) is an endocrine disrupter used globally in
the manufacture of various plastic products including food
containers, baby bottles, toys, and medical supplies [1,2]. It not
only exhibits estrogen-like effects but also antagonizes thyroid
hormone receptors, which may lead to adverse metabolic effects
and diseases such as cardiovascular conditions, tumors, and
other metabolism-related ailments [2,3].

Countries including Canada, the European Union, the United
States, and China have prohibited the use of BPA in certain
plastic products due to these health risks. The US Food and
Drug Administration has set strict acceptable daily intake levels
for BPA, but studies have indicated that even levels below the
acceptable daily intake can contribute to obesity and related
metabolic disturbances. Consequently, BPA substitutes,
bisphenol S (BPS) and bisphenol F (BPF), were introduced [4].

These BPA derivatives (BPS and BPF), obtained by replacing
the propane group in the molecular structure of BPA, are found
to have estrogenic effects similar to those of BPA, indicating
that they could also be unsafe [4]. They are prevalent in
everyday packaging products and can be ingested through diet,
air inhalation, or skin contact [5]. These chemicals can interfere
with the nuclear hormone receptor signaling pathway, thereby
affecting adipocyte proliferation and differentiation, which could
potentially lead to a variety of metabolic diseases [4].

Body composition, including not only BMI but also fat mass
and lean body mass, is a critical aspect of health [6]. Excessive
body fat has been linked to adverse health outcomes including
breast cancer [7,8] and cardiovascular risk factors [9].
Abdominal fat distribution is associated with an increased risk
of type 2 diabetes [10], arterial stiffness [11], and cardiovascular
disease [12,13], whereas lean body mass, predominantly
composed of skeletal muscles, influences bone health and
optimal aging [14,15]. Skeletal muscle is the largest and most
plastic component of lean body mass (accounting for
approximately 50% of lean body mass). Therefore, changes in
lean body mass are primarily attributed to skeletal muscle mass.
The maintenance of skeletal muscle is the basis of exercise,
energy balance, and overall quality of life [16,17] and is critical
for the risk of heart metabolic diseases [18].

Studies have shown that BPA promotes adipocyte differentiation
and insulin resistance [19,20]. Previous studies have explored
the relationship between urinary BPA and body composition,
but these studies have been largely limited to specific
populations, such as women who are nonobese and in the

premenopausal stage or older adults [21,22]. At present, research
on the association between BPA analogs (BPS and BPF) and
body composition is scarce.

Objective
We aimed to bridge this gap by assessing the relationship
between urinary BPA, BPS, BPF, and body composition in adult
National Health and Nutrition Examination Survey (NHANES)
participants using dual-energy X-ray absorptiometry (DXA)
scans. By doing so, we hope to provide valuable insights into
the health implications of BPA and its analogs in a broader
population.

Methods

Patients Selection
The NHANES database is a research program designed to assess
the health and nutritional status of nonhospitalized adults and
children in the United States. The unique feature of this survey
is that it combines interviews and physical examination [23].
More specifically, nearly 7000 residents are randomly selected
and invited to the NHANES interviews every year. The
interviews include population-, socioeconomic status–, diet-,
and health-related issues. The examination section includes
medical, dental, and physiological measurements as well as
laboratory tests conducted by trained medical personnel.

Because NHANES used the DXA method to measure body
composition, only people aged 8 to 59 years were measured in
this database. In addition, pregnant women, people who have
used radiocontrast agent (barium) in the past 7 days, and people
who weigh >204 kg or are taller than 195.58 cm have also been
initially excluded from the NHANES surveys. Our study
included and analyzed data from 7 NHANES survey cycles
(2003-2004, 2005-2006, 2007-2008, 2009-2010, 2011-2012,
2013-2014, and 2015-2016). Missing data on bisphenols (BPA,
BPS, and BPF); BMI; or body compositions (total lean mass
[TLM], appendicular lean mass [ALM], trunk fat [TRF], bone
mineral content [BMC], and total fat [TOF]) were excluded.

Exclusion criteria were as follows: (1) data regarding BPA,
BPS, or BPA were missing; (2) body composition data were
missing; (3) the percentage of bisphenols (BPA, BPS, or BPF)
>95% was defined as an outlier, and outliers were excluded.

We included 71,058 original records at first. After excluding
the missing data and outliers, 17,218 data were finally included
in the BPA analysis study, whereas 5039 and 5040 data were
finally included in the BPF and BPS analysis studies,
respectively. Detailed inclusion and exclusion criteria are shown
in Figure 1.
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Figure 1. Flowchart of inclusion and exclusion criteria among American adults from the National Health and Nutrition Examination Survey 2003 to
2016. BPA: bisphenol A; BPF: bisphenol F; BPS: bisphenol S.

Ethical Considerations
All study participants signed written informed consent forms,
and the NHANES data collection was approved by the Research
Ethics Review Board of the National Center for Health Statistics
[24]. The NHANES has stringent consent protocols and
procedures for ensuring confidentiality and protection against
identification. This study was a secondary data analysis, which
lacked personal identifiers, and the NHANES data are free for
public use and available on the web [23]. Therefore, this study
did not require an institutional review board review [24].

Measurement of Bisphenols
A sensitive phenol-detection method was used in this study
[25]. This method is a web-based solid-phase extraction method
coupled with high-performance liquid chromatography and
tandem mass spectrometry. In addition, urine creatinine in each
urine sample was measured and used to adjust the urine dilution.
The specifics of the bisphenol measurements were provided by
NHANES [26]. We sought to access the NHANES, gleaned the
relevant data successfully, and recorded them in their database
duly, corresponding to the measurements undertaken.

Measurement of Body Composition
The body composition included TLM, ALM, TRF, BMC, and
TOF. DXA is the most widely accepted method for measuring
body composition, partly because of its speed, ease of use, and
low radiation exposure [27,28]. The NHANES DXA
examination provides data on body composition (bone and soft
tissue) as well as data on age, gender, and race and ethnic
groups, which are generally representative of the United States,
to study the association between body composition and other

health conditions and risk factors, such as cardiovascular
disease, diabetes, hypertension, and patterns of physical activity
and dietary intake. DXA scans provide bone and soft tissue
measurements of the entire body, arms and legs, trunk, and
head.

The whole-body scan was obtained using the Hologic Discovery
model A densitometer (version Apex 3.2; Hologic) [29]. The
radiation exposure of whole-body DXA scanning was extremely
low, less than 20 µSv. DXA examinations were performed by
trained and certified radiologists. Further details of the DXA
examination protocol are recorded in the Body Composition
Procedure Manual on the NHANES website.

Covariates
Age, race, education level, marital status, and income:poverty
ratio were among the demographic factors recorded. The
income:poverty ratio was determined by dividing household
income by the poverty threshold, specifically the size of the
household, in the corresponding year and the state. BMI, which
was determined by dividing weight by height squared, was one
of the variables examined. Laboratory test results included
serum calcium and phosphorus levels. The variables in the
questionnaire included the coronary artery disease (CAD) score,
alcohol use, physical activity, and smoking status. The CAD
score was obtained from the Cardiovascular Disease and Health
section of the NHANES database defined by the Rose
questionnaire [30]. Energy (kcal) was calculated as the energy
intake in food and beverages consumed within 24 hours before
the interview (midnight to midnight), based on the energy of
each food item in the US Department of Agriculture Food and
Nutrient Database for Dietary Studies.
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Data Analyses
We used appropriate survey procedures to explain the complex
sampling design and weights of the NHANES [31]. The weights
of the NHANES data consider several survey features, including
the differential probabilities of selection for the sampling
domains, survey nonresponse, and differences between the final
sample distribution and the target population distribution. Each
of the 3 levels of data collection for the NHANES (screening,
interview, and examination) had a response rate. Subsequently,
the sample weights were calculated for each level of data
collection by the statistician of the National Center for Health
Statistics. The selection of weights was carried out by the
researchers based on the NHANES analysis protocol and the
study content. This study selected the full sample of the 2-year
mobile examination center exam weight. When we combined
the weights of 7 cycles of the NHANES study, we divided the
raw weight data by 7. Continuous variables were expressed as
mean (95% CI), whereas categorical variables were expressed
as percentages. The Student 2-tailed t test or Mann-Whitney U
test was used to compare continuous variables, and the
chi-square test or Fisher exact test was used to compare
categorical variables.

A multivariate linear regression model was used to estimate the
association between the body composition of phenolic
substances, including an unadjusted model (nonadjusted); a
minimally adjusted model (adjust I; adjusted only for gender,
age, race, energy [kcal], and creatinine, urine [mg/100 mL]);
and a fully adjusted model (adjust II; adjusted for gender, age,
race, ratio of family income to poverty, education level, marital
status, CAD score, smoking status, alcohol intake, physical
activity, energy [kcal], and creatinine, urine (mg/100 mL]).

In the aforementioned models, body composition and body
weight were used for adjustment in all analyses, except BMI

and body weight. In addition, for missing covariate data, the
method of missing value interpolation was supplemented. The
interpolation threshold was set to 5%. Phenolic substances
(BPA, BPS, or BPF) were considered continuous independent
variables and categorical variables (divided into quartiles), and
the lowest quartile was used as the reference. As the detection
rate of BPF was low, quartiles 1 and 2 of the original data were
combined to form a new quartile.

We performed tests for linear trends by entering the median
value of each category as a continuous variable in the models.
Interactive and stratified analyses were performed. Each
stratification was adjusted for all factors (gender, age, alcohol
intake, race, smoking status, and physical activity) except for
the stratification factor itself.

All statistical analyses were performed using the software
packages R (version 4.2.0; The R Foundation) and Empower
(X&Y Solutions Inc) [32]. Double-tailed P<.05 was considered
statistically significant.

Results

In total, 18,124 participants were selected for our study. Among
them, 8988 were male and 9133 were female, the median age
was 39.49 (IQR 38.94-40.04) years, and the median BMI was

27.22 (IQR 27.03-27.41) kg/m2. Among the 18,124 participants,
we conducted statistical analysis on 17,218 (95%) participants
with BPA data, 5039 (27.8%) people with BPS data, and 5040
(27.8%) people with BPF data according to the information
from the NHANES database. In addition, urinary BPA, BPS,
and BPF were 2.27 (95% CI, 2.22-2.33), 0.70 (95% CI,
0.65-0.75), and 0.72 (95% CI, 0.66-0.78) ng/mL, respectively.
Detailed characteristics of the participants are presented in Table
1.
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Table 1. Characteristics, including baseline, urinary bisphenols and body compositions, of American adults from the National Health and Nutrition
Examination Survey 2003-2016.

BPFd (n=5040)BPSc (n=5039)BPAb (n=17,218)Total (n=18,124)Characteristicsa

40.18 (39.02-41.35)40.13 (38.99-41.27)39.65 (39.10-40.21)39.49 (38.94-40.04)Age (years), median (IQR)

2110.17 (2067.34-
2152.99)

2120.14 (2078.95-
2161.34)

2172 (2150.07-2193.94)2171.8 (2149.81-
2193.79)

Energy (kcal), mean (95% CI)

122.1 (117.95-126.24)122.32 (118.30-126.34)120.65 (118.55-122.76)123.65 (121.61-125.69)Creatinine, urine (mg/100 mL), mean
(95% CI)

75.92 (74.73-77.11)76.23 (74.99-77.46)75.58 (74.99-76.17)75.67 (75.09-76.25)Weight (kg), mean (95% CI)

27.61 (27.19-28.03)27.64 (27.20-28.07)27.18 (26.99-27.38)27.22 (27.03-27.41)BMI (kg/m2), mean (95% CI)

48,934.37 (48,007.14-
49,861.59)

49,114.27 (48,203.47-
50,025.07)

48,954.92 (48,507.70-
49,402.14)

48,965.91 (48,524.82-
49,406.99)

TLMe (g), mean (95% CI)

20,932.29 (20,486.99-
21,377.58)

20,985.1 (20,546.07-
21,424.14)

21,148.1 (20,926.20-
21,370.00)

21,163.06 (20,942.60-
21,383.52)

ALMf (g), mean (95% CI)

12,072.51 (11,652.44-
12,492.58)

12,095.54 (11,660.14-
12,530.94)

12,176.15 (11,920.52-
12,431.78)

12,231.43 (11,976.08-
12,486.77)

TRFg (g), mean (95% CI)

2185.9 (2156.96-
2214.85)

2191.89 (2164.24-
2219.53)

2260.52 (2242.28-
2278.76)

2260.29 (2242.46-
2278.12)

BMCh (g), mean (95% CI)

25,319.4 (24,577.47-
26,061.33)

25,447.67 (24,684.67-
26,210.67)

25,442.36 (25,001.33-
25,883.38)

25,522.09 (25,072.09-
25,972.09)

TOFi (g), mean (95% CI)

0.72 (0.66-0.78)0.7 (0.65-0.75)2.27 (2.22-2.33)N/AjUrinary bisphenols (ng/mL), mean (95%
CI)

Gender, %

47.5448.0848.9149.10Male

52.4651.9251.0950.90Female

Race, %

10.6510.189.489.40Mexican American

6.566.345.415.46Other Hispanic

12.3312.1611.9312.12Non-Hispanic Black

61.0462.2165.8165.68Non-Hispanic White

9.429.117.377.35Other race

Ratio of family income to poverty, %

25.5424.5123.1323.49<1.3

3535.2835.4535.731.3-3.5

39.4740.2141.4240.79>3.5

Education level, %

16.4116.3618.1218.15Less than high school

20.4520.0921.8922.20High school or general educational

development

63.1363.5559.9959.65Above high school

Marital status, %

68.9969.3569.3069.05Married or living with partner

31.0130.6530.7030.95Living alone

CADk score, %

60.0759.2062.0862.070

24.1224.9224.1824.151

15.8015.8813.7413.792
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BPFd (n=5040)BPSc (n=5039)BPAb (n=17,218)Total (n=18,124)Characteristicsa

Smoking, %

57.7857.7654.7654.54Never

27.7327.9827.9628.03Former

14.4814.2517.2917.43Current

Alcohol intake (per day), %

78.1778.2676.8677None

6.056.277.197.20Moderate

15.7915.4715.9515.80Heavy

Physical activity, %

42.9642.7338.9139.11Less than moderate

10.4610.1915.6615.69Moderate

46.5947.0945.4345.20Vigorous

aThe data showed for continuous variables were survey-weighted mean (95% CI) and for categorical variables, survey-weighted percentages (the
absolute values cannot be provided due to being adjusted by weighting).
bBPA: bisphenol A.
cBPS: bisphenol S.
dBPF: bisphenol F.
eTLM: total lean mass.
fALM: appendicular lean mass.
gTRF: trunk fat.
hBMC: bone mineral content.
iTOF: total fat.
jN/A: not applicable.
kCAD: coronary artery disease.

Associations between bisphenols (BPA, BPS, and BPF) and
body compositions are presented in Table 2. A dose-response
relationship was observed between BPA and BMI in the crude
model (P<.001). The relationship did not exist after full
adjustment; however, there was a positive association between
BPS and BMI, with 0.91 and 1.15 higher BMI in quartiles 3
and 4, respectively, compared with quartile 1 (P<.001). In
addition, there was also a dose-response relationship between
BPA and TLM in the minimally and fully adjusted models (all
P<.001), whereas a negative association was found between
BPS and TLM after adjusting for all potential confounders,
compared with quartile 1; participants in quartiles 3 and 4 had
significantly lower TLM (quartile 3, model 2: β=–10.53, 95%
CI –16.98 to –4.08; quartile 4, model 2: β=–11.14, 95% CI
–17.83 to –4.45; P=.005). After adjusting for all confounders,
a dose-response relationship was also found between BPA and
ALM, with those in quartiles 2, 3, and 4 having significantly
lower ALM than those in quartile 1 (quartile 2: β=–3.31, 95%
CI –5.73 to –.90; quartile 3: β=–5.46, 95% CI –8.01 to –2.90;

quartile 4: β=–4.80, 95% CI –7.55 to –2.05; P=.01). However,
there was no substantial association between BPS and ALM.
In addition, there was a dose-response relationship between
BPA and TRF or TOF. For TRF, participants in quartiles 2, 3,
and 4 (model 2: β=3.55, 95% CI 1.17-5.93; β=8.29, 95% CI
5.78-10.79; β=5.68, 95% CI 2.98-8.37, respectively; P=.002)
had a significantly higher TRF than those at quartile 1. Similarly,
there was a dose-response relationship between BPA and TOF
(model 2: P<.001). For BPS, a positive association was
identified between BPS and TRF or TOF; those in quartiles 3
and 4 had 5.16 and 8.41 higher TRF, 9.92 and 10.34 higher
TOF when compared with quartile 1, respectively (for TRF,
model 2: P<.001; for TOF, model 2: P=.01). Furthermore,
although there was no significant association between BPA and
BMC, there was a negative association between BPS and TOF
(model 2: P<.001). After complete adjustment, there was no
substantially association between BPF and body composition
indicators (Table 2 and Multimedia Appendix 1).
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Table 2. Association between bisphenols and body composition among American adults from the National Health and Nutrition Examination Survey
2003-2016.

Adjusted model IIbAdjusted model IaNonadjusted

P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)

Urinary bisphenol A

.11c.23c<.001cBMI (kg/m2)

RefRefRefd0.14-0.7

.19.19 (–.09 to .46).04.31 (.02 to .59)<.001.62 (.31 to .92)0.8-1.5

.02.35 (.06 to .64).002.46 (.16 to .76)<.0011.19 (.89 to 1.49)1.6-3.1

.48–.11 (–.43 to .20).95–.01 (–.34 to .32)<.0011.01 (.70 to 1.31)3.2-11

<.001c<.001c.11cTLMe

RefRefRef0.14-0.7

<.001–7.85 (–11.44 to –4.25)<.001–8.96 (–12.66 to –5.26).51–1.65 (–6.58 to 3.28)0.8-1.5

<.001–12.33 (–16.12 to –8.54)<.001–13.17 (–17.06 to –9.28).39–2.15 (–7.05 to 2.76)1.6-3.1

<.001–11.08 (–15.16 to –7.01)<.001–11.62 (–15.79 to –7.45).243.00 (–1.98 to 7.97)3.2-11

.01c.005c<.001cALMf

RefRefRef0.14-0.7

.007–3.31 (–5.73 to –.90).001–4.07 (–6.53 to –1.61).351.47 (–1.63 to 4.58)0.8-1.5

<.001–5.46 (–8.01 to –2.90)<.001–5.85 (–8.44 to –3.25).062.93 (–.17 to 6.02)1.6-3.1

<.001–4.80 (–7.55 to –2.05)<.001–5.43 (–8.22 to –2.65)<.0016.33 (3.19 to 9.47)3.2-11

.002c<.001c.85cTRFg

RefRefRef0.14-0.7

.0043.55 (1.17 to 5.93)<.0014.53 (2.06 to 7.00).291.63 (–1.37 to 4.63)0.8-1.5

<.0018.29 (5.78 to 10.79)<.0019.03 (6.44 to 11.63)<.0015.78 (2.79 to 8.76)1.6-3.1

<.0015.68 (2.98 to 8.37)<.0016.66 (3.88 to 9.45).62.76 (–2.27 to 3.79)3.2-11

<.001c<.001c.23cTOFh

RefRefRef0.14-0.7

<.0018.58 (4.78 to 12.39)<.0019.66 (5.76 to 13.57).422.13 (–2.99 to 7.25)0.8-1.5

<.00114.19 (10.18 to 18.20)<.00115.07 (10.96 to 19.18).153.73 (–1.37 to 8.83)1.6-3.1

<.00112.51 (8.20 to 16.82)<.00113.08 (8.68 to 17.48).44–2.04 (–7.21 to 3.12)3.2-11

Urinary bisphenol S

<.001c<.001c<.001cBMI (kg/m2)

RefRefRef0.07-0.1

.35.26 (–.29 to .81).35.27 (–.30 to .84).02.73 (.13 to 1.34)0.2-0.3

.002.91 (.34 to 1.48)<.0011.04 (.45 to 1.62)<.0012.02 (1.42 to 2.62)0.4-0.8

<.0011.15 (.55 to 1.74)<.0011.31 (.70 to 1.91)<.0012.70 (2.10 to 3.31)0.9-4.7

.005c<.001c.006cTLM

RefRefRef0.07-0.1

.23–3.81 (–10.05 to 2.44).17–4.46 (–10.82 to 1.89).56–2.53 (–10.95 to 5.88)0.2-0.3

.001–10.53 (–16.98 to –4.08)<.001–12.79 (–19.32 to –6.25).13–6.42 (–14.64 to 1.80)0.4-0.8

.001–11.14 (–17.83 to –4.45)<.001–13.51 (–20.28 to –6.74).008–11.26 (–19.59 to –2.92)0.9-4.7

<.001c<.001c<.001cTRF
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Adjusted model IIbAdjusted model IaNonadjusted

P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)

RefRefRef0.07-0.1

.631.00 (–3.08 to 5.08).401.79 (–2.41 to 5.99).461.92 (–3.19 to 7.03)0.2-0.3

.025.16 (.99 to 9.34).0016.97 (2.70 to 11.24).0037.53 (2.58 to 12.48)0.4-0.8

<.0018.41 (4.05 to 12.76)<.00110.45 (6.00 to 14.91)<.00113.05 (8.00 to 18.10)0.9-4.7

.01c.002c.01cTOF

RefRefRef0.07-0.1

.442.64 (–3.99 to 9.27).343.27 (–3.46 to 10.01).771.29 (–7.48 to 10.05)0.2-0.3

.0059.92 (3.07 to 16.78)<.00112.24 (5.31 to 19.18).176.06 (–2.50 to 14.63)0.4-0.8

.00410.34 (3.23 to 17.45)<.00112.71 (5.53 to 19.90).0210.09 (1.39 to 18.79)0.9-4.7

<.001c<.001c<.001cBMCi

RefRefRef0.07-0.1

.97–.01 (–.62 to .60).74–.10 (–.72 to .51).90–.04 (–.66 to .58)0.2-0.3

.002–1.00 (–1.63 to –.38)<.001–1.21 (–1.85 to –.58)<.001–1.21 (–1.82 to –.60)0.4-0.8

<.001–1.46 (–2.11 to –.81)<.001–1.70 (–2.36 to –1.05)<.001–1.75 (–2.37 to –1.13)0.9-4.7

aModel I was adjusted for gender, age, race, energy, creatinine, and urine.
bModel II was adjusted for gender, age, race, ratio of family income to poverty, education level, marital status, CAD score, smoking, alcohol intake per
day, physical activity, energy, and creatinine, urine.
cP value for trend.
dRef: reference.
eTLM: total lean mass.
fALM: appendicular lean mass.
gTRF: trunk fat.
hTOF: total fat.
iBMC: bone mineral content.

The results of the interaction and stratified analyses are shown
in Table 3. The associations between BPA, BPF, and body
compositions were not significantly modified by gender.
However, the association between BPS and body composition
parameters (TLM, TRF, and TOF) was stronger among female
participants (for interaction: P=.002, P=.007, and P=.003,
respectively). A dose-response relationship was found between
BPS and body composition parameters (TLM, TRF, and TOF;
for trend P<.001, P<.001, and P=.001, respectively). In addition,
the association of BPA and BPS with BMI was significantly
modified by age (for interaction, P=.02 and P=.04, respectively).
BPA was inversely associated with BMI in patients aged ≤20
years (for trend, P<.001). Compared with quartile 1, the BMI

level decreased by 1.11 in quartile 4 (95% CI –1.61 to –.62;
P<.001), whereas there was a dose-response association between
BPA and BMI in people aged 20 to 50 years (P=.01, P<.001,
and P=.003, respectively). For BPS, the association between
BPS and BMI was stronger in people aged 20 to 50 years, and
a dose-response association was found (for trend, P=.02).
Furthermore, alcohol intake was a potential confounder in the
association between BPF and ALM (for interaction, P=.001).
Finally, the observed associations between bisphenols (BPA,
BPS, and BPF) and body composition parameters were not
significantly modified by race, smoking status, and physical
activity (data not shown; Multimedia Appendix 2).
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Table 3. Interaction and stratified analyses among American adults from the National Health and Nutrition Examination Survey 2003-2016.

P value
(interac-
tion)

P value
(trend)

Quartile 4Quartile 3Quartile 2Quartile 1

P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)

Urinary bisphenol Aa

.02BMI (kg/m2; per age in years)

<.001<.001–1.11 (–1.61 to
–.62)

<.001–.87 (–1.33 to
–.41)

.002–.69 (–1.13 to
–.25)

0Age ≤20

.04.003.90 (.31 to 1.50)<.0011.19 (.64 to
1.74)

.01.64 (.13 to 1.16)0Age 20-50

.13.30–.28 (–.79 to
.24)

.35.23 (–.25 to .71).61.12 (–.34 to .58)0Age ≥50

Urinary bisphenol Sb

.04BMI (kg/m2; per age in years)

.89.39–.36 (–1.18 to
.46)

.09–.73 (–1.58 to
.11)

.19–.53 (–1.31 to
.26)

0Age ≤20

.02.021.34 (.21 to
2.48)

.0091.45 (.36 to
2.55)

.62.26 (–.77 to
1.29)

0Age 20-50

.39.16.69 (–.27 to
1.66)

.021.11 (.18 to
2.05)

.43.37 (–.55 to
1.29)

0Age ≥50

.002TLMc

.15.09–9.11 (–19.68
to 1.45)

.29–5.49 (–15.61
to 4.63)

.34–4.91 (–15.02
to 5.20)

0Male

<.001.02–11.26 (–20.43
to –2.08)

.48–3.19 (–12.06
to 5.68)

.433.47 (–5.16 to
12.10)

0Female

.007TRFd

.16.124.87 (–1.24 to
10.99)

.293.16 (–2.68 to
9.00)

.472.16 (–3.72 to
8.04)

0Male

<.001.0029.93 (3.79 to
16.08)

.581.67 (–4.24 to
7.59)

.38–2.59 (–8.40 to
3.22)

0Female

.003TOFe

.16.109.42 (–1.81 to
20.65)

.325.45 (–5.31 to
16.21)

.355.11 (–5.61 to
15.83)

0Male

.001.0311.19 (1.40 to
20.98)

.413.98 (–5.46 to
13.42)

.31–4.78 (–13.98
to 4.42)

0Female

Urinary bisphenol Ff

.01ALMg

Alcohol intake

.65N/AN/Ah.65–.96 (–5.17 to
3.25)

.58–1.21 (–5.55 to
3.13)

0None

.69N/AN/A.891.49 (–20.47 to
23.45)

.91–1.25 (–23.21
to 20.71)

0Moderate

.28N/AN/A.05–15.31 (–30.72
to .09)

.23–9.23 (–24.19
to 5.73)

0Heavy

aQuartile ranges of urinary bisphenol A: quartile 1=0.14 to 0.7; quartile 2=0.8 to 1.5; quartile 3=1.6 to 3.1; quartile 4=3.2 to 11.
bQuartile ranges of urinary bisphenol S: quartile 1=0.07 to 0.1; quartile 2=0.2 to 0.3; quartile 3=0.4 to 0.8; quartile 4=0.9 to 4.7.
cTLM: total lean mass.
dTRF: trunk fat.
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eTOF: total fat.
fQuartile ranges of urinary bisphenol F: quartile 1=0.3 to 0.6; quartile 2=0.7 to 7.5; quartile 3>7.5.
gALM: appendicular lean mass.
hN/A: not applicable.

Discussion

Principal Findings
In this study, we discovered that there was no significant
association between BPA and BMI, whereas BPA was
negatively associated with TLM and ALM and had a positive
dose-response with TOF and TRF. BPS was positively
associated with BMI, TRF, and TOF and negatively associated
with TLM, and there was no discernible relationship between
BPS and ALM. However, no significant association was
observed between BPF and body composition. Although
previous studies have revealed that BPA is positively associated
with human BMI [33-35], and urinary BPA content and
phthalate metabolites are positively associated with body fat
content in older adults and premenopausal women [1], it is
unclear whether BPA and its derivatives (BPS and BPF) have
similar effects on the specific body composition of the general
population.

Eating habits may have influenced the study results. Wang et
al [36] conducted a survey that included 360 primary and junior
high school students in Shanghai as participants and found a
positive association between BMI and BPA [36]. Regarding
the possible effects of BPA exposure on adult BMI, the study
by Carwile and Michels [33] that included 2747 adults
participating in the 2003 to 2006 NHANES found that despite
the nonlinear association between BPA and BMI, the BMI of
the participants in the second, third, and fourth BPA quartiles
were higher than those in the primary BPA quartile. Other
studies investigated the relationship between BPA and BMI in
young Indian women (age: mean 21.2, SD 2.37 years) and
revealed that there was a significant association between BPA
and BMI (P=.03) [37]. None of the 3 studies included diet as a
possible covariate. In contrast, Braun et al [38] found no
significant association between urinary BPA levels and BMI
of prenatal women and 2-to 5-year-old children in the Cincinnati
region after adjusting for diet, exercise, and di(2-ethylhexyl)
phthalate. Thus, the differences among these findings may lie
in whether diet was selected as a possible covariate and was
well adjusted. Diet is an important source of exposure to BPA
[39-41], whereas obesity is associated with certain dietary
patterns, such as the Mediterranean diet [42] or ketogenic diet
[43]. Previous studies indicated that consuming a substantial
amount of plant-based foods in the Mediterranean diet may
potentially reduce the severity of nonalcoholic fatty liver
disease–related outcomes [44] and relate to favorable measures
of adiposity [45]. Furthermore, a highly restrictive ketogenic
diet is considered an effective and safe therapeutic intervention
for patients who are obese [46,47], favoring their body
composition [48]. In our study, total calorie intake, TOF intake,
and alcohol intake were included as possible dietary covariates;
the participants in the 2003 to 2004 and 2005 to 2006 NHANES
were selected as participants of this study, and their body
composition and urinary BPA level were well measured. No

significant association was found between BMI and BPA in the
fully adjusted model. This was consistent with the trend
described by Braun et al [38].

There was a positive association between BPS and BMI, which
is consistent with the findings of Jala et al [37]. In the study of
the effect of BPS on male sperm quality, Ghayda et al [49] also
found that men with high BMI have correspondingly higher
urine BPS levels. For lean mass, both BPA and BPS showed a
negative dose-response relationship with TLM, and there was
a negative association between BPA and ALM in the fully
adjusted model. Corbasson et al [1] found a negative association
between BPA and TLM in the male group after adjusting for
the covariates of waist circumference and BMI. However, this
association was not observed in the female group. For body fat,
urinary BPA and BPS levels in the NHANES participants were
positively associated with TRF and TOF. Inconsistent with our
findings, there was no significant relationship between BPA
and fat mass in the study by Corbasson et al [1]. However,
because of the use of NHANES as a data source for us and this
study, our study incorporated an extended range of data periods,
which may engender more inferences. Zhang et al [50] found
that abnormal liver metabolism in mice, glycolysis,
trichloroacetic acid metabolic pathway effects, and decreased
succinic acid levels were related to visceral fat synthesis,
indicating that BPS may also lead to an increase in TRF and
TOF [51].

BPF was not significantly associated with TRF or TOF, possibly
because current environmental BPF exposure is insufficient as
a decisive factor for obesity. For example, Liu et al [52] used
the data of 1521 participants in the NHANES 2013 to 2014 to
evaluate the relationship between BPF and obesity. They also
found that BPF and obesity were not significantly associated
with obesity after adjusting for factors such as demographic,
socioeconomic, lifestyle, and urinary creatinine concentration;
however, a significant association was observed in the
nonadjusted model. However, this might be an adjustment for
sensitive populations, such as low-income individuals who are
prone to overexposure. In their study, the exposure of BPF
before and after adjustment was 0.4 versus 0.3 ng/mL,
respectively, which was much less than the BPA exposure of
1.5 versus 1.1 ng/mL [52], and studies have shown that BPF
can interfere with the IRS-1/PI3K/AKT signal transduction
pathway and subsequently affect the insulin-dependent glucose
metabolism pathway of adipocytes (3T3-L1 adipocytes),
resulting in obesity [53].

According to the stratified analyses, the association between
bisphenols and body composition was influenced by gender,
age, and the potential impact of alcohol. Previous research has
reported gender differences in the effects of BPA on obesity
[54], and our study has also demonstrated such differences. On
the basis of previous studies, this may be attributed to the
differences in BPA metabolism and estrogen receptor
expression, as well as gender-related BPA exposure [55,56].
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Gender-related hormonal variations can lead to different
responses to bisphenol exposure [57,58]. The Environmental
Obesogen Hypothesis suggests that prenatal or early life
exposure to estrogen-like environmental pollutants may increase
the risk of fat accumulation and obesity [59]. For instance, BPA
may have the greatest impact during early developmental stages,
potentially due to epigenetic modifications related to stem cells
[60]. In addition, alcohol consumption is associated with obesity,
as it can affect liver metabolism and function [61]. The
interaction between alcohol consumption and bisphenol
compounds requires further research and validation.

Estrogen receptors play a crucial role in regulating lipid
accumulation and improving insulin sensitivity and are therefore
regarded as therapeutic targets for preventing obesity and
metabolic disorders [57]. In vitro studies have previously
observed that BPS and BPF exhibit similar toxicity and
estrogenic effects as BPA, exerting an influence on cellular
metabolism through pathways such as growth inhibition,
oxidative stress, and gene expression [62]. Another study
demonstrated the estrogenic agonistic effects of BPA, BPS, and
BPF, individually, and the synergistic effect of these 3
bisphenols when combined, exhibiting a more potent action
[63]. By contrast, obesity and metabolic disorders have been
associated with oxidative stress [64]. Insulin resistance, a key
factor in the pathogenesis of obesity and diabetes, is intricately
linked to oxidative stress [65]. BPA and its derivatives, BPS
and BPF, can disrupt the endogenous antioxidant system, leading
to a severe imbalance in enzymes, such as superoxide dismutase
and catalase, in liver cells exposed to BPS [66]. Furthermore,
studies have indicated that adult exposure to BPF results in a
significant imbalance in catalase activity [67]. Regarding the
findings of this study, it is evident that both BPA and BPS have
a significant impact on body composition, particularly on the
content and distribution of adipose tissue. The potential
mechanisms of BPS toxicity may involve interactions with
estrogen receptors [68], DNA, and protein binding [69], as well
as oxidative stress effects [70].

In this study, both BPA and BPS exhibited significant
associations with body composition, displaying trends similar
to those of BMI, TLM, TRF, and TOF. Furthermore, BPA was
correlated with ALM, whereas BPS demonstrated an additional
association with BMC. However, no significant correlation was
observed between BPF and body composition. Studies suggest
that BPS has a lesser obesogenic effect compared with BPA,
with its ability to induce triglyceride accumulation being only
1% of that of BPA [71]. Nevertheless, for BPF exposure, some
studies indicate an association with developing obesity, whereas
others yield inconclusive results [72]; thus, further research is
needed to elucidate its role.

In this cross-sectional study, although we were unable to
establish a causal relationship between BPA and its derivatives,
BPS and BPF, and body composition, we identified an
association between them. The analysis conducted in this study
not only provides a reference value for understanding the
mechanisms of bisphenols but also holds potential value in
guiding individuals to reduce adverse changes in body
composition and mitigate metabolic-related reactions by proper
exposure management or avoidance of bisphenols. Furthermore,

it presents potential references for exploring the pathogenic
mechanisms and preventive measures for obesity and other
metabolic-related disorders. These findings underscore the
importance of understanding the potential health risks associated
with bisphenol exposure and emphasize the need for targeted
interventions to mitigate the potential adverse effects on body
composition.

Furthermore, to our knowledge, this is an innovative study to
evaluate the association between specific body compositions,
including ALM, TLM, TOF, TRF, and urinary BPA derivatives,
such as BPS and BPF. Compared with previous studies, we
included alcohol, calorie, and fat intake as possible covariates
in the analysis to exclude the possible effects of diet on obesity
based on the association between obesity and BPA as well as
its derivatives. Thus, this study’s findings more accurately
reflect the association between endocrine disrupters and body
components. Another advantage of our study is that the
American NHANES cohort has a large population base and
ethnic diversity. Statistics was used for weighted analysis to
represent a larger population. We also evaluated the association
between BPS and TLM and found that BPS was negatively
associated with TLM, which has not been previously reported.
Lean body mass is significant for bone health and optimal aging
[1]. The skeletal muscle is the largest and most malleable
component of lean body mass (accounting for approximately
50% of lean body mass). Therefore, the change in lean body
mass is mainly attributed to skeletal muscle mass. The
maintenance of skeletal muscle is fundamental to locomotion,
energy homeostasis, and overall quality of life [73]. This
suggests that exposure to BPS may lead to a decline in exercise
capacity, as the substitution of BPA also has safety issues. In
fact, some studies have shown that BPS and BPA are positively
associated with oxidative stress, which is associated with an
increase in triglycerides and indirectly affects the physical
fitness of healthy young adults (age: mean 23.5, SD 2 years).
Jing et al [74] also found that the myotube diameter and
distribution area of C2C12 myoblasts that were exposed to 10
to 4 M BPS decreased significantly compared with the control
group.

Limitations
Our study has several limitations. First, bisphenol exposure was
measured using the urine of the NHANES participants.
However, it is widely acknowledged that urinary BPA and its
derivatives do not fully reflect bisphenol exposure. In fact, their
levels change greatly over a short period, which may lead to
uncertain relationships between BPA, BPS, BPF, and body
composition [1]. Therefore, it is important to conduct repeated
sampling measurements of the population. In addition, our
covariates were limited and did not include other possible
disrupters, such as exposure to other endocrine disrupters or
drug intake, which can affect metabolism during the study period
and the menopausal state of female individuals. Moreover, the
data we used were collected from the urine of each participant
only once, so it could not fully reflect the exposure to BPA and
its derivatives. However, repeated sample collection may also
have affected the enthusiasm of the participants, resulting in
bias in the results. Nevertheless, urine collection is the most
effective and widely adopted method for detecting BPA and
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BPS (bisphenol derivatives). The NHANES and other studies
have generally used indirect methods to detect BPA levels.
However, some studies have suggested that the bisphenol
content in the human body may be disputable due to different
detection methods. In 2020, a study proposed that direct methods
measure BPA levels nearly 20 times higher than indirect
methods, which may change our understanding of BPA levels
in humans [75]. Nevertheless, the trend in the results obtained
using mainstream detection methods is unquestionable. We
found a negative dose-response between BPF, BPA, and TLM,
which provides a basis for future research. However, the specific
mechanism remains unclear and should be further explored in
future studies. Additionally, the characteristics of human
exposure to bisphenols are mixed. In this study, we analyzed
the independent records of bisphenol compounds in the database,

and we will analyze the effects of all bisphenol mixtures together
by experimental methods for future research.

Conclusions
Our study found that BPA, as a representative bisphenols, is
related to changes in body composition. Although people have
begun to pay more attention to BPA, the impact of its derivatives
on humans cannot be ignored. As a derivative of BPA, BPS is
related to the changes in various body components and has a
stronger association with women and changes in age. BPF was
not significantly associated with various body components in
this study. We speculate that the degree of environmental
exposure to BPF is not sufficient to cause a significant impact,
but this conjecture needs to be elucidated through additional
experiments.
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Abstract

Background: In light of the COVID-19 pandemic, the distribution of social support for mental health problems has likely
become unequal. Family- and community-based social support has been recognized as a promising approach for mental disorders;
however, limited global frameworks have been applied to developing countries such as Vietnam.

Objective: The aim of this study was to evaluate the quality of life and social support among patients with mental health disorders
in Vietnam and to investigate the factors associated with quality of life among these patients.

Methods: A cross-sectional study was conducted on 222 psychiatric patients in Hanoi from 2020 to 2022. A structured
questionnaire was developed based on four standardized scales: Mental Well-Being-5 scale, Multidimensional Scale of Perceived
Social Support, EuroQoL-visual analog scale (EQ-VAS), and EuroQoL-5 dimensions-5 levels (EQ-5D-5L) scale. Tobit regression
was used to identify factors associated with the EQ-5D-5L and EQ-VAS scores. Structural equation modeling was applied to
verify the relationship between quality of life and social support.

Results: The results showed that perceived support from family scored the highest compared to support from friends and
significant others. Patients with depression reported the lowest quality of life and perceived social support. Structural equation
modeling showed a root mean square error of approximation of 0.055 (90% CI 0.006-0.090), comparative fit index of 0.954,
Tucker-Lewis index of 0.892, and standardized root mean squared error of 0.036 (P<.001). The hypothetical model indicated
statistically significant correlations between EQ-VAS score and social support (P=.004), EQ-5D-5L and mental well-being
(P<.001), and social support and mental well-being (P<.001). Critical deterioration of quality of life and inconsistency in social
support for patients with mental illness were also recorded.
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Conclusions: There is a need to enhance social support and service delivery in Vietnam, focusing on occupation and quality of
life. The correlations between social support, quality of life, and mental health issues suggest the potential of a clinical-social
integrated intervention model of care.

(JMIR Public Health Surveill 2023;9:e47239)   doi:10.2196/47239

KEYWORDS

contextual; social support; quality of life; mental health disorders; Vietnam; mental health; mental illness; cross-sectional;
association

Introduction

Awareness of the burden posed by mental health disorders is
steadily growing on a global scale, particularly in low- and
middle-income countries [1]. According to a report by the World
Health Organization (WHO), mental health disorders affected
approximately 970 million people worldwide, constituting
12.8% of the population. These disorders are measured in terms
of disability-adjusted life years (DALYs) and years lived with
disability (YLDs), with mental health disorders accounting for
over 40% of YLDs [2] and 15% of DALYs [3] globally. The
prevalence of mental health disorders saw a sharp increase in
2020 due to the COVID-19 pandemic. Depressive symptoms
were reported in 48.3% of the Chinese population, 32.7% of
the Italian population, and 23.6% of the Spanish population [4].
In Vietnam, 45.8% of the population reported mild to moderate
symptoms of stress following an extended period of social
restrictions [5]. COVID-19 significantly impacted patients with
pre-existing mental health disorders [6,7]. Strict social
restrictions led to heightened stress levels and feelings of
isolation among hospitalized patients [8]. Patients with mental
illness were profoundly affected by changes in daily routines,
social rhythms, and their sense of stability [9]. Additionally,
socioeconomic factors such as remote working, wage cuts, and
increased household expenditures were linked to the worsening
of pre-existing disorders [10]. Given that mental health outcomes
are influenced by a variety of biological, social, cultural,
economic, and religious factors, it is crucial to approach mental
health from a multidimensional perspective. The COVID-19
pandemic emphasizes the urgent need to shift the approach to
mental health from a biomedical and therapeutic standpoint to
a psychosocial perspective that maximizes family- and
community-based interventions.

An increasing body of research has been dedicated to examining
the influence of social determinants on health care outcomes.
The WHO has officially acknowledged the significant impact
of social factors on the prevalence and duration of mental
disorders, attributing them to be responsible for shaping,
sustaining, and enhancing overall health quality [11,12]. The
UK National Health Service has emphasized the vital role of
community connectors and advocated for an integrated approach
that blends clinical treatment, mental health care, and social
support [13]. Both frameworks acknowledge social support as
a potent public health intervention, encompassing multitiered
collaborations, including personal-interpersonal,
personal-community, and interpersonal-community interactions.
Furthermore, social support can function as a consistent source

of care and a therapeutic approach for individuals with mental
illnesses, without relying heavily on facility resources as is the
case for many clinical interventions. Nevertheless, standardized
models encounter the challenge of not fully capturing the
influence of social support on diverse determinants of health,
such as societal, cultural, and religious factors. Furthermore,
since current frameworks are primarily rooted in Western
contexts, there exists limited evidence regarding the
effectiveness of the social support model in developing countries
and resource-constrained settings [14-16].

As COVID-19 presented unique challenges to individuals with
mental health disorders, it is critical to understand the role of
social support in their quality of life (QoL). The standardized
social support frameworks have been found to be limited in
their applicability to the context of resource-scarce settings.
While previous studies have identified unfavorable social
outcomes for patients with mental health disorders, including
social dysfunction, lack of social networks, severe stigma, and
interpersonal challenges, contextualized social support models
have neither been implemented nor studied for this population
in Vietnam [17,18]. To contribute to the growing body of
research on mental health care and social support in Vietnam,
shedding light on the unique challenges faced by this population
and identifying potential areas for intervention and
improvement, we conducted this study with two main objectives:
(1) to measure social support and QoL among patients with
mental health disorders in Vietnam, and (2) develop and verify
a structural model linking various factors that influence the QoL
of patients with mental health disorders, particularly the social
support aspect. Furthermore, we sought to confirm the
bidirectional association between social support and QoL, where
patients with mental health disorders suffer from low QoL,
which in turn leads to a lack of social support; conversely, a
lack of social support is identified as an underlying cause of
mental disorders, resulting in lower QoL. Particularly in this
time of COVID-19, where the pandemic has even further
magnified the challenges faced by individuals with mental health
disorders, such information can be invaluable in the development
of tailored interventions that can strengthen social support and
improve the QoL of patients.

After reviewing the existing literature, we identified
demographic, behavioral, illness-related, mental health–related,
and social support factors that contribute to influencing the QoL
of individuals with mental health conditions [19-21]. The
conceptual framework employed in this study is presented in
Figure 1.
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Figure 1. Conceptual framework of the study.

Methods

Study Setting and Participants
From January 2020 to June 2022, a cross-sectional study was
conducted in Hanoi, Vietnam. The eligibility criteria included
patients who were 18 years old or above, currently being treated
at the Mai Huong Daycare Psychiatric, willing to participate in
the study through providing informed consent, and had the
physical and mental capacity to answer the interviewer’s
questions. Patients who had serious cognitive impairment or
were unable to answer the data collectors’ questions were
excluded from the recruitment process. A day psychiatric
hospital model is currently being applied by Mai Huong Daycare
Psychiatric, making the participants outpatients. The
day-hospital model allows patients to spend less time at the
hospital, reducing the potential negative effects of prolonged
hospital stays, while facilitating faster recovery and improved
QoL [22].

There were five investigators who were members of the research
team and well-trained medical staff from Hanoi Medical
University. The interview was conducted in a separate room
where patient privacy was guaranteed. The patient was
interviewed in a face-to-face manner using the questionnaire.
The questionnaire required approximately 10-15 minutes to
complete.

Measure and Instruments
A structured questionnaire was used consisting of five main
components: (1) demographic characteristics, (2) clinical history
(chronic diseases, family psychiatric history, number of
outpatient medical examinations, and number of mental health
disorders examinations), (3) mental well-being (Mental Health
Inventory-5 [MHI-5] scale), (4) social support
(Multidimensional Scale of Perceived Social Support [MSPSS]),
and (5) QoL (EuroQoL-5 dimensions-5 levels [EQ-5D-5L] scale
and EuroQoL-visual analog scale [EQ-VAS]).

Variables

Outcome Variables
The EQ-5D-5L scale was used to measure the QoL of
participants through five domains: Mobility, Self-care, Usual
Activities, Pain/Discomfort, and Anxiety/Depression. Each
question had a score from 1 (“extreme problems”) to 5 (“no
problems”), which resulted in 3125 possible health states from
1111 (worst health) to 55,555 (full health) [23]. One single
“utility” score was defined for each health state and could be
transformed using the interim scoring for EQ-5D-5L. This study
used the validated Vietnamese version of the EQ-5D-5L with
a score ranging from –0.5115 to 1 [24]. Higher scores indicated
better QoL. The EQ-VAS is a vertical visual analog scale to
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self-assess health states from a score of 100 (best imaginable
health) to 0 (worst imaginable health) [25]. 

The MSPSS was used with 12 items to measure the social
support from the following subscales: family (4 items), friends
(4 items), and significant others (4 items) [26]. Participants
reported the MSPSS using a 7-point Likert scale ranging from
1 “strongly disagree” to 7 “strongly agree.” The score of
subscales is the average score of the corresponding 4 items.
Higher scores indicated higher support from family, friends, or
significant others [26]. The maximum total score was 84, with
a higher score indicating greater perceived social support. The
MSPSS has been used widely for several groups such as those
with infertility, people living with HIV/AIDS, and adolescents
[27-29].

Covariates

Socioeconomic Status

Respondents were asked about their sociodemographic
background, including age, gender, marital status, and
occupation.

Substance Use Behaviors

We asked participants one question each about their current
smoking and alcohol consumption behavior.

Clinical Characteristics

Participants were asked about their clinical characteristics,
including comorbidities, chronic diseases, acute symptoms,
family history of mood disorders, type of disorders
(schizophrenia, bipolar disorder, depression, anxiety disorders,
mixed anxiety-depressive disorder, sleep disorders, emotional
disturbance, epilepsy, and other), family history of mental health
disorders, the number of outpatient medical examinations, and
the number of mental health disorders examinations.

The MHI-5 scale was used to measure the general mental health
status of participants. There was a total of five items with each
item scored from 1 to 5. The total score was measured by adding
the total score of 5 questions and multiplying by 4. The total
score ranged from 20 to 100 [30]. Higher scores indicated more
severe mental health problems. The MHI-5 scale has been used
for several groups such as adolescents and the general population
[31,32].

Sample Size and Sampling Method
Total population sampling was used in this study. The sample
size was calculated using the formula to estimate the mean score
of EQ-VAS among participants according to EQ-VAS scores
reported from another study conducted in Vietnam [33]. This
was selected for two main reasons. First, the study was
conducted on adult patients quite similar to our study group. In
Vietnam, there is still very little research on patients with mental
illness. Second, the previous study used the same tool to measure
the QoL of patients (EQ-VAS). Hence, we used α=.05, the mean
score of EQ-VAS from the previous study of 66.3 (SD 12.5)
[33], and a relative error of 0.025 to calculate the required
sample size, resulting in a sample size of 219 patients. It was
expected that 5% of those recruited would refuse to participate;

therefore, we set the final sample size to N=230. At the end of
data collection, 222 participants were recruited for the study.

Statistical Analysis
The data analysis was conducted using Stata version 16 and
missing data were managed using the listwise deletion method.
Descriptive statistics are presented as the mean (SD) for
continuous variables and frequencies and proportions for
categorical variables. The Wilcoxon-Mann-Whitney test and
Kruskal-Wallis test were used to test for differences in perceived
social support and QoL scores across individual characteristics.

Individual characteristics, clinical history, mental well-being,
and social support were considered potential covariates for the
full models’ QoL. Multivariate Tobit regression was utilized to
identify factors related to the EQ-VAS and EQ-5D-5L scores.
Stepwise forward techniques were employed to create reduced
models, with a significance level of P<.20 as the inclusion
threshold. Statistical significance was set at P<.05. In contrast,
the inferential statistics applied in this study utilized structural
equation modeling, which involved employing
maximum-likelihood estimation and path analysis to establish
the implicit connection between the variables as originally
hypothesized in Figure 1. Goodness-of-fit tests such as the
goodness of fit index, comparative fit index (CFI), root mean
square error approximation (RMSEA), Tucker-Lewis index
(TLI), and standard root mean squared residual (SRMR) were
used to evaluate the models.

Ethical Considerations
This analysis used a part of the data set of a longitudinal study
on individuals with and without mental health disorders in
Vietnam, Vietnam’s Brain and Behavior Cohort, led by authors
BXT and RCMH. The study monitors changes in functional
near-infrared data and self-reported health outcomes using
portable, functional near-infrared spectroscopy and
clinical-behavioral assessments among Vietnamese patients, in
an effort toward developing an artificial intelligence–based
diagnosis system for psychiatric disorders in Vietnam.

The protocol of this study was approved by the Institutional
Review Board of Hanoi Medical University
(58/GCN-HĐĐNCYSH-ĐHYHN). We confirmed that all
procedures were performed in accordance with relevant
guidelines and regulations. Written informed consent was
required from participants before participating in the study.
Patients invited to participate were fully explained the content,
purpose, and benefits of the study. The collected information
was kept confidential and only used for research purposes. The
data were encrypted to ensure confidentiality of the information.

Results

Table 1 provides demographic information of the respondents,
with a mean age of 43.1 (SD 13.4) years and a majority being
men, single, having a high school education, and working as
freelancers. The prevalence of chronic diseases was moderate
(45%), with schizophrenia and bipolar affective disorder being
the most commonly reported mental disorders. Participants
reported an average of 8.9 outpatient medical examinations and
8.2 mental health disorder examinations in the past year.
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Table 1. Individual characteristics of participants (N=222).

ValueCharacteristics

Gender, n (%)

122 (55.0)Man

100 (45.0)Woman

Marital status, n (%)

106 (47.8)Single

96 (43.2)Married

20 (9.0)Divorced/separated/widow

Education, n (%)

75 (33.8)Below high school

78 (35.1)High school

69 (31.1)University

Occupation, n (%)

50 (22.5)Unemployed

18 (8.1)White-collar worker

22 (9.9)Blue-collar worker

28 (12.6)Student

20 (9.0)Retired

84 (37.8)Freelancer

Chronic diseases, n (%)

122 (55.0)None

62 (27.9)One disease

38 (17.1)Two or more diseases

28 (12.7)Family history of mental health disorders, n (%)

35 (15.8)Drinking alcohol, n (%)

48 (21.6)Smoking, n (%)

Type of mental health disorder, n (%)

45 (20.5)Other

27 (12.3)Sleep disorders

44 (20.0)Schizophrenia

15 (6.8)Schizoaffective disorder

10 (4.6)Anxiety disorders

29 (13.2)Bipolar affective disorder

18 (8.2)Mixed anxiety disorder-depression

7 (3.2)Emotional disturbance

14 (6.4)Depression

11 (5.0)Psychosis

43.1 (15.4)Age (years), mean (SD)

8.9 (11.6)Number of outpatient medical examinations, mean (SD)

8.2 (10.9)Number of mental health disorders examinations, mean (SD)

Table 2 presents the perceived social support scores, with mean
scores of 5.08 (SD 1.09) for the family group, 4.32 (SD 1.52)
for the friend group, 4.18 (SD 1.68) for significant others, and

54.33 (SD 13.52) for total perceived social support. Married
participants reported higher scores for significant other support
and total perceived social support than single participants
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(P=.03). Unemployed participants had the lowest perceived
social support total score, while blue-collar workers had the

highest perceived social support total score.

Table 2. Perceived social support regarding individual characteristics (N=222).

Total perceived supportSignificant other supportFriend group supportFamily group supportCharacteristics

P valueMean (SD)P valueMean (SD)P valueMean (SD)P valueMean (SD)

54.33 (13.52)4.18 (1.68)4.32 (1.52)5.08 (1.09)Total

.53.45.96.64Gender

54.27 (13.74)4.10 (1.70)4.34 (1.52)5.12 (1.09)Man

54.40 (13.31)4.27 (1.67)4.30 (1.52)5.03 (1.10)Woman

.03.03.87.06Marital status

53.11 (14.76)4.01 (1.70)4.32 (1.63)4.95 (1.23)Single

56.32 (12.36)4.47 (1.62)4.33 (1.46)5.28 (0.91)Married

51.20 (10.96)3.66 (1.72)4.31 (1.27)4.83 (1.01)Other

.89.53.90.47Education

54.99 (12.76)4.33 (1.66)4.27 (1.53)5.15 (1.08)Below high
school

53.77 (12.71)4.10 (1.48)4.35 (1.49)5.00 (1.01)High school

54.25 (15.27)4.11 (1.92)4.36 (1.56)5.10 (1.20)University

.47.35.28.41Occupation

51.22 (15.59)3.75 (1.82)3.99 (1.75)5.08 (1.21)Unemployed

55.44 (13.78)4.06 (2.04)4.51 (1.18)5.29 (1.19)White-collar
worker

55.91 (15.86)4.47 (1.78)4.35 (1.83)5.16 (1.10)Blue-collar
worker

52.00 (10.36)4.03 (1.36)4.32 (1.45)4.65 (1.10)Student

53.95 (12.24)4.43 (1.82)3.88 (1.58)5.19 (0.93)Retired

56.39 (12.59)4.38 (1.54)4.58 (1.32)5.13 (1.02)Freelancer

.39.44.37.27Chronic diseases

55.25 (13.19)4.26 (1.67)4.38 (1.54)5.18 (1.07)None

52.08 (14.53)3.94 (1.69)4.22 (1.46)4.85 (1.21)One disease

55.05 (12.76)4.31 (1.73)4.32 (1.59)5.14 (0.93)Two or more
diseases

.65.62.69.45Family history of mental health dis-
orders

54.33 (13.50)4.15 (1.72)4.32 (1.55)5.11 (1.10)No

54.39 (14.12)4.39 (1.49)4.31 (1.39)4.89 (1.09)Yes

.32.43.60.16Drinking alcohol

54.64 (13.46)4.21 (1.68)4.34 (1.53)5.12 (1.08)No

52.69 (13.92)4.04 (1.72)4.25 (1.48)4.89 (1.17)Yes

.34.23.50.69Smoking

54.72 (13.33)4.25 (1.65)4.37 (1.48)5.05 (1.12)No

52.92 (14.22)3.91 (1.79)4.14 (1.67)5.18 (1.01)Yes

Table 3 shows the QoL scores of the respondents, with mean
scores of 67.99 (SD 20.51) for the EQ-VAS and 0.88 (SD 0.17)
for EQ-5D-5L. Women had lower EQ-VAS scores than men
(P=.01). Patients who were white-collar workers had the highest

EQ-VAS and EQ-5D-5L scores, retired patients had the lowest
EQ-VAS scores, and students had the lowest EQ-5D-5L scores.
No significant differences were found between groups in
EQ-5D-5L scores.
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Table 3. Quality of life–related scores regarding individual characteristics (N=222).

EQ-5D-5Lb indexEQ-VASaCharacteristics

P valueMean (SD)P valueMean (SD)

0.88 (0.17)67.99 (20.51)Total

.09.01Gender

0.89 (0.18)71.80 (18.31)Man

0.86 (0.16)63.34 (22.14)Woman

.79.96Marital status

0.88 (0.16)68.08 (22.22)Single

0.87 (0.20)68.14 (18.75)Married

0.88 (0.14)66.75 (20.15)Other

.47.41Education

0.86 (0.22)66.13 (21.31)Below high school

0.87 (0.16)68.05 (18.09)High school

0.90 (0.12)69.93 (22.26)University

.09.01Occupation

0.86 (0.18)67.04 (20.59)Unemployed

0.90 (0.14)78.83 (15.88)White-collar worker

0.86 (0.11)67.41 (23.16)Blue-collar worker

0.84 (0.19)65.04 (24.49)Student

0.86 (0.14)57.75 (17.51)Retired

0.90 (0.19)69.80 (18.98)Freelancer

.32.14Chronic diseases

0.88 (0.20)70.02 (20.30)None

0.86 (0.16)66.71 (21.67)One disease

0.89 (0.11)63.53 (18.83)Two or more than two diseases

.11.76Family history of mental health disorders

0.88 (0.18)68.02 (20.97)No

0.87 (0.11)68.04 (17.76)Yes

.31.15Drinking alcohol

0.88 (0.17)68.87 (20.44)No

0.85 (0.16)63.29 (20.58)Yes

.47.51Smoking

0.87 (0.18)67.26 (21.44)No

0.89 (0.16)70.60 (16.65)Yes

aEQ-VAS: EuroQoL-visual analog scale.
bEQ-5D-5L: EuroQoL-5 dimensions-5 levels.

Table 4 shows the characteristics of QoL and perceived social
support based on the type of mental health disorder. Patients
with psychosis had the highest EQ-5D-5L score, followed by
schizophrenia and emotional disturbance (P=.03). Patients with
sleep disorders had the highest total perceived social support

score, followed by those with anxiety disorders (P=.01). In
addition, patients with anxiety disorders had the highest family
support scores (P=.06), whereas patients with sleep disorders
had the highest support scores for the friend group (P=.04) and
significant others group (P=.02).
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Table 4. Characteristics of quality of life and perceived social support regarding the type of mental health disorders (N=222).

Perceived social support, mean (SD)Quality of life, mean (SD)Mental health disorder

TotalOther groupsFriend groupFamily groupEQ-5D-5LbEQ-VASa

54.18 (13.44)4.16 (1.68)4.31 (1.52)5.07 (1.09)0.88 (0.17)67.90 (20.59)Total

54.18 (10.16)3.96 (1.87)4.28 (1.56)5.31 (1.04)0.90 (0.12)69.36 (20.07)Other

61.85 (9.45)4.94 (0.86)5.06 (1.03)5.46 (0.88)0.81 (0.30)66.26 (21.79)Sleep disorders

49.23 (13.97)3.64 (1.62)3.81 (1.58)4.86 (0.97)0.93 (0.10)71.59 (18.94)Schizophrenia

53.00 (14.93)4.00 (1.70)4.07 (1.64)5.18 (0.97)0.80 (0.28)65.67 (25.97)Schizoaffective disorder

59.90 (14.88)4.48 (1.96)5.03 (1.42)5.48 (0.89)0.86 (0.13)71.50 (17.00)Anxiety disorders

54.97 (15.12)4.54 (1.60)4.40 (1.38)4.80 (1.45)0.86 (0.18)68.07 (22.76)Bipolar affective disorder

54.89 (14.00)4.60 (1.78)4.42 (1.60)4.71 (1.04)0.85 (0.13)63.89 (18.44)Mixed anxiety disorder-depression

56.71 (5.99)4.39 (1.27)4.93 (0.66)4.86 (0.99)0.91 (0.13)72.71 (19.53)Emotional disturbance

45.64 (15.28)3.14 (1.86)3.50 (1.60)4.77 (1.40)0.83 (0.14)57.14 (21.99)Depression

57.55 (14.11)4.59 (1.40)4.48 (1.65)5.32 (0.90)0.96 (0.07)67.73 (18.35)Psychosis  

aEQ-VAS: EuroQoL-visual analog scale.
bEQ-5D-5L: EuroQoL-5 dimensions-5 levels.

Table 5 displays the factors related to the QoL of participants.
Older age, being a woman, being married, and drinking alcohol
were negative factors that decreased the QoL score. Greater
mental well-being was a positive factor that increased both the
EQ-VAS and EQ-5D-5L scores. Patients who had higher

perceived social support had a higher EQ-VAS score. The full
multivariate tobit regression models to identify factors associated
with the QoL of participants are presented in Multimedia
Appendix 1.

Table 5. Factors related to the quality of life of participants (N=222).

EQ-5D-5Lb index, coefficient (95% CI)EQ-VASa score, coefficient (95% CI)Factors

Socioeconomic factors

N/Ac–0.23 (–0.39 to –0.06)Age (years)

N/A–10.00 (–15.10 to –4.90)Gender (woman vs man=reference)

Marital status (vs single=reference)

–0.10 (–0.17 to –0.03)N/AMarried

0.04 (–0.08 to 0.16)N/AOther

N/A–0.50 (–1.01 to 0.01)Number of outpatient medical examinations (times)

N/A0.41 (–0.13 to 0.96)Number of mental health disorders examinations (times)

N/A–7.57 (–14.51 to –0.63)Drinking alcohol (yes vs no=reference)

Mental health

0.005 (0.004 to 0.007)0.34 (0.23 to 0.45)MHI-5d score

N/A0.31 (0.11 to 0.50)Perceived social support score

aEQ-VAS: EuroQoL-visual analog scale.
bEQ-5D-5L: EuroQoL-5 dimensions-5 levels.
cN/A: not applicable.
dMHI-5: Mental Health Inventory-5.

Figure 2 presents the results of the structural model and
standardized path coefficients of the hypothetical model. The
analysis of the structural equation model using the study
variables in the hypothetical model resulted in an RMSEA of
0.055 (90% CI 0.006-0.090), CFI of 0.954, TLI of 0.892, and
SRMR of 0.036 (P<.001). The structural equation model showed
that mental well-being was significantly related (P<.001) to the

QoL score (coefficient=0.37, 95% CI 0.27-0.47 for EQ-VAS;
coefficient=0.003, 95% CI 0.002-0.004 for EQ-5D-5L) and
with social support (coefficient=0.01, 95% CI 0.004-0.013).
Additionally, the model revealed a bidirectional relationship
between social support and EQ-VAS (coefficient=2.27, 95%
CI 0.74-3.81; P=.004). Table 6 illustrates the full models,
including the outcome and both tier-1 and tier-2 predictors.
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Figure 2. Structural model and standardized path coefficients (N=222). EQ-5D-5L: EuroQol-5 dimensions-5 levels; EQ-VAS: EuroQoL-visual analog
scale.
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Table 6. Full models, including the outcome and both tier-1 and tier-2 predictors.

P value of unstandardized estimateStandardized path coefficientStructural component

Direct paths: tier 2 to tier 1

.11–0.014Number of outpatient medical examinations to Social support

.210.011Number of mental health disorders examination to Social support

.80–0.013Chronic diseases to Social support

<.0010.009Mental well-being to Social support

.18–0.136Smoking to Social support

.630.056Drinking alcohol to Social support

Direct paths: tier 2 to the outcome

.03–0.554Number of outpatient medical examinations to EQ-VASa

.140.413Number of mental health disorders examination to EQ-VAS

.05–3.172Chronic diseases to EQ-VAS

<.0010.371Mental well-being to EQ-VAS

.184.312Smoking to EQ-VAS

.12–5.620Drinking alcohol to EQ-VAS

.50–0.002Number of outpatient medical examinations to EQ-5D-5Lb

.590.001Number of mental health disorders examinations to EQ-5D-5L

.910.002Chronic diseases to EQ-5D-5L

<.0010.003Mental well-being to EQ-5D-5L

.520.018Smoking to EQ-5D-5L

.50–0.022Drinking alcohol to EQ-5D-5L

Measurements

Constrained1.000Social support to family group

<.0012.352Social support to friend group

<.0013.056Social support to significant others groups

Bidirectional relationships 

.0042.274Social support and EQ-VAS

.90–0.001Social support and EQ-5D-5L

aEQ-VAS: EuroQoL-visual analog scale.
bEQ-5D-5L: EuroQoL-5 dimensions-5 levels.

Discussion

Principal Results
This study revealed a decline in QoL and unequal distribution
of social support among patients with mental health disorders,
as students experienced the lowest social support and workers
perceived the highest levels of social support. Depression,
sleeping disorders, and bipolar-related problems were the most
significant mental health concerns recorded. The current
resource allocation scheme was problematic, as all common
mental health issues had critically lower levels of social support
than other disorders. This study found that QoL decreased with
age, among women, and for those with alcohol consumption.
The most prevalent source of support across all patient groups
was family support, followed by friend groups, implying a

potential design of integrated community- and family-based
interventions for mental health issues in resource-scarce settings.

Comparison With Prior Work
This study did not measure any COVID-19–related variables;
however, since the study was conducted during the severe
COVID-19 epidemic, the results can provide a comprehensive
picture of mental health disorders in Vietnam during COVID-19.
Overall, the QoL among patients with mental health disorders
was lower than that of the general Vietnamese population [34].
Patients with mental health disorders experience impairments
in daily tasks; isolation; and a decrease in self-sufficiency,
self-confidence, and self-esteem.

In this study, participants only received outpatient treatments.
Therefore, in addition to attending medical appointments, many
patients still work and carry out daily tasks. Our study revealed
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that patients with mental health disorders had the lowest scores
related to perceived support from friend groups. Amal et al [35]
conducted a study on psychiatric patients in Egypt and reported
similar findings. This finding is likely related, in part, to stigma
and prejudice, which have a direct impact on the social
opportunities for individuals with mental illnesses. Furthermore,
the general population is unaware of the consequences of mental
illness and many are often terrified by people with these health
conditions. By contrast, this study revealed that the patients had
the highest social support from family. This result can be
explained by the fact that since our participants were outpatients,
they spent most of their time with their family members. Family
relationships are strong in Southeast Asia, which may be
beneficial if they are used as social support rather than social
coercion. Many patients with major mental illnesses either live
with their families (parents, spouses, siblings, and children) or
have regular contact with them. Goldberg et al [36] evaluated
the impact of social networks among individuals with mental
impairments in the United States, and discovered that the closest
relatives were the most commonly utilized source of support.
Furthermore, Brunt and Hansson [37] discovered that patients
in in-patient and assisted community settings in Sweden had a
large proportion of family members in their social networks.

Our study revealed inconsistent patterns in QoL and support
availability among different occupations and mental disorders.
Students experienced the lowest social support and EQ-5D-5L
scores. Blue-collar workers received the highest levels of social
support but experienced the lowest QoL compared to other
occupation groups. Understandably, stable employment tends
to provide certain benefits such as secure incomes, health
insurance (though not yet covering mental disorders), and
support systems [38]. The work characteristics of many
blue-collar workers in Vietnam and other countries involve
intensive and heavy manual labor tasks and appalling working
environments, which could lead to a low QoL, even in the usual
context that is amplified in the presence of mental disorders.
Likewise, for treated and returning-to-work patients, sudden
re-exposure to hectic work routines could also lead to loss of
job satisfaction or even to relapse of previous conditions [39].
This study highlights the urgent need to develop
workplace-based management standard practices that support
and distribute the workload to help address the health status of
treated and returning-to-work patients.

According to several studies, depression, a mix of
anxiety-depression, and sleeping disorders are common
determinants of low QoL, not only among mental health patients
but across all population groups [40-42]. Patients with these
conditions have been found to have the lowest QoL [40-42].
However, our study found that the level of social support
provided for depression in particular was critically lower than
that for other illnesses. This finding suggests that the distribution
of social support is not linked to the needs of patients with
mental health disorders [43]. The social support system focuses
on illness severity as an indicator rather than on QoL. Although
the impairment caused by most cases of depression, anxiety,
and sleeping disorders is generally not as severe as that
associated with other mental health conditions such as
schizophrenia or psychosis, the symptomology of conditions is

constantly present in daily life, hardly eradicated, and often
only treated with outpatient care [43]. This means that patients
diagnosed with these conditions have to bear the burden of their
illnesses while maintaining normal social functioning such as
working, caregiving, or housekeeping. As a result, patients with
mental health disorders are subject to induced stress and feelings
of inadequacy or become overwhelmed when their
responsibilities are not met, which amplifies their mental health
disorders and can create a vicious cycle that significantly
impacts their holistic well-being. Instead of relying on illness
severity to allocate social support resources, health care
professionals should focus on QoL as an indicator for more
effective distribution. Moreover, patients may deliberately avoid
social support due to insecurity about their health conditions
and fear of the social stigma associated with such conditions
[44,45]. Interian et al [46] suggested that social stigma not only
prohibits patients from seeking social support but also from
seeking care altogether. Therefore, additional studies should be
conducted on the correlation between social stigma and social
support among patients with mental health conditions to better
understand and promote help-seeking behavior among this
vulnerable population.

Patients with mental disorders have lower QoL and lack social
support. The structural equation model analysis confirmed the
bidirectional relationship between social support and EQ-VAS
scores. Previous research has linked the lack of social support
to social isolation, loneliness, and higher risks of physical health
problems [47], which can lead to the development of mental
health issues. However, various studies, such as the
meta-analysis performed by Harandi et al [48] or the
cross-sectional study by Connell et al [49] have confirmed the
relationships between social support, QoL, and mental health
disorders, but only separately. The present study suggests that
interventions to improve each of these domains can be achieved
through the two other domains, which are rarely included in the
literature. For example, strengthening family support has major
impacts on reducing mental health symptoms immediately and
in the long term [50,51], while social support availability and
QoL should be integrated into the screening standard for early
diagnosis and prevention. A longitudinal study conducted over
the course of 23 years with 1-year, 4-year, 10-year, and 23-year
follow-ups indicated the sustainability of family members as a
source of support during treatment and recovery [52]. However,
further clinical studies are needed to determine the extent to
which social support and QoL can serve as indicators for
diagnoses of mental health problems. Given the bidirectional
association between social support and QoL and the impacts of
their interplay on mental health issues, efforts should be directed
to both ends to optimize treatment outcomes and prevent
long-term impacts on well-being [52].

Implications
This study offers several implications for mental health
treatment and interventions. First, given the outpatient nature
of treatment where patients continue to work and carry out daily
tasks alongside their therapy appointments, and considering the
long-term and often lifelong nature of mental health treatment,
it is crucial to provide stable and lifelong sources of social
support such as family-based support, which has been shown
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to have a substantial impact on treatment outcomes [53,54].
Family-based interventions should be standardized to suit the
Vietnamese context, based on successes and challenges in
countries that have adopted social support using prior
standardized frameworks [14,55,56]. Guidelines for family
engagement should be provided for the care and service delivery
of patients with mental health conditions. Additionally, constant
feedback and follow-ups between clinicians and patients are
essential to optimize treatment quality and measure progress.
Second, a model of “work therapy” should be implemented to
provide treatments as work tasks in the workplace, especially
for labor workers who experience low levels of social support,
to prevent detachment from the working routine and help
patients quickly readapt to work after treatment. Finally, mental
health treatment should be delivered through a combination of
approaches, including social support, psychological therapy,
family-based interventions, and work-related treatments.

Strengths and Limitations
The main strength of this study is that the majority of
participants only received outpatient treatments, allowing for
the investigation of variables in general settings such as daily
life and the workplace.

However, our study had several limitations. First, we were
unable to analyze causal relationships due to the cross-sectional
study design. As a result, we cannot be certain whether the
capacity of the patients was impacted by social support or other
reasons. Second, self-reported data may suffer from a limitation
of recall bias, and social desirability bias may cause certain
answers to be underestimated or overestimated. Furthermore,

because the time of data collection varied, recall bias might be
a concern that leads to inaccuracies, especially for patients with
mental health disorders. The population sampling technique
may have limited the generalizability of the results for
Vietnamese patients. Finally, our study was conducted during
the COVID-19 pandemic, limiting the generalizability of the
study results in a postpandemic period. Despite these limitations,
the study identified significant determinants and trends, enabling
a proposal of multilevel interventions for mental health issues
and social support.

Conclusions
Our study sheds light on the challenges faced by individuals
with mental health disorders in Vietnam, including a decrease
in QoL and barriers to accessing social support. The QoL model
was used to fit a structural equation model to systematically
verify and analyze the relationship between QoL and other
variables with social support as a mediator. We found that
mental well-being, QoL, and social support are interconnected
in a complementary manner, suggesting that improving one
factor can positively impact the others. However, further
research is needed to generalize these findings to other
populations before implementing a standardized framework.
Our study identified several issues within the current social
support system, including inadequate support for labor workers
with mental health issues and a severity-based approach to
resource allocation rather than one that prioritizes QoL. Finally,
our study highlights the need for a shift in the mental health
intervention approach, and we propose an integrated model of
family-based and therapeutic interventions to address mental
health disorders.
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Abstract

Background: Urticaria presents a significant global health challenge due to its sudden onset and potential for severe allergic
reactions. Past data on worldwide prevalence and incidence is inconsistent due to differing study methodologies, regional
differences, and evolving diagnostic criteria. Past studies have often provided broad ranges instead of specific figures, underscoring
the necessity for a cohesive global perspective to inform public health strategies.

Objective: We aimed to assess the global burden of urticaria using the 2019 Global Burden of Disease (GBD) study data and
systematically analyze urticaria prevalence, incidence, and disability-adjusted life years (DALYs) at global, regional, and national
levels, thereby informing more effective prevention and treatment strategies.

Methods: We analyzed the global, regional, and national burden of urticaria from 1990 to 2019 using the 2019 GBD study
coordinated by the Institute for Health Metrics and Evaluation. Estimations of urticaria prevalence, incidence, and DALYs were
derived using DisMod-MR 2.1, a Bayesian meta-regression tool. The Socio-demographic Index (SDI) was used to correlate
development status with health outcomes. The GBD’s division of the world into 21 regions and 204 countries and territories
facilitated a comprehensive assessment. Age-standardized estimated annual percentage changes were generated for urticaria
metrics to quantify temporal trends, with age standardization adjusting for potential confounding from age structure.

Results: From 1990 to 2019, the global age-standardized prevalence, incidence, and DALY rates of urticaria showed marginal
changes. In 2019, 65.14 million individuals were affected, with a prevalence rate of 841.88 per 100,000 population. The DALY
rate was 50.39 per 100,000 population. Compared to 1990, the global age-standardized prevalence, incidence, and DALY rates
saw increases of 2.92, 4.84, and 0.31 per 100,000 population, respectively. Women persistently had higher rates than men. At a
regional level in 2019, low-middle SDI regions exhibited the highest age-standardized metrics, whereas high SDI regions reported
the lowest. Central Europe showed the highest rates, contrasting with Western Europe’s lowest rates. Nationally, urticaria
prevalence in 2019 varied dramatically, from a low of 27.1 per 100,000 population in Portugal to a high of 92.0 per 100,000
population in Nepal. India reported the most DALYs at 749,495.9, followed by China, Pakistan, and the United States. Agewise
data showed higher rates in younger age groups, which diminished with age and then experienced a slight resurgence in the oldest
populations. This pattern was pronounced in women and younger populations, with the largest rises seen in those aged less than
40 years and the smallest in those aged more than 70 years.

Conclusions: Urticaria remains a significant global health issue, with considerable variation across regions, countries, and
territories. The increased burden among women, the rising burden in younger populations, and the regional differences in disease
burden call for tailored interventions and policies to tackle this emerging public health issue.

(JMIR Public Health Surveill 2023;9:e50114)   doi:10.2196/50114
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Introduction

Urticaria, commonly known as hives, is a dermatologic
condition characterized by the sudden onset of itchy, red, and
raised welts or bumps on the skin [1,2]. These hives can appear
anywhere on the body and vary in size and shape, often causing
discomfort and distress to patients [2,3]. In addition to the
physical symptoms, urticaria can also have a significant impact
on patients’ quality of life, affecting their social and
psychological well-being [4,5]. The global burden of urticaria
has been a growing concern in recent years, with its high
prevalence and potential to cause severe allergic reactions and
even anaphylaxis in some cases [1,6]. Understanding the global
epidemiology of urticaria is crucial for improving prevention
and treatment strategies and reducing its impact on public health
[7-9].

Despite the high prevalence of urticaria, there is limited
information on its global burden [10]. A systematic review and
meta-analysis of 52 studies from different regions of the world
found that the prevalence of chronic urticaria ranged from 0.1%
to 8.9%, with a median of 0.8% [11]. The variation in reported
prevalence could be due to differences in study design, sample
size, and diagnostic criteria. Furthermore, the burden of urticaria
in terms of incidence has not been well documented. A study
from the United States estimated that the annual incidence of
acute urticaria was 119 per 100,000 population, while the
incidence of chronic urticaria was 20 per 100,000 population
[12]. Another study from Germany reported a higher incidence
of chronic urticaria: 0.15% among a total of 3.53 million
individuals [9]. However, these estimates may not be
generalizable to other regions of the world.

Understanding the burden of urticaria is crucial for guiding the
allocation of health care resources and developing effective
prevention and treatment strategies. For instance, a study from
Brazil found that adults with chronic urticaria have substantially
worse outcomes than people living without chronic urticaria,
including health-related quality of life decrements, anxiety, and
sleep difficulties [13]. Chronic urticaria was also associated
with significant impairments in work and nonwork activities
and greatly elevated health care resource use [13]. Another study
found that the quality of life of patients with chronic urticaria
was significantly lower than that of the general population,
underscoring the impact of urticaria on patients’well-being [4].

More research is needed to understand the epidemiology and
burden of urticaria worldwide. The Global Burden of Disease
(GBD) study aims to provide a systematic analysis of the burden
of various human diseases, including urticaria, from 1990 to
2019, offering insights into their prevalence, incidence,
disability-adjusted life years (DALYs), and trends. The study
can identify areas with the highest burden and inform public
health policies and resource allocation. Our study’s purpose is
to assess the global burden of urticaria using the 2019 GBD
study data, examining prevalence, incidence, and DALYs at
global, regional, and national levels. The significance lies in

informing prevention and treatment strategies, reducing
urticaria’s impact on human health, and improving quality of
life worldwide.

Methods

Data Sources and Study Design
The 2019 GBD study was used to analyze the global, regional,
and country urticaria burden from 1990 to 2019. The Institute
for Health Metrics and Evaluation (IHME) coordinates the GBD
study, which assesses illness, injury, and risk factor burden in
204 nations and territories. The GBD Results tool, an online
data repository, provided the latest GBD estimations for our
investigation.

To estimate the prevalence, incidence, and DALYs of urticaria,
we used DisMod-MR 2.1, a Bayesian meta-regression tool
developed by the IHME for modeling disease epidemiology.
This tool allows for the integration of various data sources,
including surveys, administrative records, and published studies,
while accounting for potential biases and heterogeneity in the
data.

Socio-Demographic Index
The Socio-demographic Index (SDI) is a composite indicator
expressed on a scale of 0 to 1 of development status that is
strongly correlated with health outcomes. It is the geometric
mean of indices of lag-distributed income per capita, mean years
of schooling for individuals aged 15 years or more, and total
fertility rate for individuals aged less than 25 years. A location
with an SDI of 0 indicates a theoretical minimum level of
development status relevant to health outcomes, while a location
with an SDI of 1 indicates a theoretical maximum level.

The SDI is stratified into quintiles to provide nuanced
distinctions in sociodemographic development. Specifically, a
low SDI spans from 0 to 0.454743, followed by a low-middle
SDI ranging from 0.454743 to 0.607679. The middle SDI
encompasses values between 0.607679 and 0.689504.
Subsequently, the high-middle SDI covers the range of 0.689504
to 0.805129, and finally, a high SDI is defined from values of
0.805129 up to 1.

Regions, Countries, and Territories
The GBD study divides the world into 21 regions based on
geographical location and epidemiological similarity. These
regions are further subdivided into 204 countries and territories.
In our analysis, we assessed the burden of urticaria for each
region and country, enabling us to identify areas with the highest
disease burden and potential targets for intervention.

Statistical Analysis
Urticaria prevalence, incidence, and DALYs were computed
for each SDI, area, and nation. We generated age-standardized
estimated annual percentage changes (EAPCs) to quantify
urticaria incidence, prevalence, and DALYs. Age-standardized
incidence, prevalence, and DALY rates of urticaria were
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compared across populations after they were adjusted for
potential age structure confounding by applying the age-specific
rates for each location, gender, and year to a GBD world
standard population.

The EAPC is a widely used measure of the age-standardized
rate trend over a specified time interval [14]. We fitted a
regression line to the natural logarithm of the age-standardized
rate to calculate the EAPC: y = α + βx + ε, where y = ln
(age-standardized rate) and x = calendar year. This was then
expressed as a percentage: 100 × (eβ − 1). The 95% CI of the
EAPC was calculated to reflect the temporal trend in the
age-standardized rate. An upward trend in the age-standardized
rate was indicated when the EAPC and the lower boundary of
the 95% CI were positive, while a downward trend was indicated
when the EAPC and the upper boundary of the 95% CI were
negative. We calculated the EAPCs for age-standardized
incidence rates, age-standardized prevalence rates, and
age-standardized DALY rates of urticaria to reflect their
temporal trends. All data analyses were conducted using R
(version 4.2.1; R Foundation for Statistical Computing) and
Origin (2022 version; OriginLab).

Ethical Considerations
Our research is based on the secondary analysis of data derived
from the 2019 GBD study. This comprehensive study integrated

data from a diverse array of primary sources, including various
surveys, censuses, vital statistics, and other health-related data
sets that previously received ethical approval from their
respective institutional review boards. Given that our study
leverages secondary data, which is an aggregation and
anonymization of these primary data sets, our analysis did not
necessitate a separate institutional review board approval or
exemption [14].

Results

Global Level
From 1990 to 2019, the global age-standardized prevalence,
incidence, and DALY rates of urticaria remained stable, with
women having higher rates than men. The number of cases,
DALYs, and incidence increased during this period. In 2019,
65.14 million people had urticaria, with a prevalence of 841.88
per 100,000 population and an age-standardized prevalence rate
of 865.51 per 100,000 population. The global DALY rate was
50.39 per 100,000 population, with an age-standardized rate of
51.91 per 100,000 population. Compared to 1990, the global
age-standardized prevalence, incidence, and DALY rates
increased by 2.92, 4.84, and 0.31 per 100,000 population,
respectively, in 2019 (Figure 1; Multimedia Appendix 1, Tables
S1 and S2).

Figure 1. Global, female, and male age-standardized urticaria DALY rate (A), incidence rate (B), prevalence rate (C), DALY number (D), incident
cases (E), and prevalent cases (F) from 1990 to 2019. DALY: disability-adjusted life year.

Regional Level
In 2019, low-middle SDI regions had the highest
age-standardized prevalence, incidence, and DALY rates, while
high SDI regions had the lowest. Middle SDI regions
experienced the most significant percentage changes from 1990
to 2019 in all 3 health indicators. All levels of SDI showed a

decline in age-standardized DALY rates over the past 30 years,
especially for the high-middle SDI group, which decreased from
52.25 per 100,000 population in 1990 to 51.18 per 100,000
population in 2019. However, the decline in the low-middle
SDI group was smaller, from 54.44 per 100,000 population in
1990 to 54.72 per 100,000 population in 2019. Overall, the
age-standardized DALY rates for women were higher than those
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for men in all SDI groups. In terms of different SDI groups, the
high SDI group consistently had the lowest age-standardized
DALY rates, while the low SDI group consistently had the
highest rates. The age-standardized DALY rates for women

were consistently higher than those for men, especially in the
high SDI and high-middle SDI groups (Figure 2; Multimedia
Appendix 1, Table S1).

Figure 2. Urticaria age-standardized DALYs, incidence rate, and prevalence rate for both men and women (A, B, C), women (D, E, F), and men (G,
H, I) in different SDI areas from 1990 to 2019. DALY: disability-adjusted life year; SDI: Socio-demographic Index.

Incidence rates declined for all SDI groups, with the greatest
decrease observed in the high-middle SDI group, from 1534.30
per 100,000 population in 1990 to 1499.49 per 100,000
population in 2019. However, the change in incidence in the
low-middle SDI group was not obvious, from 1613.38 per
100,000 population in 1990 to 1613.91 per 100,000 population
in 2019. Women had higher incidence rates than men, especially
in high SDI and high-middle SDI groups. Prevalence rates

remained stable across different SDI levels, with women having
higher rates than men. In 2019, Central Europe had the highest
age-standardized prevalence, incidence, and DALY rates, while
Western Europe had the lowest. From 1990 to 2019, all 21
regions showed stable age-standardized rates but increasing
DALY, prevalence, and incidence numbers, with South Asia
and East Asia having significantly higher numbers (Figure 2-3;
Multimedia Appendix 1, Table S1).
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Figure 3. Age-standardized DALY rate (A), number of DALYs (B), incidence rate (C), incident cases (D), prevalence rate (E), and prevalent cases
(F) for urticaria in 21 disease burden regions from 1990 to 2019. DALY: disability-adjusted life year.

National Level
The DALYs of urticaria varied significantly between countries
and territories. In 2019, the lowest rate, 27.1 (95% uncertainty
interval [UI] 17.7-38.1) per 100,000 population, was reported
for Portugal, while the highest rate, 92.0 (95% UI 60.3-130.2)
per 100,000 population, was reported for Nepal. The data
include the DALY numbers for each country and territory in
2019, with India having the highest number at 749,495.9 (95%
UI 490,301.3-1,074,876.0), followed by China at 576,544.5

(95% UI 379,886.1-818,597), Pakistan at 180,580.9 (95% UI
117,789.7-263,500.0), and the United States at 153,479.1 (95%
UI 102,752.9-213,697.0), among others. The countries and
territories with the lowest DALY numbers included Tokelau
(0.60, 95% UI 0.39-0.87), Niue (0.67, 95% UI 0.43-0.96), and
Nauru (4.74, 95% UI 3.09-6.93). From 1990 to 2019, the annual
percentage change in age-standardized DALY rate differed,
with the highest decrease in Qatar at –0.0719% (EAPC –0.0719,
95%CI –0.0906 to –0.0532) (Figure 4-5; Multimedia Appendix
1, Table S3).
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Figure 4. Age-standardized incidence rate (A), age-standardized prevalence rate (B), and age-standardized DALY rate (C) for urticaria per 100,000
population in 2019 in 204 countries and territories. DALY: disability-adjusted life year; NA: not available.

For incidence, the age-standardized rate and number of new
cases also varied widely across countries and territories. In 2019,
out of 204 countries and territories, Portugal reported the lowest
rate, 818.2 (95% UI 728.6-917.3) per 100,000 population, while
Nepal had the highest rate, 2665.5 (95% UI 2904.2-2445.1) per
100,000 population. Incident cases in the 204 countries and
territories varied greatly, ranging from as low as 17.8 (95% UI

15.6-20.5) in Tokelau to as high as 22,065,409 (95% UI
19,265,922-25,287,089) in India. Between 1990 and 2019, the
annual percentage change in age-standardized incidence rate
varied across countries and territories, with Qatar having the
highest decrease at –0.0774% (EAPC –0.0774, 95% CI –0.0961
to –0.0587) (Figure 4-5; Multimedia Appendix 1, Table S3).
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Figure 5. Incident cases (A), prevalent cases (B), and DALY numbers (C) for urticaria in 2019 in 204 countries and territories. DALY: disability-adjusted
life year.

In terms of prevalence, there was considerable variation in
age-standardized rates and the number of cases across countries
and territories. Portugal reported the lowest age-standardized
prevalence rate, 456.4 (95% UI 406.2-512.2) per 100,000 people
in 2019, while Nepal reported the highest rate, 1534.6 (95% UI
1416.2-1662.5) per 100,000 people. Prevalence numbers for
the 204 countries and territories ranged widely, from as low as
10.0 (95% UI 8.7-11.5) in Tokelau to as high as 12,552,793
(95% UI 10,916,085-14,379,341) in India. From 1990 to 2019,
annual percentage changes in age-standardized prevalence rate
varied across countries and territories. Qatar had the highest
decrease, with a decline of 0.0795% (EAPC –0.0795, 95% CI
–0.0988 to –0.0603) (Figure 4-5; Multimedia Appendix 1, Table
S3).

Age
We analyzed global data on rates and numbers for DALYs,
prevalence, and incidence across age groups between 1990 and
2019. Rates were higher in younger age groups, decreased with
age, and slightly increased in the oldest groups. Women had
higher rates than men. A general increase in rates and numbers
was observed across age groups between 1990 and 2019 that
was more pronounced in younger populations and women. The
largest increases occurred in age groups younger than 40 years,

while the smallest increases were in groups older than 70 years.
In both age groups, women consistently had higher numbers
for DALYs, prevalence, and incidence, indicating an overall
rising trend in disease burden, prevalence, and incidence
(Multimedia Appendix 2, Figure S1).

Regional and SDI-level urticaria disease burden were also
analyzed, focusing on rates and numbers for DALYs,
prevalence, and incidence across age groups and genders. The
youngest age group generally had the highest rates and numbers,
decreasing with age. Women consistently had higher rates and
numbers across most age groups and regions. Significant
regional and SDI-level variations existed, with regions like
South Asia, Western sub-Saharan Africa, North Africa, and the
Middle East having higher burdens. Central and Eastern Europe
had higher rates and numbers than Western Europe. DALY
numbers decreased with age across SDI regions and genders,
with women having higher numbers. DALY rate trends were
similar, but differences between SDI regions and genders were
less pronounced (Multimedia Appendix 2, Figures S2-S5).

At the SDI level, urticaria prevalence rates were analyzed across
age groups, genders, and SDI regions. The rates were highest
in the low-middle SDI group and generally decreased with age,
with women consistently having higher rates. High and
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high-middle SDI groups had lower prevalence rates than low
and low-middle groups. The prevalence number also decreased
with age and was higher in women. High SDI and high-middle
SDI regions had lower prevalence numbers (Multimedia
Appendix 2, Figure S6).

Urticaria incidence rates varied across age groups and SDI
regions, with women generally having higher rates. The highest
incidence rate was in children younger than 5 years, and rates
decreased with age. Low-middle SDI regions had the highest
incidence rates, while middle SDI regions had the lowest.
Incidence numbers followed similar trends, with higher numbers
in low SDI and low-middle SDI regions and a decrease with
age. The incidence was consistently higher in women across all
groups (Multimedia Appendix 2, Figure S7).

Discussion

Our study examines global, regional, and national urticaria
trends by age, gender, and SDI regions. Women had higher
prevalence, incidence, and DALYs from 1990 to 2019. Urticaria
rates were highest in low-middle SDI regions and lowest in high
SDI regions. Central Europe had the highest age-standardized
rates, while Western Europe had the lowest. Portugal had the
lowest rate in 2019 and Nepal the highest. Annual
age-standardized rates fluctuated over 30 years. Women had
higher urticaria rates across all age categories. Between 1990
and 2019, disease burden, prevalence, and incidence increased
across most age categories, particularly in younger people and
women.

One of the main findings in our study is the higher burden of
urticaria among women compared to men. This observation is
consistent with previous studies that have reported a higher
prevalence of autoimmune diseases in women [15,16]. The
higher rates of urticaria in women may be attributed to several
factors, including hormonal differences, genetic predispositions,
and environmental exposures [17-19]. Hormonal fluctuations,
particularly estrogen levels, have been implicated in the
regulation of immune responses and may contribute to the
increased susceptibility of women to autoimmune diseases
[20,21]. Genetic factors may also play a role, as certain genes
related to immune function are located on the X chromosome,
potentially resulting in a higher risk of autoimmune diseases in
women [22]. Further research is needed to better understand
the underlying mechanisms and develop targeted interventions
to reduce the burden of urticaria in affected individuals [23-25].

The observed increase in the global burden of urticaria from
1990 to 2019 is a concerning trend that warrants further
investigation. Several factors could potentially contribute to
this increase, such as changes in environmental exposures,
lifestyle factors, and diagnostic practices. Increased exposure
to allergens and irritants, such as air pollution and chemical
substances, may have contributed to the rise in urticaria
prevalence [1,26]. Additionally, changes in lifestyle factors,
such as diet, stress, and sedentary behavior, may also have
contributed to the increase in urticaria cases [27,28]. Lastly,
improvements in diagnostic practices and increased awareness
of the condition may have led to a higher detection rate of
urticaria cases over time [29,30].

Our findings also highlight substantial regional variations in
the burden of urticaria, with low-middle SDI regions exhibiting
the highest rates and high SDI regions displaying the lowest.
These disparities can be attributed to differences in
socioeconomic conditions, health care infrastructure, and access
to care, which may influence the overall disease burden in these
regions [31-34]. Moreover, regional variations in environmental
exposures, such as air pollution and allergen prevalence, could
contribute to the observed differences in urticaria burden across
regions [35-38].

At the national level, we found significant variation in urticaria’s
disease burden, with age-standardized rates and numbers of
DALYs, incidence, and prevalence differing substantially across
countries and territories. These findings highlight the importance
of understanding the unique factors that contribute to the burden
of urticaria in different countries and territories and the need
for tailored interventions to address these factors. For instance,
countries and territories with a high burden of urticaria may
benefit from increased investment in health care infrastructure,
improved access to care, and targeted public health interventions
to reduce exposure to environmental risk factors [39-44].

Our study also revealed that the burden of urticaria is generally
higher in younger age groups and decreases with age, with a
slight increase observed in the oldest age groups. This pattern
may be partially explained by differences in immune system
function and regulation across different age groups, with
younger individuals potentially being more susceptible to
immune-mediated conditions such as urticaria [45,46].
Additionally, the increased burden of urticaria in the youngest
age groups may be related to the high frequency of infections
in children, which can trigger urticaria in susceptible individuals
[47,48]. The slight increase in urticaria burden among the oldest
age groups may be attributed to age-related changes in the
immune system, known as immunosenescence, which can result
in a higher risk of autoimmune diseases [1,49].

Our study has several strengths, including the use of a
comprehensive data set spanning 3 decades and covering
multiple aspects of urticaria burden at the global, regional, and
national levels. However, several limitations should also be
acknowledged. First, the quality and availability of data on
urticaria burden may vary across countries and territories and
time periods, potentially affecting the accuracy of our estimates.
Second, our study primarily focused on a descriptive analysis
of trends in urticaria burden and did not explore the underlying
causal factors contributing to these trends. Future research
should aim to identify the specific risk factors and mechanisms
that contribute to the observed disparities in urticaria burden
across different populations and age groups.

In conclusion, our findings highlight the increasing burden of
urticaria at the global, regional, and national levels, with
substantial disparities observed across age, gender, and SDI
groups. The higher burden of urticaria among women, the
increasing burden among younger populations, and the regional
variations in disease burden underscore the need for targeted
interventions and policies to address this growing public health
concern. Further research is required to identify the specific risk
factors and mechanisms underlying the observed disparities in
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urticaria burden and inform the development of effective
interventions and strategies to reduce the global burden of this

condition.
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Abstract

Background: Tuberculous pleurisy (TP) presents a serious allergic reaction in the pleura caused by Mycobacterium tuberculosis;
however, few studies have described its spatial epidemiological characteristics in eastern China.

Objective: This study aimed to determine the epidemiological distribution of TP and predict its further development in Zhejiang
Province.

Methods: Data on all notified cases of TP in Zhejiang Province, China, from 2017 to 2021 were collected from the existing
tuberculosis information management system. Analyses, including spatial autocorrelation and spatial-temporal scan analysis,
were performed to identify hot spots and clusters, respectively. The prediction of TP prevalence was performed using the seasonal
autoregressive integrated moving average (SARIMA), Holt-Winters exponential smoothing, and Prophet models using R (The
R Foundation) and Python (Python Software Foundation).

Results: The average notification rate of TP in Zhejiang Province was 7.06 cases per 100,000 population, peaking in the summer.
The male-to-female ratio was 2.18:1. In terms of geographical distribution, clusters of cases were observed in the western part
of Zhejiang Province, including parts of Hangzhou, Quzhou, Jinhua, Lishui, Wenzhou, and Taizhou city. Spatial-temporal analysis
identified 1 most likely cluster and 4 secondary clusters. The Holt-Winters model outperformed the SARIMA and Prophet models
in predicting the trend in TP prevalence.

Conclusions: The western region of Zhejiang Province had the highest risk of TP. Comprehensive interventions, such as chest
x-ray screening and symptom screening, should be reinforced to improve early identification. Additionally, a more systematic
assessment of the prevalence trend of TP should include more predictors.

(JMIR Public Health Surveill 2023;9:e49859)   doi:10.2196/49859
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Introduction

Humanity has been affected by tuberculosis (TB) for centuries,
which is an infectious agent–caused disease considered the
leading cause of mortality worldwide since the beginning of
recorded history. Among people who contract TB each year,
the majority are adults, with the incidence of TB being higher
in men than in women. According to the Global Tuberculosis
Report of 2022 released by the World Health Organization, the
estimated TB incidence rate in 2021 increased by 3.6% from
2020, and China accounted for 7.4% of TB cases worldwide.
Furthermore, the number of TB deaths worldwide successively
increased from 1.4 million in 2019 to 1.6 million in 2021, only
after the onset of the COVID-19 pandemic [1]. Mycobacterium
tuberculosis generally affects not only the lungs but also other
sites such as the pleura [2].

Tuberculosis pleurisy (TP) is a common clinical manifestation
of TB post primary infection or due to the reactivation of latent
TB [3]. Available documentation shows that TP accounts for
about 4% of total tuberculosis cases in the United States and
Brazil, 20% of cases in South Africa, and 7.3% of cases in Korea
[4]. In the United States, the incidence of both TP and TB has
been declining, but to a lesser degree for TP [5]. In 2018, it was
categorized as pulmonary tuberculosis (PTB) in China [6]. TP
can be divided into dry and exudative pleurisy. Dry pleurisy is
an early inflammatory reaction of the pleura, usually without
obvious imaging abnormalities. Exudative pleurisy is
characterized by unilateral or bilateral pleural effusions, which
often occur as thickened pleural adhesions with slow absorption
[7]. The recommended standard regimen for TP is up to 8
months, which is longer than the usual treatment period for TB
[8]. Previous studies have shown that the prevalence of TP is
low in women, while the number of patients with TP is higher
in eastern China, among farmers and patients with AIDS [9-11].
However, the temporal periodicity and spatial clustering
characteristics of TP have not been explored in eastern China.

Zhejiang Province is located in the eastern region of China and
has a developed economy. In recent years, certain parts of the
province have experienced a high burden of TB. Understanding
the spatial and temporal patterns of TB incidence can provide
insights into the clusters of this disease [12]. Spatial-temporal
analysis has been widely used to describe the epidemiological
distribution and aggregation of infectious diseases in both space
and time; however, few studies have explored the spatial
epidemiological characteristics of TP. In comparison to
traditional epidemiological techniques, tools using geographic
information systems have significant advantages in tracking
disease, identifying areas of clustering, and analyzing the spread
of disease across communities [13]. Spatiotemporal cluster
detection has played a crucial role in understanding infectious
disease spread, with its dynamic course and dimensions of time
and place, and a combination of both [14]. In addition,
time-series models were selected to provide scientific clues for
predicting the prevalence of diseases such as desiccation
syndrome and AIDS [15,16]. However, there are few such
studies on TP.

Therefore, this study aimed to use spatial-temporal analysis to
identify the epidemiological characteristics of TP. Furthermore,
the spatial differentiation of TP can provide a visual map
depicting the diversity of TP occurrence across different regions.
Additionally, this study used time-series models to provide
scientific clues for the control of and interventions targeting TP
infections in the province.

Methods

Overview of the Study Area
Zhejiang Province is located on the eastern coast of China, with

a land area of 101,800 km2, accounting for 1.06% of the
country’s land area [17]. The province encompasses plains,
mountains, coasts, islands, and lakes. Zhejiang Province
comprises 90 counties and cities, including 2 subprovincial
cities and 9 prefecture-level cities [17,18].

Data Source
All recorded cases of TP in Zhejiang Province from 2017 to
2021 were obtained from the TB Information Management
System (TBIMS), which is a first-generation web-based
information system designed and built by the National
Tuberculosis Control and Prevention Center in 2005 [19]. The
system collected data on demographics, diagnosis, laboratory
results, and treatment outcomes of all patients with TB during
the specified period. In addition, demographic data for Zhejiang
Province were obtained from the China Information System for
Disease Control and Prevention.

Definition
Diagnostic criteria for TP were as follows: (1) confirmed
patients: cultures of pleural biopsy specimens were positive,
and the strain was identified as M tuberculosis, changes in
tuberculosis confirmed through pleural tissue biopsy; and (2)
clinically diagnosed patients: imaging examination showing
pleural effusion with (i) a moderately positive or strongly
positive outcome on the tuberculin pure protein derivative skin
test, (ii) a positive outcome on the γ-interferon release test, or
(iii) a positive outcome on the M tuberculosis antibody test [20].
Delays in seeking medical treatment were indicated when the
interval between the appearance of the first symptom and the
visit to the designated hospital was > 2 weeks, and the delay in
diagnosis was the time between the first consultation and a
confirmed diagnosis [21].

General Epidemiological Characteristics of Patients
With TP
The features of patients with TP in Zhejiang Province from
2017 to 2021 are described in the context of sex, age group,
city, antituberculosis treatment, mode of case finding, treatment
history, delay in access to care and final diagnosis, and treatment
outcomes.

Spatial Autocorrelation Analysis
In this study, the Moran I index and local indicators of spatial
association (LISA) were used to analyze global and local spatial
autocorrelation. The global Moran I index is a comprehensive
measure of spatial autocorrelation in the whole study area, and
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it can indicate the average degree of spatial differences between
each unit and the surrounding area. If partial positive and partial
negative spatial correlations coexist in the overall study area,
LISA are needed to reveal the possible spatial variability [22].

Space-Time Scan Statistics
For the spatiotemporal analysis, we used the Kulldorff
spatial-temporal scan statistic to identify clusters based on
specific time and location combinations. This statistic uses a
Poisson probability distribution mode. The Kulldorff method
uses a moving cylindrical window to scan the study area. The
height of the cylinder represents the possible clustering time,
the bottom represents the clustering area, and the radius serves
as the scanning risk population [23]. The significance of the
clusters identified at a 95% confidence level was tested using
Monte Carlo simulations to identify the clusters.

Prediction Models
Three models were used in this study. The Holt-Winters
exponential smoothing model eliminated some random
fluctuations, which can assign different weights to the data of
each period and reasonably predict the future development trend
[16]. The seasonal autoregressive integrated moving average
(SARIMA) model divided the observed value into 3 parts:
residuals, seasonal feature, and true trend [24]. The Holt-Winters
exponential smoothing model and SARIMA model were
introduced more specifically in a previous study [16]. The
Prophet model, developed by Meta, allowed using time as a
regressor to fit both linear and nonlinear functions of time [25],
and a more specific introduction to this model is provided in
Xie et al’s [26] study.

Statistical Analysis
Descriptive analysis was conducted using Excel (Microsoft
Corp) and SPSS (version 28; IBM Corp). The Moran I index
was calculated using GeoDa (version 1.20), and SaTScan
software (version 10.1; Harvard Medical School) was used to
determine the spatial and temporal aggregation of TP. All visual
results are presented using the ArcGIS software (version 10.8;
SERI Inc). The prediction of TP prevalence was model-fitted

using R (version 4.2.0; The R Foundation) and Python (version
3.8; Python Software Foundation).

Ethical Considerations
This study was approved by the Ethics Committee of the
Zhejiang Provincial Center for Disease Control and Prevention
(audit number 2022-032-01), which waived the requirement for
informed consent. All personal information obtained in this
study was treated and kept confidential in accordance with the
required protocols.

Results

General Epidemiological Characteristics of Patients
With TP
During the study period, a total of 11,531 patients with TP were
identified, with a notification rate of 7.8 cases per 100,000
population in 2017, 8.2 cases per 100,000 population in 2018,
7.7 cases per 100,000 population in 2019, 6.6 cases per 100,000
population in 2020, and 5.0 cases per 100,000 population in
2021, respectively (Figure 1).The male to female ratio was
2.18:1. Among all cases of TP, the top notified cases and
notification rate were noted in 2018 (n=2594; 8.2 cases per
100,000 population). The number of cases peaked in the second
quarter (n=3354) and plummeted in the fourth quarter (n=2558)
during the study period, indicating seasonal distribution
characteristics. In terms of age distribution, 74 (0.64%)
individuals were aged 0-18 years, 6359 (55.15%) were aged
19-59 years, and 5098 (44.21%) were aged ≥60 years. In terms
of geographical distribution, 2319 (20%) cases were notified
in Hangzhou, while 1294 (11.22%), 1393 (12.08%), 1452
(12.59%), and 1259 (10.92%) cases were reported in Wenzhou,
Ningbo, Jinhua, and Taizhou, respectively. Passive findings
was the main source of TP identification in Zhejiang Province.
Nearly all patients (n=11,326, 98.22%) were treated for the first
time, with nearly 90% of them having completed treatment.
Delayed access to medical care was observed among 6317
(54.78%) patients with TP, and diagnosis was delayed among
1462 (12.68%) patients. In addition, 86.26% (n=9949) of
patients with TP were treated with a duration of ≥9 months
(Table 1).

JMIR Public Health Surveill 2023 | vol. 9 | e49859 | p.1550https://publichealth.jmir.org/2023/1/e49859
(page number not for citation purposes)

Zhou et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. Change in the trend of tuberculous pleurisy notification rate and case numbers by month.
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Table 1. Epidemiological characteristics of patients with tuberculosis pleurisy in Zhejiang Province from 2017 to 2021 (N=11,531).

Patients, n (%)Characteristic

Sex

7901 (68.52)Male

3630 (31.48)Female

Age group (years)

74 (0.64)0-18

6359 (55.15)19-59

5098 (44.21)≥60

City

2319 (20.11)Hangzhou

1452 (12.59)Jinhua

1393 (12.08)Ningbo

1294 (11.22)Wenzhou

1259 (10.92)Taizhou

1078 (9.35)Shaoxing

858 (7.44)Quzhou

674 (5.85)Jiaxing

582 (5.05)Huzhou

506 (4.39)Lishui

116 (1.00)Zhoushan

Case finding

11,513 (99.84)Passive finding

18 (0.16)Active finding

Treatment history

11,326 (98.22)Initial treatment

205 (1.78)Retreatment

Anti – tuberculosis pleurisy treatment

11,523 (99.93)Yes

8 (0.07)No

Time of delay in seeking medical treatment (days)

5214 (45.22)0-14

2968 (25.74)15-29

1569 (13.61)30-44

503 (4.36)45-59

1261 (10.94)≥60

16 (0.14)Unknown

Time of delay in diagnosis in the health system (days)

10,069 (87.32)0-14

773 (6.70)15-29

302 (2.62)30-44

122 (1.06)45-59

237 (2.06)≥60

28 (0.24)Unknown
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Patients, n (%)Characteristic

Interval between diagnosis of tuberculosis pleurisy and end of treatment (days)

734 (6.37)0-180

795 (6.89)181-270

9949 (86.28)≥271

53 (0.46)Unknown

Treatment outcome

10,422 (90.38)Treatment completed

203 (1.76)Death

242 (2.10)Cure

204 (1.77)Changes in diagnosis

14 (0.13)Failure

122 (1.06)Adverse reactions

10 (0.09)Transfer to multidrug-resistant tuberculosis pleurisy treatment

314 (2.73)Others

Spatial Autocorrelation Analysis
On spatial autocorrelation analysis, the global Moran I index
ranged from 0.187 to 0.362, indicating spatial heterogeneity in
the distribution of patients with TP in Zhejiang Province from
2017 to 2021. Furthermore, there was a positive correlation
between the notification rate and spatial distribution (P<.01;
Table 2). The local autocorrelation LISA cluster plot showed

that in Zhejiang Province, hot spot areas were located in parts
of Quzhou, Jinhua, and Hangzhou, and cold spot areas were
clustered in Jiaxing, Wenzhou, and Lishui. Although the hot
and cold spots changed every year, Jiangshan, Qujiang,
Changshan in Quzhou City, and Chun'an in Hangzhou City
emerged as hot spots throughout the study period. Furthermore,
Longwan and Yueqing in Wenzhou City were identified as cold
spots in 4 out of the 5 years (Figure 2).

Table 2. Spatial autocorrelation analysis of the tuberculosis pleurisy notification rate.

P valuez scoreMoran I indexYear

.0015.2750.3622017

.0014.0990.2962018

.0072.6320.1872019

.0063.0260.2092020

.0033.8640.2412021

JMIR Public Health Surveill 2023 | vol. 9 | e49859 | p.1553https://publichealth.jmir.org/2023/1/e49859
(page number not for citation purposes)

Zhou et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Local indicators of spatial association of the tuberculosis pleurisy notification rate in Zhejiang Province.

Spatial-Temporal Scan Statistics
Spatial-temporal scan statistics of TP in Zhejiang Province from
2010 to 2021 identified 1 most likely cluster and 4 secondary
clusters. The most likely cluster was the high-risk cluster, which
encompassed 32 counties in western and southwestern Zhejiang

Province, including all counties and districts of Quzhou, Jinhua,
and Lishui; Wencheng and Taishun in Wenzhou; and Xianju
in Lishui. The most likely cluster period ranged from April 2017
to September 2019, with 2383 cases of TP and a relative risk
of 1.98 (log likelihood ratio=382.55, P<.01; Table 3 and Figure
3).

Table 3. Spatial-temporal scanning of the tuberculosis pleurisy notification rate in Zhejiang Province, 2017-2021.

P valueRelative
risk

Log likeli-
hood ratio

Notified (expected)
cases, n (n)

Counties, nCoordinates/radiusCluster periodCluster type

<.011.98382.552383 (1341.84)32(28.578400° N, 118.595300°
E)/199.19 km

January 20, 2017, to
September 30, 2019

Most likely cluster

<.011.6580.06785 (488.22)8(30.042100° N, 120.663400°
E)/51.20 km

January 1, 2017, to
June 30, 2018

Secondary cluster 1

<.0112.4676.8448 (3.87)1(27.885900° N, 120.815300°
E)/0 km

February 1, 2018, to
July 31, 2020

Secondary cluster 2

<.012.5841.40124 (48.34)1(28.602000° N, 121.076900°
E)/0 km

February 1, 2017, to
November 30, 2018

Secondary cluster 3

<.011.7316.25129 (74.78)2(28.652100° N, 121.475800°
E)/12.06 km

April 1, 2017, to
August 31, 2018

Secondary cluster 4
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Figure 3. Spatial-temporal clustering of the tuberculosis pleurisy notification rate in Zhejiang Province.

Model Predictions
On comparing the fitness of predicting TP prevalence trends in
2021, the Holt-Winters exponential smoothing model showed
better predictive performance than the SARIMA and Prophet
models, with lower mean-square error, root-mean-square error,
mean absolute error, mean absolute percentage error, and

symmetric mean absolute percentage error values (Table 4).
The composition of the original sequence and the predictive
results determined using the Holt-Winters exponential
smoothing model are presented in Table 4. The exponential
smoothing model was used to predict the number of notified
cases of TP, and its actual values in 2021 are shown in Table
5.
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Table 4. Critical indices of the Holt-Winters exponential smoothing, SARIMAa, and Prophet models.

ProphetHolt-WintersSARIMAIndices

579.114479.170978.593MSEb

24.06521.89031.282RMSEc

17.50117.38025.247MAEd

N/Af11.13016.270MAPEe

N/A12.08016.883SMAPEg

aSARIMA: seasonal autoregressive integrated moving average.
bMSE: mean-square error.
cRMSE: root-mean-square error.
dMAE: mean absolute error.
eMAPE: mean absolute percentage error.
fN/A: not applicable.
gSMAPE: symmetric mean absolute percentage error.

Table 5. Holt-Winters exponential smoothing model used to predict the number of notified cases of tuberculosis pleurisy and its actual values in 2021.

95% CIEstimateActual valueMonth

104-178141158January

105-133119122February

161-163162191March

134-217176159April

140-210175165May

116-197156155June

132-181156163July

99-159129144August

116-140128145September

82-157120133October

108-121115145November

107-108108160December

Discussion

Principal Findings
TP, as a subgroup of PTB in China, has attracted increasing
attention in recent years due to its severity. According to a
bibliometric study, there has been an increasing number of
TP-related studies in the past decade, and China had the most
studies in this field [27]; furthermore, Mexico, the Philippines,
Vietnam, China, and India had the highest prevalences of TP
worldwide [5]. Zhejiang Province is a developed coastal area
of China, and the notification rate of TP accounts for a certain
proportion. Therefore, it is necessary to understand cluster
epidemics at the spatial and temporal levels.

In this study, epidemiological characteristics showed that men
were more likely to develop TP than women, which is in line
with the results of previous studies [28,29]. Given that TP occurs
secondary to PTB, we speculated that possible explanations for
sex differences were attributed to lifestyle and genetic
susceptibility, such as smoking, alcohol use, drug abuse, sex

hormones, and genetic variations [30,31]. Therefore, it is
necessary to consider men as the key population for prevention
and control, such as by strengthening screening and improving
the awareness of TP in this specific population. Furthermore,
we found that the TP notification rate peaked mainly in the
summer. As shown in the literature, when the mean ambient
temperature increased from 15.1 °C to 24.5 °C, the cumulative
adjusted relative risk of hospitalization for TB was 1.07 (95%
CI 1.00-1.14) [32]. Although there is no clear evidence showing
a direct correlation between TP and temperature, we postulate
that due to the increased temperature, there is a likely increase
in the synthesis of mycolic acids, which are vital for the growth
of M tuberculosis and contribute to its subverting of and
escaping from the immune system [33].

In our study, 6317 (54.78%) patients with TP experienced
delayed access to medical care. A literature analysis of TB cases
from 32 provinces in China showed that patient delays were
also common among TB cases, with a median of 20 (IQR 6-46)
days [21]. We speculated that a comparatively long patient delay
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may result in further invasion of the pleura. Furthermore, the
median delay in PTB diagnosis in China was 1 (IQR 0-8) day,
while a delay of TP diagnosis of more than 14 days accounted
for 12.68% of cases in our study [21]. To our knowledge, a
definite diagnosis of TP was made by detecting M tuberculosis
from pleural effusion or pleural tissue [34]. However, culturing
M tuberculosis takes 2-8 weeks to obtain results in some regions
without access to rapid diagnosis tools, which could influence
effective medical interventions [35]. Consequently, further delay
in anti-TB treatment for TP might result in pleural thickening
or TB empyema that requires surgical resolution [36].
Considering the long duration of the disease, insidious onset,
and lack of specificity of diagnostic methods for TP [37,38], it
is prone to both abovementioned delays, which may further lead
to increased transmission of TB [39]. Therefore, timely
detection, such as using x-ray imaging or computed tomography,
and adequate health education are needed to identify TP in the
early stages and improve awareness of TB information [40].
For patients with normal immune function, the current
recommended treatment duration is 6 months for isoniazid and
rifampicin with 2 months for ethambutol and pyrazinamide [8].
In China, the National Tuberculosis Program guidelines
specifically recommend that the treatment period for TP be ≥9
months, while nearly 14% of patients had received insufficient
treatment. Therefore, more attention must be paid to the
treatment duration of TP.

Spatial-temporal analysis is commonly used to explore disease
clusters and identify areas at high risk of infectious disease [41].
Spatial analysis indicated spatial heterogeneity among patients
with TP, with hot spots located mainly in the western cities of
Zhejiang Province. The relatively large agricultural population
and relatively low economic status in these areas, along with
limited knowledge related to TP, are the common risk factors
for the development of TP [42]. Therefore, the early detection
strategy of TP in this population should be strengthened by
implementing modern approaches, such as large-scale active
screening. Furthermore, the spatial-temporal analysis indicated
that the most likely clusters were mainly concentrated in the

western part of Zhejiang Province, which were similar to the
results of spatial analysis. This result unveils the distribution
pattern of TP incidence in Zhejiang Province and provides a
theoretical basis for the regional rational allocation of health
resources related to TP and effective implementation of
comprehensive prevention and control measures [41]. Therefore,
exploring the causes and mechanisms leading to the regional
clustering of TP should be carried out in the future.

Each predictive model has its own limitations and merits due
to the different prerequisites and mechanisms involved in
predicting epidemics. In this study, our exponential smoothing
model has a good prediction effect, and the actual value of
66.7% falls within the 95% CI of the predicted value. Part of
the actual value that is not within the prediction range may be
unsatisfactory for clinical applications. The possible reason was
the impact of the COVID-19 pandemic, resulting in the deviation
of the model prediction.

Limitations
However, this study also has some limitations. First, TP is not
easy to diagnose, and it was not mandatory to include TBIMS
before 2018, which could cause an underestimation of TP
prevalence from our available surveillance system. Second, the
combination and breakdown of different areas of the panel data
makes it impossible to carry out detailed analysis in some areas.
Third, the prediction model did not include other meteorological
factors such as humidity and wind. Last, some potential
influencing factors were not considered, such as HIV
coinfection, which would be considered in the future.

Conclusions
In this study, the male population had a high notification rate
of TP, and a high notification rate of this disease was noted
during summer. The western region of Zhejiang Province has
the highest relative risk of TP. Comprehensive interventions,
such as chest x-ray screening and symptom screening, should
be strengthened to improve early identification. Additionally,
a more systematic assessment of the prevalence trend of TP
should include more predictors.
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SARIMA: seasonal autoregressive integrated moving average
TB: tuberculosis
TP: tuberculous pleurisy
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Abstract

Background: Rare diseases (RDs) affect millions of people worldwide, and these diseases can severely impact the health-related
quality of life (HRQoL) of those affected. Despite this, there is a lack of research measuring HRQoL using the EQ-5D-5L, which
is one of the most widely used generic preference-based instruments to measure HRQoL in populations living with RDs.

Objective: This study aimed to measure HRQoL using the EQ-5D-5L in a large number of patients with various types of RDs
in China, and to examine the relationship between respondents’ socioeconomic characteristics and preference-based health utility
scores.

Methods: The data used in this study were obtained from a web-based survey conducted in China. The survey aimed to explore
and understand the health and socioeconomic status of patients with RDs in China. We recruited registered and eligible members,
including patients or their primary caregivers, from 33 RD patient associations to complete the questionnaires via their internal
social networks. HRQoL was measured using the EQ-5D-5L utility score, which was calculated based on an established Chinese
value set. Utility scores have been presented based on demographics and disease-related information. Univariate linear regression
analysis was used to assess the differences in the EQ-5D-5L utility scores between subgroups.

Results: A total of 12,502 respondents completed the questionnaire and provided valid responses, including 6919 self-completed
respondents and 5583 proxy-completed respondents. Data from 10,102 participants over the age of 12 years were elicited for
analysis. Among patients with RDs, 65.3% (6599/10,102), 47.5% (4799/10,102), 47.0% (4746/10,102), 24.8% (2506/10,102),
and 18.4% (1855/10,102) reported no problems for “self-care,” “usual activities,” “mobility,” “pain/discomfort,” and
“anxiety/depression,” respectively. A full health state was reported by 6.0% (413/6902) and 9.2% (295/3200) of self- and
proxy-completed patients, respectively. Among self-completed patients, 69.9% (4826/6902) and 50.4% (3478/6902) reported no
problems for “self-care” and “usual activities,” respectively, whereas only 17.7% (1223/6902) reported problems for
“anxiety/depression.” Proxy-completed respondents showed a higher proportion of reporting extreme problems than self-completed
respondents in all 5 dimensions. The mean utility scores reported by self- and proxy-completed respondents were 0.691 and 0.590,
respectively. Different types of caregivers reported different utility scores, and among them, proxy-completed (mother) respondents
reported the highest mean utility score.

Conclusions: The establishment of a normative profile for RD patients can facilitate patients’ adaptation and assess the
effectiveness of interventions to improve the HRQoL and well-being of this population. Differences between self- and
proxy-completed HRQoL assessed by the EQ-5D-5L have been identified in this study. This finding highlights the importance
of incorporating perspectives from both patients and their proxies in clinical practice. Further development of the patient cohort
is necessary to assess long-term changes in HRQoL in the RD population.
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Introduction

Rare diseases (RDs) are conditions that affect a very small
proportion of the population worldwide. Currently, there are
approximately 7000 types of RDs, of which over 70% are
genetic, and most of them show a chronic course. The
prevalence threshold and definition of RDs vary across
countries. In the United States and European Union,
approximately 25-30 million and 45-60 million people
experience RDs, respectively [1,2]. Worldwide, the population
prevalence of RDs is estimated to be 3.5%-5.9%, which amounts
to approximately 260-440 million people [3]. Since effective
treatments for most RDs do not exist, RD patients typically
require complex care, resulting in poor health status [4]. Poor
access to information, high treatment expenses, and lack of
social support can have a significant negative impact on their
health-related quality of life (HRQoL) [5].

The EQ-5D is a well-known and widely used health status
instrument worldwide. It was developed by the EuroQol Group
as a concise, generic, preference-based instrument for
measuring, comparing, and evaluating health status in the
population aged 12 years or above [6]. It describes a person’s
health as a multi-dimensional profile and provides a single utility
value for it, which can be used as a HRQoL measure to facilitate
the cost-utility analysis of health care and monitoring of
population health [7]. The performance of the EQ-5D has been
assessed in numerous health conditions and treatments, and it
has shown acceptable psychometric properties. Currently, 2
versions of the EQ-5D exist: the 3-level option (3L) and the
5-level option (5L). The EQ-5D-5L is recommended owing to
its better performance in reducing the “ceiling effect” compared
to that of the EQ-5D-3L [8]. Currently, there is limited research
on the use of the EQ-5D to measure HRQoL in the RD
population as a whole. For example, Serrano-Aguilar et al used
the EQ-5D for assessing HRQoL in approximately 3000
European patients and caregivers with 10 RDs [9]. Efthymiadou
et al assessed HRQoL in more than 600 patients with RDs who
were mostly from Europe and the United States [10], and Ng
et al evaluated HRQoL in 286 patients with RDs in Hong Kong
[11].

There are several gaps in the existing literature on HRQoL
among individuals with RDs. First, there is a lack of research
on HRQoL among Chinese patients with RDs. Currently, there
are approximately 70 million Chinese patients with RDs [12],
and without sufficient data and research, providing proper
treatment and care for these patients is challenging. Second,
although studies have recruited relatively large samples of
patients with RDs in Europe, no studies with a similar sample
size have been conducted in Asian countries. Random variation
can have a larger impact on results in the case of small samples,
potentially leading to spurious findings that might not be
supported by the data. Third, no studies used the EQ-5D-5L to
assess HRQoL in patients with RDs as a whole in the Chinese

population. Lastly, no studies have reported the inclusion of
patients with advanced-stage RDs (either subjective or objective
rating). This may have generated obvious selection bias and
significantly affected the quality and reliability of the findings.
Therefore, the objective of this study was to measure the HRQoL
of individuals or caregivers with various types of RDs using a
large sample in China. Specifically, we aimed to establish a
normative reference of the EQ-5D-5L for the RD population,
including individuals who are older than 12 years, as a whole.

Methods

Sample and Data Collection
The data used in this study were obtained from a nationwide,
cross-sectional, web-based survey conducted between August
2019 and January 2020. The survey aimed to explore and
understand the health and socioeconomic status of patients with
RDs in China. The research team comprised members from the
China Alliance for Rare Disease, Chinese University of Hong
Kong, China Illness Challenge Foundation, and Peking Union
Medical College Hospital. In total, 32 patient associations (PAs)
for RDs participated in the study. These PAs were selected from
a list provided by the National Rare Diseases Registry System
of China and the National Network to Collaborate on Diagnosis
and Treatment of Rare Diseases. These 2 organizations were
established by the Peking Union Medical College Hospital and
supported by the National Health Commission of the People’s
Republic of China to manage patients with RDs in China. The
content of the questionnaire and logic of the survey were
confirmed by the research team and representatives of all the
PAs via 2 rounds of face-to-face conferences and more than 10
rounds of web-based meetings between June and August 2019.

All participants were registered members of a PA, which
indicates that they were either patients with a formal diagnosis
or primary caregivers of patients with a formal diagnosis. In
this study, a primary caregiver was defined as a person aged
≥18 years who has been designated as a necessary caretaker
responsible for managing the patient’s well-being. This may
include, but is not limited to, parents, legal guardians, and paid
caregivers. Since the EQ-5D-5L is not appropriate for measuring
HRQoL in individuals younger than 12 years, only data from
patients with RDs who were 12 years or older were elicited for
analysis. Patients without cognitive impairments, who could
read Chinese and provide informed consent, were encouraged
to complete the questionnaire on their own. However, for all
eligible participants, the option of proxy completion by
caregivers was also available.

Invitations were disseminated to all eligible patients or
caregivers via the PAs’ internal social networks. Eligible
members who were interested in participating in the survey
were invited to join an online survey group, where the study
aims, process, and expected results were provided via group
communication. The survey link was sent to all survey group
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members. The research team worked with the PA’s staff to
manage the survey and remind the participants to complete it
within 10 days. They sent reminders to participants on the
second, third, fifth, and seventh days after the survey link was
sent. The first page of the questionnaire was the informed
consent form. All participants were required to read through it
and click the “Agree” button at the end of the page before
starting the survey. Information about participants’ background
characteristics, HRQoL, symptoms, social support, and
medication was collected. The research team could not access
personally identifiable information of the participants; only the
PAs’ staff could access such information.

Ethics Approval
The study protocol and informed consent form were approved
by the Institutional Review Board of the Chinese University of
Hong Kong (Reference ID: SBRE-18-268).

Instrument
Both the self- and proxy-completed versions of the EQ-5D-5L
were used in this study [13]. The first section of the EQ-5D-5L
is a descriptive system, which comprises 5 health-related
dimensions (mobility, self-care, usual activities, pain/discomfort,
and anxiety/depression) rated on a 5-option Likert scale ranging
from no problems to extreme problems. All health states
described by the descriptive system could be converted into a
single utility score using a scoring algorithm based on public
preferences. Utility scores are anchored between 1 (full health)
and 0 (a state as bad as being dead) as required by their use in
economic evaluation. A utility score of less than 0 represents
health states regarded as worse than a state that is as bad as
being dead. In this study, the EQ-5D-5L China value set and
scoring algorithm were used [14]. The second section of the
EQ-5D-5L is a visual analog scale (EQ-VAS). It is a scale that
takes values between 100 (best imaginable health) and 0 (worst
imaginable health), on which patients provide a global
assessment of their health. The main difference between the
self- and proxy-completed versions of the EQ-5D-5L is the
adopted perspective. The proxy version asked respondents to
report how the care receiver would rate his or her own health.

Statistical Analysis
A descriptive analysis was applied for the participants’
demographic and health characteristics. Because self- and
proxy-completed HRQoL may be systematically different,
self-completed and proxy-completed EQ-5D-5L data were
analyzed separately. Continuous variables (eg, EQ-5D-5L utility
score) have been presented as mean, median, and SD.

Categorical variables (eg, response on EQ-5D-5L dimensions)
have been presented as frequency (n) and proportion (%).
Pediatric patients were defined as those aged ≤18 years, whereas
older patients were defined as those aged ≥60 years.
Self-completed patients were defined as those who completed
the questionnaire by themselves (must be ≥12 years), and
proxy-completed patients (<12 years or ≥12 years but with very
poor health status) were defined as those whose primary
caregivers completed the questionnaire. The EQ-5D-5L profile
was presented as responses on each dimension of the health
classification descriptive system. The EQ-5D-5L utility score
was presented for subgroups of patients stratified by their
characteristics, including sex, age group, educational level,
employment, family registry, family annual income, disease
duration, number of children, assistive devices used in daily
life, disability status, and number of family members living
together, as well as the types of RDs. The univariate linear
regression analysis was used to assess differences in the
EQ-5D-5L utility score between subgroups. In addition, the
differences in the mean EQ-5D-5L utility scores for different
caregiver types (father, mother, children, spouse,
grandparents/relatives, or others) stratified by background
characteristics have been presented. All statistical analyses were
performed using R software. Statistical significance was
considered if P<.05 was obtained.

Results

Background Characteristics of Patients With RDs
A total of 20,802 responses were collected. Of these, 8300 were
excluded because the respondents either dropped out of the
survey or provided incomplete responses. The remaining 12,502
respondents included 6919 self-completed patients and 5583
proxy-completed patients. Table 1 shows their background
characteristics stratified by response type. Of the patients, 53.2%
(6653/12,502) were of the male sex, 16.2% (2016/12,502) were
aged <10 years, and 3.8% (469/12,502) were aged ≥61 years,
and more than half (6488/12,502, 51.9%) were urban residents.
Table 1 provides a detailed breakdown of the differences. Most
of the RD types were never reported previously worldwide, for
example, Kallmann syndrome, Dravet syndrome, and
Niemann–Pick disease. Among them, 2249 patients had
myasthenia gravis, 1504 had hemophilia, and 994 had
scleroderma (Multimedia Appendix 1). The self-completed and
proxy-completed patients significantly differed in all the
background characteristics.
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Table 1. Patient background characteristics.

P valueProxy-completed
sample (n=5583)

Self-completed
sample (n=6919)

Full sample
(N=12,502)

Characteristic

<.001Gender, n (%)

3429 (61.4)3224 (46.6)6653 (53.2)Male

2154 (38.6)3695 (53.4)5849 (46.7)Female

<.001Age (years), n (%)

2016 (36.3)4 (0.1)2020 (16.2)≤10

1721 (31.0)390 (5.6)2111 (16.9)11-20

442 (8.0)2128 (30.8)2570 (20.6)21-30

361 (6.5)2367 (34.3)2728 (21.9)31-40

302 (5.4)1319 (19.1)1621 (13.0)41-50

400 (7.2)543 (7.9)943 (7.6)51-60

313 (5.6)146 (2.3)469 (3.8)≥61

28 (0.2)12 (0.1)40 (0.3)Missing

<.001Employment, n (%)

559 (10.0)3019 (43.6)3578 (28.6)Active

5024 (90.0)3900 (56.4)8924 (71.4)Nonactive

<.001Family registry, n (%)

2705 (48.5)3783 (54.7)6488 (51.9)Urban

2871 (51.4)3120 (45.1)5991 (48.0)Rural

16 (0.3)7 (0.2)23 (0.1)Missing

<.001Family income per year (CNYa), n (%)

272 (4.9)433 (6.3)705 (5.6)≤5000

355 (6.4)427 (6.2)782 (6.3)5001-10,000

1217 (21.8)1367 (19.8)2584 (20.7)10,001-30,000

1464 (26.2)1459 (21.1)2923 (23.4)30,001-50,000

1405 (25.2)1823 (26.3)3228 (25.8)50,001-100,000

599 (10.7)955 (13.8)1554 (12.4)100,001-200,000

154 (2.8)263 (3.8)417 (3.3)200,001-300,000

71 (1.3)125 (1.8)196 (1.6)300,001-500,000

46 (0.8)67 (1.0)113 (0.9)≥500,001

<.001Duration of RDsb (years), n (%)

2028 (36.3)2681 (38.7)4709 (37.6)≤10

2695 (48.3)2214 (32.0)4909 (39.2)11-20

400 (7.2)1145 (16.5)1545 (12.3)21-30

1032 (18.5)593 (8.6)696 (5.5)31-40

42 (0.8)260 (3.8)302 (2.4)≥41

315 (5.6)26 (0.4)341 (2.7)Missing

<.001Number of children, n (%)

4262 (76.3)2968 (42.9)7230 (57.8)0

700 (12.5)2816 (40.7)3516 (28.1)1

449 (8.0)989 (14.3)1438 (11.5)2

172 (3.1)146 (2.1)318 (2.5)≥3

JMIR Public Health Surveill 2023 | vol. 9 | e50147 | p.1564https://publichealth.jmir.org/2023/1/e50147
(page number not for citation purposes)

Xu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


P valueProxy-completed
sample (n=5583)

Self-completed
sample (n=6919)

Full sample
(N=12,502)

Characteristic

<.001Using assistive devices in daily life (eg, wheelchair, ventilator,
etc), n (%)

3126 (58.9)4074 (58.9)7200 (57.6)No

753 (16.4)1134 (16.4)1887 (15.1)Rarely

639 (11.4)852 (12.3)1490 (11.9)Sometimes

492 (8.8)458 (6.6)950 (7.6)Often

562 (10.1)396 (5.7)958 (7.7)Always

<.001Disability (either physical or psychological), n (%)

1671 (29.9)1880 (27.2)3551 (28.4)Yes

3912 (71.1)5039 (72.8)8951 (71.6)No

<.001Number of family members living together, n (%)

209 (3.7)271 (3.9)480 (3.8)0

715 (12.8)1140 (16.5)1855 (14.8)1

1482 (26.5)1975 (28.5)3457 (27.6)2

1421 (25.5)1304 (18.8)2725 (21.7)3

1570 (28.1)1585 (22.9)3155 (25.2)≥4

186 (3.3)644 (9.3)830 (6.6)Missing

<.0018.7 (2.1)7.8 (2.3)8.2 (2.3)Perceived disease severity (score 1-10), mean (SD)

aA currency exchange rate of CNY 1=US $0.14 is applicable.
bRD: rare disease.

EQ-5D-5L Profile for Patients With RDs
Data from 10,102 participants over the age of 12 years were
elicited for analysis. Their background characteristics are
presented in Multimedia Appendix 2. Table 2 displays the
proportion of reported health states for each level of the
EQ-5D-5L dimensions. Among patients with RDs, 65.3%
(6599/10,102), 47.5% (4799/10,102), 47.0% (4746/10,102),
24.8% (2506/10,102), and 18.4% (1855/10,102) reported no
problems for “self-care,” “usual activities,” “mobility,”
“pain/discomfort,” and “anxiety/depression,” respectively. In
the case of pediatric patients with RDs, 49.3% (704/1428),

40.2% (574/1428), and 28.6% (408/1428) reported no problems
for “usual activities,” “pain/discomfort,” and
“anxiety/depression,” respectively, and these proportions were
around 10% higher than the proportions in the overall sample.
The proportions of having no problems in all 5 dimensions were
lower in older patients with RDs than in the overall sample.

Among self-completed respondents, 69.9% (4826/6902) and
50.4% (3478/6902) reported no problems for “self-care” and
“usual activities,” respectively, whereas only 17.7% (1223/6902)
reported problems for “anxiety/depression.” Moreover, 6.0%
(413/6902) and 0.3% (24/6902) of patients reported full and
worst health states, respectively.
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Table 2. Health status reported by using the EQ-5D-5L descriptive system.

Proxy-completed
(n=3200)

Self-completed
(n=6902)

Older (≥60 years)
(n=503)

Pediatric (12-18
years) (n=1428)

All patients
(N=10,102)

Variable

Mobility, n (%)

1435 (44.8)3311 (48.0)134 (26.6)802 (56.2)4746 (47.0)No problem

651 (20.3)1844 (26.7)135 (26.8)219 (15.3)2495 (24.7)Slight problems

394 (12.3)917 (13.3)84 (16.7)125 (8.8)1311 (13.0)Moderate problems

267 (8.3)477 (6.9)70 (13.9)63 (4.4)744 (7.4)Severe problems

453 (14.2)353 (5.1)80 (15.9)219 (15.3)806 (8.0)Extreme problems

Self-care, n (%)

1773 (55.4)4826 (69.9)212 (42.1)872 (61.1)6599 (65.3)No problem

530 (16.6)1221 (17.7)113 (22.5)190 (13.3)1751 (17.3)Slight problems

280 (8.8)466 (6.8)67 (13.3)98 (6.9)746 (7.4)Moderate problems

155 (4.8)190 (2.8)39 (7.8)45 (3.2)345 (3.4)Severe problems

462 (14.4)199 (2.9)72 (14.3)223 (15.6)661 (6.5)Extreme problems

Usual activities, n (%)

1321 (41.3)3478 (50.4)127 (25.2)704 (49.3)4799 (47.5)No problem

834 (26.1)2028 (29.4)162 (32.2)322 (22.5)2862 (28.3)Slight problems

396 (12.4)826 (12.0)89 (17.7)140 (9.8)1222 (12.1)Moderate problems

264 (8.3)374 (5.4)66 (13.1)83 (5.8)638 (6.3)Severe problems

385 (12.0)196 (2.8)59 (11.7)179 (12.5)581 (5.8)Extreme problems

Pain/discomfort, n (%)

900 (28.1)1606 (23.3)77 (15.3)574 (40.2)2506 (24.8)No problem

1248 (39.0)3292 (47.7)198 (39.4)533 (37.3)4540 (44.9)Slight problems

631 (19.7)1424 (20.6)132 (26.2)196 (13.7)2055 (20.3)Moderate problems

248 (7.8)399 (5.8)62 (12.3)72 (5.0)647 (6.4)Severe problems

173 (5.4)181 (2.6)34 (6.8)53 (3.7)354 (3.5)Extreme problems

Anxiety/depression, n (%)

632 (19.8)1223 (17.7)72 (14.3)408 (28.6)1855 (18.4)No problem

1341 (41.9)3066 (44.4)178 (35.4)656 (45.9)4407 (43.6)Slight problems

684 (21.4)1695 (24.6)140 (27.8)220 (15.4)2379 (23.5)Moderate problems

317 (9.9)571 (8.3)64 (12.7)80 (5.6)888 (8.8)Severe problems

226 (7.1)347 (5.0)49 (9.7)64 (4.5)573 (5.7)Extreme problems

295 (9.2)413 (6.0)21 (4.2)214 (15.0)708 (7.0)Full healtha, n (%)

50 (1.6)24 (0.3)17 (3.4)13 (0.9)74 (0.7)Worst healthb, n (%)

aFull health indicates that the respondent selected “no problem” for all 5 dimensions of the EQ-5D descriptive system (1, 1, 1, 1, and 1).
bWorst health indicates that the respondent selected “severe/extreme problems” for all 5 dimensions of the EQ-5D descriptive system (5, 5, 5, 5, and
5).

Proxy-completed respondents showed a higher proportion of
reporting extreme problems than self-completed respondents
in all 5 dimensions. Among proxy-completed respondents,
55.4% (1773/3200) and 44.8% (1435/3200) reported no
problems for “self-care” and “mobility,” respectively. Regarding
the types of caregivers, fathers reported the highest proportion
of care receivers experiencing problems related to extreme
mobility and self-care (91/535, 17.0% and 84/535, 15.7%,

respectively), whereas children caregivers reported a higher
proportion of care receivers experiencing extreme problems
with usual activities and pain/discomfort (69/595, 11.6% and
47/595, 7.9%) than other types of caregivers (Table 3).
Meanwhile, grandparents/relatives and children caregivers
reported similarly high proportions of extreme problems with
anxiety/depression (approximately 11%) compared to other
types of caregivers.
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Table 3. Proxy-completed health status using the EQ-5D-5L descriptive system.

Others (n=459)Grandparents/rel-
atives (n=158)

Spouse (n=369)Children
(n=595)

Mother
(n=1084)

Father (n=535)Variable

Mobility, n (%)

200 (43.6)56 (35.4)143 (38.8)208 (35.0)570 (52.6)258 (48.2)No problem

99 (21.6)35 (22.2)93 (25.2)137 (23.0)188 (17.3)99 (18.5)Slight problems

67 (14.6)30 (19.0)50 (13.6)100 (16.8)91 (8.4)56 (10.5)Moderate problems

41 (8.9)16 (10.1)39 (10.6)76 (12.8)64 (5.9)31 (5.8)Severe problems

52 (11.3)21 (13.3)44 (11.9)74 (12.4)171 (15.8)91 (17.0)Extreme problems

Self-care, n (%)

281 (61.2)77 (48.7)205 (55.6)283 (47.6)634 (58.5)293 (54.8)No problem

69 (15.0)33 (20.9)78 (21.1)110 (18.5)152 (14.0)88 (16.4)Slight problems

43 (9.4)20 (12.7)23 (6.2)71 (11.9)80 (7.4)43 (8.0)Moderate problems

15 (3.3)10 (6.3)19 (5.1)41 (6.9)43 (4.0)27 (5.0)Severe problems

51 (11.1)18 (11.4)44 (11.9)90 (15.1)175 (16.1)84 (15.7)Extreme problems

Usual activities, n (%)

206 (44.9)48 (30.4)143 (38.8)199 (33.4)500 (46.1)225 (42.1)No problem

118 (25.7)48 (30.4)107 (29.0)172 (28.9)257 (23.7)132 (24.7)Slight problems

59 (12.9)29 (18.4)50 (13.6)89 (15.0)105 (9.7)64 (12.0)Moderate problems

40 (8.7)17 (10.8)28 (7.6)66 (11.1)75 (6.9)38 (7.1)Severe problems

36 (7.8)16 (10.1)41 (11.1)69 (11.6)147 (13.6)76 (14.2)Extreme problems

Pain/discomfort, n (%)

106 (23.1)25 (15.8)82 (22.2)121 (20.3)391 (36.1)175 (32.7)No problem

170 (37.0)65 (41.1)166 (45.0)211 (35.5)424 (39.1)212 (39.6)Slight problems

115 (25.1)45 (28.5)70 (19.0)153 (25.7)163 (15.0)85 (15.9)Moderate problems

45 (9.8)12 (7.6)32 (8.7)63 (10.6)66 (6.1)30 (5.6)Severe problems

23 (5.0)11 (7.0)19 (5.1)47 (7.9)40 (3.7)33 (6.2)Extreme problems

Anxiety/depression, n (%)

79 (17.2)16 (10.1)59 (16.0)79 (13.3)272 (25.1)127 (23.7)No problem

173 (37.7)63 (39.9)167 (45.3)219 (36.8)485 (44.7)234 (43.7)Slight problems

117 (25.5)47 (29.7)82 (22.2)144 (24.2)196 (18.1)98 (18.3)Moderate problems

55 (12.0)15 (9.5)38 (10.3)88 (14.8)86 (7.9)35 (6.5)Severe problems

35 (7.6)17 (10.8)23 (6.2)65 (10.9)45 (4.2)41 (7.7)Extreme problems

43 (9.4)5 (3.2)20 (5.4)36 (6.1)136 (12.5)55 (10.3)Full healtha, n (%)

7 (1.5)4 (2.5)6 (1.6)17 (2.9)7 (0.6)9 (1.7)Worst healthb, n (%)

aFull health indicates that the respondent selected “no problem” for all 5 dimensions of the EQ-5D descriptive system (1, 1, 1, 1, and 1).
bWorst health indicates that the respondent selected “severe/extreme problems” for all 5 dimensions of the EQ-5D descriptive system (5, 5, 5, 5, and
5).

EQ-5D-5L Utility Score for Patients With RDs
Tables 4-6 show the means and SDs of the EQ-5D-5L utility
scores stratified by different background characteristics and
types of RDs. The mean utility scores were 0.659 (SD 0.324),
0.691 (SD 0.284), and 0.590 (SD 0.388) for the overall,
self-completed, and proxy-completed samples, respectively. In
the overall sample, the EQ-5D-5L utility score was significantly

associated with belonging to the female sex, being aged ≤10
years, being actively employed, residing in urban areas, having
a high family annual income, having a short duration of disease,
and not having children. Similar trends were observed in the
self- and proxy-completed samples, except for insignificant
differences in the utility score between patients with different
numbers of children in the self-completed sample and between
urban and rural residents in the proxy-completed sample.
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Regarding the mean utility score for specific RDs, patients with
amyotrophic lateral sclerosis reported a significantly lower
utility score than those with other RDs; however, in the
self-completed sample, the mean utility score for spinal muscular
atrophy was the lowest (Multimedia Appendix 3).

Regarding the EQ-5D-5L utility scores reported by different
types of caregivers, we found that mothers reported a higher
score (0.633) whereas children caregivers reported a lower score
(0.513) compared to other caregivers (0.552). Detailed
comparisons of the utility scores of caregivers are provided in
Table 7.
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Table 4. EQ-5D utility scores and the associations with patients’ background characteristics (full sample).

P valueCoefficient (95% CI)Utility score, mean (SD)Variable

N/AN/Aa0.659 (0.324)Overall

Gender

N/AN/A0.633 (0.339)Male

<.0010.051 (0.039 to 0.064)0.685 (0.308)Female

Age (years)

N/AN/A0.660 (0.362)12-20

<.0010.049 (0.030 to 0.068)0.709 (0.289)21-30

<.0010.038 (0.019 to 0.057)0.698 (0.278)31-40

.001−0.035 (−0.057 to 0.014)0.625 (0.319)41-50

<.001−0.104 (−0.129 to 0.079)0.557 (0.364)51-60

<.001−0.185 (−0.217 to 0.152)0.476 (0.412)≥61

Employment

N/AN/A0.787 (0.206)Active

<.001−0.198 (−0.211 to −0.186)0.589 (0.355)Nonactive

Family registry

N/AN/A0.669 (0.322)Urban

.001−0.021 (−0.034 to −0.008)0.647 (0.327)Rural

Family annual income (CNYb)

N/AN/A0.505 (0.381)≤5000

.030.038 (0.003 to 0.074)0.543 (0.367)5001-10,000

<.0010.098 (0.069 to 0.127)0.602 (0.334)10,001-30,000

<.0010.153 (0.125 to 0.182)0.658 (0.316)30,001-50,000

<.0010.197 (0.169 to 0.225)0.702 (0.299)50,001-100,000

<.0010.241 (0.211 to 0.272)0.746 (0.277)100,001-200,000

<.0010.246 (0.204 to 0.288)0.751 (0.287)200,001-300,000

<.0010.250 (0.195 to 0.305)0.755 (0.283)300,001-500,000

<.0010.249 (0.180 to 0.317)0.753 (0.315)≥500,001

Duration of RDsc (years)

N/AN/A0.710 (0.291)≤10

<.001−0.066 (−0.081 to −0.052)0.644 (0.340)11-20

<.001−0.093 (−0.112 to −0.074)0.617 (0.340)21-30

<.001−0.119 (−0.145 to −0.093)0.591 (0.317)31-40

<.001−0.211 (−0.249 to −0.174)0.499 (0.348)≥41

Number of children

N/AN/A0.669 (0.329)0

.48−0.005 (−0.019 to 0.009)0.664 (0.311)1

.005−0.028 (−0.047 to −0.009)0.641 (0.323)2

<.001−0.139 (−0.175 to −0.102)0.530 (0.369)≥3

Using assistive devices in daily life (eg, wheelchair,
ventilator, etc)

N/AN/A0.822 (0.177)No

<.001−0.206 (−0.219 to −0.193)0.616 (0.242)Rarely
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P valueCoefficient (95% CI)Utility score, mean (SD)Variable

<.001−0.304 (−0.318 to −0.290)0.518 (0.285)Sometimes

<.001−0.506 (−0.524 to −0.488)0.316 (0.338)Often

<.001−0.733 (−0.751 to −0.716)0.089 (0.336)Always

Disability (either physical or psychological)

N/AN/A0.450 (0.377)Yes

<.0010.293 (0.280 to 0.306)0.742 (0.258)No

Number of family members living together

N/AN/A0.584 (0.372)0

.0090.045 (0.011 to 0.078)0.629 (0.343)1

<.0010.089 (0.057 to 0.122)0.674 (0.318)2

<.0010.078 (0.045 to 0.111)0.662 (0.322)3

<.0010.077 (0.045 to 0.110)0.662 (0.316)≥4

aN/A: not applicable.
bA currency exchange rate of CNY 1=US $0.14 is applicable.
cRD: rare disease.
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Table 5. EQ-5D utility scores of the self-completed sample.

P valueCoefficient (95% CI)Utility score, mean (SD)Variable

N/AN/Aa0.691 (0.284)Overall

Gender

N/AN/A0.664 (0.298)Male

<.0010.051 (0.037 to 0.064)0.715 (0.270)Female

Age (years)

N/AN/A0.709 (0.294)12-20

.530.009 (−0.021 to 0.040)0.719 (0.274)21-30

.91−0.002 (−0.032 to 0.028)0.708 (0.266)31-40

<.001−0.061 (−0.092 to −0.029)0.649 (0.298)41-50

<.001−0.078 (−0.115 to −0.042)0.631 (0.308)51-60

<.001−0.126 (−0.178 to −0.073)0.584 (0.358)≥61

Employment

N/AN/A0.793 (0.195)Active

<.001−0.181 (−0.194 to −0.168)0.612 (0.316)Nonactive

Family registry

N/AN/A0.700 (0.281)Urban

.003−0.020 (−0.034 to −0.007)0.680 (0.288)Rural

Family income per year (CNYb)

N/AN/A0.530 (0.353)≤5000

.010.047 (0.010 to 0.084)0.577 (0.330)5001-10,000

<.0010.097 (0.068 to 0.127)0.627 (0.300)10,001-30,000

<.0010.150 (0.120 to 0.179)0.680 (0.275)30,001-50,000

<.0010.208 (0.179 to 0.237)0.738 (0.251)50,001-100,000

<.0010.256 (0.225 to 0.287)0.786 (0.220)100,001-200,000

<.0010.260 (0.218 to 0.302)0.790 (0.230)200,001-300,000

<.0010.276 (0.221 to 0.331)0.806 (0.223)300,001-500,000

<.0010.263 (0.192 to 0.333)0.793 (0.276)≥500,001

Duration of RDsc (years)

N/AN/A0.750 (0.238)≤10

<.001−0.057 (−0.072 to −0.410)0.693 (0.286)11-20

<.001−0.109 (−0.129 to −0.090)0.640 (0.311)21-30

<.001−0.148 (−0.172 to −0.123)0.602 (0.310)31-40

<.001−0.251 (−0.287 to −0.216)0.498 (0.347)≥41

Number of children

N/AN/A0.686 (0.298)0

.140.011 (−0.004 to 0.026)0.697 (0.276)1

.450.008 (−0.013 to 0.028)0.694 (0.269)2

.52−0.016 (−0.063 to 0.032)0.670 (0.265)≥3

Using assistive devices in daily life (eg, wheelchair,
ventilator, etc)

N/AN/A0.824 (0.159)No

<.001−0.190 (−0.204 to −0.176)0.634 (0.222)Rarely
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P valueCoefficient (95% CI)Utility score, mean (SD)Variable

<.001−0.291 (−0.307 to −0.275)0.533 (0.269)Sometimes

<.001−0.443 (−0.464 to −0.423)0.381 (0.327)Often

<.001−0.638 (−0.660 to −0.615)0.187 (0.348)Always

Disability (either physical or psychological)

N/AN/A0.510 (0.347)Yes

<.0010.249 (0.235 to 0.263)0.759 (0.222)No

Number of family members living together

N/AN/A0.683 (0.277)0

.58−0.010 (−0.048 to 0.027)0.672 (0.307)1

.730.006 (−0.030 to 0.043)0.689 (0.284)2

.630.009 (−0.028 to 0.046)0.692 (0.281)3

.400.016 (−0.021 to 0.053)0.699 (0.275)≥4

aN/A: not applicable.
bA currency exchange rate of CNY 1=US $0.14 is applicable.
cRD: rare disease.
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Table 6. EQ-5D utility scores of the proxy-completed sample.

P valueCoefficient (95% CI)Utility score, mean (SD)Variable

N/AN/Aa0.590 (0.388)Overall

Gender

N/AN/A0.579 (0.394)Male

.090.024 (−0.003 to 0.051)0.603 (0.381)Female

Age (years)

N/AN/A0.646 (0.378)12-20

.490.014 (−0.026 to 0.055)0.661 (0.345)21-30

.67−0.010 (−0.053 to 0.034)0.637 (0.337)31-40

<.001−0.125 (−0.173 to −0.078)0.521 (0.381)41-50

<.001−0.191 (−0.233 to −0.149)0.456 (0.408)51-60

<.001−0.225 (−0.271 to −0.178)0.422 (0.427)≥61

Employment

N/AN/A0.755 (0.255)Active

<.001−0.199 (−0.234 to −0.164)0.556 (0.402)Nonactive

Family registry

N/AN/A0.599 (0.390)Urban

.14−0.02 (−0.047 to 0.007)0.578 (0.388)Rural

Family income per year (CNYb)

N/AN/A0.442 (0.439)≤5000

.390.034 (0.384 to 0.499)0.475 (0.425)5001-10,000

.0010.109 (−0.043 to 0.111)0.551 (0.391)10,001-30,000

<.0010.175 (0.045 to 0.174)0.616 (0.378)30,001-50,000

<.0010.183 (0.111 to 0.238)0.625 (0.370)50,001-100,000

<.0010.200 (0.121 to 0.246)0.642 (0.368)100,001-200,000

<.0010.196 (0.130 to 0.270)0.638 (0.387)200,001-300,000

.030.150 (0.099 to 0.294)0.591 (0.381)300,001-500,000

.0070.214 (0.016 to 0.283)0.655 (0.384)≥500,001

Duration of RDsc (years)

N/AN/A0.617 (0.372)≤10

<.001−0.066 (−0.095 to −0.036)0.569 (0.398)11-20

<.001−0.083 (−0.126 to −0.039)0.552 (0.405)21-30

.009−0.104 (−0.182 to −0.027)0.530 (0.348)31-40

.03−0.130 (−0.249 to −0.011)0.504 (0.359)≥41

Number of children

N/AN/A0.643 (0.372)0

<.001−0.111 (−0.144 to −0.078)0.531 (1.400)1

<.001−0.116 (−0.156 to −0.077)0.526 (2.393)2

<.001−0.232 (−0.292 to −0.172)0.411 (0.402)≥3

Using assistive devices in daily life (eg, wheelchair,
ventilator, etc)

N/AN/A0.817 (0.215)No

<.001−0.244 (−0.270 to −0.217)0.573 (0.279)Rarely
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P valueCoefficient (95% CI)Utility score, mean (SD)Variable

<.001−0.332 (−0.360 to −0.303)0.485 (0.315)Sometimes

<.001−0.610 (−0.643 to −0.576)0.207 (0.329)Often

<.001−0.832 (−0.861 to −0.803)−0.015 (0.289)Always

Disability (either physical or psychological)

N/AN/A0.336 (0.403)Yes

<.0010.369 (0.343 to 0.395)0.705 (0.322)No

Number of family members living together

N/AN/A0.439 (0.442)0

.0020.102 (0.037 to 0.166)0.540 (0.393)1

<.0010.201 (0.139 to 0.262)0.639 (0.382)2

<.0010.167 (0.104 to 0.230)0.606 (0.382)3

<.0010.141 (0.079 to 0.204)0.580 (0.378)≥4

aN/A: not applicable.
bA currency exchange rate of CNY 1=US $0.14 is applicable.
cRD: rare disease.
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Table 7. EQ-5D-5L utility scores stratified by the types of caregivers.

Utility score, mean (SD)Variable

OthersGrandparents/rel-
atives

SpouseChildrenMotherFather

0.595 (0.371)0.530 (0.375)0.588 (0.382)0.513 (0.409)0.633 (0.377)0.603 (0.396)Overall

Gender

0.564 (0.383)0.541 (0.362)0.573 (0.409)0.552 (0.401)0.618 (0.383)0.559 (0.411)Male

0.645 (0.345)0.515 (0.392)0.602 (0.356)0.483 (0.414)0.653 (0.369)0.732 (0.316)Female

Age (years)

0.548 (0.416)0.631 (0.354)N/AN/Aa0.653 (0.376)0.628 (0.390)12-20

0.669 (0.337)0.601 (0.302)0.791 (0.186)N/A0.666 (0.347)0.588 (0.415)21-30

0.630 (0.320)0.584 (0.361)0.677 (0.331)N/A0.536 (0.441)0.695 (0.320)31-40

0.529 (0.413)0.435 (0.383)0.498 (0.416)0.583 (0.339)0.480 (0.314)0.562 (0.306)41-50

0.443 (0.402)0.234 (0.395)0.458 (0.408)0.460 (0.406)0.468 (0.408)N/A51-60

0.443 (0.466)N/A0.393 (0.467)0.405 (0.437)N/AN/A≥61

Employment

0.782 (0.252)0.722 (0.237)0.775 (0.230)0.685 (0.290)0.762 (0.245)0.755 (0.285)Active

0.502 (0.385)0.463 (0.391)0.470 (0.412)0.483 (0.420)0.623 (0.384)0.589 (0.402)Nonactive

Family registry

0.603 (0.364)0.489 (0.375)0.574 (0.396)0.515 (0.424)0.643 (0.371)0.634 (0.388)Urban

0.588 (0.377)0.559 (0.373)0.608 (0.362)0.509 (0.394)0.617 (0.387)0.566 (0.405)Rural

Family income per year

(CNYb)

0.446 (0.427)0.449 (0.395)0.396 (0.488)0.329 (0.469)0.547 (0.412)0.391 (0.451)≤5000

0.495 (0.415)0.357 (0.414)0.395 (0.419)0.493 (0.420)0.502 (0.437)0.492 (0.450)5001-10,000

0.571 (0.347)0.510 (0.362)0.484 (0.410)0.491 (0.400)0.579 (0.384)0.573 (0.431)10,001-30,000

0.605 (0.369)0.636 (0.331)0.670 (0.325)0.524 (0.427)0.661 (0.360)0.606 (0.386)30,001-50,000

0.643 (0.353)0.504 (0.414)0.604 (0.373)0.571 (0.370)0.670 (0.364)0.627 (0.370)50,001-100,000

0.728 (0.301)0.588 (0.328)0.617 (0.356)0.481 (0.416)0.693 (0.350)0.709 (0.350)100,001-200,000

0.679 (0.365)N/A0.763 (0.377)0.553 (0.407)0.594 (0.412)0.787 (0.244)200,001-300,000

0.710 (0.410)N/A0.803 (0.143)0.450 (0.430)0.609 (0.434)0.494 (0.346)300,001-500,000

0.928 (0.144)N/A0.877 (0.111)0.330 (0.488)0.660 (0.326)0.775 (0.169)≥500,001

Duration of RDsc (years)

0.675 (0.336)0.599 (0.299)0.629 (0.367)0.536 (0.397)0.663 (0.362)0.620 (0.386)≤10

0.553 (0.396)0.444 (0.390)0.522 (0.419)0.508 (0.414)0.602 (0.390)0.595 (0.391)11-20

0.570 (0.391)0.542 (0.467)0.553 (0.349)0.383 (0.442)0.633 (0.347)0.544 (0.464)21-30

0.571 (0.325)0.717 (0.093)0.592 (0.276)0.453 (0.447)0.501 (0.374)0.318 (0.364)31-40

0.395 (0.357)0.436 (0.422)0.385 (0.544)0.644 (0.275)0.625 (0.330)N/A≥41

Number of children

0.608 (0.367)0.601 (0.337)0.757 (0.218)0.699 (0.341)0.651 (0.373)0.624 (0.393)0

0.596 (0.375)0.457 (0.410)0.557 (0.396)0.469 (0.412)0.544 (0.384)0.511 (0.426)1

0.588 (0.350)0.493 (0.397)0.608 (0.383)0.476 (0.417)0.494 (0.372)0.572 (0.365)2

0.364 (0.463)0.310 (0.341)0.622 (0.355)0.386 (0.400)0.417 (0.418)0.403 (0.396)≥3
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Utility score, mean (SD)Variable

OthersGrandparents/rel-
atives

SpouseChildrenMotherFather

Using assistive devices in daily
life (eg, wheelchair, ventilator,
etc)

0.806 (0.215)0.756 (0.259)0.804 (0.193)0.786 (0.222)0.835 (0.210)0.838 (0.218)No

0.586 (0.280)0.527 (0.238)0.605 (0.236)0.501 (0.298)0.588 (0.297)0.636 (0.240)Rarely

0.552 (0.264)0.484 (0.270)0.485 (0.293)0.431 (0.342)0.498 (0.322)0.440 (0.354)Sometimes

0.269 (0.361)0.070 (0.274)0.159 (0.318)0.173 (0.317)0.244 (0.337)0.202 (0.321)Often

0.009 (0.343)−0.030 (0.255)−0.133 (0.246)−0.115 (0.245)0.059 (0.283)0.007 (0.288)Always

Disability (either physical or
psychological)

0.350 (0.403)0.343 (0.409)0.246 (0.419)0.237 (0.405)0.381 (0.393)0.336 (0.400)Yes

0.732 (0.268)0.607 (0.332)0.679 (0.315)0.597 (0.372)0.777 (0.280)0.732 (0.324)No

Number of family members
living together

0.401 (0.470)0.423 (0.340)0.491 (0.490)0.333 (0.442)0.533 (0.400)0.563 (0.402)0

0.594 (0.360)0.405 (0.429)0.585 (0.352)0.471 (0.400)0.603 (0.381)0.507 (0.462)1

0.652 (0.357)0.531 (0.331)0.549 (0.389)0.607 (0.410)0.672 (0.370)0.663 (0.403)2

0.577 (0.378)0.566 (0.402)0.557 (0.419)0.601 (0.383)0.616 (0.382)0.641 (0.360)3

0.561 (0.373)0.679 (0.284)0.676 (0.332)0.505 (0.384)0.607 (0.383)0.530 (0.391)≥4

aN/A: not applicable.
bA currency exchange rate of CNY 1=US $0.14 is applicable.
cRD: rare disease.

EQ-VAS Profile
The mean and median EQ-VAS scores of the full sample were
59.22 and 61, respectively, with scores ranging from 0 to 100.
The mean and median EQ-VAS scores of the self- and

proxy-completed samples were 60.19 and 61, and 57.13 and
60, respectively. There was a strong and significant association
between the EQ-5D-5L utility score and the EQ-VAS score
(r=0.52; P<.001). Additionally, Figure 1 presents the distribution
of the EQ-VAS and EQ-5D-5L utility scores.
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Figure 1. Distribution of the EQ-5D-5L utility scores and EQ-VAS scores. (A) EQ-5D utility score for the full sample; (B) EQ-5D utility score for the
self-completed sample; (C) EQ-VAS score for the full sample; (D) EQ-5D utility score for the proxy-completed sample.

Discussion

Principal Findings
This study presents a population norm of HRQoL for patients
with RDs in China, using the preference-based value set of the
EQ-5D-5L. This is also the largest study estimating the utility
scores of the EQ-5D-5L in patients with RDs worldwide, even
including studies using the EQ-5D-3L or any other
preference-based measures. Although we only included 33 types
of RDs, it is still the largest number of RDs included in any
EQ-5D-5L–related study worldwide. Additionally, we estimated
the EQ-5D-5L profile and utility scores for both pediatric and
older patients with RDs, as well as self-completed and
proxy-completed patients with RDs, and evaluated the
differences between caregiver types. Our study provides
valuable information as a reference for health evaluation and
comparisons of different health care interventions in RDs, both
locally and globally.

Comparisons With Previous Studies
The mean utility score for patients with RDs (0.659) in our
sample, as measured by the EQ-5D-5L, was significantly lower
than that for the general Chinese population in China (0.957)
[15] and Hong Kong (0.92) [16]. This score is comparable to
the findings of López-Bastida et al [17], who utilized a sample
of 1544 patients with RDs from several European countries.
Our mean utility score is similar to theirs, suggesting that our
results are consistent with those of other large-scale studies
conducted in the RD population. However, López-Bastida et al
did not report the respondents’ selections on the dimensions of
the EQ-5D. This makes it difficult to compare dimension-level
data between the 2 studies. Moreover, given that the value set

for China and European countries may be different, the index
score between this study and the Europeans study may not be
comparable. Compared with another study using the EQ-5D-3L
in Chinese patients with RDs in Hong Kong [11], there were
higher proportions of “no problems” for the dimensions of
“mobility,” “self-care,” and “usual activities,” but lower
proportions of “no problems” for “pain/discomfort” and
“anxiety/depression.” Additionally, regarding the utility score,
the Hong Kong study reported a lower mean score (0.53) than
our study. However, the Hong Kong study had a very small
sample size, which may have limited the reliability of their
findings. Compared to studies assessing HRQoL in Chinese
patients with chronic diseases in general [18-22], the utility
scores in patients with RDs were significantly lower. It reflects
the large negative impact of RDs on HRQoL and the greater
health care needs of patients with RDs in China.

Similar to the general population norm [15,16,23-25],
demographics and socioeconomics also significantly impacted
patients with RDs. For example, older patients with RDs living
in rural areas or having lower family annual incomes reported
significantly lower utility scores than their counterparts.
Regarding disease-related factors, we found a very large
difference (0.733) between patients with RDs who did not use
assistive devices and those who used them in daily life. Despite
the global need and recognized benefits of using assistive
products, access to them remains limited [26]. Our findings
quantify the importance of assistive devices for improving the
HRQoL of patients with RDs and promoting their well-being.
Moreover, we have further presented the EQ-5D-5L utility score
for all 33 types of RDs. We found that patients with
neuromuscular diseases (amyotrophic lateral sclerosis and spinal
muscular disease) tended to report lower utility scores compared
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to the scores in patients with other types of RDs. This is in line
with previous findings. For example, Ng et al [11] and Sequeira
et al [27] indicated that patients with neurologic diseases
reported the lowest utility scores among patients of all RD
categories. Despite acknowledging that some studies have
measured HRQoL based on disease category (eg, neurologic
disease) rather than a single disease, we decided not to
categorize the 33 RDs into different categories, because even
though some RDs share similar pathologic and physiologic
mechanisms, each RD has its own characteristics. Our list can
help researchers in flexibly comparing HRQoL in their research
based on either a single RD or a category of RDs.

The EQ-5D-5L proxy questionnaire has been shown to be
feasible and valid in various populations. However, most studies
have focused on people with mental health problems, such as
dementia [28,29]. The EQ-5D-5L profile in patients with RDs
is limited. Given that a high proportion of RD patients are
children or adolescents, owing to the genetic nature of RDs,
proxy-completed data are very useful in RD research. Our study
provides valuable information about EQ-5D-5L utility scores
completed by proxies. We found that the mean utility score of
proxy-completed patients was lower than that of self-completed
patients, which is consistent with previous findings [30]. This
is reasonable as most RD patients who cannot complete the
questionnaire themselves have poor physical and mental health.
However, for this study, we only used the proxy-patient version
of the EQ-5D-5L, and HRQoL measured by the proxy-proxy
version may be assessed in the future.

In addition, to provide a more detailed analysis, we have further
stratified the EQ-5D utility score based on the type of caregiver.
Our findings are similar to those of a previous study reporting
that different proxies provide different ratings of patient health
[31]. Mothers reported a higher proportion of “no problems”
for nearly all dimensions of the EQ-5D-5L than fathers and
grandparents or relatives. However, fathers reported a higher
proportion of “extreme problems” for 4 out of 5 dimensions
than mothers. This may be because when the mother is the
primary caregiver, the health condition of the child is usually
not very severe, allowing the father to go out to work. However,
if the father is the primary caregiver, both parents may have
caregiving responsibilities and the child’s health condition is
often much more serious. Additionally, most child caregivers
reported a lower proportion of “no problems” than other types
of caregivers, as the care receivers of these caregivers are usually
older patients with RDs. These data are useful because,
compared to patients with normal disease, more adult patients
with RDs cannot complete the EQ-5D by themselves owing to
their poor health status. Measuring HRQoL by caregivers is
therefore important to examine the effectiveness of interventions
that are designed to improve the practice of RD care.

Strengths and Limitations
This study presents a comprehensive analysis of a normative
profile of the EQ-5D-5L for patients with RDs in China. We

used a large sample size and included both self- and
proxy-completed data to provide a more complete picture of
HRQoL for this population than that provided by previous
studies worldwide. Our findings can serve as a baseline for
future comparisons of HRQoL with RD populations, both locally
and globally. Moreover, the results can be used to evaluate the
efficacies of various policies, strategies, or interventions aimed
at improving the HRQoL of the RD population. Furthermore,
the study provides EQ-5D-5L utility values for the future
cost-effectiveness analysis of interventions for RDs. By
providing a detailed and nuanced understanding of the
EQ-5D-5L normative profile for patients with RDs, this study
can help inform future research and policy initiatives designed
to address the unique health needs of this population.

Despite these strengths, several limitations should be addressed.
The primary limitation of this study is that all data were
collected voluntarily, which may have led to a lack of
information from patients with a poor health status or caregivers
with low willingness to participate in the survey, generating
selection bias. Additionally, all data were collected via a
web-based survey, which could exclude patients not familiar
with or not having easy access to the internet, potentially leading
to selection bias. Moreover, in this study, we used the EQ-5D-5L
instead of the EQ-5D-Y to collect HRQoL data from children
and adolescents with RDs. Given that the EQ-5D-Y is a
youth-friendly version that has demonstrated high feasibility
and reliability in young patients, the estimation of the utility
score in this population in our sample might be less reliable. In
the future, it is highly encouraged to conduct studies that use
EQ-5D-Y to assess HRQoL in young patients with RDs. Finally,
although the sample size in our study is larger than that in
previous studies, it is important to note that there may be over
20 million people living with RDs in China. Therefore, our
sample may not be fully representative, and the generalizability
of our findings could be limited.

Conclusion
This study assessed the HRQoL of Chinese patients with RDs
using the preference-based EQ-5D-5L. Our findings contribute
new knowledge to the existing literature on the relationship
among HRQoL, demographics, and health status in patients
with RDs. The established normative profile of HRQoL reveals
disparities and heterogeneities existing in the health status, as
measured by the EQ-5D-5L, across different socioeconomic
groups and disease categories. Additionally, our study revealed
important differences between self- and proxy-completed
HRQoL assessments in the RD population. This finding
underscores the need to incorporate perspectives from both
patients and their proxies in clinical practice. Further
development of the patient cohort is necessary to assess the
long-term changes in HRQoL in the RD population.
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Abstract

Background: Although social determinants of health (SDH) are an underlying cause of poor cardiovascular health (CVH),
there is insufficient evidence for the association between SDH and CVH, which varies by sex and age among Mongolian adults.

Objective: We aimed to explore whether education, household income, and health insurance were associated with CVH according
to sex and age among Mongolian adults.

Methods: The final sample included data on 5691 participants (male: n=2521. 44.3% and female: n=3170, 55.7%) aged 18-69
years from the 2019 World Health Organization STEPwise approach to noncommunicable disease risk-factor surveillance. CVH
was measured using a modified version of Life’s Simple 7 with 4 health behaviors (cigarette smoking, BMI, physical activity,
and a healthy diet) and 3 biological factors (blood pressure, fasting glucose, and total cholesterol blood levels) and classified into
poor, intermediate, and ideal levels as recommended by the American Heart Association. Multinomial logistic regression analyses
examined the associations between SDH and CVH by monthly equivalized household income after adjusting for age, sex, work
status, area, history of myocardial infarction or stroke, use of aspirin, and use of statin. Subgroup analyses were conducted to
examine the associations between SDH and CVH based on sex and age, considering monthly equivalized household income as
a key variable.

Results: Using the ideal level of CVH as a reference, among those with the lowest household income, having less than 12 years
of education, and not having health insurance were associated with poor CVH (education level: odds ratio [OR] 2.42, 95% CI
1.30-4.51; P=.006; health insurance: OR 2.17, 95% CI 1.13-4.18; P=.02). These associations were more profound among female
individuals (education level: OR 2.99, 95% CI 1.35-6.63; P=.007; health insurance: OR 2.54, 95% CI 1.09-5.90; P=.03) and
those aged 18-44 years (education level: OR 3.22, 95% CI 1.54-6.72; P=.002; health insurance: OR 2.03, 95% CI 0.98-4.18;
P=.06).

Conclusions: Participants in the lowest household income group with lower educational levels and without health insurance
were more likely to have poor CVH, and these results were more pronounced in female individuals and young adults. These
findings suggest the need to develop strategies for CVH equity in Mongolian female individuals and young adults that consider
income levels, education levels, and health insurance.

(JMIR Public Health Surveill 2023;9:e44569)   doi:10.2196/44569
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Introduction

The trend toward universal health coverage in Mongolia seems
to have stagnated. Service coverage related to cardiovascular
health (CVH) risk factors such as hypertension, diabetes, and
smoking is also below the global average; there was no
improvement between 2000 and 2019 [1]. Of the 4
noncommunicable diseases (NCDs) most common among
Mongolian adults aged 30-70 years, cardiovascular disease
(CVD) accounted for the largest proportion (17.3%) of deaths
[2]. In a cross-sectional study that examined a nationally
representative sample of 70,380 people aged 35-75 years in
Inner Mongolia, 25% of the study participants were at high-risk
for CVD, with more than 10% at risk of developing CVD after
10 years [3]. However, Mongolian adults’ low rates of
hypertension control treatment, along with high rates of
smoking, sodium intake, and obesity, indicate that CVH is not
adequately managed in Mongolian adults [4-7].

There is substantial evidence for the effectiveness of individual
lifestyle changes to reduce CVH risk [8-10]; nevertheless, it is
necessary to examine situations such as the structural social
determinants of health (SDH) in Mongolia, where essential
service coverage is not guaranteed. SDH, such as education and
health insurance coverage, can be more important than lifestyle
choices in influencing population health and health equity
because of their connection to CVD pathogenesis. Chronic
psychosocial stress can be induced among individuals who are
susceptible to SDH, and this stress can lead to chronic
inflammation by activating the sympathetic nervous system
linked to altered stress hormone. For example, glucocorticoid
receptor resistance due to chronic activation of the sympathetic
nervous system blunts the anti-inflammatory response; it could
contribute to enabling CVD development and progression. [11].
Further, the Denmark study showed that a low education level
was independently associated with a higher risk of CVD among
1.6 million Danish employees [12]. In Colombia, people with
lower education levels have a higher risk of dying prematurely
from CVD, and these education inequalities affect female
individuals more than male individuals [13]. A prospective
cohort study that examined 390,881 Chinese adults aged 18-64
years with a mean follow-up of 10.4 years revealed that having
private health insurance coverage was associated with a 21%
lower risk of CVD mortality compared to being uninsured [14].

However, there are insufficient studies showing the influence
of SDH on CVH among Mongolian adults. Thus, the
identification of SDH should be the foundation for developing
strategies that promote CVH and reduce long-term health
inequality [15]. Research on this topic can provide critical
information that can be used for evidence-based planning and
decision-making based on priorities regarding CVH equity. As
prevalence of CVD risk differed according to sex and age among
Mongolian adults [3,4], the population group characteristics
should be considered when confirming the influence of SDH
on CVH. Thus, this study aimed to explore the sex and age

differences in the independent associations between SDH
(educational level and health insurance) and CVH among
Mongolian adults.

Methods

Data and Study Participants
Data were obtained from the 2019 Mongolia STEPwise
approach to noncommunicable disease risk-factor surveillance
(STEPS). The World Health Organization (WHO) initiated
STEPS in various countries, recognizing a need for standardized
worldwide risk-factor data on NCD risk factors for surveillance
systems [16,17]. STEPS was conducted in Mongolia to assess
the impact and effect of the integrated national program on
“NCD Prevention and Control” [5]. STEPS is a repeated
household survey that is population based and cross-sectional.
It uses multistage cluster sampling to extract and investigate a
nationally representative sample [18]. The fourth Mongolia
STEPS survey was carried out using 377 sampling clusters
selected from 21 provinces and 9 districts of Ulaanbaatar in
2019 [5]. Of the 6654 people who participated in the 2019
Mongolia STEPS, participants aged younger than 18 years
(n=173, 2.6%) and those who had missing data on key variables
(n=790, 11.9%) were excluded and 5691 (85.5%) participants
were finally included in this secondary data analysis.

Ethical Considerations
All participants provided written informed consent prior to
participating in the 2019 Mongolia STEPS. This study was
granted an exemption by the institutional review board
(4-2021-1341) of Severance Hospital at Yonsei University
College of Medicine, Republic of Korea, which allows
secondary analyses without additional consent.

SDH Factor
Information about education level, possessing health insurance,
and average household earnings in the past year were assessed
through face-to-face interviews [16]. Educational attainment
was categorized into 2 groups: <12 years of education and ≥12
years of education (reference group). Current health insurance
was assessed using the question “Do you currently have any
kind of health insurance or health care coverage?” [16]. The
average monthly household income was calculated by dividing
the average household income in the previous year by 12.
Equivalized household income was defined as the average
monthly household income divided by the square root of the
number of household members [19]. The study participants
were divided into 4 groups according to the quartiles of
equivalized household income.

CVH Factor
We used the modified Life’s Simple 7 by the American Heart
Association to measure CVH. It addresses 4 health behaviors,
including BMI, smoking, physical activity, and diet, and 3 health
risk factors, including blood pressure, fasting glucose levels,
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and total cholesterol [20]. A cutoff of 23 kg/m2 for BMI, which
has been validated for the Asian population, was used in this
study [21]. Smoking, physical activity, and diet were assessed
through face-to-face interviews using standardized
questionnaires [16]. Salt consumption for diet was used instead
of the American Heart Association’s guidelines [22]. Blood
pressure was measured 3 times for 3-minute intervals. Each
measurement was taken on the left arm, with the participants
in a seated posture [18]. The mean of the last 2 measurements
was used in the analysis [18]. Overnight fasting blood samples
were collected at a local clinic or health center [18]. CVH
metrics were scored as poor (0 points), intermediate (1 point),
and ideal (2 points). The total CVH scores were calculated as
the sum of the scores for each component for a possible range
of 0-14 (Table S1 in Multimedia Appendix 1). Scores of 0-7
were considered as poor, 8-11 as intermediate, and 12-14 as
ideal for CVH [23].

Covariates
We adjusted for sex, age (18-39, 40-59, and ≥60 years), work
status (employee, self-employed, or others), area (rural or
urban), history of myocardial infarction or stroke (yes or no),
use of aspirin (yes or no), and use of statin (yes or no). The
history of myocardial infarction or stroke was investigated using
the question “Have you ever had a heart attack or chest pain
from heart disease (angina) or a stroke (cerebrovascular accident
or incident)?” The use of aspirin or statin was assessed using
the questions “Are you currently taking aspirin regularly to
prevent or treat heart disease?” and “Are you currently taking
statins (Lovastatin/Simvastatin/Atorvastatin or any other statin)
regularly to prevent or treat heart disease?” respectively. The
covariate data were collected by self-reporting.

Statistical Analysis
Descriptive values were calculated for the total participant group
as well as the male and female groups, represented as a weighted
mean (95% CI) and number (weighted proportion). The
differences in variables according to CVH categories in male
and female participants were calculated using ANOVA for
continuous variables and the chi-square test for categorical
variables. Independent associations between SDH (education
level and health insurance) and CVH were assessed through
multinomial logistic regression analyses between the sexes after
adjusting for covariates. Subgroup analyses regarding
associations between SDH and CVH according to monthly
equivalized household income were conducted among the total
participants. This subgroup analysis according to monthly
equivalized household income was also performed by sex and
age to identify different sex and age associations between SDH
and CVH by household income. The period of public education
in Mongolia gradually changed from 10 years in 2004 to 12
years in 2013; students who graduated in 2013 were the first to
have received 12 years of public education. Therefore,
sensitivity analyses were conducted by defining low education
level as less than 11 years of education and examining the

association between education level and CVH according to
monthly equivalized household income. Adjusted odds ratios
(ORs) and 95% CIs were calculated using the PROC
SURVEYLOGISTIC procedures to apply population weights,
and all statistical tests were performed using SAS (version 9.4;
SAS Institute Inc).

Results

The general characteristics of study participants by sex
according to CVH are described in Multimedia Appendix 2. Of
the total 5691 participants, 29.6% (n=1685), 56.4% (n=3208),
and 14% (n=798) showed poor, intermediate, and ideal CVH,
respectively. The mean CVH score of study participants was
8.80 (SD 2.46). The weighted mean age of study participants
was 37.5 (SE 0.26) years, and more than two-thirds (2888/5691,
69.3%) were aged 18-44 years. Approximately half (n=3075,
49.6%) of the participants had less than 12 years of education,
and one-fifth (n=888, 19.5%) had no health insurance. In male
participants, 41.1% (n=1036), 50.2% (n=1265), and 8.7%
(n=220) showed poor, intermediate, and ideal CVH,
respectively. The mean age, the proportion of employees,
self-employment, and use of aspirin were likely to be higher in
participants with poor CVH (all P<.001). In female participants,
20.5% (n=649), 61.3% (n=1943), and 18.2% (n=578) showed
poor, intermediate, and ideal CVH, respectively. The mean age
and the proportion of aspirin and of statin use were likely to be
higher in those with poor CVH (all P<.001). Those with less
than 12 years of education were more likely to have poorer CVH
(P=.001).

Table 1 shows the results of multinomial logistic regression
regarding the association between education, health insurance,
and CVH categories. Of the total participants, using ideal CVH
as a reference, those with less than 12 years of education were
not associated with intermediate and poor CVH after adjusting
for potential covariates (intermediate CVH: OR 1.12, 95% CI
0.91-1.40; poor CVH: OR 1.00, 95% CI 0.78-1.29). Similarly,
of the total participants, those without health insurance were
not associated with intermediate and poor CVH, respectively
(intermediate CVH: OR 0.97, 95% CI 0.73-1.28; poor CVH:
OR 1.19, 95% CI 0.85-1.67). For both male and female
participants, low education level and absence of health insurance
were not associated with intermediate and poor CVH.

However, as a result of stratification according to quartiles of
monthly household income, participants with less than 12 years
of education in the Q1 (lowest household income) and Q2
groups were associated with a 2.42 (95% CI 1.30-4.51) and 1.90
(95% CI 1.08-3.33) times higher likelihood of poor CVH,
respectively (Figure 1 and Table S2 in Multimedia Appendix
1). These associations were consistently found when defining
low education level as less than 11 years (data not shown).
Participants without health insurance in the Q1 group were also
associated with a 2.17 (95% CI 1.13-4.18) times higher
likelihood of poor CVH.
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Table 1. Results of multinomial logistic regression of the association between education, health insurance, and CVHa by modified Life's Simple 7b,c.

Poor CVHIntermediate CVHVariables

OR (95% CI)n (%)ORd (95% CI)n (%)

Education

All participants (N=5691)

1.00 (N/A)721 (27.6)1.00 (N/Ae)1458 (55.7)≥12 years

1.00 (0.78-1.29)964 (31.4)1.12 (0.91-1.40)1750 (56.9)<12 years

Male participants (n=2521)

1.00 (N/A)405 (40.7)1.00 (N/A)497 (50.0)≥12 years

0.95 (0.64-1.40)631 (41.4)0.98 (0.6-1.40)768 (50.3)<12 years

Female participants (n=3170)

1.00 (N/A)316 (19.5)1.00 (N/A)961 (59.3)≥12 years

0.97 (0.68-1.38)333 (21.5)1.24 (0.94-1.64)982 (63.4)<12 years

Health insurance

All participants (N=5691)

1.00 (N/A)1415 (29.5)1.00 (N/A)2718 (56.6)Yes

1.19 (0.85-1.67)270 (30.4)0.97 (0.73-1.28)490 (55.2)No

Male participants (n=2521)

1.00 (N/A)847 (41.8)1.00 (N/A)1014 (50.1)Yes

1.00 (0.63-1.58)189 (38.2)0.86 (0.56-1.33)251 (50.7)No

Female participants (n=3170)

1.00 (N/A)568 (20.5)1.00 (N/A)1704 (61.4)Yes

1.47 (0.95-2.27)81 (20.6)1.05 (0.75-1.49)239 (60.8)No

aCVH: cardiovascular health.
bThe estimates are in reference to the ideal CVH group.
cAge, sex, work status, area, history of myocardial infarction or stroke, use of aspirin, and use of statin were adjusted.
dOR: odds ratio.
eN/A: not available.
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Figure 1. Results of multinomial logistic regression of the association between social determinants of health and CVH according to household income.
Age, sex, work status, area, history of myocardial infarction or stroke, use of aspirin, and use of statin were adjusted. CVH: cardiovascular health; OR:
odds ratio; Ref: reference.

The associations between education level and CVH according
to monthly household income quartile by sex and age are
illustrated in Figure 2. Female participants in the Q1 (lowest
household income) group with less than 12 years of education
were associated with a 2.99 (95% CI 1.35-6.63) times higher
likelihood of poor CVH compared to female participants with
more than 12 years of education (Table S3 in Multimedia
Appendix 1). However, male participants with less than 12 years
of education were not associated with intermediate and poor
CVH in the Q1 group (intermediate CVH, OR 0.78, 95% CI
0.31-1.96; poor CVH, OR 1.44, 95% CI 0.56-3.72). Participants
in the Q1 group who were aged 18-44 years and had less than
12 years of education were also associated with a 3.22 (95% CI
1.54-6.72) times higher likelihood of poor CVH. Participants
in the Q3 and Q4 groups, aged 45-69 years, with less than 12
years of education were associated with a lower likelihood of

poor CVH (Q3, OR 0.25, 95% CI 0.10-0.60; Q4, OR 0.36, 95%
CI 0.13-0.97).

Similarly, female participants in the Q1 (lowest household
income) group without health insurance were associated with
a 2.54 (95% CI 1.09-5.90) times higher likelihood of poor CVH
compared to female participants with health insurance (Figure
3 and Table S4 in Multimedia Appendix 1). However, male
participants in the Q1 group without health insurance were not
associated with poor CVH (OR 2.02, 95% CI 0.73-5.57).
Participants in the Q1 group, aged 18-44 years, without health
insurance were marginally associated with a 2.03 (95% CI
0.98-4.18) times higher likelihood of poor CVH. Participants
in the Q1 group, aged 45-69 years, without health insurance
were not associated with poor CVH (OR 2.67, 95% CI
0.60-11.95). The OR for the Q3 group of participants aged 45-69
years was not accounted for as the model did not converge due
to quasi-complete separation.
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Figure 2. Results of multinomial logistic regression of the association between low education level and CVH according to household income by sex
and age. The reference is ≥12 years of education. Adjusted for all other factors not involving the subgroup, including age, sex, work status, area, history
of myocardial infarction or stroke, use of aspirin, and use of statin were adjusted. CVH: cardiovascular health.

Figure 3. Results of multinomial logistic regression of the association between absence of health insurance and CVH according to household income
by sex and age. The reference is having health insurance. Adjusted for all other factors not involving the subgroup, including age, sex, work status, area,
history of myocardial infarction or stroke, use of aspirin, and use of statin were adjusted. CVH: cardiovascular health.

Discussion

Principal Findings
For all participants, having less education or no health insurance
was not associated with CVH; however, stratified analyses by
monthly household income quartiles showed that having less
education or no health insurance was associated with poor CVH
in the lowest household income groups. These CVH disparities
were more pronounced among female individuals and young

adults. This study contributes to establishing policies
implementation that reduces the disparity of CVH, the most
notable cause of disease burden, by presenting the basis for
prioritizing a vulnerable population. For example, health service
delivery guidelines should include consideration of the link
between SDH and CVD, and training for health care providers
should emphasize this. Low levels of education may be
associated with low levels of health literacy for CVD prevention
and management practices [24,25]. Therefore, health care
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providers should assess the health literacy levels of their target
population and provide interventions that take this into account.

There was a gap in the prevalence of CVD risk factors according
to the WHO region or income level; Mongolia is a country with
a high prevalence of CVD risk factors [26]. For example,
nonelevated blood pressure, one of the tracer indicators for
calculating the universal health coverage service coverage index,
was 29, indicating the low coverage of blood pressure
management in Mongolia [26]. Further, the linear trends in
cardiovascular risk factors such as smoking, obesity, and
elevated blood pressure among Mongolian adults are all
projected to be significantly higher than the global target by
2025 [27]. Thus, there is a need for the adoption and
dissemination of cardiovascular risk-factor management
guidelines. The WHO-initiated STEPS in 2002 is practical and
helpful in monitoring the status of CVH and can identify the
achievement rate for each cardiovascular risk factor, thereby
aiding the formulation of effective health policies for managing
risk factors at a country level [16]. Establishing a
high-vulnerability priority population in population health is
essential for ensuring universal health in which no one is
excluded.

The association between education level and CVH is
inconsistent in previous studies. A cross-sectional study of 7771
nationally representative participants aged ≥25 years in the
United States reported that participants with at least a college
degree were 4.12 times more likely to have ideal CVH status
than participants with less than a high school education [28].
However, a recent cross-sectional study of 1634 Asian American
adults aged ≥20 years in the United States revealed that low
educational attainment was associated with a low likelihood of
having ideal CVH compared to high educational attainment
after adjusting for age and sex; however, this association became
nonsignificant after additionally adjusting for income category
and nativity status [26]. Further studies are needed to
comprehensively understand the relationship between
educational attainment and CVH in the contexts of including
other SDH, such as income and race, for health equity in
populations that are vulnerable to CVH problems.

Mongolia implemented a social health insurance system in 1994
to maintain equity in access to health care. Consequently, 95.6%
of the population has been covered by social health insurance
since 2017 [29,30]. Despite this high health insurance coverage
rate, health expenses are significantly related to poverty in
Mongolia, with pronounced consequences in households with
patients with NCD [31]. Our study also showed that the
population without health insurance had a higher risk of poor
CVH status in the lowest income group than in the higher
income groups, which is consistent with the previous study [32].

In this study, the CVH disparities according to SDH were
predominant in female individuals and young adults. Mongolia
is ranked 69th out of 156 countries in the global gender gap
index, and the score of estimated earned income among the
subitems measuring this index was 0.67 (0.00=imparity,
1.00=parity) [33]. Numerous previous studies support the sex
differences in cardiovascular risk factors and diseases [34-36].
Our study revealed that low education level or lack of health

insurance contributed more to poor CVH, especially among
low-income female individuals. Furthermore, a history of CVD
in Mongolians currently appears in relatively young population
groups; an increase in CVD at a young age is a remarkable
health issue [5]. Therefore, efforts to promote CVH that consider
sex and age, such as interventions for modifying CVH for young
adults or creating strategies that target gender equality, might
be needed to achieve health equity in Mongolia. In countries
with limited universal health coverage such as Mongolia, a
strategy of using text messages to target younger populations
may be useful in managing hypertension to prevent CVD, as
identified in a previous research review [37].

The strength of this study was that, to the best of our knowledge,
this study is the first to identify the sex and age differences in
the association between SDH and CVH according to income
among Mongolian adults. Further, we used nationally
representative Mongolian data to minimize external validity
threats.

Limitations
This study has some limitations. First, it is possible that
participants who had less than 12 years of education but
completed all public education courses were grouped together
with those who did not complete public education courses. This
can be attributed to the gradual change of public education in
Mongolia from 10 years in 2004 to 12 years in 2013. Thus, we
performed the sensitivity analysis by dividing the education
level based on 11 years and confirmed that the results were
similar to our primary results. Second, we measured salt
consumption as the diet component of CVH, which is not a
guideline in Life’s Simple 7. Third, there is a possibility of
misclassification of self-reported variables. Fourth, we used the
most recent fourth survey to determine the latest findings on
the association between SDH and CVH. The STEPS Mongolia
cross-sectional survey began in 2005 and has been conducted
4 times every 4 to 6 years. Further research is needed to identify
trends in CVH following structural SDH in order to prioritize
risk factors that have not been improved over time. Fifth, the
STEPS data did not provide information on individual residence,
limiting our ability to determine the impact of residence on
health. Although we found that living in a rural area was
associated with lower CVH compared with urban area, we
suggest including variables related to residence because even
within the same rural area, there may be differences in the
environment in which people live (Table S5 in Multimedia
Appendix 1). Lastly, although we adjusted potential cofounders,
there might still be a chance of residual confounding we did not
control for.

Conclusions
In conclusion, we confirmed that in Mongolia, where universal
health coverage is low, the population group that has low
structural socioeconomic levels and health care coverage is
more vulnerable to CVH problems. As in other low-income
countries, female individuals are more vulnerable to poor CVH
than male individuals, suggesting that this vulnerability can
only be improved when fundamental problems such as structural
health determinants are addressed. Strategies and interventions
aimed at reducing the CVH disparity in the Mongolian
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population should be prioritized for female individuals and
young adults (aged 18-44 years) with low socioeconomic status

and without health insurance.
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Abstract

Background: The World Health Organization has proposed a worldwide target of eliminating hepatitis C virus (HCV) by 2030.
A better understanding of HCV, testing behaviors, and associated factors in the general population is essential.

Objective: This study aimed to assess HCV knowledge, self-reported HCV testing behavior, and willingness to undergo HCV
screening in the general Chinese population.

Methods: A cross-sectional online survey of the general Chinese population aged ≥15 years was conducted from November
2021 to May 2023. Participant characteristics were assessed based on their knowledge level and uptake of HCV testing. Participants
ever having heard of HCV were recognized as being aware of HCV and asked additional HCV knowledge questions using a brief,
validated 9-item scale. Participants with 0-3 points and who were unaware of HCV were categorized as having poor knowledge,
and those with 4-6 points and ≥7 points were categorized as having fair and good knowledge, respectively. Participant uptake of
HCV testing, testing results, reasons for undergoing or not undergoing HCV testing, and willingness to undergo HCV screening
were collected through self-reports. Ordinal and binary logistic regression analyses were used to assess factors associated with
the HCV knowledge level and the uptake of HCV testing, respectively.

Results: A total of 1491 valid participants’ questionnaires were included. Of these, 714 (47.6%) participants were aware of
HCV. The proportion of participants with poor, fair, and good HCV knowledge was 63.4% (945/1491), 9.3% (139/1491), and
27.3% (407/1491), respectively. A total of 465 (31.2%) participants reported ever undergoing HCV testing, and 4 (0.9%) were
anti-HCV antibody positive. Most participants were tested for HCV following blood donation (353/465, 75.9%). The most
common reasons for not undergoing HCV screening were a lack of HCV awareness (665/1026, 64.8%), followed by a low
self-perceived risk of infection (176/1026, 17.2%). Of 1026 participants who had never undergone HCV testing, 937 (91.3%)
were willing to undergo HCV screening if universal screening was provided at no cost. The HCV knowledge level was positively
associated with the HCV testing rate. Participants who were less educated, lived in rural areas, resided in West China, and were
currently alcohol drinkers had lower HCV knowledge and reduced odds of having undergone HCV testing. In contrast, participants
with a blood donation history and a family history of hepatitis B virus or HCV infection had higher HCV knowledge and increased
odds of prior testing. Participants aged ≥60 years had lower knowledge, and women had reduced odds of having undergone
previous HCV testing.

Conclusions: The general population of China has low HCV knowledge and testing rate. There is an urgent need for enhanced
HCV awareness and scaled-up HCV screening and treatment. Individuals who are less well educated, reside in less-developed
areas, currently drink alcohol, and are female should be prioritized for health education and interventions.

(JMIR Public Health Surveill 2023;9:e39472)   doi:10.2196/39472
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Introduction

Hepatitis C virus (HCV) infection is a major cause of acute and
chronic liver diseases (eg, liver cirrhosis and hepatocellular
carcinoma) worldwide and is linked to an estimated 29,000
deaths each year [1]. About 58 million people have HCV, with
approximately 1.5 million new infections occurring annually
[1]. China has the largest number of patients with HCV
infection, accounting for approximately 14% of worldwide HCV
infections [2,3].

In 2016, the World Health Organization (WHO) responded to
the high worldwide burden of HCV by aiming to reduce new
infections by 80% and deaths by 65% by 2030 [4]. Given the
lack of an effective vaccine, WHO prioritized improving HCV
knowledge and scaling up screening, care, and treatment to meet
its targets. Adequate HCV knowledge is critical for the
prevention of HCV infection and transmission and for
individuals to seek appropriate testing, care, and treatment [5].
In China, studies have explored HCV knowledge among groups
at high risk of HCV infection and transmission, including people
receiving methadone maintenance treatment (MMT) [6] and
men who have sex with men (MSM) [7]. However, no studies
have assessed HCV knowledge in the general population.
Although most new HCV infections are among high-risk groups,
many people are either not aware of or refuse to report risk
behaviors because of potential discrimination and therefore
remain hidden in the general population. This puts additional
people at risk of HCV exposure through contaminated blood,
unsafe sexual contact, and mother-to-child transmission [8,9].
A meta-analysis found that the national prevalence of HCV
infection in the general Chinese population was about 0.91%
[10], constituting a large subgroup with the ability to further
spread HCV. Thus, an assessment of HCV knowledge and
associated factors in the general Chinese population is important
to inform HCV elimination plans.

Scaling up screening, care, and treatment is also critical to
achieve WHO targets. People with HCV infection can be easily
screened with an anti-HCV antibody test, and more than 95%
of these individuals can be cured using highly effective oral
direct acting antiviral (DAA) treatment regimens [11]. In China,
DAAs have been approved for use against HCV infection since
2017 and have been listed in the medical insurance directory
since 2020. However, because HCV is often asymptomatic,
only 18% of people with HCV infection are diagnosed, leading
to a low treatment rate [12]. As a result, a low HCV testing rate
is the main barrier to HCV elimination. In China, HCV
screening is primarily limited to high-risk groups [13]. Economic
analyses have revealed that screening alongside DAA treatment
is cost-effective for both the high-risk population and the general
population [14-17]. Thus, this strategy may be necessary to
achieve the WHO target. However, there is a lack of information
about HCV testing behavior and willingness to undergo HCV
screening in the general Chinese population.

This study was conducted to assess HCV knowledge,
self-reported HCV testing behavior, and willingness to undergo
HCV screening in the general Chinese population to inform
policy decision-making aimed at eliminating HCV. The
characteristics of patients who have less knowledge and are less
likely to undergo testing were also explored.

Methods

Design and Setting
A cross-sectional, online survey was conducted in China from
November 2021 to May 2023. The convenience sampling
method was used to recruit participants. Individuals who lived
in China and were ≥15 years of age were eligible for the study.
Those who were health care workers, including physicians,
nurses, nurse assistants, pharmacists and pharmacy technicians,
radiographers, community health workers, health officers,
hospital orderlies, and other health care professionals, or health
care students, were excluded.

Participant Characteristics
The following information was collected: (1) sociodemographic
characteristics, including age, gender, marital status (married,
single/divorced/widowed), years of education (<7 years, 7-12
years, >12 years), ethnicity (Han, minority), occupation (student,
not working/unemployed, others), residence (rural, urban), and
geographic region (east, central, west) [17]; (2) behavioral
characteristics, including alcohol consumption (never, current,
ever) and history of blood donation (yes, no); and (3) family
history of hepatitis B virus (HBV) or HCV (yes, no) infection.

HCV Knowledge
Initially, awareness of HCV was determined based on participant
responses to the following question: “Have you ever heard of
hepatitis C disease or hepatitis C virus (HCV)?” Individuals
who replied yes were considered as being aware of HCV and
asked additional questions to assess the depth of their HCV
knowledge based on surveys conducted previously [18,19].
After meeting the standards for reliability and validity, a brief
9-item scale including questions about the nature of hepatitis
C disease and modes of transmission was developed for this
study. Correct answers scored 1, and incorrect or “don’t know”
answers scored 0. Overall HCV knowledge scores ranged from
0 to 9. Participants were categorized into 3 groups based on
their knowledge scores. Those scoring 0-3 points were
categorized as having poor knowledge, those scoring 4-6 points
were categorized as having fair knowledge, and those scoring
7-9 points were categorized as having good knowledge of HCV.
Participants who had never heard of hepatitis C disease or HCV
were recognized as being unaware of HCV and categorized as
having poor knowledge.
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Participant HCV Testing Behavior and Willingness to
Undergo HCV Screening
Participant uptake of HCV testing, testing results, reasons for
undergoing or not undergoing HCV testing, and willingness to
undergo HCV screening were collected through self-reports.

The uptake of HCV testing was determined from responses to
the following question: “Have you ever been tested for HCV?
(yes/no)”. Participants who reported yes were asked the
following questions: “How many tests for HCV have you
undergone?,” “When was the last testing?,” “What was the result
of the last testing? (positive/negative/unaware),” and “What
was the reason for the last testing?” Participants who reported
no were further asked about their main reason for not undergoing
HCV testing and whether they were willing to undergo HCV
testing if universal screening was provided free of charge. Those

not willing to undergo screening were asked to provide the main
reason why not.

In China, potential blood donors are required to undergo HCV
testing since 1993 [20]. All participants in this study with a
history of blood donation after 1993 were informed in advance
about undergoing HCV testing in order to reduce any
self-reporting biases.

Data Collection
WeChat and Weibo were the primary method of recruiting
eligible participants. An anonymous, self-administered
questionnaire was developed that comprised 3 parts. The
structure of the questionnaire is shown in Figure 1.
Wenjuanxing, the most popular social media platform in China,
was used to disseminate the electronic questionnaire.

Figure 1. The structure of the questionnaire. HCV: hepatitis C virus.
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Sample Size
The level of HCV knowledge (poor, fair, good) was used as the
main outcome to evaluate the sample size, and the following
formula was used to determine the multinomial proportions
[21]:

It was assumed that the proportion of participants with poor
knowledge (p1), fair knowledge (p2), and good knowledge (p3)
was 60%, 15%, and 25%, respectively; the confidence level (1
– α) was 95%, and precision (d) was 5%. Thus, the target sample
size was calculated as 551 respondents. Considering a
nonresponse rate of 10%, it was determined that at least 613
participants should be enrolled in the study.

Statistical Analysis
The data collected in Wenjuanxing were exported into Microsoft
Excel and then imported into SAS V9.4 for data analysis. The
reliability and validity of the HCV knowledge scale were
determined. The Cronbach coefficient was calculated to
determine reliability. The average variance extracted (AVE)
and composite reliability (CR) were calculated for convergent
validity. The square roots of the AVE and the absolute values
of correlation coefficients between factors were measured for
discriminant validity. Confirmatory factor analysis (CFA) was
performed for the goodness of fit.

Mean (SD) values were used for normally distributed continuous
variables, and medians, the first quartile (Q1), and the third
quartile (Q3) were used for nonnormally distributed continuous
variables. The frequency distribution and percentage were used
to describe categorical variables.

Factors independently associated with HCV knowledge were
assessed using univariate and multivariate ordinal logistic
regression analyses, with the HCV knowledge level (poor, fair,
good) as the dependent variable and participant characteristics
as potential independent variables. The proportional odds
assumption was assessed, with P>.05 being considered
statistically significant. Factors independently associated with
the uptake of HCV testing were assessed using univariate and
multivariate binary logistic regression analyses, with the uptake
of HCV testing (yes, no) as the dependent variable and
participant characteristics as potential independent variables.

A correlation matrix was used to exclude the confounding
variables with strong collinearity. Variables with P<.1 in
univariate models were used in multivariate regression models.
Statistical significance was set as P<.05. A crude odds ratio
(cOR) with 95% CI was reported for univariate models, and an
adjusted odds ratio (aOR) with 95% CI wAs reported for
multivariate models. Sensitivity analyses were conducted by
limiting the data set to participants without a history of blood
donation to control for the impact of blood donation on HCV
testing behavior.

Ethical Considerations
Ethical approval was obtained from Henan Cancer Hospital
(2023-KY-0139). The electronic questionnaire was written in
standard Chinese. The participants received a cover letter
informing them of the study aims and procedures and that their
participation was anonymous and voluntary. It was assumed
that individuals who completed the survey had read the cover
letter and consented to participate. To ensure the effectiveness
of data collection, participants were required to answer a
question to receive the next question. All completed
questionnaires were kept private and were accessible only to
the study staff responsible for data analysis.

Results

Participant Characteristics
A total of 1929 complete questionnaires were obtained, and
after excluding those from health care workers or health care
students, 1491 (77.3%) participants from 26 provinces were
included in the final analysis. The geographical distribution of
the included participants is shown in Figure S1 in Multimedia
Appendix 1. Characteristics of the included participants are
shown in Table 1. Of the 1491 participants, 476 (31.9%), 364
(24.4%), and 651 (43.7%) were from East, West, and Central
China, respectively. In total, the average age of the participants
was 41.4 (SD 15.4) years. Slightly over half of the participants
were female (n=819, 54.9%) and located in urban areas (n=843,
56.5%). Most participants were married (n=1060, 71.1%),
educated for >7 years (n=1160, 77.8%), of Han nationality
(n=1405, 94.2%), and employed/self-employed (n=1286,
86.3%). About 26.4% (n=394) of the participants currently
drank alcohol, 25.3% (n=377) had ever donated blood, and
12.4% (n=185) had a family history of HBV or HCV.
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Table 1. Characteristics of the included participants (N=1491).

Central ChinaWest ChinaEast ChinaTotalCharacteristics

Age (years)

487 (74.8)310 (85.2)433 (91.0)1230 (82.5)<60, n (%)

164 (25.2)54 (14.8)43 (9.0)261 (17.5)≥60, n (%)

45.2 (15.4)38.8 (15.8)38.1 (13.9)41.4 (15.4)Mean (SD)

Gender, n (%)

290 (44.5)178 (48.9)204 (42.9)672 (45.1)Male

361 (55.5)186 (51.1)272 (57.1)819 (54.9)Female

Marital status, n (%)

123 (18.9)140 (38.5)168 (35.3)431 (28.9)Single/divorced/widowed

528 (81.1)224 (61.5)308 (64.7)1060 (71.1)Married

Years of education, n (%)

228 (35.0)22 (6.0)81 (17.0)331 (22.2)<7

187 (28.7)150 (41.2)103 (21.6)440 (29.5)7-12

236 (36.3)192 (52.7)292 (61.3)720 (48.3)>12

Ethnicity, n (%)

641 (98.5)316 (86.8)448 (94.1)1405 (94.2)Han

10 (1.5)48 (13.2)28 (5.9)86 (5.8)Minority

Occupation, n (%)

35 (5.4)72 (19.8)32 (6.7)139 (9.3)Students

586 (90.0)280 (76.9)420 (88.2)1286 (86.3)Employed/self-employed

30 (4.6)12 (3.3)24(5.0)66 (4.4)Not working/unemployed

Residence, n (%)

239 (36.7)264 (72.5)340 (71.4)843 (56.5)Urban

412 (63.3)100 (27.5)136 (28.6)648 (43.5)Rural

Alcohol consumption, n (%)

433 (66.5)210 (57.7)318 (66.8)961 (64.5)Never

166 (25.5)106 (29.1)122 (25.6)394 (26.4)Current

52 (8.0)48 (13.2)36 (7.6)136 (9.1)Ever

History of blood donation, n (%)

160 (24.6)70 (19.2)147 (30.9)377 (25.3)Yes

491 (75.4)294 (80.8)329 (69.1)1114 (74.7)No

Family history of HBVa or HCVb infection, n (%)

559 (85.9)322 (88.5)425 (89.3)1306 (87.6)No

92 (14.1)42 (11.5)51 (10.7)185 (12.4)Yes

aHBV: hepatitis B virus.
bHCV: hepatitis C virus.

Reliability and Validity of the HCV Knowledge Scale
The HCV knowledge scale was found to have good reliability
and validity. The total Cronbach coefficient was 0.941(95% CI
0.936-0.945) and the Cronbach coefficients of disease nature
and modes of transmission were 0.824 (95% CI 0.798-0.848),
and 0.932 (95% CI 0.927-0.937), respectively.

The factor loading of each item of disease nature and modes of
transmission was 0.779-0.985 and 0.648-0.967, respectively.
The AVE values of the 2 factors were 0.514 and 0.640,
respectively, and the CR values were all >0.7, demonstrating
strong convergent validity of the questionnaire constructs (Table
2).
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Table 2. Factor loading of each item and convergent validity and composite reliability measurement results.

Factor loadingConstruct and item

Disease nature (AVEa=0.514, CRb=0.769)

0.822HCVc infection is usually asymptomatic and must be detected with testing.

0.985Chronic HCV infection may develop into cirrhosis and liver cancer.

0.779Hepatitis C can be cured.

Modes of transmission (AVE=0.640, CR=0.923)

0.697Can HCV be transmitted via kissing a person with HCV infection?

0.648Can HCV be transmitted by sharing water and food with people with HCV infection?

0.707Sexual contact with multiple partners will increase the risk of HCV transmission.

0.914Can HCV be transmitted during pregnancy or birth in the case of a mother with HCV infection?

0.967Can HCV be transmitted by using unsterilized syringes, needles, or surgical instruments?

0.768Can HCV be transmitted by getting a tattoo/piercing?

aAVE: average variance extracted.
bCR: composite reliability.
cHCV: hepatitis C virus.

The square roots of the AVE values were higher than the
absolute values of the correlation coefficients between the
disease nature and modes of transmission, indicating that the
questionnaire had good discriminant validity (Table 3).

CFA results indicated that the 2-factor model with 9 items had
a good fit: root mean square error of approximation
(RMSEA)=0.034, comparative fit index (CFI)=0.953,
Tucker-Lewis index (TLI)=0.954, and standardized root mean
square residual (SRMR)=0.093.

Table 3. Correlation matrix of disease nature and modes of transmission.

Modes of transmissionDisease natureConstruct

N/Ab0.717aDisease nature

0.800a0.675cModes of transmission

aSquare roots of the average variance extracted (AVE).
bN/A: not applicable.
cP<.05.

Participant Knowledge of HCV
Less than half (714/1491, 47.9%) of the participants were aware
of HCV. Of these, the proportions of participants who correctly
answered the items related to disease nature ranged from 44.8%

(320/714) to 69.2% (494/714) and of those who correctly
answered the items related to modes of transmission ranged
from 33.5% (239/714) to 73.3% (523/714). A detailed
description of each item is presented in Figure 2.

Figure 2. Awareness of HCV and knowledge regarding hepatitis C disease’s nature and modes of transmission. HCV: hepatitis C virus.

Participants who were unaware of HCV were regarded as having
poor knowledge. Overall, the proportion of participants who

had poor, fair, and good knowledge was 63.4% (945/1491),
9.3% (139/1491), and 27.3% (407/1491), respectively.
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Participant HCV Testing Behavior and Willingness to
Undergo HCV Screening
A total of 465 (31.2%) participants had ever undergone HCV
testing. Of these, 4 (0.9%) were anti-HCV antibody positive
and 288 (61.9%) were unaware of their results. Most participants
underwent 1-time testing (419/465, 90.1%) and had undergone

their last HCV test at a median of 16.0 (Q1, Q3: 10.0, 63.0)
months previously.

The reasons for the last testing are shown in Figure 3. Most
participants (353/465, 75.9%) were tested for HCV following
blood donation, 13.1% (61/465) were tested during a routine
health exam, and 6.7% (31/465) were tested due to a concern
about being infected.

Figure 3. Participants' reasons for undergoing their last HCV test. HCV: hepatitis C virus.

The reasons the participants never underwent an HCV test are
listed in Figure 4. The most common barrier against HCV testing
was a lack of awareness about the virus (665/1026, 64.8%). Of
the participants who were aware of HCV, the main reasons for

not undergoing HCV testing included a low self-perceived risk
of HCV infection (176/361, 48.8%), a lack of knowledge of
where to be tested (65/361, 18.0%), and having no time to be
tested (51/361, 14.1%).

Figure 4. Participants' reasons for never undergoing an HCV test. HCV: hepatitis C virus.

Of the participants who never underwent HCV testing, 91.3%
(937/1026) were willing to undergo HCV screening if universal
screening was provided free of charge. The most common
reasons participants were unwilling to undergo testing were a

low self-perceived risk of HCV infection (43/89, 48.3%),
followed by a concern that treatment is ineffective, rendering
the test useless (21/89, 23.6%); see Figure 5.
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Figure 5. Participants' reasons for being unwilling to undergo HCV screening. HCV: hepatitis C virus.

Factors Associated With HCV Knowledge
The correlation matrix did not show the existence of high
collinearity between variables (Table S1 in Multimedia
Appendix 2). Factors associated with HCV knowledge are
shown in Tables 4 and 5. In the final multivariate ordinal logistic
regression, participants aged ≥60 years (aOR=0.374, 95% CI
0.245-0.572), less educated (<7 years: aOR=0.607, 95% CI

0.401-0.919; 7-12 years: aOR=0.757, 95% CI 0.561-0.953),
living in rural areas (aOR=0.625, 95% CI 0.472-0.830), located
in West China (aOR=0.452, 95% CI 0.330-0.620), and currently
drinking alcohol (aOR=0.680, 95% CI 0.520-0.890) had lower
HCV knowledge scores. Participants with a blood donation
history (aOR=1.758, 95% CI 1.376-2.245) and a family history
of HBV or HCV infection (aOR=2.624, 95% CI 1.815-3.792)
were more likely to have higher HCV knowledge scores.

JMIR Public Health Surveill 2023 | vol. 9 | e39472 | p.1599https://publichealth.jmir.org/2023/1/e39472
(page number not for citation purposes)

Liu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 4. Factors associated with HCVa knowledge (univariate analysis).

Univariate analysisHCV knowledge levelCharacteristics

P valueccORb (95%CI)Good, n (%)Fair, n (%)Poor, n (%)

Age (years)

N/AdReference370 (30.1)130 (10.6)730 (59.3)<60

<.0010.322 (0.231-0.450)37 (14.2)9 (3.4)215 (82.4)≥60

Gender

N/AReference180 (26.8)62 (9.2)430 (64.0)Male

.6551.048 (0.851-1.290)227 (27.7)77 (9.4)515 (62.9)Female

Marital status

N/AReference131 (30.4)45 (10.4)255 (59.2)Single/divorced/widowed

.0360.786 (0.627-0.984)276 (26.0)94 (8.9)690 (65.1)Married

Years of education

<0.0010.339 (0.253-0.454)56 (16.9)18 (5.4)257 (77.6)<7

<0.0010.508 (0.397-0.650)105 (23.9)26 (5.9)309 (70.2)7-12

N/AReference246 (34.2)95 (13.2)379 (52.6)>12

Ethnicity

N/AReference385 (27.4)126 (9.0)894 (63.6)Han

.6651.101 (0.711-1.705)22 (25.6)13 (15.1)51 (59.3)Minority

Occupation

N/AReference44 (31.7)19 (13.7)76 (54.7)Students

.0970.747 (0.530-1.053)357 (27.8)117 (9.1)812 (63.1)Employed/self-employed

<.0010.201 (0.092-0.435)6 (9.1)3 (4.5)57 (86.4)Not working/unemployed

Residence

N/AReference272 (32.3)99 (11.7)472 (56.0)Urban

<.0010.492 (0.396-0.61)135 (20.8)40 (6.2)473 (73.0)Rural

Geographic region

N/AReference154 (32.4)64 (13.4)258 (54.2)East

<.0010.438 (0.327-0.585)70 (19.2)24 (6.6)270 (74.2)West

.0050.714 (0.564-0.903)183 (28.1)51 (7.8)417 (64.1)Central

Alcohol consumption

N/AReference282 (29.3)110 (11.4)569 (59.2)Never

<.0010.551 (0.427-0.710)84 (21.3)20 (5.1)290 (73.6)Current

.5790.903 (0.628-1.296)41 (30.1)9 (6.6)86 (63.2)Ever

History of blood donation

<.0012.189 (1.738-2.750)142 (37.7)54 (14.3)181 (48.0)Yes

N/AReference265 (23.8)85 (7.6)764 (68.6)No

Family history of HBVe or HCV infection

N/AReference337 (25.8)132 (10.1)837 (64.1)No

.0201.432 (1.058-1.938)70 (37.8)7 (3.8)108 (58.4)Yes

aHCV: hepatitis C virus.
bcOR: crude odds ratio.
cThe proportional odds assumption was satisfied for each variable, with P>.05.
dN/A: not applicable.
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eHBV: hepatitis B virus.
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Table 5. Factors associated with HCVa knowledge (multivariate analysis).

Multivariate analysisHCV knowledge levelCharacteristics

P valuecaORb (95%CI)Good, n (%)Fair, n (%)Poor, n (%)

Age (years)

N/AdReference370 (30.1)130 (10.6)730 (59.3)<60

<.0010.374 (0.245-0.572)37 (14.2)9 (3.4)215 (82.4)≥60

Gender

N/AN/A180 (26.8)62 (9.2)430 (64.0)Male

N/AN/A227 (27.7)77 (9.4)515 (62.9)Female

Marital status

N/AReference131 (30.4)45 (10.4)255 (59.2)Single/divorced/widowed

.9780.999 (0.759-1.316)276 (26.0)94 (8.9)690 (65.1)Married

Years of education

.0070.607 (0.401-0.919)56 (16.9)18 (5.4)257 (77.6)<7

.0220.757 (0.561-0.953)105 (23.9)26 (5.9)309 (70.2)7-12

N/AReference246 (34.2)95 (13.2)379 (52.6)>12

Ethnicity

N/AN/A385 (27.4)126 (9.0)894 (63.6)Han

N/AN/A22 (25.6)13 (15.1)51 (59.3)Minority

Occupation

N/AReference44 (31.7)19 (13.7)76 (54.7)Students

.3510.828 (0.550-1.246)357 (27.8)117 (9.1)812 (63.1)Employed/self-employed

.1110.612 (0.096-1.128)6 (9.1)3 (4.5)57 (86.4)Not working/unemployed

Residence

N/AReference272 (32.3)99 (11.7)472 (56.0)Urban

.0040.625 (0.472-0.830)135 (20.8)40 (6.2)473 (73.0)Rural

Geographic region

N/AReference154 (32.4)64 (13.4)258 (54.2)East

<.0010.452 (0.330-0.620)70 (19.2)24 (6.6)270 (74.2)West

.8480.974 (0.744-1.275)183 (28.1)51 (7.8)417 (64.1)Central

Alcohol consumption

N/AReference282 (29.3)110 (11.4)569 (59.2)Never

.0150.680 (0.520-0.890)84 (21.3)20 (5.1)290 (73.6)Current

.4850.844 (0.574-1.243)41 (30.1)9 (6.6)86 (63.2)Ever

History of blood donation

<.0011.758 (1.376-2.245)142 (37.7)54 (14.3)181 (48.0)Yes

N/AReference265 (23.8)85 (7.6)764 (68.6)No

Family history of HBVeor HCV infection

N/AReference337 (25.8)132 (10.1)837 (64.1)No

<.0012.624 (1.815-3.792)70 (37.8)7 (3.8)108 (58.4)Yes

aHCV: hepatitis C virus.
baOR: adjusted odds ratio.
cThe proportional odds assumption was satisfied for each variable, with P>.05.
dN/A: not applicable.
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eHBV: hepatitis B virus.

Factors Associated With the Uptake of HCV Testing
The correlation matrix did not show the existence of high
collinearity between variables (Table S1 in Multimedia
Appendix 2). Factors associated with the uptake of HCV testing
are presented as Tables 6 and 7. In the final multivariate logistic
regression, participants who were female (aOR=0.623, 95% CI
0.478-0.813), were less educated (<7 years: aOR=0.210, 95%
CI 0.139-0.316; 7-12 years: aOR=0.693, 95% CI 0.508-0.946),
lived in rural areas (aOR=0.690, 95% CI 0.548-0.868), were
located in West China (aOR=0.434, 95% CI 0.306-0.617),

currently drank alcohol (aOR=0.441, 95% CI 0.318-0.613), and
had poor HCV knowledge (aOR=0.353, 95% CI 0.270-0.461)
had a lower odds of being previously tested for HCV.
Participants with a family history of HBV or HCV infection
(aOR=5.126, 95% CI 3.457-7.600) had higher odds of having
undergone HCV testing. After limiting participants without a
history of blood donation, factors associated with the uptake of
HCV testing remained similar, except that a few variables lost
their statistical significance due to the reduced sample size
(Table S2 in Multimedia Appendix 3).
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Table 6. Factors associated with the uptake of HCVa testing (univariate analysis).

Univariate analysisUptake of HCV testingCharacteristics

P valuecORb (95%CI)Yes, n (%)No, n (%)

Age (years)

N/AcReference392(31.9)838(68.1)<60

.2170.830(0.617–1.115)73(28.0)188(72.0)≥60

Gender

N/AReference225 (33.5)447 (66.5)Male

.0830.823 (0.661-1.025)240 (29.3)579 (70.7)Female

Marital status

N/AReference146 (33.9)285 (66.1)Single/divorced/widowed

.1530.840 (0.661-1.067)319 (30.1)741 (69.9)Married

Years of education

<.0010.321 (0.232-0.443)57 (17.2)274 (82.8)<7

<.0010.613 (0.474-0.791)125 (28.4)315 (71.6)7-12

N/AReference283 (39.3)437 (60.7)>12

Ethnicity

N/AReference436 (31.0)969 (69.0)Han

.6011.131 (0.71-1.793)29 (33.7)57 (66.3)Minority

Occupation

N/AReference53 (38.1)86 (61.9)Students

.0850.727 (0.506-1.044)398 (30.9)888 (69.1)Employed/self-employed

.0170.437 (0.221-0.864)14 (21.2)52 (78.8)Not working/unemployed

Residence

N/AReference289 (34.3)554 (65.7)Urban

.0030.715 (0.571-0.894)176 (27.2)472 (72.8)Rural

Geographic region

N/AReference175 (36.8)301 (63.2)East

<.0010.484 (0.355-0.660)80 (22.0)284 (78.0)West

.1150.819 (0.638-1.05)210 (32.3)441 (67.7)Central

Alcohol consumption

N/AReference335 (34.9)626 (65.1)Never

<.0010.432 (0.324-0.574)74 (18.8)320 (81.2)Current

.1511.308 (0.906-1.886)56 (41.2)80 (58.8)Ever

Family history of HBVd or HCV infection

N/AReference369 (28.3)937 (71.7)Yes

<.0012.738 (2.003-3.7)96 (51.9)89 (48.1)No

HCV knowledge level

<.0010.248 (0.193-0.318)193 (20.4)752 (79.6)Poor

.4040.849 (0.577-1.248)65 (46.8)74 (53.2)Fair

N/AReference207 (50.9)200 (49.1)Good

aHCV: hepatitis C virus.
bcOR: crude odds ratio.
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cN/A: not applicable.
dHBV: hepatitis B virus.
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Table 7. Factors associated with the uptake of HCVa testing (multivariate analysis).

Multivariate analysisUptake of HCV testingCharacteristics

P valueaORb (95%CI)Yes, n (%)No, n (%)

Age (years)

N/AN/Ac392(31.9)838(68.1)<60

N/AN/A73(28.0)188(72.0)≥60

Gender

N/AReference225 (33.5)447 (66.5)Male

<.0010.623 (0.478-0.813)240 (29.3)579 (70.7)Female

Marital status

N/AN/A146 (33.9)285 (66.1)Single/divorced/widowed

.1520.811 (0.635-1.037)319 (30.1)741 (69.9)Married

Years of education

<.0010.210 (0.139-0.316)57 (17.2)274 (82.8)<7

.0210.693 (0.508-0.946)125 (28.4)315 (71.6)7-12

N/AReference283 (39.3)437 (60.7)>12

Ethnicity

N/AN/A436 (31.0)969 (69.0)Han

N/AN/A29 (33.7)57 (66.3)Minority

Occupation

N/AReference53 (38.1)86 (61.9)Students

.2050.831 (0.364-1.896)398 (30.9)888 (69.1)Employed/self-employed

.5170.726 (0.457-1.154)14 (21.2)52 (78.8)Not working/unemployed

Residence

N/AReference289 (34.3)554 (65.7)Urban

<.0010.690 (0.548-0.868)176 (27.2)472 (72.8)Rural

Geographic region

N/AReference175 (36.8)301 (63.2)East

<.0010.434 (0.306-0.617)80 (22.0)284 (78.0)West

.9960.999 (0.753-1.325)210 (32.3)441 (67.7)Central

Alcohol consumption

N/AReference335 (34.9)626 (65.1)Never

<.0010.441 (0.318-0.613)74 (18.8)320 (81.2)Current

.1971.313 (0.868-1.984)56 (41.2)80 (58.8)Ever

Family history of HBVd or HCV infection

N/AReference369 (28.3)937 (71.7)Yes

<.0015.126 (3.457-7.600)96 (51.9)89 (48.1)No

HCV knowledge level

<.0010.353 (0.270-0.461)193 (20.4)752 (79.6)Poor

.6890.920 (0.611-1.385)65 (46.8)74 (53.2)Fair

N/AReference207 (50.9)200 (49.1)Good

aHCV: hepatitis C virus.
baOR: adjusted odds ratio.
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cN/A: not applicable.
dHBV: hepatitis B virus.

Discussion

Principal Findings
HCV is a serious public health problem in both China and
worldwide. To the best of our knowledge, this is the first study
to assess the HCV knowledge and testing behavior of the general
Chinese population. The findings inform the development and
improvement of HCV-related health education and screening
strategies.

HCV knowledge, even at a basic level, was low in the general
Chinese population included in this survey. Less than half of
the participants had ever heard of HCV, which is lower than
that reported in high-income countries. In South Korea, for
example, 56.4% of the general population was aware of HCV
[22]. The lack of health education in the general population of
China is an important reason for the low rate of disease
awareness [23]. Although China issued “Guidelines for the
Prevention and Treatment of Hepatitis C” in 2004, this document
only emphasizes the need for HCV health education in high-risk
groups [13,24]. After evaluating HCV knowledge among
participants in this study, several concerns were found to be
worth noting. First, participants had particularly low awareness
of treatment outcomes, a finding that could delay or prevent
treatment initiation. Only 44.8% of survey respondents who
were aware of HCV believed that the disease could be cured.
This may be because prior to the approval of DAAs, the
traditional treatment for HCV was a combined injection of
peg-interferon-α and ribavirin, and the sustained virologic
response (SVR) to this medication was only about 52% (95%
CI 34%-69%) [25-27]. Although the more recent approval of
DAAs has meant that >95% of patients can now achieve an
SVR [11] , the success of this treatment is not widely known.
Second, participants had low knowledge of sexual or household
transmission of HCV. For example, of the participants who had
ever heard of HCV, >60% were aware that HCV can be
transmitted via blood or from mother to child. In contrast, 63.2%
believed incorrectly that people could become infected by
sharing water or food with a person with HCV infection. This
misunderstanding could result in discrimination against
individuals with HCV infection, thereby preventing them from
undergoing testing and engaging in normal social and work
activities. In addition, slightly over half of the participants who
were aware of HCV recognized that sexual contact with multiple
partners can increase the risk of transmission. Although sexual
transmission in monogamous heterosexual relationships is rare,
we still included it as a question on HCV knowledge. This is
mainly because unsafe sexual contact is an important route of
HCV transmission among MSM or people with HIV infection
[28,29]. In this study, MSM or HIV infection was not included
as a variable, so it was not possible to assess knowledge of the
sexual transmission of HCV in this population. In addition,
unsafe sexual contact increases the risk of other infectious
diseases, including HIV, HBV, and syphilis. Thus, we hope that
the negative public attitude toward unsafe sexual contact is
beneficial for the prevention of multiple infections, including

HCV. These findings indicate that public health education is
urgently needed in China, especially regarding HCV treatment
outcomes and modes of transmission.

About one-third of the general population (31.2%) included in
this study reported ever undergoing HCV testing, which was
lower than that reported in high-income countries. In Italy, for
example, 43.4% of the general population declared that it has
undergone HCV testing in the past [30]. Moreover, this study
found that 75.9% of the survey respondents who had undergone
HCV testing did so during blood donation. This might be related
to the increased focus on the safety of blood products. Since
1993, the Chinese government has had a policy to screen blood
donors and has enacted related laws to screen all donors for
anti-HCV antibodies; in 2015, China began screening blood
donors who were anti-HCV negative for HCV RNA [20].
However, of participants without a history of blood donation,
only 7.9% had ever been tested for HCV, most often during a
routine health exam. In addition, most of those tested for HCV
were unaware of their results, which could lead to delayed
diagnosis and treatment. In fact, most anti-HCV
antibody–positive patients often get no opportunity to undergo
early treatment due to limited options for HCV consultation
and referral in China. According to a survey conducted among
patients with HCV in 76 hospitals in China, only 34.9%
underwent further HCV RNA testing and 12.2% underwent
antiviral treatment [31]. Furthermore, a lack of knowledge of
where to be tested and having no time to be tested were the
important reasons participants who were aware of HCV did not
undergo HCV testing. Self-testing for HCV antibodies, where
people collect their own specimen, perform a simple rapid test,
and interpret the result, has been recommended by WHO as an
additional testing approach to increase HCV testing coverage
since 2021 [32]. Self-testing offers privacy and convenience.
A systematic review and meta-analysis also suggested that HCV
self-testing is feasible and well accepted [33]. In China,
evaluation of the cost-effectiveness of HCV self-testing is
needed to implement and scale-up this program nationwide.
Nevertheless, it is critically important to expand HCV
knowledge in the general population and strengthen access to
testing and standardized treatment in China.

Despite the overall prevalence of HCV antibody–positive
individuals in the general Chinese population being reported as
only 0.91%, prevalence was shown to increase with advancing
age, peaking at 3.95% among people >65 years of age [10].
Thus, older people may be the key population for HCV testing
in China. However, this study found that the HCV testing rate
is not significantly higher among the elderly, suggesting that
targeted interventions are required for the older population. Low
awareness of HCV and a low self-perceived risk of HCV
infection were the most reported barriers against HCV testing,
and the elderly were also shown to have low HCV knowledge.
In addition to strengthening publicity and education, birth cohort
screening is recommended. WHO suggests that universal
screening be implemented in populations with an HCV antibody
seroprevalence of >2%-5% and indicates that birth cohort
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screening of older adults who have high seroprevalence (eg,
people born between 1945 and 1965 in the United States) in
settings with a low general prevalence is cost-effective [34].
This study found that people more than 60 years old had a high
willingness (162/188, 86.2%) to undergo HCV testing if
universal screening was provided free of charge. Thus, it may
be feasible to perform universal birth cohort screening.
However, cost-effectiveness analysis is needed to determine
the optimal birth cohort for HCV screening in order to achieve
the goal of eliminating HCV in China.

This study assumed that all participants with a history of blood
donation were tested for HCV. Under this assumption, we found
that those who were less educated, living in rural areas, and
located in West China had less HCV knowledge and testing
uptake. West China is a less developed region compared to East
and Central China [35]. These findings are in line with previous
studies showing that individuals with poor education and living
in less developed areas have less access to health care
innovations [36]. In addition to sociodemographic
characteristics, the findings of this study revealed that people
who currently drink alcohol have low HCV knowledge and a
low likelihood of undergoing testing and those with a history
of blood donation and a family history of viral hepatitis have
higher knowledge and testing. Although alcohol use is not a
risk factor for HCV, it is believed to have a deleterious impact
on the course of hepatitis C disease [37], for example, to
promote HCV infection persistence, cytotoxicity, and oxidative
stress. Thus, compared to nondrinkers, alcohol drinkers may be
in greater need for HCV education and testing interventions to
prevent and promote the early treatment of HCV. Blood donors
tend to be well educated and may receive HCV education in
blood donation centers [38]. People with a family history of
HBV or HCV may be prompted to seek health care due to a
concern about exposure. This study also showed that participants
with low HCV knowledge were less likely to initiate HCV
testing, suggesting that improving HCV knowledge may increase
testing rates. In summary, HCV-related health education should
be prioritized for those who are less educated, located in
less-developed areas, drink alcohol, and may otherwise have
limited health awareness.

It is worth noting that the HCV knowledge of women was not
significantly lower than that of men but their testing rate was
significantly lower. Further analysis revealed that in this survey,
compared to men, women had a higher proportion of low
self-perceived risk of HCV infection (men: 50/447, 11.8%;
women: 126/579, 22.8%) and a lack of time to be tested (men:
11/447, 2.5%; women: 40/579, 6.9%). However, women are at
higher risk of both transmitting and acquiring HCV through
sexual and vertical (mother to child during childbirth)
transmission [39,40]. Thus, suitable and effective strategies
should be implemented for women, including help in accessing
health care services.

Limitations
This study has several limitations. First, since WeChat was used
to disseminate the questionnaire, only those with access to this
social media platform were included in the study. This may
have resulted in an insufficient representation of the general
population and limited the conclusions. Generally, people
without access to this social media platform are more likely to
be less educated and located in low-income areas [41]; thus, it
can be inferred that HCV knowledge and the testing rate of the
general Chinese population would be lower than that of this
survey. Second, the data presented in this study were
self-reported and thus might be subject to recall and social bias.
Third, this was a cross-sectional study; thus, no causal
relationship could be concluded from the findings. Finally, only
some indicators of HCV knowledge and the uptake of HCV
testing were investigated.

Conclusion
This study highlights that the general population of China has
limited HCV knowledge and a low HCV testing rate. There is
an urgent need to design and distribute education information
to enhance HCV knowledge and provide targeted information
regarding treatment outcomes and all possible modes of
transmission. Increased referral to standardized treatment and
scaled-up HCV screening, including birth cohort screening for
older adults at higher risk of HCV transmission and infection,
is also recommended. In addition, health education and
interventions should be prioritized for women, those with less
education, those living in less-developed areas, and those who
currently drink alcohol.

 

Acknowledgments
This study was funded by the Science and Technology Department of Henan Province (RKX202102011). The authors thank
Fu-gui Liu, Jian-yong Fu, Pan-pan Mao, Xi-jia Tang, and Shan-zei Wang for their assistance with data collection.

Authors' Contributions
YL and SKZ designed and conducted the study. JS, XYW, and HW analyzed the data and drafted the manuscript. All authors
have read and agreed to the drafted version of the manuscript.

Conflicts of Interest
None declared.

Multimedia Appendix 1

JMIR Public Health Surveill 2023 | vol. 9 | e39472 | p.1608https://publichealth.jmir.org/2023/1/e39472
(page number not for citation purposes)

Liu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


The geographical distribution of the included participants.
[PNG File , 220 KB - publichealth_v9i1e39472_app1.png ]

Multimedia Appendix 2
Correlation matrix of the included variables.
[PDF File (Adobe PDF File), 101 KB - publichealth_v9i1e39472_app2.pdf ]

Multimedia Appendix 3
Factors associated with the uptake of HCV testing in participants without a history of blood donation.
[PDF File (Adobe PDF File), 172 KB - publichealth_v9i1e39472_app3.pdf ]

References
1. Hepatitis C. World Health Organization. URL: https://www.who.int/news-room/fact-sheets/detail/hepatitis-c [accessed

2022-05-06]
2. Polaris Observatory HCV Collaborators. Global prevalence and genotype distribution of hepatitis C virus infection in 2015:

a modelling study. Lancet Gastroenterol Hepatol 2017 Mar;2(3):161-176. [doi: 10.1016/S2468-1253(16)30181-9] [Medline:
28404132]

3. Polaris Observatory Collaborators. HCV. CDA Foundation. URL: https://cdafound.org/dashboard/polaris/dashboard.html
[accessed 2022-08-06]

4. Global health sector strategy on viral hepatitis 2016–2021. World Health Organization. 2016 May 17. URL: https://www.
who.int/publications/i/item/WHO-HIV-2016.06 [accessed 2023-11-27]

5. Maqsood S, Iqbal S, Zakar R, Zakar MZ, Fischer F. Determinants of overall knowledge and health behaviours in relation
to hepatitis B and C among ever-married women in Pakistan: evidence based on Demographic and Health Survey 2017-18.
BMC Public Health 2021 Dec 30;21(1):2328 [FREE Full text] [doi: 10.1186/s12889-021-12406-z] [Medline: 34969379]

6. Hser Y, Du J, Li J, Zhao M, Chang YJ, Peng CY, et al. Hepatitis C among methadone maintenance treatment patients in
Shanghai and Kunming, China. J Public Health (Oxf) 2012 Mar 02;34(1):24-31 [FREE Full text] [doi:
10.1093/pubmed/fdr098] [Medline: 22138488]

7. Wang R, Cui N, Long M, Mu L, Zeng H. Barriers to uptake of hepatitis C virus (HCV) health intervention among men
who have sex with men in Southwest China: a qualitative study. Health Soc Care Community 2020 Jul 15;29(2):445-452.
[doi: 10.1111/hsc.13104]

8. Rabaan AA, Al-Ahmed SH, Bazzi AM, Alfouzan WA, Alsuliman SA, Aldrazi FA, et al. Overview of hepatitis C infection,
molecular biology, and new treatment. J Infect Public Health 2020 May;13(5):773-783 [FREE Full text] [doi:
10.1016/j.jiph.2019.11.015] [Medline: 31870632]

9. Spearman CW, Dusheiko GM, Hellard M, Sonderup M. Hepatitis C. Lancet 2019 Oct;394(10207):1451-1466. [doi:
10.1016/s0140-6736(19)32320-7]

10. Gao Y, Yang J, Sun F, Zhan S, Fang Z, Liu X, et al. Prevalence of anti-HCV antibody among the general population in
Mainland China between 1991 and 2015: a systematic review and meta-analysis. Open Forum Infect Dis 2019
Mar;6(3):ofz040 [FREE Full text] [doi: 10.1093/ofid/ofz040] [Medline: 30863789]

11. Gao Y, Kong F, Li G, Li C, Zheng S, Lin J, et al. Coblopasvir and sofosbuvir for treatment of chronic hepatitis C virus
infection in China: a single-arm, open-label, phase 3 trial. Liver Int 2020 Nov 13;40(11):2685-2693 [FREE Full text] [doi:
10.1111/liv.14633] [Medline: 33047868]

12. Li M, Zhuang H, Wei L. How would China achieve WHO's target of eliminating HCV by 2030? Expert Rev Anti Infect
Ther 2019 Oct 12;17(10):763-773. [doi: 10.1080/14787210.2019.1675509] [Medline: 31578079]

13. Chinese Society of Hepatology and Chinese Society of Infectious Diseases, Chinese Medical Association. Guideline of
prevention and treatment for hepatitis C (2019 version). Chin J Infect Dis 2020;38(1):9-28.

14. Deuffic-Burban S, Huneau A, Verleene A, Brouard C, Pillonel J, Le Strat Y, et al. Assessing the cost-effectiveness of
hepatitis C screening strategies in France. J Hepatol 2018 Oct;69(4):785-792 [FREE Full text] [doi:
10.1016/j.jhep.2018.05.027] [Medline: 30227916]

15. Assoumou S, Tasillo A, Leff J, Schackman BR, Drainoni ML, Horsburgh CR, et al. Cost-effectiveness of one-time hepatitis
C screening strategies among adolescents and young adults in primary care settings. Clin Infect Dis 2018 Jan 18;66(3):376-384
[FREE Full text] [doi: 10.1093/cid/cix798] [Medline: 29020317]

16. Wong WW, Tu H, Feld JJ, Wong T, Krahn M. Cost-effectiveness of screening for hepatitis C in Canada. CMAJ 2015 Feb
17;187(3):E110-E121 [FREE Full text] [doi: 10.1503/cmaj.140711] [Medline: 25583667]

17. Girardin F, Hearmon N, Castro E, Negro F, Eddowes L, Gétaz L, et al. Modelling the impact and cost-effectiveness of
extended hepatitis C virus screening and treatment with direct-acting antivirals in a Swiss custodial setting. Clin Infect Dis
2019 Nov 13;69(11):1980-1986. [doi: 10.1093/cid/ciz088] [Medline: 30715266]

JMIR Public Health Surveill 2023 | vol. 9 | e39472 | p.1609https://publichealth.jmir.org/2023/1/e39472
(page number not for citation purposes)

Liu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v9i1e39472_app1.png&filename=46aff491b45bf2eca464c9cc8756eaf8.png
https://jmir.org/api/download?alt_name=publichealth_v9i1e39472_app1.png&filename=46aff491b45bf2eca464c9cc8756eaf8.png
https://jmir.org/api/download?alt_name=publichealth_v9i1e39472_app2.pdf&filename=3cabdcab057e4c26ece302b128f78c1d.pdf
https://jmir.org/api/download?alt_name=publichealth_v9i1e39472_app2.pdf&filename=3cabdcab057e4c26ece302b128f78c1d.pdf
https://jmir.org/api/download?alt_name=publichealth_v9i1e39472_app3.pdf&filename=34d4aa26a27efbc010471d1629e1f0c7.pdf
https://jmir.org/api/download?alt_name=publichealth_v9i1e39472_app3.pdf&filename=34d4aa26a27efbc010471d1629e1f0c7.pdf
https://www.who.int/news-room/fact-sheets/detail/hepatitis-c
http://dx.doi.org/10.1016/S2468-1253(16)30181-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28404132&dopt=Abstract
https://cdafound.org/dashboard/polaris/dashboard.html
https://www.who.int/publications/i/item/WHO-HIV-2016.06
https://www.who.int/publications/i/item/WHO-HIV-2016.06
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-021-12406-z
http://dx.doi.org/10.1186/s12889-021-12406-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34969379&dopt=Abstract
https://europepmc.org/abstract/MED/22138488
http://dx.doi.org/10.1093/pubmed/fdr098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22138488&dopt=Abstract
http://dx.doi.org/10.1111/hsc.13104
https://linkinghub.elsevier.com/retrieve/pii/S1876-0341(19)30356-9
http://dx.doi.org/10.1016/j.jiph.2019.11.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31870632&dopt=Abstract
http://dx.doi.org/10.1016/s0140-6736(19)32320-7
https://europepmc.org/abstract/MED/30863789
http://dx.doi.org/10.1093/ofid/ofz040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30863789&dopt=Abstract
https://europepmc.org/abstract/MED/33047868
http://dx.doi.org/10.1111/liv.14633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33047868&dopt=Abstract
http://dx.doi.org/10.1080/14787210.2019.1675509
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31578079&dopt=Abstract
https://hal.archives-ouvertes.fr/inserm-02472188
http://dx.doi.org/10.1016/j.jhep.2018.05.027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30227916&dopt=Abstract
https://europepmc.org/abstract/MED/29020317
http://dx.doi.org/10.1093/cid/cix798
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29020317&dopt=Abstract
http://www.cmaj.ca/cgi/pmidlookup?view=long&pmid=25583667
http://dx.doi.org/10.1503/cmaj.140711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25583667&dopt=Abstract
http://dx.doi.org/10.1093/cid/ciz088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30715266&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


18. Balfour L, Kowal J, Corace KM, Tasca GA, Krysanski V, Cooper CL, et al. Increasing public awareness about hepatitis
C: development and validation of the brief hepatitis C knowledge scale. Scand J Caring Sci 2009 Dec 10;23(4):801-808.
[doi: 10.1111/j.1471-6712.2008.00668.x] [Medline: 19500309]

19. Tronina O, Gotlib J, Małkowski P, Jaworski M, Panczyk M. Translation and validation study of the Polish version of the
Brief Hepatitis C Knowledge Scale. PLoS One 2020 Jul 9;15(7):e0235764 [FREE Full text] [doi:
10.1371/journal.pone.0235764] [Medline: 32645071]

20. Mei X, Lu H. Prevalence, diagnosis, and treatment of hepatitis C in Mainland China. Glob Health Med 2021 Oct
31;3(5):270-275 [FREE Full text] [doi: 10.35772/ghm.2021.01080] [Medline: 34782868]

21. Adcock CJ. Sample size determination: a review. J Royal Statistical Soc D 1997 Jul;46(2):261-283. [doi:
10.1111/1467-9884.00082]

22. Choi GH, Jang ES, Kim J, Jeong S. A survey of the knowledge of and testing rate for hepatitis C in the general population
in South Korea. Gut Liver 2020 Nov 15;14(6):808-816 [FREE Full text] [doi: 10.5009/gnl19296] [Medline: 32066209]

23. Li J, Pang L, Liu Z. Interpretation of the National Action Plan for eliminating hepatitis C as a public health threat (2021-2030).
China CDC Wkly 2022 Jul 22;4(29):627-630 [FREE Full text] [doi: 10.46234/ccdcw2022.139] [Medline: 35919827]

24. Chinese Society of Hepatology and Chinese Society of Infectious Diseases, Chinese Medical Association. Guideline of
prevention and treatment for hepatitis C (2004 version). Chin J Hepatol 2004;12(4):194-198.

25. Zanini B, Covolo L, Donato F, Lanzini A. Effectiveness and tolerability of combination treatment of chronic hepatitis C
in illicit drug users: meta-analysis of prospective studies. Clin Ther 2010 Dec;32(13):2139-2159. [doi:
10.1016/s0149-2918(11)00021-x]

26. Hilsden R, Macphail G, Grebely J, Conway B, Lee S. Directly observed pegylated interferon plus self-administered ribavirin
for the treatment of hepatitis C virus infection in people actively using drugs: a randomized controlled trial. Clin Infect Dis
2013 Aug;57(Suppl 2):S90-S96. [doi: 10.1093/cid/cit327] [Medline: 23884072]

27. Dimova R, Zeremski M, Jacobson I, Hagan H, Des Jarlais DC, Talal A. Determinants of hepatitis C virus treatment
completion and efficacy in drug users assessed by meta-analysis. Clin Infect Dis 2013 Mar;56(6):806-816 [FREE Full text]
[doi: 10.1093/cid/cis1007] [Medline: 23223596]

28. Xie J, Han Y, Qiu Z, Li Y, Li Y, Song X, et al. Prevalence of hepatitis B and C viruses in HIV‐positive patients in China:
a cross‐sectional study. J Int AIDS Soc 2016 Mar 14;19(1):20659. [doi: 10.7448/ias.19.1.20659]

29. Irvin R, Gamble T, Malone J, Wang Z, Wilson E, Hughes JP, et al. HIV high prevalence of hepatitis C virus antibodies
among urban US men who have sex with men, independent of human immunodeficiency virus status. Clin Infect Dis 2021
Oct 05;73(7):e2205-e2210 [FREE Full text] [doi: 10.1093/cid/ciaa1869] [Medline: 33346798]

30. Lo Moro G, Scaioli G, Vola L, Guastavigna L, Frattin R, De Vito E, et al. Exploring knowledge and awareness of HCV
infection and screening test: a cross-sectional survey among an Italian sample. J Community Health 2023 Oct
28;48(5):769-783 [FREE Full text] [doi: 10.1007/s10900-023-01218-4] [Medline: 37115378]

31. Feng XD, Yu H, Pan L, Gao Y, Tang Y, Mao Y, et al. Current status of diagnosistreatment of hepatitis C in medical
institutions. Chin J AIDS STD 2020;2020(26):247-249.

32. Recommendations and guidance on hepatitis C virus self-testing. World Health Organization. URL: https://apps.who.int/
iris/handle/10665/342803 [accessed 2023-08-01]

33. Perazzo H, Castro R, Villela-Nogueira C, Torres M, Silva SL, Cardoso SW, et al. Acceptability and usability of oral fluid
HCV self-testing for hepatitis C diagnosis: a systematic review and meta-analysis. J Viral Hepat 2023 Nov 23;30(11):838-847.
[doi: 10.1111/jvh.13876] [Medline: 37485619]

34. World Health Organization. Guidelines on Hepatitis B and C Testing. Geneva: World Health Organization; 2017.
35. Shi Y, Feng C, Yu Q, Guo L. Integrating supply and demand factors for estimating ecosystem services scarcity value and

its response to urbanization in typical mountainous and hilly regions of south China. Sci Total Environ 2021 Nov
20;796:149032 [FREE Full text] [doi: 10.1016/j.scitotenv.2021.149032] [Medline: 34280627]

36. Zhang X, Yu P, Yan J, Ton A M Spil I. Using diffusion of innovation theory to understand the factors impacting patient
acceptance and use of consumer e-health innovations: a case study in a primary care clinic. BMC Health Serv Res 2015
Feb 21;15(1):71 [FREE Full text] [doi: 10.1186/s12913-015-0726-2] [Medline: 25885110]

37. Siu L, Foont J, Wands J. Hepatitis C virus and alcohol. Semin Liver Dis 2009 May 22;29(2):188-199 [FREE Full text]
[doi: 10.1055/s-0029-1214374] [Medline: 19387918]

38. Hu W, Meng H, Hu Q, Feng L, Qu X. Blood donation from 2006 to 2015 in Zhejiang Province, China: annual consecutive
cross-sectional studies. BMJ Open 2019 May 19;9(5):e023514 [FREE Full text] [doi: 10.1136/bmjopen-2018-023514]
[Medline: 31110081]

39. Yelemkoure ET, Yonli AT, Montesano C, Ouattara AK, Diarra B, Zohoncon TM, et al. Prevention of mother-to-child
transmission of hepatitis B virus in Burkina Faso: screening, vaccination and evaluation of post-vaccination antibodies
against hepatitis B surface antigen in newborns. J Public Health Afr 2018 Dec 21;9(3):816 [FREE Full text] [doi:
10.4081/jphia.2018.816] [Medline: 30687485]

40. Nankya-Mutyoba J, Aizire J, Makumbi F, Ocama P, Kirk GD. Hepatitis B virus perceptions and health seeking behaviors
among pregnant women in Uganda: implications for prevention and policy. BMC Health Serv Res 2019 Oct 26;19(1):760
[FREE Full text] [doi: 10.1186/s12913-019-4516-0] [Medline: 31655575]

JMIR Public Health Surveill 2023 | vol. 9 | e39472 | p.1610https://publichealth.jmir.org/2023/1/e39472
(page number not for citation purposes)

Liu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.1111/j.1471-6712.2008.00668.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19500309&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0235764
http://dx.doi.org/10.1371/journal.pone.0235764
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32645071&dopt=Abstract
https://europepmc.org/abstract/MED/34782868
http://dx.doi.org/10.35772/ghm.2021.01080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34782868&dopt=Abstract
http://dx.doi.org/10.1111/1467-9884.00082
https://europepmc.org/abstract/MED/32066209
http://dx.doi.org/10.5009/gnl19296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32066209&dopt=Abstract
https://europepmc.org/abstract/MED/35919827
http://dx.doi.org/10.46234/ccdcw2022.139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35919827&dopt=Abstract
http://dx.doi.org/10.1016/s0149-2918(11)00021-x
http://dx.doi.org/10.1093/cid/cit327
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23884072&dopt=Abstract
https://europepmc.org/abstract/MED/23223596
http://dx.doi.org/10.1093/cid/cis1007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23223596&dopt=Abstract
http://dx.doi.org/10.7448/ias.19.1.20659
https://europepmc.org/abstract/MED/33346798
http://dx.doi.org/10.1093/cid/ciaa1869
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33346798&dopt=Abstract
https://europepmc.org/abstract/MED/37115378
http://dx.doi.org/10.1007/s10900-023-01218-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37115378&dopt=Abstract
https://apps.who.int/iris/handle/10665/342803
https://apps.who.int/iris/handle/10665/342803
http://dx.doi.org/10.1111/jvh.13876
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37485619&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0048-9697(21)04104-8
http://dx.doi.org/10.1016/j.scitotenv.2021.149032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34280627&dopt=Abstract
https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-015-0726-2
http://dx.doi.org/10.1186/s12913-015-0726-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25885110&dopt=Abstract
https://europepmc.org/abstract/MED/19387918
http://dx.doi.org/10.1055/s-0029-1214374
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19387918&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=31110081
http://dx.doi.org/10.1136/bmjopen-2018-023514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31110081&dopt=Abstract
https://europepmc.org/abstract/MED/30687485
http://dx.doi.org/10.4081/jphia.2018.816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30687485&dopt=Abstract
https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-019-4516-0
http://dx.doi.org/10.1186/s12913-019-4516-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31655575&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


41. Anikeeva O, Bywood P. Social media in primary health care: opportunities to enhance education, communication and
collaboration among professionals in rural and remote locations: did you know? Practical practice pointers. Aust J Rural
Health 2013 Apr 15;21(2):132-134. [doi: 10.1111/ajr.12020] [Medline: 23586577]

Abbreviations
aOR: adjusted odds ratio
AVE: average variance extracted
CFA: confirmatory factor analysis
cOR: crude odds ratio
CR: composite reliability
DAA: direct acting antiviral
HBV: hepatitis B virus
HCV: hepatitis C virus
MSM: men who have sex with men
SVR: sustained virologic response
WHO: World Health Organization

Edited by A Mavragani, S Travis; submitted 11.05.22; peer-reviewed by S Facente, Y Qiu, A Boyd; comments to author 22.09.22;
revised version received 08.08.23; accepted 09.11.23; published 11.12.23.

Please cite as:
Liu Y, Su J, Wang X, Xu H, Wang H, Kang R, Zheng L, Wang Y, Liu C, Jing Y, Zhang S
Hepatitis C Knowledge and Self-Reported Testing Behavior in the General Population in China: Online Cross-Sectional Survey
JMIR Public Health Surveill 2023;9:e39472
URL: https://publichealth.jmir.org/2023/1/e39472 
doi:10.2196/39472
PMID:38079213

©Yin Liu, Juan Su, Xiaoyang Wang, Huifang Xu, Hong Wang, Ruihua Kang, Liyang Zheng, Yixian Wang, Chunya Liu, Yiping
Jing, Shaokai Zhang. Originally published in JMIR Public Health and Surveillance (https://publichealth.jmir.org), 11.12.2023.
This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR Public Health and Surveillance, is properly cited. The complete bibliographic
information, a link to the original publication on https://publichealth.jmir.org, as well as this copyright and license information
must be included.

JMIR Public Health Surveill 2023 | vol. 9 | e39472 | p.1611https://publichealth.jmir.org/2023/1/e39472
(page number not for citation purposes)

Liu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.1111/ajr.12020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23586577&dopt=Abstract
https://publichealth.jmir.org/2023/1/e39472
http://dx.doi.org/10.2196/39472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38079213&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Association of Uncontrolled Hypertension or Diabetes Mellitus
With Major Adverse Cardiovascular Events and Mortality in South
Korea: Population-Based Cohort Study

Sung-Hee Oh1, MPH, PhD; Dohyang Kim2, MS; Jinseub Hwang2, PhD; Jae-Heon Kang3, MD, PhD; Yeongkeun

Kwon4, MD, PhD; Jin-Won Kwon1, MPH, PhD
1BK21 FOUR Community-Based Intelligent Novel Drug Discovery Education Unit, College of Pharmacy and Research Institute of Pharmaceutical
Sciences, Kyungpook National University, Daegu, Republic of Korea
2Department of Statistics, Daegu University, Gyeongbuk, Republic of Korea
3Department of Family Medicine, Kangbuk Samsung Hospital, College of Medicine, Sungkyunkwan University, Seoul, Republic of Korea
4Centre for Obesity and Metabolic Diseases, Korea University Anam Hospital, Seoul, Republic of Korea

Corresponding Author:
Jin-Won Kwon, MPH, PhD
BK21 FOUR Community-Based Intelligent Novel Drug Discovery Education Unit
College of Pharmacy and Research Institute of Pharmaceutical Sciences
Kyungpook National University
80, Daehak-ro, Buk-gu
Daegu, 41566
Republic of Korea
Phone: 82 53 950 8580
Fax: 82 53 950 8557
Email: jwkwon@knu.ac.kr

Abstract

Background: Managing hypertension (HT) and diabetes mellitus (DM) is crucial to preventing cardiovascular diseases. Few
studies have investigated the incidence and risk of cardiovascular diseases or mortality in uncontrolled HT or DM in the Asian
population. Epidemiological studies of cardiovascular disease should be conducted with continuous consideration of the changing
disease risk profiles, lifestyles, and socioeconomic status over time.

Objective: We aimed to examine the association of uncontrolled HT or DM with the incidence of cardiovascular events or
deaths from any cause.

Methods: This population-based retrospective study was conducted using data from the Korean National Health Insurance
Service–National Health Screening Cohort, including patients aged 40-79 years who participated in national screening from 2002
to 2003 and were followed up until 2015. The health screening period from 2002 to 2013 was stratified into 6 index periods in
2-year cycles, and the follow-up period from 2004 to 2015 was stratified accordingly into 6 subsequent 2-year periods. The
incidence rates and hazard ratio (HR) for major adverse cardiovascular events (MACE) and death from any cause were estimated
according to HT or DM control status. Extended Cox models with time-dependent variables updated every 2 years, including
sociodemographic characteristics, blood pressure (BP), fasting blood glucose (FBG), medication prescription, and adherence,
were used.

Results: Among the total cohort of 440,249 patients, 155,765 (35.38%) were in the uncontrolled HT or DM group. More than
60% of the patients with HT or DM who were prescribed medications did not achieve the target BP or FBG. The incidence of
MACE was 10.8-15.5 and 9.6-13.3 per 1000 person-years in the uncontrolled DM and uncontrolled HT groups, respectively, and
increased with age. In the uncontrolled HT and DM group, the incidence of MACE was high (15.2-17.5 per 1000 person-years)
at a relatively young age and showed no age-related trend. Adjusted HR for MACE were 1.28 (95% CI 1.23-1.32) for the
uncontrolled DM group, 1.32 (95% CI 1.29-1.35) for the uncontrolled HT group, and 1.54 (95% CI 1.47-1.60) for the uncontrolled
HT and DM group. Adjusted HR for death from any cause were 1.05 (95% CI 1.01-1.10) for the uncontrolled DM group, 1.13
(95% CI 1.10-1.16) for the uncontrolled HT group, and 1.17 (95% CI 1.12-1.23) for the uncontrolled HT and DM group.

Conclusions: This up-to-date evidence of cardiovascular epidemiology in South Korea serves as the basis for planning public
health policies to prevent cardiovascular diseases. The high uncontrolled rates of HT or DM, regardless of medication prescription,
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have led us to suggest the need for a novel system for effective BP or glycemic control, such as a community-wide management
program using mobile health technology.

(JMIR Public Health Surveill 2023;9:e42190)   doi:10.2196/42190
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prevention and control; cardiovascular diseases; diabetes mellitus; hypertension; extended Cox regression; cohort study

Introduction

Cardiovascular diseases impose enormous health and economic
burden globally [1]. The World Health Organization reported
that approximately 17.9 million people died of cardiovascular
diseases in 2019, accounting for 32% of deaths worldwide [2].
In South Korea, 17.8% of the total deaths reported in 2019 were
caused by heart diseases (10.5%) and cerebrovascular diseases
(7.3%) [3]. The substantial burden of cardiovascular diseases
in the recent years is attributable to the increase in the number
of patients living with cardiovascular diseases, prolonged
duration of diseases, and accompanying disabilities [4,5]. The
global burden of cardiovascular diseases, evaluated as
disability-adjusted life years, has increased by 46% for ischemic
heart disease (IHD) and by 32% for stroke from 1990 to 2019,
with IHD ranking first and stroke ranking second in the global
burden of disease among adults aged 50 to 74 years in 2019 [6].

To prevent cardiovascular diseases, it is important to manage
hypertension (HT) and diabetes mellitus (DM), known as the
most common contributing risk factors [7]. However,
approximately half of the adults with high blood pressure (BP)
or blood glucose level remain undiagnosed [8,9]. Furthermore,
the target BP and blood glucose levels may not be achieved
even with treatment owing to nonadherence to therapy or
unhealthy lifestyles [10]. The uncontrolled rate among people
with HT in 2019 was reported to be approximately 80% globally,
and approximately 50% of the patients undergoing treatment
did not achieve BP control [8]. In addition, a study in the United
States found that most patients with diabetes were treated but
the uncontrolled rate was approximately 50% [11].

A few studies have reported the incidence and risk of
complications according to the control status of patients
diagnosed with HT or DM. In a recent study, patients with
uncontrolled DM had 68% higher odds of developing micro-
or macroangiopathy than those with controlled DM [12].
Furthermore, individuals with undiagnosed DM have poor
long-term glycemic control and can die within a short time after
the onset of complication-related symptoms [13]. The incidence
of cardiovascular and cerebrovascular complications was higher
in patients with refractory HT on treatment than in those with
controlled HT [14]. The data on recent population-based
epidemiological studies conducted in the Asian population are
relatively scarce [15]. Uncontrolled HT or DM may increase
the incidence of cardiovascular events or death regardless of
the medication prescription or diagnosis of HT or DM.

The incidence, mortality, and risk of cardiovascular disease
vary substantially between populations and over time [16], and
it is important to investigate the epidemiology of cardiovascular
disease by continuously considering the changing disease risk

profiles, lifestyles, and socioeconomic status over time [6].
Therefore, the aim of this nationwide study was to determine
the incidence of cardiovascular events according to HT or DM
control status in South Korea and to examine the association
between disease control and cardiovascular events or death from
any cause by adjusting for time-varying characteristics.

Methods

Data Sources and Study Population
This retrospective population-based cohort study was based on
data from the National Health Insurance Service–National
Health Screening Cohort (NHIS-HEALS) in South Korea. The
NHIS-HEALS sample data included 514,866 individuals (aged
40-79 years), who comprised a random selection of 10% of all
national health screening program participants covered under
the mandatory National Health Insurance or Medical Aid system
in 2002 and 2003. The cohort was followed up to 2015 annually
for information on death and health care use and biennially for
the health screening information. The NHIS-HEALS data
provided the following information: demographic variables,
income, and date of death from the eligibility database; variables
for specific health problems and risk factors evaluated using a
self-administered questionnaire such as smoking status,
frequency per week of alcohol consumption, days per week of
physical activity, medical history and family history, and
bioclinical laboratory results from the national health screening
database; records of inpatient and outpatient use, including
procedures, prescribed drugs, treatments, and diagnostic
information using the International Classification of Diseases,
10th revision code from the health care use database based on
data collected during the process of claiming health care
services; and the types of health care institutions and health care
human resources from the health care provider database. These
4 databases were linked using unique personal identification
numbers created for the NHIS-HEALS [17]. Among the 514,866
individuals, 489,276 (95.03%) with at least 1 claim of health
care services use between 2002 and 2003 were included in the
study to define the baseline clinical information. Study
participants with cardiovascular disease or all-cause death from
2002 to 2003 were excluded (n=48,217), and 810 participants
with missing data on BP and fasting blood glucose (FBG) from
2002 to 2003 were excluded. After exclusion, a total of 440,249
participants were included in the study (Figure S1 in Multimedia
Appendix 1).

Ethical Consideration
This study was exempted from the Institutional Review Board
of Kyungpook National University (number 2020-0157) because
the data used in this study were anonymized and deidentified.
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Informed consent was not required owing to the retrospective
nature of the study.

Study Design and Measurements
The health screening period from 2002 to 2013 was stratified
into 6 index periods in 2-year cycles, and the bioclinical
laboratory results and various confounding variables were
determined during the index period. The follow-up period from
2004 to 2015 was stratified accordingly into six 2-year periods.
The subsequent 2-year periods after each index period were
defined as follow-up periods 1 to 6. Cardiovascular disease and
death from any cause were estimated for each group based on
the control status of HT or DM during the 6 follow-up periods
(Figure 1). The bioclinical laboratory tests (BP, FBG, BMI, etc)
were conducted on participants after an overnight fast at the
biennial health screening examination. BP was measured in the
seated participants for approximately 5 minutes, and HT was
defined as systolic BP ≥140 mm Hg and diastolic BP ≥90 mm
Hg. DM was defined as an FBG level ≥126 mg/dL.
Well-controlled status was defined as FBG level <126 mg/dL
for DM and systolic BP <140 mm Hg and diastolic BP <90 mm
Hg for HT. As confounding variables associated with an
increased risk of cardiovascular diseases, this study considered
age; sex; type of national health security program; income level;
BMI; smoking; drinking; exercise; Charlson Comorbidity Index

(CCI); disability severity; number of outpatient visits and
hospitalization days; use of medication; and medication
possession ratio (MPR) of antihypertensive, antidiabetic, and
antihyperlipidemic medications [4]. All drugs listed in the
national formulary in South Korea as antidiabetic,
antihypertensive, and antihyperlipidemic medications were
included. Medication users were defined as those who were
prescribed medication at least once. Age was classified as
middle age (40-64 years) and older age (65-69 years, 70-79
years, and ≥80 years). The income levels were divided into
grades 0 to 2 (lowest), 3 to 5, 6 to 8, and 9 to 10 (highest). A
person with a grade of 0 covered under the medical aid system
was defined as having an income below the minimum cost of
living. Study participants were categorized according to BMI
based on the World Health Organization criteria for the Asian

population: <18.5 kg/m2 (underweight), 18.5 to 24.9 kg/m2

(normal to overweight), 25.0 to 29.9 kg/m2 (class 1 obese), or

≥30 kg/m2 (class 2 obese) [18]. Disability severity was defined
as severe (grades 1 to 3), mild (grades 4 to 6), and no disability,
based on the disability grade system under the Welfare of
Disabled Persons Act. MPR was defined as the sum of the days
of supply from the first to the last prescription divided by the
time between the last prescription date plus the days of supply
and the first prescription date [19].

Figure 1. Schematic description of the study design. The cohort of national health screening program participants from 2002 to 2003 was followed up
to 2015. The health screening period of a 2-year cycle from 2002 to 2013 was defined as 6 index periods, and the follow-up period from 2004 to 2015

was stratified according to 6 subsequent 2-year periods after each index period. aParticipants with MACE or death from any cause during the previous
follow-up period were excluded from the participants for the subsequent index period. From index periods 1 to 6, the number of participants and the
average age were presented. DM: diabetes mellitus; HT: hypertension; MACE: major adverse cardiovascular events.

Outcomes
Study outcomes included (1) any major adverse cardiovascular
events (MACE), that is, hospitalization for cardiovascular
disease defined as a composite of IHD (myocardial infarction
and angina), cerebrovascular diseases (cerebral infarction,
hemorrhagic stroke, and transient ischemic attack), and heart
failure; (2) death from any cause; and (3) MACE or death from

any cause [20]. We defined MACE using the primary and
secondary International Classification of Diseases, 10th revision
diagnostic codes listed in Table S1 in Multimedia Appendix 1.
All study participants underwent follow-up examinations until
the occurrence of either of the following 2 outcomes: incidence
of MACE or death from any cause or the end of follow-up in
2015, whichever occurred first.
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Statistical Analysis
The characteristics of the 2 groups were compared using the
chi-square test for categorical variables, indicated as count with
percentage, and 2-tailed t test for continuous variables, indicated
as mean with SD.

Incidence rates over each period were calculated as the number
of events per 1000 person-years of observation for each
outcome; the rates were standardized to the age distribution
from each period. Numerators were the number of first events
in a specified follow-up period, and denominators were the
number of persons at risk during the corresponding index period.
Data on individuals who died were censored at the time of death.
Extended Cox models with time-dependent variables were used
to estimate the hazard ratio (HR) for the association of HT or
DM control with MACE or death from any cause. The estimated
risk factor measurements, such as BP, FBG, age, type of national
health security program, income level, BMI, smoking, drinking,
exercise, CCI, disability severity, number of outpatient visits
and hospitalization days, and MPR, were used as time-dependent
variables. These variables were updated every 2 years. If
participants had a missing value in an index period, it was
replaced by that participant’s previously observed value using
the last observation carried forward imputation method.
Statistical analyses were conducted using SAS software (version
9.4; SAS Institute Inc) at a significance level of .05.

Results

Characteristics
Among the total cohort of 440,249 individuals, 284,484
(64.61%) individuals were in the well-controlled group and

155,765 (35.38%) individuals were in the uncontrolled group.
The average age at entry was 52 (SD 9.4) years for all
participants, which increased from 52 to 61 years during index
periods 1 to 6 (Figure 1). The characteristics of the study
population during the first index period are presented in Table
1. There were substantial differences between the
well-controlled and uncontrolled groups in age, sex, income
level, national health security program, BMI, smoking, drinking
frequency, exercise frequency, CCI, disability severity, number
of outpatient visits and hospitalization days, and medication
use (P<.001). The uncontrolled group had a higher proportion
of men, obesity, current smokers, and patients with CCI ≥3;
higher drinking frequency; and lower income levels than those
in the well-controlled group. Only 23.24% (36,192/155,765) of
all uncontrolled patients were prescribed medication; the
proportion of patients with antihypertensive medication use was
18.89% (23,169/122,646) in the uncontrolled HT group, and
the proportion of patients with antidiabetic medication use was
28.41% (5126/18,042) in the uncontrolled DM group. Among
the uncontrolled patients, despite being prescribed medications,
34.92% (10,380/29,523) of patients who had been prescribed
antihypertensive medications and 39.12% (4784/12,229) of
patients who had been prescribed antidiabetic medications had
an MPR <70%. Meanwhile, >60% of medication users had
uncontrolled HT or DM: 64.05% (27,318/42,652) of patients
who had been prescribed antihypertensive medications had
uncontrolled HT and 60.85% (9388/15,429) of patients who
had been prescribed antidiabetic medications had uncontrolled
DM.
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Table 1. Characteristics by the control status of hypertension (HT) or diabetes mellitus (DM) of study participants in the first index period in 2002 to
2003.

Uncontrolled groupWell-controlled
group (n=284,484)

Characteristics

Total (n=155,765)aHT and DM (n=15,077)DM (n=18,042)HT (n=122,646)

Age (years), n (%)

126,151 (80.99)11,642 (77.22)14,920 (82.70)99,589 (81.2)257,700 (90.59)40 to <65

16,679 (10.71)1877 (12.45)1817 (10.07)12,985 (10.59)16,147 (5.68)65 to <70

12,935 (8.3)1558 (10.33)1305 (7.23)10,072 (8.21)10,637 (3.74)70 to <80

Sex, n (%)

92,328 (59.27)9793 (64.95)11,246 (62.33)71,289 (58.13)142,312 (50.02)Male

63,437 (40.73)5284 (35.05)6796 (37.67)51,357 (41.87)142,172 (49.98)Female

Income level, n (%)

27,083 (17.39)2823 (18.72)3034 (16.82)21,226 (17.31)42,429 (14.91)Lowest

36,254 (23.27)3571 (23.69)4129 (22.89)28,554 (23.28)60,505 (21.27)Low-middle

45,449 (29.18)4469 (29.64)5318 (29.48)35,662 (29.08)81,798 (28.75)Middle-high

46,979 (30.16)4214 (27.95)5561 (30.82)37,204 (30.33)99,752 (35.06)Highest

National health security program, n (%)

155,591 (99.89)15,062 (99.9)18,012 (99.83)122,517 (99.89)284,284 (99.93)National Health Insurance

174 (0.11)15 (0.1)30 (0.17)129 (0.11)200 (0.07)Medical Aid

BMI (kg/m2), n (%)

2688 (1.73)214 (1.42)401 (2.22)2073 (1.69)7657 (2.69)<18.5

85,131 (54.65)7447 (49.39)10,724 (59.44)66,960 (54.6)193,630 (68.06)≥18.5 to <25

61,178 (39.28)6507 (43.16)6319 (35.02)48,352 (39.42)78,138 (27.47)≥25 to <30

6768 (4.35)909 (6.03)598 (3.31)5261 (4.29)5059 (1.78)≥30

Smoking, n (%)

97,768 (62.77)8952 (59.38)10,489 (58.14)78,327 (63.86)188,771 (66.36)Nonsmoker

14,131 (9.07)1367 (9.07)1607 (8.91)11,157 (9.1)22,882 (8.04)Ex-smoker

37,388 (24)4149 (27.52)5220 (28.93)28,019 (22.85)61,608 (21.66)Current smoker

Drinking frequency, n (%)

80,900 (51.94)7381 (48.96)9844 (54.56)63,675 (51.92)163,840 (57.59)Never

21,610 (13.87)1888 (12.52)2505 (13.88)17,217 (14.04)44,889 (15.78)2-3 per month

41,092 (26.38)4389 (29.11)4379 (24.27)32,324 (26.36)60,578 (21.29)1-4 per week

9294 (5.97)1134 (7.52)941 (5.22)7219 (5.89)9929 (3.49)Every day

Exercise frequency, n (%)

86,790 (55.72)8297 (55.03)9959 (55.2)68,534 (55.88)158,372 (55.67)Never

48,770 (31.31)4643 (30.8)5711 (31.65)38,416 (31.32)93,821 (32.98)1-4 times per week

15,760 (10.12)1778 (11.79)1934 (10.72)12,048 (9.82)24,834 (8.73)5-7 times per week

Charlson Comorbidity Index scores, n (%)

74,246 (47.67)5931 (39.34)6616 (36.67)61,699 (50.31)146,346 (51.44)0

45,664 (29.32)4092 (27.14)4919 (27.26)36,653 (29.89)86,439 (30.38)1

20,623 (13.24)2360 (15.65)2878 (15.95)15,385 (12.54)34,140 (12)2

15,232 (9.78)2694 (17.87)3629 (20.11)8909 (7.26)17,559 (6.17)≥3

Disability severity, n (%)
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Uncontrolled groupWell-controlled
group (n=284,484)

Characteristics

Total (n=155,765)aHT and DM (n=15,077)DM (n=18,042)HT (n=122,646)

154,736 (99.34)14,952 (99.17)17,914 (99.29)121,870 (99.37)283,347 (99.6)No disability

630 (0.4)65 (0.43)66 (0.37)499 (0.41)728 (0.26)Mild

399 (0.26)60 (0.40)62 (0.34)277 (0.23)409 (0.14)Severe

17.3 (14.5)20.4 (15.7)20.0 (15.65)16.6 (14.13)14.2 (12.6)Number of outpatient visits and hospi-
talization days, mean (SD)

Use of medication, n (%)

36,192 (23.24)6027 (39.97)5939 (32.92)24,226 (19.75)15,245 (5.36)Yes

12,229 (7.85)4262 (28.27)5126 (28.41)2841 (2.32)3200 (1.12)Antidiabetic medication

29,523 (18.95)4149 (27.52)2205 (12.22)23,169 (18.89)13,129 (4.62)Antihypertensive medication

5560 (3.57)2384 (15.81)1392 (7.72)1784 (1.45)1084 (0.38)Antidiabetic and antihypertensive
medication

Use of antidiabetic medication, n (%)

12,229 (7.85)4262 (28.27)5126 (28.41)2841 (2.32)3200 (1.12)Yes

MPRb, n/N (%)

4784/12,229 (39.12)1714/4262 (40.22)2042/5126
(39.84)

1028/2841
(36.18)

1210/3200 (37.81)<70%

7445/12,229 (60.88)2548/4262 (59.78)3084/5126
(60.16)

1813/2841
(63.82)

1990/3200 (62.19)≥70%

Use of antihypertensive medication, n (%)

29,523 (18.95)4149 (27.52)2205 (12.22)23,169 (18.89)13,129 (4.62)Yes

MPR, n/N (%)

10,308/29,523 (34.92)1468/4149 (35.38)774/2205 (35.1)8066/23,169
(34.81)

4404/13,129
(33.54)

<70%

19,215/29,523 (65.08)2681/4149 (64.62)1431/2205
(64.9)

15,103/23,169
(65.19)

8725/13,129
(66.46)

≥70%

Use of antihyperlipidemic medication, n (%)

4129 (2.65)742 (4.92)818 (4.53)2569 (2.09)2839 (1)Yes

MPR, n/N (%)

1727/4129 (41.83)334/742 (45.01)343/818 (41.93)1050/2569
(40.87)

1181/2839 (41.6)<70%

2402/4129 (58.17)408/742 (54.99)475/818 (58.07)1519/2569
(59.13)

1658/2839 (58.4)≥70%

aExcept for the mean medication possession ratio, all variables significantly differed between the well-controlled group and the total uncontrolled groups
at P<.001.
bMPR: medication possession ratio.

Incidence of MACE or Death From Any Cause
The incidence of MACE increased in the order of the
uncontrolled HT group, uncontrolled DM group, and
uncontrolled HT and DM group (Figure 2A; Table S2 in
Multimedia Appendix 1). Moreover, during the follow-up
periods from index periods 1 to 6 with increasing age, the
incidence continued to grow; the absolute change in the
incidence of MACE was +4.4 (range 6.2-10.6), +3.7 (range

9.6-13.3), and +4.7 (range 10.8-15.5) cases per 1000
person-years among the well-controlled group, uncontrolled
HT group, and uncontrolled DM group, respectively. However,
in the uncontrolled HT and DM group, the incidence of MACE
was high at a relatively young age (15.2 at the age of 52 years
on average in 2004-2005 and 17.5 at the age of 61 years on
average in 2014-2015) and showed no increasing trend (15.2,
17.8, 17.3, 18.1, 17.3, and 17.5 at every 2 years from 2004-2005
to 2014-2015).
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Figure 2. (A) Incidence rates of major adverse cardiovascular event (MACE); (B) death from any cause; and (C) MACE or death from any cause per
1000 person-years by the control status of hypertension (HT) or diabetes mellitus (DM).

With respect to death from any cause, the incidence rates per
1000 person-years were higher in the uncontrolled group than
in the well-controlled group, especially in the uncontrolled DM
group (Figure 2B; Table S2 in Multimedia Appendix 1). In all
groups, the increase with age was more pronounced in deaths
from any cause than in MACE. Between the follow-up periods
1 and 6, the absolute change in the incidence of death from any
cause was +4.1 (range 4.0-8.2), +4.8 (range 4.7-9.5), +5.9 (range

7.8-13.7), and +5.7 (range 8.4-14.1) cases per 1000 person-years
among the well-controlled group, the uncontrolled HT group,
uncontrolled DM group, and the uncontrolled HT and DM
group, respectively.

During each follow-up period, the incidence rates of MACE or
death from any cause in the uncontrolled HT and DM group
were approximately twice of that in the well-controlled group.
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The incidence of MACE or death from any cause increased with
age (Figure 2C; Table S2 in Multimedia Appendix 1).

Risk of MACE or Death From Any Cause
Univariable analyses showed that higher age, lower income
level, poor adherence (MPR <70%), poor health behaviors
(underweight or obese, smoking, drinking every day, and no
exercising), or more frequent outpatient visits and hospital stays
may be associated with an increased cardiovascular or mortality
risk. These variables with statistically significant association
on univariable analyses were included in the multivariable model
as time-varying covariates for MACE and death from any cause

(Table S3 in Multimedia Appendix 1). Uncontrolled DM or HT
status was associated with an increased risk of MACE and
all-cause mortality (Table 2). Compared with the well-controlled
group, the event-rate increase of MACE was 28% in the
uncontrolled DM group (HR 1.28, 95% CI 1.23-1.32), 32% in
the uncontrolled HT group (HR 1.32, 95% CI 1.29-1.35), and
54% in the uncontrolled HT and DM group (HR 1.54, 95% CI
1.47-1.60). With respect to death from any cause, the event-rate
increase was 5% in the uncontrolled DM group (HR 1.05, 95%
CI 1.01-1.10), 13% in the uncontrolled HT group (HR 1.13,
95% CI 1.10-1.16), and 17% in the uncontrolled HT and DM
group (HR 1.17, 95% CI 1.12-1.23).

Table 2. Adjusted hazard ratios (HRs) for major adverse cardiovascular event (MACE), death from any cause, and MACE or death from any cause

associated with risk factors (multivariable analysisa).

MACE or death from any causeDeath from any causeMACEControl status of HTb or DMc

P valueHR (95% CI)P valueHR (95% CI)P valueHR (95% CI)

Reference1.00Reference1.00Reference1.00Well-controlled

<.0011.24 (1.22-1.27)<.0011.13 (1.10-1.16)<.0011.32 (1.29-1.35)Uncontrolled HT

<.0011.18 (1.14-1.21)<.0011.05 (1.01-1.10)<.0011.28 (1.23-1.32)Uncontrolled DM

<.0011.36 (1.31-1.40)<.0011.17 (1.12-1.23)<.0011.54 (1.47-1.60)Uncontrolled HT and DM

aThe analysis based on extended Cox models was adjusted for time-dependent variables, such as age, sex, type of national health security program,
income level, BMI, smoking, drinking frequency, exercise frequency, Charlson Comorbidity Index scores, disability severity, number of outpatient
visits and hospitalization days, and medication possession ratio.
bHT: hypertension.
cDM: diabetes mellitus.

Discussion

Principal Findings
This is the first nationwide retrospective cohort study to explore
the latest incidence of MACE or death from any cause by HT
or DM control status and their association, reflecting the
time-varying sociodemographic and clinical characteristics of
the population in South Korea.

We observed that 35.38% (155,765/440,249) of the total cohort
aged 40 to 79 years belonged to the uncontrolled group for HT
or DM in the first index period, and the proportion of
uncontrolled HT or DM appeared to decrease over time.
However, this decreasing trend may be explained by the
exclusion of uncontrolled patients who died or developed MACE
over time in the cohort setting. Medication use is important for
BP or FBG control [7,10]. Approximately 23.24%
(36,192/155,765) of the patients with uncontrolled DM or HT
were prescribed medication. Similar to our study, previous
studies have shown low prescription rates in patients with HT
and DM [3]. Among medication users, uncontrolled HT or DM
accounted for >60% of patients, which was comparable with
the BP and blood glucose control rate of 50% for the treated
patients reported in foreign real-world clinical practice [21,22].
These results may be because possessing a prescribed
medication does not necessarily mean adherence to the
treatment. Nonetheless, our findings emphasize the need for
novel BP- and blood glucose–lowering strategies, along with
managing modifiable risk factors for cardiovascular diseases.
The implementation of an efficient system such as mobile health,

which has been proven effective in controlling HT and DM by
continuously monitoring diseases through improving the health
care delivery process, may be considered [23,24]. Along with
this, sustained, community-wide programs targeting
cardiovascular risk factors and behavioral changes to improve
health would be beneficial [5].

Our study also showed the association between medication use
and MACE or death from any cause (Table S3 in Multimedia
Appendix 1). The risk of MACE or death from any cause was
higher in the poor adherence group (MPR <70%) than in the
adherence group (MPR ≥70%). It is well known that poor
adherence to antihypertensive medication and antidiabetic
medication may increase the risk of cardiovascular events
[25,26]. Therefore, understanding the factors related to
adherence to medication could be the key to preventing MACE
and death. Strategies tailored to the economical, geographical,
sociological, educational, and health care system contexts of
patients are effective in improving adherence to medication
[27]. Further studies are needed to identify the barriers that
affect adherence to medication. In addition, the study showed
that nonmedication users may have a lower risk of MACE or
death from any cause than medication users. A lower risk for
nonmedication users was expected because most of them
achieved controlled BP or glycemic status without medication
use. According to the guidelines on the prevention of
cardiovascular diseases, patients with HT or DM requiring
medication treatment have a higher cardiovascular risk than
those who do not require medication treatment [7].
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The study indicated that poor health behaviors (underweight or
obese, smoking, drinking every day, and no exercise) or more
frequent outpatient visits and hospital stays may be associated
with an increased cardiovascular or mortality risk. These
findings are consistent with previously reported results [28]. In
terms of drinking behavior, a trend toward higher mortality or
cardiovascular risk was observed in nondrinkers than in
moderate drinkers. The causal role of alcohol consumption in
cardiovascular diseases remains unclear [29].

We found that the incidence of MACE in South Korean adults
aged 40 to 79 years was 10.8 to 15.5 and 9.6 to 13.3 per 1000
person-years during the follow-up periods in the uncontrolled
DM and HT groups, respectively. After adjusting for medication
use and other risks, the uncontrolled HT and DM groups had a
1.32-fold and 1.28-fold higher risk of MACE than the
well-controlled group, respectively. In particular, the
uncontrolled HT and DM group had a 1.54-fold higher risk of
MACE than the well-controlled group. The higher incidence in
the uncontrolled group may have been influenced by the
relatively poor health behaviors and low economic status of the
uncontrolled group. These clustered factors are likely to mediate
the impact on ill health and premature mortality [30] and interact
synergistically, increasing the individual’s total risk of
cardiovascular diseases [4]. Most previous studies have
estimated the incidence of cardiovascular disease in newly
diagnosed patients, regardless of the control status of BP or
FBG [2,31]. In an earlier study including patients in South Korea
aged 20 to 89 years with type 2 diabetes, the incidence of
hospitalization for coronary artery disease and cerebrovascular
disease per 1000 person-years was reported as 6.11 and 4.50,
respectively, during 2009 to 2011. These results, which are
lower than those in our study, could be because the study was
conducted on patients with DM who have prescribed medication
and included some patients with controlled DM.

In this study, the patients were older, and the mean age of the
total cohort from 2002 to 2003 was 52 years, and the mean age
of the cohort in 2012 to 2013, excluding patients in whom the
outcomes occurred, was 61 years. Similar to a previous study
[32], the incidence of MACE tended to increase with age in the
uncontrolled HT group and uncontrolled DM group. This trend
was particularly marked for the incidence of death from any
cause. However, in the uncontrolled HT and DM group, the
incidence of MACE was high at a relatively early age, and no
age-related trends were observed. There were quite a few
participants in the uncontrolled HT and DM group in the study,
accounting for 9.68% (15,077/155,765) of the total uncontrolled
group. The percentage of uncontrolled HT and DM group may
be underestimated owing to the masking HT in patients with
high FBG levels [33,34]. HT and DM are common comorbidities
linked by various vascular mechanisms and risk factors and
accelerate each other’s development [35]. The coexistence of
HT and DM contributes to the development of cardiovascular
disease by amplifying vascular damage and endothelial
dysfunction [36]. Therefore, managing these patients at a young
age can substantially reduce the incidence of cardiovascular
diseases. For example, if patients with uncontrolled HT and
DM control their BP and FBG levels at the age of 52 years, the
incidence of MACE would be reduced by 60% (6.2 and 15.2

per 1000 person-years in the well-controlled group and the
uncontrolled HT and DM group, respectively; Table S2 in
Multimedia Appendix 1). These findings indicate that the
uncontrolled HT and DM group requires strict management as
early as possible. For example, more aggressive treatment with
a BP target of <130/80 mm Hg could be considered in adults
with DM and HT, consistent with the American Society’s
recommendation for managing high BP [37].

In traditional Cox regression models, risk factors measured at
baseline are usually associated with clinical outcomes occurring
after a period. However, things may change during follow-up;
either the effect of a fixed baseline risk factor may vary over
time, resulting in a weakening or strengthening of associations
over time, or the risk factor itself may vary over time [38]. Thus,
a more detailed analysis of lifetime risks would take repeated
measures into consideration for potential changes and would
adjust for the time-dependent effect of contributing risk factors
[39]. Lifestyle factors such as medication use, smoking, exercise,
and obesity have changed significantly over the past 20 years
among adults in South Korea [6], and BP and FBG levels are
also factors that change over time. However, few studies have
been conducted taking this into account to examine the
association of control of HT or DM with cardiovascular events
or mortality. This study accounted for changes in these factors
over time. A previous study using traditional Cox analysis
conducted in South Korea found that HT and DM were more
strongly associated with hospitalization for coronary heart
disease than that reported in our results [40]. The conservative
results in our study may be explained by the fact that most
important clinical risk factors such as medication prescription
and adherence were considered and reflected as time-dependent
manners. Our results using extended Cox analysis with adjusting
various time-dependent factors indicated that uncontrolled HT
and uncontrolled DM were independent risk factors for MACE.

This study has several strengths. First, the study used a large
national cohort with a low rate of follow-up loss over a period
of >10 years [17]. Second, when potential risk factors change
over time, it may be inappropriate from a clinical perspective
to correlate all future survival rates with the factors evaluated
at one moment [38]. Thus, time-varying variables such as BP,
FBG, medication prescription, and adherence were adjusted
using extended Cox analysis. It allows for the accurate
attribution of risk factors for each patient at the time of MACE
or death events. Third, as clinical laboratory tests were
performed for all national health screening program participants,
our study included not only diagnosed patients but also patients
who were not aware of HT or DM or were diagnosed but
untreated patients. Diagnosis based on these clinical data
decreases the likelihood of misclassification of disease status,
which causes a bias of estimates of association [41].

Limitations
This study had some limitations. First, BP was measured using
a device validated in various hospitals and clinics certified by
the National Health Insurance Service. However, the BP
measurement devices used at each institution were not uniform,
and the measured values may differ depending on the
measurement method. BP measured using automated office BP
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measurements is generally 5 to 10 mm Hg lower than the typical
manual office BP [42,43]. Second, we used FBG criteria for
the diagnosis of DM, not hemoglobin A1c (HbA1c) criteria,
because the NHIS-HEALS database did not include the HbA1c

variable. However, FBG levels were closely associated with
specific HbA1c levels in the South Korean population, and FBG
criteria were reported to be valid in the South Korean population
[44]. Third, although our study controlled for various measured
confounders, including medication use and patient characteristics
by multivariable analysis, additional or unmeasured confounders
may exist. Fourth, as our data were not linked to the cause of
death data provided by Statistics Korea, we could not estimate
the cause-specific mortality. Fifth, although we considered
time-varying cardiovascular risk profiles and lifestyle using
extended Cox analysis, the trajectories of BP or FBG changes
over the observation period were not reflected. Trajectory
modeling assessing the association of health outcomes with

subgroups of individuals that share similar patterns of laboratory
assessments is a subject worthy of further research [45]. Despite
these limitations, the screening cohort data, including laboratory
results and all health care use information used in this study,
provide a powerful resource for an up-to-date population-based
evaluation.

Conclusions
This study highlights the importance of controlling BP or FBG
levels to reduce the risk of MACE or death. This up-to-date
understanding of the association between BP and FBG control
and cardiovascular events serves as the basic data for planning
public health policies to prevent cardiovascular diseases.
Moreover, the high uncontrolled rates of HT or DM, regardless
of medication prescription, have led us to suggest the need for
novel efficient systems such as a community-wide management
program using mobile health technology that is effective in
continuously controlling high BP and blood glucose levels.
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Abstract

Background: Since the outbreak of the COVID-19 pandemic, identifying the main risk factors has been imperative to properly
manage the public health challenges that the pandemic exposes, such as organizing effective vaccination campaigns. In addition
to gender and age, multimorbidity seems to be 1 of the predisposing factors coming out of many studies investigating the possible
causes of increased susceptibility to SARS-CoV-2 infection and adverse outcomes. However, only a few studies conducted have
used large samples.

Objective: The objective is to evaluate the association between multimorbidity, the probability to be tested, susceptibility, and
the severity of SARS-CoV-2 infection in the Piedmont population (Northern Italy, about 4 million inhabitants). For this purpose,
we considered 5 main outcomes: access to the swab, positivity to SARS-CoV-2, hospitalization, intensive care unit (ICU)
admission, and death within 30 days from the first positive swab.

Methods: Data were obtained from different Piedmont health administrative databases. Subjects aged from 45 to 74 years and
infections diagnosed from February to May 2020 were considered. Multimorbidity was defined both with the Charlson Comorbidity
Index (CCI) and by identifying patients with previous comorbidities, such as diabetes and oncological, cardiovascular, and
respiratory diseases. Multivariable logistic regression models (adjusted for age and month of infection and stratified by gender)
were performed for each outcome. Analyses were also conducted by separating 2 age groups (45-59 and 60-74 years).

Results: Of 1,918,549 subjects, 85,348 (4.4%) performed at least 1 swab, of whom 12,793 (14.9%) tested positive for
SARS-CoV-2. Of these 12,793 subjects, 4644 (36.3%) were hospitalized, 1508 (11.8%) were admitted to the ICU, and 749 (5.9%)
died within 30 days from the first positive swab. Individuals with a higher CCI had a higher probability of being swabbed but a
lower probability of testing positive. We observed the same results when analyzing subjects with previous oncological and
cardiovascular diseases. Moreover, especially in the youngest group, we identified a greater risk of being hospitalized and dying.
Among comorbidities considered in the study, respiratory diseases seemed to be the most likely to increase the risk of having a
positive swab and worse disease outcomes.

Conclusions: Our study shows that patients with multimorbidity, although swabbed more frequently, are less likely to get
infected with SARS-CoV-2, probably due to greater attention on protective methods. Moreover, a history of respiratory diseases
is a risk factor for a worse prognosis of COVID-19. Nonetheless, whatever comorbidities affect the patients, a strong dose-response
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effect was observed between an increased CCI score and COVID-19 hospitalization, ICU admission, and death. These results
are important in terms of public health because they help in identifying a group of subjects who are more prone to worse
SARS-CoV-2 outcomes. This information is important for promoting targeted prevention and developing policies for the
prioritization of public health interventions.

(JMIR Public Health Surveill 2023;9:e41404)   doi:10.2196/41404

KEYWORDS

multimorbidity; SARS-CoV-2; mortality; intensive care unit; epidemiology; COVID-19; pandemic; severity; cardiovascular;
respiratory; disease; risk; public health; intervention

Introduction

Background
Since the outbreak of the COVID-19 pandemic in Italy and the
world, identifying the risk factors for the development of a
severe prognosis in patients with SARS-CoV-2 infection has
been imperative to properly manage public health challenges
that the pandemic exposes. For instance, organizing effective
vaccination campaigns when just a limited number of vaccines
were available was essential, and it is still important at the
moment to decide on the prioritization of new campaigns for
subsequent vaccine doses [1,2]. Moreover, the availability of
accurate information about the possible evolution of the disease
in the presence of risk factors can support the population in the
choice of prudent behaviors aimed at preventing the spread of
the contagion chain, with particular regard to the most
vulnerable individuals.

Many studies in the literature have focused on the
sociodemographic and clinical characteristics that are most
associated with the development of a severe prognosis. Age and
gender play an important role in determining the prognosis of
patients with SARS-CoV-2. The elderly are especially at higher
risk of becoming severely ill [3-5], and males are also a greater
risk of a severe prognosis [5,6]. Among the several mechanisms
proposed to explain the severity of COVID-19 in older adults,
the increased burden of multimorbidity is 1 of the most relevant
[7]. Moreover, several studies also have shown that
multimorbidity affects COVID-19 severity in a way that is age
independent, underscoring the need for an extensive study of
the relationship between multimorbidity and SARS-CoV-2
outcomes [7].

Available evidence related to the identification of comorbidities
that can negatively impact the prognosis in patients with
SARS-CoV-2 refers essentially to observational, cross-sectional,
retrospective cohort studies or case-control studies. There is
general agreement on the role of hypertension, cardiovascular
disease, and diabetes in increasing the risk of severe disease
[5,6,8-10]. Therefore, comorbidities that affect the vascular
system may play a key role in the worsening of clinical
conditions in people affected by COVID-19. Moreover, there
is some consensus on the role that obesity, cancer, chronic
obstructive pulmonary disease (COPD), chronic kidney disease,
and immunodepression could play in aggravating the prognosis
[4-6,9]. However, these associations have been highlighted in
a more sporadic and less uniform way.

In an initial phase, the correlation between the presence and the
number of comorbidities with a more unfavorable outcome was
pointed out to evaluate the prognosis of patients with
SARS-CoV-2 [9]. This tool has been nevertheless effective and
useful in individuating the key feature of the population at risk,
which was crucial during the first phase of the pandemic.

It was in fact observed that subjects with some comorbidities
(measured as a Charlson Comorbidity Index [CCI] [11]) equal
to or greater than 1 are at higher risk of severe COVID-19
outcomes compared to subjects with no comorbidity [12,13].
Moreover, an innovative approach to the SARS-CoV-2
pandemic (the so-called “syndemic approach”) suggests that
both bio-bio and biosocial interactions can act as complex
drivers that increase subjects’ susceptibility to worsen
COVID-19 outcomes [14-17].

Consequently, it is crucial to identify multifactorial profiles,
including social determinants of health, and multimorbidity
patterns associated with COVID-19 outcomes in order to
recognize a broader syndemic health burden in specific
subgroups of subjects with those characteristics [18,19].

Study Design and Aim
This large population-based region-wide study based on
administrative health databases aims to evaluate the association
between multimorbidity and the susceptibility and severity of
SARS-CoV-2 infection in the Piedmont population (Northern
Italy, about 4 million inhabitants) aged from 45 to 74 years,
considering COVID-19 infections diagnosed from February to
May 2020.

Specifically, 5 different main outcomes were considered: access
to the swab, positivity to SARS-CoV-2, hospitalization,
admission to the intensive care unit (ICU), and death within 30
days from the first positive swab.

Methods

Study Population
For the analyses, data were obtained from the Piedmont
Longitudinal Study (PLS), an administrative cohort based on
the anonymous record linkage at the individual level of different
social, health, and administrative databases. This study includes
2011 census data, hospital discharges, a mortality register, an
outpatients register, an exemption register (in Italy, subjects
with at least 1 chronic disease are exempt from paying for
examinations related to their disease), and a drug prescriptions
database. In addition, starting from February 2020, this study
was enriched by the regional platform about COVID-19, in
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which infection data about subjects who had at least 1 contact
with the regional health system related to SARS-CoV-2 are
collected.

The study population comprised all assisted and domiciled
subjects in Piedmont aged from 45 to 74 years. These 2 age
classes were chosen in order to exclude young and elderly
subjects, as they could have influenced the results. Furthermore,
this choice made it possible to exclude the majority of patients
residing in nursing homes in order to avoid any bias. With regard
to SARS-CoV-2 infection, we considered those patients who
developed the infection in Piedmont from February 22, 2020
(when the first case of SARS-CoV-2 was recorded in Italy), to
May 31, 2020.

Variables’ Definitions
Multimorbidity was defined using the CCI [11] retrieved by the
record linkage with data of the hospital discharges and the drug
prescription register between 2015 and 2019. In Multimedia
Appendix 1, Table S1a, we present the algorithm’s definition.

The presence of prevalent oncological, cardiovascular, and
respiratory diseases was also retrieved, as well as prevalent
previous myocardial infarctions, heart failures, cerebrovascular
diseases, and diabetes (algorithms presented in Multimedia
Appendix 1, Table S1b).

Five different outcomes were considered: access to a
SARS-CoV-2 test (nasal swab in almost all cases), positivity
to the test, hospitalization, admission to the ICU, and mortality
within 30 days after testing positive for SARS-CoV-2 infection.
The 4 latter outcomes were compared to both the general
population and to the total tested subjects or the subjects positive
for SARS-CoV-2, as appropriate.

Statistical Analysis
All the variables were described using absolute frequencies and
percentages. For each outcome and exposure, we fitted a
multivariable logistic regression model, in which the odds ratio
(OR) estimates, together with their 95% Cls, were adjusted for
age (used as a continuous variable) and for the month of
infection or the first negative swab, where appropriate.

Moreover, to assess the probability of transition into various
states on the basis of the CCI, multistate models were
implemented. The possible transitions that were considered in
the study involved 3 different states: from positivity to
COVID-19 to hospitalization, from positivity to death within
30 days of the initial positive swab, and from hospitalization to
30-day mortality (Multimedia Appendix 1, Figure S1). In 1
case, the multistate models were stratified by the CCI score and
adjusted for age and the month of infection; in the second case,
the multistate models were adjusted for age, the month of
infection, and the CCI.

All analyses were stratified by gender and 2 different age groups,
45-59 and 60-74 years, because we observed the differences
between gender and age as effect modifiers.

Analyses were performed using SAS (V9.4) and R (V4.2.1).

Ethical Considerations
All analyses were conducted according to the World Medical
Association’s Declaration of Helsinki. In fact, the study is
included in the National Statistical Plan and did not need
approvals or permits from the ethics committee. For privacy
purposes, the data used for analysis were anonymized.

Results

Study Population
Of 1,918,549 assisted and domiciled subjects in Piedmont aged
from 45 to 74 years, 85,348 (4.4%) performed at least 1 swab
during the observation period, of whom 12,793 (14.9%) tested
positive for SARS-CoV-2. Of these 12,793 patients, 4644
(36.3%) were hospitalized due to COVID-19, 1508 (11.8%)
were admitted to the ICU, and 749 (5.9%) died within 30 days
from the first positive swab.

The descriptive statistics related to the exposures and variables
used in the study are shown in Table 1. Among other results,
the most interesting was related to gender. Overall, despite more
women testing positive for SARS-CoV-2 (n=6832, 53.4%),
higher percentages of men were hospitalized (3074/4644,
66.2%), were admitted to the ICU (1118/1508, 74.1%), and
died (558/749, 74.5%). The same trend was observed when
considering age: although more subjects aged 45-59 years tested
positive for SARS-CoV-2 (n=7324, 57.2%), more individuals
aged 60-74 years were hospitalized (2927/4644, 63%), were
admitted to the ICU (1005/1508, 66.6%), and died (629/749,
84%).

Descriptive analyses also showed that multimorbidity (measured
as CCI>1) increased the probability of being swabbed,
hospitalized, admitted to the ICU, and dying from COVID-19.

Table 2 shows the OR estimates, together with their 95% Cls,
related to accessing swabs for the entire population. The results
showed that as the CCI increased, the likelihood of undergoing
swab testing increased for both the male and the female
population. In addition, other estimates indicated that being
affected by 1 of the diseases considered in the study increased
the likelihood of undergoing at least 1 swab test, especially in
the case of heart failure, respiratory diseases, and
cerebrovascular diseases (males aged 45-59 years: OR 2.60,
95% CI 2.30-2.94; males aged 60-74 years: OR 2.71, 95% CI
2.53-2.90; females aged 45-59 years: OR 1.63, 95% CI
1.45-1.85; females aged 60-74 years: OR 3.31, 95% CI
3.04-3.60).

The relationship between multimorbidity and SARS-CoV-2
positivity among those who performed at least 1 swab is shown
in Table 3. The OR estimates indicated an inverse trend: the
likelihood of testing positive for SARS-CoV-2 infection
decreased as the CCI value increased. Moreover, those who
were affected by oncological diseases had a significantly lower
likelihood of testing positive for SARS-CoV-2, especially men
(45-59 years old: OR 0.72, 95% CI 0.55-0.95; 60-74 years old:
OR 0.63, 95% CI 0.53-0.73). Other specific diseases were less
associated with the results of the SARS-CoV-2 infection test.
On the contrary, when compared to the general population,
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multimorbid patients had an increased likelihood of testing
positive (Multimedia Appendix 1, Table S2).

Table 4 shows the results related to the subjects who were
admitted to the hospital from among those who tested positive
for SARS-CoV-2. The results indicated that particularly for
men from the ages of 45 to 59 years, the probability of hospital
admission rose significantly as the CCI score increased (CCI=1:
OR 1.50, 95% CI 1.20-1.88; CCI=2-3: OR 2.14, 95% CI
1.51-3.01; CCI=4+: OR 4.77, 95% CI 2.28-9.99). This also
included females aged 60-74 years (CCI=1: OR 1.22, 95% CI
0.98-1,52; CCI=2-3: OR 2.28, 95% CI 1.74-2.99; CCI=4+: OR
4.22, 95% CI 2.56-6.97). Regarding the specific diseases
considered in the study, the estimates suggested that except in
the case of cerebrovascular diseases, patients affected by
comorbidities had a significantly higher risk of being
hospitalized. The results were similar when considering the
entire population (Multimedia Appendix 1, Table S3).

The results related to admission to the ICU among those who
tested positive with at least 1 swab are shown in Table 5.
Unexpectedly, the association with multimorbidity was weak
except for older women, while only a few associations were
found with the specific diseases investigated. In contrast,
compared to the general population, it emerged that patients
with comorbidities and a higher CCI value had a higher risk of
being admitted to intensive care for SARS-CoV-2 infection,
especially in the case of respiratory diseases (Multimedia
Appendix 1, Table S4).

Table 6 shows the OR estimates related to death within 30 days
from the first positive swab among those who tested positive
for SARS-CoV-2. Results suggested that as the CCI value
increased, the risk of dying from COVID-19 significantly
increased. When analyzing specific comorbidities, the estimates
showed that the risk is significantly higher, especially among
the younger population (eg, oncological diseases: OR 6.03, 95%
CI 3.00-12.12 for males and OR 11.03, 95% CI 3.93-30.96 for
females). Results were confirmed, considering the comparison
with the general population (Multimedia Appendix 1, Table
S5).

Table 7 and Multimedia Appendix 1, Figure S2, illustrate the
outcomes of the multistate models. The probability of being
hospitalized after testing positive for SARS-CoV-2 increased
as the CCI increased, notably in the younger population,
according to the hazard ratio (HR) estimates shown in the table.
Furthermore, it appears that multimorbidity increased the risk
of dying within 30 days of the first infection both without being
hospitalized and after being hospitalized, with the exception of
a small number of cases where some estimates were not
statistically significant due to the low number of cases transiting
among states.

Finally, stratifying the multistate models for the CCI revealed
that both in the younger and the older population, the likelihood
of COVID-19 severe outcomes considerably increased as the
CCI score increased.
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Table 1. Descriptive statistics related to the demographic and clinical characteristics of patients.

Death within 30
days (n=749), n
(%)

Admitted to the ICUa

(n=1508), n (%)

Hospitalization
(n=4644), n (%)

Positivity to
SARS-Cov-2
(n=12,793), n (%)

Access to the
swab (n=85,348),
n (%)

Entire population
(N=1,918,549), n (%)

Variable and category

Gender

558 (74.5)1118 (74.1)3075 (66.2)5961 (46.6)32,129 (37.6)938,610 (48.9)Male

191 (25.5)390 (25.9)1569 (33.8)6832 (53.4)53,219 (62.4)979,939 (51.1)Female

Age (years)

120 (16.0)503 (33.4)1717 (37.0)7324 (57.2)54,672 (64.1)1,062,861 (55.4)45-59

629 (84.0)1005 (66.6)2927 (63.0)5469 (42.8)30,676 (35.9)855,688 (44.6)60-74

Month of first swab

502 (67.0)1079 (71.5)3088 (66.5)5364 (41.9)14,134 (16.6)N/AbFebruary-March

247 (33.0)429 (28.5)1556 (33.5)7429 (58.1)71,214 (83.4)N/AApril-May

CCIc

280 (37.4)837 (55.5)2,599 (56.0)8,620 (67.4)58,775 (68.8)1,442,666 (75.2)0

175 (23.3)361 (23.9)1091 (23.5)2540 (19.8)16,180 (19.0)335,685 (17.5)1

199 (26.6)233 (15.5)710 (15.3)1277 (10.0)8099 (9.5)121,723 (6.3)2-3

95 (12.7)77 (5.1)244 (5.2)356 (2.8)2294 (2.7)18,475 (1.0)4+

82 (11.0)83 (5.5)303 (6.5)525 (4.1)3993 (4.7)58,742 (3.1)Oncological disease

217 (29.0)252 (16.7)797 (17.2)1480 (11.6)9239 (10.8)136,335 (7.1)Cardiovascular disease

129 (17.2)124 (8.2)426 (9.2)751 (5.9)4792 (5.6)50,328 (2.6)Respiratory disease

78 (10.4)99 (6.6)278 (6.0)420 (3.3)2416 (2.8)40,288 (2.1)Myocardial infarction

28 (3.7)22 (1.5)79 (1.7)117 (0.9)762 (0.9)7,817 (0.4)Heart failure

72 (9.6)53 (3.5)186 (4.0)378 (2.9)2197 (2.6)23,753 (1.2)Cerebrovascular disease

239 (31.9)352 (23.3)896 (19.3)1547 (12.1)8335 (9.8)157,214 (8.2)Diabetes

aICU: intensive care unit.
bN/A: not applicable.
cCCI: Charlson Comorbidity Index.
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Table 2. ORa estimates related to access to the swab for the entire population (N=85,348), stratified by gender and age group (1 model for each variable).

FemaleMaleVariable and category

Age 60-74 years (n=15,525,

18.1%), OR (95% CI)b
Age 45-59 years (n=37,694,

44.2%), OR (95% CI)b
Age 60-74 years (n=15,151,

17.8%), OR (95% CI)b
Age 45-59 years (n=16,978,

19.9%), OR (95% CI)b

CCIc

ReferenceReferenceReferenceReference0

1.39 (1.34-1.45)1.22 (1.19-1.26)1.31 (1.26-1.37)1.37 (1.32-1.43)1

2.19 (2.09-2.30)1.37 (1.31-1.45)2.31 (2.21-2.42)2.41 (2.26-2.56)2-3

5.18 (4.73-5.68)2.22 (1.91-2.57)4.93 (4.62-5.26)4.41 (3.93-4.95)4+

1.80 (1.69-1.92)1.18 (1.10-1.27)2.04 (1.93-2.15)2.31 (2.10-2.53)Oncological disease

2.19 (2.09-2.29)1.45 (1.37-1.52)2.11 (2.03-2.19)1.94 (1.84-2.05)Cardiovascular disease

3.34 (3.13-3.55)1.68 (1.57-1.79)3.20 (3.03-3.37)2.41 (2.24-2.59)Respiratory disease

1.94 (1.76-2.14)1.53 (1.32-1.77)1.71 (1.62-1.81)1.57 (1.42-1.74)Myocardial infarction

3.28 (2.81-3.83)1.71 (1.27-2.29)3.07 (2.78-3.40)2.45 (2.00-3.00)Heart failure

3.31 (3.04-3.60)1.63 (1.45-1.85)2.71 (2.53-2.90)2.60 (2.30-2.94)Cerebrovascular disease

1.60 (1.52-1.67)1.21 (1.15-1.27)1.46 (1.40-1.52)1.46 (1.37-1.55)Diabetes

aOR: odds ratio.
bEstimates adjusted for age. All estimates (95% confidence level) were significant.
cCCI: Charlson Comorbidity Index.

Table 3. ORa estimates related to positivity to SARS-CoV-2 among those who performed at least 1 swab (N=12,793), stratified by gender and age
group (1 model for each variable).

FemaleMaleVariable and category

Age 60-74 years (n=2355,

18.4%), OR (95% CI)b
Age 45-59 years (n=4477,

35.0%), OR (95% CI)b
Age 60-74 years (n=3114,

24.3%), OR (95% CI)b
Age 45-59 years (n=2847,

22.3%), OR (95% CI)b

CCIc

ReferenceReferenceReferenceReference0

1.05 (0.94-1.17)1.01 (0.93-1.10)1.07 (0.96-1.19)0.97 (0.87-1.10)1

0.93 (0.81-1.07)0.98 (0.84-1.14)0.86 (0.77-0.97)d0.79 (0.66-0.95)d2-3

0.91 (0.71-1.17)0.67 (0.41-1.09)0.79 (0.67-0.95)d0.60 (0.42-0.86)d4+

0.70 (0.57-0.87)d0.82 (0.66-1.02)0.63 (0.53-0.73)d0.72 (0.55-0.95)dOncological disease

1.02 (0.89-1.16)0.89 (0.77-1.04)0.91 (0.82-1.01)0.80 (0.68-0.94)dCardiovascular disease

1.05 (0.89-1.25)0.82 (0.67-1.02)0.88 (0.76-1.01)0.89 (0.73-1.09)Respiratory disease

1.10 (0.84-1.43)0.58 (0.34-0.99)d0.84 (0.72-0.98)0.83 (0.62-1.12)Myocardial infarction

1.10 (0.74-1.65)0.84 (0.33-2.14)0.78 (0.59-1.04)0.46 (0.22-0.98)dHeart failure

1.12 (0.90-1.41)0.83 (0.56-1.22)1.18 (0.99-1.41)0.95 (0.67-1.35)Cerebrovascular disease

1.11 (0.98-1.27)1.16 (1.01-1.34)d1.25 (1.13-1.39)d1.02 (0.86-1.20)Diabetes

aOR: odds ratio.
bEstimates adjusted for age and the month of the first swab.
cCCI: Charlson Comorbidity Index.
dSignificant estimates (95% confidence level).
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Table 4. ORa estimates related to admission to the hospital among those who tested positive for SARS-CoV-2 (N=4644), stratified by gender and age
group (1 model for each variable).

FemaleMaleVariable and category

Age 60-74 years (n=953,

20.5%), OR (95% CI)b
Age 45-59 years (n=616,

13.3%), OR (95% CI)b
Age 60-74 years (n=1974,

42.5%), OR (95% CI)b
Age 45-59 years (n=1101,

23.7%), OR (95% CI)b

CCIc

ReferenceReferenceReferenceReference0

1.22 (0.98-1.52)1.50 (1.20-1.88)d1.51 (1.23-1.84)d1.50 (1.20-1.88)d1

2.28 (1.74-2.99)d2.49 (1.77-3.50)d1.40 (1.12-1.75)d2.14 (1.51-3.01)d2-3

4.22 (2.56-6.97)d2.45 (0.86-6.94)1.98 (1.41-2.78)d4.77 (2.28-9.99)d4+

1.97 (1.34-2.92)d2.26 (1.39-3.68)d1.27 (0.93-1.73)2.62 (1.52-4.51)dOncological disease

1.52 (1.19-1.95)d1.69 (1.17-2.44)d1.30 (1.01-1.49)d1.53 (1.13-2.08)dCardiovascular disease

2.16 (1.57-2.96)d2.13 (1.31-3.45)d1.47 (1.12-1.92)d2.17 (1.48-3.19)dRespiratory disease

2.36 (1.44-3.89)d2.05 (0.61-6.94)1.47 (1.09-1.97)d1.84 (1.03-3.30)dMyocardial infarction

1.88 (0.90-3.93)1.25 (0.12-12.56)2.18 (1.23-3.86)d7.90 (1.53-40.70)dHeart failure

1.11 (0.73-1.71)1.30 (0.47-3.63)0.92 (0.68-1.26)1.39 (0.69-2.81)Cerebrovascular disease

2.10 (1.64-2.69)d1.89 (1.35-2.63)d1.61 (1.31-1.96)d1.65 (1.20-2.28)dDiabetes

aOR: odds ratio.
bEstimates adjusted for age and the month of the first swab.
cCCI: Charlson Comorbidity Index.
dSignificant estimates (95% confidence level).
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Table 5. ORa estimates related to admission to the ICUb among those who tested positive for SARS-CoV-2 (N=1508), stratified by gender and age
group (1 model for each variable).

FemaleMaleVariable and category

Age 60-74 years (n=257,

17.1%), OR (95% CI)c
Age 45-59 years (n=133,

8.8%), OR (95% CI)c
Age 60-74 years (n=748,

49.6%), OR (95% CI)c
Age 45-59 years (n=370,

24.5%), OR (95% CI)c

CCId

ReferenceReferenceReferenceReference0

1.25 (0.91-1.73)1.06 (0.66-1.70)1.15 (0.94-1.42)1.39 (1.04-1.86)e1

1.89 (1.32-2.71)e2.46 (1.39-4.36)e1.04 (0.82-1.32)1.32 (0.85-2.05)2-3

2.35 (1.32-4.19)e1.33 (0.17-10.35)1.09 (0.77-1.54)1.91 (0.83-4.39)4+

0.97 (0.55-1.71)0.91 (0.28-2.94)0.86 (0.62-1.20)1.44 (0.74-2.80)Oncological disease

1.23 (0.87-1.75)2.02 (1.08-3.76)e0.84 (0.68-1.03)1.58 (1.09-2.30)eCardiovascular disease

1.53 (1.01-2.32)e1.92 (0.81-4.51)0.84 (0.63-1.14)1.53 (0.96-2.45)Respiratory disease

1.75 (0.95-3.22)2.00 (0.25-15.85)1.04 (0.77-1.40)2.05 (1.08-3.86)eMyocardial infarction

1.39 (0.52-3.69)N/A1.16 (0.66-2.06)N/AfHeart failure

0.94 (0.49-1.80)1.08 (0.14-8.21)0.74 (0.50-1.08)1.39 (0.55-3.50)Cerebrovascular disease

2.14 (1.57-2.92)e2.58 (1.51-4.42)e1.58 (1.31-1.92)e1.43 (0.98-2.11)Diabetes

aOR: odds ratio.
bICU: intensive care unit.
cEstimates adjusted for age and the month of the first swab.
dCCI: Charlson Comorbidity Index.
eSignificant estimates (95% confidence level).
fN/A: not applicable.
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Table 6. ORa estimates related to death within 30 days from the first positive swab among those who tested positive to SARS-CoV-2 (N=749), stratified
by gender and age group (1 model for each variable).

FemaleMaleVariable and category

Age 60-74 years (n=257,

17.1%), OR (95% CI)b
Age 45-59 years (n=133,

8.8%), OR (95% CI)b
Age 60-74 years (n=748,

49.6%), OR (95% CI)b
Age 45-59 years (n=370,

24.5%), OR (95% CI)b

CCIc

ReferenceReferenceReferenceReference0

1.50 (0.99-2.27)2.26 (0.68-7.56)1.33 (1.02-1.74)d1.56 (0.89-2.75)1

2.43 (1.58-3.73)d16.80 (6.35-44.45)d2.24 (1.72-2.91)d5.33 (3.06-9.27)d2-3

5.90 (3.31-10.52)d31.88 (5.96-170.43)d3.26 (2.29-4.64)d17.32 (7.91-37.90)d4+

1.38 (0.77-2.47)11.03 (3.93-30.96)d1.46 (1.04-2.05)d6.03 (3.00-12.12)dOncological disease

2.04(1.41-2.94)d2.81 (0.82-9.62)1.56 (1.24-1.95)d3.52 (2.12-5.86)dCardiovascular disease

2.92 (1.91-4.45)d5.88 (1.70-20.39)d2.07 (1.54-2.78)d3.89 (2.16-7.02)dRespiratory disease

2.16 (1.41-2.94)dN/Ae1.50 (1.09-2.06)d2.80 (1.15-6.81)dMyocardial infarction

6.04 (2.70-13.53)dN/A1.79 (0.99-3.23)8.42 (1.66-42.77)dHeart failure

2.06 (1.17-3.65)dN/A1.96 (1.38-2.79)d5.68 (2.24-14.36)dCerebrovascular disease

2.35 (1.64-3.35)d5.72 (2.21-14.79)d1.79 (1.43-2.23)d2.36 (1.34-4.15)dDiabetes

aOR: odds ratio.
bEstimates adjusted for age and the month of the first swab.
cCCI: Charlson Comorbidity Index.
dSignificant estimates (95% confidence level).
eN/A: not applicable.
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Table 7. HRa estimates related to multistate models for each possible transition, stratified by gender and age group.

Female (age 60-74

years), HR (95% CI)c
Female (age 45-59

years), HR (95% CI)c
Male (age 60-74 years),

HR (95% CI)c
Male (age 45-59 years),

HR (95% CI)c
CCIb

Positive --> hospitalization

ReferenceReferenceReferenceReference0

1.19 (1.01-1.39)1.43 (1.17-1.75)1.19 (1.06-1.33)1.34 (1.15-1.56)1

1.61 (1.34-1.93)2.49 (1.90-3.26)1.09 (0.96-1.23)1.48 (1.18-1.86)2-3

2.39 (1.81-3.16)2.42 (1.09.5.33)1.25 (1.04-1.49)2.71 (1.85-3.97)4+

Positive --> death within 30 days from first infection

ReferenceReferenceReferenceReference0

2.67 (1.05-6.80)N/Ad0.73 (0.29-1.87)3.87 (0.01-infinity)1

4.13 (1.53-11.12)22.57 (2.32-219.69)2.10 (1.03-4.28)1.20 (0.01-infinity)2-3

7.69 (2.00-29.52)N/A3.33 (1.37-8.11)220750.22 (0.01-infini-
ty)

4+

Hospitalization --> death within 30 days from first infection

ReferenceReferenceReferenceReference0

1.40 (0.89-2.21)8.29 (2.81-24.38)1.22 (0.94-1.59)1.42 (0.30-6.61)1

1.61 (0.99-2.61)0.03 (0.01-37674.39)1.92 (1.49-2.49)5.10 (1.34-19.44)2-3

3.46 (1.98-6.04)0.41 (0.01-93403.78)2.38 (1.71-3.31)728.13 (355.06-
1493.24)

4+

aHR: hazard ratio.
bCCI: Charlson Comorbidity Index.
cEstimated adjusted for age and the month of the first swab.
dN/A: not applicable.

Discussion

Principal Findings
In this study, we analyzed the association between
multimorbidity and SARS-CoV-2 outcomes in the population
of the large Italian region of Piedmont. It emerged that
multimorbidity is a strong risk factor for a worse prognosis of
COVID-19, especially in the younger population. In addition,
results highlighted that although subjects with previous diseases
were more likely to be swabbed, they had a general lower risk
of being infected.

Regarding access to the swab during the first wave of the
COVID-19 pandemic, the estimates showed that the likelihood
of being swabbed was greater for patients with previous
diseases, regardless of the kind of disease, and this risk increased
with the increase in multimorbidity (measured as the CCI). This
is consistent with what was observed during the outbreak of the
COVID-19 pandemic in early 2020, when only few laboratories
were equipped for performing the SARS-CoV-2 test from nasal
swabs and the Italian government published strict clinical and
epidemiological criteria for accessing the tests (among those,
subjects with a chronic disease are considered at higher risk),
which were also limited in availability [20]. In addition, from
April 2020, patients with chronic diseases were swabbed to
access outpatient services, such as dialysis or cancer treatments.

Focusing on positivity to SARS-CoV-2, when considering the
entire population, it emerged that the risk of infection is higher
for subjects with previous comorbidities, in line with other
studies [21,22]. This occurs because subjects affected by
comorbidities, due to poor clinical conditions, generally perform
more swabs compared to healthy subjects; thus, their probability
of testing positive for COVID-19 is higher. In contrast, when
investigating the likelihood of testing positive only among those
who performed at least 1 swab, we identified that patients with
comorbidities are less likely to test positive for SARS-CoV-2.
This result could be due to the fact that subjects with poorer
clinical conditions pay more attention to protective methods,
such as social distancing, wearing masks, handwashing, and
avoiding overcrowded places, which significantly reduce the
risk of SARS-CoV-2 infection [23].

In our investigation of hospitalization, we also found that
multimorbidity, which in our study was measured through the
CCI, is a strong risk factor for a worse prognosis of COVID-19.
This is consistent with a number of studies conducted on the
topic [12,13,24].

Among all possible comorbidities, Chudasama et al [24]
identified in their study that pre-existing hypertension is the
most prevalent condition in subjects affected by severe
SARS-CoV-2 infection, and it mainly coexists with other
previous comorbidities: stroke, diabetes, and chronic kidney
disease. However, the risk of severe COVID-19 is highest in
patients affected by both previous diabetes and pre-existing
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chronic kidney disease. One of the possible reasons patients
with multiple comorbidities have an increased risk of developing
severe SARS-CoV-2 is that they generally use inhibitors of the
renin-angiotensin system (RAS) to limit the effect of their
comorbidities. These inhibitors cause the overexpression of
angiotensin-converting enzyme 2 (ACE2), which in turn
facilitates the entry of SARS-CoV-2 into human target cells. In
addition, high levels of some biomarkers, such as C-reactive
protein, D-dimer, procalcitonin, and ferritin, in individuals with
multiple comorbidities may lead or contribute to a worse
prognosis of COVID-19 [13]. In fact, it has been found that
these biomarkers are often elevated in subjects who contract
severe infection.

In our study, we also identified that the risk of being admitted
to the ICU among those who tested positive to the virus was
not significantly higher for subjects affected by multimorbidity,
except in a few cases, such as cardiovascular diseases and
diabetes. Given the findings that emerged from our research in
relation to hospital admissions and death, this result would seem
to be counterintuitive. This finding may be attributable to the
decisions made by health care professionals during the first
pandemic wave about which patients to admit to intensive care
and which not to admit. In fact, health care professionals had
to choose which subjects to admit to the ICU on the basis of
their clinical conditions, the number and severity of
comorbidities, age, and possible benefits of admission, also due
in the peak weeks of the pandemic to the limited number of
beds available. Only subjects with the highest clinical outcomes
and potential benefits were therefore admitted to the ICU. The
mortality data support this explanation; in fact, as expected, the
probability of dying from COVID-19 increased dramatically as
the CCI value increased.

Considering specific comorbidities, we found that subjects with
almost all previous comorbidities have a greater risk of
developing a worse prognosis of COVID-19, considering both
the general population and only patients with SARS-CoV-2.
This is in line with other studies that have highlighted this topic.
According to some research that investigated the relationship
between oncological diseases and SARS-CoV-2–related
outcomes [25-27], people with cancer have a greater risk of
developing a worse prognosis of COVID-19. This finding could
be due to the fact that patients with cancer are particularly
susceptible to the immunosuppressive state caused by antitumor
therapies received, such as radiotherapy and chemotherapy [26].
In addition, the risk of COVID-19 severity has been found to
be higher for individuals who received their last chemotherapy
within 14 days of admission [28].

Further studies that have investigated the association between
cardiovascular or cerebrovascular diseases and COVID-19
outcomes found that the risk of severe SARS-CoV-2 is
significantly higher for subjects affected by these comorbidities
[8,29]. Furthermore, according to a meta-analysis conducted
on 56 studies [30], it was shown that the risk of developing
severe COVID-19 is greater, considering patients with
SARS-CoV-2 and any pre-existing cardiovascular diseases and
also when considering specific cardiovascular comorbidities
separately, such as acute cardiac injury or heart failure, as shown
in our study. This association could be due to the fact that drugs

used to limit cardiovascular and cerebrovascular risk, such as
ACE inhibitors and angiotensin II receptor blockers (ARBs),
have numerous effects that could influence the susceptibility to
or the severity of COVID-19. In fact, it was demonstrated that
ACE inhibitors and ARBs increase the expression of ACE2,
which is the viral receptor for SARS-COV-2 and facilitates the
virus entry into pneumocytes [29,31].

In relation to diabetes, several studies have also shown that it
is a risk factor for the mortality and severity of COVID-19. In
fact, according to different studies and meta-analyses [32-35],
the risk of contracting severe SARS-CoV-2 or dying from the
virus infection has been found to be significantly higher for
patients with diabetes. One possible reason for this is that
subjects with diabetes have a higher risk of uncontrolled
inflammatory response, higher levels of tissue injury–related
enzymes, a higher hypercoagulable state, and higher serum
levels of inflammatory biomarkers, such as C-reactive protein,
D-dimer, interleukin-6 (IL-6), serum ferritin, and coagulation
index. This greater susceptibility to an inflammatory status
could lead to a worse prognosis of COVID-19, especially in
patients with poor glycemic control, since hyperglycemia is a
powerful antagonist of the immune response [32,36]. In addition,
these subjects also have an immune system downregulated by
impairing the function of innate immunity, such as chemotaxis
and the activity of neutrophils and macrophages, that could lead
to severe COVID-19 outcomes or mortality [35].

Other studies have instead found a relationship between
pre-existing respiratory comorbidities and the risk of developing
a worse prognosis of COVID-19, especially in the case of
COPD, asthma, and obstructive sleep apnea (OSA) [37-39].
This association, on the one hand, is due to the fact that previous
respiratory diseases could worsen lung function, could make
the airways hypersensitive, and could cause immune alteration
in the patients, possibly leading to subjects contracting more
severe SARS-CoV-2 [38]. On the other hand, especially in the
case of pre-existing OSA, hypercapnia and hypoxemia, surges
of sympathetic activation, and increased inflammatory markers
may contribute to contracting more severe SARS-CoV-2 [39].

Although in our study, we only investigated diabetes and
oncological, cardiovascular, cerebrovascular, and respiratory
diseases, previous research has shown that other comorbidities,
such as chronic liver and chronic kidney diseases, are also
associated with a more severe prognosis of COVID-19 [40,41].

Strengths and Limitations
This study represents an advance on what is already present in
the literature. In fact, compared to what has been investigated
on this topic to date, in this research, (1) a population study was
conducted instead of a clinical study, which made it possible
both to have a much larger number of people available and to
investigate what happened in an entire region and not only in
hospitals or health care institutions, whose studies are generally
conducted in more advanced facilities (eg, university hospitals);
(2) the period analyzed in the study (ie, the first wave of the
COVID-19 pandemic) made it possible to obtain results that
are not influenced by the various organized
prevention/vaccination strategies implemented subsequently;
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and (3) the assessment of the probability to be tested could be
a bias in susceptibility evaluation.

The main limitation of this study is that data derived from record
linkage of health administrative databases, where information
bias (although not differential) is present, and depth of
information were limited. A further limitation is that data were
based only on the first wave of the pandemic. Moreover, the
administrative nature of the sample was not able to capture the
social elements that could be used to fully conceive a syndemic
approach; however, the obtained results identified a
disease-disease interaction that could be the basis for further
research in this framework.

Conclusion
In a sample of nearly 2 million subjects, our study is 1 of the
first to assess the association between multimorbidity and all
SARS-CoV-2–related outcomes. Our findings show that during
the first wave of the pandemic, patients with multimorbidity
were closely monitored, as proven by a high frequency of tests
for SARS-CoV-2. However, although swabbed more frequently,
they appeared to be less likely to become infected with

SARS-CoV-2, probably due to greater attention paid to
protective methods. However, a history of respiratory diseases
is a risk factor for a worse prognosis of COVID-19. Nonetheless,
whatever comorbidities affect the patients, a strong
dose-response effect was observed between an increased CCI
score and COVID-19 hospitalization, ICU admission, and death.

These results are critical to public health policy and planning
as they help in identifying a group of subjects who are more
prone to worse SARS-CoV-2 outcomes. This information is
particularly important for the current pandemic scenario, where
the emergency has given way to the SARS-CoV-2 pandemic's
embeddedness into daily life. In fact, these results suggest that
future clinical and public health interventions (eg, vaccination
prioritization, early monoclonal antibody treatment, prevention
measurement and campaigns) should be centered on the
multimorbid patient category because they are more likely to
need to be protected from COVID-19 severe outcomes.
Furthermore, the early response to the COVID-19 pandemic
provided a framework for our observations that might be
applicable to future health challenges. It will be crucial for future
research to investigate the biosocial relationship in this context.
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OR: odds ratio
OSA: obstructive sleep apnea
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Abstract

Background: Suicidal behaviors, including suicide deaths and attempts, are major public health concerns. However, previous
suicide models required a huge amount of input features, resulting in limited applicability in clinical practice.

Objective: We aimed to construct applicable models (ie, with limited features) for short- and long-term suicidal behavior
prediction. We further validated these models among individuals with different genetic risks of suicide.

Methods: Based on the prospective cohort of UK Biobank, we included 223 (0.06%) eligible cases of suicide attempts or deaths,
according to hospital inpatient or death register data within 1 year from baseline and randomly selected 4460 (1.18%) controls
(1:20) without such records. We similarly identified 833 (0.22%) cases of suicidal behaviors 1 to 6 years from baseline and 16,660
(4.42%) corresponding controls. Based on 143 input features, mainly including sociodemographic, environmental, and psychosocial
factors; medical history; and polygenic risk scores (PRS) for suicidality, we applied a bagged balanced light gradient-boosting
machine (LightGBM) with stratified 10-fold cross-validation and grid-search to construct the full prediction models for suicide
attempts or deaths within 1 year or between 1 and 6 years. The Shapley Additive Explanations (SHAP) approach was used to
quantify the importance of input features, and the top 20 features with the highest SHAP values were selected to train the applicable
models. The external validity of the established models was assessed among 50,310 individuals who participated in UK Biobank
repeated assessments both overall and by the level of PRS for suicidality.

Results: Individuals with suicidal behaviors were on average 56 years old, with equal sex distribution. The application of these
full models in the external validation data set demonstrated good model performance, with the area under the receiver operating
characteristic (AUROC) curves of 0.919 and 0.892 within 1 year and between 1 and 6 years, respectively. Importantly, the
applicable models with the top 20 most important features showed comparable external-validated performance (AUROC curves
of 0.901 and 0.885) as the full models, based on which we found that individuals in the top quintile of predicted risk accounted
for 91.7% (n=11) and 80.7% (n=25) of all suicidality cases within 1 year and during 1 to 6 years, respectively. We further obtained
comparable prediction accuracy when applying these models to subpopulations with different genetic susceptibilities to suicidality.
For example, for the 1-year risk prediction, the AUROC curves were 0.907 and 0.885 for the high (>2nd tertile of PRS) and low
(<1st) genetic susceptibilities groups, respectively.
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Conclusions: We established applicable machine learning–based models for predicting both the short- and long-term risk of
suicidality with high accuracy across populations of varying genetic risk for suicide, highlighting a cost-effective method of
identifying individuals with a high risk of suicidality.

(JMIR Public Health Surveill 2023;9:e43419)   doi:10.2196/43419

KEYWORDS

suicide; suicidal behaviors; risk prediction; machine learning approach; genetic susceptibility; machine learning; behavior; data;
model; sex; risk; cost-effective

Introduction

According to the estimation of the Global Burden of Disease
study, approximately 800,000 people die by suicide every year
[1], which translates to the astonishing number of 1 person dying
by suicide every 40 seconds. In the United Kingdom, there were
5691 deaths by suicide registered in England and Wales in 2019,
which corresponded to an age-standardized rate of 11 deaths
per 100,000 people [2]. Importantly, behind the number of
suicidal deaths, there is a much higher incidence of suicide
attempts requiring further research. From 2000 to 2010, a
prospective study using data from 5 emergency departments in
the United Kingdom identified 38,415 individuals who presented
at an emergency department following a suicide attempt [3],
among which only 261 (0.7%) died. This finding implies that
the population targeted for suicide prevention, such as timely
psychological support, is considerably larger. However, only
28% of people who attempt suicide in the United Kingdom have
previously received psychiatric services [4]. Therefore, it is
urgent to improve the identification of individuals at high risk
for suicidality to improve suicide prevention.

The previous research suggests that the mechanisms of
suicidality are complex and multifactorial [5], likely involving
interactions between genetic, psychological (including traumatic
experiences), and socioeconomic or other environmental factors
[6,7]. This report might explain the suboptimal accuracy of
suicidality prediction based on traditional statistical models, for
example, with the area under the receiver operating characteristic
(AUROC) curve reported to be 0.58 in a meta-analysis of 367
studies, which was only slightly better than a prediction of
chance [8].

Alternatively, as tools that can deal with multidimensional data,
artificial intelligence techniques (including machine learning)
that have been widely used to uncover predictions of multiple
diseases [9-11] might have the potential to improve the
prediction of suicidality. Indeed, based on data from electronic
medical records and mental health questionnaires, as well as
sociodemographic factors, researchers have constructed machine
learning models that obtained good performance
(AUROC=0.590-0.930) for suicidality prediction in the high-risk
population [12]. Likewise, more recent efforts to predict suicide
attempts or deaths in the general population using this approach
have yielded promising results, showing AUROC curves of
0.80 and 0.88 among men and women, respectively, in a Danish
population and an AUROC curve of 0.857 among participants
in the National Alcohol Epidemiological Survey in the United
States [13,14]. However, prior studies did not consider several
important factors, such as genetic background [7] and lifestyle

factors (eg, diet, physical activity, and sleep) [15,16]. In
addition, all these existing models require many input variables
(2554 and 2978 inputted features for the Danish and US study,
respectively), which have limited implications for daily practice.

Taking advantage of enriched information about suicidality and
environmental factors, as well as the available individual-level
genotyping data in UK Biobank, we aimed to construct
applicable models using a machine learning approach (ie, with
limited features) to predict suicidal behavior over both the short
and long term. To test the robustness of our models, we validate
them among individuals with different genetic risks of suicide.

Methods

Data Source
A prospective UK Biobank cohort recruited 502,507 participants
aged 40 to 69 years across the United Kingdom between 2006
and 2010 [17], which coincides with a high-risk age group of
suicide among men and women [18]. At recruitment, all
participants filled out questionnaires covering information on
sociodemographic, lifestyle, and health–related factors, with a
physical examination and collection of biological samples
performed during the initial assessment. After recruitment, a
proportion was invited several years later to repeat the
assessment. In that study, 20,334 participants received a first
repeated assessment in 2012 and 2013 and 51,131 received a
second repeated assessment visit in 2014.

To track health-related outcomes, UK Biobank data have been
linked periodically to multiple national registries with the
participants’ consent [17]. The inpatient hospital data were
obtained through linked hospital records in England, Scotland,
and Wales, which were mapped from the Hospital Episode
Statistics in England, the Scottish Morbidity Record, and the
Patient Episode Database in Wales [19]. Primary care data were
obtained from multiple data suppliers, including the Phoenix
Partnership and Egton Medical Information Systems, which
cover approximately 45% of UK Biobank participants [20]. The
mortality data were obtained from national death registers, such
as the National Health Services (NHS) Digital Registry and the
NHS Central Registry [21].

In this study, among the 502,507 UK Biobank participants, we
excluded 48 individuals who had withdrawn from the UK
Biobank. To ensure the measurement of genetic susceptibility
for suicidality, 376,878 individuals with White ancestry and
eligible genotyping data were included in the analysis (Figure
1A). Specifically, the polygenic risk score (PRS) was used as
an index of genetic susceptibility, which was generated based
on the genome-wide association study (GWAS) summary
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statistics (ie, effect sizes and standard errors for the variants)
from an independent sample of 50,264 Danish residents
involving 6,024 cases with an incidence of suicide attempt and
44,240 controls [22]. In addition to removing individuals with
nonhomogenous European ancestry, this GWAS study applied
principal components of genetic ancestry to take into account
the effect of population stratification. We computed the PRS
using LDPred2, a method of PRS calculation based on a matrix
of correlations between genetic variants, which is faster, more

accurate, and more robust than the LDPred14 [23]. In a
validation step, the calculated PRS showed a high consistency
with the studied phenotype (ie, suicidal behaviors) in our study
population, yielding a mean area under the curve of 0.550 and
an odds ratio of 2.34 (95% CI 1.66-3.29) by a unit increase in
the PRS. During the analysis, we defined the genetic risk levels
of suicidality as low (<1st tertile of the PRS), moderate (1st-2nd
tertile), and high (>2nd tertile).

Figure 1. Flowchart of the study. AUROC: area under the receiver operator curve; CV: corss validation; LightGBM: light gradient-boosting machine;
NPV: negative predictive value; PCA: principal component analysis; PPV: positive predictive value.

Ethics Approval
UK Biobank has full ethical approval from the NHS National
Research Ethics Service (16/NW/0274), and informed consent
was obtained before data collection from each participant. This
study was also approved by the biomedical research ethics
committee of West China Hospital (2019-1171).

Ascertainment of Suicidal Behaviors
To expand the application of our models to suicide prevention,
both suicide attempts and deaths identified during the study
period were considered suicidal behaviors of interest, which is
consistent with previous studies [24,25]. Specifically, death by
suicide was defined as death with suicide as the underlying
cause of death and documented by its correspondence to the
International Classification of Diseases 9th revision (ICD-9)
and 10th revision (ICD-10) codes (ie, ICD-10: X60-84 and
Y10-34; ICD-9: E950-958) [24,25] in the death register. Suicide
attempts were considered as hospital admissions with a diagnosis
of intentional self-harm (ICD 10: X60-84 and ICD-9: E950-958)
or self-harm of undetermined intent (ICD-10: Y10-34) [24,25].
With relatively stable age- and sex-standardized incidence rates,
the absolute number of suicide attempts and deaths was high
within the first year of enrollment and dropped gradually to half

that number in 6th year (Figure S1 of Multimedia Appendix 1
[26-28]). Thus, the outcomes of interest were suicidal behaviors
occurring within 1 year (ie, short term) and 1 to 6 years (ie, long
term) after the recruitment. We considered individuals with
suicide attempts before the recruitment as those having a history
of suicide attempts.

Data Set Construction
We constructed separate data sets for predicting suicidal
behaviors within 1 year and 1 to 6 years. For the short-term risk
prediction, we identified cases of suicide attempts or deaths at
least 1 time within 1 year after recruitment (n=223). Controls
(n=4460) were randomly selected (1:20 allocation ratio) from
the remaining participants who were eligible, alive, and free of
suicidal behaviors 1 year after the recruitment, resulting in a
data set consisting of 4683 participants (Figure 1A). The same
strategies were applied to constructing data sets for long-term
(ie, 1 to 6 years) suicide risk prediction, yielding a full data set
of 17,493 participants, with 833 (4.8%) and 16,660 (95.2%)
cases and controls, respectively.

The 2 aforementioned data sets were then used as discovery
data sets for model training and the assessment of internal
validity. We additionally used a subsample comprising 50,310
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participants of White ancestry from UK Biobank who
participated in the repeat assessments. Among this subsample,
there were 12 (0.02%) and 31 (0.06%) individuals who
attempted or died by suicide within 1 year or during 1 to 6 years
after their repeat measurements, respectively, as the validation
data set for assessing external validity.

Feature Processing and Filtering
Taking full advantage of the diversity of variables in UK
Biobank, we generated a feature list involving multidimensional
factors. Due to difficulties obtaining individual genetic data in
the real world, we did not involve the PRS in the construction
of the prediction models, but we subsequently validated the
suicide prediction models with the subgroups of varying (ie,
high and low) genetic susceptibility to suicidality to demonstrate
their robustness. Information regarding sociodemographic,
environmental, and psychosocial factors was derived from the
data collected at recruitment using the touchscreen or
face-to-face interview questionnaires. For categorical variables
(eg, “In general, how would you rate your overall health?”),
UK Biobank assigns negative values to categories denoting
missingness (ie, −1 refers to “Prefer not to answer,” and −3
refers to “Do not know”). Therefore, we recorded those negative
values as “NA.” Specifically, instead of directly using variables
collected through a generic diet questionnaire, we identified
dietary patterns based on the results of principal component
analysis with varimax rotation (Figure S2 of Multimedia
Appendix 1). They were referred to as the prudent, western, and
open-sandwich patterns [26], yielding variables with top factor
loadings in each component (Table S1 in Multimedia Appendix
1). Medical data included the physical examinations (eg, pulse
rate, blood pressure, and grip strength of both hands) conducted
during the initial medical center visit, and we calculated mean
values when multiple records existed. Additionally, a history
of psychiatric disorders was defined as any previous diagnosis
of psychiatric disorders before baseline (ICD-10: any F), which
was identified through self-reported, hospital inpatient, and
primary care data. To consider the influence of somatic fitness,
we generated time-varying (0 to 1 and 1 to 4 years before the
recruitment) dichotomous variables for each subtype of severe
somatic diseases [29]. For the analyses of the total study
population, the level of genetic susceptibility to suicidality (low,
moderate, or high) was also considered a candidate feature.

After excluding variables with over 15% of missing or irrelevant
data (eg, device ID, seated boxing height, and hair color), we
included a total of 143 features. The coding book of the included
features is shown in Table S2 of Multimedia Appendix 1.

Model Training and Validation
We constructed prediction models using all eligible features.
The balanced bagging algorithm is proven to have good
performance for classification models with class-imbalanced
data [14]. Moreover, the light gradient-boosting machine
(LightGBM) [30], as a gradient-boosting algorithm, has been
widely applied in machine learning research due to its fast
computational speed, high accuracy, and ability to handle
missing values [11]. Therefore, considering the data imbalance
and the existence of missing values, we used the balanced
bagging LightGBM approach to achieve high classification

accuracy and fast computation speed, which bagged 1000
balanced LightGBM classifiers (ie, using “class_weight”
=“balanced”) after random downsampling [31]. We tuned the
parameters by using stratified 10-fold cross-validation and
grid-search, with the best combination of hyperparameters
shown in the Methods section of Multimedia Appendix 1. Each
of the 1000 balanced LightGBM classifiers randomly selected
subsamples from the group of the minority class (ie, those who
had suicidal behavior) and matched samples with the same size
from the group of the majority class (ie, those who had no
suicidal behavior) to construct case-control samples (ie, the
in-bag set). The randomly selected case-control samples were
applied to train balanced LightGBM classifiers, and the
remaining sample, referred to as the out-of-bag (OOB) set, was
used to estimate the prediction of the suicide risk score of the
OOB set.

We defined the OOB set as the internal validation set.
Specifically, we aggregated the predicted suicide risk scores of
the OOB set from the 1000 balanced LightGBM classifiers to
estimate the internal validated predicted error [32], and we
regarded the models with the highest OOB AUROCs as optimal.
Then, we computed the predicted suicide risk scores of the
externally validated data sets from the repeated assessments for
the optimal model. Due to the lack of agreement regarding
which of the risk thresholds of classification provides the most
sufficient clinical utility, we computed the AUROC [13,24],
sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) at different suicide risk score
thresholds.

Model Explanation
Interpretations of the models were measured using the Shapley
Additive Explanations (SHAP) approach, which quantifies the
relationship of the input features with the outcome [33].
Specifically, we computed the contribution of all the features
to the studied suicidal behaviors for each participant and
assigned each feature an importance score (ie, a SHAP value)
after considering its interactions with the remaining features.
The absolute values of the average SHAP values were presented
as a bar plot illustrating the relative importance of these input
features for the models’ predictions at the population level.

Applicable Prediction Models
To facilitate the application of the prediction models, we
conducted feature reduction by illustrating the changes in the
prediction accuracy of the models with different numbers of
input features (ie, those with top 10, 20, 50, and 100 SHAP
values) [34,35]. As shown in Figure S3 of Multimedia Appendix
1, the models for predicting suicidal behaviors within 1 year
and from 1 to 6 years both achieved overall good performance
when the input feature dimension with the highest SHAP value
was increased to 20, so we considered the models with 20 input
features as the applicable prediction models which might
facilitate the future implication.

Model Validation Among Individuals With Different
Genetic Susceptibilities
To illustrate the robustness of the suicide prediction models,
we validated both full and applicable models in the whole
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population as well as subgroups of varying (ie, high and low)
genetic susceptibility to suicidality by computing the OOB
performance of these models.

We performed the data set construction and calculation of the
PRS using R software version 3.6.1 (Lucent Technologies Co).
The machine learning model development was achieved using
Python software version 3.6 (Software Foundation),
imbalanced-learn 0.9.0, and lightgbm version 3.2.1. We
conducted the model interpretation analysis using SHAP version
0.38.1. We then analyzed the models’ performance and plot
creation using scikit-learn version 1.0.2 and matplotlib version
3.3.2, respectively.

Results

Study Population Characteristics
The data sets for the prediction of suicidal behavior prediction
within 1 year and for 1 to 6 years showed largely comparable
characteristics at baseline (Table 1). We obtained similar ages,
with mean ages of 56.75 (SD 8.03) and 56.65 (SD 7.99) years,
respectively, and female-to-male sex distributions of 1:1.13 and
1:1.20, respectively. However, the characteristics of the
validation sample for external validity (ie, individuals involved
in the repeat assessments) were different from the discovery
sample (ie, individuals recruited in the initial assessment visit),
characterized by older age, more likely to have a history of
psychiatric disorders, and lived in their own accommodation at
time of data collection (Table 1).
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Table 1. Basic characteristics of analytic samples for the construction of prediction models for 1 year and 1 to 6 years.

External validation (n=50,310)DiscoveryCharacteristics

1 to 6 years (n=17,493)Within 1 year (n=4683)

63.24 (7.49)56.65 (7.99)56.75 (8.03)Age (years), mean (SD)

Gender, n (%)

25,675 (51)9537 (54.5)2480 (53)Female

24,635 (49)7956 (45.5)2203 (47)Male

History of psychiatric disorders, n (%)

39,226 (78)14,371 (82.2)3760 (80.3)No

11,084 (22)3122 (17.8)923 (19.7)Yes

History of suicide attempt n (%)

50,108 (99.6)17,270 (98.7)4574 (97.7)No

202 (0.4)223 (1.3)109 (2.3)Yes

Have you ever seen a psychiatrist for nerves, anxiety, tension, or depression? n (%)

45,372 (90.2)15,188 (86.8)3999 (85.4)No

4556 (9.1)2248 (12.9)660 (14.1)Yes

382 (0.8)57 (0.3)24 (0.5)Missing

Have you ever seen a general practitioner for nerves, anxiety, tension, or depression? n (%)

34,168 (67.9)11,181 (63.9)2882 (61.5)No

15,685 (31.2)6215 (35.5)1768 (37.8)Yes

457 (0.9)97 (0.6)33 (0.7)Missing

In the past, how often have you smoked tobacco? n (%)

11,900 (23.7)4237 (24.2)1212 (25.9)Smoked on most or all days

6061 (12)2231 (12.8)573 (12.2)Smoked occasionally

7983 (15.9)2634 (15.1)685 (14.6)Just tried once or twice

22,789 (45.3)6897 (39.4)1806 (38.6)I have never smoked

1577 (3.1)1494 (8.5)407 (8.7)Missing

Do you live in your own accommodation? n (%)

11,670 (23.2)8136 (46.5)2194 (46.9)No

38,114 (75.8)9155 (52.3)2414 (51.5)Yes

526 (1)202 (1.2)75 (1.6)Missing

Average annual total household income before taxa, n (%)

6502 (12.9)3410 (19.5)945 (20.2)Less than £18,000 (US $16,676)

13,250 (26.3)3802 (21.7)1045 (22.3)£18,000 to £30,999 (US $16,676 to $28,718)

13,577 (27)3958 (22.6)1073 (22.9)£31,000 to £51,999 (US $28,719 to $48,173)

9529 (18.9)3113 (17.8)816 (17.4)£52,000 to £100,000 (US $48,174 to $92,642)

2614 (5.2)797 (4.6)194 (4.1)Greater than £100,000 (US $92,642)

4838 (9.6)2413 (13.8)610 (13)Missing

12 (0.02)b and 31 (0.06)c833 (47.62)223 (47.62)Cases, n (%)

aNote that income data were collected between 2008 and 2010. Income was converted to US dollars according to the current exchange range.
bRefers to the number of cases of suicidal behaviors within 1 year.
cRefers to the number of cases of suicidal behaviors for 1 to 6 years.
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Prediction Models Involving All Features
The internal validated AUROC of the prediction models
involving all features was 0.888 (95% CI 0.863-0.914) for the
prediction of suicidal behaviors within 1 year and 0.852 (95%
CI 0.838-0.867) for 1 to 6 years (Figure 2). Figure 2 shows
values of sensitivity, specificity, and predictive indices over a
series of risk thresholds. For instance, at the 0.70 risk threshold,
the short- and long-term sensitivities were, respectively, 57.85%
and 54.74%, the specificities were 95.11% and 94.05%, the
PPVs were 37.18% and 31.49%, and the NPVs were 97.83%
and 97.65%. Furthermore, the externally validated AUROC
curves were 0.919 (95% CI 0.852-0.985) for the model
predicting suicidal behaviors within 1 year and 0.892 (95% CI
0.844-0.940) for the model predicting suicidal behaviors
between 1 and 6 years, indicating the robustness of the
prediction models.

Regarding the importance of features measured using SHAP
values, similar to age, family income, and body fat percentage,
mental health–related factors (eg, history of psychiatric
disorders, history of suicide attempt, etc) were top ranked in
both models within 1 year (7 among the top 20 features) and
during 1 to 6 years (8 among the top 20 features). However,
notable differences were observed with respect to some lifestyle
and social factors (eg, “How many years of using a mobile
phone at least once per week to make or receive calls?” and
“Age you first had sexual intercourse”), as these seemed to have
greater importance for only the prediction models within 1 year
but not 1 to 6 years (Figure 3). In contrast, some general
health–related factors (ie, “In general how would you rate your
overall health?” and “Compared with 1 year ago, has your
weight changed?”) seemed only important for the 1-to-6 years
prediction model. Detailed information on the included features
is shown in Table S2 of Multimedia Appendix 1.
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Figure 2. The performance of prediction models using all input features and top 20 features. The area under the receiver operating characteristic
(AUROC) curve. The tables showed the internal validation performance (ie, sensitivity, specificity, positive predictive value [PPV], and negative
predictive value [NPV]) of suicide prediction models at different classified thresholds.
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Figure 3. The comparison of top 20 features identified in suicide risk prediction full models for within 1 year and 1-to-6 years. The dark blue and
yellow bar represent the relatively importance of these input features for the prediction, respectively. And the numbers next to the bars are corresponding
to the ranking of top 20 features. The detailed information of the included features is shown in Table S2 in Multimedia Appendix 1.

Prediction Models Involving the Top 20 Features
Figure S3 of Multimedia Appendix 1 displays the indices of
model performance for the models involving different numbers
of the top features (ie, top 20, 40, 60, and 100). Accordingly,
the 2 models with the top 20 input features were considered
optimal (Figure 2). The AUROC curves for their internal and
external validations for the within 1-year suicide prediction
were 0.897 (95% CI 0.874-0.920) and 0.901 (95% CI
0.821-0.981), respectively. For the 1-to-6 years prediction, the
corresponding estimate was 0.854 (95% CI 0.840-0.868) and

0.885 (95% CI 0.834-0.936), respectively. Based on the
applicable models, we found individuals in the top quintile of
predicted risk accounting for 91.7% (n=11) and 80.7% (n=25)
of all cases of suicide attempts or deaths within 1 year and
during 1 to 6 years, respectively.

Models for Individuals With Different Genetic
Susceptibilities
Using both full and simplified prediction models, we obtained
a comparable prediction accuracy for individuals with low and
high genetic susceptibilities to suicidality (Figures S4 and S5
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of Multimedia Appendix 1). For instance, for short-term risk
prediction, the AUROC curves for models with the top 20
involved features were 0.907 and 0.885 for the high and low
genetic susceptibility groups, respectively. The corresponding
numbers for the long-term risk prediction were 0.869 and 0.822,
respectively.

Discussion

Principal Findings
In this study on a community-based UK Biobank cohort of over
0.5 million UK residents aged 40 to 69 years (covering the age
group with a high risk of suicide [18]), we established machine
learning–based models to accurately predict both short- and
long-term risks of suicide attempts and deaths
(AUROC=0.892-0.919). Importantly, our applicable models
achieved high predictive accuracy across populations with
varying genetic susceptibility to suicide with a limited number
(ie, 20) of phenotypic features that could be accessed easily
through practice. Specifically, we found that individuals with
the top 20% of predicted risks comprised over 80% of real cases
of suicide attempts or deaths, suggesting that our approach may
be a cost-effective way to identify high-risk middle-aged
individuals who should be targeted for suicide prevention. In
addition, besides some well-known suicide risk factors (ie,
mental health–related conditions), these established models
provide novel insights into factors driving suicidal behaviors,
revealing that some lifestyle and social factors (eg, cell phone
use frequency, etc) may be risk factors for suicidal behaviors
in the short-term, while self-reported general health ratings are
more important for the prediction of long-term suicidal risk.

In line with 2 previous studies focusing on machine
learning–based suicide risk prediction in the general population
using data from Danish health registers [13] and the National
Alcohol Epidemiological Survey of the United States [14], our
results identified mental health–related factors (ie, prior suicide
attempt, history of psychiatric disorders, and past emotion) and
sociodemographic factors (ie, age and family income) as top
features for suicide risk prediction. However, benefiting from
the enriched data in UK Biobank, particularly items related to
neuroticism, lifestyle, social contacts, and self-rated general
health, our prediction models achieved improved performance.
In addition, the comparison of features that matter for short-
versus longer-term suicide risk was not addressed in prior
investigations. Similar efforts have been made in some specific
populations (eg, patients receiving psychiatric [24] or other
medical care [36] and soldiers [37]), though with only
comparable predictive accuracy (ie, the AUROC curves ranged
between 0.77 and 0.93) with more homogeneous clinical
populations.

Consistent with our findings, neuroticism was reported as a risk
factor for suicidal behaviors in a previous study, with plausible
mechanisms of shared genetic components [38]. Likewise,
severe somatic diseases, disabilities, or physical weakness have
consistently been reported to be associated with higher suicide
risk, which is possibly due to the chronic stress associated with
these diagnoses and living with these diseases [7]. Previous
efforts exploring the association between BMI and suicidality

have led to inconsistent results [39], and the association between
body fat and suicidality has remained largely unexplored.
Nevertheless, our findings of the association between body fat
percentage and suicidality gain support from a Mendelian
randomization analysis, which revealed a causal link between
a high percentage of body fat and depression [40].

Our attempts to construct separate models for the prediction of
both short- and long-term suicide risks indicated that the models
generally achieved better prediction accuracy for the more
immediate period before the suicide attempt or death, which is
in line with the findings of prior studies concerning time-varying
suicide risk assessments [24,41]. While factors directly reflecting
mental health impairment show consistent importance for both
short- and long-term suicidal risk prediction, the significance
of lifestyle and social factors (eg, the frequency of using a cell
phone to make or receive calls) was mainly observed for
short-term risk (ie, within 1 year), indicating the role of lower
social support and social relations among individuals with
suicide risk [7]. Additionally, our findings on the association
between self-reported health ratings and long-term suicide risk
are in line with the results of the Danish study, which also found
that medical diagnoses and medications related to some somatic
illnesses (eg, infection and respiratory diseases) measured 48
months before suicide were more important indicators of suicide
risk than those measured 6 months earlier [13].

Strengths and Weaknesses
The major merits of our study include the use of
multidimensional data (including individual-level genotyping
data) from a large community-based cohort of UK Biobank.
The application of the machine learning approach, together with
the use of SHAP values for feature interpretation, enabled us
to identify the most informative variables that maximized the
efficiency of the data for an accurate prediction of suicide risk.
The imbalance in the sample sizes of the cases and the controls
was mitigated by randomly downsampling and setting class
weights for imbalanced classes in LightGBM during the training
step [30,42]. Further, we improved the feasibility of our
prediction models by using the feature reduction process, where
accurate classification was achieved with only 20 features.
Although no similar data from independent samples could be
used for external validation, the validity of our models was
demonstrated in a subgroup of UK Biobank participants who
repeated surveys many years after the baseline measurement
(showing different basic characteristics compared to the
discovery data set), as well as the subpopulations stratified by
their level of genetic susceptibility to suicidality.

A notable limitation of this study is the absence of data from
emergency care departments, which were the main source for
suicide case identification in previous studies [13,43]. Therefore,
our study focused on suicidal behaviors resulting in
hospitalization or death, and those with less severe consequences
require further investigation. In addition, it is difficult to
distinguish suicide attempts from nonsuicidal intentional
self-harm based on ICD codes, as clinical diagnoses tended to
be consequence oriented (ie, leading to life-threatening harm
or not) or dependent on self-reported reasoning on intent.
Moreover, such outcome ascertainment strategies have been
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demonstrated to suffer from poor sensitivity, resulting in a risk
of underestimation of suicidal cases, as well as attenuated
associations between studied exposures and suicidal outcomes
[44]. Nevertheless, as this is the most feasible method to identify
suicidal behavior, similar definitions and ascertainment of
suicidal behaviors have been widely used in other large
community- or population-based studies with a similar focus
[24,25]. Furthermore, we only used the LightGBM as the base
estimator for bagging, mainly due to its capability to handle
missing values and achieve high discrimination accuracy [30].
It is possible that other machine learning approaches (eg, deep
neural network), with some common methods of feature
engineering (eg, standardization, one-hot encoding), might
obtain better performance at the price of model interpretability.
Finally, the UK Biobank study recruited only 5.5% of the invited

individuals in the age range of 40 to 69 years, leading to a
selection bias of the study population compared to the entirety
of the population in the United Kingdom [45]. Consequently,
the generalization of our findings to the total UK population
and other populations cannot be made.

Conclusions
In conclusion, based on a UK Biobank cohort, we established
clinically applicable machine learning–based models for
accurately predicting both short- and long-term risks of suicidal
behaviors. The good performance of the models for subgroups
with different genetic susceptibilities to suicidality highlights
the possibility of applying these models to high-risk individual
identification in the general middle-aged population, which may
facilitate the development of cost-effective suicide prevention.
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Abstract

Background: Accumulating research provides evidence that the psychological health of older people deteriorated from before
to during the COVID-19 pandemic. Unlike robust individuals, coexisting frailty and multimorbidity expose older adults to more
complicated and wide-ranging stressors. Community-level social support (CSS) is also an important impetus for age-friendly
interventions, and it is 1 of the components of social capital that is seen as an ecological-level property. To date, we have not
found research that examines whether CSS buffered the adverse impacts of combined frailty and multimorbidity on psychological
distress in a rural setting during COVID-19 in China.

Objective: This study explores the combined effect of frailty and multimorbidity on psychological distress in rural Chinese
older adults during the COVID-19 pandemic and examines whether CSS would buffer the aforementioned association.

Methods: Data used in this study were extracted from 2 waves of the Shandong Rural Elderly Health Cohort (SREHC), and
the final analytic sample included 2785 respondents who participated in both baseline and follow-up surveys. Multilevel linear
mixed effects models were used to quantify the strength of the longitudinal association between frailty and multimorbidity
combinations and psychological distress using 2 waves of data for each participant, and then, cross-level interactions between
CSS and combined frailty and multimorbidity were included to test whether CSS would buffer the adverse impact of coexisting
frailty and multimorbidity on psychological distress.

Results: Frail older adults with multimorbidity reported the most psychological distress compared to individuals with only 1
or none of the conditions (β=.68, 95% CI 0.60-0.77, P<.001), and baseline coexisting frailty and multimorbidity predicted the
most psychological distress during the COVID-19 pandemic (β=.32, 95% CI 0.22-0.43, P<.001). Further, CSS moderated the
aforementioned association (β=–.16, 95% CI –0.23 to –0.09, P<.001), and increased CSS buffered the adverse effect of coexisting
frailty and multimorbidity on psychological distress during the COVID-19 pandemic (β=–.11, 95% CI –0.22 to –0.01, P=.035).

Conclusions: Our findings suggest that more public health and clinical attention should be paid to psychological distress among
multimorbid older adults with frailty when facing public health emergencies. This research also suggests that community-level
interventions prioritizing social support mechanisms, specifically improving the average levels of social support within communities,
may be an effective approach to alleviate psychological distress for rural older adults who concurrently manifest frailty and
multimorbidity.
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Introduction

Mental health is an important component of healthy aging, and
reducing psychological distress is vital for both physical health
and well-being in later life [1]. Accumulating research [2-4]
provides evidence that the psychological health of older people
deteriorated from before to during the COVID-19 pandemic. It
is important to identify groups that are at greater risk of
psychological distress in response to the COVID-19 pandemic
so as to develop appropriate interventions, especially for those
who live in rural areas, because rural older persons have lower
socioeconomic status, have less access to social support and
health services, and report worse mental health compared with
those in urban areas [5]. Frailty and multimorbidity are common
and major age-related clinical syndromes and well-established
independent risk factors for psychological health in older people
[6-8]. Separate studies have reported that frailty or
multimorbidity can independently increase the levels of
psychological distress in older people [7,9,10]. However, an
individual can be multimorbid but not frail or frail while having
multimorbidity. More importantly, frailty can be more
modifiable than chronic conditions [11], and this distinction is
important when assessing relationships with psychological
health because they may inform different management strategies
for prognosis and planning interventions. Both the National
Institute for Health and Care Excellence (NICE) and the British
Geriatrics Society emphasize the importance of combined frailty
and multimorbidity in older adults who are at greater risk of
adverse outcomes and might benefit more from treatment
optimization [12,13]. For example, according to the statement
document of NICE, not all older adults with multimorbidity
require additional support beyond standard health care but frailty
should be considered an important condition to keep in mind
in the management of older adults with multimorbidity [13,14].
Unlike robust individuals, coexisting frailty and multimorbidity
would expose older adults to more complicated and
wide-ranging stressors. Nevertheless, the combined effect of
frailty and multimorbidity on psychological distress has not
been previously investigated in community-dwelling older adults
in rural China. By analyzing whether combined multimorbidity
and frailty contribute to psychological distress can inform the
development of interventions for those at heightened risk and
aid policy decisions concerning the subsequent management of
the COVID-19 pandemic response.

The social determinants of the health framework [15] believe
that health inequality cannot be attributed solely to differences
in individual characteristics. The environmental contexts that
reflect the social resources and opportunities can affect
individuals’ access to healthy lives and choices strongly and
ultimately shape our health and well-being [16]. Understanding
the contextual determinants of psychological distress has
important public health implications for developing

population-scale interventions. Just as biologists have
distinguished levels of organization to describe living organisms,
social epidemiologists have advanced levels to delineate
different scales of environmental contexts that affect an
individual’s health, such as the community level or state level
[17,18]. Among these different levels of contexts, the
community is 1 of the most common areas of focus in China.
The concept of “community” was adopted by the Chinese
government through the community-building project since the
1980s, which can be understood as a social group comprising
people living in the same area, sharing similar values or culture,
and having direct or indirect continuous interaction.
Communities in rural China exert important functionalities in
providing primary health care services, advocating government
policies, managing social life affairs, and improving quality and
cultural accomplishment for community residents [19]. In
China’s response to COVID-19, the Chinese government
implemented social distancing and lockdown measures at the
community level, which has become the intersection and bridge
between government institutions, businesses, social
organizations, volunteer groups, families, and individuals [20].
The psychological health of older people living in rural areas
may be particularly sensitive to community social environments
as they tend to be less mobile and rely more on locally provided
services, as well as social support and connection.
Community-level social support (CSS), defined as the extent
to which a community leads someone to be cared for, loved,
respected, and be a member of a network of mutual obligations
[21], has been associated prominently with overall health and
longevity [22,23]. Thus, CSS may serve as a potentially
important target of intervention on psychological health.

Social capital theory [24] provides a useful framework for
understanding the potentially protective mechanisms of
increased CSS on psychological distress theoretically. CSS, as
1 of the components of social capital that is seen as an
ecological-level property, can give rise to social capital that
reflects the levels of reciprocity and connectedness within a
community [24], and thus exerts a contextual effect on
individual health via several possible pathways, such as
dissemination of health-promoting knowledge, maintenance of
healthy norms of behavior through informal social control,
promotion of access to local services and amenities, and
provision of psychological processes of emotional support and
mutual respect [25,26]. Although individual-level studies of
social support have yielded useful insights [27-29], an
examination of social support as a contextual effect on reducing
psychological distress remains understudied. Previous studies
have highlighted the protective effects of CSS on the mental
health and well-being of older people [30]; however, no such
research has been conducted in rural China. People living in
rural areas usually have more difficulties in accessing public
services and lack of medical attention compared with those in
urban areas [31] and thus may experience more psychological
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distress. Further, CSS may not only affect mental health directly
but also have indirect effects by serving as a buffer against the
adverse impacts of different stressors, such as frailty and
multimorbidity. To date, we have not found research that
examines whether CSS buffered the adverse effects of combined
frailty and multimorbidity on psychological distress in a rural
setting during the COVID-19 in China. A better understanding
of the cross-level interaction between CSS and combined frailty
and multimorbidity is necessary to design more appropriate and
precise interventions aimed at reducing psychological distress.

Taken together, the first aim of our study is to explore the
longitudinal association between coexisting frailty and
multimorbidity and psychological distress in rural older adults,
as well as whether baseline combined frailty and multimorbidity
predict psychological distress during the COVID-19 pandemic.
The second aim of this study is to examine whether improving
CSS would buffer the adverse impacts of coexisting frailty and
multimorbidity on psychological distress.

Methods

Study Design and Data Sources
Data used in this study were extracted from 2 waves of the
Shandong Rural Elderly Health Cohort (SREHC), an ongoing
longitudinal study of community-dwelling older people in rural
Shandong, China. The baseline survey was completed in June
2019, which was considered prior to the COVID-19 pandemic
on the basis of the declaration from the World Health
Organization on March 11, 2020, that COVID-19 can be
characterized as a pandemic [32]. The detailed study design,
sampling, and data collection have been described elsewhere
[2,33,34]. Briefly, we used the multistage stratified random
sampling method to select participants, excluding those who
had a clinical diagnosis of dementia or psychiatric diseases,
could not complete the interview due to severe physical
conditions, or were unwilling to cooperate with the interviewers.
There were 3243 respondents aged 60 years and above who
participated in the baseline survey. Next, a follow-up survey
was conducted during the COVID-19 pandemic from August
to September 2020. The final analytic sample included 2785
(85.88%) respondents who participated in both baseline and
follow-up surveys. We restricted the analysis to these 2 data
points for the following reasons: First, we were specifically
interested in examining the short-term consequences of
combined frailty and multimorbidity on psychological distress
so as to identify the most vulnerable group with the greatest
risk of worse psychological outcomes and inform early
interventions during the pandemic. Second, previous research
has shown that social support would have an immediate effect
on a scaled measure of psychological health [27]; therefore, we
assessed the moderating role of CSS between combined frailty
and multimorbidity and psychological distress with just a 1-year
lag based on the assumption that there may be a limited time
lag for CSS to mitigate one’s psychological distress.

Ethical Considerations
The study purpose, significance, methods, and risks were
explained to all participants, and written informed consent was
obtained from each participant before the 2 surveys. Ethical

approval for the study was obtained from the Ethics Committee
of Shandong University (approval no. 20181228).

Measurements
We used the 10-item Kessler Psychological Distress Scale (K10)
[35] to assess the psychological distress in this study. K10 is a
commonly global measure for screening mental health, and its
reliability and validity have been confirmed among older people
in China [36,37]. K10 contains 10 items using a 5-point Likert
scale from “none of the time” to “all of the time” to evaluate
psychological distress, including depression, anxiety,
nervousness, hopelessness, restlessness, and worthlessness, in
the past 4 weeks. K10 in this study showed good internal
consistency reliability, with Cronbach α=.91 for both baseline
and follow-up surveys. The raw score of K10 ranges from 10
to 50 points, with higher scores indicating a higher level of
psychological distress. We transformed the K10 score into
z-scores based on the mean and SD.

We used the 10-item Social Support Rating Scale (SSRS) [38]
to assess the level of an individual’s social support, which is
the most prevalent tool for measuring social support in China
[39]. The SSRS contains objective support (3 items about
visible, practical, and direct support), subjective support (4 items
about the perceived level of support from family members,
neighbors, and friends), and social support (3 items about the
level of social support used). The SSRS has been shown to have
good reliability and validity [40] in China, with Cronbach α>.7
for both baseline and follow-up surveys in our study. The raw
SSRS score ranges from 12 to 66 points, with higher scores
indicating higher levels of social support. In this study, we
transformed raw SSRS scores into z-scores. A CSS score was
computed by aggregating the standardized measures (z-scores)
of the individual-level social support within each community,
which reflected the average levels of social support for each
community. This method has been proven to be valid and widely
applied in previous studies related to social support [30,41,42].

In this study, frailty was assessed using the criteria of the frailty
phenotype, which was proposed and validated by Fried et al
[43]. It consists of 5 components: shrinking (unintentional
weight loss), slowness (a walking time of 4.6 m adjusted by
gender and height; individuals who met the criteria in the
walking test or were unable to perform the test due to physical
limitations were considered positive for slowness) [44],
self-reported exhaustion, weakness (grip strength), and low
physical activity. Older people who met 3-5 criteria were
considered frail, while those who met 0-2 criteria were
considered nonfrail.

Multimorbidity was defined as the coexistence of 2 or more
chronic health conditions based on the Chinese Centers for
Disease Control and Prevention (CDC) recommendations [45]
and previous studies [46,47], including hypertension, diabetes,
chronic lung disease, heart disease, asthma, liver disease, stroke,
dyslipidemia, cancer, digestive disease, kidney disease, and
arthritis. To validate the accuracy of this information, trained
interviewers asked for help from village doctors to confirm the
self-reported chronic condition information in the chronic
disease case management system. We categorized
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multimorbidity into 3 groups: no chronic condition, 1 chronic
condition, and multimorbidity.

The control variables included sex (male, female), age, marital
status (divorced/widowed, married), educational attainment
(illiteracy, primary school, junior school, high school or above),
economic status (household income per capita; quartile 1 was
the poorest and quartile 4 the richest), sedentary behavior
(hours/day), smoking status (never/past, current smoking),
drinking status (never/past, current drinking), and
individual-level social support. We selected these variables as
potential confounders based on existing studies [48-50].

Statistical Analysis
First, we compared the baseline characteristics between
respondents and nonrespondents using cross-tabulation with t
tests for continuous variables and chi-square tests for categorical
variables (see Table 1). To examine the combined effects of
frailty and multimorbidity, we created a categorical indicator
with the following 6 groups: (1) nonfrail without a chronic

condition, (2) nonfrail with 1 chronic condition, (3) nonfrail
with multimorbidity, (4) frail without a chronic condition, (5)
frail with 1 chronic condition, and (6) frail with multimorbidity.
Multilevel linear mixed effects models were used to quantify
the strength of the longitudinal association between frailty and
multimorbidity combinations and psychological distress using
2 waves of data for each participant (see model 1 in Table 2),
and then, cross-level interactions between CSS and combined
frailty and multimorbidity (see model 2 in Table 2) were
included. The selected 3-level linear mixed effects modeling
strategy was appropriate for repeated measures to account for
the hierarchical structure of the data set that included survey
time nested within individuals and individuals nested within
communities. A random intercept was included in each model.
Both model 1 and model 2 were adjusted for sex, age, education,
economic status, marital status, sedentary time, smoking status,
drinking status, individual-level social support, and survey time
(to capture any individual-level idiosyncratic disturbances over
time).
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Table 1. Attrition analysis of selected baseline characteristics.

Dropouts (N=458)Analytical sample (N=2785)Characteristics

Sex, n (%); t ( df )/ χ 2 ( df )=0.030 (1), P =.86

165 (36.03)1015 (36.45)Male

293 (63.97)1770 (63.55)Female

68.78 (6.34)69.19 (6.16)Age (years), mean (SD); t (df)/χ2 (df)=1.345 (1), P=.18

Education, n (%) ; t ( df )/ χ 2 ( df )=0.271 (3), P =.97

189 (41.27)1164 (41.80)Illiteracy

182 (39.74)1076 (38.64)Primary school

66 (14.41)407 (14.61)Junior school

21 (4.59)138 (4.96)High school or above

Economic status, n (%) ; t ( df )/ χ 2 ( df )=1.323 (3), P =.72

110 (24.02)692 (24.85)Quartile 1

120 (26.20)675 (24.24)Quartile 2

110 (24.02)720 (25.85)Quartile 3

118 (25.76)698 (25.06)Quartile 4

Marital status, n (%) ; t ( df )/ χ 2 ( df )=3.451 (1), P =.06

133 (29.04)695 (24.96)Divorced/widowed

325 (70.96)2090 (75.04)Married

4.34 (1.90)4.36 (2.01)Sedentary time, mean (SD); t (df)/χ2 (df)=0.114 (1), P=.91 (hours/day)

Smoking status, n (%) ; t ( df )/ χ 2 ( df )=0.009 (1), P =.93

363 (79.26)2202 (79.07)Never/past

95 (20.74)583 (20.93)Current

Drinking status, n (%) ; t ( df )/ χ 2 ( df )=1.473 (1), P =.22

367 (80.13)2161 (77.59)Never/past

91 (19.87)624 (22.41)Current

Combined frailty and multimorbidity , n (%) ; t ( df )/ χ 2 ( df )=7.935 (5), P =.16

129 (28.17)684 (24.56)Nonfrail, no chronic condition

142 (31.00)856 (30.74)Nonfrail, 1 chronic condition

104 (22.71)745 (26.75)Nonfrail, multimorbidity

13 (2.84)71 (2.55)Frail, no chronic condition

36 (7.86)171 (6.14)Frail, 1 chronic condition

34 (7.42)258 (9.26)Frail, multimorbidity

16.39 (7.60)16.63 (7.44)K10a, mean (SD); t (df)/χ2 (df)=0.640 (1), P=.52

42.94 (6.45)43.10 (6.27)Individual social support, mean (SD); t (df)/χ2 (df)=0.515 (1), P=.61

43.23 (2.78)43.05 (2.94)CSSb, mean (SD); t (df)/χ2 (df)=–1.190 (1), P=.23

aK10: 10-item Kessler Psychological Distress Scale.
bCSS: community-level social support.
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Table 2. Longitudinal associations between combined frailty and multimorbidity, CSSa, and psychological distress before and during the COVID-19

pandemicb.

Model 2Model 1Effects

P valueβ (95% CI)P valueβ (95% CI)

Fixed effects: combined frailty and multimorbidity

N/AReferenceN/AcReferenceNonfrail, no chronic condition

<.0010.13 (0.07 to 0.18)<.0010.13 (0.07 to 0.19)Nonfrail, 1 chronic condition

<.0010.24 (0.18 to 0.31)<.0010.25 (0.19 to 0.31)Nonfrail, multimorbidity

<.0010.40 (0.26 to 0.53)<.0010.40 (0.27 to 0.53)Frail, no chronic condition

<.0010.46 (0.37 to 0.56)<.0010.48 (0.38 to 0.57)Frail, 1 chronic condition

<.0010.67 (0.59 to 0.75)<.0010.68 (0.60 to 0.77)Frail, multimorbidity

.42–0.02 (–0.08 to 0.03).008–0.06 (–0.11 to –0.02)Fixed effects: CSS (z-scores)

N/AReferenceN/AN/ANonfrail, no chronic condition × CSS

.14–0.04 (–0.09 to 0.01)N/AN/ANonfrail, 1 chronic condition × CSS

.33–0.03 (–0.08 to 0.03)N/AN/ANonfrail, multimorbidity × CSS

.67–0.03 (–0.15 to 0.09)N/AN/AFrail, no chronic condition × CSS

.011–0.11 (–0.19 to –0.02)N/AN/AFrail, 1 chronic condition × CSS

<.001–0.16 (–0.23 to –0.09)N/AN/AFrail, multimorbidity × CSS

N/AReferenceN/AReferenceFixed effects: Baseline

.0120.08 (0.02 to 0.15).0080.09 (0.02 to 0.15)Fixed effects: Follow-up

.0050.64 (0.20 to 1.08).0050.63 (0.19 to 1.07)Fixed effects: Intercept

Random effects

<.0010.03 (0.01 to 0.05)<.0010.02 (0.01 to 0.04)Community level

<.0010.54 (0.51 to 0.58)<.0010.54 (0.50 to 0.58)Individual level

<.0010.30 (0.28 to 0.31)<.0010.30 (0.29 to 0.32)Residual

aCSS: community-level social support.
bIn total, 41 observations were excluded due to having missing data. All models were adjusted for sex, age, education, economic status, marital status,
sedentary time, smoking status, and drinking status.
cN/A: not applicable.

Next, to minimize the possible reverse causality, 2-level mixed
effects models with a lagged dependent variable (LDV) were
conducted to account for the cluster of participants within
communities, and we also controlled the levels of psychological
distress at baseline (see Table 3). Model 1 in Table 3 included
follow-up psychological distress as the dependent variable and
the baseline categorical indicator and the change in CSS between
the 2 waves as the independent variable to examine whether
baseline frailty and multimorbidity combinations predicted
psychological distress during the COVID-19 pandemic. Model

2 in Table 3 included model 3 variables plus a 2-way cross-level
interaction term between baseline frailty and multimorbidity
combinations and the increased CSS. Both model 3 and model
4 were adjusted for baseline confounding variables, including
sex, education, economic status, marital status, sedentary time,
smoking status, drinking status, individual-level social support,
and K10 scores, to test whether the increased CSS from baseline
to follow-up mitigated the adverse impact of combined frailty
and multimorbidity on psychological distress.
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Table 3. Baseline combined frailty and multimorbidity and changes in CSSa for predicting psychological distress at follow-upb.

Model 2Model 1Effects

P valueβ (95% CI)P valueβ (95% CI)

Fixed effects: combined frailty and multimorbidity

N/AReferenceN/AcReferenceNonfrail, no chronic condition

.0270.08 (0.01 to 0.15).0330.08 (0.01 to 0.15)Nonfrail, 1 chronic condition

<.0010.14 (0.06 to 0.21)<.0010.13 (0.06 to 0.21)Nonfrail, multimorbidity

0.84–0.02 (–0.20 to 0.16).76–0.03 (–0.20 to 0.15)Frail, no chronic condition

<.0010.26 (0.14 to 0.39)<.0010.26 (0.14 to 0.38)Frail, 1 chronic condition

<.0010.33 (0.22 to 0.44)<.0010.32 (0.22 to 0.43)Frail, multimorbidity

.34–0.03 (–0.10 to 0.03).003–0.07 (–0.12 to –0.02)Fixed effects: Δ CSS (z-scores)

N/AReferenceN/AN/ANonfrail, no chronic condition × ΔCSS

.08–0.06 (–0.13 to 0.01)N/AN/ANonfrail, 1 chronic condition × ΔCSS

.62–0.02 (–0.09 to 0.05)N/AN/ANonfrail, multimorbidity × ΔCSS

.38–0.07 (–0.21 to 0.08)N/AN/AFrail, no chronic condition × ΔCSS

.32–0.05 (–0.16 to 0.05)N/AN/AFrail, 1 chronic condition × ΔCSS

.035–0.11 (–0.22 to –0.01)N/AN/AFrail, multimorbidity × ΔCSS

<.0010.72 (0.31 to 1.13)<.0010.71 (0.30 to 1.12)Fixed effects: Intercept

Random effects

<.0010.02 (0.01 to 0.04)<.0010.02 (0.01 to 0.04)Community level

<.0010.47 (0.44 to 0.49)<.0010.47 (0.44 to 0.49)Residual

aCSS: community-level social support.
bIn total, 41 observations were excluded due to having missing data. All models were adjusted for baseline covariates (sex, education, economic status,
marital status, sedentary time, smoking status, drinking status, and the 10-item Kessler Psychological Distress Scale [K10] score), as well as concern
about COVID-19 and the likelihood of contracting COVID-19 at follow-up.
cN/A: not applicable.

We ran additional analyses under the same multilevel framework
to see how confounders adjusted the models. From model 0 (the
unadjusted model) through model 2 (fully adjusted model), the
variance partition coefficient for the community level decreased
from 3% to 2% and from 6% to 4% for longitudinal association
and predictive models, respectively, which implies that our
confounders explained about one-third of the community-level
variance in worsened psychological distress. Next, we added
the separate variable of frailty status and multimorbidity in a
full model to show the independent effects of frailty and
multimorbidity as a comparison. All analyses were performed
using Stata 14.2 (Stata Corp LP).

Results

Descriptive Analyses
The baseline survey included 3243 older people from 58
communities. Of the 3243 respondents at baseline, 458 (14.12%)
individuals were lost to follow-up because of the following
reasons: outmigration with children (n=121, 26.4%), dropping
out (n=295, 64.4%), and deaths (n=42, 9.2%). This yielded an
analytic sample of 2785 (follow-up rate=85.88%) who
participated in the 2 surveys. All characteristics (sex, age,
education, economic status, marital status, sedentary time,

smoking and drinking status, chronic condition, frailty, and
social support) were similar between respondents (n=2785,
85.88%) and nonrespondents (n=458, 14.12%) at the follow-up
survey (P>.05). Of the 2785 respondents, 1770 (63.55%) were
female, the mean age was 69.19 (SD 6.16) years, 1164 (41.80%)
had no education, and 2062 (74.04%) were married. The
characteristics of the selected sample and dropouts are provided
in Table 1. Psychological distress score values increased from
a K10 score of 16.60 (SD 7.46) at baseline to 18.23 (SD 8.00)
at the follow-up survey. The combination of frailty and
multimorbidity was observed in 258 (9.26%) respondents, while
684 (24.56%) respondents were nonfrail without a chronic
condition. Both individual-level social support and CSS
decreased during follow-up (see Table 1).

Multilevel Mixed Effects Models
Table 2 shows the results of multilevel mixed effects models
with random intercepts at the individual and community levels.
Model 1 showed that psychological distress significantly
deteriorated during the COVID-19 pandemic compared with
before the COVID-19 (β=.09, 95% CI 0.02-0.15, P=.008), while
CSS (β=–.06, 95% CI –0.11 to –0.02, P=.008) was protectively
associated with psychological distress. After adjustment for
potential confounders, older adults who were nonfrail with 1
chronic condition (β=.13, 95% CI 0.07-0.19, P<.001), nonfrail

JMIR Public Health Surveill 2023 | vol. 9 | e43762 | p.1660https://publichealth.jmir.org/2023/1/e43762
(page number not for citation purposes)

Wang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


with multimorbidity (β=.25, 95% CI 0.19-0.31, P<.001), frail
without a chronic condition (β=.40, 95% CI 0.27-0.53, P<.001),
and frail with 1 chronic condition (β=.48, 95% CI 0.38-0.57,
P<.001) were at higher risk of psychological distress compared
with older adults without any of the conditions, but the highest
risk was observed in those with the combined presence of frailty
and multimorbidity (β=.68, 95% CI 0.60-0.77, P<.001). As
shown in model 2, the main effect of combined frailty and
multimorbidity on psychological distress remained significant,
and there was a significant cross-level interaction between CSS

and frail individuals with multimorbidity (β=–.16, 95% CI –0.23
to –0.09, P<.001). To help the interpretations, the plots in Figure
1 show the estimated values of levels of psychological distress
based on the estimates in model 2. Within the group of
respondents who had combined frailty and multimorbidity, those
with lower levels of CSS reported significantly higher
psychological distress than respondents with higher levels of
CSS, indicating the moderating role of CSS between frail
individuals with multimorbidity and psychological distress.

Figure 1. Longitudinal associations between CSS and psychological distress over 2 waves by combinations of frailty and multimorbidity (fully adjusted
models). CSS: community-level social support.

Model 1 in Table 3 shows the effects of baseline frailty and
multimorbidity on wave 2 psychological distress. Those with
coexisting frailty and multimorbidity (β=.32, 95% CI 0.22-0.43,
P<.001) showed the strongest association with greater
psychological distress during the COVID-19 pandemic
compared with nonfrail individuals without a chronic condition,
while increased CSS (β=–.07, 95% CI –0.12 to –0.02, P=.003)
from wave 1 to wave 2 was significantly associated with lower
subsequent levels of psychological distress. In model 2, we
examined whether increased CSS moderated the adverse impact
of baseline coexisting frailty and multimorbidity on

psychological distress during the COVID-19 pandemic. We
found a significant interaction between increased CSS from
wave 1 to wave 2 and coexisting frailty and multimorbidity
(β=–.11, 95% CI –0.22 to –0.01, P=.035) for wave 2
psychological distress. As Figure 2 demonstrates, for individuals
with coexisting frailty and multimorbidity at baseline, those
with higher increased levels of CSS reported significantly lower
psychological distress than respondents with lower increased
levels of CSS, while such effect was less substantial for older
adults who were nonfrail without a chronic condition.
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Figure 2. Increased CSS and psychological distress during the COVID-19 pandemic by baseline combinations of frailty and multimorbidity (fully
adjusted models). CSS: community-level social support.

Discussion

Principal Findings
Using data from a cohort of community-dwelling older adults
in rural China, this study identified that coexisting frailty and
multimorbidity are significantly associated with greater levels
of psychological distress and that baseline coexisting frailty and
multimorbidity predicted higher levels of psychological distress
during the COVID-19 pandemic. Further, residing in
communities with a higher atmosphere of social support
moderates the relationship of combined frailty and
multimorbidity and psychological distress. We also emphasized
the role of increased CSS in mitigating the adverse effects of
combined frailty and multimorbidity on psychological distress
during the COVID-19 pandemic. These results highlight the
community social environment, more specifically CSS, as an
important buffer that may mitigate the adverse impacts of
combined frailty and multimorbidity on psychological distress.

Multimorbidity and frailty are 2 major adverse health conditions
among older adults [14], and the 2 conditions are also risk
factors for mental health [6,7,51]. However, there is no previous
research that has explicitly examined their combined effects on
psychological distress in older adults. Only 1 similar study has
shown that the combination of frailty and multimorbidity is
associated with physical limitation and mortality [52], and our
study extends the literature for psychological health. In our
sample, the results of longitudinal association showed that the
magnitude of the coefficient of psychological distress was
strongest for coexisting frailty and multimorbidity compared

to only 1 or none of the conditions. This is where this study
makes the first novel contribution to previous work: we
identified a vulnerable group of older adults at increased risk
of psychological distress. It is plausible that frail older adults
already face a higher risk of poor resolution of homeostasis
[53], plus the worry that results from multimorbidity, making
them more vulnerable when coping with stressful situations and
increasing the risk of psychological distress. Results from this
prospective study also add evidence to the literature by
identifying baseline combined frailty and multimorbidity as a
predictor of greater psychological distress in older adults during
the COVID-19 pandemic, emphasizing the importance of
identifying and preventing coexisting frailty and multimorbidity
in reducing psychological distress in older adults when facing
major public health issues. We should interpret our findings
incorporating the context of the pandemic. Unlike normal daily
circumstances, the COVID-19 pandemic would expose people
to more complicated and wide-ranging stressors. In addition to
the primary stressor of the fear of infection, the pandemic has
brought a plethora of secondary stressors, such as social isolation
and resource scarcity [51]. These sources of stress could lead
rural residents to face the potential disruption of basic medical
services, especially the possibly reduced access to
non–COVID-19 health care, which therefore adversely affects
their psychological health. For example, older persons with
frailty and multimorbidity had greater needs for basic medical
services; however, the lockdown and polymerase chain reaction
(PCR) testing policies led to worries about access to health care
services, which in turn led to greater psychological distress.
One evidence is that while the rural health care system did not
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break down during the quarantine, most of the rural residents
chose to delay health care seeking due to worry about being
infected [54]. Our findings suggested that older adults with
frailty and multimorbidity needed more professional
psychological support during the pandemic; however, the
availability of psychological therapy or support was limited,
especially in rural areas. Moreover, the current mass quarantines
and restrictions to public transport have inevitably become a
major barrier to accessing psychological therapy or support for
older adults [55], which may also cause their increased
psychological distress.

Importantly, our study identified that residing in a community
with higher social support mitigates the relationship between
coexisting frailty and multimorbidity and psychological distress.
This finding adds to the literature documenting the
stress-buffering role of CSS in psychological health. The
moderating role of CSS remains significant even after
controlling for individual-level social support, suggesting that
there are contextual effects that alleviate psychological distress
regardless of individual-level social support. In other words,
older adults with lower individual-level social support could
also benefit from their communities with a higher social support
atmosphere. One possible explanation is social contagion [56].
CSS is meaningful in shaping community cohesion and
connectedness [30], which is important for individuals to obtain
the resources they need. Compared with living in communities
with low levels of social support, health-related information
may be disseminated faster in communities with higher levels
of social support [57], which may increase the likelihood of
people taking up healthy standards of behavior. Older adults
with coexisting frailty and multimorbidity are more likely to
collect and notice health-related information and resources that
are provided by social contagion (health-related information,
behavioral norms, etc) and thereby benefit more from social
contagion, while those without any of the conditions may not
pay much attention to the information and thus may not be
sensitive to the community atmosphere. We noticed that the
interaction between nonfrail older individuals with
multimorbidity and CSS was not significant, while that between
frail older individuals with multimorbidity and CSS was
significant. This finding may be due to the different severity of
disease within the multimorbidity group across the frailty state
(ie, frail people may have more advanced diseases than nonfrail
people). Older people with multimorbidity who have not yet
developed a frail state may be resilient to the negative effect of
multiple comorbidities. Thus, frail individuals with
multimorbidity are more sensitive and pay more attention to
their own health than nonfrail individuals with multimorbidity.
Concerning the dynamic role of CSS, we observed that increased
CSS from baseline to follow-up mitigated the adverse impact
of baseline coexisting frailty and multimorbidity on
psychological distress during the COVID-19 pandemic.
Practically, our findings imply that interventions targeted toward
improving CSS might alleviate the effects of frailty and
multimorbidity on the psychological well-being of older adults,
especially when facing major public health issues.

We also observed an increase in psychological distress in the
context of the COVID-19 pandemic. In addition to the fear of

being infected with COVID-19, widespread secondary stressors
associated with the pandemic may include decreased
opportunities for interpersonal contact and excursions and
potential economic loss [51]. Given the lack of control groups
that were unaffected by the COVID-19 pandemic in our study,
more complex statistical design is needed in future studies, and
we will not discuss more at this point.

Strengths and Limitations
This study has several strengths and limitations. The novelties
and strengths of this study include the study design and the
measures we used. First, we used a large sample of
community-dwelling older adults and followed up the
psychological health outcomes with little missing data.
Moreover, we used repeated measures of the key predictors and
outcomes, including frailty, chronic conditions, social support,
and psychological distress, and adjudicated K10 and CSS using
standardized criteria. Furthermore, we not only used 2 waves
of the data to show the longitudinal association between
coexisting frailty and multimorbidity and psychological distress
but also used baseline values to predicted psychological distress
during the COVID-19 pandemic, which showed the robustness
of the results.

Some limitations need to be considered. First, the observed
relationships between combined frailty and multimorbidity and
psychological distress cannot be constructed as causal relations,
because this was an observational study. However, we took a
set of measures to minimize the possible reverse causality, such
as using lagged dependent variable models, controlling
psychological distress at baseline, and adding a wave variable.
Second, this study was conducted only in rural areas; whether
the results are applicable to urban areas needs further study. In
addition, our sample may not be representative of all rural older
adults in China, as our participants were selected from 3
counties. As such, more nationally representative studies should
be conducted to corroborate our findings. Third, as social
support was assessed based on questionnaires, the results are
subject to measurement bias: individuals with severe
psychological distress might perceive themselves as having
poor social support. However, we speculate that the aggregating
social support at the community level could be influenced less.
Fourth, some variables, such as chronic conditions and sedentary
time, were self-reported, which may result in some recall bias.
Finally, we cannot completely rule out residual confounding
because of unmeasured variables; however, our results were
robust after adjustment for multiple confounding variables.

Conclusion
In summary, the findings of this study indicate that
community-dwelling rural older adults with both frailty and
multimorbidity have higher levels of psychological distress
compared to those with either condition alone or none of the
conditions. Baseline coexisting frailty and multimorbidity
predict the most subsequent psychological distress during the
COVID-19 pandemic. Thus, frail rural older adults with
multimorbidity constitute a high-risk group for psychological
distress. Moreover, residing in communities with highly average
levels of social support moderates the relationship between
combined frailty and multimorbidity and psychological distress,
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and we confirmed the role of increased CSS in buffering the
adverse effects of combined frailty and multimorbidity on
psychological distress during the COVID-19 pandemic. Our
findings suggest that more public health and clinical attention
should be paid to frail older adults with multimorbidity in

response to psychological distress. In addition, improving the
average levels of social support within communities may be an
effective approach to alleviating psychological distress in older
adults who concurrently manifest frailty and multimorbidity.
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Abstract

Background: The impact of the COVID-19 pandemic on mental health in general practice remains uncertain. Several studies
showed an increase in terms of mental health problems during the pandemic. In Belgium, especially during the first waves of the
pandemic, access to general practice was limited. Specifically, it is unclear how this impacted not only the registration of mental
health problems itself but also the care for patients with an existing mental health problem.

Objective: This study aimed to know the impact of the COVID-19 pandemic on (1) the incidence of newly registered mental
health problems and (2) the provision of care for patients with mental health problems in general practice, both using a
pre–COVID-19 baseline.

Methods: The prepandemic volume of provided care (care provision) for patients with mental health problems was compared
to that from 2020-2021 by using INTEGO, a Belgian general practice morbidity registry. Care provision was defined as the total
number of new registrations in a patient’s electronic medical record. Regression models evaluated the association of demographic
factors and care provision in patients with mental health problems, both before and during the pandemic.

Results: During the COVID-19 pandemic as compared to before the COVID-19 pandemic, the incidence of registered mental
health problems showed a fluctuating course, with a sharp drop in registrations during the first wave. Registrations for depression
and anxiety increased, whereas the incidence of registered eating disorders, substance abuse, and personality problems decreased.
During the 5 COVID-19 waves, the overall incidence of registered mental health problems dropped during the wave and rose
again when measures were relaxed. A relative rise of 8.7% and 40% in volume of provided care, specifically for patients with
mental health problems, was seen during the first and second years of the COVID-19 pandemic, respectively. Care provision for
patients with mental health problems was higher in older patients, male patients, patients living in center cities (centrumsteden),
patients with lower socioeconomic status (SES), native Belgian patients, and patients with acute rather than chronic mental health
problems. Compared to prepandemic care provision, a reduction of 10% was observed in people with a low SES.

Conclusions: This study showed (1) a relative overall increase in the registrations of mental health problems in general practice
and (2) an increase in care provision for patients with mental health problems in the first 2 years of the COVID-19 pandemic.
Low SES remained a determining factor for more care provision, but care provision dropped significantly in people with mental
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health problems with a low SES. Our findings suggest that the pandemic in Belgium was also largely a “syndemic,” affecting
different layers of the population disproportionately.

(JMIR Public Health Surveill 2023;9:e43049)   doi:10.2196/43049

KEYWORDS

COVID-19; mental health; care provision; general practice; socioeconomic status

Introduction

Similar to most European countries during the COVID-19
pandemic, Belgium has experienced multiple COVID-19 waves
in the period from 2020-2021. Measures were taken to reduce
the COVID-19 burden during these waves. The reduction of
social contacts, self-isolation, and quarantine were the main
nonpharmaceutical interventions [1].

Several studies showed an increase in mental distress during
the pandemic [2-8]. This increase has, among others, been
attributed to decreased social contact [9], financial uncertainty
[10], and the fear of catching COVID-19 [11].

Surveys in Belgium showed a similar trend [12,13], as did
multiple studies in the United Kingdom [14-16]. Interestingly,
some studies showed a significant correlation between the
incidence of depressive symptoms and the measures that were
taken [17]. Government measures implemented during waves
of infections tended to ease depressive symptoms [17].

During surges of COVID-19 infections, assessing mental health
status in general practice was challenging. The imposed
mitigation measures decreased access to routine care, and the
increased burden of care for patients with COVID-19 left little
room for treating other conditions such as mental health
problems. Although some studies showed an increase in the
number of anxiety-related visits [18], most studies reported a
reduction in overall mental health consultations [19-22].
Additionally, there was evidence for reduced access to mental
health care for patients with preexisting mental health problems
[23].

Most studies on mental health during the COVID-19 pandemic
were cross-sectional in nature and often showed a disparity
between different nations and risk groups [24-26].

Thus, longitudinal data and a pre–COVID-19 baseline are often
missing in international literature. These are important tools for
countries to monitor their population’s mental health during a
pandemic [27].

We aimed to fill this gap and provide a longitudinal overview
of how the COVID-19 pandemic was experienced in Belgian
general practice in terms of registered mental health problems
(both during and before the pandemic) and what factors led to
an increased or decreased volume of care for these patients.

Therefore, we evaluated the impact of the COVID-19 pandemic
on (1) the registration of mental health problems and (2) care
provision for patients with existing mental health problems in
general practice. Our hypotheses were that the number of
registrations of mental health problems would increase during
the pandemic, relative to the years before, and that care

provision for patients with existing mental health problems
would drop, given the more limited access to care.

Methods

INTEGO
This was a retrospective cohort study using INTEGO, a general
practice morbidity registry in Flanders, the Dutch-speaking
region of Belgium [28]. The study methods have been described
earlier, also in the context of COVID-19, and were adjusted for
the current study [29]. The data from INTEGO is largely
representative for the Flemish population [28].

Our study population was defined as all patients (of all ages)
who visited 1 of the 105 INTEGO practices between February
1, 2018, and January 31, 2022, and consisted of 397,489
patients. Data were automatically collected via the electronic
health record of the participating practices and included patient
characteristics, medical history, and socioeconomic status (SES).
Available demographic characteristics included the year of birth,
sex, nationality (native Belgian or nonnative patients), and place
of residence (postal code). Diagnoses were coded using the
International Classification of Primary Care, second edition
(ICPC-2). Low SES was defined as the presence of an increased
reimbursement under the national health care insurance policy.
In Belgium, patients effectively only pay a small, fixed amount
of the total fees for medical care and medication (copay or
remgeld in Dutch); the rest of the cost is reimbursed by health
insurance. The reimbursement for patients with a low SES is
higher, thus making this fixed amount lower.

Collection of Data and Intervention Period
We evaluated the impact of the COVID-19 pandemic by (1)
comparing the incidence of registered mental health diagnoses
and (2) comparing care provision for patients with mental health
problems 2 years before the pandemic (ie, February 1, 2018, to
January 31, 2020) with the first 2 years of the pandemic (ie,
February 1, 2020, to January 31, 2022). In this period, Belgium
experienced 5 COVID-19 waves, approximately around the
following dates: first wave (March 1 to May 31, 2020), second
wave (October 1 to November 30, 2020), third wave (March 1
to May 31, 2021); fourth wave (October 1 to the end of 2021);
and fifth (Omicron) wave (started December 2021) [30].

There was an issue with some data for care provision at the end
of 2021 due to a data flow error from the electronic medical
software to our database. This is indicated in the corresponding
figure below.
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Outcome Measures

Registration of Mental Health Diagnoses
For the first part of the study, we examined the difference in
the registration of incident mental health problems during and
before the COVID-19 pandemic. “Incident” here means
registered for the first time since the start of the study period.

All psychological ICPC-2 codes (P-codes) were categorized
into 7 subgroups related to depression; anxiety; psychosis; eating
problems, substance abuse, and personality problems; sexuality
problems; sleeping problems; and other mental health problems.
Eating problems, substance abuse, and personality problems
were pooled because of the insufficiently high patient counts
necessary for statistical analysis. For each of these subgroups,
a separate analysis was carried out.

We then further distinguished between acute and chronic mental
health problems based on the registered ICPC-2 code [31]. This
information can be found in Table S1 in Multimedia Appendix
1.

Evolution of Care Provision
The second part of the study examined the evolution of care
provision during the pandemic, compared to the 2 years before.

Care provision was defined as the number of new data entries
added to one’s medical history over a predefined time window.
These entries included medication prescriptions, laboratory test
results, measurements of medical parameters, diagnoses,
physical therapy referrals, and radiology orders. In the
computation of care provision, multiple laboratory tests or
medication prescriptions registered on the same date were
counted as one entry.

Care provision was investigated in patients with an acute mental
problem, patients with an incident chronic mental problem, and
patients with a prevalent chronic mental problem. An acute
mental problem was defined as an acute P-code that was present
at the beginning of the defined period or incident during this
period. An incident chronic mental problem described a chronic
P-code that was newly registered during the defined period or
had its initial registration no more than 16 weeks before this
period. A prevalent chronic mental problem implied the
registration of a chronic P-code that was made >16 weeks before
the defined period.

Statistical Analysis
Relative care provision was computed as the ratio between care
provision in the first 2 years of the COVID-19 pandemic and
care provision during the previous 2 years. More granular,
biweekly care data were obtained by comparing the same
calendar weeks within both periods. CIs for relative care
provisions were computed by assuming a normal distribution
for the logarithm of the relative care provision.

Generalized linear models analyzed care provision per patient
with an existing mental health problem (ie, with a registered
P-code) per year as a function of the covariates age, sex,
nationality, center city, and SES, with the following reference
categories as a basis for comparison in the model: aged 18-35
years, female, Belgian, living outside center cities, and high

SES. Center cities (centrumsteden) are urban areas in Flanders
with high population density and a central economic and cultural
function in its surrounding area.

We compared care provision for the 3 predefined P-code groups
as described above (acute, incident chronic, and prevalent
chronic). Besides these demographic covariates, we included
in the model the general practice that the patients visited to
correct for registration differences across practices. We chose
a fixed practice effect over a random effect as the distribution
of these effects is strongly nonnormal and the high number of
patients per practice allows for an accurate estimation. We
modelled care provision using a Poisson distribution with log
link. The model estimated the change in care provision for the
reference category in the first and second years of the
COVID-19 pandemic and the multiplicative effect of
demographic covariates on care provision both in the period
before the pandemic and during the first 2 years of the pandemic.
This approach allowed us to assess the overall impact of the
pandemic as well as how this impact differs for various
demographic groups in the population. Statistical analysis was
conducted in R statistical software (version 4.0.3; R Foundation
for Statistical Computing).

Ethical Approval
The INTEGO procedures were approved by the Ethics
Committee Research UZ/KU Leuven (nr. ML1723) and by the
Belgian National Privacy Commission’s Sectoral Committee
(decision nr. 13.026 of March 19, 2013, last modified on April
17, 2018).

INTEGO was waived the need for individual informed consent,
instead using an opt-out procedure for patients who do not want
their data to be included in the database. This procedure was
approved by the aforementioned ethical review board. There
was no compensation or financial incentive provided for
inclusion in the INTEGO database.

The procedures outlined in this study are in accordance with
current Belgian guidelines and regulations. All study data were
pseudonymized before use.

Results

Evolution of the Registration of Incident Acute and
Chronic Mental Health Problems

General
The incidence of registered acute and chronic mental health
disorders showed a fluctuating course (Figure 1). This analysis
is split into acute and chronic mental health diagnoses based on
the ICPC-P codes (see Table S1 in Multimedia Appendix 1).
Shortly before the first wave, the incidence of both acute and
chronic mental health disorders was between 20% and 25%
higher compared to the 2 years before, and this dropped to
almost 25% less at the beginning of the first wave. When
measures were relaxed, registrations rose again compared to
the previous years until the end of July and normalized from
August to October. During the second wave, the incidence of
registered acute and chronic mental health disorders dropped
again but less compared to the first wave. After the second wave,
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the incidence of registered disorders increased, especially for
acute disorders. This fluctuating course became less pronounced
in the second COVID-19 year, but especially for the acute
disorders, the increase during relaxations can still be seen.

The evolution of the registration for the different subgroups
during the study period can be seen in Figure S1 in Multimedia
Appendix 1. The patient characteristics are summarized in Table
S2 in Multimedia Appendix 1.

Figure 1. Evolution of incident acute and chronic mental health diagnoses (registered P-codes) during the first 2 years of the COVID-19 pandemic
(February 1, 2020, to January 31, 2022) relative to the 2 previous years. P: psychological; P-code: psychological International Classification of Primary
Care, second edition, code.

Mood Problems and Anxiety
During the first year of the COVID-19 pandemic, the registration
of mood problems and anxiety increased significantly by 4%
(95% CI 1%-8%) and 9% (95% CI 6%-13%), respectively
(Table 1). During the first wave, the registration of anxiety rose
significantly by 22% (95% CI 15%-30%). After the second

wave, both mood problems and other mental health problems
showed a significant incidence rise of 14% (95% CI 6%-22%)
and 9% (95% CI 4%-14%).

For the second COVID-19 year, the results were similar.
Registrations of anxiety and mood disorders rose by the same
amount, although the incidence rates declined significantly
around late 2021.
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Table 1. The average number of registered mental health diagnoses per 1000 patient-years during the first and second year of the COVID-19 pandemic
and percentage change in registered incidence relative to the 2 prepandemic years along with 95% CIs. Results are stratified by calendar period and

P-codea groups.

TotalDecember to Jan-
uary

October to NovemberJune to SeptemberMarch to MayFebruaryGroup
and
year

Percentage
change (%;
95% CI)

MeanPercent-
age
change
(%; 95%
CI)

MeanPercentage
change (%;
95% CI)

MeanPercentage
change (%;
95% CI)

MeanPercent-
age
change
(%; 95%
CI)

MeanPercentage
change (%;
95% CI)

Mean

Mood problems

4 (1 to 8)20.7814 (6 to
22)

25.140 (–6 to 7)22.0714 (8 to
20)

21.13–11 (–16
to –5)

17.9910 (0 to
22)

20.481

6 (3 to 9)21–12 (–20
to –3)

21.81–2 (–8 to
3)

20.415 (9 to
21)

21.329 (3 to
15)

22.2912 (1 to
24)

20.822

Anxiety

9 (6 to 13)19.042 (–4 to
10)

19.840 (–8 to 7)18.6311 (5 to
17)

18.3822 (15 to
30)

21.283 (–7 to
16)

17.531

5 (2 to 9)18.35–13 (–22
to –4)

18.7–7 (–12 to
–1)

16.812 (6 to
18)

18.4919 (12 to
26)

20.598 (–2 to
21)

18.362

Psychosis

9 (0 to 20)2.30 (–18 to
22)

2.589 (–11 to
36)

2.3820 (2 to
40)

2.332 (–15 to
24)

2.0319 (–13 to
63)

2.361

6 (–3 to
15)

2.22–21 (–41
to 5)

2.26–2 (–18 to
16)

2.1617 (0 to
37)

2.2712 (–5 to
35)

2.239 (–20 to
50)

2.152

Sleeping problems

0 (–4 to 2)14.075 (–2 to
14)

17.99–5 (–12 to
3)

15.254 (–2 to
10)

13.95–16 (–23
to –9)

10.9922 (8 to
38)

15.391

1 (–2 to 4)14.33–22 (–30
to –13)

16.01–9 (–15 to
–2)

13.718 (2 to 15)14.4911 (4 to
20)

14.814 (0 to
29)

14.282

Eating problems, substance abuse, and personality problems

–18 (–22 to
–13)

5.89–13 (–23
to –1)

6.8–10 (–21 to
1)

6.91–20 (–27 to
–11)

5.79–33 (–41
to –24)

4.476 (–11 to
27)

7.051

–15 (–20 to
–11)

6.03–33 (–44
to –20)

5.93–30 (–37 to
–21)

5.15–10 (–18 to
–2)

6.420 (–10 to
9)

6.61–12 (–27 to
6)

5.792

Sexuality problems

7 (0 to 16)2.721 (–16 to
23)

2.9–4 (–21 to
16)

2.815 (0 to
33)

2.8415 (–2 to
37)

2.57–4 (–29 to
30)

2.271

4 (–3 to
13)

2.65–10 (–31
to 16)

2.79–8 (–22 to
7)

2.566 (–7 to
23)

2.6119 (0 to
40)

2.6326 (–3 to
66)

32

Other mental health problems

0 (–2 to 2)39.669 (4 to
14)

48.89–4 (–9 to
0)

46.389 (5 to 13)39.66–21 (–24
to –17)

32.1823 (14 to
33)

45.281

13 (11 to
15)

44.92–6 (–12
to 0)

47.6–1 (–5 to
2)

44.3825 (20 to
29)

45.2521 (17 to
26)

49.629 (20 to
39)

47.322

aP-code: psychological International Classification of Primary Care, second edition, code.

Eating Disorders, Substance Abuse, and Personality
Problems
The registration of eating problems, substance abuse, and
personality problems showed a significant decrease of 18%
(95% CI 13%-22%) in the first COVID-19 year and a decrease

of 15% (95% CI 11%-20%) in the second year. During these 2
years, there were no significant fluctuations but rather a steady
decrease in registrations each period, regardless of wave.
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Psychosis, Sexuality, and Sleeping Problems
The incidence of registered psychosis and sexuality problems
increased nonsignificantly during both the first and second
COVID-19 years. The month before the first wave was
characterized by an increased registration for all groups, except
sexuality problems. The registration of sleeping problems then
was 22% (95% CI 8%-35%) higher compared to the same period
in the 2 previous years.

Evolution of Care Provision for Patients With Mental
Health Problems and the Effect of Demographic
Factors
Before the start of the pandemic, almost no difference in care
provision for the 3 groups (acute, incident chronic, and prevalent
chronic mental health problems) was observed compared to the
2 years before COVID-19. In this analysis, patients with a recent
chronic P-code diagnosis were split from those who received
their diagnoses longer ago to see whether additional care was
mainly given close to the onset of diagnosis or whether older
chronic P-code diagnoses also resulted in continued care. Care
provision almost stayed the same at the start of the first wave,
but provision rose for all 3 groups during the first relaxation
period. Starting from the end of May 2020, overall care
provision remained higher than in previous years (Figure 2).

In general, there was 8.7% (95% CI 8.4%-9.1%) more care
provided to patients in the reference category during the first
year of COVID-19 compared to the 2 years before the pandemic.
In the second year, this increased to 38.3% (95% CI
37.2%-39.5%).

In general, more care was provided for acute mental health
problems and in older patients, female patients, native Belgian
patients, patients living in center cities, and patients with a low
SES (Figure 3).

Care provision for foreign patients somewhat increased
compared to the 2 years before COVID-19 (although lower in
2021 than in 2020) but stayed slightly less than native Belgian
patients. In patients with a low SES, we observed more care
provision than for those with a high SES during the study period,
although care provision dropped 10% for people with a low
SES during the pandemic compared to the 2 years before.

Compared to patients with acute mental health problems,
patients with incident chronic and prevalent chronic mental
health problems had less care provision (around 10% and 30%
less, respectively). This was similar to the period before
COVID-19.

Figure 2. Evolution of care provision for patients with a registered acute, incident chronic, and prevalent chronic mental problem during the first 2
years of the COVID-19 pandemic (February 1, 2020, to January 31, 2022) relative to the 2 years before. Gray bar: no data due to technical issues with
data flow.
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Figure 3. Multiplicative effect and associated 95% CIs of covariates on care provision for mental health problems per patient per year. Separate
parameters were estimated for the period February 1, 2018, to January 31, 2020, and the period including the 2 COVID-19 years (February 1, 2020, to
January 31, 2022), which are labelled 2018-2019, 2020 and 2021, respectively.

Discussion

Principal Findings
This registry-based study showed that the first 2 years of the
COVID-19 pandemic had significant repercussions on the
registration of new mental health problems and care provision
for patients with mental health problems in general practice.

Waves of infections resulted in a drop in registered mental health
problems and an increase of up to 25% during relaxation periods
when compared to the previous years. This phenomenon was
less pronounced in the second COVID-19 year.

With a rise of around 9% in the first COVID-19 year and almost
40% in the second year, overall care provision for patients with
mental health problems increased during the first 2 years of the
pandemic. In general, care provision was 50% higher among
those aged 66 years and over, around 4% higher for patients
living in center cities, and approximately 30% higher for those
with a lower SES; it was lower among male (–10%) and
nonnative Belgian (–4%) patients. Patients with acute mental
health problems had the most care provided to them with 10%
to 30% more registrations than patients with chronic mental
health problems.

During the pandemic, care provision dropped by 10% in patients
with a lower SES.

Comparison With Literature
There currently is little evidence on the care provision for
patients with preexisting mental health problems during
COVID-19, especially in general practice [23]. A similar

UK-based primary care cohort study showed the same overall
drop in the registration of mental health problems at the start
of the pandemic and the same normalization of these rates after
April 2020 [19]. We extended this study period and saw a
continuing relative increase in registrations of new mental health
problems during the pandemic as compared to before. This
increase was fluctuating and corresponded to the specific
COVID-19 waves in Belgium.

The multivariate analysis for our definition of care provision
that we conducted in this study was new. We provided more
evidence to the hypothesis that low SES affected the outcomes
disproportionately, despite these patients having the highest
recorded diagnoses of depression, anxiety, and self-harm before
the pandemic [19]. The overall increase in registered mood
problems and anxiety matched the rise in mental distress seen
in surveys [12,14-16].

Annual reports of Sciensano (Belgium’s national public health
institute) and Belgium’s Superior Health Council signaled a
high prevalence of sleep disturbance, anxiety, and depressive
disorders during the COVID-19 pandemic [12,30,32]. Our
finding that the registration of mood disorders rose when strict
measures were taken is confirmed by the report of the Superior
Health Council [32]. The impact was more pronounced during
stringent or long-lasting measures, for instance, due to the
existing uncertainty and lack of social interaction. However,
during waves with high viral spread, it is not inconceivable that
general practitioners were overwhelmed by COVID-19–related
care, leaving little room for other clinical work. This could have
led to an underestimation of the actual burden of mental health
problems during such periods.
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Additionally, both Belgian reports also noted different groups
being at risk for more mental health problems, such as
adolescents, single individuals, people entitled to social security
payments, people with low SES, or people with known mental
health problems [12,32], which was in keeping with our
findings.

Interestingly, we found that care provision for people with lower
SES decreased during the pandemic.

Strengths and Limitations
The main strength of this study was the use of longitudinal data
from a large general practice registry, which allowed us to
investigate a large sample of the Flemish population. We
calculated a proxy for the SES of the patients in INTEGO, and
the correlation of this social determinant could be further
assessed. Since INTEGO weekly and automatically collects
data via the electronic health record of the participating general
practices, further monitoring is easily accessible.

There are however some limitations to this study. Data were
collected from 105 practices that are individually responsible
for delivering qualitative and complete data. Possible registration
errors were minimized by accounting for interpractice
differences, and steps have been taken to improve data
completeness [33]. However, there might be a general
underregistration of mental health problems in general practice
(especially subclinical problems) that we were unable to pick
up due to them not being coded.

Our figures for registrations of mental health problems,
especially during the first wave, might be underestimations
because of patients simply not visiting general practices due to
a fear of COVID-19 in general.

Furthermore, we defined care provision as the number of
contacts added to a patients’ medical record, but this does not
necessarily reflect the quality of each contact in regard to the
depth of care provision. Additionally, a decrease in care
provision does not necessarily imply a proportional change in
the content of care (eg, a decrease might be a good thing if there
are fewer unnecessary prescriptions but a bad thing if it leads
to fewer referrals to specialized care for more severe problems).
Finally, although the grouping of P-codes was done after
consensus, the classification may be somewhat arbitrary, since
some mental health problems could not be studied separately,
as we opted to pool them due to insufficiently high patient
counts.

It should also be noted that teleconsultations may be a useful
and viable alternative to a live consultation for mental health

problems in times of pandemic [34]. Our data could not
distinguish between a live consultation and a teleconsultation.

Implications for Practice and Future Research
Obviously, the measures taken in the first 2 years of the
COVID-19 pandemic have had a noticeable effect on mental
health and care provision for mental health problems in Flanders.
The negative impact may also have been compounded by what
the Superior Health Council labelled as the “infodemic”—in
which negative topics about COVID-19 were disseminated in
an unmotivated and almost autocratic way [32]. Governmental
policies with a commitment to improve nationwide resilience
and social security, using efficient and accessible health care
resources, must be a priority [35]. It is clear that communication
about the pandemic must be given clearly and at the right time,
particularly to the most vulnerable groups of the population
[32].

The decreasing trend in care provision for socioeconomically
vulnerable patients during the COVID-19 pandemic is a notable
finding, deserving of further study. Similar to the infodemic
discussed earlier, COVID-19 has also been regarded by some
experts as a “syndemic” [36,37]. A syndemic in this context
refers to a pandemic exacerbated by—previously disregarded
or undervalued—social determinants of health: housing, income,
neighborhood deprivation, and other social risk factors for
disease. Although COVID-19 might not be regarded as a
syndemic everywhere in the world [38], based on our results,
we would argue that this might be the case in Belgium.

Conclusions
Our study found that the incidence of new registrations for
mental health problems was generally higher during the
COVID-19 pandemic than in the 2 years before. There was a
slight decrease during the first wave, after which the incidence
continued to climb, following a fluctuating course.

In addition, we studied care provision for patients with
established mental health problems in general practice during
the first 2 years of the COVID-19 pandemic, compared to the
2 years before. Care provision was generally higher during the
pandemic than before. Low SES remained a determining factor
for more care provision, but care provision dropped significantly
in people with mental health problems with a low SES.

Based on our findings, we would suggest that the pandemic in
Belgium was also largely a “syndemic,” affecting different
layers of the population disproportionately.
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Abstract

Background: Cognitive and gait speed decline are common conditions in older adults and are often associated with future
adverse consequences. Although an association between cognitive function and gait speed has been demonstrated, its temporal
sequence remains unclear, especially in older Chinese adults. Clarifying this could help identify interventions to improve public
health in older adults.

Objective: This study aims to examine the longitudinal reciprocal association between gait speed and cognitive function and
the possible temporal sequence of changes in both factors in a national longitudinal cohort.

Methods: Data were derived from 2 waves (2011 baseline and 2015 follow-up) of the China Health and Retirement Longitudinal
Study (CHARLS). Participants 60 years or older, without dementia or Parkinson disease at baseline, and with completed data on
gait speed and cognition at both baseline and follow-up were included. Usual gait speed was measured over two 2.5-m walks.
Mental intactness and episodic memory were used to assess global cognitive function. Cross-lagged panel models and linear
mixed-effects models were used to examine the association between cognition and gait speed over time. Standardized coefficients
were reported.

Results: A total of 3009 participants (mean age 66.4 years, SD 5.4 years; 1422/3009, 47.26%, female participants) were eligible
for inclusion in our analyses. Cross-lagged panel analyses revealed that after accounting for baseline gait speed, cognition, and
potential confounders, baseline global cognition (β=.117, 95% CI 0.082-0.152; P<.001), mental intactness (β=.082, 95% CI
0.047-0.118; P<.001), and episodic memory (β=.102, 95% CI 0.067-0.137; P<.001) were associated with subsequent gait speed.
Simultaneously, baseline gait speed was also associated with subsequent global cognition (β=.056, 95% CI 0.024-0.087; P=.001),
mental intactness (β=.039, 95% CI 0.008-0.069; P=.01), and episodic memory (β=.057, 95% CI 0.023-0.092; P=.001). The
comparison of standardized cross-lagged coefficients suggested that the effect size of baseline global cognition on subsequent
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gait speed was significantly larger than the reverse effect (χ1
2=6.50, P for difference=.01). However, the effects of both mental

intactness and episodic memory on subsequent gait speed were not significantly stronger than those of the reverse pathway

(χ1
2=3.33, P for difference=.07 and χ1

2=3.21, P for difference=.07). Linear mixed-effects analyses further supported these
bidirectional relationships, revealing that lower baseline cognitive scores predicted steeper declines in gait speed trajectory, and
slower baseline gait speed predicted more declines in cognitive trajectory over time.

Conclusions: There is a longitudinal bidirectional association between usual gait speed and both global cognitive function and
specific domains of mental intactness and episodic memory among Chinese older adults. Baseline global cognition is likely to
have a stronger association with subsequent gait speed than the reverse pathway. This interlinkage is noteworthy and may have
implications for public health. Maintaining normal cognitive function may be an important interventional strategy for mitigating
age-related gait speed reduction.

(JMIR Public Health Surveill 2023;9:e44274)   doi:10.2196/44274

KEYWORDS

aging; cognitive function; gait speed; cross-lagged panel models; longitudinal study

Introduction

Population aging is a global challenge, with China being one
of Asia’s most rapidly aging countries. The seventh population
census in China reported that adults aged 60 years or older
account for 18.70% of the total population, meaning that the
prevalence of age-related diseases in China is set to increase
dramatically [1-3]. Cognitive function is a vital dimension of
healthy aging [4,5]. Cognitive function declines with age, which
subsequently leads to many age-related diseases. Gait speed,
an indicator that is easier to measure than other parameters, has
been used as a simple, reliable, and sensitive indicator to assess
and reflect the functional capacity and overall health [6,7].
Diminished gait speed is considered a strong predictor of the
onset of negative outcomes in older adults [7]. Interestingly,
declines in cognitive and gait speed often occur concurrently
in older adults and are often related [8,9]. Moreover, these 2
common geriatric symptoms are associated with future adverse
events, including falls, sarcopenia, disability, dementia, and
even death, leading to a heavy burden on public health [10-13].
Therefore, cognitive function and gait speed have drawn
widespread attention from public health and clinical researchers
as health-related factors leading to age-related diseases.

Previous cross-sectional studies have reported an association
between cognitive function and gait speed in older adults
[14-19]. Several longitudinal studies have further investigated
unidirectional temporal relationships, but the results have been
inconsistent. For instance, longitudinal data from the Tasmanian
Study of Cognition and Gait [18] revealed that cognitive decline
predicted decreases in gait speed. A multicenter randomized
controlled trial from European countries also showed that poorer
baseline cognition was linked to an incident slow gait [20].
Evidence from older American adults further supported this
unidirectional relationship [21,22]. However, a recent
prospective study in Sweden suggested that slow gait speed
predicts poor cognition [23]. Similar results were also found in
older Australian and Japanese adults [24-26]. Furthermore, the
currently available studies examining the longitudinal
bidirectional association between cognition and gait speed have
been conducted mainly in Western countries. Among these, 2
studies from the United States and 1 from the United Kingdom

reported that cognition and gait speed were associated with each
other over time [9,27,28]. While 2 longitudinal American studies
also reported a reciprocal relationship, one [29] found that
slower gait speed may be the driving factor in older men and
women, whereas the other [30] found that cognitive decline was
more likely to predict slower gait speed in older women.
However, findings from a sample of 1478 older adults in the
Mayo Clinic Study of Aging suggested that slow gait speed is
likely a precursor to later cognitive decline, but not vice versa
[31].

In summary, it appears that there is a relationship between
cognitive function and gait speed, but the temporal sequence
remains unclear. Moreover, due to methodological limitations
(eg, linear mixed-effects models) [28,30,31], most previous
studies could only unidirectionally examine the effect of gait
speed on cognition or the effect of cognition on gait speed, but
failed to simultaneously examine bidirectional associations
between the 2 factors or examine temporal precedence [29,32].
Finally, relevant studies were primarily conducted among
Western people [9,27-31], which differed greatly from China
in terms of socioeconomic development, culture, and nutritional
intake. To the best of our knowledge, the longitudinal reciprocal
association between cognition and gait speed and its temporal
sequence have not been examined in China.

Therefore, to fill these research gaps, this study aims to
investigate the longitudinal bidirectional relationship between
cognition and gait speed using a cross-lagged panel design, and
determine the possible temporal sequence of the changes in the
2 factors in older Chinese community-dwelling adults. The
clarity of the temporal sequence of cognitive decline and
decreased gait speed might help identify the underlying causal
predominance and early interventions for preventing age-related
diseases.

Methods

Participants
Data were obtained from the China Health and Retirement
Longitudinal Study (CHARLS), a nationwide population-based
prospective cohort survey of adults aged 45 years or older.
Further details on the study design and sampling strategies of
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the CHARLS have been described previously [33]. Briefly, in
the baseline survey, a multistage stratified
probability-proportionate-to-size sampling was adopted, and
17,708 adults from 450 villages or urban communities in 150
counties across 28 provinces in China were recruited. The
baseline survey was implemented during the 2011-2012 period
(wave 1), with subsequent waves completed approximately
every 2 years, and data from wave 3 were collected from 2015

to 2016. This study included 7290 participants aged 60 years
or older at baseline. Among these, participants were excluded
due to a self-reported diagnosis of dementia or Parkinson disease
or both at wave 1 (n=256), loss or death before wave 3 (n=646),
or not having finished the gait speed test (n=1805 at wave 1 and
606 at wave 3) or cognitive tests (n=784 at wave 1 and 184 at
wave 3). Ultimately, 3009 individuals were included in this
study (Figure 1).

Figure 1. Flowchart of participants' selection.

Assessment of Cognitive Function
Two well-established composite measures were used to assess
global cognitive function: mental intactness and episodic
memory, which have been validated in Chinese people [34].
These metrics are similar to those used in the American Health
and Retirement Study and in previous studies [35,36]. Mental
intactness was based on components from the Telephone
Interview of Cognitive Status, which described time orientation
(naming the month, day, year, week, and season), numerical
ability (serial subtraction of 7 from 100, 5 times), and visual
and spatial abilities (redrawing task of 2 overlapping pentagons)

[36,37]. Mental intactness scores were equal to the sum of the
correct answers, with numbers ranging from 0 to 11. Episodic
memory was based on immediate and delayed word recall tests.
After the interviewer randomly read a list of 10 Chinese nouns,
the respondents were asked to memorize as many words as they
could immediately (immediate recall) and several minutes later
(delayed recall). Episodic memory scores were the sum of
correctly repeated words, ranging from 0 to 20. Global cognition
scores were the aggregate of mental intactness and episodic
memory scores ranging from 0 to 31, with higher scores
indicating better cognitive performance.
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Assessment of Gait Speed
Gait speed was computed over 2 straight 2.5-m path walking
courses. Those who had difficulty stopping walking (eg, recent
surgery, injury, or health problems) were excluded from this
test. Eligible older participants were instructed to walk 2.5 m
along a noncarpeted walking course (there and back) at their
usual speed. Timing began when one of the participants’ feet
crossed the start line and landed completely, and ended when
the participant crossed the finish line completely. The average
velocity (m/s; accurate to 2 decimal places) was calculated, with
higher scores indicating faster speeds.

Covariates
The following baseline measurements were included as potential
covariates: age, gender, residence region, marital status,
educational level, self-reported health, current smoking and
drinking status, self-reported visual and hearing impairments,
depressive symptoms, restrictions on activities of daily living
(ADL), and BMI. Information on chronic diseases included
hypertension, diabetes mellitus, dyslipidemia, heart disease,
stroke, cancer, lung disease, arthritis, kidney disease, digestive
disease, and asthma. The number of diseases was used as a
covariate. Restriction was considered as 1 or more dependency
in ADL, including dressing, bathing, eating, getting into/out of
bed, and using the toilet [38]. Depressive symptoms were
measured using 10 items from the Center for Epidemiologic

Studies Depression Scale, and a score of 10 or more was defined
as positive [39].

Statistical Analysis
Continuous variables are presented as means and SDs and
categorical variables are shown as numbers (proportions).
Cross-lagged path models were first performed to examine the
possible longitudinal reciprocal association between cognition
and gait speed measured at 2 time points 4 years apart [32,40].
Figure 2A demonstrates this study’s general modeling strategy,
including 5 paths and their corresponding coefficients.
Cross-lagged paths concurrently include 2 cross-lagged
coefficients, βCL-1 and βCL-2. βCL-1 represents the effect of gait
speed at time 1 on cognitive scores at time 2, whereas βCL-2

implies the regression of cognitive scores at time 1 on gait speed
at time 2. The temporal sequence was determined by comparing
the estimated standardized cross-lagged coefficients [40].
Cross-sectional paths between gait speed and cognitive scores
were also modeled, and the coefficient βCS-Baseline at time 1
represented the baseline correlation between gait speed and
cognitive scores. Finally, 2 autoregressive coefficients, βAR-Gait

and βAR-Cognition, were obtained from the paths between times
1 and 2 for gait speed and cognitive scores, respectively,
accounting for with-person stability in each measure from the
baseline to the subsequent time.

Figure 2. Cross-lagged panel models applied to assess gait speed and cognition among Chinese older adults. (A) The general modeling strategy used
for the cross-lagged panel models. (B) The cross-lagged panel model where gait speed was associated with global cognition. (C) The cross-lagged panel
model where gait speed was associated with mental intactness. (D) The cross-lagged panel model where gait speed was associated with episodic memory.
Numeric values are standardized structural regression coefficients. AR: autoregressive; CL: cross-lagged; CS: cross sectional.

Before the cross-lagged path analysis, the baseline and
subsequent values of gait speed and cognitive scores were
adjusted for a series of covariates by regression residual
analyses, and then standardized with Z-transformation (mean
0, SD 1). Standardized coefficients were reported from the 4
models. A crude model and 3 multivariable-adjusted models
were built: model 1 was built without any adjustments; model
2 was adjusted for age and sex; age, sex, residence, marital
status, educational level, and smoking and drinking status were
further controlled in model 3; and finally, model 4 was
comprehensively adjusted, including the covariates in model 3

plus self-reporting of health scores, number of diseases,
depressive symptoms, visual and hearing impairments,
restriction on ADL, and BMI. A comparative fit index (CFI)
>0.90 and standardized root-mean-square residual (SRMR)
<0.05 were used to suggest the good fitness of the models [41].
Linear mixed-effects models were further implemented to
visualize the longitudinal associations between cognition and
gait speed with aging.

Several sensitivity analyses were performed. First, we controlled
for the specific chronic diseases (11 diseases in total) instead
of the number of diseases in model 4. Second, in addition to the
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covariates in model 4, we further adjusted for living
environmental factors to control for their potential confounding,
including the type of accommodation (multistory or 1 story),
water sources (running water or no running water), room
temperature (comfortable or uncomfortable), and household air
pollution (clean fuels for both heating and cooking, clean fuel
for heating or cooking, solid fuels for both heating and cooking)
[42]. Finally, we excluded individuals with extremely low gait
speed or global cognitive function scores or both at baseline
(≤mean – 2 SD) to reduce the potential influence of the reverse
temporal sequence. All analyses in this study were conducted
in Stata 16.0 (StataCorp) and P≤.05 (2-tailed) was considered
statistically significant.

Ethical Considerations
The Biomedical Ethics Review Committee of Peking University
approved the ethical application for the collection of human
participant data for the CHARLS (IRB00001052-11015). The
study data were anonymous. All the respondents provided
written informed consent before the survey.

Results

Ultimately, a national sample of 3009 adults aged 60 years or
older was included, around half of whom were female
(1422/3009, 47.26%). The mean age of the participants at
baseline was 66.4 (SD 5.4) years. The baseline characteristics
of the participants are summarized in Table 1.

Table 2 presents the results of the cross-lagged panel models.
In models 1, 2, and 3, the standardized structural regression
coefficients for all paths were strongly significant (Table 2).
Fully adjusting for potential confounders diminished the effect
size of all associations, but mostly remained statistically
significant (Table 2); therefore, we mainly presented results
from model 4. Moreover, autoregressive paths in all models for
gait speed and cognition were highly remarkable, with
coefficients not close to 0, capturing relative stability and
influence from the baseline to the subsequent time point [40].

Figure 2B illustrates the cross-lagged path analysis of the gait
speed and global cognitive scores in model 4. Cross sectionally,
gait speed was positively associated with global cognitive scores
(β=.05, 95% CI 0.014-0.086; P=.006). In addition, there was a
significant cross-lagged pathway, and the standardized path
coefficient from global cognitive scores at time 1 to gait speed
at time 2 (β=.117, 95% CI 0.082-0.152; P<.001) was
significantly stronger than that from gait speed at time 1 to
global cognitive scores at time 2 (β=.056, 95% CI 0.024-0.087;

P=.001; χ1
2=6.50, P for difference=.01). Fitting indicators

(CFI=0.952 and SRMR=0.034) suggested a good model fit
based on the criteria of CFI>0.90 and SRMR<0.05 (Table 2).

Figure 2C shows the cross-lagged model of gait speed and
mental intactness scores in model 4. At baseline, the correlation

was not significant (β=.031, 95% CI 0.005-0.067; P=.09).
However, there was a positive association between mental
intactness scores at time 1 and gait speed at time 2 (β=.082,
95% CI 0.047-0.118; P<.001), and gait speed at time 1 was also
associated with mental intactness scores at time 2 (β=.039, 95%
CI 0.008-0.069; P=.01). The standardized path coefficient from
mental intactness to gait speed was larger than that of the reverse

pathway, but the difference was not significant (χ1
2=3.33, P for

difference=.07). The overall fit of this model was good
(CFI=0.969 and SRMR=0.029; Table 2).

Figure 2D presents the results of gait speed and episodic
memory scores in model 4. Gait speed was associated with
episodic memory scores at baseline (β=.047, 95% CI
0.012-0.083; P=.01). For cross-lagged effects, episodic memory
scores at time 1 were positively and significantly associated
with gait speed at time 2 (β=.102, 95% CI 0.067-0.137; P<.001)
and vice versa (β=.057, 95% CI 0.023-0.092; P=.001); however,
the difference between the 2 standardized cross-lagged path

coefficients was not significant (χ1
2=3.21, P for difference=.07).

The fitting parameters were CFI=0.928 and SRMR=0.031,
indicating that the final model fits the data well (Table 2).

Multimedia Appendix 1 shows the baseline characteristics of
living environmental factors of the study population. The first
2 sensitivity analyses showed similar bidirectional associations
with model 4 (Multimedia Appendix 2). Specifically, when
controlling for specific chronic diseases at baseline instead of
the number of diseases or after additionally adjusting for living
environmental factors, all cross-lagged path coefficients were
still strongly significant (P<.05 in all cases; see Multimedia
Appendix 2 for precise P values). In addition, after excluding
97 participants with extremely low gait speed or global cognitive
scores or both, the association of gait speed with global
cognition and episodic memory did not differ from model 4
(Multimedia Appendix 2). While the effect of baseline gait
speed on subsequent mental intactness was slightly attenuated
and became marginally significant (β=.030, 95% CI
0.002-0.061; P=.06), the reverse pathway still strongly held
(β=.084, 95% CI 0.049-0.120; P<.001; Multimedia Appendix
2).

Trajectories from Figure 3A further supported the temporal
associations from cross-lagged path models, with slower
baseline gait speed (1 SD below the mean baseline speed)
predicting faster decline rates in global cognitive, mental
intactness, and episodic memory scores over time. In Figure
3B, the trajectories were also consistent with the current results;
older adults with lower (1 SD below the mean baseline score)
baseline cognitive scores appeared to have steeper declines in
gait speed than those with higher scores across the follow-up
period.
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Table 1. Baseline characteristics of the study population (N=3009).

ValuesCharacteristic

66.4 (5.4)Age (years), mean (SD)

1422 (47.26)Female, n (%)

2020 (67.13)Rural residence, n (%)

2412 (80.16)Married, n (%)

Educational level, n (%)

1609 (53.47)No formal education

853 (28.35)Primary school

390 (12.96)Middle school

157 (5.22)High school or above

977 (32.47)Current smoker, n (%)

969 (32.20)Current drinker, n (%)

3.1 (0.9)Self-report of health score, mean (SD)

History of diseases, n (%)

968 (32.17)Hypertension

202 (6.71)Diabetes

303 (10.07)Dyslipidemia

444 (14.76)Heart diseases

69 (2.29)Stroke

23 (0.76)Cancer

394 (13.09)Lung disease

1082 (35.96)Arthritis

178 (5.92)Kidney disease

682 (22.67)Digestive disease

200 (6.65)Asthma

1.6 (1.5)Number of diseases, mean (SD)

Comorbidity, n (%)

809 (26.89)0

875 (29.08)1

1325 (44.03)≥2

252 (8.37)Visual impairment, n (%)

351 (11.67)Hearing impairment, n (%)

1165 (38.72)Depressive symptoms, n (%)

529 (17.58)Restriction on ADLa, n (%)

23.0 (3.7)BMI (kg/m2), mean (SD)

Weight status, n (%)

240 (7.98)Underweight

1353 (44.97)Normal

600 (19.94)Overweight

789 (26.22)Obesity

0.6 (0.2)Gait speed (m/s), mean (SD)

13.9 (5.1)Global cognitive scores, mean (SD)
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ValuesCharacteristic

7.4 (3.0)Mental intactness scores, mean (SD)

6.5 (3.1)Episodic memory scores, mean (SD)

aADL: activities of daily living.

Table 2. Cross-lagged panel model results for gait speed and cognition scores in a population-based study of older adults.a

Fit indicesAutoregressivebCross sectionalbCognition→gaitbGait→cognitionbGait and cognition re-
sults

SRMRkRM-

SEAj
TLIiCFIhβAR-Cogni-

tion
g

βAR-

Gait
f

βCS-Baseline
eβCL-2

dβCL-1
c

Global cognitive scores

0.0450.2040.7190.944.630m.227m.175m.244m.098mModel 1l

0.0340.1420.8170.963.594m.187m.112m.175m.066mModel 2n

0.0330.1220.7820.956.479m.183m.077m.124m.060mModel 3o

0.0340.1220.7580.952.465m.167m.050q.117m.056qModel 4p

Mental intactness scores

0.0370.1780.8120.962.630m.235m.165m.216m.076mModel 1l

0.0290.1260.8740.975.644m.193m.094m.147m.049mModel 2n

0.0280.1050.8620.972.535m.188m.055q.091m.042qModel 3o

0.0290.1070.8460.969.522m.170m.031.082m.039rModel 4p

Episodic memory scores

0.0520.1950.4700.894.404m.246m.127m.186m.118mModel 1l

0.0380.1350.6340.927.376m.194m.091m.143m.081mModel 2n

0.0380.1350.6340.927.305m.185m.067m.107m.065mModel 3o

0.0310.1040.6380.928.297m.168m.047r.102m.057qModel 4p

aSee Figure 2 for a cross-lagged panel model diagram as a reference.
bStandardized structural regression coefficients.
cβCL-1 is cross-lagged path 1, where gait speed at time 1 predicts cognition scores at time 2.
dβCL-2 is cross-lagged path 2, where cognition scores at time 1 predict gait speed at time 2.
eβCS-Baseline is the cross-sectional association between gait speed and cognition scores within time 1.
fβAR-Gait is the autoregressive coefficient for gait speed.
gβAR-Cognition is the autoregressive coefficient for cognition scores.
hCFI: comparative fit index.
iTLI: Tucker-Lewis Index.
jRMSEA: root-mean-square error of approximation.
kSRMR: standardized root-mean-square residual.
lModel 1 was a crude model.
mP<.001.
nModel 2 was adjusted for age and sex.
oModel 3 was adjusted for age, sex, residence, marital status, educational level, smoking, and drinking status.
pModel 4 was adjusted for covariates in model 3 plus self-reported health score, number of diseases, depressive symptoms, visual and hearing impairment,
restriction on activities of daily living, and BMI.
qP<.01.
rP<.05.
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Figure 3. Trajectories of gait speed and cognition scores in a population-based study of Chinese older adults. (A) The predicted model estimates derived
from linear mixed-effects models for global cognition, mental intactness, and episodic memory scores. The y-axis represents the predicted cognition
scores based on model estimates, and separate lines indicate 1 SD above and below the mean gait speed (“high” and “low,” respectively). (B) Predicted
model estimates derived from linear mixed-effects models of gait speed. The y-axis represents the predicted gait speed based on model estimates, and
separate lines indicate 1 SD above and below the mean cognition scores (“high” and “low,” respectively).

Discussion

Principal Findings
During the 4-year follow-up among Chinese older adults, there
was a longitudinal bidirectional association between global
cognitive function, mental intactness, episodic memory, and
gait speed after accounting for baseline levels and possible
covariates. In addition, the comparison of standardized
cross-lagged coefficients suggested that the temporal association
from baseline poor global cognition to subsequent slow gait
speed may be stronger than vice versa. Trajectories derived
from linear mixed-effects models added further evidence on the
dynamic associations, with poorer baseline cognition and slower
gait speed predicting faster decreases in gait speed and declines
in cognition, respectively.

Similar to previous cross-sectional studies [8,16,17], we also
found that gait speed was reciprocally and positively associated

with cognitive function at baseline among older adults.
However, longitudinal studies may provide stronger evidence
in the temporal direction. Two previous longitudinal studies,
both using linear mixed-effects models, have shown different
results, with one [28] reporting a bidirectional association
between cognition and gait speed among older individuals in
the United Kingdom, and the other suggesting that faster initial
gait speed was associated with less later cognitive decline among
older American adults, but not vice versa [31]. This
inconsistency may be attributable to differences in the mean
age, sample size, and heterogeneity of walking speed measures.
Nevertheless, owing to a unidirectional preset, this statistical
method cannot simultaneously examine bidirectional
associations of 2 time-varying factors or temporal precedence
[29,32]. Therefore, we fitted cross-lagged path models based
on structural equation models and visualized temporal
association using linear mixed-effects models, as suggested by
a previous study in this area [29].
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Our findings provided new insights into the nature of age-related
changes in gait speed and cognition. To the best of our
knowledge, only a few studies have elucidated the longitudinal
reciprocal association between cognition and gait speed in older
adults. Two such studies, also based on structural equation
models, have also found bidirectional relationships between
poor cognition and slow gait speed among older American
people [9,27]. Specifically, 1 study included 412 participants
aged 60 or older, finding that executive function, but not
memory, predicted subsequent usual gait speed, and vice versa
[9]. However, another study conducted in women aged 70-79
years reported a mutual association between gait speed and
global cognitive function and particular memory. In our study,
there was a bidirectional relationship between global cognition
and gait speed and between specific domains (mental intactness
and episodic memory) and gait speed. The mental status in the
CHARLS describes time orientation, numerical ability, and
visual and spatial abilities, and is similar to executive function
[43]. Compared with these 2 studies, the sample size in our
study was relatively larger. Our study had a 4-year follow-up
duration that was shorter than the 9- and 6-year follow-up
periods. Different cognitive tests on specific domains and
discrepancies in the gender of the participants may also lead to
this inconsistency. Therefore, more similar studies in older
Chinese individuals are needed to verify whether the results
hold across a longer follow-up interval or in sex-specific older
adults. Another notable study among older American adults
reported that early gait speed decline may be a precursor to later
global cognitive decline and that the reciprocal association was
weaker [29]. Although this study also revealed reciprocal
relationships between the 2 factors, its temporal sequence
contradicts ours. In our analysis, the standardized cross-lagged
coefficient of baseline global cognition on follow-up gait speed
was nearly 2 times that of baseline gait speed on subsequent
cognition, indicating that global cognitive decline might be the
cause of decreased gait speed than its result. The reasons for
this discrepancy may be the difference in participants’ baseline
average age and the length of the follow-up period, given that
both cognition and gait speed decline over time in older adults
[8]. Our study participants were over 60 years old, while the
older adults were 70-79 years in their study. Moreover, their
design had a longer follow-up time of 9 years than our 4-year
interval. Thus, the current temporal sequence of cognitive
decline to gait slowing requires further evidence, especially in
older Chinese individuals.

Consistent with prior unidirectional longitudinal studies
[18,21,22,44], our results suggest that poor baseline cognition
predicted gait speed decline after 4 years, irrespective of the
exclusion of those with very low baseline gait speed and global
cognition. Moreover, poor specific domains of cognition,
including mental intactness and episodic memory, are predictive
of decreased gait speed, which supports the results from previous
studies [28,45]. A small pilot randomized controlled trial showed
that improvements in domains of cognition, including executive
function, attention, visuospatial skills, and processing speed,
were associated with increases in walking speed [45]. Memory
has also been reported to be positively and longitudinally
associated with gait speed in older adults, supporting our results
[28].

Although we found a stronger directionality of early cognitive
change in subsequent gait speed change than the opposite
pathway, we do not discount the importance of early gait change.
As with prior results [24,26], although weak, we again
demonstrated the predictive role of baseline faster gait speed in
later cognition. A recent study also revealed that decreased gait
speed precedes global cognitive decline during a longer
follow-up duration than ours [23]. Evidence from a prospective
study in 70-89-year older adults has also shown results similar
to ours [31], with baseline faster gait speed associated with
better global cognition, executive function, and memory. In
addition, both gait speed and cognitive function were important
when assessing the risk of dementia in older adults [29,46].

Neuroimaging studies also support this reciprocal relationship.
Age-related changes in gait and cognition have been reported
to share common underlying structural alterations in the
prefrontal and temporal lobes [47]. Furthermore, several
mechanisms may explain the stronger effect of cognition on
gait speed. First, adverse structural alterations in the brain, such
as hippocampal atrophy, white matter, and an increase in white
matter damage, are associated with decreasing gait speed in
older adults [48]. Second, walking is a complex task that
requires energy, balance, and coordination of multiple systems,
including the nervous system, and thus disruption or
deterioration of any system tends to decrease gait speed [6,49].
Finally, specific cognitive capacities may be vital for the
initiation and maintenance of walking [22]. A functional
magnetic resonance imaging study has shown that some areas
with greater activation in the brain reflect increased cognitive
monitoring of movements in older participants compared with
that in younger people [50]. Overall, cognitive decline may
precede or co-occur with gait speed decrease among older
Chinese adults; therefore, early arrangements should be ensured
to maintain both cognitive function and gait status to avoid
further adverse outcomes. Meanwhile, cognitive decline might
be a sensitive early marker of gait deceleration, indicating that
cognition might be an essential factor to be considered along
with gait speed to identify risks for gait speed decrease or
mobility deficits among older adults.

Strengths and Limitations
This study has several strengths. Participants aged 60 years or
older were from the CHARLS, which is a nationally
representative, population-based prospective cohort in which
cognitive functioning was assessed with well-validated
measures. Relatively comprehensive information is available
in the CHARLS, and related covariates were adjusted as much
as possible in this study’s final model. In addition, this study
expands upon cross-sectional and traditional longitudinal
analyses by performing cross-lagged panel models, which
allowed for the capture of a temporal sequence by
simultaneously evaluating the strengths of temporal bidirectional
associations [32,40]. In addition, compared with similar studies
[27,29], our study added linear mixed-effects models to visualize
the temporal bidirectional relationships of the 2 factors. Finally,
to our knowledge, this is the first study to examine the possible
temporal sequence of changes in gait speed and cognition in
older Chinese people, and our findings deserve further
verification.
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Several limitations also need to be considered. First, our analysis
involved an approximately 4-year follow-up interval due to the
limited availability of gait speed information at the later wave
mark; therefore, it could not be determined whether this
association continued over a longer period. Second, while the
reciprocal associations between cognition and gait speed were
statistically significant after accounting for a variety of potential
confounding factors, there may still be some related but
uncontrolled variables such as the apolipoprotein E4 (ApoE4)
genotype. Slow walking speed in those with ApoE4 preceded
lower memory scores [24], but unfortunately, these data are not
available in the CHARLS. Based on a genomic study, the e4
allele has a 6.9% frequency rate in the Chinese population;
therefore, this genotype may have slightly affected our results
[35]. Third, the older participants were allowed walking aids
for this study, which may obscure the true association between
gait and cognition to some extent. As one recent study has
shown, the cross-sectional correlation between cognition and
gait may be attenuated when considering the interaction of

walking-aid usage [8]. Eventually, gait speed was measured at
a usual pace, with this study solely focused on this walking
condition; therefore, we were unable to determine whether the
relationships we reported agree with the results obtained under
other walking conditions, such as maximum walking speed, and
this requires further research to identify.

Conclusions
This study demonstrates a longitudinal reciprocal association
of gait speed with global cognitive function, mental intactness,
and episodic memory among Chinese older adults. Cross-lagged
path coefficients suggest that baseline global cognition is likely
to have a stronger association with subsequent gait speed than
the reverse pathway. These findings further reinforce the
importance of promoting both cognition and gait conditions
early, and provide ideas for improving the clarity of the causal
direction of cognition and gait speed changes. Maintaining
normal cognitive function may be an important interventional
strategy for mitigating age-related gait speed decrease.
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Abstract

Background: China has the largest burden of esophageal cancer (EC). Prediction models can be used to identify high-risk
individuals for intensive lifestyle interventions and endoscopy screening. However, the current prediction models are limited by
small sample size and a lack of external validation, and none of them can be embedded into the booming electronic health records
(EHRs) in China.

Objective: This study aims to develop and validate absolute risk prediction models for EC in the Chinese population. In particular,
we assessed whether models that contain only EHR-available predictors performed well.

Methods: A prospective cohort recruiting 510,145 participants free of cancer from both high EC-risk and low EC-risk areas in
China was used to develop EC models. Another prospective cohort of 18,441 participants was used for validation. A flexible
parametric model was used to develop a 10-year absolute risk model by considering the competing risks (full model). The full
model was then abbreviated by keeping only EHR-available predictors. We internally and externally validated the models by
using the area under the receiver operating characteristic curve (AUC) and calibration plots and compared them based on
classification measures.

Results: During a median of 11.1 years of follow-up, we observed 2550 EC incident cases. The models consisted of age, sex,
regional EC-risk level (high-risk areas: 2 study regions; low-risk areas: 8 regions), education, family history of cancer (simple
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model), smoking, alcohol use, BMI (intermediate model), physical activity, hot tea consumption, and fresh fruit consumption
(full model). The performance was only slightly compromised after the abbreviation. The simple and intermediate models showed
good calibration and excellent discriminating ability with AUCs (95% CIs) of 0.822 (0.783-0.861) and 0.830 (0.792-0.867) in
the external validation and 0.871 (0.858-0.884) and 0.879 (0.867-0.892) in the internal validation, respectively.

Conclusions: Three nested 10-year EC absolute risk prediction models for Chinese adults aged 30-79 years were developed
and validated, which may be particularly useful for populations in low EC-risk areas. Even the simple model with only 5 predictors
available from EHRs had excellent discrimination and good calibration, indicating its potential for broader use in tailored EC
prevention. The simple and intermediate models have the potential to be widely used for both primary and secondary prevention
of EC.

(JMIR Public Health Surveill 2023;9:e43725)   doi:10.2196/43725

KEYWORDS

esophageal cancer; prediction model; absolute risk; China; prospective cohort; screening; primary prevention; development;
external validation; electronic health record

Introduction

China has the largest burden of esophageal cancer (EC),
accounting for around half of the global incident cases and
deaths in 2018 [1,2]. The prevalence, disability-adjusted life
years, and direct medical expenditures are projected to continue
to increase [3]. Upper endoscopy has been widely performed
for screening and diagnosing EC, but the cost and potential
harm of invasive procedures as well as the need for expertise
and endoscopy skills training preclude a population-wide
application, which may partially explain the poor prognosis of
EC. Thus, identifying a high-risk population for endoscopy
through prediction models would be more feasible and effective.

In China, 4 diagnostic models (ie, estimating the probability of
prevalent EC) have been developed to act as a prescreening tool
for endoscopy, with an area under the receiver operating
characteristic curve (AUC) ranging from 0.681 to 0.843 [4-7].
However, these models were all developed from populations
in high-risk rural areas and may not apply to low-risk rural and
urban areas, where a large proportion of cases countrywide
occurs [8]. Only 1 model was externally validated [5]. Besides
diagnostic models, a few prognostic models (ie, predicting the
absolute risk of EC in 5 or more years) have recently been
developed from European cohorts [9-12]. These models can be
used not only for early detection but also for primary prevention
such as intensive lifestyle interventions. However, such models
may not perform well for the Chinese population since the risk
factor profile is different and the predominant subtype of EC is
esophageal squamous cell carcinoma (ESCC) among the
Chinese, while esophageal adenocarcinoma is the predominant
subtype in the western population [13]. To the best of our
knowledge, there is only 1 prognostic model in China, which
was developed in a high-risk rural area [14]; this model was
based on a case-control design, which was prone to selection
bias and recall bias. Moreover, the limited EC cases (n=244)
and the lack of external validation could induce overfitting and
encroach generalizability.

The national Basic Public Health Service program in China
requires establishing health records for all residents [15]. The
efficiency and extensive use of population risk stratification for
tailored prevention can be greatly improved by embedding
prediction models within the electronic health record (EHR)

system, that is, by directly estimating the risk of EC and
identifying high-risk individuals for EC based on information
from EHRs. However, some predictors in the existing models
(eg, food temperature, eating speed) are not available in EHRs
and need to be additionally collected even in high-risk areas of
EC.

To address the above limitations, we used a large prospective
cohort of 0.5 million people from both high EC-risk and low
EC-risk areas of China for model development and another
prospective cohort for external validation. We first constructed
a 10-year absolute risk prediction model for EC with the
inclusion of established and probable EC risk factors to
maximize model performance. Then, we simplified the model
by keeping predictors that are available in the Basic Public
Health Service health records. We assessed whether the simple
but potentially widely applicable model showed acceptable
performance in both cohorts.

Methods

Data for Model Development
Data from the China Kadoorie Biobank (CKB), a large-scale
nationwide prospective cohort of 512,725 participants aged
30-79 years, were used for model development. The baseline
survey was performed between 2004 and 2008 in 10
geographically defined regions (5 urban and 5 rural). The details
of the study design and survey methods have been reported
previously [16]. Incident cases of EC and all-cause mortality
were identified through linkage with the mortality and disease
registries and national health insurance claims database,
supplemented with local residential records and annual active
confirmation. The International Classification of Diseases, 10th
revision was used to code all EC (C15) by trained staff who
were blinded to the baseline information. The adjudication of
the incident cancer cases is ongoing, with medical records of
1283 EC cases having been retrieved, in which 1246 (97.1%)
were confirmed as EC and 830 had pathological diagnoses.
After excluding 41 cases with subtype reported as unknown,
92.7% (731/789) of the cases were classified as ESCC.
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Data for External Validation
An independent prospective cohort from Changzhou of the
Jiangsu province, a low EC-risk rural area in China, was used
for external validation. In brief, 20,803 participants aged 30
years and older were recruited from 23 villages in 2004-2005.
Incident EC cases and all-cause mortality were identified
through active follow-up in 2008-2009, 2012-2013, and
2018-2019, and through linkage with the disease and mortality
registries. Trained staff who were blinded to baseline
information further confirmed suspected cases of nonfatal cancer
by reviewing local medical records or visiting village doctors.

Ethics Approval
The study protocol for CKB was approved by the ethics review
committee of the Chinese Center for Disease Control and
Prevention (Beijing, China: 005/2004) and the Oxford Tropical
Research Ethics Committee, University of Oxford (UK:
025–04). The Changzhou cohort was approved by the ethical
review committee of the Nanjing Medical University (Nanjing,
China), and written informed consent was collected from all
the participants.

Predictor Variables
At baseline, all participants in the CKB and Changzhou cohort
completed a questionnaire and had physical measurements taken.
Candidate predictors were identified based on established risk
factors for EC and factors that have been included in previous
EC prediction models [17,18]. Candidate predictors included
age, sex, smoking, alcohol use, education, household income,
marital status, family history of EC, BMI, waist circumference,
physical activity, hot food consumption, and consumption of
fresh vegetables, fresh fruit, red meat, and preserved vegetables.
To model the large geographic disparity in EC incidence in
China, we created a variable to denote living in a high-risk or
low-risk area. Of the 10 study regions of CKB, we assigned Hui
county in Henan province and Pengzhou in Sichuan province
to high-risk areas, according to the most recent guideline for
EC in China [19,20]. The criteria for defining high-risk areas
are described in Multimedia Appendix 1 [19,21-26]. The details
of baseline prevalence and incidence of EC by study region are
shown in Multimedia Appendix 2. Because data on the family
history of EC and hot food consumption were not recorded at
baseline in the CKB, we used family history of cancer and hot
tea consumption as surrogates for the above-established risk
factors. The details of the assessment of predictors are shown
in Multimedia Appendix 1.

Statistical Methods
In the CKB cohort, participants who were previously diagnosed
with cancer (n=2578) or had missing data on BMI (n=2) were
excluded, leaving 510,145 participants for development. In the
Changzhou cohort, participants who were previously diagnosed
with cancer (n=239), out of the age range of 30-79 years
(n=1902), had a recorded implausible censoring date for loss
to follow-up (n=5), or had missing data on candidate predictors
(n=216) were excluded, leaving 18,441 participants for external
validation. Participants were considered at risk from enrollment
to the first date of diagnosis of EC, death, loss to follow-up, or

end of follow-up (CKB: December 31, 2017; Changzhou cohort:
January 31, 2019).

Model Development
Based on the whole CKB data set, we separately fitted a model
for EC and a model for all-cause mortality. For the EC model,
a flexible parametric model on the cumulative hazard scale was
used to estimate the baseline hazards and hazard ratios of the
predictors for EC, with age as the time scale [27]. Age was
modeled using restricted cubic splines with boundary knots at
30 and 90 and internal knots at 60 and 70. The established risk
factors of EC (age, sex, smoking, and alcohol use) and regional
risk level (high-risk/low-risk areas) entered the model directly.
Two strategies were employed for the selection of the other
predictors. First, other candidate predictors were included in
the full model and kept if P<.05. Second, the predictor selection
was repeated using stepwise backward elimination. Two
strategies selected the same set of predictors. The variable
grouping was determined using the Bayesian information
criteria. All 2-way interactions were tested, but none of those
significantly improved model performance. Further, we
simplified the full model by keeping only predictors available
in the health records. As age is the most important predictor,
we also constructed an age-only model for comparison.
Therefore, 4 models were constructed, with predictors included
in the model: (1) age-only: age; (2) simple model: age, sex,
regional risk level, education, and family history of cancer,
which are available for all residents in the health records; (3)
intermediate model: simple model plus smoking, alcohol use,
and BMI, which are additionally available for residents aged
65 years and older, and diabetic or hypertensive patients in the
health records; (4) full model: intermediate model plus physical
activity, hot tea consumption, and fresh fruit consumption,
which go beyond the available health records but have the
potential to improve the risk prediction. We then used the same
settings of the flexible parametric model to model the hazards
of all-cause mortality, with sex, residence area (urban/rural),
and regional risk level in the model. We used cause-specific
hazard models to account for the competing risks. Briefly, the
10-year absolute risk (AR) of EC for a participant who is age
a is calculated as

Model Validation
The methods for model validation are detailed in Multimedia
Appendix 1. In brief, we externally validated the age-only,
simple, and intermediate models, but not the full model, because
data on physical activity in metabolic equivalent of task-hours
and hot tea consumption were unavailable in the Changzhou
cohort. We also conducted an internal validation in the CKB
by using data splitting and 500-sample bootstrapping.
Cancer-free participants whose retention in the cohorts was less
than 10 years were included to test calibration but were excluded
from other validation measures, since it was unknown whether
they could have experienced an EC if they had been followed
up to 10 years.
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Discrimination was quantified by calculating the AUC.
Calibration was assessed by plotting the observed risk obtained
using Kaplan-Meier analyses against the predicted risk by decile.
Because of the large geographical variation in the incidence of
EC in China, we recalibrated the models by using the method
proposed by the World Health Organization Cardiovascular
Disease Risk Chart Working Group with a slight modification
[21]. Further, continuous Net Reclassification Improvement
and Integrated Discrimination Improvement were used to
evaluate the added predictive ability of additional predictors
[28,29]. In the internal validation using data splitting, calibration
and discrimination were also assessed in subgroups defined by
regional risk level, residence area, sex, age group, and special
population aged 65 years and older or with diabetes or
hypertension who are of particular concern to the Basic Public
Health Service. To offer a reference for primary care practices,
we estimated a range of performance indices corresponding to
a series of cutoffs.

Several sensitivity analyses were conducted. First, we separately
developed 2 models for high EC-risk (high-risk model) and low
EC-risk (low-risk model) areas by using the same strategy as
the primary analyses and assessed their discrimination and
calibration in the corresponding areas. Second, we restricted
EC cases to (1) pathologically confirmed cases, (2) cases that
were pathologically confirmed as ESCC, (3) cases that were
pathologically confirmed but not as ESCC, and (4) cases that
were pathologically confirmed but not as ESCC (scenario 3) or
that were not pathologically confirmed. In the above 4 scenarios,
we excluded EC cases that did not meet the corresponding
criteria and examined the discriminating ability of the models
(Multimedia Appendix 3). Third, since some asymptomatic EC
cases might be undiagnosed, we excluded the EC cases
documented in the first year of follow-up and used the same
strategy to develop and validate the models.

Results

The mean age of the 510,145 participants in the CKB and 18,441
participants in the Changzhou cohort was 52.0 (SD 10.7) years
and 51.2 (SD 12.1) years, respectively. The details of the
baseline characteristics of the predictors are described in Table
1. During a median of 11.1 (IQR 10.2-12.1) years of follow-up
of the CKB, we identified 2550 EC cases, with an incidence
(per 100,000 person-years) of 46.2. High EC-risk areas had a
significantly higher incidence than low EC-risk areas (132.2 vs
20.2, respectively). In the Changzhou cohort, 114 EC cases
were identified during a median follow-up of 13.6 (IQR
13.5-14.4) years, with an incidence of 47.1.

Table 2 and Multimedia Appendix 4 list the hazard ratios and
95% CIs for predictors of EC and all-cause mortality in the
CKB. Male, living in high-risk areas, less educated, having a
family history of cancer, smoking, alcohol use, underweight,

less physical activity, preferring burning hot tea, and rare intake
of fresh fruits were associated with a greater risk of EC.

In the external validation, the simple and intermediate models
exhibited similar and excellent discriminating ability with AUCs
(95% CIs) of 0.822 (0.783-0.861) and 0.830 (0.792-0.867),
respectively (Figure 1). In the internal validation, the AUCs
(95% CIs) of the simple, intermediate, and full models were
0.871 (0.858-0.884), 0.879 (0.867-0.892), and 0.883
(0.871-0.895), respectively (Figure 1). Although there were
only limited increases in the AUCs with more predictors
included in the models, continuous Net Reclassification
Improvement and Integrated Discrimination Improvement
indicated improved accuracy of the predicted risks for both
cases and those that were not cases (Multimedia Appendix 5).
In the less biased internal validation method of bootstrapping,
the above results were not greatly altered (Multimedia Appendix
6). The original simple and intermediate models significantly
underestimated the risk of EC in the Changzhou cohort. The
recalibration parameters, b and k, were 1.22 and 1.97,
respectively. Age-specific observed risks of EC used to calculate
b and k are shown in Multimedia Appendix 7. After
recalibration, the calibration plot showed excellent agreement
between the observed and predicted risks for the simple and
intermediate models (Figure 2). In the internal validation, the
predicted risk of the simple, intermediate, and full models agreed
well with the observed risk by a tenth of the predicted risk,
except for the top 2 deciles where slight underestimations
seemed to have occurred (Figure 3).

The density of the predicted risks of models in cases was greater
than that in those that were not cases (Multimedia Appendix 8
and Multimedia Appendix 9). The performance of the models
across a series of cutoffs is presented in Multimedia Appendix
10. Compared with their counterparts, the models discriminated
better in low-risk areas, rural areas, women, or middle-aged
adults younger than 65 years without diabetes and hypertension
in the internal validation (Multimedia Appendix 11). The
predicted risks agreed well with the observed risks in all
subgroups.

In the sensitivity analysis, we separately developed 2 models
for high-risk and low-risk areas. The included predictors and
the hazard ratios (95% CIs) are listed in Multimedia Appendix
12. When these 2 models were applied in their corresponding
validation set, the model for low-risk areas performed better
than the models in the primary analyses (Multimedia Appendix
5 and Multimedia Appendix 13). When we took the availability
and results of pathology reports into consideration, models had
excellent discriminating ability in all scenarios (Multimedia
Appendix 3 and Multimedia Appendix 14). Excluding EC cases
occurring in the first year of follow-up did not alter the
performance of the models (Multimedia Appendix 15).
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Table 1. Baseline characteristics of the participants by disease status in the China Kadoorie Biobank and Changzhou cohort.

Changzhou cohortChina Kadoorie Biobank

Total
(N=18,441)

Not an EC case
(n=18,327)

EC case
(n=114)

Total
(N=510,145)

Not an EC case
(n=507,595)

ECa case
(n=2550)

51.2 (12.1)51.1 (12.1)60.9 (9.1)52.0 (10.7)52.0 (10.7)60.7 (8.7)Age (years), mean (SD)

7688 (41.7)7611 (41.5)77 (67.5)209,234 (41)207,477 (40.9)1757 (68.9)Male, n (%)

0 (0)0 (0)0 (0)224,768 (44.1)224,300 (44.2)468 (18.4)Urban, n (%)

0 (0)0 (0)0 (0)118,407 (23.2)116,715 (23)1692 (66.4)High-risk areab, n (%)

3380 (18.3)3354 (18.3)26 (22.8)85,668 (16.8)84,948 (16.7)720 (28.2)Family history of cancer, n (%)

———d127,304 (25)126,739 (25)565 (22.2)High level of physical activityc,
n (%)

Highest education, n (%)

8442 (45.8)8372 (45.7)70 (61.4)259,005 (50.8)257,088 (50.6)1917 (75.2)Illiterate or primary school

9884 (53.6)9841 (53.7)43 (37.7)221,378 (43.4)220,780 (43.5)598 (23.5)Middle or high school

115 (0.6)114 (0.6)1 (0.9)29,762 (5.8)29,727 (5.9)35 (1.4)College or university

Current smoking (cigarettes or equivalent per day), n (%)

4279 (23.2)4230 (23.1)49 (43)115,794 (22.7)114,815 (22.6)979 (38.4)<30

721 (3.9)713 (3.9)8 (7)19,390 (3.8)19,155 (3.8)235 (9.2)≥30

Daily alcohol use (grams of pure alcohol per day), n (%)

1132 (6.1)1123 (6.1)9 (7.9)11,573 (2.3)11,503 (2.3)70 (2.7)<30

1058 (5.7)1049 (5.7)9 (7.9)15,045 (2.9)14,884 (2.9)161 (6.3)30-59

1989 (10.8)1956 (10.7)31 (29)19,471 (3.8)19,085 (3.8)386 (15.1)≥60

BMI (kg/m2), n (%)

988 (5.4)984 (5.4)4 (3.5)22,140 (4.3)21,965 (4.3)175 (6.9)<18.5

10,043 (54.4)9967 (54.4)76 (66.7)264,651 (51.9)263,169 (51.8)1482 (58.1)18.5-23.9

7410 (40.2)7376 (40.3)34 (29.8)223,354 (43.8)222,461 (43.8)893 (35)≥24.0

Tea temperature preference, n (%)

———428,718 (84)426,628 (84)2090 (82)Not daily drinker/warm tea
drinker

———59,736 (11.7)59,425 (11.7)311 (12.2)Hot tea

———21,691 (4.3)21,542 (4.2)149 (5.8)Burning hot tea

Fresh fruit consumptione, n (%)

817 (4.4)813 (4.4)4 (3.5)95,880 (18.8)95,715 (18.9)165 (6.5)Daily

16,019 (86.9)15,921 (86.9)98 (86)208,374 (40.8)207,716 (40.9)658 (25.8)Weekly

1603 (8.7)1591 (8.7)12 (10.5)205,891 (40.4)204,164 (40.2)1727 (67.7)Less than weekly

aEC: esophageal cancer.
bHigh-risk area denotes Hui county in Henan province and Pengzhou in Sichuan province in our study.
cHigh-level physical activity was defined as age-specific and sex-specific upper quarter of total physical activity level measured by metabolic equivalent
of task-hours per day.
dNot available.
eData on the fresh fruit consumption of 2 participants in the Changzhou cohort were missing.
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Table 2. Hazard ratios (95% CIs) for the predictor variables of esophageal cancer in the China Kadoorie Biobank.

Full model, HR
(95% CI)

Intermediate model,
HR (95% CI)

Simple model, HR
(95% CI)

Age-only

model, HRa

(95% CI)

Cases/person
years
(1/100,000)

Cases (n)

Spline basis of age (knots: 30, 60, 70, 90)

3.28 (3.02-3.56)3.30 (3.04-3.59)3.28 (3.03-3.56)3.56 (3.29-
3.86)

N/AN/AbFirst

1.14 (1.09-1.20)1.14 (1.09-1.20)1.15 (1.09-1.21)1.17 (1.11-
1.23)

N/AN/ASecond

1.00 (0.98-1.02)1.00 (0.98-1.02)1.00 (0.98-1.02)1.02 (1.00-
1.04)

N/AN/AThird

Sex

ReferenceReferenceReferenceN/A79.121757Male

0.42 (0.37-0.46)0.40 (0.36-0.44)0.31 (0.28-0.34)N/A24.02793Female

High-risk areac

ReferenceReferenceReferenceN/A20.22858No

5.61 (5.14-6.13)6.07 (5.58-6.60)6.31 (5.81-6.86)N/A132.221692Yes

Highest education

ReferenceReferenceReferenceN/A69.061917Illiterate or primary school

0.68 (0.62-0.76)0.65 (0.59-0.72)0.60 (0.55-0.66)N/A24.68598Middle or high school

0.45 (0.32-0.63)0.37 (0.26-0.52)0.32 (0.23-0.44)N/A10.8235College or university

Family history of cancer

ReferenceReferenceReferenceN/A39.881830No

1.74 (1.59-1.89)1.78 (1.63-1.94)1.71 (1.57-1.86)N/A77.14720Yes

Current smoking

ReferenceReferenceN/AN/A32.721336No

Cigarettes or equivalent per day among smokers

1.12 (1.02-1.24)1.15 (1.05-1.27)N/AN/A79.48979<30

1.24 (1.06-1.45)1.25 (1.07-1.47)N/AN/A112.95235≥30

Daily alcohol use

ReferenceReferenceN/AN/A38.431933No

Grams of pure alcohol per day among alcohol consumers

1.03 (0.81-1.30)0.97 (0.77-1.24)N/AN/A56.8470<30

1.43 (1.21-1.69)1.39 (1.18-1.64)N/AN/A100.0316130-59

2.06 (1.82-2.32)2.01 (1.78-2.26)N/AN/A185.48386≥60

BMI (kg/m2)

ReferenceReferenceN/AN/A77.77175<18.5

0.76 (0.65-0.88)0.73 (0.62-0.85)N/AN/A51.70148218.5-23.9

0.64 (0.54-0.76)0.61 (0.52-0.72)N/AN/A36.73893≥24.0

Physical activity

ReferenceN/AN/AN/A48.101985Low

0.80 (0.73-0.88)N/AN/AN/A40.49565Highd

Tea temperature preference

ReferenceN/AN/AN/A44.962090Not a daily drinker or warm
tea drinker
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Full model, HR
(95% CI)

Intermediate model,
HR (95% CI)

Simple model, HR
(95% CI)

Age-only

model, HRa

(95% CI)

Cases/person
years
(1/100,000)

Cases (n)

1.03 (0.91-1.17)N/AN/AN/A48.27311Hot tea

1.49 (1.25-1.77)N/AN/AN/A64.89149Burning hot tea

Fresh fruit consumption

ReferenceN/AN/AN/A15.74165Daily

1.07 (0.90-1.27)N/AN/AN/A28.97658Weekly

1.79 (1.51-2.12)N/AN/AN/A78.381727Less than weekly

aHR: hazard ratio.
bN/A: not applicable.
cHigh-risk area denotes Hui county in Henan province and Pengzhou in Sichuan province in our study.
dHigh-level physical activity was defined as age-specific and sex-specific upper quarter of total physical activity level measured by metabolic equivalent
of task-hours per day.

Figure 1. Receiver operating characteristic curves and corresponding areas under the receiver operating characteristic curve for the esophageal cancer
prediction models. (A) Internal validation in the China Kadoorie Biobank using data splitting. (B) External validation in the Changzhou cohort. The
models included age (age-only model), sex, regional risk level, education, family history of cancer (simple model), smoking, alcohol use, BMI (intermediate
model), physical activity, hot tea consumption, and fresh fruit consumption (full model). AUC: area under the receiver operating characteristic curve.

JMIR Public Health Surveill 2023 | vol. 9 | e43725 | p.1698https://publichealth.jmir.org/2023/1/e43725
(page number not for citation purposes)

Han et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Calibration plot of the esophageal cancer prediction models in the Changzhou cohort. Calibration of the original (A) age-only, (C) simple,
and (E) intermediate models. Calibration of the recalibrated (B) age-only, (D) simple, and (F) intermediate models. The observed 10-year risk was
estimated by Kaplan-Meier analysis and plotted against model-predicted risk by decile. Models were recalibrated using the method proposed by the
World Health Organization Cardiovascular Disease Risk Chart Working Group with a slight modification. For details, see Multimedia Appendix 1.
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Figure 3. Calibration plot of the esophageal cancer prediction models in the China Kadoorie Biobank by using data splitting. (A) Age-only model. (B)
Simple model. (C) Intermediate model. (D) Full model. Models were fitted to a random two-thirds of the China Kadoorie Biobank data and evaluated
on the remaining one-third. The calibration plots in the validation set were plotted. The observed 10-year risk was estimated by Kaplan-Meier analyses
and plotted against model-predicted risk by decile.

Discussion

In a large prospective cohort study, we developed 3 nested
10-year EC absolute risk prediction models for Chinese adults
aged 30-79 years. The models included age, sex, regional
EC-risk level, education, family history of cancer (simple
model), smoking, alcohol use, BMI (intermediate model),
physical activity, hot tea consumption, and fresh fruit
consumption (full model). The simple and intermediate models
were externally validated in an independent prospective cohort
and they exhibited excellent discrimination and good calibration.
The performance of these models was compromised by keeping
only predictors available in the health records but only to a small
and acceptable extent.

The models that we constructed included established risk factors
for EC (eg, age, smoking, alcohol use) and factors associated
with increased EC risk in the CKB and in previous studies

[17,18]. A previous review attributed the geographical variation
in the incidence of EC in China to some unique factors in
high-risk areas, such as exposure to carcinogens (eg,
nitrosamines, their precursors) via water, food, and other sources
[30]. To capture this variation as well as to denote some
unmeasured unique factors in high-risk areas, we included
regional risk level in our models. Although this predictor
contributed the most to the model performance with a hazard
ratio of around 6 (Table 2), our stratified validation showed that
the other predictors still maintained excellent performance in
both high-risk and low-risk areas (Multimedia Appendix 11).

Previous models included clinical symptoms such as dysphagia
and poststernal pain to identify high-risk individuals with
prevalent EC for further endoscopies [4-6]. In contrast, our
models, which were intended to identify individuals at risk for
developing EC in the next 10 years, did not include clinical
symptoms. In a prior model developed based on a hospital-based
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case-control study, 25 single-nucleotide polymorphisms, in
addition to age, smoking, and alcohol use, resulted in an
increased AUC from 0.639 to 0.707 [7]. Some other factors
such as exposure to cooking fumes, pesticides, or salty foods
were also included in previous models. To develop a
parsimonious model that can be potentially used widely, we did
not consider genetic variants and less well-established risk
factors. Nevertheless, the AUCs of our models were still higher
than those of most of the previous Chinese models (range
0.681-0.843) [4-7,14].

As expected, our finding that the simple and intermediate models
retained similar performance as the full model despite the fewer
predictors included is reasonable since the lost information due
to the removal of the predictors was more or less supplemented
by other correlated predictors. A previous study showed that
the discriminatory information needed for the same unit of
increase of AUC exponentially increased with AUC [31]. Thus,
an already high AUC of >0.8 for the simple model can only be
improved by highly informative predictors. Given the similar
performance and excellent discriminating ability, it is acceptable
to use the simple or intermediate model in situations where the
EHRs are complete and up-to-date and easily implemented in
a lower-cost way than an organized screening program. Further,
we noticed that the same predictors could contribute differently
in subpopulations. For example, the inclusion of lifestyle factors
barely improved the discriminating ability in women
(Multimedia Appendix 11), which may be explained by the low
prevalence and dosage intensity of smoking and alcohol use in
Chinese women.

For most prediction models, underestimations or overestimations
are commonly observed in an external validation, which were
also observed in our study. However, across the groups defined
by the deciles of predicted risks, the observed risks
proportionally increased with increased predicted risk rather
than an irregular misestimation. More importantly, the
underestimation disappeared after recalibration. Such results
implied that the predictors in our models are predictive, the
coefficients estimated in the CKB are robust and generalizable,
and the underestimation was mainly caused by the mismatch
of EC incidence between the CKB and Changzhou cohort.

Unlike the models in previous studies, our models calculated
the absolute risk of EC instead of the relative risk and could
facilitate primary prevention of EC. The essence of intuition of
the absolute risk can not only raise population awareness and
motivate adherence to lifestyle changes but also enhance
effective communication between health professionals and
individuals and help health professionals identify high-risk
populations for intensive lifestyle interventions. Further, several
predictors in our models are modifiable, such as smoking,
alcohol use, and BMI, which could be treated as targets of
intervention.

Our study has several strengths. We used a large prospective
cohort with the largest number of EC cases from urban, rural,
high EC-risk, and low EC-risk areas in China for model
development and used another prospective cohort for external
validation. This method ensures that our models are robust and
potentially generalizable to a wide range of areas. To the best
of our knowledge, ours is the first study to develop and
externally validate EC models by using 2 independent
prospective Chinese cohorts. Last but not the least, we developed
and validated an abbreviated version of the risk prediction model
that could be easily embedded within the EHR system and
enable an efficient and automatic population risk stratification.
To facilitate the usage of our models, we provide an easy-to-use
Stata code and example in Multimedia Appendix 16 (Stata
calculator, which is a modified version of the code shared by
Dr Muller) [22].

Some limitations of our study merit consideration. First, some
EC cases in the CKB had only clinical diagnoses but no
pathological diagnoses for various reasons. Therefore, we could
not exclude cases of esophageal adenocarcinoma. However,
more than 90% of the EC cases are ESCC in China [32], which
was confirmed by our ongoing adjudication of incident EC cases
in the CKB. More importantly, models maintained high
discriminating abilities when we restricted EC cases to those
with a pathological diagnosis of ESCC or those without a
pathological diagnosis of ESCC. Second, we did not collect
information on the family history of EC specifically and their
preference for hot foods and drinks in the baseline survey.
Therefore, we used the family history of any cancer and
preference for very hot tea consumption as surrogates. Third,
although we found limited improvement in AUC by including
more predictors in the model (full model), whether other
established risk factors of EC, such as disease history of the
esophagus and genetic predisposition of EC could further
improve the AUC warrants future research. Fourth, we only
externally validated our models in low EC-risk rural areas.
Further validations in other areas are warranted.

In summary, using data from 2 prospective cohorts, we
developed and validated 3 nested 10-year EC absolute risk
prediction models for Chinese adults, which may be particularly
useful for populations in low EC-risk areas. Even the simple
model with only 5 predictors available from residents’ EHRs
showed excellent discrimination and good calibration, indicating
its potential for broader use in tailored EC prevention. Further
research is needed to assess the real-world performance in aiding
population-wide stratification, identify optimal risk cutoffs for
initiating intensive lifestyle interventions and endoscopy
screening, and establish an optimal screening protocol (including
multistage screening) for individuals or regions with different
risks.
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Abstract

Background: Skeletal muscle and BMI are essential prognostic factors for survival in colorectal cancer (CRC). However, there
is a lack of understanding due to scarce studies on the continuous aspects of these variables.

Objective: This study aimed to evaluate the prognostic impact of the initial status and trajectories of muscle and BMI on overall
survival (OS) and assess whether these 4 profiles within 1 year can represent the profiles 6 years later.

Methods: We analyzed 4056 newly diagnosed patients with CRC between 2010 to 2020. The volume of the muscle with 5-mm
thickness at the third lumbar spine level was measured using a pretrained deep learning algorithm. The skeletal muscle volume
index (SMVI) was defined as the muscle volume divided by the square of the height. The correlation between BMI status at the
first, third, and sixth years of diagnosis was analyzed and assessed similarly for muscle profiles. Prognostic significances of
baseline BMI and SMVI and their 1-year trajectories for OS were evaluated by restricted cubic spline analysis and survival
analysis. Patients were categorized based on these 4 dimensions, and prognostic risks were predicted and demonstrated using
heat maps.

Results: Trajectories of SMVI were categorized as decreased (812/4056, 20%), steady (2014/4056, 49.7%), or increased
(1230/4056, 30.3%). Similarly, BMI trajectories were categorized as decreased (792/4056, 19.5%), steady (2253/4056, 55.5%),
or increased (1011/4056, 24.9%). BMI and SMVI values in the first year after diagnosis showed a statistically significant correlation
with those in the third and sixth years (P<.001). Restricted cubic spline analysis showed a nonlinear relationship between baseline
BMI and SMVI change ratio and OS; BMI, in particular, showed a U-shaped correlation. According to survival analysis, increased
BMI (hazard ratio [HR] 0.83; P=.02), high baseline SMVI (HR 0.82; P=.04), and obesity stage 1 (HR 0.80; P=.02) showed a
favorable impact, whereas decreased SMVI trajectory (HR 1.31; P=.001), decreased BMI (HR 1.23; P=.02), and initial underweight
(HR 1.38; P=.02) or obesity stages 2-3 (HR 1.79; P=.01) were negative prognostic factors for OS. Considered simultaneously,

BMI >30 kg/m2 with a low SMVI at the time of diagnosis resulted in the highest mortality risk. We observed improved survival
in patients with increased muscle mass without BMI loss compared to those with steady muscle mass and BMI.

Conclusions: Profiles within 1 year of both BMI and muscle were surrogate indicators for predicting the later profiles. Continuous
trajectories of body and muscle mass are independent prognostic factors of patients with CRC. An automatic algorithm provides
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a unique opportunity to conduct longitudinal evaluations of body compositions. Further studies to understand the complicated
natural courses of muscularity and adiposity are necessary for clinical application.

(JMIR Public Health Surveill 2023;9:e43409)   doi:10.2196/43409

KEYWORDS

body mass index; BMI; colorectal cancer; deep neural network model; skeletal muscle; skeletal muscle volume index; SMVI

Introduction

Colorectal cancer (CRC) is the third most common cancer,
accounting for approximately 10% of newly diagnosed cancers
and cancer-related mortality worldwide [1]. Epidemiologic
studies indicate that increasing age and resource-rich countries
are associated with CRC development [2]. Modifiable lifestyle
factors such as smoking, alcohol intake, physical activity, and
obesity possibly impact CRC development [3,4].

Given the rapid global increase in obesity in recent years,
understanding the effects of obesity on cancer outcomes is
important [5,6]. Previous studies suggest that increased BMI is
associated with poor prognosis and resistance to anticancer
treatment [7-9]. Patients with stage II or III disease with high
BMI at the time of diagnosis had decreased overall survival
(OS) and disease-free survival [10]. Moreover, studies have
described a relationship between muscle and CRC prognosis,
suggesting that low muscle mass (ie, sarcopenia) is a prognostic
factor for poor survival, increased postoperative complications,
and decreased treatment response [11,12]. Despite the
well-established prognostic impact of baseline profiles of obesity
and muscle mass, personalized risk assessments or intervention
decisions regarding these body compositions are limited in
clinical practice.

Previously, skeletal muscle was manually measured using
computed tomography (CT) images at the level of the third
lumbar spine vertebra (L3), which includes an intense
localization procedure and inevitable operator errors in the
manual identification of the L3 vertebrae [13,14]. Recently, the
medical application of artificial intelligence (AI) using machine
and deep learning algorithms has increased, enabling the
resolution of medical problems with ease of use, robustness,
and precision [15]. Moreover, studies have demonstrated that
automated CT imaging evaluations using deep learning models
are feasible for extracting complicated body composition
parameters, and the prognostic effects of these measurements
on mortality in CRC have been confirmed [16-18]. Although
previous automated body profile evaluations have partially
fulfilled the gap for clinical application, the evaluation of
adiposity and muscularity is limited to one time point, and thus,
not considered alternatively during various treatment or
interventions.

To comprehend the natural course of adiposity and muscularity
of patients with CRC, we continuously tracked skeletal muscle
and BMI profiles over 1 year and evaluated their
representativeness for longer prospective profiles. Moreover,
we evaluated the prognostic effects of the trajectories of changes
in skeletal muscle and BMI to identify their longitudinal effects
on CRC prognosis and demonstrated predicted mortality risks
for each body composition trajectory, specified by initial status
and changes in BMI and muscularity. Our study highlights the
continuous characteristics of muscle and BMI in OS and
supports the clinical applicability of artificial
intelligence–powered automated evaluation for CRC risk
modification and management.

Methods

Study Population and Data Collection
A total of 4056 patients with newly diagnosed CRC were
enrolled in the Yonsei Cancer Registry Database between
January 1, 2010, and September 30, 2020. Patients with
abdominal CT images and BMI information up to 1 year after
diagnosis were eligible. CT images within 1 year of diagnosis
were obtained from the medical database of Severance Hospital.
BMI was measured as the patient’s weight in kilograms divided

by the square of the patient’s height in meters (kg/m2). Skeletal
muscle volume index (SMVI) outliers and SMVI change ratios
were detected using median absolute deviation and were
excluded. Demographic factors, such as age, sex, weight, height,
variables related to diagnosis, progression, the treatment of
CRC, and the date of death or follow-up loss, were collected.

Automated CT-Derived Skeletal Muscle Mass
Measurement
Using the UNet architecture–based automated skeletal muscle
measurement algorithm proposed by Islam et al [19], skeletal
muscle was analyzed with a series of axial CT images. The
overall process of muscle assessment is summarized in Figure
1A. Automated CT-derived skeletal muscle mass measurement
involved three steps: (1) axial CT images within 2.5 mm superior
and inferior to L3 level were detected, (2) areas of the muscle
were calculated, and (3) L3-level muscle volume was calculated.
SMVI was defined as L3-level muscle volume divided by the

square of the patient’s height in meters (cm3/m2).
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Figure 1. Study design. (A) The process of skeletal muscle segmentation and patient classification according to SMVI patterns. Axial CT image series
were inputted (left). The blue area indicates the segmented muscle area and the volume of the muscle with 5-mm thickness was calculated (middle).
Patients were classified into SMVI decreased, steady, and increased groups with the SMVI change ratio (right). (B) The process of patient classification
according to 1-year BMI patterns. Lines indicate the 1-year BMI pattern of individual patients. The centers of 3 clusters by k-means clustering are
presented. The 1-year BMI trajectories of the patients are demonstrated within each BMI pattern. CT: computed tomography; DICOM: Digital Imaging
and Communications in Medicine; L3: third lumbar spine vertebra; SMVI: skeletal muscle volume index.

Patient Classification According to SMVI and BMI
Patterns
Baseline SMVI was defined as the mean SMVI within 3 months
after diagnosis. SMVI change ratios were calculated as the

difference between the baseline and last SMVI values. SMVI
patterns were divided into 3 groups according to the SMVI
change ratio: below −5% as the decreased group, over 5% as
the increased group, and between −5% to 5% as the steady group
(Figure 1A). Patients’ 1-year BMI patterns were defined as the
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trajectory of the 12 monthly mean BMI values within 1 year
after diagnosis. Missing monthly mean BMI was imputed
assuming a linear change of monthly BMI. Using the k-means
clustering method, patients were divided into 3 BMI pattern
groups: decreased, steady, and increased (Figure 1B).

Statistical Analysis
Patient characteristics were compared between BMI pattern
groups. The normality of variables was determined using the
quantile-quantile plot. Parametric and nonparametric continuous
variables were compared using ANOVA and Kruskal-Wallis
tests, respectively. Categorical variables were compared using
the chi-square test. The effect sizes for ANOVA, Kruskal-Wallis
test, and chi-square test were individually calculated using
partial eta squared [20], eta squared [21], and Cramer V [22],
respectively. The baseline BMI group was classified according
to Asian cutoffs determined by the World Health Organization

(WHO; BMI <18.5 kg/m2, underweight; 18.5-23 kg/m2, normal

range; 23-25 kg/m2, preobese; 25-30 kg/m2, obese stage 1; and

>30 kg/m2, obese stages 2-3) [23]. The SMVI was categorized

into tertiles according to SMVI values (SMVI <18.68 cm3/m2

[lower third], low SMVI; 18.68-22.33 cm3/m2 [middle third],

normal SMVI; and >22.33 cm3/m2 [upper third], high SMVI).

The correlation between the BMI of the first, third, and sixth
years after diagnosis was evaluated with Pearson correlation,
among patients with available BMI data for a sufficient period.
Identical correlation analysis was conducted with SMVI among
300 random patients with available CT images for a sufficient
period. The association of 6-year overall mortality with baseline
and change ratio of both SMVI and BMI was analyzed using
restricted cubic spline analysis. The nonlinearity was assessed
by Wald statistics. Patients’6-year OS was analyzed for survival
analysis, and survival curves were plotted using the
Kaplan-Meier method and compared between SMVI pattern
groups using the log-rank test. Cox proportional hazard
regression was conducted to predict 6-year OS. Similar survival
analyses were performed for each BMI pattern group. All
statistical analyses were conducted using JupyterLab (version
1.2.6; Project Jupyter) [24], Python (version 3.6.8; Python
Software Foundation) [25], and R (version 4.1.3; R Foundation
for Statistical Computing) [26]. Two-sided P values of <.05
were considered statistically significant.

Risk Assessment and Heat Map Generation
Three hazard ratio (HR) heat maps were designed with HRs of
the survival analysis, with the seaborn package (v.0.11.2) [27].
One heat map demonstrated the HRs of 15 baseline conditions,
defined by 5 baseline BMI and 3 baseline SMVI groups. The
other heat map demonstrated the HRs of 9 body composition

change patterns, defined by 3 BMI patterns and 3 SMVI pattern
groups. Another heat map demonstrated the HRs of each
baseline condition specified by the body composition change
groups.

Ethics Approval
The study design was approved by the institutional review board
of Severance Hospital, Seoul, South Korea (IRB 4-2020-1304).
The need for informed consent was waived by the ethics
committee, as this study used routinely collected log data
managed anonymously at all stages, including data cleaning
and statistical analyses. The study protocol was performed
following the guidelines of the International Conference on
Harmonization of Good Clinical Practice, the Declaration of
Helsinki, and relevant legislation for observational studies.

Results

Study Population
The median follow-up time was 45.5 (range 12.0-129.5) months.
The median age was 61.0 (IQR 52.0-69.0) years, and 56.7%
(2299/4056) of patients were men. At the time of diagnosis, the

average baseline BMI was 23.2 (SD 3.0) kg/m2. Of the 4056
patients, 4.7% (n=192) were classified as underweight, 43.9%
(n=1780) as normal weight, 25.1% (n=1019) as preobese, 23.9%
(n=969) as obese stage 1, and 2.4% (n=96) as obese stages 2-3.

The mean SMVI at diagnosis was 20.7 (SD 4.1) cm3/m2.

Automated CT-Derived Skeletal Muscle Mass
Measurement and Patient Classification Based on
Longitudinal BMI and SMVI Changes
Patients were classified by SMVI patterns into 3 groups:
decreased (812/4056, 20%), steady (2014/4056, 49.7%), and
increased (1230/4056, 30.3%) groups. Using the k-means
clustering method, clustering BMI patterns into 3
groups—decreased (792/4056, 19.5%), steady (2253/4056,
55.5%), and increased (1011/4056, 24.9%) groups—was the
most optimized clustering option (Figure 1B and Multimedia
Appendix 1) [28].

The baseline characteristics of each group according to BMI
patterns are summarized in Table 1. The median age at diagnosis
was 61.0 (IQR 52.0-69.0), 61.0 (IQR 53.0-69.0), and 60.0 (IQR
52.0-67.5) years in the decreased, steady, and increased BMI
groups, respectively (Table 1). Baseline BMI was 24.4 (SD

3.1), 23.2 (SD 3.0), and 22.5 (SD 2.9) kg/m2 in the decreased,
steady, and increased BMI groups, respectively. Baseline SMVI

was 21.4 (SD 4.1), 20.8 (SD 4.1), and 20.0 (SD 3.8) cm3/m2 in
the decreased, steady, and increased BMI groups, respectively.
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Table 1. Patient characteristics according to 1-year BMI trajectory group: decreased, steady, and increased.

Effect sizebP valuea1-year BMI trajectory pattern group

Increased (n=1011)Steady (n=2253)Decreased (n=792)

.002.0160.0 (52.0-67.5)61.0 (53.0-69.0)61.0 (52.0-69.0)Age (years), median (IQR)

.044.02Sex, n (%)

540 (53.4)1285 (57)474 (59.8)Male

471 (46.6)968 (43)318 (40.2)Female

Baseline, mean (SD)

.043<.00122.5 (2.9)23.2 (3.0)24.4 (3.1)BMI (kg/m2)

.013<.00120 (3.8)20.8 (4.1)21.4 (4.1)SMVIc (cm3/m2)

.141<.001BMI group, n (%)

73 (7.2)107 (4.7)12 (1.5)Underweight

539 (53.3)979 (43.5)262 (33.1)Normal

209 (20.7)604 (26.8)206 (26)Preobese

177 (17.5)515 (22.9)277 (35)Obesity stage 1

13 (1.3)48 (2.1)35 (4.4)Obesity stages 2-3

.213<.0011-year SMVI trajectory pattern group, n (%)

103 (10.2)398 (17.7)311 (39.3)Decreased

439 (43.4)1219 (54.1)356 (44.9)Steady

469 (46.4)636 (28.2)125 (15.8)Increased

Change ratio (%), mean (SD)

.752<.00111.0 (5.4)0.4 (2.8)−9.1 (4.1)BMI (kg/m2)

.088<.0014.9 (8.7)1.4 (7.8)−2.8 (9.1)SMVI (cm3/m2)

.116<.001Cancer stage, n (%)

26 (2.6)273 (12.1)83 (10.5)I

172 (17)462 (20.5)118 (14.9)II

447 (44.2)924 (41)320 (40.4)III

366 (36.2)594 (26.4)271 (34.2)IV

.113<.001507 (50.1)851 (37.8)374 (47.2)Recurrence or metastasis, n (%)

.043.02261 (25.8)538 (23.9)228 (28.8)Death, n (%)

.008<.0013.8 (3.6)4.0 (4.1)3.7 (3.3)Follow-up duration (years), mean (SD)d

Treatment, n (%)

.049.008902 (89.2)2071 (91.9)737 (93.1)Surgery

.168<.001961 (95.1)1822 (80.9)686 (86.6)CTxe

.181<.001256 (25.3)613 (27.2)377 (47.6)RTxf

aCategorical variables were compared using the chi-square test. Continuous variables were compared using ANOVA and Kruskal-Wallis tests.
bCramer V effect size: 0.1=small, 0.3=medium, and 0.5=large (for 2 subvariable comparisons) and 0.07=small, 0.21=medium, and 0.35=large (for more
than 3 subvariable comparisons). Partial eta-squared effect size: 0.01=small, 0.06=medium, and 0.14=large. Eta-squared effect size: 0.01=small,
0.06=medium, and 0.14=large.
cSMVI: skeletal muscle volume index.
dThe follow-up duration of patients with a follow-up period longer than 6 years was considered as 6 years.
eCTx: chemotherapy.
fRTx: radiotherapy.
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Correlations Between First-Year and Subsequent
Profiles of Obesity and Muscle
Among the 4056 patients, BMI data were available for 3217
patients 3 years after diagnosis and for 1318 patients 6 years
after diagnosis. Among these patients, BMI in the first and third
years showed a statistically significant positive correlation
(P<.001), whereas the trajectory groups were evenly distributed
(Figure 2A). BMI in the first year was also significantly

correlated with that in the sixth year with a nonspecific
distribution pattern of trajectory groups (P<.001; Figure 2B).
Among the randomly selected 300 patients for correlation
analysis between first- versus third-year SMVI, data from 278
patients were available for CT analysis, and the correlation was
found to be positive (P<.001; Figure 2C). Among the randomly
selected 300 patients for correlation analysis between first-
versus sixth-year SMVI, 269 patients were analyzed, and the
correlation was positive (P<.001; Figure 2D).

Figure 2. Correlation between BMI or SMVI profiles at the first year and 3 and 6 years after diagnosis. Scatter plots of patients’ BMI or SMVI profiles
are presented, and results of trend line formula, R-square, and P value of Pearson correlation are described at the lower right in each graph. Magenta
square, cyan cross, and yellow dot indicate decreased, steady, and increased groups, respectively, for the 1-year trajectory of BMI or SMVI. Black
dashed lines represent the trend line of each scatter plots. SMVI: skeletal muscle volume index.

Relationship of the Baseline and Change Ratio of
Obesity and Muscle Mass With Mortality
According to restricted cubic spline analysis, baseline BMI and
mortality risk exhibited a U-shaped relationship (P<.001; Figure
3A). The lowest mortality risk was observed among patients
with a normal BMI. Baseline SMVI exhibited an inverse
relationship with the risk of death, with an L-shaped pattern,
whereby patients with the lowest muscle mass had the highest
risk (P<.001; Figure 3B).

Change ratios of BMI demonstrated an inverse correlation with
overall mortality (P<.001; Figure 3C), with the lowest risk
observed for an increased BMI of >20%. Patients with BMI
loss >20% had a 65% increased risk of death. Similarly, an
increase in SMVI over time was associated with improved OS
(P<.001; Figure 3D). A decrease in SMVI by 20% increased
the mortality risk by 78%, suggesting that the restoration of
body mass and muscle is critical for improving OS.
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Figure 3. The relationship of the baseline and trajectories of obesity and muscle mass with mortality using restricted cubic spline analysis. Relationship
between overall mortality and (A) baseline BMI, (B) baseline SMVI, (C) BMI change ratio, and (D) SMVI change ratio. P values of nonlinearity and
significance of the relationship are described on top of each graph. Red lines represent restricted cubic spline curves, and black dashed lines represent
95% CIs. The reference is the median of each variable. Adjusted variables were age at diagnosis (above or below 65 years); sex; stage; primary cancer
location (colon or rectum); histology (adenocarcinoma or others); recurrence or metastasis; the administration of surgery, chemotherapy, or radiotherapy;
baseline BMI (underweight, normal, preobese, obesity stage 1, or obesity stages 2-3); baseline SMVI (low, normal, or high); and patterns of BMI and
SMVI (decreased, steady, or increased). Baseline BMI, baseline SMVI, BMI pattern, and SMVI pattern were excluded from an adjustment in the analysis
against baseline BMI, baseline SMVI, BMI change ratio, and SMVI change ratio, respectively. SMVI: skeletal muscle volume index.

BMI and SMVI as Prognostic Factors for Patient
Outcomes in Multivariate Analysis
The trajectory of the decreased SMVI group was associated
with shorter OS (6-year OS rate: 63.4% in decreased SMVI vs
72.4% in steady SMVI vs 69.6% in increased SMVI; P<.001).
Multivariate analysis indicated that obesity stage 1 (HR 0.80,
95% CI 0.66-0.97; P=.02), high baseline SMVI (HR 0.82, 95%
CI 0.68-0.99; P=.04), and increased BMI (HR 0.83, 95% CI
0.71-0.97; P=.02) were favorable prognostic factors for OS.
Negative prognostic factors included being underweight (HR
1.38, 95% CI 1.06-1.80; P=.02), obesity stages 2-3 (HR 1.79,
95% CI 1.16-2.76; P=.008), decreased BMI (HR 1.23, 95% CI

1.04-1.45; P=.02), and decreased SMVI (HR 1.31, 95% CI
1.11-1.54; P=.001), consistent with the restricted cubic spline
analysis (Figure 4A and Multimedia Appendix 2).

Based on the trajectories of BMI changes affecting OS, we
performed a subgroup analysis according to 3 BMI trajectories
(Figure 4B-D). The trajectory of SMVI changes impacted OS
in the 3 BMI change groups (log-rank test: decreased BMI,
P=.002; steady BMI, P=.02; and increased BMI, P=.03; Figure
4B-D). Of note, in patients with a decrease in BMI, the analysis
revealed that obesity stages 2-3 at diagnosis (HR 2.06, 95% CI
1.07-3.97; P=.03) and decreased SMVI (HR 1.75, 95% CI
1.30-2.37; P<.001) had a negative prognostic impact on OS,
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suggesting that increased body fat at diagnosis or muscle wasting
was associated with unfavorable outcomes in CRC (Figure 4B
and Multimedia Appendix 3). In the steady BMI group, being
underweight at the time of CRC diagnosis (HR 1.85, 95% CI
1.29-2.67; P=.001) had an adverse prognostic impact on OS
(Figure 4C and Multimedia Appendix 4). In the increased BMI

group, an increase in SMVI was associated with better OS (HR
0.73, 95% CI 0.55-0.97; P=.03), suggesting that increased body
mass, predominantly due to skeletal muscle mass, positively
impacted cancer survival (Figure 4D and Multimedia Appendix
5).

Figure 4. Kaplan-Meier curve and Cox proportional hazard regression analysis. Results for (A) total patients, (B) decreased BMI group, (C) steady
BMI group, and (D) increased BMI group are presented. Kaplan-Meier curve results are shown on the left. Cyan, magenta, and yellow lines indicate
decreased, steady, and increased SMVI groups, respectively. The hazard ratio and 95% CIs are shown on the right. Red and blue marked variables are
statistically significant (P<.05) with hazard ratios of >1 and <1, respectively. Variables denoted with stars showed statistically significant P values
(<.05). Adjusted variables were age at diagnosis (above or below 65 years); sex; stage; primary cancer location (colon or rectum); histology
(adenocarcinoma or others); recurrence or metastasis; the administration of surgery, chemotherapy, or radiotherapy; baseline BMI (underweight, normal,
preobese, obesity stage 1, or obesity stages 2-3); baseline SMVI (low, normal, or high); and patterns of BMI and SMVI (decreased, steady, or increased).
SMVI: skeletal muscle volume index.

HR Heatmap Representing Associations Between BMI,
SMVI, and OS
In consideration of baseline BMI and SMVI at the time of
diagnosis, the highest mortality risk was observed in patients

with high body mass (BMI >30 kg/m2) and low SMVI (HR
2.09; Figure 5A), although high muscle mass at the time of CRC
diagnosis had a positive impact on OS (HR range 0.66-0.82;

BMI 18.5-30 kg/m2). Correlation analysis between the
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trajectories of BMI and SMVI revealed that increased body
mass and muscle mass were associated with the lowest mortality
risk (HR 0.68; P=.001; Figure 5B), whereas decreased body
mass and muscle wasting were associated with the highest
mortality risk (HR 1.73; P<.001; Figure 5B and Multimedia
Appendices 6 and 7).

Finally, we generated an HR heat map depicting the baseline
and trajectories of both BMI and SMVI (Figure 5C). High

baseline BMI (>30 kg/m2) was associated with increased
mortality risk regardless of baseline muscle mass or muscle
changes (Figure 5C). High baseline SMVI was associated with
improved survival in patients with a BMI range from normal
to obesity stage 1. There was a trend toward improved OS in
patients with increased muscle without BMI loss.

Figure 5. Predicted mortality risk heat map representing associations between BMI, skeletal muscle volume index (SMVI), and overall survival (OS).
Patient groups of each heat map were classified by (A) baseline status classified by 5 baseline BMI and 3 baseline SMVI groups, (B) pattern groups
classified by 3 BMI and 3 SMVI pattern groups, and (C) all 4 dimensions: baseline BMI and SMVI profiles and trajectories of BMI and SMVI. The
predicted mortality risk of each specific patient group is described in each corresponding square, and colors represent the natural logarithm of the
predicted mortality risk.
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Discussion

Principal Findings
This study evaluated the characteristics of baseline BMI and
SMVI and their 1-year trajectories along with the prognostic
impacts of these 4 parameters on OS in patients with CRC. The
BMI and SMVI profiles of the first year after diagnosis were
highly correlated with the third- and sixth-year profiles, implying
that these are surrogate indicators for representing subsequent
body composition profiles. Moreover, our survival analysis
results indicated that high muscularity positively impacted OS,
whereas both depletion and excess adiposity adversely impacted
survival. Alterations in adiposity and muscle mass significantly
affected 6-year overall mortality. Reciprocal compensation of
these 2 factors indicated that changes in BMI had a superior
prognostic impact than changes in muscle.

Comparison With Prior Work
According to our restricted cubic spline analysis, baseline SMVI
did not exhibit a nonlinear relationship with mortality, whereas
baseline BMI demonstrated a U-shaped relationship with
mortality. In addition, high muscle mass at baseline exhibited
a protective effect against survival, and extreme BMI
(underweight or severe obesity) predicted lower survival. These
findings suggest that muscularity at the time of diagnosis may
have protective effects, whereas both adiposity depletion and
excess may have disadvantages for survival. The results of the
survival analysis of our study also support the independent
prognostic effects of body composition profiles at the time of
diagnosis. The mechanisms underscoring the impact of body
composition on CRC mortality at the time of diagnosis have
yet to be elucidated because completely eliminating
methodological biases is challenging [8,9]. A widely accepted
explanation is that an adequate amount of adiposity acts as a
metabolic reservoir and allows patients to tolerate cachectic
situations during cancer progression and treatment [29].
However, excess body fat is correlated with higher mortality
via various pathways. Dysregulated adipose tissue can increase
inflammatory adipokines, leading to systemic inflammation and
a tumor-friendly microenvironment [30], thereby exacerbating
catabolic pathways [31]. Patients with low muscularity and high
adiposity were associated with higher inflammatory-related
serum proteins and cytokines [17]. In addition, the specification
of adipose tissue into subcutaneous, visceral, and intra- or
intermuscular adipose tissue revealed distinct relationships with
CRC mortality: subcutaneous fat exhibits a U-shaped
association, whereas visceral and intermuscular fats exhibit a
positive relationship, implying context-dependent roles of fat
[9].

In this study, an increase in muscle mass or BMI demonstrated
higher OS, highlighting the beneficial effects of increasing
muscle and body mass. Survival analysis within subgroups of
each BMI trajectory group showed a combined prognostic
influence of muscularity and adiposity. HR results of the
survival analysis conducted within steady and increased BMI
groups described that survival improved in the order of
increased, steady, and decreased SMVI. However, within the
decreased BMI group, an increase in SMVI was associated with

poor survival compared with steady SMVI, which contradicts
general findings. Although several findings were statistically
insignificant, this implies that the protective role of increased
muscle differs regarding the characteristics of BMI changes,
since the prognostic effects of changes in muscle and adiposity
may reciprocally compensate. In addition, according to the
survival analysis considering all 9 patterns of BMI and SMVI
change, patients in the increased SMVI with decreased BMI
group had statistically significant increased mortality risk. The
superior decrease of adiposity that leads to decreased BMI
despite the improvement of muscularity may override the
protective effects of increased muscle mass.

Although BMI is known to have limitations in the direct
representation of adiposity [9], BMI profiles within 1 year could
be an efficient parameter for predicting the prognosis of patients
with CRC in most primary care settings. First, continuously
repeated measurements of BMI can be performed, which enables
longitudinal evaluation with ease. Second, a 1-year BMI profile
highly correlates with future BMI profiles. Third, the trajectory
of BMI is a critical independent prognostic factor, where it is
a parameter containing longitudinal information of multiple
compositions. Adiposity-related [17] and muscle-related indexes
such as SMVI, muscle-to-bone ratio, or skeletal muscle
radiodensity [16,18] are also essential prognostic factors, yet
frequent assessments are limited since these parameters are
products of occasional CT imaging studies that depend on cancer
treatment progress, patient’s medical condition, health insurance,
etc. Thus, synergizing CT-driven information and BMI data
will promote the future clinical application.

Previous studies support the association between physical
activity and cancer prognosis. A prospective cohort study
revealed that sedentary behavior is associated with cancer
mortality risk and replacing sedentary time with physical
activities may improve OS [32]. According to a meta-analysis
of nonrandomized trials, higher-intensity physical activity was
significantly associated with lower mortality risk [33]. In
addition, resistance training in patients with cancer resulted in
improvement in muscle strength, body composition, and benefits
for cancer survival [34,35]. Exercise is safe and feasible for
patients with CRC and results in improvements in various
health-related outcomes [36]. Collectively, appropriate
interventions through physical activities could improve the
outcomes of patients with CRC by improving body composition
profiles. Studies evaluating the role of an exercise intervention
to improve OS are rare; however, a phase-2 randomized clinical
trial proved that high-intensity interval training delayed prostate
cancer progression [37]. Thus, further studies evaluating whether
exercise intervention improves long-term outcomes should be
conducted.

Strengths
Our study has the following strengths. We analyzed a large size
of patients and assessed various natural courses of patients with
CRC who did not receive additional interventions besides
clinical practices. To comprehend the role of adiposity and
muscularity in CRC progression, understanding its alternating
nature is necessary for evaluating time-dependent prognostic
impacts. Therefore, longitudinal patterns of BMI and muscle
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were analyzed simultaneously. Given that adiposity and muscle
commonly change during cancer treatments [9], we
longitudinally analyzed BMI and muscle for up to 1 year, and
our study shows that the 1-year profile of 2 variables can aptly
represent the course over 6 years. As these are proven to be
independent prognostic factors, analyzing the 1-year course of
adiposity and muscularity will be an efficient and effective
method to determine the mortality risk. As a part of continuous
body composition analysis, the deep learning–based assessment
was implemented to minimize manual processes and enable
rapid and accurate analysis of a large number of CT images.
The application of automated analysis processes in clinical
practice will highly promote the improvement of personalized
care and risk management.

Limitations
Our study has several limitations. We evaluated the 6-year OS
as a survival outcome using 1-year trajectories of BMI and
muscle mass. However, according to the correlation analysis,
trajectory analysis up to 1 year was sufficient for representing
the courses beyond a year. Since physical examinations and
imaging studies are frequent during the first year as a part of
the diagnosis or treatment process, we assumed that 1 year was
sufficient for classifying body composition profiles. Prolonged
longitudinal trajectorial analysis may provide additional insight
into the longer-term effects of adiposity or muscle in cancer

survival, thereby facilitating personalized risk assessment and
management.

Conclusions
In conclusion, our findings demonstrated the natural courses of
BMI and muscle and highlight the 1-year trajectory as a
surrogate indicator for representing further progress, wherein
deep learning–based automated muscle assessment enabled
longitudinal analysis of muscle. Thus, this study can be ground
evidence for further research regarding prognostic improvements
of patients with cancer by interventions that improve body
composition profiles. In addition, our results provided crucial
insights into the prognostic roles of adiposity and muscle mass
in CRC survival. Body composition profiles at the time of
diagnosis and alterations of these parameters are independent
prognostic factors of CRC survival. The combination of BMI,
which is frequently gathered but crude, with muscle-related
parameter, which is automatically analyzed but occasionally
obtained, could be a precise risk assessment tool. For further
clinical application, supporting studies evaluating the natural
course of patients with CRC will be necessary and more
personalized prognosis prediction methods are required. To
fully understand the role of adiposity and muscularity in cancer
progression, impacts on other clinical outcomes should also be
studied.
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Multimedia Appendix 1
The inertia result of the k-means clustering of patients’ 1-year trajectory according to cluster numbers from 1 to 10. The most
efficient clustering result was 3 clusters using the elbow method, and its inertia is denoted by the red circle.
[PNG File , 56 KB - publichealth_v9i1e43409_app1.png ]

Multimedia Appendix 2
Cox proportional hazard regression result within total patients. Adjusted variables were age at diagnosis (above or below 65
years); sex; stage; primary cancer location (colon or rectum); histology (adenocarcinoma or others); recurrence or metastasis; the
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administration of surgery, chemotherapy, or radiotherapy; baseline BMI (underweight, normal, preobese, obesity stage 1, or
obesity stages 2-3); baseline SMVI (low, normal, or high); and patterns of BMI and SMVI (decreased, steady, or increased).
SMVI: skeletal muscle volume index.
[DOCX File , 21 KB - publichealth_v9i1e43409_app2.docx ]

Multimedia Appendix 3
Cox proportional hazard regression result within the decreased BMI group. Adjusted variables were age at diagnosis (above or
below 65 years); sex; stage; primary cancer location (colon or rectum); histology (adenocarcinoma or others); recurrence or
metastasis; the administration of surgery, chemotherapy, or radiotherapy; baseline BMI (underweight, normal, preobese, obesity
stage 1, or obesity stages 2-3); baseline SMVI (low, normal, or high); and patterns of SMVI (decreased, steady, or increased).
SMVI: skeletal muscle volume index.
[DOCX File , 21 KB - publichealth_v9i1e43409_app3.docx ]

Multimedia Appendix 4
Cox proportional hazard regression result within the steady BMI group. Adjusted variables were age at diagnosis (above or below
65 years); sex; stage; primary cancer location (colon or rectum); histology (adenocarcinoma or others); recurrence or metastasis;
the administration of surgery, chemotherapy, or radiotherapy; baseline BMI (underweight, normal, preobese, obesity stage 1, or
obesity stages 2-3); baseline SMVI (low, normal, or high); and patterns of SMVI (decreased, steady, or increased). SMVI: skeletal
muscle volume index.
[DOCX File , 21 KB - publichealth_v9i1e43409_app4.docx ]

Multimedia Appendix 5
Cox proportional hazard regression result within the increased BMI group. Adjusted variables were age at diagnosis (above or
below 65 years); sex; stage; primary cancer location (colon or rectum); histology (adenocarcinoma or others); recurrence or
metastasis; the administration of surgery, chemotherapy, or radiotherapy; baseline BMI (underweight, normal, preobese, obesity
stage 1, or obesity stages 2-3); baseline SMVI (low, normal, or high); and patterns of SMVI (decreased, steady, or increased).
SMVI: skeletal muscle volume index.
[DOCX File , 21 KB - publichealth_v9i1e43409_app5.docx ]

Multimedia Appendix 6
Cox proportional hazard regression result for hazard ratio heat map. Adjusted variables were age at diagnosis (above or below
65 years); sex; stage; primary cancer location (colon or rectum); histology (adenocarcinoma or others); recurrence or metastasis;
the administration of surgery, chemotherapy, or radiotherapy; baseline BMI (underweight, normal, preobese, obesity stage 1, or
obesity stages 2-3); baseline SMVI (low, normal, or high); and 9 patient groups divided by three 1-year BMI trajectories (decreased,
steady, or increased) and three 1-year SMVI trajectories (decreased, steady, or increased). SMVI: skeletal muscle volume index.
[DOCX File , 22 KB - publichealth_v9i1e43409_app6.docx ]

Multimedia Appendix 7
Survival analysis results against total patients for hazard ratio heat map. (A) Kaplan-Meier curve and survival curve comparison
by log-rank test. Patient groups were classified with 1-year trajectories of BMI and SMVI and are represented in different colors.
(B) Cox proportional hazard regression result for hazard ratio heat map. Adjusted variables were age at diagnosis (above or below
65 years); sex; stage; primary cancer location (colon or rectum); histology (adenocarcinoma or others); recurrence or metastasis;
the administration of surgery, chemotherapy, or radiotherapy; baseline BMI (underweight, normal, preobese, obesity stage 1, or
obesity stages 2-3); baseline SMVI (low, normal, or high); and 9 patient groups divided by three 1-year BMI trajectories (decreased,
steady, or increased) and three 1-year SMVI trajectories (decreased, steady, or increased). SMVI: skeletal muscle volume index.
[PNG File , 152 KB - publichealth_v9i1e43409_app7.png ]
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Abstract

Background: More activity participation is an important means of handling depression and promoting positive aging, but the
impact of changes in activity participation on the developmental trajectory of depression has not been fully studied.

Objective: The purpose of this study is to study the relationship between current activity participation and depression in
middle-aged and older people (≥45 years old) and the relationship between activity participation and the developmental trajectory
of depression in later life in China.

Methods: This study used data from the China Health and Retirement Longitudinal Study (CHARLS) across 7 years and
included a total of 4818 middle-aged and older people (≥45 years old). Controlling for relevant control variables, the latent growth
curve model and the cross-lag model were used to assess the effect of changes in activity participation on the depression trajectory
in later life and the main lag relationship between activity participation and depression. Activity participation as well as depression
were measured using the self-reported activity and health status based on the CHARLS questionnaire.

Results: Among the 4818 respondents, the mean values of physical activity participation, social leisure activity participation,
and depression ranged from 76.98 (SD 15.16) to 83.95 (SD 5.72), from 7.43 (SD 8.67) to 9.25 (SD 10.16), and from 7.61 (SD
5.72) to 8.82 (SD 6.51), respectively. Our findings revealed that activity participation could be related to depression. Physical
activity participation predicted initial depression (β=–0.631, P<.001) and its trajectory (β=0.461, P<.001). However, social leisure
activity participation predicted initial depression (β=–0.223, P<.001) but did not predict its trajectory (β=0.067, P=.159). Finally,
cross-lag regression analysis further demonstrated the predictive effect of activity participation on depression.

Conclusions: This study demonstrates the prediction of activity participation for future depression in the Chinese middle-aged
and older populations. The data showed that activity participation is significantly associated with changes in depression and future
depression among middle-aged and older people in China. The Chinese government should encourage middle-aged and older
people to participate in various activities, which can effectively prevent the aggravation of depression and also have a positive
significance for positive aging.

(JMIR Public Health Surveill 2023;9:e44682)   doi:10.2196/44682

KEYWORDS

activity participation; middle-aged and older people; depression; cohort study; developmental

Introduction

Better activity participation not only has a positive impact on
the physical and mental health of middle-aged and older people
[1-3] but also improves the health-related quality of life

(HRQoL) [4,5]. Specifically, active participation in various
activities can provide middle-aged and older people with a series
of positive feelings so that they can better cope with the pressure
of daily life and maintain good social interaction. This will make

JMIR Public Health Surveill 2023 | vol. 9 | e44682 | p.1721https://publichealth.jmir.org/2023/1/e44682
(page number not for citation purposes)

Gao et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:gaoyanluck@sdu.edu.cn
http://dx.doi.org/10.2196/44682
http://www.w3.org/Style/XSL
http://www.renderx.com/


them feel happier and more satisfied with their lives, which will
further result in improved HRQoL and mental health [3].

At present, activity participation has become a hot topic in
depression research. If the elderly cannot adapt to changes
brought about by physical function (PF) decline or the change
in social roles (eg, changes in activity participation), anxiety
and depression will be an inevitable consequence [6]. Depression
is a common mental disorder. Worldwide, an estimated 5% of
adults have depression. According to statistics, after the
COVID-19 pandemic, there were about 374 million cases of
anxiety (4802 cases per 100,000 people) and 246 million cases
of major depression (3153 cases per 100,000 people), up by
26% and 28%, respectively, compared to the previous years [7].
Therefore, mental health problems have become a big problem
worldwide. At the same time, the prevalence of depression in
China is also a big issue. It is estimated that the prevalence of
depression in the elderly in China is as high as 23.6%, and its
prevalence will increase not only with age [8,9] but also with
a trend of “rejuvenation” [10]. It is clear that depression in the
middle-aged and the older population has become a major public
health problem in China. Exploring the developmental trajectory
of depression in the middle-aged and older populations and its
relationship with related factors is of great significance for
actively coping with healthy aging.

Although some studies have shown that activity participation
levels in middle-aged and older adults increase or stabilize over
time [11,12], in general, the academic community generally
believes that it becomes increasingly difficult for middle-aged
and older people to maintain active participation as they grow
older [13,14]. The concept of life cycle is widely used. In
psychology, it mainly refers to the life cycle of people and the
life cycle of the family and also refers to the process of birth,
growth, aging, illness, and death. Life cycle theory holds that
after middle-aged people enter old age, their physiological and
psychological processes experience a series of changes [14],
which leads to changes in activity participation [6]. In a nutshell,
the activity participation of the elderly (eg, leisure activities)
gradually becomes simpler and decreases over time [11,14].
Numerous studies have shown that older adults generally have
lower levels of social activity participation, and this lower level
may further decrease with age [15-17]. Approximately 39.0%
of respondents showed low social activity engagement at
baseline and decreased engagement within 10 years [15].
Especially among the elderly in China, they spend more time
sedentary than the young [18]. In addition, life cycle theory [14]
believes that when entering the final stage of the life cycle, both
physical and mental functions decline sharply, suggesting that
the trends in activity participation and depression should be
nonlinear.

Currently, there are a large number of studies focusing on the
relationship between activity participation and depression.
Activity theory is commonly used to explain the relationship
between social participation and mental health in older adults.
Activity theory believes that middle-aged and older people can
establish new roles to cope with the loss of their original roles
so as to adapt to society and obtain psychological satisfaction
[19]. In other words, older people can establish new roles
through activity participation to alleviate the depressive

symptoms caused by role changes [6]. This theory is also
supported by the results of some clinical studies, which suggest
that activity participation can prevent depression [20] and is
becoming an effective treatment for depression [21]. This shows
that leisure activities are actually a protective factor for
depression in the elderly and that participation in activities may
reduce the rate of depression [22]. Additionally, studies have
shown that changes in PF and changes in depression are
reciprocal [23-25]. Given the direct link between activity
participation and PF, activity participation changes may also
be associated with changes in depression. Therefore, changes
in activity participation in middle-aged and older adults may
predict changes in depression. Finally, behavioral activation
(BA) theory suggests that engaging in activities that make
individuals feel pleasure improves depression and promotes
activity participation after depression improves [26]. This
suggests that there may be a temporal sequence between activity
participation and depression. Therefore, this study further
determines the temporal order of the relationship between
activity participation and depression.

Previous studies have often included activity participation as a
time-invariant dependent variable or a simple control variable
and have simply verified the correlation between the initial
levels of the 2 variables [22,27]. The effect of changes in activity
participation on depression was rarely considered, and this led
to a lack of discussion of the relationship between the initial
levels of the 2 variables and the rate of change. Therefore, this
study selected data from the China Health and Retirement
Longitudinal Study (CHARLS) spanning 7 years using a latent
growth curve model (LGCM) and a cross-lag model to explore
the developmental trajectories of activity participation and
depression and the patterns of interaction between their
trajectories, further revealing the dynamic development
relationship between variables. Based on the existing literature
and theories, this study has a few overall hypotheses: (1)
middle-aged and elderly activity participation shows a nonlinear
downward trend with age, (2) middle-aged and elderly
depression shows a nonlinear upward trend with age, (3) the
activity participation of middle-aged and older adults predicts
their depression during the same period, (4) the initial level and
rate of change of activity participation in middle-aged and older
adults could predict the development rate of the depression
trajectory, and (5) the middle-aged and older adults’ early
activity participation at 4 points in time predicts later depression.

Methods

Sample and Data Collection
Data were obtained from CHARLS. Our national baseline survey
was launched in 2011, covering 150 county-level units, 450
village-level units, and about 17,000 people in 10,000
households, and these samples were tracked every 2-3 years
thereafter. More details about CHARLS can be found in
previous publications [28]. This database uses data from 4 waves
in 2011 (wave I), 2013 (wave II), 2015 (wave III), and 2018
(wave IV), excluding respondents younger than 45 years old.

The detailed sample-screening process is shown in Multimedia
Appendix 1. This study first focused on all respondents in wave
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I. Since the purpose of the study was to study the relationship
between activity participation and depression, plus with the
control of relevant time-varying and invariant variables, 3908
respondents of the final wave I were excluded from our study.
The specific reasons were as follows: they were younger than
45 years or their age was not recorded (n=367, 9.4%); they had
self-reported memory-related disorders and brain damage,
intellectual disability, missing data on brain damage, or
intellectual disability at baseline (n= 528, 13.5%); they had no
baseline data on depressive symptoms (n=2101, 53.7%); they
had no activity participation data at baseline (n=1943, 49.7%);
and they had missing values for relevant covariates (gender,
marriage, education, self-rated health, chronic disease, smoking,
drinking; n=1943, 49.7%). Next, this study performed the same
first process on wave II, wave III, and wave IV data as wave I,
and in the second step, the study excluded respondents who had
not participated in all of them for 4 years. Finally, after these
operations, individuals with missing values on any variable
were excluded, and a total of 4818 valid individuals were
included.

Ethical Considerations
This study was organized by the National Development Institute
of Peking University, complied with the ethical guidelines of
the 1975 Declaration of Helsinki, and was approved by the
Ethics Committee of Peking University (approval number:
IRB00001052-13074), hosted by the National Development
Institute of Peking University. The studies involving human
participants were reviewed and approved by the Research Ethics
Committees of Peking University (IRB00001052-11015). The
patients/participants provided their written informed consent to
participate in this study.

Activity Participation
Combining the definitions of activity participation by previous
scholars [29] and the characteristics of activity participation of
Chinese seniors [30], this study believed that the activity
participation of Chinese seniors can be divided into these
categories: exercise activities, social activities, and interaction
with friends. Based on the characteristics of CHARLS, this
study further summarized the activity participation of
middle-aged and older people as physical activity participation
(participation in exercise-related activities) and social leisure
activity participation (participation in activities related to
socializing and friend-making).

In addition, previous physical activity participation has mostly
been measured only in terms of intensity, duration, and days of
physical activity participation [31,32]. To measure physical
activity participation more comprehensively, based on previous
studies and the HRQoL scale of CHARLS [6,33], this study
chose to comprehensively measure the physical activity
participation of middle-aged and older people (as shown in
Multimedia Appendix 2) from the aspects of PF, role-body (RP),
body pain (BP), general health (GH).

In this study, PF measured whether health conditions prevent
normal physical activity participation, the physiological
functioning dimension measures whether physical health
problems lead to limited participation in physical activity, the

somatic pain dimension measures BP and its impact on
participation in daily physical activities, and the overall health
dimension measures their own evaluation of health status and
trends [33]. In terms of measuring social leisure activity
participation, based on a previous study [30], 2 questions were
asked (as shown in Multimedia Appendix 2): What social
activities have been carried out in the past month? What is the
frequency of participating in these activities?

This study rescored these 2 types of activity parameters in
reverse, ensuring that higher scores indicated more active
activity participation. Then, based on the scoring rules of the
Medical Outcomes Study (MOS) 36-item Short-Form (SF-36)
Health Survey scale, the raw scores of the 2 activities’
participation in their respective components were calculated.
The conversion scores of daily physical activity participation
and social leisure activity participation were calculated using
the range method between 0 and 100. Finally, the Cronbach α
coefficient was used to measure the reliability of the above
method. The results showed that the Cronbach α value of both
physical activity participation and social leisure activity
participation was higher than 0.6; hence, this scoring method
is reliable [6,33].

Depression
Depression was screened using the Chinese version of the Center
for Epidemiologic Study Depression Scale (CES-D), with 10
short-form scale items [33], and results illustrated the magnitude
of depression. The CES-D in CHARLS is a simplified version
of the depression scale developed by Radolff at the National
Institute of Mental Health [34]. The CES-D consists of 10
questions asking respondents about depression experienced 1
week before, and existing research has demonstrated its
applicability in middle-aged and older Chinese populations [35].
Of these 10 questions, this study reverse-coded questions 5 and
8, and the total score was the sum of all questions. Each question
is scored on a 4-point scale, ranging from 0 to 3, and the total
score ranges from 0 to 30; therefore, the higher the score, the
more severe the depression [36].

Control Variable
Age, gender, education level, marital status, chronic disease,
smoking, drinking, self-reported health, and number of chronic
diseases were included as covariates in the analysis. The results
of the 4 surveys of these variables were sorted out. This study
took the baseline measurement results of gender and education
level as time-invariant variables, leaving the remaining variables
as time-varying variables. The education level was divided into
“no formal education,” “primary school,” “junior high school,”
and “high school education or above” [23,30]. Marital status
included “married” and “other.” Self-perceived health status
was reported as “very good,” “good,” “fair,” “poor,” or “bad.”
The current smoking and drinking status was assessed by
self-reporting based on the questions “Are you currently
smoking?” and “Are you currently drinking?” Chronic diseases
were all self-reported and marked as 0, 1, or at least 2 by the
number of chronic diseases.
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Statistical Analysis
Descriptive analysis was performed using IBM SPSS (version
24.0) to determine the basic characteristics of all respondents.

The association of activity participation and depression was
explored using Mplus (version 8.0). First, to study the respective
trends in activity participation and depression in the middle-aged
and older populations, an unconditional linear growth model
and an unconditional quadratic growth model were constructed
(see Multimedia Appendices 3 and 4). Second, a growth model
with time-invariant and time-varying variables was constructed
to study the interrelationship between depression and physical
and leisure activities. Participation and depression were added
to the model as time-varying variables, mainly looking at the
relationship between activity participation and depression at

the same time. Next, to avoid measurement errors and more
accurately examine the relationship between depression and
physical and social activities, a parallel latent growth model
was developed (see Figure 1). Finally, after studying the
dynamic properties of the variables using this model, the main
lag relationship between depression and physical and social
activities in the older population was further investigated using
a cross-lag model (see Figure 2).

The hypothetical model fit was tested using multiple fit indices,
including the standardized root mean square residual (SRMR),
the root mean square error of approximation (RMSEA), the
comparative fit index (CFI), and the Tucker-Lewis index (TLI).
Specifically, if SRMR≤0.08, the model is acceptable; if
RMSEA≤0.08, the model is acceptable. For CFI and TLI, values
>0.90 are considered acceptable [37].

Figure 1. (A) LGCM of activity participation and depression. (B) LGCM of social leisure activity participation and depression. The activity participation
intercept, activity participation slope, depression intercept, and depression slope were regressed on the covariates simultaneously. Valid paths and
nonsalient paths are plotted as solid and dashed lines, respectively. I: intercept; LGCM: latent growth curve model; S: slope.

Figure 2. (A) Cross-lag model of physical activity participation and depression. (B) Cross-lag model of social leisure activity participation and depression.
Note: activity participation and depression in all 4 waves were regressed on the covariates simultaneously.
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Results

Common Method Bias
The Harman single-factor test is a diagnostic technique to
evaluate the severity of common method bias. In this study, the
Harman single-factor test was performed on all the data from
the 4 surveys. The test results showed that in these 4 surveys,
the variance explained by the first factor was 21.7%, which is
significantly less than 40.0%. This suggests that there is no
common methodological bias in this study [38].

Descriptive Statistics
Table 1 shows the descriptive statistics of all variables at
baseline. The results showed that from 2011 to 2018, the average

values of physical activity participation, social leisure activity
participation, and depression ranged from 76.98 (SD 15.16) to
83.95 (SD 5.72), from 7.43 (SD 8.67) to 9.25 (SD 10.16), and
from 7.61 (SD 5.72) to 8.82 (SD 6.51), respectively,
respectively. Multimedia Appendices 5 and 6 are a clearer
demonstration of the scores of and linear trends in depression,
physical activity participation, and social leisure activity
participation among middle-aged and older people during the
4 measurement periods. Multimedia Appendix 7 shows the
binary correlations of key variables across 4 surveys. The results
showed a negative correlation between physical activity
participation, social leisure activity participation, and depression
from 2011 to 2018. That is, the higher the scores of physical
activity participation and social leisure activity participation,
the lower the score of depression.

Table 1. Descriptive analysis of participants (N=4818).

Wave IV, mean (SD)Wave III, mean (SD)Wave II, mean (SD)Wave I, mean (SD)Variable

64.13 (7.95)61.13 (7.95)59.13 (7.94)57.13 (7.95)Age (years)

1.64 (1.38)1.45 (1.20)1.41 (1.17)1.36 (1.09)Marital status

1.95 (0.91)2.05 (0.96)2.06 (0.95)3.65 (1.90)Education level

2.99 (1.01)3.41 (1.06)2.60 (1.01)3.41 (0.10)Self-reported health

2.37 (1.92)1.79 (1.80)1.58 (1.50)1.31 (1.36)Chronic disease

0.27 (0.44)0.28 (0.45)0.2 (0.40)0.32 (0.47)Smoking

0.34 (0.47)0.37 (0.48)0.29 (0.46)0.35 (0.48)Drinking

8.62 (6.51)7.75 (6.29)7.61 (5.72)7.93 (6.11)Depression

76.98 (15.16)77.43 (13.93)79.25 (11.06)83.95 (5.72)Physical activity participation

8.25 (10.20)8.93 (10.56)9.25 (10.16)7.43 (8.67)Social leisure activity participation

Developmental Trajectories of Depression Levels
Among Seniors
To investigate the potential relationship between depressive
symptoms and physical activity participation as well as social
leisure activity participation, unconditional linear and
unconditional quadratic latent growth curve models (LGCMs)
were initially used to assess initial depression, physical activity
participation, social leisure activity participation, and their
trajectories over time in older adults. The results are shown in
Multimedia Appendices 3 and 4, respectively. Multimedia
Appendix 8 summarizes the fit indices for these models. Table
2 provides the within-subject mean for repeated measures
(intercept/baseline), the between-subject variance in the intercept
(intercept variance), the between-subject mean change (slope),
the between-subject mean change (slope variance), and the
quadratic slope variance and quadratic intercept variance.

With regard to the depression degree, both the linear growth
model (model 1) and the quadratic growth model (model 2) of
the depression degree were suitable (model 1: CFI=0.981,
TCL=0.977, RMSEA=0.057, SRMR=0.031; model 2:
CFI=1.000, TCL=1.001, RMSEA=1.001, SRMR=0.013).
Although the fitness was acceptable, the quadratic slope variance
of depression in the quadratic growth model of depression was
not statistically significant (B=0.011, P=.045), as shown in
Table 2. Therefore, the study chose to analyze the data from
model 1. It was found that the variance estimates of the intercept
factor and slope factor of the depression degree were 18.705
(P<.001) and 0.163 P<.001), respectively, indicating that there
were significant interindividual differences in initial levels and
growth rates. In addition, the annual mean slope of the
depression level was 0.110 (SD 0.013, P<.001), meaning the
depression level increased linearly during the 4 survey periods.
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Table 2. Intercept and slope estimates for unconditional linear and nonlinear latent growth models.

Quadratic variance
(SE)

Quadratic (SE)Slope variance (SE)Slope (SE)Intercept variance
(SE)

Intercept (SE)Trajectory and models

Trajectory of depression

N/AN/Ab0.163 (0.026)a0.110 (0.013)a18.705 (0.653)a7.595 (0.079)aModel 1

0.011 (0.005)0.049 (0.006)a–0.074 (0.379)–0.243 (0.042)a16.305 (1.340)a7.910 (0.086)aModel 2

Trajectory of physical activity participation

N/AN/A2.557 (0.132)a–0.913 (0.032)a17.351 (1.377)a82.620 (0.112)aModel 3

0.046 (0.023)0.234 (0.011)a9.874 (1.240)a–2.594 (0.090)a1.673 (3.334)a83.817 (0.113)aModel 4

Trajectory of physical activity participation

N/AN/A0.592 (0.077)a0.134 (0.022)a37.665 (1.575)a7.848 (0.121)aModel 5

0.049 (0.017)a–0.128 (0.010)a3.655 (1.058)a1.028 (0.073)a34.239 (3.580)a7.265 (0.124)aModel 6

aThe corresponding variable was statistically significant.
bN/A: not applicable.

Developmental Trajectories of Physical Activity
Participation and Leisure Activity Participation
Among Older Adults
In terms of physical activity, the quadratic growth model (model
4) for their latent growth was better than the linear growth model
(model 3); see Multimedia Appendix 8. With regard to the
quadratic growth model for physical activity participation, the
quadratic slope variance of physical activity participation was
0.046 (P=.048); see Table 2. Model 4 data were used as a result.
Specifically, the initial level (intercept) of physical activity
participation was 83.817 (P<.001). Physical activity participation
decreased over the 4 test periods (slope=–2.594, P<.001), and
the rate of decline increased year by year (curve slope=0.234,
P<.001), indicating a nonlinear decline in physical activity
participation over the 4 test periods. In addition, the estimated
variances of the intercept factor and slope factor for physical
activity participation were 1.673 and 9.874, respectively, and
the variance of the slope factor was significant at the 0.001
level, indicating interindividual differences in growth rates.

Based on the fitting degree of the latent growth model of social
leisure activity participation, the fitting degree of the quadratic
growth model (model 6) of social leisure activity participation
was better than that of the linear growth model (model 5) of
social leisure activity participation (see Multimedia Appendix
8, Table S3). In addition, the quadratic slope variance of social
leisure activity participation was 0.049 (P<.001); see Table 2.
Therefore, model 6 data were used for this study. Specifically,
the initial level of social leisure activity participation (intercept)
was 7.265 (P<.001). The slope of social leisure activity
participation during the 4 survey periods was 1.028 (P<.001),
indicating that social leisure activity participation showed a
linear upward trend in the 4 test periods (slope=1.028, P<.001),
but the rate of increase decreased year by year (curve

slope=–0.128, P<.001). In addition, the estimated variances of
the intercept factor and the slope factor of social leisure activity
participation were 34.239 (P<.001) and 3.655 (P<.001),
respectively, indicating that there were significant interindividual
differences in the initial level and growth rate.

Relationship Between Physical Activity Participation
and Social Leisure Activity Ability and Depression
To explore the potential relationship between the depression
level and participation in physical and social leisure activities,
a model was built with time-invariant and time-varying
variables. This model examined whether taking physical activity
participation and social leisure activity participation as
time-varying variables has an effect on the depression level and
whether the depression level is time-varying on physical activity
participation when these endogenous variables are considered
at the same time. The results of the model are shown in Table
3.

The results showed that at any time point, the lower the physical
activity participation and social leisure activity participation,
the higher the degree of depression, which means that physical
activity participation and social leisure activity participation
did affect the depression level of middle-aged and older people
at corresponding time points, and based on the results, physical
activity participation has a greater effect on depression than
social leisure activity participation.

In addition, the effect of depression level on physical activity
participation and social leisure activity participation was also
considered. The results showed that at any time point, the higher
the degree of depression, the lower the ability to participate in
physical and social leisure activities, which means that the
degree of depression does affect physical activity participation
and social leisure activity participation for middle-aged and
older people at corresponding time points.
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Table 3. Standardized coefficientsa in LGCMsb with depression, physical activity participation, and social leisure activity participation as time-varying
variables.

Wave IV epressionWave III depressionWave II depressionWave III depressionVariables

Physical activity participation (depression

N/AN/AN/Ac–0.167 (–0.024)Wave I physical activity participation (depression)

N/AN/A–0.284 (–0.05)N/AWave II physical activity participation (depression)

N/A–0.368 (–0.06)N/AN/AWave III physical activity participation (depression)

–0.396 (–0.052)N/AN/AN/AWave IV physical activity participation (depression)

Social leisure activity participation (depression)

N/AN/AN/A–0.064 (–0.092)Wave I social leisure activity participation (depression)

N/AN/A–0.058 (–0.058)N/AWave II social leisure activity participation (depression)

N/A–0.056 (–0.068)N/AN/AWave III social leisure activity participation (depression)

–0.048 (–0.060)N/AN/AN/AWave IV social leisure activity participation (depression)

aAll P<.001.
bLGCM: latent growth curve model.
cN/A: not applicable.

Parallel LGCM
To avoid measurement errors and to more accurately examine
whether depression is associated with physical activity
participation and whether the trajectories change over time, a
parallel LGCM was developed, as shown in Figure 1. This
parallel LGCM examined the relationship between the intercepts
and slopes of physical activity participation and social leisure
activity participation and the intercepts and slopes of depression,
and further examined the influence process between the 2 by
setting regression equations between growth factors. This study,
however, only focused on the interaction between the 2.

The parallel LGCM of physical activity participation for
depression was well fitted (CFI=0.908, TLI=0.873,
RMSEA=0.056). In Figure 1, the effective paths and nonsalient
paths are drawn as solid and dashed lines, respectively. Detailed
results are shown in Table 4. At the initial level, physical activity
participation was negatively correlated with depression
(r=–0.631, P<.001), that is, the worse the individual's initial
physical activity participation, the higher the depression. Initial
physical activity participation positively predicted the rate of
change in depression (β=0.461, P<.001), indicating that
individuals with higher initial physical activity participation
scores have a higher rate of depression growth. Similarly, the

slope of physical activity participation in the middle-aged and
older populations affected not only the initial depression level
(β=–0.261, P<.001) but also the rate of change in depression
(β=–0.69, P<.001), indicating that the growth rate of physical
activity participation suppresses the increase in the initial level
of depression and its growth rate.

In addition, another parallel LGCM was built for social leisure
activity participation and depression (see Table 4). The parallel
LGCM fit well (CFI=0.951, TLI=0.933, RMSEA=0.033,
RSMR=0.036). In Figure 1, the effective and nonsalient paths
are plotted as solid and dashed lines, respectively. At the initial
level, the degree of depression was negatively correlated with
social leisure activity participation (r=–0.223, P<.001),
indicating that the higher the individual's initial social leisure
activity participation, the lower the depression. Initial social
leisure activity participation did not predict the rate of change
in depression (β=0.067, P=.159), indicating that initial social
leisure activity participation is not associated with the rate of
increase in depression. Similarly, although the slope of social
leisure activity participation in the middle-aged and older
populations did not affect the initial level of depression (β=0.08,
P=.087), it did affect the rate of change in depression (β=–0.303,
P<.001), indicating that the growth of social leisure activity
participation suppresses the growth rate of depression.
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Table 4. Results of LGCMsa for activity participation and depression.

P valueEstimate (SE)Path

Physical activity participation → depression

<.001–0.631 (0.031)Ib physical activity participation → I depression

<.001–0.261 (0.025)Sc physical activity participation → I depression

<.0010.461 (0.065)I physical activity participation → S depression

<.001–0.69 (0.061)S physical activity participation → S depression

Social leisure activity participation → depression

<.001–0.23 (0.027)I social leisure activity participation → I depression

.0870.08 (0.047)S social leisure activity participation → I depression

.1590.067 (0.047)I social leisure activity participation → S depression

<.001–0.303 (0.084)S social leisure activity participation → S depression

aLGCM: latent growth curve model.
bI: intercept.
cS: slope.

Cross-Lag Model
The dynamic characteristics of the variables were studied using
the LGCM. To further investigate the main lag relationship
between activity participation and depression in the middle-aged
and older populations, cross-lag regression analysis was
performed across 4 measures. Cross-lag regression analysis can
reveal complex relationships between 2 variables. The
autoregressive effect of each variable is controlled by setting a
coefficient of stability, which is the best way to test for “pure”
effects between variables and to understand to what extent one
variable predicts the other. In addition, to achieve a more
compact model, the crossing paths across the waves were
restricted to achieve equality, as shown in Figure 2. This
procedure sets autoregressive effects as fixed effects, which

avoids convergence problems. The relationship between
variables was not considered stable across time, because only
the lag effect was set as a random effect.

The results are shown in Table 5. Both activity participation
and depression maintained high stability across the 4
measurements. Physical activity participation in the older
population in wave I significantly and negatively predicted
depression in wave II (β=–0.125, P<.001). Physical activity
participation in the middle-aged and older populations in wave
II significantly and negatively predicted depression in wave III
(β=–0.216, P<.001). Physical activity participation in the older
population in wave III significantly and positively predicted
depression in wave IV (β=–0.233, P<.001). Likewise, prior
depression also had a significant negative impact on later
physical activity participation.

Table 5. Cross-lag regression path coefficients.a

Wave III to wave IVWave II to wave IIIWave I to wave IIRegression path

Physical activity participation and depression

–0.233–0.216–0.125Physical activity participation → depression

–0.685–0.737–0.874Depression → physical activity participation

0.4140.4140.456Depression → depression

–0.049–0.0490.09Physical activity participation → physical activity participation

Social leisure activity participation and depression

–0.044–0.045–0.04Social leisure activity participation → depression

–0.058–0.054–0.058Depression → social leisure activity participation

0.4810.4750.515Depression → depression

0.4460.4300.399Social leisure activity participation → social leisure activity participation

aAll P<.001.

Similar results were shown in the cross-lag model of social
leisure activity participation and depression as in the cross-lag
model of physical activity participation and depression. The
social leisure activity participation of the older population in

wave I significantly and negatively predicted depression in wave
II (β=–0.04, P<.001). Social leisure activity participation in the
middle-aged and older populations in wave II significantly and
negatively predicted depression in wave III (β=–0.045, P<.001).
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The social leisure activity participation of the older population
in wave III significantly and predicted depression in wave IV
(β=–0.044, P<.001). Similarly, previous depression also had a
significant negative impact on later social leisure activity
participation.

Discussion

Principal Results
Based on a CHARLS survey spanning 7 years, this study found
that activity participation has a long-term effect on depression.
First, physical activity participation decreased significantly
between 2011 and 2018 among middle-aged and older Chinese
populations, suggesting that the physical activity participation
of middle-aged and older adults decreases with age [14,18].
Studies have shown that chronic diseases related to aging can
lead to the risk of arthritis and disability and that impairment
of activities of daily living gradually increase with age [39,40],
which in turn leads to a lifestyle change in middle-aged and
older people. A series of chain reactions end up with a reduction
in physical activity participation [41]. Life cycle theory can
explain this change well. This study selected respondents over
the age of 45 years. As the survey continued, the life cycle of
these respondents gradually entered a decline period, so their
PFs also began to decline. We can even speculate that this
phenomenon might be more pronounced if the initial age
restriction is controlled to over 60 years [14]. However, it is
worth mentioning that it is precisely because of our selection
of the age of ≥45 years (the average age in wave I was 57 years)
that as these people get older, they start to withdraw from work
(the Chinese government stipulates that 60 years is the
retirement age for citizens) and have more time for social leisure
activity. Therefore , there was a significant increase in leisure
activity participation from wave I to wave II. However, after
wave II, most of them (the average age in wave II was 60 years)
also entered old age, and social leisure activity began to decline
continuously, which is also consistent with previous studies
[14]. Finally, based on the analysis of the trajectory of
depression, the level of depression in middle-aged and older
people in China increased significantly between 2011 and 2018,
and updated evidence was provided again to prove that the
trajectory of depression is affected by age [8,23,42].

Second, the study found a horizontal correlation between activity
participation and depression within the same period and further
demonstrated that this relationship persisted during different
periods. Specifically, models incorporating time-varying and
invariant variables proved that between 2011 and 2018, activity
participation in middle-aged and older adults significantly
predicted depression in the same period and that depression in
middle-aged and older adults also significantly predicted
participation in activities in the same period. This suggests that
the trajectory of depression is affected by activity participation,
and the developmental trajectory of activity participation is
similarly affected by depression [42-44]. The behavioral theory
of depression and BA theory can successfully explain the mutual
influence of activity participation on depression. The behavioral
theory of depression states that low-response-conditioned
positive reinforcement (RCPR) rates can directly trigger

depression, so depression can be improved by re-establishing
RCPR rates through altering activity participation and other
activities that make individuals feel pleasant [45] and that
improvements in depression in turn will lead to greater activity
participation [46]. Previous studies have also found that the
activity participation of middle-aged and older people may be
plagued by poor physical and mental health (eg, depression,
anxiety) [47] and that poor mental health and related symptoms
(eg, irritability) result in reducing activity participation through
perceptions of stress, perceptions of health, and some physical
symptoms [27].

Additionally, a parallel LGCM showed that the higher the initial
level of activity participation, the slower the rise in depression,
which is consistent with previous analyses that showed that
activity participation is a protective factor for depression among
older adults [48,49]. Active participation in various activities
as an active lifestyle attitude in middle-aged and older people
can inhibit the increase in depression [50]. Moreover, the parallel
LGCM also found that the slope of activity participation was
significantly correlated with the slope of depression, suggesting
that the rate of decline in activity participation among older
adults could predict the rate of decline in depression, meaning
that the faster the decline in activity participation, the sooner
the depression rate increase. In addition, our study suggests that
the development of depression partly influences the development
of activity participation. One possible explanation is that
depression seriously affects the physical health of patients [51],
and physical health is directly related to the activity participation
of middle-aged and elderly people [52].

Finally, the study performed a cross-lag regression analysis on
activity participation and depression in middle-aged and elderly
populations to observe the time series between activity
participation and depression. Results showed that activity
participation in middle-aged and older people can positively
predict subsequent depression and that depression can also
predict subsequent activity participation; however, no 1-way
time series of activity participation and depression was found.
This result further proves the bidirectional correlation between
activity participation and depression in middle-aged and older
people [53].

Limitations
This study has some limitations. First, the participation data of
this research activity came from the subjective answers of
middle-aged and older people. As much as the study team tried
to control some biases caused by subjective answers, such as
excluding respondents with cognitive impairment, intellectual
disability, and memory problems from the study, there would
still be problems posed by subjective answers. Second, physical
activity participation and social leisure activity participation
were categorized to represent the activity participation of
middle-aged and older people. The frequency of participation
and the quality of activities were included in the selection of
indicators; however, with regard to the different types of activity
participation, the classification is still not detailed. For future
studies, a detailed division of different types of activity
participation should be made to compare the effects of different
types of activity participation on the physical and mental health
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of middle-aged and older people. Finally, the focus of the study
was the effect of activity participation on depression. Although
the study found that the development of depression also affects
the development of activity participation, it did not focus on
explaining this relationship, and future research should pay
more attention to depression’s impact on activity participation.

Conclusion
Study results support a bidirectional association between activity
participation and depression. Activity participation affects not

only the initial level of depression but also the trend in changes
in depression. In the future, more attention should be paid to
depression in middle-aged and older people with less active
participation. The interconnectedness of early activity
participation and subsequent depression is noteworthy and may
have implications for public health. Overall, this study highlights
the relationship between activity participation and depression
level changes, bringing positive implications for preventing
depression aggravation in later life.
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Abstract

Background: Childhood cancer has a high long-term morbidity and mortality rate. Five years after the initial cancer diagnosis,
approximately two-thirds of childhood cancer survivors experience at least one late complication, with one-quarter experiencing
severe, life-threatening complications. Chronic health conditions can impact survivors’ life planning and daily activities, reducing
their health-related quality of life. Comprehensive and longitudinal data are required for investigations of national claims data.

Objective: This study aimed to address clinical and health policy interventions and improved survival rates. A comprehensive
categorization of the long-term morbidities associated with childhood cancer survivorship is required. We analyzed the trajectory
groups associated with long-term mortality among childhood cancer survivors.

Methods: We collected data from a nationwide claims database of the entire Korean population. Between 2003 and 2007,
patients diagnosed with and treated for cancer before the age of 20 years were included. With 8119 patients who survived >10
years, 3 trajectory groups were classified according to yearly changes in the number of diagnoses (the lowest in group 1 and the
highest in group 3).

Results: The patterns of most comorbidities and survival rates differed significantly between the trajectory groups. Group 3
had a higher rate of mental and behavioral disorders, neoplasms, and blood organ diseases than the other two groups. Furthermore,
there was a difference in the number of diagnoses by trajectory groups over the entire decade, and the disparity increased as the
survival period increased. If a patient received more than four diagnoses, especially after the fourth year, the patient was likely
to be assigned to group 3, which had the worst prognosis. Group 1 had the highest overall survival rate, and group 3 had the
lowest (P<.001). Group 3 had the highest hazard ratio of 4.37 (95% CI 2.57-7.42; P<.001) in a multivariate analysis of late
mortality.

Conclusions: Our findings show that the pattern of comorbidities differed significantly among trajectory groups for late death,
which could help physicians identify childhood cancer survivors at risk for late mortality. Patients with neoplasms, blood organ
diseases, or mental and behavioral disorders should be identified as having an increased risk of late mortality. Furthermore,
vigilance and prompt action are essential to mitigate the potential consequences of a child cancer survivor receiving four or more
diagnoses within a year.

(JMIR Public Health Surveill 2023;9:e41203)   doi:10.2196/41203
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Introduction

Childhood cancer survival rates have increased significantly
over the last 4 decades [1]. Most patients survive for a long
time, with over 500,000 in the United States and 25,000 in Korea
[2,3]. However, prolonged survival after treatment is associated
with significant long-term morbidity and premature mortality
[4]. Approximately two-thirds of childhood cancer survivors
develop at least one late complication that occurs or persists 5
years after the initial cancer diagnosis, with one-quarter
developing severe, life-threatening late complications [5,6] that
have significantly improved over the past 4 decades [1]. The
Childhood Cancer Survivor Study (CCSS) found that 54% of
long-term childhood cancer survivors developed at least one
severe, disabling, life-threatening, or fatal chronic health
condition by the age of 50 years, which is five times higher than
that of their healthy peers [7]. Chronic health conditions, such
as heart failure, secondary neoplasms, and pulmonary
dysfunction can be life-threatening, and other health conditions,
such as infertility and hearing impairment, can affect survivors’
life planning and daily activities, decreasing their health-related
quality of life (HRQoL) [8].

Therefore, monitoring complications and assessing long-term
health risks in pediatric and adolescent cancer survivors is
essential. In long-term survivors, early intervention may reduce
the risk of morbidity due to coexisting conditions. Numerous
research groups on a global scale monitor the chronic health
condition of childhood cancer survivors, manage their HRQoL
[8-11], and develop follow-up strategies using web-based
questionnaires [12].

Although previous cohort studies of pediatric cancer survivors
elaborated on long-term comorbidities and chronic health
conditions, data collection was limited [9,13,14]. First, these
studies mainly relied on self-reported questionnaire data and,
therefore, identified false-negative outcome events, especially
in minor or rare complications that survivors do not report.
Second, unlike Korea’s single-payer health care system, health
care providers in other countries are subject to changes in
individual patients, making the collection of complete medical
records difficult [15]. Third, existing cohorts have limitations
covering a long period or accurately representing the general
population. Lastly, previous studies primarily described the first
occurrence of complications and did not show morbidity trends
over time.

The Korean National Health Insurance Service (NHIS) is South
Korea’s universal health insurance coverage system [16]. It
includes detailed treatment practices and prescriptions based
on the fee-for-service payment model and the health information
of all South Korean citizens enrolled in national medical
insurance [16]. Patients with cancer can receive special
government support for medical expenses in South Korea;
therefore, once diagnosed, patients with cancer must be
registered with the NHIS with a special code and cancer
diagnosis so that we can identify their claims data [17]. The

NHIS has constructed and operated large-capacity health care
big data systems, providing researchers with a wide range of
secure health care data for research purposes. The NHIS collects
longitudinal patient data that can be used for longitudinal
temporal studies, such as the analysis of long-term cancer
survivors. Consequently, active longitudinal and epidemiological
studies of patients with cancer are being conducted using NHIS
data [18-20].

We analyzed long-term health-related conditions using the
nationwide claims database of Korea, which contains medical
records for approximately 97% of the South Korean population.
This study aimed to investigate childhood cancer survivors’
temporal diagnostic patterns and assess late mortality using a
trajectory group-based method.

Methods

Data Source
We obtained data from the NHIS, a government insurer in Korea
that provides universal health insurance to approximately 97%
of Koreans [17]. The NHIS is a universal health insurance
system that includes detailed treatment practices and
prescriptions based on the fee-for-service payment model and
the health information of all Korean citizens who have signed
up for national medical insurance [16]. Data included public
data on health care use, such as disease diagnoses, drug
prescriptions, and procedures. National health examination
results for the entire Korean population, including smoking
habits, alcohol consumption, physical measurements, body
measurements, and demographics as well as socioeconomic
variables such as age, sex, income rank, household location,
disability, and mortality. Diagnoses were coded in accordance
with the International Statistical Classification of Disease,
Tenth Revision (ICD-10) within health insurance claims data
[16,21]. The NHIS data were linked to death statistics from
Statistics Korea based on the resident numbers of patients [22].
We collected death information from all childhood cancer
survivors for this study. Public users can access all data from
NHIS and Korean Statistics Information Services for research
purposes.

Study Population
We identified 71,323 patients from the NHIS database who
were younger than 20 years and had any cancer codes (based
on the ICD-10) between 2002 and 2017. Clinically
representative diagnostic groups were defined for analysis
(Multimedia Appendix 1). There were 549 claim codes for
treatment (ie, chemotherapy, radiotherapy, hematopoietic stem
cell transplantation [HCT]; Multimedia Appendix 2). Surgery
was not considered treatment because of this ambiguity. The
time of earliest cancer diagnosis was defined as the onset of the
earliest diagnosis in patients who were prescribed any treatment
within 1 month of the initial diagnosis.

A total of 12,359 patients diagnosed in 2002 and 36,527 patients
without treatment records within 3 years from the onset date
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were excluded (Figure 1). Subsequently, 8119 patients who had survived for >10 years were selected for the final analysis.

Figure 1. Patient selection flowchart. DB: database; ICD-10: International Classification of Diseases, 10th Revision; NHIS: National Health Insurance
Service.

Analyzing Trajectory Groups
For trajectory analysis, we used each patient’s total number of
diagnoses per year as an input variable. We used a square root
transformation to calculate the total number of diagnoses. Age,
sex, year of onset and diagnosis, duration of treatment exposure,
total number and type of treatment, type of care, and
socioeconomic status were used to identify differences between
the trajectory groups. The most significant diagnosis was entered
into the “Main Diagnosis” field, while other diagnoses were
entered into the “Subdiagnosis” field. Only those entered in the
“Main Diagnosis” section were used for analysis. We pooled
all main diagnostic codes from each patient’s hospital visits
during the survival period and analyzed the diagnoses by
excluding primary cancer as a comorbidity.

We used group-based latent trajectory modeling (GBTM) on
longitudinal data of childhood cancer survivors to identify
homogenous subgroups of a population with similar patterns
of outcome change over time [23]. Response values were
estimated using finite mixture models in GBTM. The GBTM
was fitted with a censored normal distribution, assuming that
the total number of diagnoses per year in the claim data follows
a normal distribution with a limited scale [24]. The following
criteria were used for selecting the optimal number of groups:
the lowest value in the Bayesian information criteria, the average
posterior probability of group assignment (≥0.7), and group size
such that ≥5% of the study sample was assigned to one trajectory
group [25]. The trajectory group was assessed using the Proc
Traj procedure in SAS 9.4 [26] (SAS Institute).

Statistical Analysis
Trajectory group characteristics are presented as means with
SDs for normally distributed characteristics or as medians with
IQRs for skewed distribution. The chi-square tests for
categorical variables and one-way ANOVA for continuous
variables were used to compare the characteristics of the
trajectory groups. Kaplan-Meier methods and log-rank tests
were used for survival analysis. Cox proportional hazard models
with 95% CIs were estimated to investigate differences [27].
The absolute standardized difference (ASD) is a standard
measure for comparing values before and after propensity
matching. However, pairwise comparisons were performed for
the three study groups to identify intergroup differences based
on the maximum value. According to the guidelines, the two
groups are different from each other by 0.1 [28]. We used the
Stddiff package in R (version 3.5.3; R Foundation for Statistical
Computing) to calculate ASD. P values <.05 on both sides were
considered statistically significant.

Ethics Approval
This study was conducted in accordance with the principles of
the Declaration of Helsinki and approved by the institutional
review board of the Asan Medical Center in Seoul, Republic of
Korea (IRB 2019-0915). All KNHIS patient records were
anonymized to ensure patient confidentiality. Because the
analysis used anonymous data, the institutional review board
waived the requirement for informed consent.
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Results

Trajectory Groups for Pediatric Patients With Cancer
In the 10-year survivor cohort (n=8119; Multimedia Appendices
3 and 4), 3 trajectory groups were selected with the best fit. The
first group (n=3104, 38.2%) had relatively smaller changes in
the number of diagnoses over time and was thus referred to as
the “relatively stable group (group 1)” (red line; Multimedia
Appendix 4). The second group (n=4148, 51.1%) was referred
to as the “moderately decreasing group (group 2)” (green line),
and the remaining population (n=867, 10.7%) was referred to
as the “rapidly decreasing group (group 3)” (blue line), which
had the most diagnoses and a rapidly decreasing trend over time.

Characteristics by Trajectory Groups
The median age at onset significantly decreased in groups 1 to
3 (P<.001; Table 1). Lymphoid leukemia was found in 158 of

867 (18.2%) patients of group 3 patients and 838 of 3104
(20.2%) patients in group 2; however, only 264 of 3104 (8.5%)
patients of group 1 (P<.001). The top five onset diagnoses were
“secondary and unspecified malignant neoplasm of lymph
nodes.” The median duration of treatment exposure and the total
number of prescriptions increased significantly in groups 1 to
3 (P<.001).

The use of radiotherapy and the proportion of patients with any
HCT increased significantly from group 1 to 3 (radiotherapy:
52.2%, 70.4%, 76.2%; P<.001, HCT: 4.1%, 11.2%, 21.6%;
P<.001, respectively).

In terms of the onset year, 46.1% of group 1 and 21.5% of group
3 were diagnosed between 2003 and 2004 (P<.001). In terms
of the temporal patterns of each categorical variable,
chemotherapy use decreased, while chemotherapy with
radiotherapy or HCT steadily increased (Multimedia Appendix
5).
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Table 1. Characteristics by trajectory groups for 10 years of follow-up with childhood cancer survivors.

P valueaTotal (n=8119)Group 3 (n=867)Group 2 (n=4148)Group 1 (n=3104)Category

<.0019 (4.0-14.0)3 (1.0-10.0)7 (3.0-13.0)12 (7.0-16.0)Onset age (years), median (IQR)

.04Sex, n (%)

4622 (56.9)496 (57.2)2308 (55.6)1818 (58.6)Male

3497 (43.1)371 (42.8)1840 (44.4)1286 (41.4)Female

Top 5 onset diagnoses in total, n (%)

.051260 (15.5)158 (18.2)838 (20.2)264 (8.5)Lymphoid leukemia

.291025 (12.6)161 (18.6)501 (12.1)363 (11.7)CNSb tumor

.85825 (10.2)76 (8.8)402 (9.7)347 (11.2)NHLc

.88603 (7.4)56 (6.5)339 (8.2)208 (6.7)Myeloid leukemia

.25568 (7.0)33 (3.8)239 (5.8)296 (9.5)Secondary and unspecified malignant
neoplasm of the lymph nodes

<.001Claims records, n (%)

103,166 (5.8)26,007 (6.1)59,236 (6.0)17,923 (5.0)Inpatient

1,673,712 (93.8)399,001 (93.4)932,153 (93.7)342,558 (94.6)Outpatient

6875 (0.4)2190 (0.5)3106 (0.3)1579 (0.4)Emergency

<.00114 (9.0-17.0)13 (9.0-16.0)14 (9.0-17.0)14 (9.0-17.0)Social economy statusd, median (IQR)

<.001651 (120-1655)1506 (464-3266)935 (240-1835)249 (0-1027)Treatment exposuree (days), median (IQR)

<.00127 (3-87)74 (15-168)45 (6-114)7 (2-43)Total number of prescriptions for treatment,
median (IQR)

Types of treatment, n (%)

.113996 (49.2)450 (51.9)2278 (54.9)1268 (40.9)CTf + RTg

<.0012899 (35.7)197 (22.7)1223 (29.5)1479 (47.6)CT only

.32434 (5.3)25 (2.9)178 (4.3)231 (7.4)RT only

.05451 (5.6)94 (10.8)288 (6.9)69 (2.2)CT + RT + alloh HCTi

.02320 (3.9)92 (10.6)175 (4.2)53 (1.7)CT + RT + autoj HCT

.912 (0.02)0 (0.0)0 (0.0)2 (0.1)CT + allo HCT

.953 (0.04)1 (0.1)0 (0.0)2 (0.1)Allo HCT only

Summary of treatment, n (%)

<.0015201 (64.1)661 (76.2)2919 (70.4)1621 (52.2)Any RT

<.001776 (9.6)187 (21.6)463 (11.2)126 (4.1)Any HCT

<.001Year of onset, n (%)

3024 (37.2)186 (21.5)1407 (33.9)1431 (46.1)2003-2004

2721 (33.5)347 (40.0)1437 (34.6)937 (30.2)2005-2006

2374 (29.2)334 (38.5)1304 (31.4)736 (23.7)2007-2008

aCalculated using the chi-square test (categorical variables) or one-way ANOVA (numerical variables).
bCNS: central nervous system.
cNHL: non-Hodgkin lymphoma.
dSocioeconomic status refers to the 20th quartile by insurance fee, and 1255 patients did not have the quartile information.
eTreatment exposure was defined as the duration from the first date to the last date when any chemotherapeutic agents or radiotherapy codes were
prescribed.
fCT: chemotherapy.
gRT: radiotherapy.
hAllo: allogeneic.
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iHCT: hematopoietic stem cell transplantation.
jAuto: autologous.

Comorbidity by Trajectory Groups
Figure 2 shows the proportion of each diagnosis in relation to
the total yearly numbers of the top 10 comorbidities (Multimedia
Appendix 6). The annual incidence showed three major trends:
early and decreased midterm surge and continuously decreasing
and growing proportions. Infection-related disorders (eg, certain
infections, parasitic diseases, viral infections, and other
infectious diseases) have declined since the beginning (Figure
2 and Multimedia Appendix 7). Although respiratory disorders
were the most common comorbidities at all times, the proportion
of diseases in the eye, ear, adnexa, or respiratory system showed
a midterm surge at approximately 3-5 years after diagnosis.
However, endocrine or metabolic, mental or behavioral,
digestive, musculoskeletal, and skin-related disorders have
shown increasing trends over the last 10 years. The proportions
of comorbidities were statistically different among the three
groups at most follow-up periods in the top 10 comorbidities.
Specifically, mental and behavioral disorders predominantly
increased in group 3 within the 10 years and were statistically
significant among trajectory groups for 10 years. Furthermore,
in group 3, neoplasms or diseases of the blood organs (D00-D89)

showed a unique trend, decreasing in the first 4 years and
increasing thereafter. In groups 1 and 2, there was a decreasing
pattern, and the differences were statistically significant at all
times. When the D code was divided into neoplasm (D00-D49)
and disease of the blood organs (D50-D89) for statistical
analysis, group 3 was statistically substantially higher during
the entire period.

When ASD was used to evaluate the judgment, it was more
sensitive than the chi-square test results. By the follow-up year,
ASD of mental and behavioral disorders, neoplasms, diseases
of the blood organs, skin and subcutaneous tissue, and the
digestive system showed increasing trends above the threshold
of 0.1, demonstrating overt differences in the incidence of
comorbidities between each group (Figure 2 and Multimedia
Appendix 7). Over 10 years, the prevalence of mental and
behavioral disorders, neoplasms, and diseases of the blood
organs (also known as neoplasm and blood organ disease)
gradually increased in group 3. The prevalence of ASD in these
diseases was relatively high in groups 3 and 1. For the past 10
years, skin, subcutaneous tissue, and digestive system diseases
increased, particularly in group 1. There was a significant
difference between groups 3 and 1.
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Figure 2. The prevalence of the top 10 comorbidities of pediatric cancer survivors by follow-up year and a plot of the maximum absolute standardized
difference between two groups by follow-up year in the top 10 comorbidities, presented pairwise. Pairwise P values for two of the three groups are
presented as follows: *<.05, **<.01, and ***<.001. No P values were corrected.

Survival Outcome by Trajectory Groups
In terms of overall survival, it was confirmed that the mortality
rate increased more rapidly in group 3 than in group 1. In
particular, it was observed that the difference in mortality rate
increased more rapidly from 3700 days in group 3 than in groups
1 and 2, which was a statistically significant result (P<.001;
Figure 3). Multivariate analysis was performed after adjusting
for sex, age at onset (5 years), and treatment exposure duration.

Group 3 had the highest risk as determined by the trajectory
method. The hazard ratio (HR) was 4.37 (95% CI 2.57-7.42;
P<.001; Table 2). Group 2 had an HR of 1.68 (95% CI 1.05-2.7;

P=.03) compared with group 1. The age was calculated by
dividing it by 5 years. As a result, it was confirmed that the
patient’s age when compared to 5 years of age increased the
risk of overall survival. The HR for overall survival was 1.53
(95% CI 0.91-2.59; P=.11) when compared to the group younger
than 5 years (reference group). However, it was not statistically
significant. The HRs or overall survival were 2.68 (95% CI
1.64-4.39; P<.001) and 2.57 (95% CI 1.57-4.22; P<.001),
respectively, and had a significant effect on survival when
compared to the reference group. The result of the multivariate
survival analysis was adjusted for sex and treatment duration.
Central nervous system tumor was the most common cause of
death at the time of death (Multimedia Appendix 8).
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Figure 3. Kaplan-Meier plots for overall survival by trajectory groups for 10-year follow-up. Overall survival was highest in group 1 and lowest in
group 3 (P<.001).

Table 2. HRs for all-cause death by trajectory groups.

MultivariateaUnivariateCohort and variables

P valueHR (95% CI)P valueHRb (95% CI)

10-year

N/A1 (reference)N/Ac1 (reference)Group 1

.031.68 (1.05-2.7).0012.11 (1.33-3.36)Group 2

<.0014.37 (2.57-7.42)<.0017.32 (4.47-12.01)Group 3

N/A1 (reference)N/A1 (reference)Onset age (<5 years old)

.111.53 (0.91-2.59).481.2 (0.72-2.02)Onset age (≥5 years and <10 years)

<.0012.68 (1.64-4.39).041.66 (1.03-2.69)Onset age (≥10 years and <15 years)

<.0012.57 (1.57-4.22).041.67 (1.04-2.69)Onset age (≥15 years)

N/AN/A.0030.57 (0.39-0.82)Sex (reference: male)

N/AN/A<.0011.001 (1.001-1.001)Treatment exposure duration

aAdjusted for sex and duration of treatment.
bHR: hazard ratio.
cN/A: not applicable.
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Discussion

This study evaluated the 10-year trajectories of childhood cancer
survivors nationwide. Using group-based trajectory analysis,
we analyzed all hospital visits due to any health impairments.
We demonstrated that the risk groups for long-term mortality
could be well classified using the entire spectrum of diagnoses
as a surrogate for the cumulative burden of late complications.
Our study found that the pattern of cumulative comorbidities
during the survival periods significantly differed according to
the trajectory group; physicians could use this to identify patients
at risk for late mortality in childhood cancer survivors.

The NHIS database was used in this study, which can
complement the limitations of previous studies on cancer
survivors. The NHIS database is one of the world’s largest
claims data sets. It centralizes all claims data from the Korean
population regardless of age or region, distinguishing it from
the Medicare and Medicaid programs in the United States. This
reduces the possibility of selection bias [29]. This universal
health care provider system facilitates the collection of
populationwide longitudinal data, which makes it helpful in
analyzing the long-term outcomes of childhood cancer survivors.

The St Jude Lifetime Cohort Study (SJLIFE) recently reported
the cumulative disease burden of 168 chronic health conditions
grouped into 48 condition-specific categories for childhood
cancer survivors [9]. SJLIFE reported that the survivors
advancing age changed the landscape of the dominant comorbid
conditions. In this report, the cumulative burden of chronic
health conditions per individual was differentiated by the initial
cancer types of the survivors. This report from SJLIFE could
provide general health practitioners and clinical investigators
with references for the expected cumulative burden of
comorbidities in specific survivor groups.

Although late mortality is as important as a chronic disease in
childhood cancer survivors, there are no direct references to
late mortality. Additionally, psychiatric diseases were not
analyzed.

Our findings suggest that the pattern of comorbidities can predict
high-risk groups for late mortality. Childhood cancer survivors
are at risk for adverse psychological outcomes according to the
CCSS study of 6199 patients, depression had a prevalence of
11.4% after a median follow-up duration of 7.8 years [30].
Survivors have an 80% higher risk of developing clinically
significant mental health symptoms than their siblings [31].

According to the results of this study, high-risk groups with low
survival rates are likely to include childhood cancer survivors
who receive more than a certain number of diagnoses annually
during long-term follow-up. Our study showed that mental and
behavioral disorders could increase the risk of late mortality
due to other severe late complications. Therefore, survivors who
often visit hospitals for mental or behavioral disorders should
be closely monitored for late mortality. In addition, neoplasms
or blood organ diseases were common in group 3, and these
conditions were associated with abnormal hematologic findings
unrelated to the malignancy. Therefore, such blood organ

diseases might result from other severe health conditions or
complications of ongoing treatment.

Furthermore, there was a difference in the number of diagnoses
by trajectory group not only in the first year but throughout the
decade (Multimedia Appendix 4). As the duration of survival
increased, so did the disparity. For the first 1-3 years, there was
no significant difference in the number of average diagnoses
between groups; however, if the patient received more than four
diagnoses, especially after the fourth year, the patient was
strongly suspected to be in group 3, which had the worst
prognosis. Consequently, if a childhood cancer survivor receives
four or more diagnoses in a year, close monitoring and early
intervention for complications are necessary.

Factors associated with the high-risk trajectory group in this
study were younger age at primary cancer diagnosis, longer
treatment duration, and a recent treatment period with
radiotherapy or HCT. The duration of treatment and the number
of treatment codes were proportional to the overall loading of
the treatment; therefore, a higher loading of the treatments was
invariably related to a higher risk of mortality.

Reports on the age at primary cancer diagnosis and its
relationship to subsequent cancers are contradictory [32-34].
Generally, younger age at the time of radiotherapy or HCT is
associated with an increased risk of complications and
subsequent cancers [35,36]. Particularly, testicular cancer and
Hodgkin disease are risk factors for developing cardiovascular
disease, secondary malignancies, and death from noncancerous
causes at a younger age [37].

Treatment timing distinguished the trajectory groups in this
study. Other studies have found that previously treated patients
had a higher risk of long-term complications and mortality than
those receiving treatment [14,38,39]. Contrary to previous
studies, our study found that more recently treated survivors
had poorer survival outcomes than those previously treated,
possibly because our study included data from 2003 rather than
the 1990s. Moreover, since 2003, radiotherapy and HCT have
been increasingly used with other treatment modalities. The
increasing use of alternative donors [40] and the introduction
of tandem autologous HCT in patients with high-risk
neuroblastoma and medulloblastoma may have contributed to
the recent increase in HCT [41,42]. Therefore, more recent
survivors are likely to have received intensive treatment.

Although this study showed a novel approach to examining
nationwide longitudinal data using trajectory analysis, it had
several limitations. First, because this data set was established
for claims and reimbursements, there may be differences
between the actual disease and the claimed diagnosis. Second,
this study did not include a healthy control group. Third, it could
be argued that the difference in survival between the trajectory
groups is due to the high frequency of recurrence or secondary
cancer in the high-risk group rather than comorbidities. Finally,
claims databases are incapable of distinguishing between cancer
remission and recurrence because the recurrence diagnosis and
treatment discontinuation needs to be clearly defined. This may
have led to skewed results in identifying trajectory groups with
increased morbidity and mortality due to protracted
chemotherapy-related comorbidities.
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In conclusion, our study is the first to show that the risk groups
for long-term mortality in childhood cancer survivors can be
grouped using the entire spectrum of diagnosed diseases as a
surrogate for the cumulative burden of late complications. We
demonstrated that clinically severe health conditions and hospital

visits due to health impairments could significantly impact
long-term survival. Even without a primary cancer diagnosis,
medical practitioners should pay attention to the subpopulation
of patients with increased or specific comorbidities.
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Abstract

Background: Deliberate self-harm (DSH) along with old age, physical disability, and low socioeconomic status are well-known
contributors to suicide-related deaths. In recent years, South Korea has the highest suicide death rate among all Organization for
Economic Co-operation and Development countries. Owing to the difficulty of accessing data of individuals with DSH behavior
who died by suicide, the factors associated with suicide death in these high-risk individuals have not been sufficiently explored.
There have been conflicting findings with regard to the relationship between previous psychiatric visits and suicidal death.

Objective: We aimed to address the following 3 questions: Are there considerable differences in demographics, socioeconomic
status, and clinical features in individuals who received psychiatric diagnosis (either before DSH or after DSH event) and those
who did not? Does receiving a psychiatric diagnosis from the Department of Psychiatry, as opposed to other departments, affect
survival? and Which factors related to DSH contribute to deaths by suicide?

Methods: We used the Korean National Health Insurance Service Database to design a cohort of 5640 individuals (3067/5640,
54.38% women) who visited the hospital for DSH (International Classification of Diseases codes X60-X84) between 2002 and
2020. We analyzed whether there were significant differences among subgroups of individuals with DSH behavior based on
psychiatric diagnosis status (whether they had received a psychiatric diagnosis, either before or after the DSH event) and the
department from which they had received the psychiatric diagnosis. Another main outcome of the study was death by suicide.
Cox regression models yielded hazard ratios (HRs) for suicide risk. Patterns were plotted using Kaplan-Meier survival curves.

Results: There were significant differences in all factors including demographic, health-related, socioeconomic, and survival
variables among the groups that were classified according to psychiatric diagnosis status (P<.001). The group that did not receive
a psychiatric diagnosis had the lowest survival rate (867/1064, 81.48%). Analysis drawn using different departments from where
the individual had received a psychiatric diagnosis showed statistically significant differences in all features of interest (P<.001).
The group that had received psychiatric diagnoses from the Department of Psychiatry had the highest survival rate (888/951,
93.4%). These findings were confirmed using the Kaplan-Meier survival curves (P<.001). The severity of DSH (HR 4.31, 95%
CI 3.55-5.26) was the most significant contributor to suicide death, followed by psychiatric diagnosis status (HR 1.84, 95% CI
1.47-2.30).

Conclusions: Receiving psychiatric assessment from a health care professional, especially a psychiatrist, reduces suicide death
in individuals who had deliberately harmed themselves before. The key characteristics of individuals with DSH behavior who
die by suicide are male sex, middle age, comorbid physical disabilities, and higher socioeconomic status.

(JMIR Public Health Surveill 2023;9:e41261)   doi:10.2196/41261
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Introduction

Deliberate self-harm (DSH) is a behavior in which one
intentionally harms oneself either by means of nonfatal methods
(wrist cutting or self-poisoning via medication with minimal
adverse side effects) or fatal methods (the use of firearms or
pesticides or hanging) [1,2]. It is a global health problem and
is clinically important because individuals who commit DSH
are at an increased risk of death by suicide [3-8]. A history of
DSH is not only a marker of short-term suicide and subsequent
self-harm but is also associated with poor treatment prognosis
and noncompliance [2].

Every suicide case can be viewed as a DSH case, but not all
DSH cases necessarily lead to suicide [2]. Therefore, it is
difficult to measure DSH rates from nationwide statistical polls,
which only report the number of deaths by suicide [9]. Previous
studies on DSH used cohorts of small to moderate sizes based
on surveys geared toward a particular population or extracted
from national medical service use data using the International
Classification of Diseases, 10th Revision (ICD-10) codes for
DSH diagnoses and the cause of death information derived from
linkage to the National Death Index [1,10,11]. Furthermore,
acquiring a nationwide self-harm cohort assembly is difficult
because not every individual with DSH behavior uses medical
services or receives clinical diagnoses for DSH [12,13].
Although studying these individuals at the national level would
be technically improbable, attempting to do so using patient
information collected from every hospital in the respective
country may still reveal valuable information. This information
could be generalized to better understand these high-risk
individuals, allowing for more suicide prevention opportunities.

Previous literature informs us of the factors contributing to
deaths by suicide. These include sociodemographic factors such
as poor income class; old age; male sex; and clinical data such
as having received a psychiatric diagnosis, previous suicide
attempts, substance abuse history, and having physical
disabilities [3,5,6,12,14-19]. Among various physical disabilities
and medical conditions, disease states affecting activities of
daily living and overall function such as malignancies,
musculoskeletal disorders, pulmonary conditions (ie, chronic
obstructive pulmonary disease and asthma), and neurological
conditions (ie, stroke) were not only associated with severe
mental illnesses and increased health service usage [20] but also
act as important risk factors for suicide in both men and women
[16,21]. According to one study, older adults with physical
disabilities who die by suicide often consult their physicians
within weeks of their death [12]. Physical symptoms such as
pain are often the focus of these visits, and mental distress and
suicidal and self-harming ideations are often missed [15].

Although there is much evidence for this important connection
between physical disabilities and deaths by suicide,
nonpsychiatric health care professionals tend to take ambivalent
stances on how to address mental health issues with their
patients, as suggested by a few previous studies [22-24]. This

ambivalence most likely stems from anticipated difficulties in
dealing with patients with mental health conditions [25], and
the scarcity of protocols for the assessment and management
of mental health crises in nonpsychiatric patients is thought to
be fueling the discomfort of actively screening for mental health
issues and suicide risk in this population. Currently,
questionnaires and scales for screening depression and anxiety,
such as the Patient Health Questionnaire-9 [26], and suicidal
ideation, such as the Columbia-Suicide Severity Rating Scale
[27], and protocols that not only assess but also offer
suicide-specific interventions, such as the Collaborative
Assessment and Management of Suicidality [28], are clinical
tools exclusively used in psychiatric emergency settings, such
as a psychiatric ward or emergency room [29]. Unless receiving
extensive training for how to administer these tools, it is very
unlikely that nonpsychiatric health care professionals would be
able to successfully make use of them, which was a point
addressed in one study that investigated the possibility of
implementing mental health risk assessment tools using digital
resources [30]. In all parts of the world, there appears to be a
lack of evidence-based, comprehensive guides for nonpsychiatric
health care professionals in mental health and suicide risk
assessment in nonpsychiatric patients; therefore, this area
requires much more attention and investigation. By studying
individuals with DSH behavior who failed to receive psychiatric
assessment, whom we expect to also have physical disabilities,
we may be able to find important clues for developing a suicide
risk assessment in a nonpsychiatric patient protocol geared
toward nonpsychiatric health care professionals.

Suicide is a greater issue for South Korea, which has been rated
as the leading country for suicide among all Organization for
Economic Co-operation and Development countries for several
years [31]. To date, 3 studies have used Korean National Death
Registration data or National Health Insurance (NHI) service
data, from 2002 to 2013, to study the factors associated with
suicide rate trends in South Korea [8,18,32]. Choi et al [8] and
Chen et al [18], using 2 different data sets that were both still
representative of the entire South Korean population, reported
that old age, low socioeconomic status, and visiting medical
facilities with ICD-10 F00-F99 codes (psychiatric diagnoses
and mental and behavioral disorders) were associated with an
increased risk of suicide completion. A study conducted by Kim
et al [32] investigated the prevalence of depression in South
Korea and provided evidence that an increased prevalence of
depression contributed to an increased risk of suicide. Previous
literature on suicide-related deaths in South Korea neither
investigated nor used nationwide all-hospital patient data on
self-harm. Moreover, the authors did not use a strict operational
definition of death by suicide to study individuals with DSH
behavior in South Korea. Therefore, a more thorough
investigation of individuals with DSH behavior and the factors
contributing to the increased rate of suicide is warranted.

Objectives
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This study aimed to address the following questions: (1) Are
there significant differences in demographics, socioeconomic
status, and clinical features in individuals who received a
psychiatric diagnosis (either before DSH or after the DSH event)
and those who did not? (2) Does receiving a psychiatric
diagnosis from the Department of Psychiatry as opposed to
other departments affect survival? and (3) Which factors related
to DSH contribute to death by suicide?

Methods

Data Sources
We used the Korean National Health Insurance Service (KNHIS)
database [33], an administrative database based on health
insurance claims from the entire South Korean population, to
analyze the characteristics of patients with DSH and suicidal
behavior. In this retrospective study, we constructed a DSH
cohort to identify patients who visited the hospital for more
than one DSH episode from January 2002 to December 2020.
DSH was defined using ICD-10 codes for intentional self-harm
(X60-X84).

The KNHIS is a universal coverage health insurance system,
which includes detailed treatment practices and prescriptions
based on the fee-for-service payment model as well as the health
information of all citizens who have signed up for national
medical insurance in South Korea [34]. Almost all South
Koreans (97%) are enrolled in the KNHIS and most receive
medical treatment at least once a year [33]. Data included public
data on health care use such as disease diagnoses; drug
prescriptions and procedures; national health examination
results, including smoking, drinking, physical measurements,
and body measurements; and demographic and socioeconomic
variables such as age, sex, income rank, household location,
disability, and mortality of the entire Korean population. In
particular, within the health insurance claim data, diagnoses
were coded in compliance with the ICD-10 [34,35]. However,
because DSH is a very sensitive subject, some data related to
personal information, such as personal data of clinics and
household location, detailed drug prescriptions, and treatments,
were not available. Statistics Korea links and provides the cause
of death statistics [36]. We asked Statistics Korea to link the
cause and date of death of all patients with DSH. The KNHIS
data were linked to the cause of death statistics based on the
resident number for patients.

Study Design
This study was designed to identify and analyze how differences
in suicide survival and demographic, socioeconomic, and
health-related variables vary depending on psychiatric diagnosis
for patients who were admitted to the hospital after DSH. We
chose certain factors, previously shown to have moderate to
high correlation with DSH or death by suicide, as target
variables for analysis using the KNHIS database [2,4,11,14,37].
Through this process, a total of 11 variables from the KNHIS
database were extracted for in-depth analyses: age, sex, drinking,
smoking, cancer, physical disability, insurance type, psychiatric
disorders or psychiatric diagnosis, self-harm treatment setting,
self-harm method, and somatic disorders or Charlson

comorbidity index (CCI; Multimedia Appendix 1). Before
performing the main analyses, we preprocessed the data using
the following 4 steps.

First, we included suicide survival status and DSH severity in
the DSH-related factors. Death status was classified by
confirming the date of death, and suicide death was classified
by confirming the diagnostic code with X60-X84 from the
ICD-10. We also classified the severity of DSH using the DSH
method. DSH attempts with drugs (X60-X64) and cutting (X78)
were defined as nonfatal DSH. In addition, we defined DSH
attempts as fatal DSH including hanging (X70), pesticides
(X68), or jumping from heights (X80), according to previous
studies [38,39].

Second, we included age and sex in the demographic factors.
We excluded patients under the age of 10 years because the
cause of death could be accidental, and death by suicide was
perceived as intentional after the age of 10 years [40]. We
analyzed the differences between the groups by grouping the
ages by 10 years.

Third, we included CCI, cancer, psychiatric visits, and disability
in the health-related factors [36]. CCI is a widely used
comorbidity correction method that involves assigning a specific
weight of 1 to 6 points to 19 diseases identified by medical
record surveys and then adjusting the sum of these weights [36].
This was used to confirm the risk of DSH according to the
severity of the disease. We also categorized the patients into 2
groups: those who had at least one cancer diagnosis and those
who had none, regardless of the type of cancer. For psychiatric
visits, we included all events when patients had been given a
psychiatric diagnosis at least once, not only in the psychiatric
department but also in other departments. Disability was
classified into 6 grades and was used as a substitute indicator
of mobility. These grades were also classified into 3 categories:
severe (grades 1-3), mild (grades 4-6), and no disability [41].

Finally, we included smoking, drinking, and NHI as the
socioeconomic factors. For smoking and drinking, although the
units of measurement were different according to the type of
alcohol and tobacco, we categorized patients into 3 groups
according to its severity: (1) severe, when substantial use level
required health care provider or expert help, (2) moderate, when
substantial use level was less severe but abstinence was
recommended, and (3) NA, when a related item was not
measured because of nonsubstantial users or unknown reasons.
For NHI, we classified people into 2 groups: Medical Aid
beneficiaries (Medical benefit) who are covered by the Medical
Aid program as a low-income population and NHI members
with employee health insurance and local-subscriber health
insurance (employee or local) above the threshold of 50% of
the median income who are covered by the NHI program [42].

Of the 6350 patients who committed DSH, 18 (0.28%) patients
with missing birth dates and 54 (0.85%) patients aged <10 years
were excluded. The cohort database in this study comprised
6278 patients who had experienced more than one deliberate
episode from January 2002 to December 2020, and among the
cohort participants, 5008 survivors and 632 suicide deaths were
selected for the analysis (Figure 1).
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Figure 1. Patient selection flow. ICD-10: International Classification of Diseases, 10th Revision.

To determine how psychiatry and its treatment affect DSH, we
divided the patients into the following groups: (1) those who
self-harmed before receiving a psychiatric diagnosis, (2) those
who self-harmed after receiving a psychiatric diagnosis, and
(3) those who did not receive a psychiatric diagnosis. We then
analyzed whether these groups showed significant differences
in their features.

A psychiatric diagnosis can be received in other departments
through practices such as the prescription of psychiatric drugs.
We also analyzed in detail whether there were significant
differences between the groups classified according to the
department providing the psychiatric diagnosis. All patients
were classified into five groups as follows: (1) psychiatric
diagnosis received only from psychiatry, (2) psychiatric
diagnosis received from other departments and then from
psychiatry, (3) psychiatric diagnosis received from psychiatry
and then from other departments, (4) psychiatric diagnosis
received from other departments only, and (5) no psychiatric
diagnosis. Next, we analyzed whether there were significant
differences between the groups.

Statistical Analysis
The mean and SD or the median and range were used to express
continuous variables. ANOVA was used to compare categorical
independent variables (with 2 or more categories) and a normally
distributed interval-dependent variable. The Kruskal-Wallis test
was used when 1 independent variable had 2 or more levels and
an ordinal dependent variable. The cumulative incidence of
events was calculated using the Kaplan-Meier estimator of the
relevant survival function and graphed with 95% CIs. Hazard
ratios (HRs) were calculated using a Cox proportional hazards
model. To identify the risk factors possibly affecting suicide
after DSH, we first conducted a univariate analysis using a
logistic regression model procedure for 11 variables. In the
multivariate linear regression analysis, only variables that were
statistically significant (P<.05) through univariate regression
analysis were selected, and their effect on suicidal risk was
evaluated. Variables found to be significant in the univariate

analysis were included in the multivariate analysis using the
Cox proportional hazards model [43]. Among the Cox regression
analysis results, the HRs and 95% CIs were reported. The
threshold for statistical significance was set at P<.05. The R
software was used to conduct all statistical analyses (version
3.6.3; R Foundation for Statistical Computing).

Ethics Approval
This retrospective study was approved by the institutional review
board of Severance Hospital, Yonsei University College of
Medicine, and the requirement for informed consent was waived
(institutional review board number 4-2021-0950). As this was
a retrospective study, the need for informed consent was waived
because it used collected data that were anonymously managed
at all stages, including data cleansing and statistical analyses.

Results

Patient Characteristics
A total of 5640 patients were included in this study, of which
2573 (45.62%) were male, and the remaining were female. Of
the 5640 patients, 4576 (81.13%) patients received a psychiatric
diagnosis between January 2002 and December 2020, with 3821
(67.75%) patients receiving a psychiatric diagnosis before
self-harm. In total, 1064 (18.87%) patients did not receive any
psychiatric diagnosis or treatment.

There were significant differences in all features, including
demographic, health-related, socioeconomic, and survival
variables between the groups (P<.001; Table 1). Most notably,
there was a significant difference in survival rates sequentially
in the group that did not receive a psychiatric diagnosis
(81.48%), followed by one group that received psychiatric
diagnosis and later self-harmed (89.06%), and one group that
self-harmed before receiving the psychiatric diagnosis (97.7%).
As each group had distinct characteristics, we described the
characteristics of each group in the order of the suicide survival
rate as follows.
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Table 1. Characteristics of individuals with deliberate self-harm (DSH) behavior based on psychiatric diagnosis status (receiving at least one psychiatric
diagnosis either before or after DSH event or not receiving any at all).

P valueTotal (N=5640)No psychiatric diagno-
sis (n=1064, 18.87%)

Self-harm after receiving
psychiatric diagnosis
(n=3821, 67.75%)

Self-harm before receiving
psychiatric diagnosis
(n=755, 13.39%)

<.001Suicide survival status, n (%)

5008 (88.79)867 (81.48)3403 (89.06)738 (97.7)Survived

632 (11.21)197 (18.52)418 (10.94)17 (2.3)Death by suicide

<.001Self-harm severity, n (%)

2357 (41.79)600 (56.39)1393 (36.46)364 (48.2)Fatal

3283 (58.21)464 (43.61)2428 (63.54)391 (51.8)Nonfatal

Demographic factors

<.001Sex, n (%)

2573 (45.62)669 (62.88)1505 (39.39)399 (52.8)Male

3067 (54.38)395 (37.12)2316 (60.61)356 (47.2)Female

<.00146.0 (30.0-59.0)43.0 (29.0-54.0)48.0 (32.0-63.0)40.0 (25.0-53.0)Age, median (range)

<.001Age group, n (%)

491 (8.71)123 (11.56)264 (6.91)104 (13.8)10-19

855 (15.16)154 (14.47)562 (14.71)139 (18.4)20-29

849 (15.05)192 (18.05)523 (13.69)134 (17.7)30-39

1016 (18.01)213 (20.02)670 (17.53)133 (17.6)40-49

1018 (18.05)200 (18.80)686 (17.95)132 (17.5)50-59

579 (10.27)88 (8.27)430 (11.25)61 (8.1)60-69

509 (9.02)73 (6.86)405 (10.60)31 (4.1)70-79

323 (5.73)21 (1.97)281 (7.35)21 (2.8)>80

Health-related factor

<.0011.0 (0.0-3.0)1.0 (0.0-2.0)1.0 (0.0-3.0)0.0 (0.0-2.0)Charlson comorbidity in-
dex score, median (range)

<.0012488 (44.11)363 (34.12)1827 (47.81)298 (39.5)Cancer, n (%)

<.0013801 (67.39)0 (0.00)3261 (85.34)540 (71.5)Psychiatric visit, n (%)

<.001Disability, n (%)

448 (7.94)52 (4.89)353 (9.24)43 (5.7)Mild

308 (5.46)21 (1.97)255 (6.67)32 (4.2)Severe

4884 (86.60)991 (93.14)3213 (84.09)680 (90.1)No

Socioeconomic factor, n (%)

<.001Smoking

2417 (42.85)403 (37.88)1731 (45.30)283 (37.5)Moderate

1125 (19.95)252 (23.68)702 (18.37)171 (22.6)Heavy

2098 (37.20)409 (38.44)1388 (36.33)301 (39.9)N/Aa

<.001Drinking

2338 (41.45)376 (35.34)1697 (44.41)265 (35.1)Moderate

1198 (21.24)278 (26.13)730 (19.11)190 (25.2)Heavy

2104 (37.31)410 (38.53)1394 (36.48)300 (39.7)N/A

<.001National Health Insurance

5090 (90.25)1029 (96.71)3343 (87.49)718 (95.1)Employee or local
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P valueTotal (N=5640)No psychiatric diagno-
sis (n=1064, 18.87%)

Self-harm after receiving
psychiatric diagnosis
(n=3821, 67.75%)

Self-harm before receiving
psychiatric diagnosis
(n=755, 13.39%)

550 (9.75)35 (3.29)478 (12.51)37 (4.9)Medical benefit

aN/A: not applicable.

First, the group without a psychiatric diagnosis had the lowest
suicide survival rate (867/1064, 81.48%) and highest rate of
fatal self-harm (600/1064, 56.39%). A total of 1064 patients
were included in the group, 197 (18.52%) of whom died by
suicide. The median age was 43.0 (range 29.0-54.0) years, and
669 (62.88%) patients were male. This group was mainly
composed of middle-age men (605/1064, 66.87%) in their 30s
and 50s. Regarding health-related factors, none of them had a
history of psychiatric visits, and many (991/1064, 93.14%) had
no disability. Regarding socioeconomic factors, most had
employee or local insurance (1029/1064, 96.71%) and had the
highest rate of heavy smokers and drinkers among the 3 groups.

Second, the group that self-harmed after receiving a psychiatric
diagnosis had the highest rate of DSH using the nonfatal method
(2428/3821, 63.54%). A total of 3821 patients were included
in this group, 418 of whom died by suicide. Regarding
demographic factors, there was a high proportion of older
women (aged >60 years) and the median age was 48.0 (range
32.0-63.0) years. They had the highest rates of cancer
(1827/3821, 47.81%) and psychiatric visit history (3261/3821,
85.34%) among the 3 groups. A history of disability was noted
in 608 (608/3821, 15.91%) patients. Socioeconomic factors had
the highest rates for medical aid benefit insurance (478/3821,
12.51%), moderate smoking (1731/3821, 45.30%), and drinking
(1697/3821, 44.41%).

Finally, the group that self-harmed before receiving a psychiatric
diagnosis, that is, the group that self-harmed before clinical

visits, had the highest suicide survival rate (738/755, 97.7%),
with a high rate of nonfatal self-harm (391/755, 51.8%). A total
of 755 patients were included in this group, 17 of whom died
by suicide. The median age of the patients was 40.0 (range
25.0-53.0) years, and 399 (52.8%) patients were male. They
had a higher rate of people in their 10s and 20s (32.2%) than
other age groups. Cancer, disability history, and psychiatric
visit history was noted in 298 (39.5%), 37 (4.8%), 75 (9.8%),
and 540 (71.5%) patients, respectively. Regarding
socioeconomic factors, most participants had employee or local
insurance (718/755, 95.1%), and there were more smokers
(454/755, 60.1%) and drinkers (455/755, 60.3%).

Characteristics of Individuals With DSH Behavior
We also classified all patients into 5 subgroups based on the
medical department they had received a psychiatric diagnosis
from (Department of Psychiatry vs other departments) to
determine whether psychiatric evaluation from the Department
of Psychiatry as opposed to a nonpsychiatric department affected
the outcome (Table 2). All variables were significantly different
among the 5 groups (P<.001). In particular, these groups
significantly differed in suicide rates from the group treated at
the psychiatric clinic only, with the highest suicide survival rate
(888/951, 93.4%) in the group with no psychiatric diagnosis
and the lowest suicide survival rate (867/1064, 81.48%) in the
following order.
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Table 2. Comparison of individuals with deliberate self-harm by the different departments through which one received a psychiatric diagnosis.

P valueTotal
(N=5640)

No psychiatric
diagnosis
(n=1064,
18.87%)

Psychiatric diagno-
sis from other de-
partments (n=775,
13.74%)

Psychiatric diagno-
sis from psychiatry
first, then other de-
partments
(n=1520, 26.95%)

Psychiatric diagno-
sis from other de-
partments first,
then psychiatry
(n=1330, 23.58%)

Psychiatric diag-
nosis from psy-
chiatry (n=951,
16.86%)

Variable

<.001Survival status, n (%)

5008
(88.79)

867 (81.48)675 (87.1)1366 (89.87)1212 (91.13)888 (93.4)Survived

632 (11.21)197 (18.52)100 (12.9)154 (10.13)118 (8.87)63 (6.6)Death by suicide

<.001Self-harm severity, n (%)

2357
(41.79)

464 (43.61)381 (49.2)946 (62.24)877 (65.94)615 (64.7)Fatal

3283
(58.21)

600 (56.39)394 (50.8)574 (37.76)453 (34.06)336 (35.3)Nonfatal

Demographic factors

<.001Sex, n (%)

2573
(45.62)

669 (62.88)406 (52.4)562 (36.97)504 (37.89)432 (45.4)Male

3067
(54.38)

395 (37.12)369 (47.6)958 (63.03)826 (62.11)519 (54.6)Female

<.00151.0 (40.0-
64.0)

43.0 (29.0-
54.0)

53.0 (40.0-66.0)52.0 (38.0-68.0)45.0 (30.0-59.0)32.0 (21.0-47.0)Age (years), median
(range)

<.001Age groups, n (%)

491 (8.71)123 (11.56)26 (3.3)64 (4.21)100 (7.52)178 (18.6)10-19

855 (15.16)154 (14.47)64 (8.2)163 (10.72)227 (17.07)247 (25.8)20-29

849 (15.05)192 (18.05)96 (12.4)191 (12.57)200 (15.04)170 (17.7)30-39

1016
(18.01)

213 20.02)143 (18.4)266 (17.50)241 (18.12)153 (16.0)40-49

1018
(18.05)

200 (18.80)176 (22.7)311 (20.46)230 (17.29)101 (10.5)50-59

579 (10.27)88 (8.27)102 (13.1)180 (11.84)155 (11.65)54 (5.6)60-69

509 (9.02)73 (6.86)89 (11.5)202 (13.29)113 (8.50)32 (3.3)70-79

323 (5.73)21 (1.97)79 (10.1)143 (9.41)64 (4.81)16 (1.7)>80

Medical history–related factor

<.0012488
(44.11)

363 (34.12)350 (45.2)812 (53.42)641 (48.20)322 (33.9)Cancer, n (%)

<.0012.0 (0.0-
3.0)

1.0 (0.0-2.0)2.0 (0.0-3.0)2.0 (0.0-3.0)1.0 (0.0-2.0)0.0 (0.0-1.0)Charlson comor-
bidity index
score, median
(range)

<.001Disability status, n (%)

438 (7.77)52 (4.89)83 (10.7)173 (11.38)106 (7.97)24 (2.5)Mild

309 (5.48)21 (1.97)35 (4.5)118 (7.76)103 (7.74)32 (3.3)Severe

4893
(86.76)

991 (93.14)657 (84.8)1229 (80.86)1121 (84.29)895 (94.1)No

Socioeconomic factors, n (%)

<.001Smoking

2417
(42.85)

403 (37.88)390 (50.3)772 (50.79)574 (43.16)278 (29.2)Moderate
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P valueTotal
(N=5640)

No psychiatric
diagnosis
(n=1064,
18.87%)

Psychiatric diagno-
sis from other de-
partments (n=775,
13.74%)

Psychiatric diagno-
sis from psychiatry
first, then other de-
partments
(n=1520, 26.95%)

Psychiatric diagno-
sis from other de-
partments first,
then psychiatry
(n=1330, 23.58%)

Psychiatric diag-
nosis from psy-
chiatry (n=951,
16.86%)

Variable

1125
(19.95)

252 (23.68)169 (21.8)291 (19.14)250 (18.80)163 (17.1)Heavy

2098
(37.20)

409 (38.44)216 (27.9)457 (30.07)506 (38.04)510 (53.6)N/Aa

<.001Drinking

2338
(41.45)

376 (35.34)355 (45.8)775 (50.99)582 (43.76)250 (26.3)Moderate

1198
(21.24)

278 (26.13)203 (26.2)284 (18.68)241 (18.12)192 (20.2)Heavy

2104
(37.30)

410 (38.53)217 (28.0)461 (30.33)507 (38.12)509 (53.5)N/A

<.001National Health Insurance

5090
(90.25)

1029 (96.71)700 (90.3)1273 (83.75)1160 (87.22)928 (97.6)Employee or lo-
cal

550 (9.75)35 (3.29)75 (9.7)247 (16.25)170 (12.78)23 (2.4)Medical benefit

aN/A: not applicable.

First, the group of patients who received a psychiatric diagnosis
from the psychiatric department had the highest suicide survival
rate (888/951, 93.4%). A total of 951 (16.86%) patients were
included in this group, 63 (6.6%) of whom died by suicide. The
median age was 32 (range21.0-47.0) years, and 432 (45.4%)
patients were male. The number of people in their 10s and 20s
was higher than that of people aged >60 years. A total of 322
(33.9%) patients were diagnosed with cancer, and the median
CCI score was 0.0 (range 0.0-1.0). Among the 5 groups, they
had the lowest rates of disability (56/951, 5.8%), medical benefit
insurance (23/951, 2.4%), moderate/heavy smokers (441/951,
46.3%), and drinkers (442/951, 46.3%).

Second, the group of patients who received a psychiatric
diagnosis from other departments and then from psychiatry had
the highest rate of self-harm with fatal methods (877/1330,
65.94%). A total of 1330 (23.58%) patients were included in
this group, 118 (8.87%) of whom died by suicide. The median
age was 45.0 (range 30.0-59.0) years, and 504 (37.9%) patients
were male. The proportion of people in their 40s (241/1330,
18.12%) was higher than in other age groups. Cancer and
disability history were noted in 641 (48.20%) and 209 (15.73%)
patients, respectively. The median CCI score was 1.0 (range
0.0-2.0). Regarding socioeconomic factors, 824 (61.96%) and
823 (61.88%) patients were moderate or heavy smokers and
drinkers, respectively.

Third, the group of patients who received a psychiatric diagnosis
from psychiatry and then from other departments included 1520
(26.95%) patients, 154 (10.13%) of whom died by suicide. The
median patient age was 52 (range 38-68) years, and 562
(36.97%) patients were male. They reported a higher fatality
rate (946/1520, 62.24%) in their DSH. The proportion of people
in their 50s (311/1520, 20.46%) was higher than that of other
age groups. They had the highest rates of cancer with 812
(53.42%) patients, disability with 291 (19.14%) patients,

moderate smokers (772/1520, 50.79%), moderate drinkers
(775/1520, 50.99%), and medical benefit insurance (247/1520,
16.25%) among the 5 groups.

Fourth, the group of patients who received a psychiatric
diagnosis only from departments other than psychiatry included
775 (13.74%) patients, 100 (12.9%) of whom died by suicide.
The median age was 53.0 (range 40.0-66.0) years, and 406
(52.4%) patients were male. The highest proportion of people
in their 50s (22.7%) was among the 5 groups. A history of
cancer and disability was noted in 350 (45.2%) and 118 (15.2%)
patients, respectively. The median CCI score was 2.0 (range
0.0-3.0). Most of them had employee or local insurance
(700/775, 90.3%), and they had the highest number of heavy
drinkers (203/775, 26.2%) among the 5 groups.

Finally, the group of patients who did not have a psychiatric
diagnosis from any department had the lowest suicide survival
rate (81.5%). A total of 1064 (18.87%) patients were included
in this group, 197 (18.52%) of whom died by suicide. The
median age of the patients was 43.0 (range 29.0-54.0) years,
and 669 (62.88%) patients were men. The rate of people in their
40s and 50s (413/1064, 38.82%) was higher than that in other
age groups. A history of cancer and disability was noted in 363
(34.12%) and 73 (6.86%) patients, respectively. The median
CCI score was 1.0 (range 0.0-2.0). Most of them had employee
or local insurance (1029/1064, 96.71%) and had the highest
number of heavy smokers (252/1064, 23.68%) among the 5
groups.

Survival Rates of Individuals With DSH Behavior by
Various Subgroups
Temporal patterns were plotted using Kaplan-Meier survival
curves, calculated separately for groups according to the time
between self-harm and receiving a psychiatric diagnosis (3
groups) and for groups according to the departments providing
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psychiatric diagnosis (5 groups) in Figure 2. These survival
curves indicated that there were significantly more incidences
of death by suicide over time by days in the 1-year follow-up
among the participants with no psychiatric diagnosis than in

those with self-harm first (Figure 2A) and among the participants
with only other departments than in those with only psychiatric
department (Figure 2B).

Figure 2. Kaplan-Meier curves displaying the estimated suicide survival probability for (a) 3 groups of patients whether they either did or did not
receive a psychiatric diagnosis and whether they did receive a psychiatric diagnosis either before or after deliberated self-harm, as well as for (b) 5
groups of patients whether they did or did not receive a psychiatric diagnosis from psychiatric or other departments.

Risk Factors of Completed Suicide in Individuals With
DSH Behavior
In the univariate Cox proportional hazards analysis, all variables
showed a statistically significant impact on the suicide survival
rate, except for the type of NHI (P=.39) and cancer history
(P=.07; Table 3). Univariate Cox proportional hazards model
indicated that higher severity of self-harm (HR 5.25, 95% CI
4.35-6.34; P<.001), male sex (HR 0.49, 95% CI 0.42-0.57;

P<.001), older age (HR 1.04, 95% CI 1.03-1.04; P<.001), severe
CCI (HR 1.51, 95% CI 1.43-1.59; P<.001), mild disability (HR
0.49, 95% CI 0.39-0.61; P<.001), severe smoking (HR 0.88,
95% CI 0.79-0.98; P=.02), severe drinking (HR 0.86, 95% CI
0.77-0.95; P=.004), no psychiatric diagnosis (HR 1.72, CI
1.45-2.04; P<.001), and no psychiatric visit (HR 0.66, 95% CI
1.47-2.25; P=.005) were significantly and independently
associated with increased risk of suicide of intensive self-harm
(Table 3).
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Table 3. Cox proportional hazards regression of the association between self-harm-related potential risk factors and suicide-related mortality.

Multivariate analysisUnivariate analysis

P valueHR (95% CI)CoefP valueHRb (95% CI)Coefa

<.001c4.31 (3.55-5.26)1.461<.001c5.25 (4.35-6.34)1.659Self-harm severity

Demographic factors

Sex

N/A1 (reference)N/AN/A1 (reference)N/AdFemale

<.001c0.70 (0.59-0.83)0.362<.001c0.49 (0.42-0.57)0.716Male

<.001c1.04 (1.03-1.06)0.042<.001c1.04 (1.03-1.04)0.034Age

Medical history–related factor

N/AN/AN/A.070.86 (0.74-1.01)−0.149Cancer

.340.92 (0.77-1.10)0.087<.001c1.51 (1.43-1.59)0.411Charlson comorbidity index

Disability status

N/A1 (reference)N/AN/A1 (reference)N/ANo

.170.85 (0.68-1.07)0.160<.001c0.49 (0.39-0.61)0.722Mild

.01e0.57 (0.37-0.89)−0.563<.001c0.36 (0.23-0.56)−1.024Severe

Socioeconomic factor

.009f0.76 (0.62-0.93)0.272.02e0.88 (0.79-0.98)0.129Smoking

.005f0.75 (0.61-0.92)0.288.004f0.86 (0.77-0.95)0.156Drinking

National Health Insurance

N/A1 (reference)N/AN/A1 (reference)N/AMedical benefit

N/AN/AN/A.390.89 (0.67-1.17)−1.024Employee or local

Psychiatric diagnosis and psychiatry department–related factor

Psychiatric diagnosis type

N/A1 (reference)N/AN/A1 (reference)N/APsychiatric diagnosis first

<.001c0.15 (0.10-0.25)−1.865<.001c0.18 (0.11-0.29)−1.729Self-harm first

<.001c1.84 (1.47-2.30)0.608<.001c1.72 (1.45-2.04)0.541No psychiatric diagnosis

Psychiatry visit type

N/A1 (reference)N/AN/A1 (reference)N/APsychiatry first, then other

.02e1.46 (1.08-1.99)−0.380.005f0.66 (0.49-0.88)−0.418Only psychiatry

.401.11 (0.87-1.41)−0.104.240.87 (0.68-1.10)−0.143Other first, then psychiatry

.04e1.30 (1.01-1.68)0.262.051.28 (1.00-1.65)0.247Only other departments

N/AN/AN/A<.001c1.82 (1.47-2.25)N/ANo psychiatric diagnosis

aCoef: coefficient.
bHR: hazard ratio.
cP<.001.
dN/A: not applicable.
eP<.05.
fP<.01.

To jointly determine the impact on survival, 9 statistically
significant variables were incorporated into the multivariate
model. The factors that affected suicide are given in the
following order based on the HR value: higher severity of

self-harm (HR 4.31, 95% CI 3.55-5.26; P<.001), never visited
a psychiatrist (HR 1.84, 95% CI 1.47-2.30; P<.001), psychiatric
diagnosis from departments other than psychiatry (HR 1.30,
95% CI 1.01-1.68; P=.04), older age (HR 1.04, 95% CI
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1.03-1.06; P<.001), severe smoking (HR 0.76, 95% CI
0.62-1.07; P=.009), severe drinking habits (HR 0.75; 95% CI
0.61-0.92; P=.005), male sex (HR 0.70, 95% CI 0.59-0.83;
P<.001), and no severe disability (HR 0.57, 95% CI 0.37-0.89;
P=.01). All these factors may have statistically significant effects
on the high risk of suicide.

Psychiatric diagnosis and psychiatry department–related
variables, as defined in our study, also had a statistically
significant effect on the high risk of suicide. No psychiatric
diagnosis indicates that no clinical visit had a statistically
significant effect on low suicide survival (P<.001). Only
psychiatry visit (HR 1.46, 95% CI 0.49-0.87; P=.02) and only
other departments (HR 1.30, 95% CI: 1.01-1.68; P=.04)
indicates that the proper treatment for self-harm had statistically
significant effect on high suicide survival.

Discussion

Principal Findings
This study aimed to investigate the characteristics of individuals
with DSH behavior using nationwide cohort data and to
determine the factors that contribute to suicide-related deaths
in this population. Such efforts could provide valuable
information about individuals with DSH behavior who are
especially susceptible to subsequent death by suicide in South
Korea, the nation with the highest suicide rate among
Organization for Economic Co-operation and Development
countries [31]. We predicted that having a psychiatric diagnosis
would act as a protective factor against suicide completion. This
prediction was based on previous studies describing the
relationship between mental health care access and suicide rates.
On the basis of a recent study exploring national trends in mental
health care among adults who previously attempted suicide,
despite the increasing rate of suicide attempts, the use of services
among those who attempted suicide did not increase; therefore,
there is a great need to expand service accessibility [9]. Several
studies have suggested that greater access to mental health
services was associated with a reduced incidence of suicide.
More access was measured in terms of living at a range of
distances from the nearest mental health provider, the
availability of specific services, or the density of mental health
providers [44-46]. However, these studies did not differentiate
between psychiatrists and nonpsychiatric physicians in their
analyses. A study exploring short-term suicide risk after
psychiatric hospital discharge showed a trend in which patients
who had severe psychiatric conditions for which they were seen
by psychiatrists and then admitted to the psychiatric ward
committed suicide within a few months [47]. Despite conflicting
previous findings, it is still unclear whether being seen by a
mental health care professional reduces the rate of
suicide-related death in individuals with DSH behavior.

The main finding of this study is that missing a psychiatric
diagnosis and therefore missing an appointment with a
psychiatrist may contribute to increased HRs independent of
already known contributing factors such as male sex, old age,
the use of fatal form of DSH, and physical disability.
Unsurprisingly, the most important contributor to suicide was
the use of a fatal method of self-harm, which has been repeatedly

mentioned as a very important risk factor for suicide death in
previous literature [3,5,6,11,14-19]. Having a psychiatric
diagnosis, whether given by a psychiatrist or a nonpsychiatrist
physician, was the second most important contributing factor
for suicide-related deaths. In alignment with findings from other
studies, having access to a hospital where the physician can
evaluate one’s psychiatric conditions may reduce the risk of
suicide in individuals who had or would engage in DSH [7].
More importantly, whether someone had an interview or a
check-up with a psychiatrist may be more informative than any
demographic or socioeconomic status information in predicting
one’s chance of committing fatal forms of DSH, which could
potentially lead to suicide death.

As there was a strong correlation between receiving a psychiatric
diagnosis and suicide completion, it was deemed imperative to
identify the characteristics of individuals who were at a very
high risk of suicide death—individuals who had never received
a psychiatric diagnosis. Among the 3 subgroups of DSH, the
subgroup that had never encountered a medical professional for
their mental health condition showed the highest percentage of
deaths by suicide, and as expected, more than half of them used
fatal methods of DSH (Table 1). From a socioeconomic
standpoint, this subgroup consisted mostly of men in their 40s
and 50s, who consumed heavy amounts of alcohol and received
health insurance through Medicare (employment/regional health
insurance). Some of these characteristics, such as male sex and
substance abuse, are known risk factors for increased suicide
rates [2]; some other characteristics, such as being middle-age
and receiving Medicare, have not been associated with suicide
deaths. The KNHIS provides mandatory public health insurance,
offering coverage of health care services to almost 100% of
South Koreans; 97% of South Koreans are covered by Medicare
and 3% are covered by Medicaid [8]. Medicaid is provided to
people whose income is insufficient to meet their needs and
those of their families, and they are exempted from health
insurance fees, whereas those with Medicare pay approximately
10% to 30% of their total medical expenses when using medical
facilities. Hence, the type of health insurance is an indirect
measure of socioeconomic status, where receiving Medicaid is
associated with lower socioeconomic status. Surprisingly,
compared with individuals who visited the hospital for
psychiatric assessment, those who did not were mostly on
Medicare. Our study’s finding is opposite to what previous
studies have suggested: higher socioeconomic status, including
higher levels of educational achievement, higher income, and
employment, is associated with better health and lower risks of
all-cause mortality, including deaths by suicide [14,48].
Medicare use may be a primary contributing factor of suicide
death in these individuals with DSH behavior, as having to pay
for additional medical expenses to be able to see a medical
professional for mental health concern may have discouraged
such pursuit. Higher socioeconomic status may also have
contributed to not seeking psychiatric care; South Korea being
notorious for its competitive work environment and demanding
high performance and efficiency has shaped such an atmosphere
where middle-age employees must hide weaknesses, such as
having psychological difficulties.
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Table 2 displays how seeing a psychiatrist as opposed to a
nonpsychiatrist physician affected survival. For our subanalysis,
we categorized individuals who had received a psychiatric
diagnosis by the different hospital departments they paid visit
to. Suicide-related death rates increased in a stepwise fashion.
Notably, individuals who had at least 1 visit to the psychiatrist
were mostly women, and this sex difference in psychiatric visits
has been noted in previous literature [18]. In addition,
individuals in their 20s were the largest age group for most
visits to the psychiatric department. Although seeing a
psychiatrist continues to be taboo for most older South Korean
adults and older adults, the younger generations appear to be
more willing to seek professional help and voice concerns about
their mental health. This finding may also reflect the recent rise
in the youth and young adult depression and anxiety cases in
South Korea; this phenomenon has already been hinted in
previous studies [32,49]. Another noteworthy finding is that
individuals who had mild to severe physical disabilities belonged
to subgroups that had received psychiatric diagnoses from
psychiatry departments as well as other departments and showed
a tendency to engage in more severe forms of DSH. Having a
physical disability significantly increased one’s risk of DSH as
well as death by suicide, in part by making them more
susceptible to the deterioration of mental health [14,50]. It may
be in the best interest of nonpsychiatric physicians to perform
routine psychiatric evaluations and to actively consult with
psychiatrists if their patients show signs of heightened anxiety
and depression during treatment for their physical health
conditions.

The total number of individuals with DSH behavior and
suicide-related deaths was considerably small despite using
NHI cohort data, which included all health-related information
of the entire Korean population. According to the 2020 national
statistics, 25.7 per 100,000 persons died of suicide attempts
[51]; hence, the data set we used in our analyses did not account
for all DSH and deaths by suicide cases in South Korea. We
infer that this shortage of data could be accounted for by 2 main

reasons: (1) suicide and self-harming behavior are major taboos
in South Korean society and (2) suicide or self-harm–related
diagnosis would disqualify one from reaping medical insurance
benefits. It is suspected that most bereaved families as well as
the attempters who survived for the reasons mentioned above
would strongly refuse to receive a diagnosis for DSH. This
would then put pressure on physicians to forgo, including
self-harm–related ICD-10 diagnosis codes in the official hospital
records. Thus, although high suicide rates in South Korea are
readily recognized by the media and the Korean Statistical
Information Service, it is not possible to acquire patient
information from hospital electronic medical records and the
NHI database for every DSH case. Nevertheless, the data set
used for our analyses was technically gathered from every
hospital in South Korea; therefore, it should represent the DSH
population in South Korea to a reasonable extent. To that end,
although our study results should be interpreted with careful
consideration, our analyses have important clinical value.

Conclusions
In conclusion, we investigated and described the characteristics
of individuals with DSH behavior using South Korea’s
nationwide cohort data and found that receiving proper
assessment for psychiatric conditions, especially from a
psychiatrist, reduced suicide deaths. In this modern age, we
believe that the pattern we observed in individuals with DSH
behavior whose deaths were suicide related is not a phenomenon
solely pertinent to South Korea but also applicable in other parts
of the world. Physicians, irrespective of their culture and
language, may take this into consideration when screening for
individuals at high risk of DSH and suicide. We also found
some important clinical features of individuals with physical
disabilities associated with suicidality, requiring mental health
condition or suicide risk assessment in nonpsychiatric clinical
settings; such information could be used to develop guidelines
to assist nonpsychiatric health care professionals. Future studies
using larger cohort data are necessary to further explore and
replicate the findings of this study.
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Abstract

Background: The COVID-19 pandemic has had a significant impact on primary care service delivery with an increased use of
remote consultations. With general practice delivering record numbers of appointments and rising concerns around access, funding,
and staffing in the UK National Health Service, we assessed contemporary trends in consultation rate and modes (ie, face-to-face
versus remote).

Objective: This paper describes trends in consultation rates in general practice in England for key demographics before and
during the COVID-19 pandemic. We explore the use of remote and face-to-face consultations with regard to socioeconomic
deprivation to understand the possible effect of changes in consultation modes on health inequalities.

Methods: We did a retrospective analysis of 9,429,919 consultations by general practitioners, nurses, or other health care
professionals between March 2018 and February 2022 for patients registered at 397 general practices in England. We used routine
electronic health records from Clinical Practice Research Datalink Aurum with linkage to national data sets. Negative binomial
models were used to predict consultation rates and modes (ie, remote versus face-to-face) by age, sex, and socioeconomic
deprivation over time.

Results: Overall consultation rates increased by 15% from 4.92 in 2018-2019 to 5.66 in 2021-2022 with some fluctuation during
the start of the COVID-19 pandemic. The breakdown into face-to-face and remote consultations shows that the pandemic
precipitated a rapid increase in remote consultations across all groups, but the extent varies by age. Consultation rates increased
with increasing levels of deprivation. Socioeconomic differences in consultation rates, adjusted for sex and age, halved during
the pandemic (from 0.36 to 0.18, indicating more consultations in the most deprived), effectively narrowing relative differences
between deprivation quintiles. This trend remains when stratified by sex, but the difference across deprivation quintiles is smaller
for men. The most deprived saw a relatively larger increase in remote and decrease in face-to-face consultation rates compared
to the least deprived.

Conclusions: The substantial increases in consultation rates observed in this study imply an increased pressure on general
practice. The narrowing of consultation rates between deprivation quintiles is cause for concern, given ample evidence that health
needs are greater in more deprived areas.

(JMIR Public Health Surveill 2023;9:e44944)   doi:10.2196/44944

KEYWORDS

primary care; deprivation; England; remote consultations; pandemic; COVID-19; CPRD Aurum; Clinical Practice Research
Datalink; general practice; health inequalities; consultation; electronic health records; age; sex; care delivery; database; information
management; population data; Index of Multiple Deprivation; IMD; cohort; longitudinal; data linkage; data link; general practice;
random; consult; person-year
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Introduction

In the last few years, digital technology has enabled new ways
of working in general practice. Before the COVID-19 pandemic,
remote consultations (by telephone, video, text based, and web
based) were steadily increasing on a background of supporting
policy. The National Health Service Long Term Plan 2019
committed to every patient having the right to digital-first
primary care by 2023-2024, and the 2019/20 general practitioner
(GP) contract reform framework set out a requirement for all
practices to offer web-based consultation systems by 2021 [1,2].
The COVID-19 pandemic served as a catalyst for the uptake of
remote consultations, as guidance was issued to triage patient
contacts, wherever possible, and encourage the use of remote
consultations, if clinically appropriate, to avoid the risks of
COVID-19 exposure to patients and staff [3]. Before the
pandemic, it was reported that less than 30% of consultations
were carried out remotely; within weeks, it increased to 77%
[4].

Both remote and face-to-face consultation modes have
advantages and disadvantages. Remote consultations can offer
potential benefits through expanding access to services and
appointment flexibility—in particular, for patients in rural areas,
patients who find face-to-face consultations difficult, and those
with substantial barriers for travelling to their general practice
(eg, having mobility issues and employment or caring
commitments). Faster access to care and a more cost-effective
alternative to face-to-face appointments have also been
highlighted as potential benefits to remote consultations [5]. In
this way, remote consultations could decrease some of the
current inequalities observed in the use of primary care.

On the other hand, there are concerns that remote consultations
could exclude certain patient groups and exacerbate health
inequalities [6]. Although the evidence around remote
consultations and inequalities is limited, there is ample evidence
that primary care is under more pressure in more deprived areas,
so understanding the impact of a rapid increase in remote
consultations is important [7]. Factors such as age, disability,
digital exclusion, communication needs, data poverty, and lack
of trust can impact people’s willingness or ability to access and
benefit from remote consultations. A systematic review
conducted at the start of the pandemic collated evidence on
remote versus face-to-face consultations with a focus on
inequalities and observed variations in the use of remote
consultations, but the evidence was not conclusive [8]. A study
of remote primary care for people experiencing homelessness
during the pandemic found that the shift to remote consultations
created barriers to accessing care due to factors such as the lack
of funds to make calls or access to a telephone [9]. A
cross-sectional study observed that there are differences in the
proportion of consultations delivered remotely by category of
the Index of Multiple Deprivation (IMD) [10]. However, a
longitudinal study [5] did not observe a difference in the change
of proportion of remote consultations over time by deprivation.
Many of these studies are from before or the inception of the
pandemic and the use of remote consultations has substantially
changed. Studies from outside the United Kingdom do observe
inequalities; but due to the difference in health systems, these

results are unlikely to generalize to the English population
[11,12].

In this study, we use person-level data from a large, nationally
representative sample to describe contemporary patterns in
consultation rates and modes in English general practice before
and during the COVID-19 pandemic. We further investigate
the inequalities in consultation rates and modes between
individuals grouped by age, sex, and deprivation.

Methods

Study Design and Data
We performed a cohort study using person-level data from the
Clinical Practice Research Datalink (CPRD) Aurum between
January 2018 and February 2022. CPRD Aurum is a database
with routinely collected data from general practices in England
that use the EMIS Web information management system. CPRD
contains data for over 40 million patients from 1332 practices
in England as of May 2022 [13]. Patients are broadly
representative of the English population based on age, sex, and
deprivation [14]. CPRD provided linkage to the 2015 IMD at
the patient level based on the patient’s Lower Layer Super
Output Area and to the 2011 urban-rural classification based
on the practice Lower Layer Super Output Area. The study
protocol was approved by CPRD’s Research Data Governance
(protocol number 21_000357).

Ethics Approval
The study protocol was approved by CPRD’s Research Data
Governance (protocol number 21_000357).

Eligibility Criteria
We studied patients registered at general practices that
participated in CPRD Aurum. Eligibility criteria were applied
at both practice and patient level. A total of 400 practices located
in England were sampled at random. Eligible patients were
those with acceptable data quality (verified by CPRD);
registered at one of the 400 practices at any point between
January 2018 and May 2021; recorded as either male or female
sex; and eligible for area-level linkage to the IMD 2015. From
this cohort, 600,000 patients were randomly sampled. Three
GP practices were identified by CPRD as having duplication
issues, and therefore, were excluded. In addition, 2 patients
were excluded as they no longer met the inclusion criteria after
the final data set was extracted.

Consultation Type and Consultation Mode
The primary information source on consultations was the CPRD
Aurum “Consultation” table, which contains information on the
type (eg, clinical or admin) and mode (eg, telephone or video)
of the consultation. The consultation table can be linked to the
“Staff” table to gain information about the staff member and
the observations that occurred during the consultation [14]. We
included consultations carried out by GPs, nurses, and other
general practice care providers. Clinical consultations were
identified. Consultations that were not attended were excluded.
This builds on methods used on CPRD Gold and Aurum [15,16].
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Consultations were further classified by mode of delivery as
either remote (by telephone, video, SMS, and through the
internet) or face-to-face (at the GP surgery or at home)
consultations based on information in the consultation table for
consultation mode or observations recorded during the
consultation (Table S1 in Multimedia Appendix 1). Where a
consultation’s mode was unclear, it was assumed to be
face-to-face. A patient could have multiple consultations per
day with a mix of modes. The final data set included
consultations for patients between March 2018 and February
2022. For year-on-year comparisons, we grouped consultations
in 12-month periods (March 2018-February 2019, March
2019-February 2020, March 2020-February 2021, and March
2021-February 2022), covering 2 years before the pandemic
and 2 years during the pandemic.

Statistical Analysis
We calculated person-years of observation over the study period
based on the patient’s registration dates and when the practices
submitted data to CPRD. Crude consultation rates and the
proportion of remote consultations were calculated for each
month and for 12-month periods. To compare consultation rates
over time, the number of consultations, remote consultations
and face-to-face consultations per patient were modelled using
a negative binomial regression with person-years as an offset.
The models included age, sex, deprivation, and pandemic year
as well as interactions between these terms. A small number of
patients without a deprivation quintile were excluded from the
models.

From these models, we estimated adjusted consultation rates
for the 12-month periods for patients grouped by deprivation
quintile, age, and sex to allow absolute estimates of the
differences between these groups. These rates were calculated
for the “average” patient with respect to all the other variables
in the model.

All analyses were carried out on a secure analysis server at the
Health Foundation using R (version 4.0.3; R Core Team), with
the ggeffects package for estimating predicted values [17,18].

Results

Consultation Rate
The study included 9,429,919 consultations over 1,863,507
person-years of observation from 397 practices located across
all regions in England between March 2018 and February 2022.
Overall, face-to-face and remote consultation rates did not
change materially between 2018-2019 and 2019-2020 (Table
1; Figure 1). Consultations averaged 4.92 and 4.94 per
person-year in 2018-2019 and 2019-2020, respectively, with
approximately 4 times as many face-to-face (4.00 and 4.02 per
person-year in 2018-2019 and 2018-2020, respectively) as
remote (0.91 and 0.92 per person-year in 2018-2019 and
2018-2020, respectively) consultations. During the pandemic,
consultation rates initially dropped from 4.92 per person-year
in 2018-2019 to 4.76 per person-year in 2020-2021; but by
2021-2022, it had increased to 5.66 per person-year, 15% higher
than 2018-2019 (Table 1; Figure 1).

Table 1. Temporal trends in general practitioner (GP), nurse, and other health care professional (HCP) consultations by subtype of face-to-face and
remote consultation modes. Crude rates are per person-year (N=1,863,507).

Change between 2018-2019
and 2021-2022 (%)

2021-2022, crude
rate (%)

2020-2021, crude
rate (%)

2019-2020, crude
rate (%)

2018-2019, crude
rate (%)

All GP, nurse, and other HCP
consultations per person-year

15.05.66 (100)4.76 (100)4.94 (100)4.92 (100)All modes

–17.13.32 (58.7)2.32 (48.7)4.02 (81.4)4.00 (81.3)Face-to-face

155.32.34 (41.3)2.45 (51.5)0.92 (18.6)0.91 (18.5)Remote
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Figure 1. Overall consultation rates per patient-year and split by consultation delivery mode (ie, face-to-face and remote), calculated monthly between
March 2018 and February 2022. The greyed-out areas correspond to periods of England-wide COVID-19 lockdowns.

Consultation Mode
Over our study period, there were dramatic shifts in consultation
modes. In 2020-2021, compared with 2018-2019, the rate of
face-to-face consultations almost halved from 4.00 per
person-year to 2.34 per person-year, while the rate of remote
consultations more than doubled from 0.91 to 2.45 per
person-year. During 2021-2022, rates of face-to-face
consultations steadily recovered, whereas the rate of remote
consultations remained stable; and by the end of our study period
in February 2022, more consultations were delivered
face-to-face (63%) than remotely (37%; Figure S1 in Multimedia

Appendix 1). In the last year of our study, 2021-2022, rates of
face-to-face consultations were 17.1% lower, and rates of remote
consultations were 155.3% higher, compared with prepandemic
2018-2019.

Variation by Age
Age-specific consultation rates had a consistently J-shaped
distribution across all years with the highest rates in the youngest
patients aged 0-4 years, decreasing to lowest levels in children
aged 5-10 years, before steadily increasing in each age group
to a peak in patients aged 75 years and older (Table 2).
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Table 2. Consultations by mode and age per patient-years. All values for remote and face-to-face consultations are crude rates followed by percentages.

ConsultationsAge
(years)

2021-20222020-20212019-20202018-2019

All

modesa
Face-to-
face

RemoteAll

modesa
Face-to-
face

RemoteAll

modesa
Face-to-
face

RemoteAll

modesa
Face-to-
face

Remote

5.262.96
(56.3)

2.3 (43.7)4.602.64
(57.5)

1.96
(42.5)

5.604.64 (83)0.95 (17)5.564.61
(82.9)

0.95
(17.1)

0-4

2.001.03
(51.2)

0.98
(48.8)

1.510.65
(42.7)

0.87
(57.3)

1.891.51
(79.6)

0.39
(20.4)

1.891.49, (79)0.4 (21)5-10

2.331.25
(53.7)

1.08
(46.3)

1.790.8 (44.8)0.99
(55.2)

2.001.62
(81.3)

0.37
(18.7)

1.961.58
(80.7)

0.38
(19.3)

11-17

4.012.25
(56.1)

1.76
(43.9)

3.331.5 (45)1.83 (55)3.262.63
(80.6)

0.63
(19.4)

3.262.63
(80.7)

0.63
(19.3)

18-24

4.532.63 (58)1.91 (42)3.861.83
(47.5)

2.03
(52.5)

3.662.93
(80.2)

0.72
(19.8)

3.672.94
(80.1)

0.73
(19.9)

25-34

4.842.86 (59)1.98 (41)3.941.88
(47.6)

2.07
(52.4)

3.873.13
(80.9)

0.74
(19.1)

3.863.12
(80.8)

0.74
(19.2)

35-44

5.953.59
(60.4)

2.35
(39.6)

4.792.35
(49.1)

2.44
(50.9)

4.783.92
(81.9)

0.86
(18.1)

4.653.81
(81.9)

0.84
(18.1)

45-54

6.824.18
(61.3)

2.64
(38.7)

5.702.89
(50.7)

2.81
(49.3)

5.784.8 (83)0.98 (17)5.694.72 (83)0.97 (17)55-64

8.485.21
(61.4)

3.27
(38.6)

7.353.8 (51.7)3.55
(48.3)

7.976.65
(83.4)

1.32
(16.6)

8.056.76 (84)1.29 (16)65-74

11.676.61
(56.6)

5.06
(43.4)

10.995.06
(46.1)

5.92
(53.9)

11.849.34
(78.8)

2.51
(21.2)

12.029.52
(79.2)

2.5 (20.8)≥75

aThe percentage values are 100.

Between 2018 and 2020, consultation rates remained fairly
steady within each age group with little variation in the
proportion of consultations delivered remotely. In 2020-2021,
a year-on-year decrease in the overall consultation rate was
driven by those in the youngest (aged 0-17 years) and oldest
(aged over 55 years) age groups. The decline was most
pronounced in infants (aged 0-4 years), although this group
sustained the highest proportion of face-to-face consultations
(57.5%) during the first year of the pandemic.

In 2021-2022, consultation rates recovered to higher than
prepandemic levels for all patients except for those in the
youngest (aged 0-4 years) and oldest (aged ≥75 years) age
groups. There was markedly less variation in consultation modes
across the age groups in 2021-2022 compared with 2020-2021.

Variation by Deprivation
From the multivariable analysis, we present predicted age- and
sex-adjusted consultation rates by deprivation quintiles over
time (Figure 2 and Table S2 in Multimedia Appendix 1). Each
quintile represents 20% of local areas in England.
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Figure 2. Yearly consultation rates stratified by deprivation quintiles. (A) Overall consultation rate per person per year. (B) Face-to-face consultation
rate per person per year. (C) Remote consultation rate per person per year.

Consultation rates increased with increasing deprivation in each
study period and were at their highest in the second year of the
pandemic (2021-2022) for all deprivation quintiles (Figure 2A).
Over the study period, consultation rates increased by 10% in
the least deprived quintile, compared with 5% in the most
deprived quintile, effectively narrowing relative differences
between deprivation quintiles.

Rates of face-to-face consultations also tracked deprivation
quintiles, with patients living in higher deprivation quintiles
consistently having a greater rate of face-to-face consultations
than those living in lower deprivation quintiles (Figure 2B).
Inequalities in rates of face-to-face consultations also narrowed
during the pandemic with differences between the most and
least deprived quintiles decreasing from 0.37 per person-year
in 2018-2019 to 0.06 per person-year in 2021-2022.

There was little difference in the rate of remote consultations
across deprivation quintiles before the pandemic (Figure 2C).
During the pandemic, inequalities in rates of remote
consultations widened, and patients in the higher deprivation
quintiles had consistently higher rates than those in lower
deprivation quintiles. In 2021-2022, remote consultation rates
ranged from 1.91 per person-year in the most deprived quintile
to 1.78 per person-year in the least deprived quintile.

Figure 3 presents consultation rates by deprivation quintile and
sex over time (Table S3 in Multimedia Appendix 1). Notably,
men have consistently lower consultation rates than women.
Trends in the rate of face-to-face and remote consultation rates
across deprivation quintiles for women and men are similar to
that observed for the overall population except that differences
between the quintiles are narrower in men compared with
women. For example, in 2018-2019, the difference in the
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consultation rate for men in the most deprived compared with
the least deprived quintile was 0.18 per person-year, whereas

it was 0.61 per person-year for women.

Figure 3. Predicted consultation rates over time by sex. (A) Overall consultations per year by deprivation. (B) Face-to-face consultations per year by
deprivation. (C) Remote consultations per year by deprivation.

Discussion

We provided contemporary, nationally representative data on
the rate and mode of clinical consultations by GP, nurse, and
other health care professional staff in general practice, analyzing
trends across patient age, sex, and deprivation over 1 million
patient-years. These are the first comprehensive data to break
down consultations by mode. Consultation rates in primary
cares were higher in 2021-2022 than before the pandemic; the
pandemic has led to a dramatic reconfiguration of consultation

modes in English general practices, with substantial
heterogeneity across patient age, sex, and deprivation.

The consultation rates calculated in this analysis are lower than
those observed by Hobbs et al [19] between 2007 and 2014.
However, they are consistent with national data, and due to
variations in methodology, direct comparisons can be difficult.
Nevertheless, patterns across age and sex are consistent with
those reported by Hobbs et al.

Before the pandemic, more than 75% of consultations were
face-to-face. After a sharp drop at the start of the pandemic, the
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proportion of face-to-face consultations has slowly increased
but remains below prepandemic levels at the end of our study.
This reflects a significant shift in general practice processes
with the adoption of a hybrid approach with a mix of
appointment types. These trends in consultation modes have
been observed elsewhere but not in a large nationally
representative sample [5,8,9,20-22].

The dip in the proportion of face-to-face consultations at the
start of the pandemic likely reflects operational guidance at the
time. The pandemic created a drive for change [23]. Before the
pandemic, the implementation of remote consultations was slow
due to a combination of technological difficulties, confidence,
and concerns about quality of care and low uptake from patients
[24]. The model of general practice changed as a result, with
more practices using doctor-led remote triage as the access point
for services [4]. The subsequent increase in face-to-face
consultations, despite repeated waves of high COVID-19
infection rates, likely reflects the embedding of processes to
manage infection control risk, a better understanding of the risks
of the virus, as well as changing government guidance on
lockdowns and restrictions, although it is expected face-to-face
consultation will remain below prepandemic levels to reflect
new ways of working [25,26].

In the first year of the pandemic, the overall drop in the
year-on-year consultation rates was driven by children (aged
0-17 years) and older patients (aged ≥65 years). COVID-19
restrictions, such as home schooling, social distancing, and
shielding recommendations, reduced the spread of some diseases
especially non–COVID-19 respiratory infections, which may
be reflected in the lower consultation rates [27]. On the other
hand, some age groups saw an increase in consultation rates in
the first year of the pandemic, which could be
COVID-19–related consultations. Despite the drop in overall
consultations for these groups, they sustained higher proportions
of face-to-face consultations. This reflects an active
prioritization of groups by health need, as they are more likely
to present with issues that are more complex or difficult to assess
remotely.

We observed consistently higher consultation rates in patients
living in more deprived compared with less deprived areas. This
tallies with evidence that patients living in more deprived areas
are more likely to have higher health needs [28]. The pandemic
likely had a negative impact on everybody’s health; this is
reflected in all quintiles of deprivation experiencing higher
consultation rates in 2021-2022 compared to the prepandemic
years. However, over the course of the pandemic, differences
between the most and least deprived quintiles reduced by 5
percentage points, reflecting overall larger increases in
consultation rates for patients living in the least deprived
populations. During the pandemic, the health of patients in more
deprived areas worsened faster compared with those patients
in less deprived areas. Therefore, it seems unlikely that
inequalities in health care needs have decreased over the
pandemic.

Moreover, our findings may indicate that the demand-capacity
gap has widened for patients living in more deprived compared
to less deprived areas. Previous research highlighted that

practices in more deprived areas manage 10% more needs
adjusted for population size and receive 7% less funding
adjusted for needs compared with practices in more affluent
areas [29]. In addition, they faced greater workforce challenges
with lower staff to patient ratios, lower recruitment rates, and
more staff absences due to illness during the pandemic [7].
Overall, the evidence points to existing significant pressure
limiting the capacity to stretch services further in response to
pandemic- driven demand, exacerbating health inequalities.
This indicates a need for greater support and investment in
services in deprived areas.

At a patient level, reasons why patients in deprived areas had
relatively fewer consultations during the pandemic may include
a higher risk of being infected or getting severely ill with
COVID-19 [30], a greater likelihood of lower levels of health
and digital literacy [31], and an uneven economic impact [32].
These factors may have combined to result in both higher
anxiety levels and greater concerns around contacting health
care services due to risk of exposure to infection alongside
greater difficulty in taking time off work to attend to health care
needs. These findings correlate with reported patient overall
experience of making an appointment where the fall in
satisfaction rates was greater for practices in more deprived
areas [33]. A greater reliance on technology could have also
been a barrier to access for some patients in more deprived areas
[34].

During the pandemic, the increase in remote consultations was
reflected across all deprivation quintiles but was relatively larger
for those living in the most deprived quintile—the difference
in consultation rates between the most and least deprived
populations increased by 13 percentage points for remote
consultations in contrast to a decrease of 10 percentage points
for face-to-face consultations. The reasons for the relatively
greater use of remote consultations in more deprived populations
during the pandemic are likely many and complex, relating to
both practice- and patient-level effects. At the practice level,
staff at practices in more deprived areas are more likely to be
older or from ethnic minority backgrounds known to have been
more impacted by COVID-19 [30,35-37]. Consequently, more
staff might have been working from home in more deprived
practices with more care being delivered remotely. At the patient
level, socioeconomic variations in need could have played a
role, as patients in more deprived quintiles are more likely to
have long-term conditions and multimorbidity [38]. Patients
living in deprived areas are both at higher risk of being infected
and getting severely ill with COVID-19, which could lead to
more remote consultations. Individual circumstances, such as
ability to travel to the practice, could also impact the choice of
modality [39].

Women having higher consultation rates than men has been
widely reported [11]. Interestingly, sex differences in consulting
rates varied by deprivation status, reflecting a greater
socioeconomic gradient in consulting rates among women than
men. This finding has been observed elsewhere [40] and could
be a consequence of differences in the number of comorbidities
between women and men, which also increases with increasing
deprivation [41].
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Digital technology will play an increasing role in general
practice, and a deeper understanding of what mode of
consultation suits particular patients’ needs and preferences is
continuing to develop [42]. There is limited evidence on
differences in clinical outcomes and patient satisfaction between
remote and face-to-face consultations. However, a recent
systematic review [43] suggests that overall system design,
including the triage process and technology interface, is key to
good outcomes especially staff workload, but more research is
needed on a broad range of outcomes. Most remote consultations
in England were telephone based and easier to access than other
more technology-heavy remote consultation options, such as
video calls. Despite the potential of digital tools to improve
service delivery, it is vital to continuously improve their
accessibility and usability and monitor the impact on health
inequalities.

This study has several strengths. Using a rich clinical nationally
representative patient-level data set that includes more than 1
million patient-years allows us to explore consultation modes
by different patient groups. Comparisons between deprivation
quintiles were adjusted for age and sex, making comparisons

more accurate. We developed a novel method to derive
consultation mode that combines information from the time of
booking with what happened during the consultation to improve
the accuracy of our results.

Data quality is one of the main limitations of this study, as the
consultation mode is not consistently recorded in the data. The
consultation mode was derived using a new method that has
not been externally validated. The default assumption was that
the consultation was face-to-face; we are therefore more likely
to have underestimated the number of remote consultations.
However, we found a strong increase in the use of remote
consultations during the pandemic, with a peak around 75% of
consultations being remote, which is consistent with other
sources giving us confidence in our methods [14,16].

In summary, we found that general practice is delivering more
consultations than ever, but that trends in consultation rates and
modes across deprivation quintiles indicate exacerbation of
existing socioeconomic inequalities. This general increase in
the rate of consultations matches other evidence and reports
from GPs, but further research is needed to ensure that
consultation rates match health needs across deprivation groups.
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Abstract

Background: The association between metabolic dysfunction–associated fatty liver disease (MAFLD) and chronic kidney
disease (CKD) is unclear.

Objective: This longitudinal cohort study aimed to test whether MAFLD plays an important role in the development of CKD.

Methods: This cohort study included 41,246 participants who had undergone 3 or more health examinations from 2008 to 2015
at the People’s Hospital of Guangxi Zhuang Autonomous Region, China. Participants were categorized into 2 groups according
to whether they presented with or without MAFLD. The occurrence of new-onset CKD was stated as either an estimated glomerular

filtration rate of <60 mL/min per 1.73 m2 or a higher level of albuminuria during their follow-up appointment. The association
between MAFLD and CKD was evaluated using a Cox regression method.

Results: Of the 41,246 participants, 11,860 (28.8%) were diagnosed with MAFLD. Over the course of the 14-year follow-up
(median 10.0 years), 5347 (13%) participants experienced a new incident of CKD (135.73 per 10,000 person-years). MAFLD
was discovered as an important risk factor for new incidents of CKD (hazard ratio 1.18, 95% CI 1.11-1.26) by using the multivariable
Cox proportional hazard regression model. When stratified by gender, the adjusted hazard ratio for the incidence of CKD in men
and women with MAFLD were 1.16 (95% CI 1.07-1.26) and 1.32 (95% CI 1.18-1.48), respectively. According to the subgroup
analysis results, after adjusting for confounding factors, the MAFLD-related CKD risk was greater in men aged <60 years
(Pinteraction=.001) and in those with combined dyslipidemia (Pinteraction=.02), but this relationship was not found in women (all
Pinteraction>.05).

Conclusions: MAFLD plays an important role in the development of new incidents of CKD in the long run.

Trial Registration: Chinese Clinical Trial Registry ChiCTR2200058543; https://www.chictr.org.cn/showproj.html?proj=153109

(JMIR Public Health Surveill 2023;9:e45050)   doi:10.2196/45050
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Introduction

Nowadays, kidney disease poses a considerable burden on global
health, and it affects global morbidity and mortality. In
particular, there are about 10% of adults worldwide who
experience chronic kidney disease (CKD) directly, which
constitutes a big public health issues [1]. Global health policy
makers should pay more attention to CKD, which is a
preventable and treatable condition [1]. Currently, more than
2.5 million people receive kidney transplants, and this will reach
5.4 million by 2030. CKD can develop into end-stage renal
disease, which can be fatal if renal replacement therapy is not
an option [2]. The prevalence of CKD is 10.8% in China [3].
Therefore, it is of great public health importance to explore the
related risk factors of CKD and take active preventive measures.

Nonalcoholic fatty liver disease (NAFLD) is characterized by
hepatic steatosis without excessive alcohol consumption or other
competing factors and fat accumulation in more than 5% of
hepatocytes [4]. About 25% of adults worldwide currently have
NAFLD [5]. Approximately 30% of Chinese adults have
NAFLD, and rural areas are less likely to have cases than urban
areas. In addition, men are more likely to have it than women
[6]. Obesity, hypertension, and diabetes are metabolic risk
factors for both NAFLD and CKD [7]. In patients who have
NAFLD, the prevalence rate of CKD is 20% to 55%, and this
is reduced to 5% to 35% for patients who do not have NAFLD.
Some research results have found a correlation between NAFLD
and CKD, which showed that NAFLD increases the risk of
developing CKD on its own [8-12].

Due to the limitations in the definition for NAFLD in the clinical
setting, in 2020, an international group of experts established
the conception of metabolic dysfunction–associated fatty liver
disease (MAFLD). This incorporated a diagnostic criteria of
MAFLD that was based on fatty liver disease combined type 2
diabetes mellitus (T2DM) as well as either overweight or obesity
or metabolic dysfunction [13,14]. The definition of MAFLD
reflects that this type of liver disease is a series of complex
metabolic disorders that do not rule out either excessive drinking

or other chronic liver diseases [15,16]. It has been shown that
patients with MAFLD have more metabolic complications than
those with NAFLD and they have increased risks of advanced
liver fibrosis and CKD [17,18]. However, due to several
inconsistent reports regarding the correlation between MAFLD
and CKD, this needs to be clarified. Therefore, we analyzed the
relationship between MAFLD and new-onset CKD by
conducting a 14-year retrospective cohort study.

Methods

Study Design and Participants
We used an active health management platform to construct a
retrospective cohort study, and the protocol of study was
registered on the Chinese Clinical Trial Registry
(ChiCTR2200058543) [19]. Briefly, the active health
management platform used an advanced medical data
management system to manage patients and connected and
indexed all the diagnostic and treatment records held at the
hospital. It contained the outpatient, inpatient, and physical
examination data with respect to the diagnosis of the patients.
In addition, the treatment data, test reports, examination reports,
electronic medical records, and other medical data of the
outpatient, inpatient, and physical examinations were also
recorded. All the medical information could be accessed from
this platform, and when a patient comes to the clinic, the
information is automatically integrated into this platform. This
study enrolled participants who had received at least 3 health
examinations and had an abdominal ultrasonography performed
from 2008 to 2015 at the People’s Hospital of Guangxi Zhuang
Autonomous Region, China (n=49,719). The date of the first
health examination was defined as the index date. The exclusion
criteria in this study were participants with (1) an estimated

glomerular filtration rate (eGFR) <60 mL/min per 1.73 m2 or
a high level of proteinuria at baseline, (2) missing either
demographic or laboratory data, and (3) follow-up time <1 year.
After exclusion, 41,246 participants were recruited into this
study (Figure 1).
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Figure 1. Flow chart of the selection of participants in the active health management platform. CKD: chronic kidney disease; eGFR: estimate glomerular
filtration rate; MAFLD: metabolic dysfunction–associated fatty liver disease.

Ethics Approval
The guidelines of the Declaration of Helsinki (6th revision,
2008) were followed in this study. The People’s Hospital of
Guangxi Zhuang Autonomous Region Ethics Committee
approved this study (KY-QT-202203). As the data were
anonymized, individual informed consent was not needed for
this study.

Ascertainment of MAFLD
All enrolled participants were diagnosed with a fatty liver by
hepatic ultrasound using the Asia-Pacific guidelines as a
diagnostic guideline [20]. MAFLD was diagnosed if participants
had a fatty liver and at least one the following criteria was met:

1. BMI ≥23 kg/m2

2. Diagnosed with T2DM
3. BMI <23 kg/m2 and 2 or more metabolic abnormalities for

Asian men and women, including a waist circumference
≥90/80 cm, blood pressure ≥130/85 mmHg, plasma
triglyceride (TG) ≥1.70 mmol/L, plasma high-density
lipoprotein cholesterol (HDL-C) <1.0 mmol/L for men and
<1.3 mmol/L for women, prediabetes (fasting glucose level
of 5.6-6.9 mmol/L, 2-hour postload glucose level of 7.8-11.1
mmol/L, or hemoglobin A1c of 5.7%-6.4%), homeostasis
model assessment of insulin resistance score ≥2.5 (this
study did not include these data), and a plasma
high-sensitivity C-reactive protein level >2 mg/L (this study
not include these data) [14].

Measurements
Baseline data including sociodemographic, anthropometric, and
clinical information and laboratory results were retrieved from
the active health management platform. If any data were missing
for the index date, then the data relating to the nearest index
date were obtained. The indicator of renal function in this study
was eGFR, which was based on the CKD Epidemiology
Collaboration equation [21]. The covariates assessed in this
study included BMI, T2DM, hypertension, and dyslipidemia.

BMI was stratified into normal weight (<23 kg/m2) and

overweight or obese (≥23 kg/m2). Participants with systolic
blood pressure ≥140 mmHg or diastolic blood pressure ≥90
mmHg were considered to have hypertension. Participants with
fasting blood glucose ≥7.0mmol/L or hemoglobin A1c ≥ 6.5%
were considered to have T2DM. Participants with total
cholesterol ≥5.2 mmol/L, TG ≥1.7 mmol/L, low-density
lipoprotein cholesterol (LDL-C) ≥3.4 mmol/L, or HDL-C
<1.0mmol/L were considered to have dyslipidemia. All the
laboratory tests were conducted within the health examination
hospital.

Study Outcome
All participants were followed prospectively until their last
health examinations and medical visit in the period from 2016
to 2022. As a clinical end point, participants who have eGFR

<60 mL/min per 1.73 m2 or 2 incidents of albuminuria were
considered to be a new incident of CKD during the follow-up
period.
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Statistical Analysis
For categorical variables, we presented counts and percentages,
and for continuous variables, we presented medians and IQRs.
For baseline data between participants with and without
MAFLD, we used Mann-Whitney U and chi-square tests to
compare continuous data and categorical data, respectively. The
incidence of CKD was calculated by dividing the total number
of newly diagnosed CKD cases by the total number of
person-years contributed by participants during follow-up. We
used Kaplan-Meier analysis to estimate the cumulative incidence
of CKD between patients with and without MAFLD and
log-rank tests to compare the differences between the 2 groups.
We used Cox hazard models to calculation the hazard ratios
(HRs) and 95% CIs for the risk between MAFLD and CKD.
We used Schoenfeld residuals to evaluate the proportional
hazards assumption. We selected covariates according to the
reverse selection procedure and confounding factors reported
in the previous literature [18]. Age and gender were adjusted
in model 1. In addition, comorbidities of hypertension,
overweight or obesity, dyslipidemia, and T2DM were adjusted
in model 2. Furthermore, LDL-C, alanine aminotransferase

(ALT), serum aspartate aminotransferase (AST), and serum
creatinine were adjusted in model 3. Finally, stratified analysis
was conducted in predesignated subgroups according to gender;
age; overweight or obesity; and the presence of hypertension,
dyslipidemia, and T2DM. We used R software packages (version
3.6.3; R Foundation for Statistical Computing) to conduct
statistical analysis in this study. All test for P values were
2-tailed, and P<.05 was considered statistically significant.

Results

Baseline Characteristics
After applying the exclusion criteria, 41,246 participants were
finally included for analysis in this cohort study. Among the
included participants, 11,860 (28.8%) were diagnosed with
MAFLD. These participants were more likely to be older; be
men; have T2DM, hypertension, or dyslipidemia; and be either
overweight or obese (all P<.001). The participants with MALFD
also had higher BMI, fasting glucose, total cholesterol, LDL-C
levels, and TG and lower HDL-C levels, gamma-glutamyl
transferase, ALT, AST, and eGFR than participants without
MAFLD (all P<.001; Table 1).
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Table 1. Baseline characteristics of the participants in this study.

Women (n=18,829)Men (n=22,417)Total (N=41,246)Characteristic

P valueMAFLD
(n=2798)

Non- MAFLD
(n=16,031)

P valueMAFLD
(n=9062)

Non-
MAFLD
(n=13,355)

P valueMAFLD
(n=11,860)

Non-MAFLDa

(n=29,386)

<.00150.0 (43.0-
57.0)

37.0 (29.0-45.0)<.00143.0 (35.0-
50.0)

37.0 (29.0-
47.0)

<.00145.0 (37.0-
53.0)

37.0 (29.0-46.0)Age (years), median
(IQR)

N/AN/AN/AN/AN/AN/Ab<.0019062 (76.4)13,355 (45.4)Gender, men, n (%)

<.00126.1 (24.4-
28.4)

22.7 (21.0-24.5)<.00126.9 (25.3-
28.7)

24.3 (22.6-
26.1)

<.00126.7 (25.0-
28.6)

23.5 (21.6-25.4)BMI (kg/m2), median
(IQR)

<.00187.0 (84.0-
93.0)

79.0 (74.0-85.0)<.00194.0 (90.0-
99.0)

87.0 (83.0-
92.0)

<.00193.0 (88.0-
98.0)

83.0 (77.0-89.0)Waist circumference
(cm), median (IQR)

<.001128.0
(116.0-
141.0)

111.0 (103.0-
121.0)

<.001129.0
(120.0-
140.0)

122.0
(114.0-
132.0)

<.001129.0 (119.0-
140.0)

116.0 (107.0-
127.0)

Systolic blood pressure
(mmHg), median (IQR)

<.00176.0 (70.0-
85.0)

69.0 (62.0-76.0)<.00181.0 (74.0-
88.0)

74.0 (68.0-
82.0)

<.00180.0 (73.0-
87.0)

71.0 (65.0-79.0)Diastolic blood pressure
(mmHg), median (IQR)

<.001582 (20.8)562 (3.5)<.0011652 (18.2)831 (6.2)<.0012234 (18.8)1393 (4.7)Diabetes mellitus, n (%)

<.001843 (30.1)1051 (6.6)<.0012822 (31.1)1935 (14.5)<.0013665 (30.9)2986 (10.2)Hypertension, n (%)

<.0011882 (67.3)5,975 (37.3%)<.0017228 (79.8)7346 (55)<.0019110 (76.8)13,321 (45.3)Dyslipidemia, n (%)

<.0012555 (91.3)7317 (45.6)<.0018807 (97.2)9382 (70.3)<.00111,362 (95.8)16,699 (56.8)Overweight or obesity,
n (%)

<.0015.4 (5.0-
5.9)

5.0 (4.6-5.3)<.0015.3 (4.9-
5.8)

5.0 (4.7-
5.4)

<.0015.3 (4.9-5.8)5.0 (4.6-5.3)Fasting glucose
(mmol/L), median
(IQR)

<.00120.0 (15.0-
27.0)

14.0 (11.0-19.0)<.00129.0 (21.0-
41.0)

20.0 (15.0-
28.0)

<.00126.0 (19.0-
38.0)

16.0 (12.0-23.0)ALTc (unit/L), median
(IQR)

<.00121.0 (18.0-
25.0)

19.0 (16.0-22.0)<.00124.0 (20.0-
29.0)

22.0 (18.0-
26.0)

<.00123.0 (20.0-
28.0)

20.0 (17.0-24.0)ASTd (unit/L), median
(IQR)

<.00121.0 (16.0-
29.0)

14.0 (11.0-18.0)<.00138.0 (26.0-
60.0)

25.0 (18.0-
37.0)

<.00134.0 (23.0-
54.0)

18.0 (13.0-27.0)GGTe (unit/L), median
(IQR)

<.0015.3 (4.7-
6.0)

4.7 (4.2-5.3)<.0015.3 (4.7-
5.9)

4.8 (4.3-
5.5)

<.0015.3 (4.7-5.9)4.8 (4.2-5.4)TCf (mmol/L), median
(IQR)

<.0011.3 (1.1-
1.5)

1.5 (1.3-1.8)<.0011.1 (1.0-
1.3)

1.3 (1.1-
1.5)

<.0011.2 (1.0-1.4)1.4 (1.2-1.7)HDLg cholesterol
(mmol/L), median
(IQR)

<.0013.4 (3.0-
4.0)

2.9 (2.4-3.4)<.0013.4 (3.0-
4.0)

3.2 (2.6-
3.6)

<.0013.4 (3.0-4.0)3.0 (2.5-3.5)LDLh cholesterol
(mmol/L), median
(IQR)

<.0011.5 (1.1-
2.2)

0.8 (0.6-1.1)<.0011.9 (1.3-
2.8)

1.1 (0.8-
1.6)

<.0011.8 (1.3-2.7)1.0 (0.7-1.4)TGi (mmol/L), median
(IQR)

<.00161.0 (55.0-
67.8)

60.0 (55.0-66.0)<.00184.0 (77.0-
92.0)

85.0 (78.0-
93.0)

<.00180.0 (69.0-
90.0)

70.0 (59.0-84.0)Creatinine (μmol/L),
median (IQR)

<.00199.8 (88.8-
108.2)

109.7 (98.7-
119.1)

<.00196.2 (85.4-
106.1)

98.3 (87.4-
109.1)

<.00197.0 (86.1-
106.6)

104.7 (92.5-
115.5)

eGFRj (mL/min per

1.73 m2), median (IQR)

aMAFLD: metabolic dysfunction–associated fatty liver disease.
bN/A: not applicable.
cALT: alanine aminotransferase.
dAST: aspartate transaminase.
eGGT: gamma-glutamyl transferase.
fTC: total cholesterol.
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gHDL: high-density lipoprotein.
hLDL: low-density lipoprotein.
iTG: triglyceride.
jeGFR: estimated glomerular filtration rate.

Incidence of CKD Between 14-year Follow-up
The median follow-up of this cohort study was 10.0 (IQR
7.7-12.0) years. During 393,933.1 person-years of follow-up,
5347 (13%) of the 41,246 participants developed new incidents
of CKD (135.73 per 10,000 person-years, 95% CI 132.1-139.4).
In the MAFLD group, the rate of new incidents of CKD was
177.9 (95% CI 170.2-185.8) per 10,000 person-years, whereas
in non-MAFLD group, the rate of new incidents of CKD was
118.8 (95% CI 114.9-122.9) per 10,000 person-years. When
stratified by gender, in the men, the new incidence of CKD was

167.0 (95% CI 158.4-175.8) per 10,000 person-years in the
MAFLD group and 114.6 (95% CI 108.8-120.6) per 10,000
person-years in non-MAFLD group. In women, the new
incidence of CKD was 212.5 (95% CI 195.5-230.6) per 10,000
person-years in the MAFLD group and 122.4 (95% CI
116.9-128.1) per 10,000 person-years in non-MAFLD group
(Table 2). Kaplan-Meier analysis indicated that the cumulative
incidence rate of CKD in the MAFLD group was significantly
higher than that in the non-MAFLD group (P<.001). This result
was similar to observed when the participants were stratified
by gender (Figure 2).

Table 2. The incidence chronic kidney disease in participants with and without metabolic dysfunction–associated fatty liver disease.

Hazard ratio (95% CI)Incidence (per 10,000
person-years; 95% CI)

Person-yearsEvents,
n

Group

P valueModel 3cP valueModel 2bP valueModel 1a

Total

ReferenceReferenceReference118.8 (114.9-122.9)281,207.03342Non-MAFLDd

<.0011.18 (1.11-
1.26)

<.0011.16 (1.09-
1.24)

<.0011.27 (1.19-
1.34)

177.9 (170.2-185.8)112,726.12005MAFLD

Men

ReferenceReferenceReference114.6 (108.8-120.6)128,539.81473Non-MAFLD

<.0011.16 (1.07-
1.26)

<.0011.14 (1.05-
1.24)

<.0011.28 (1.19-
1.38)

167.0 (158.4-175.8)85,715.81431MAFLD

Woman

ReferenceReferenceReference122.4 (116.9-128.1)152,667.21869Non-MAFLD

<.0011.32 (1.18-
1.48)

<.0011.30 (1.16-
1.45)

<.0011.42 (1.28-
1.57)

212.5 (195.5-230.6)27,010.3574MAFLD

aModel 1: The total group was adjusted for age and gender. Men and woman groups were adjusted for age.
bModel 2: Model 1 with additional adjustments for hypertension, dyslipidemia, overweight or obesity, and diabetes mellitus.
cModel 3: Model 2 with additional adjustments for low-density lipoprotein, aspartate aminotransferase, alanine aminotransferase, and creatinine.
dMAFLD: metabolic dysfunction–associated fatty liver disease.
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Figure 2. The cumulative incidence of chronic kidney disease (CDK) based on (A) the total number of participants, (B) men, and (C) women. MAFLD:
metabolic dysfunction–associated fatty liver disease.

MAFLD Is a Risk Factor in the Development of New
Incidence of CKD
When age and gender were adjusted using multivariable Cox
proportional hazard model, the result showed that the
participants with MAFLD had a 1.27-fold higher HR for the
incidence of CKD than those without MAFLD (adjusted HR
1.27, 95% CI 1.19-1.34). Even after the additional adjustments
for hypertension, dyslipidemia, overweight or obesity, T2DM,
LDL, AST, ALT, and creatinine, participants with MAFLD still
had a higher risk in the development of new incidents of CKD
(adjusted HR 1.18, 95% CI 1.11-1.26). When stratified by
gender and compared with those without MAFLD, based on

the fully adjusted Cox proportional hazard model, in men, the
HR for the incidence of CKD in participants with MAFLD was
1.16 (95% CI 1.07-1.26), and in women, it was 1.32 (95% CI
1.18-1.48; Table 2).

Subgroup Analysis
In the subgroup analyses, we observed that in the total and men
groups, the MAFLD-related CKD risk was stronger in patients
aged <60 years and in those with combined dyslipidemia
(Pinteraction=.001; Figure 3A-B), but this was not seen in the
women group (Pinteraction=.02; Figure 3C). However, the other
subgroup factors did not show any significant interaction
discrepancies (all P>.05; Figure 3).
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Figure 3. Forest plots showing the effect of metabolic-dysfunction associated fatty liver disease on the incidence of chronic kidney disease based on
(A) the total number of participants, (B) men, and (C) women. Each stratification was adjusted for all the factors (age, gender, hypertension, dyslipidemia,
overweight or obesity, type 2 diabetes mellitus [T2DM], low-density lipoprotein, aspartate aminotransferase, alanine aminotransferase, and creatinine)
except the stratification factor itself.

Discussion

Principal Findings
In this large, 14-year longitudinal cohort study, we found that
participants with MAFLD have a higher risk for developing
CKD than those without MAFLD. This was similar to the results
found when the patients were stratified by gender. After
adjusting for confounding factors such as demographics,
laboratory parameters, and complications, these findings
remained unchanged. Interestingly, we found that the
MAFLD-related CKD risk was stronger in men aged <60 years
and men with combined dyslipidemia but not in women.

This study provides further evidence to support the observations
from several other studies regarding the relationship between
MAFLD and CKD [18,22-24]. A cohort study with a median
of 5.1 years of follow-up showed that participants with MAFLD
had a 39% higher risk of new-onset CKD when compared to
participants without MAFLD [18]. A cohort study with a median
of 6.3 years of follow-up using a health examination database
from a Japanese population similarly reported that compared
to participants without MAFLD, participants with MAFLD had
a 12% higher risk of new-onset CKD [22]. A cohort study with

a median of 4.6 years of follow-up from China showed that
participants with MAFLD had a 64% higher risk of incidents
of CKD than those without MAFLD [24]. Another retrospective
cohort study with a median of 4.6 years of follow-up from Japan
also showed that those with MAFLD carried a 24% higher risk
of incidents for CKD [23]. The results of this 14-year
longitudinal study found that participants with MAFLD had a
18% higher risk of incidents of CKD when compared to those
without MAFLD. For men and women, the risk of incidents for
CKD changed to 16% and 32%, respectively. These findings
are consistent with the aforementioned studies. In this study, as
shown in a further subgroup analysis when metabolic factors
were adjusted, the relationship between MAFLD and CKD
remained unchanged. This may be due to the definition of
MAFLD, which focuses more on the metabolic aspects of the
disease.

The development of CKD can cause irreversible decline of
kidney function, and this will lead to a need for dialysis and an
increase in the number of deaths [1]. However, studies have
shown that the epidemiology of CKD varies according to gender,
and more women than men were affected by this disease,
especially when stage G3 CKD is taken into consideration [25].
Therefore, when discussing the relationship between MAFLD
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and CKD, the data should be considered separately according
to gender. The reason why women have a higher incidence of
CKD may be related to the overdiagnosis of CKD by using the
eGFR equation. It may also reflect the longer life expectancy
observed in women [25,26]. Our results show that men have a
higher prevalence of MAFLD, however, women have a higher
risk of incidents of CKD. In addition, this study showed that
men aged <60 years and men with combined dyslipidemia had
a particular higher risk of CKD. However, this phenomenon
has not been observed in women.

The gender difference observed may be due to the fact that there
are some variables in men that may contribute to obesity,
diabetes, and metabolic syndrome that are different in women.
A previous study had shown that different lifestyle factors such
as a high lipid diet and smoking are potential factors for gender
differences in the progression of CKD [25]. On the other hand,
this may be related to the lower age of men and higher age of
women in the participants with MAFLD in this study. In
addition, this study shown that the prevalence of dyslipidemia
in men with MAFLD was also higher than that in women.
Dyslipidemia can lead to inflammation, oxidative stress, and
lipid toxicity, resulting in an impaired glomerular filtration
barrier and proteinuria. The mechanism by which lipids can
affect eGFR may be that a fatty liver damages the kidney
through excessive very low–density lipoprotein secretion, which
would induce atherosclerotic dyslipidemia [27]. The increased
levels of circulating TG-rich lipoproteins and oxidized LDL-C
can promote glomerular damage and mesangial cell
proliferation. However, the potential mechanism of gender
differences in the risk of CKD onset with dyslipidemia needs
further study. This study shows the importance for the future
development of more gender-specific interventions in medical
practice. In particular, interventions should be given as early as
possible, which might reduce the risk of incidents of CKD in
men with MAFLD, especially in younger men with comorbid
dyslipidemia. It is suggested that the renal function of patients
with MAFLD should be evaluated regularly in clinical practice.
A multidisciplinary and person-centered approach can be taken
to manage patients with both MAFLD and CKD, as most of
these patients have common metabolic comorbidities such as
obesity, hypertension, atherosclerotic dyslipidemia, or T2DM.
In addition, some drugs that target metabolic risk factors, such
as glucagon-like peptide-1 receptor agonists and sodium-glucose
cotransporter-2 inhibitors, can be given on a case-by-case basis
and may benefit both the liver and kidneys in patients with
MAFLD and CKD.

According to the latest definition, metabolic disorders are a key
feature of MAFLD. Therefore, when compared with patients
with NAFLD, those with MAFLD have a greater likelihood of
complications in metabolism-associated diseases, but they are
also more prone to liver fibrosis [17,28]. Since
fibrosis-associated NAFLD correlates with CKD [29], the
relationship between MAFLD and CKD may be closer than that
with NAFLD. At present, there are only a few studies on the
pathophysiological mechanism of MAFLD and CKD, but the
factors that lead to kidney-liver crosstalk can be better explained
than those in the pathogenesis that occurs between NAFLD and
CKD. These may include genetic, internal environmental risk,

and metabolic factors. First, many studies have shown that
polymorphisms in genes such as PNPLA3, HSD17B13, TM6SF2,
MBOAT7, and GCKR might play the important roles in the
occurrence and development of NAFLD and CKD [17]. Second,
a study showed that microbiota from the intestines as well as
the intestinal barrier integrity might affect the correlation
between NAFLD and CKD through the gut-liver-kidney
signaling axis [30]. Studies have shown that the dysregulation
of adipokines in patients with MAFLD, including decreased
adiponectin and increased fatty acid–binding protein 4 [31],
may lead to renal dysfunction [32], glomerular injury [33],
tubule-interstitial injury [34], and a decline of eGFR [35].
Finally, the definition of MAFLD includes metabolic risk
factors, such as obesity, hypertension, diabetes, and
dyslipidemia, that have also been linked to increasing the risk
of CKD incidents [36,37]. A study showed that, compared with
participants without metabolic syndrome, participants with
metabolic syndrome have a 2.5-fold higher risk of developing
CKD [38]. Therefore, metabolic dysfunction may play a crucial
role in the connection between MAFLD and CKD.

Limitations
The highlight of this study is that it consisted of a large cohort
of participants and had a long-term follow-up to observe the
incidence of CKD. However, there are some limitations to this
study. (1) The participants inhabited urban districts who received
health examinations yearly in 1 hospital, and we excluded 1927
participants who had no data regarding MAFLD; therefore, the
potential for selection bias was unavoidable. (2) Liver biopsies
is the optimum way to diagnose fatty liver disease. However,
this is an invasive method and ultrasonography was used instead
to diagnose fatty liver disease in our health examinations. A
study had shown that the sensitivity and specificity of
ultrasonography were high for the diagnosis of fatty liver [39],
and it is frequently used in large-scale epidemiological studies
[40]. (3) Although 2 incidents of albuminuria were used as the
clinical end point in this study, as kidney function was evaluated
through an annual health examination, only qualitative data
could be obtained. Therefore, at the end of the study, some of
the participants may have had acute kidney injury. (4) The health
examinations used in this study did not routinely measure either
insulin or high-sensitivity C-reactive protein levels. Therefore,
it is possible that MAFLD may have been misclassified in some
participants. (5) Data relating to the pathological severity of
hepatic steatosis were not collected in this study. (6) This study
has a long follow-up period, and the metabolic status of
participants may have changed over time. Therefore, this study
only analyzes the metabolic status at baseline, which may not
accurately reflect the true metabolic status of participants. (7)
This study was not able to adequately collect participants’
smoking, drinking, and eating habits and concomitant therapy,
such as the use of angiotensin-converting enzyme inhibitors or
sartans, diuretics, statins, and antidiabetic drugs; therefore, the
impact of living habits and concomitant therapy on outcomes
could not be assessed. In addition, changes in baseline
characteristics of the participants at follow-up were not included
in the statistical analysis; therefore, the impact of changes in
baseline characteristics over time on outcomes could not be
assessed either. (8) The results of this study come from a
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population in China who underwent annual health examinations.
It is likely that different ethnic groups are associated with
different metabolic risk factors and further studies on a range
of ethnic populations are required to verify this study.

Conclusions
This retrospective cohort study found that there was a modest
and independent correlation between MAFLD and CKD. It is
necessary to explore the relationship between MAFLD and
CKD through a large-scale cohort study and basic research and
to develop new intervention strategies so that we can prevent
the future occurrence of CKD in the population with MAFLD.
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Abstract

Background: Multimorbidity is characterized by the co-occurrence of 2 or more chronic diseases and has been a focus of the
health care sector and health policy makers due to its severe adverse effects.

Objective: This paper aims to use the latest 2 decades of national health data in Brazil to analyze the effects of demographic
factors and predict the impact of various risk factors on multimorbidity.

Methods: Data analysis methods include descriptive analysis, logistic regression, and nomogram prediction. The study makes
use of a set of national cross-sectional data with a sample size of 877,032. The study used data from 1998, 2003, and 2008 from
the Brazilian National Household Sample Survey, and from 2013 and 2019 from the Brazilian National Health Survey. We
developed a logistic regression model to assess the influence of risk factors on multimorbidity and predict the influence of the
key risk factors in the future, based on the prevalence of multimorbidity in Brazil.

Results: Overall, females were 1.7 times more likely to experience multimorbidity than males (odds ratio [OR] 1.72, 95% CI
1.69-1.74). The prevalence of multimorbidity among unemployed individuals was 1.5 times that of employed individuals (OR
1.51, 95% CI 1.49-1.53). Multimorbidity prevalence increased significantly with age. People over 60 years of age were about 20
times more likely to have multiple chronic diseases than those between 18 and 29 years of age (OR 19.6, 95% CI 19.15-20.07).
The prevalence of multimorbidity in illiterate individuals was 1.2 times that in literate ones (OR 1.26, 95% CI 1.24-1.28). The
subjective well-being of seniors without multimorbidity was 15 times that among people with multimorbidity (OR 15.29, 95%
CI 14.97-15.63). Adults with multimorbidity were more than 1.5 times more likely to be hospitalized than those without (OR
1.53, 95% CI 1.50-1.56) and 1.9 times more likely need medical care (OR 1.94, 95% CI 1.91-1.97). These patterns were similar
in all 5 cohort studies and remained stable for over 21 years. A nomogram model was used to predict multimorbidity prevalence
under the influence of various risk factors. The prediction results were consistent with the effects of logistic regression; older age
and poorer participant well-being had the strongest correlation with multimorbidity.

Conclusions: Our study shows that multimorbidity prevalence varied little in the past 2 decades but varies widely across social
groups. Identifying populations with higher rates of multimorbidity prevalence may improve policy making around multimorbidity
prevention and management. The Brazilian government can create public health policies targeting these groups, and provide more
medical treatment and health services to support and protect the multimorbidity population.
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Introduction

The co-occurrence of 2 or more chronic diseases in an individual
is called multimorbidity [1,2]. Chronic diseases include
hypertension, diabetes, cancer, cardiovascular disease, and
chronic kidney disease [3]. Chronic diseases pose the greatest
threat to human health in the modern world [4,5]. Chronic
diseases usually occur together; this multimorbidity will cause
greater harm to the body than any chronic disease on its own.
The prevalence of multimorbidity has elevated significantly in
recent years [6]. The health care needs of patients with
multimorbidity differ from those of patients with a single
condition and require a complex structured care plan for
improved treatment [7]. This will be challenging in contexts
where health care resources are scarce, and more medicines will
be required to maintain the patient’s health. The vulnerability
of these patients to safety issues is also elevated [8-10].
Increased prevalence of multimorbidity increases drug
overconsumption, the complexity of disease management, the
burden on health care services, and the rate of repeat
hospitalizations, leading to increased health spending in the
country [11,12]. An accurate estimation of multimorbidity
prevalence is thus critical to assessing the public health impact
of multimorbidity and predicting the medical needs of patients
with multimorbidity [13].

The multimorbidity burden can be attributed to various causes,
including sociodemographic and behavioral factors; gender is
also associated with multimorbidity [14]. Countries differ in
the ways they are affected by multimorbidity. Some developing
countries do not have access to basic medical care or have
sociocultural factors that affect some portions of the population.
For example, women are socially, culturally, economically, and
educationally disadvantaged in India, making them more
vulnerable to chronic diseases [14-16]. In the United States, the
prevalence of chronic disease in Black people is significantly
higher than that in White people. However, some US studies
suggest that gender is not a factor affecting multimorbidity
[17,18]. As the population ages, the prevalence of
multimorbidity gradually increases, because older adults are
more susceptible to multimorbidity [19]. Although multiple
studies have examined the relationship between
sociodemographic factors and multimorbidity, few have
explored the way these relationships change over time or
attempted to predict future changes [20-22].

This study aimed to assess the dynamic distribution of 9 chronic
diseases in the Brazilian population using cross-sectional survey
data obtained from the Brazilian National Household Sample
Survey (PNAD) and the Brazilian National Health Survey (PNS)
in 1998, 2003, 2008, 2013, and 2019. PNAD and PNS are
population-based surveys representing urban and rural Brazilians
residing in private households, not in institutions. Data analysis
was used to study whether sociodemographic factors, health
care needs, and health insurance were associated with the

prevalence of multimorbidity. Nomogram plots were used to
predict the prevalence of multimorbidity in the future. Compared
with traditional prediction methods, the use of nomograms
provides excellent graphic visualization. The prediction model
was validated in calibration curves by combining different
influencing factors of participants. By predicting multimorbidity
prevalence within groups, it may be possible to accurately
identify the main affected population and ultimately reduce the
burden on the medical system.

Methods

Data Availability
The following two data sources were combined in this study:
(1) PNAD and (2) PNS data. The PNAD and PNS are complex
multistage surveys conducted by the Brazilian Institute of
Geography and Statistics to assess the situation of households
in Brazil, and are available on the internet [23,24]. The PNAD
study is a national survey. A 3-stage self-weighted cluster
sampling technique was used. In the first stage, areas with larger
populations or cities were selected. Other cities belonging to
the same area were then divided into roughly the same level,
and the selection was made through a system of size ratios. In
the second stage, the contents of the 2010 census were
systematically selected. The third stage identified households
to survey on an area-specific basis [23]. PNS uses a 3-stage
stratified sampling method. In the first stage, participants were
selected by simple random sampling. The 2013 PNS study
selection was based on households in the second stage, whereas
the third stage involved a random selection of residents aged
18 years and above to answer the survey. The 2019 edition of
the study involved individuals aged 15 years and above [24].

Ethics Approval
The Brazilian Institute of Geography and Statistics received
approval from the National Research Ethics Committee in Brazil
and obtained consent from all PNAD and PNS participants. In
case of nonagreement, the interviewees could always refuse to
participate in the research. No additional data were collected
for this study; we used only data presented by the Brazilian
Institute of Geography and Statistics.

Study Design
PNAD and PNS data were obtained from 5-year national surveys
conducted in 1998, 2003, 2008, 2013, and 2019. Variables with
more than 25% missing values were removed from our analysis
to ensure the accuracy of the study. We included participants
older than 18 years and excluded 6770 participants who did not
answer all the questions about chronic diseases. The remaining
877,032 participants constitute a large pool of research
participants.

In this study, binary logistic regression was used to compare
multimorbidity group differences (gender, race, age, etc) and
to calculate odds ratios (OR)—the ratio between the chance that
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an event occurs in 1 group and the chance that it occurs in
another group. Prediction models can be used to aid health care
providers’ decision-making by estimating the probability that
a specific disease or condition is present (diagnostic models)
or that a specific event will occur in the future (prognostic
models). This model can be used to aid such efforts by
predicting the strength of correlation between multimorbidity
and other variables, as well as to determine if our logistic
regression results are same with nomogram model, further
confirming the consistency of all results in this study [25].

Variables
This paper focuses on the prevalence of multimorbidity in
Brazil. First, we selected 9 chronic diseases: back disease,
rheumatism or arthritis, cancer, diabetes, asthma, hypertension,
heart disease, chronic kidney disease, and depression. Chronic
disease data are based on self-reported information in response
to PNAD and PNS questions, such as “Has a physician or health
care professional ever told you that you have diabetes?” or “Has
any physician ever given you diabetes diagnosis?” Back diseases
included chronic back problems, such as chronic back or neck
pain, low back pain, sciatica, and vertebrae or disc problems,
but the survey did not delimit the period of the pain occurrence
[26]. Among the participants, 165,759 had 2 or more chronic
diseases. Second, we selected 11 independent variables to assess
the extent to which they were correlated with prevalence of
multimorbidity: gender, race, age group, education, employment,
region, health insurance, participant well-being, health service
accessibility, health service need, and hospitalization. Third,
we performed data analysis to estimate the future prevalence
of multimorbidity under different influencing factors, such as
gender and age. In the survey, subjective well-being was scored
on a 5-point scale (1 being the best and 5 being the worst) based
on participants’perceptions their own health. The literacy levels
of participants were assessed using literacy rate, and
employment status was evaluated by asking whether they were
employed during the survey period. This study made use of data
on whether participants had been hospitalized within the past
12 months or had medical service needs within the past 2 weeks
to analyze the effect of multimorbidity on public health,
understand the use of medical services, and assist policy makers
in formulating public health policies to reduce health spending.
We divided the country into 5 regions (South, Southeast,
Midwest, Northeast, and North) according to the official
Brazilian territorial division to analyze the regional prevalence
of frequently occurring diseases. This paper derives some new
variables from existing data in databases, such as age group
within official regions.

Statistical Analysis
This study separately analyzed 3 aspects of multimorbidity
separately: sociodemographic factors, health services, and
subjective well-being. Descriptive analysis and data visualization
were used to identify trends in changes among participants
between years. The association between predictors and
prevalence of multimorbidity was analyzed using hypothesis
testing. Frequency analysis explored prevalence and the main
prevalent population. The effect of variables on multimorbidity

was studied using the logistic regression models. OR values
were calculated with 95% CI. First, sociodemographic factors,
including gender, race, age group, region, literacy, employment
status, and health insurance status were considered to compute
the probability of multimorbidity (with 1, without 0). Next,
logistic regressions were used to investigate the prevalence of
multimorbidity in participants with different levels of subjective
well-being, health service availability, demand for health
services, and hospitalization duration. This allowed us to analyze
all the variables in the model independently to determine the
OR of the predictor variables. Finally, a nomogram was
developed to calculate risk scores using the model; these risk
scores were then used to predict prevalence and determine the
likelihood that individuals in certain sociodemographic
categories will develop multimorbidity.

All statistical analyses were performed using SPSS Statistics,
and R (version 4.0.5) was used to visualize the frequency
analysis and model prediction.

Results

Descriptive Analysis
A total of 877,032 participants were included in the analysis.
Presence of multimorbidity was self-reported by participants
aged 18 years or older. Data from 1998, 2003, 2008, 2013, and
2019 were used to analyze the association between 11 risk
factors on the prevalence of multimorbidity. Total
multimorbidity prevalence was 18.9%. An upward trend in
multimorbidity prevalence was present in all years except for
the 1998 to 2003 time period. The largest change occurred
between 2013 and 2019, when prevalence increased by 5.4%,
a significant change (Figure 1). We compared sociodemographic
factors, subjective well-being, and health insurance status in
different years to the prevalence of multimorbidity (Figure 2).
Except for purchasing health insurance and ethnic factors, the
change trends of other factors were the same in 5 years. The
prevalence of multimorbidity in females was significantly higher
than that in males and could reach 11.5% when influence of
gender factors on the prevalence of multimorbidity. It was
significantly less prevalent in literate than in illiterate
participants, and in employed than in unemployed participants.
The rates of health care use and hospitalization were
significantly higher for participants with multimorbidity, and
this difference became larger over time. Regarding
self-assessment of health, people who felt their health was “bad”
or “very bad” were more likely to have multimorbidity. The
prevalence of people who have a better sense of well-being is
rising, in contrast to the bad or very bad group. There is little
difference in multimorbidity prevalence between people who
have health insurance and those who do not, or between different
racial or ethnic populations. However, the overall prevalence
increased gradually, with the highest rate being seen in the most
recent year of data (2019). In the study, the main incidence
patterns of 9 diseases in 27 Brazilian federal units were studied.
Hypertension and back disease are always the diseases with the
highest prevalence in Brazil and are significantly more prevalent
in all regions of Brazil.
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Figure 1. Prevalence of multimorbidity.

Figure 2. Percentage of multimorbidity by year with sociodemographic, subjective well-being, and health service characteristics.
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Logistic Regression and Model Prediction
Tables 1 and 2 indicate the relative degree of multimorbidity
risk among participants from 1998 to 2019. Regression analysis
revealed that in different cohorts, the changes in the risk of
multimorbidity according to demographic variable did not
change significantly. However, the magnitude of influence was
consistent with the descriptive analysis. Among the differences
found, the prevalence of multimorbidity in females was 1.72
times that in males (OR 1.72, 95% CI 1.69-1.74), consistent
with the frequency analysis results in the 5-year cohort study.
The Asian, Black or Brown, and White groups showed the same

degree of prevalence of multimorbidity. The older the age, the
higher the risk of multimorbidity. Participants aged 60 years
and older were 20 times more likely than those aged 18 to 29
years to have multiple conditions (OR 19.6, 95% CI
19.15-20.07). In addition, being unemployed was positively
associated with multimorbidity prevalence, and illiterate
participants were 1.3 times more likely than literate participants
to have multimorbidity (OR 1.26, 95% CI 1.24-1.28).
Multimorbidity presence was higher in the Southern region (OR
1.31, 95% CI 1.28-1.34) than in the Northern region. Individuals
having multimorbidity were mostly uninsured (OR 1.05, 95%
CI 1.04-1.07).
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Table 1. Results of the logistic regressiona examining the association of sociodemographic factors with multimorbidity (odds ratio [OR], 95% CI).

Overall20192013200820031998

Gender

1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)Male, OR (95% CI)

1.72 (1.69-1.74)1.89 (1.82-1.96)1.76 (1.68-1.86)1.60 (1.57-1.64)1.76 (1.72-1.81)1.76 (1.72-1.81)Female, OR (95% CI)

<.001<.001<.001<.001<.001<.001P value

Race

1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)White, OR (95% CI)

0.90 (0.84-0.96)1.06 (0.92-1.23)0.91 (0.75-1.12)1.03 (0.92-1.16)0.89 (0.78-1.02)0.73 (0.63-0.85)Asian/Indigenous, OR
(95% CI)

1.08 (1.07-1.09)1.06 (1.02-1.10)1.01 (0.96-1.06)1.09 (1.06-1.11)1.09 (1.06-1.12)1.17 (1.14-1.20)Brown or Black, OR
(95% CI)

<.001.225.289<.001<.001<.001P value

Age group (years)

1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)18 to 29, OR (95% CI)

2.68 (2.62-2.75)2.11 (1.91-2.31)2.45 (2.17-2.75)3.12 (2.96-3.29)2.77 (2.64-2.90)2.58 (2.48-2.69)30 to 39, OR (95% CI)

5.93 (5.79-6.07)4.49 (4.10-4.90)5.59 (5-6.26)7.37 (7.02-7.74)6.25 (5.98-6.53)5.72 (5.49-5.95)40 to 49, OR (95% CI)

12 (11.71-12.28)9.17 (8.41-10)10.52 (9.42-
11.76)

16.06 (15.30-
16.86)

12.88 (12.32-
13.47)

11.22 (10.76-
11.70)

50 to 59, OR (95% CI)

19.60 (19.15-
20.07)

14.46 (13.29-
15.74)

15.45 (13.84-
17.24)

28.11 (26.78-
29.50)

21.71 (20.77-
22.69)

17.91 (17.18-
18.67)

60 or older, OR (95%
CI)

<.001<.001<.001<.001<.001<.001P value

Education

1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)Literate, OR (95% CI)

1.26 (1.24-1.28)1.04 (0.98-1.10)1.09 (1.01-1.18)1.16 (1.13-1.20)1.17 (1.13-1.21)1.37 (1.33-1.41)Illiterate, OR (95% CI)

<.001<.001<.001<.001<.001<.001P value

Work

1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)Employed, OR (95%
CI)

1.51 (1.49-1.53)1.58 (1.52-1.64)1.51 (1.43-1.60)1.66 (1.62-1.70)1.51 (1.47-1.55)1.38 (1.32-1.39)Unemployed, OR (95%
CI)

<.001<.001<.001<.001<.001<.001P value

Region

1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)North, OR (95% CI)

0.93 (0.91-0.95)1.12 (1.06-1.18)1.04 (0.97-1.21)0.91 (0.88-0.95)0.78 (0.75-0.82)0.71 (0.68-0.75)Northeast, OR (95%
CI)

1.05 (1.02-1.07)1.31 (1.24-1.39)1.14 (1.05-1.23)1.13 (1.08-1.18)0.93 (0.89-0.97)0.66 (0.63-0.69)Southeast, OR (95%
CI)

1.31 (1.28-1.34)1.49 (1.40-1.60)1.63 (1.49-1.79)1.37 (1.31-1.44)1.22 (1.16-1.28)0.83 (0.79-0.87South, OR (95% CI)

1.19 (1.16-1.22)1.19 (1.11-1.28)1.27 (1.17-1.40)1.21 (1.15-1.27)1.15 (1.09-1.21)0.86 (0.82-0.91)Midwest, OR (95% CI)

<.001<.001<.001<.001<.001<.001P value

Health insurance

1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)With insurance, OR
(95% CI)

1.05 (1.04-1.07)0.90 (0.86-0.94)1 (0.95-1.06)1.03 (1-1.05)1.0 (0.97-1.03)1.25 (1.22-1.29)Without insurance, OR
(95% CI)

<.001<.001<.001<.001<.001<.001P value
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aBinary logistic regression model by gender, race, age group, literacy, work, region, and health insurance.

Table 2. Results of the logistic regressiona examining the association of subjective well-being and use of health care with multimorbidity (odds ratio
[OR], 95% CI).

Overall20192013200820031998

Subjective well-being

1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)Very good or good,
OR (95% CI)

6.43 (6.35-6.51)3.66 (3.53-3.80)4.12 (3.92-4.34)7.05 (6.88-7.22)6.46 (6.30-6.62)8.31 (8.10-8.52)Regular, OR (95%
CI)

15.293 (14.97-
15.63)

8.25 (7.77-8.77)8.92 (8.25-9.66)17.93 (17.23-
18.66)

14.33 (13.75-
14.94)

21.204 (20.28-
22.17)

Bad or very bad,
OR (95% CI)

<.001<.001<.001<.001<.001<.001P value

Health service accessibility

1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)No, OR (95% CI)

1.32 (1.31-1.34)1.33 (1.28-1.39)1.46 (1.38-1.55)1.45 (1.41-1.49)1.39 (1.35-1.44)1.19 (1.16-1.22)Yes, OR (95% CI)

<.001<.001<.001<.001<.001<.001P value

Health service need

1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)No, OR (95% CI)

1.94 (1.91-1.97)2.03 (1.95-2.11)2.10 (1.96-2.20)1.99 (1.94-2.05)2.03 (1.98-2.09)1.68 (1.63-1.74)Yes, OR (95% CI)

<.001<.001<.001<.001<.001<.001P value

Hospitalization

1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)1.0 (reference)No, OR (95% CI)

1.53 (1.50-1.56)1.86 (1.76-1.97)1.54 (1.42-1.66)1.57 (1.51-1.62)1.52 (1.47-1.58)1.35 (1.30-1.40)Yes, OR (95% CI)

<.001<.001<.001<.001<.001<.001P value

aBinary logistic regression model by Subjective well-being, Health service accessibility, Health service need and Hospitalization, Yes: With multimorbidity,
No: Without multimorbidity.

Table 2 shows a correlation of subjective well-being and medical
assistance needs with multimorbidity. The correlation of “bad”
and “very bad” subjective well-being with multimorbidity was
15 times (OR 15.29, 95% CI 14.97-15.63) that of “good” and
“very good” in all cohorts of participants. Participants with
multimorbidity were 1.3 times more likely to need health care
services than those without multimorbidity (OR 1.32, 95% CI
1.31-1.34). In addition, patients with multiple diseases required
2 times more medical services (OR 1.94, 95% CI 1.91-1.97).
Moreover, participants hospitalized during the study had a
1.5-fold prevalence of multimorbidity than those not hospitalized
(OR 1.53, 95% CI 1.50-1.56).

Nomograms have been developed as user-friendly prediction
tools owing to their easy-to-interpret visualization interface. As
shown in Figure 3, we constructed nomograms based on each
category, with each variable exhibiting its axis corresponding
to points representing their significance in the model. The

corresponding points were summed up to obtain the total points,
and the final probability was obtained by projecting the total
points on the risk axis. The plot includes all significant variables
based on logistic regression, incorporating sociodemographic
factors, subjective well-being, and medical assistance within
the nomogram. When calculating the scores for each risk factor,
we found that risk scores were significantly higher for
individuals aged 60 years or above, those with poorer subjective
well-being, those in need of health services and hospitalization,
and female and unemployed individuals. We analyzed the
multimorbidity prevalence of these risk factors over 21 years
to predict the likelihood of multimorbidity among members of
these sociodemographic groups in the future. The prediction
accuracy of the nomogram can be evaluated by the c-index
value: a c-index value of 0.5-0.7 indicates poor prediction,
whereas 0.7-0.9 indicates good prediction. The nomogram model
developed in this study had a c-index value of 0.854, indicating
that the model could correctly predict the results.
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Figure 3. Nomograms using sociodemographic, health service, and subject-wellbeing factors selected for predicting multimorbidity risk. Region 1:
North; Region 2: Northeast; Region 3: Southeast; Region 4: South; Region 5: Midwest. Given Points are independent points for each factor and Total
Points are the sum of all points.

Discussion

Overview
Multimorbidity is a growing global challenge that places a strain
on population health and imposes a large economic burden on
society. Globally, multimorbidity is estimated to affect
65%-98% of those older than 65 years; the prevalence of
multimorbidity is increasing, especially among older people,
those with low language proficiency, and women [27,28]. Our
findings indicate that the correlation of sociodemographic factors
(specifically gender), health insurance status, and subjective
well-being with multimorbidity was broadly consistent
throughout a 21-year period. These findings are in line with
those of other research. With aging, the prevalence of
multimorbidity gradually increases, as reported in many studies
[13,29,30]. Patients with multimorbidity take more medication,
have more complicated disease management, use more health
care services, and are more likely to undergo repeat
hospitalizations, ultimately increasing overall national health
expenditure [15,16].

From 1998 to 2019, the prevalence of multimorbidity first
decreased, then increased. The decrease in prevalence could be
because government expenditures on health care increased,
which improved the health care system and reduced the rate of
chronic disease. Particularly noteworthy is the change between
2013 and 2019, during which prevalence increased by 5.4%; in
other time periods the increase was more gradual. Declining
fertility has led to demographic changes in Brazil since the early
2000s, with an increase in the aging population, causing
increased multimorbidity prevalence overall [31].

Studies in the United States show that Black people have a
significantly higher rate of multimorbidity compared with White
people [18]. Black or Brown populations in Brazil had lower
incomes, less access to health insurance, and poorer living
conditions [32], reflecting that living environment and income

can be closely correlated with multimorbidity. This study
examined the effect of educational attainment on multimorbidity,
suggesting that illiterate adults had a higher prevalence of
multimorbidity. Along with Brazil, this is the case in other
countries, including India, South Africa, and Spain [33].

Subjective well-being was significantly related to prevalence
of multimorbidity over the 21-year period analyzed in our study.
In future research, targeted medical policies could be formulated
for individuals with worse subjective well-being to reduce
unnecessary medical expenditures [34].

Illness was assessed by whether or not the individual had
purchased health insurance, although the time of purchase
relative to disease occurrence is unknown. However, having a
medical health plan increases access to medical services,
reducing physical health risks [30].

In this study, only 19.1% of the participants had health
insurance. Although some have chronic illnesses, they may be
unaffordable for health insurance. In Brazil, patients have free
access through the health care system to some essential
medicines, but 1 research found low availability of drugs in all
population strata. Drugs not provided by health care system can
lead users to abandon prescribed treatments for not being able
to buy them in the private sector with their own resources
[35,36]. Previous studies have shown a gender difference in
patterns of multimorbidity. A systematic review of most
previous studies indicated that females had a greater prevalence
of multimorbidity than males. This difference might be related
to region, social, environmental, or economic factors. As these
factors vary globally, their associations with multimorbidity
might differ across populations [29,37,38].

Age has the most significant correlation with prevalence of
multimorbidity, increasing significantly as the aging population
increases. This has implications for countries, such as Brazil
with aging populations. Subjective well-being also has a strong
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correlation with disease status, followed by health insurance
status, hospitalization status, and gender. Based on the predicted
situation, targeted medical policies should be implemented for
individuals in groups with high rates of multimorbidity, reducing
medical resource waste, and further improving the efficiency
of medical services.

Limitations
Our study analyzed the prevalence of multimorbidity in Brazil
over the past 2 decades. Our study used self-reporting to
determine whether participants had 1 or more chronic diseases;
such self-reporting could be inaccurate if the participants did
not remember their diagnoses, or the physician did not
accurately diagnose a disease. Self-report has been widely used
in public health and is considered a valid approach [31]. Another
limitation is that some survey questions have changed over the
course of the research. However, the content of the questions
has not significantly changed; hence, these changes may not
significantly affect the results. In addition, methodological
modifications of data collection could have implications for
calculating multimorbidity prevalence based on region.

Conclusions
The distribution patterns of multimorbidity indicate that
prevalence varies across social groups, but the differences
remain largely consistent over the years in Brazil. This study
also confirmed that the differences in demographic factors,
including gender, education, employment status, and regional
factors, significantly impair the public health situation in Brazil.
The lack of change in multimorbidity throughout groups over
the years offers an opportunity for epidemiologists and the
public health sector to develop effective ways to prevent
multimorbidity. Our findings may support the development of
more effective public resource management. Among possible
solutions, public health departments can provide more health
services, particularly for groups with high prevalence of
multimorbidity, such as women and older people. The
government can also anticipate future patterns of multimorbidity
and develop policies targeting individuals at high risk for
multimorbidity and explore ways to reduce their risks.
Additionally, by focusing on individuals in groups with the
highest prevalence of multimorbidity, the government can
implement public health policies to reduce the harm of
multimorbidity while avoiding waste of public resources and
assist the public health department in effectively dealing with
the problems related to multimorbidity.
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Abstract

Background: Primary breast lymphoma (PBL) is a rare disease whose epidemiological features, treatment principles, and
factors used for the patients’ prognosis remain controversial.

Objective: The aim of this study was to explore the epidemiology of PBL and to develop a better model based on machine
learning to predict the prognosis for patients with primary breast lymphoma.

Methods: The annual incidence of PBL was extracted from the surveillance, epidemiology, and end results database between
1975 and 2019 to examine disease occurrence trends using Joinpoint software (version 4.9; National Cancer Institute). We enrolled
data from 1251 female patients with primary breast lymphoma from the surveillance, epidemiology, and end results database for
survival analysis. Univariable and multivariable analyses were performed to explore independent prognostic factors for overall
survival and disease-specific survival of patients with primary breast lymphoma. Eight machine learning algorithms were developed
to predict the 5-year survival of patients with primary breast lymphoma.

Results: The overall incidence of PBL increased drastically between 1975 and 2004, followed by a significant downward trend
in incidence around 2004, with an average annual percent change (AAPC) of −0.8 (95% CI −1.1 to −0.6). Disparities in trends
of PBL exist by age and race. The AAPC of the 65 years or older cohort was about 1.2 higher than that for the younger than 65
years cohort. The AAPC of White patients is 0.9 (95% CI 0.0-1.8), while that of Black patients was significantly higher at 2.1
(95% CI −2.5 to 6.9). We also identified that the risk of death from PBL is multifactorial and includes patient factors and treatment
factors. Survival analysis revealed that the patients diagnosed between 2007 and 2015 had a significant risk reduction of mortality
compared to those diagnosed between 1983 and 1990. The gradient booster model outperforms other models, with 0.752 for
sensitivity and 0.817 for area under the curve. The important features established with the gradient booster model were the year
of diagnosis, age, histologic type, and primary site, which were the 4 most relevant variables to explain 5-year survival status.

Conclusions: The incidence of PBL started demonstrating a tendency to decrease after 2004, which varied by age and race. In
recent years, the prognosis of patients with primary breast lymphoma has been remarkably improved. The gradient booster model
had a promising performance. This model can help clinicians identify the early prognosis of patients with primary breast lymphoma
and therefore improve the clinical outcome by changing management strategies and patient health care.

(JMIR Public Health Surveill 2023;9:e45455)   doi:10.2196/45455
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Introduction

Primary breast lymphoma (PBL) is defined as a kind of
lymphoma that is only located in the breast, as well as ipsilateral
lymph nodes at the time of initial diagnosis [1,2]. It represents
no more than 1% of breast malignancies and less than 3% of
extranodal lymphomas [3,4]. Nevertheless, the incidence rate
of PBL is rising in recent years and deserves attention [5].

Since PBL is a rare disease, its epidemiological characteristics,
treatment, and prognosis remain controversial. In particular, the
wide variations of its prognoses, which have been reported in
different studies, challenged us to evaluate the prognosis of
PBL. The 5-year survival rates ranged from 50% to 90% in the
previous reports [6-11]. Certainly, the diversity may be due to
different case series, a small sample available, different
subtypes, clinical stages, treatment methods, and so on. Research
is inconclusive about what will affect the outcome of PBL and
how much of an effect change can bring. The 5-year survival
rate varies according to different clinical stages: 89% for stage
I and 50% for stage II [12]. A huge difference exists in the
long-term prognosis in recent years, showing improvement with
the development of modern therapy [13]. Age has also been
reported as an independent prognostic factor, and cases of
elderly patients were complicated by more comorbidities that
caused a poor prognosis [14,15]. In some studies, chemotherapy
and radiotherapy were associated with longer survival, and there
was no benefit from mastectomy [2,16]. However, compared
with the above factors, histological subtypes play a more
important role. Diffuse large B-cell lymphoma (DLBCL) is the
most common subtype, which is more aggressive, followed by
follicular and mucosa-associated lymphoid tissue (MALT)
lymphoma with indolent behavior [13,17]. Picasso et al [18]
found that tumors in 50% of patients with primary breast
lymphoma were located in the upper outer quadrant and 25%
were in the upper inner quadrant; however, there are no studies
that try to analyze prognosis between different primary sites.
Consequently, the factor of the primary site was also
incorporated into our study. There are many other factors that
may contribute to the outcome of PBL, but it is not clear about
the role of each one.

In order to build up a reliable way to predict the prognosis of
patients with primary breast lymphoma, we need to combine
all potential prognostic factors with different weight ratios in 1
model. Since it is difficult to set up an effective model in the
traditional way under complex interference factors, for example,
Nomogram, we use machine learning and the Surveillance,
Epidemiology, and End Results (SEER) database to conduct
our study. First, we investigated the epidemiology,
clinicopathologic features, treatment modalities, and outcomes
of PBL. Second, we tried to establish a predictive model with
the assistance of machine learning including 11 prognostic
factors (age, race, year of diagnosis, marital status, laterality,
primary tumor site, histology, Ann Arbor stage, surgery status,
radiation status, and chemotherapy status). We believe our work
may help with the evaluation of patients with primary breast
lymphoma in the future.

Methods

Data Source and Study Population
The annual incidence of PBL was extracted from the SEER
database between 1975 and 2019 to examine national trends,
and all incidence rates were age adjusted. Since the Ann Arbor
staging was not available until 1983, patients diagnosed between
1975 and 1982 were not included in the survival analysis and
the establishment of the machine learning model. Finally, we
enrolled 1251 patients using SEER∗Stat (version 8.3.9; National
Cancer Institute) for survival analysis, according to the following
inclusion criteria: female, year of diagnosis from 1983 to 2015,
the age of diagnosis more than 15 years, breast lymphoma as
the only primary malignant cancer diagnosis, and Ann Arbor
stage I-II. The exclusion criteria were as follows: Ann Arbor
stage III-IV (because these were considered unlikely to be in
accordance with extranodal disease) or unknown information,
younger than 15 years old, multiple tumors, male cases, and
patients who died within 30 days. This study tracked the duration
of follow-up starting from the day of diagnosis to December
31, 2019, or the date of death, which can provide follow-up data
for more than 5 years. Patient characteristics and treatment
courses in our study were identified. The data related to age,
race, year of diagnosis, marital status, laterality, primary tumor
site, histology, Ann Arbor stage, surgery status, radiation status,
and chemotherapy status. Surgery was divided into mastectomy
and breast-conserving surgery. We cannot further classify
chemotherapy and radiotherapy as the SEER database does not
provide detailed chemotherapy and radiotherapy data, such as
the regimen, dose, and duration. However, anthracycline-based
chemotherapy regimens and radiotherapy of extranodal lesions
are the primary treatment options for patients with primary
breast lymphoma [2,19,20], so these limitations did not influence
our results much.

Ethics Approval
Our primary data were extracted from the SEER database, which
is publicly available. We got permission for data extraction and
usage after signing a data-use agreement for the SEER
1975-2019 research data file. Consequently, human subject
research ethics review and informed consent were exempted
from this study. We confirm that the information of enrolled
patients was anonymous or deidentified. In addition, all
statistical analyses were conducted in accordance with the
regulations of the SEER Program.

Outcome Measurement
The primary outcome of the study is overall survival (OS). It
was defined as from the date of initial diagnosis to the date of
death by any cause including PBL. Patients who were alive on
the date of the last follow-up were censored. Disease-specific
survival (DSS), which served as a secondary study outcome in
our study, was defined as from the date of diagnosis to the date
of death due to PBL.

Statistical Analysis
The incidence of PBL for trend analysis was retrieved from the
SEER database. The time trends in incidence for PBL were
assessed and fit using Joinpoint software (version 4.9; National
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Cancer Institute) based on log-linear models. Annual percentage
change and average annual percent change (AAPC) were
calculated to indicate the direction and magnitude of the trends.
In order to explore the influences of demographic differences
for PBL incidence, the overall population was stratified into
different groups, including age and race.

The Kaplan-Meier method was used to generate survival curves.
The log-rank test was performed to determine the differences
between different demographic and clinical characteristics of
PBL patients. Hazard ratio (HR) with 95% CI was identified
by using a Cox proportional hazard regression model to
determine the factors associated with the outcomes. These
statistical analyses were conducted by using SPSS (version 26.0;
IBM Corp), and a P value of less than .05 was considered as a
statistical difference.

Eleven categorical predictors including age, race, year of
diagnosis, marital status, laterality, primary tumor site, histology,
Ann Arbor stage, surgery status, radiation status, and
chemotherapy status were collected to build a machine learning
model for 5-year survival prediction (Figure 1). The package
of “MissForest” was used to impute missing values in the data
set. Of all enrolled patients, 35.1% (n=439) of patients did not

have information on the primary site, 11.2% (n=140) of patients
were missing information on the histologic type, and 18.1%
(n=226) of patients had no treatment information regarding
surgery. The portions of missing values were far less than the
cutoff of heavy missingness (75%), which promises good
performance of the “MissForest” algorithm [21]. Before building
machine learning models, all patients with primary breast
lymphoma were randomly divided into a training set and a
testing set, at an 80:20 ratio. In our study, 8 machine learning
algorithms were used, including K-nearest neighbor, CatBoost,
decision tree, random forest method, Gradient Boost,
LightGBM, support vector machine, and XGBoost models. A
10-fold internal cross-validation was used to identify the optimal
parameters, which provided the highest degree of accuracy in
each model. Subsequently, the performance of all machine
learning algorithms was evaluated in a testing set, and evaluation
measures consisted of accuracy, precision, sensitivity, F1 score,
and area under the receiver operating characteristic curve
(AUC). The contribution of each element to the machine
learning model was evaluated by using feature importance based
on the package of “partial_dependence.” Python (version 3.8;
Python Software Foundation) was used in these processes.
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Figure 1. The flowchart of machine learning development process. AUC: area under the curve.

Results

Baseline Characteristics of Patients
The baseline clinical characteristics of the patients are shown
in Table 1. Overall, a total of 1251 eligible patients were
enrolled in our study. Among the patients, 540 (43.2%) were
<65 years and 711 (56.8%) were ≥65 years. A total of 31 (2.5%)
patients had tumors in the bilateral, and 1220 (97.5%) patients
had tumors in the unilateral. The Ann Arbor stages were
distributed as follows: 976 (78%) cases were stage I and 275

(22%) cases were stage II. DLBCL was the most common
histologic type of PBL followed by MALT and follicular
lymphoma (FL), accounting for 43.4%. In addition, the enrolled
patients were not inclined to accept local therapy, including
surgery (no surgery vs breast-conserving and mastectomy:
n=656, 52.4% vs n=369, 29.5%) and radiotherapy (no radiation
vs radiation: n=1031, 82.4% vs n=220, 17.6%), while the
percentage of patients in no chemotherapy and chemotherapy
was about the same (no chemotherapy vs chemotherapy: n=656,
52.4% vs n=595, 47.6%).
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Table 1. Baseline characteristics of primary breast lymphoma.

Patients (N=1251), n (%)Characteristics

Age (years)

540 (43.2)<65

711 (56.8)≥65

Race

1016 (81.2)White

104 (8.3)Black

131 (10.5)Othera

Marital status

633 (50.6)Married

618 (49.4)Not marriedb

Laterality

1220 (97.5)Unilateral

31 (2.5)Bilateral

Year of diagnosis

71 (6)1983-1990

166 (13.3)1991-1998

401 (32.1)1999-2006

613 (49)2007-2015

Primary site

19 (1.5)Axillary tail

74 (6)Central portion

77 (6.2)Inner quadrant

49 (3.9)Lower-inner quadrant

52 (4.2)Lower-outer quadrant

9 (1)Nipple

223 (17.8)Overlapping lesion

309 (24.7)Upper-outer quadrant

439 (35.1)NAc

Histologic type

543 (43.4)DLBCLd

241 (19.3)MALTe

58 (4)CLL/SLLf

192 (15.3)FLg

27 (2)ALCLh

50 (4)Otheri

140 (11.2)NA

Ann arbor stage

976 (78)I

275 (22)II

Surgery approach
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Patients (N=1251), n (%)Characteristics

656 (52.4)No surgery

333 (26.6)BCSj

36 (3)Mastectomy

226 (18.1)NA

Radiation status

1031 (82.4)No

220 (17.6)Yes

Chemotherapy status

656 (52.4)No

595 (47.6)Yes

aOther includes American Indian/Alaskan Native, Asian/Pacific Islander, and unknown.
bNot married includes divorced, separated, single (never married), unmarried or domestic partner, and widowed.
cNA: not available.
dDLBCL: diffuse large B-cell lymphoma.
eMALT: mucosa-associated lymphoid tissue.
fCLL/SLL: chronic lymphocytic leukemia/small lymphocytic lymphoma.
gFL: follicular lymphoma.
hALCL: anaplastic large cell lymphoma.
iOther includes anaplastic large cell lymphoma, angioimmunoblastic T-cell lymphoma, Burkitt lymphoma, extranodal NK-/T-cell lymphoma, nasal
type, Mantle cell lymphoma, peripheral T-cell lymphoma, precursor B-lymphoblastic lymphoma, subcutaneous panniculitis-like T-cell lymphoma, T
lymphoblastic leukemia/lymphoma.
jBCS: breast-conserving surgery.

Incidence of Breast Lymphoma
The annual percentage change and AAPC for patients with
primary breast lymphoma by age and race from 1975 to 2019
are reported in Table 2 and Figure 2. The results demonstrate
a remarkable AAPC growth trend of 0.8 (95% CI 0.1-1.5) of
patients with primary breast lymphoma during the period 1975
to 2019. The incidence of PBL appears to have a turning point
around 2004. From 1975 to 2004, an upward trend was observed,
followed by a decline from 2004 to 2019 (AAPC=−0.8; 95%
CI −1.1 to −0.6). The AAPC of the ≥65 years cohort was about

1.2 higher than that for the <65 years cohort, which revealed
that the incidence of PBL increased slowly with increasing age.
The AAPC of White patients is 0.9 (95% CI 0.0-1.8), while that
of Black patients was significantly higher at 2.1 (95% CI −2.5
to 6.9). Generally, the PBL incidence substantially increased
for the White population between 1975 and 2004 followed by
a downward trend for the period between 2004 and 2019. The
Black patient cohort also has a similar trend; however, the peak
was in 2002 and the incidence has declined noticeably slower
than for White patients.
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Table 2. Trends in age-standardized incidence rates of primary breast lymphoma in 1975-2019.

OverallBlackWhiteAge <65 (years)Age ≥65 (years)Model

APC (95%
CI)

YearAPC (95%
CI)

YearAPC (95%
CI)

YearAPC (95%
CI)

YearAPCa

(95% CI)

Year

0.9 (−4.0 to
5.9)

1975-19785.3b (2.8 to
7.9)

1975-19902.3b (2.0 to
2.6)

1975-1992−2.4 (−7.9
to 3.3)

1975-19784.4b (0.8 to
8.0)

1975-1979Trend 1

2.7b (1.9 to
3.5)

1978-1988−3.1 (−34.3
to 43.1)

1990-1993−0.7 (−7.5 to
6.7)

1992-19952.6b (1.7 to
3.6)

1978-19882.5b (1.9 to
3.2)

1979-1990Trend 2

1.3b (0.6 to
1.9)

1988-19985.9 (−25.8 to
51.1)

1993-19963.5 (−3.5 to
10.9)

1995-19981.0b (0.2 to
1.8)

1988-19981.2b (0.8 to
1.5)

1990-2004Trend 3

−0.7 (−7.0 to
6.1)

1998-2001−4.7 (−31.6
to 32.7)

1996-1999−1.9 (−8.3 to
5.0)

1998-2001−1.4 (−9.4
to 7.3)

1998-20010.2 (−1.8 to
2.2)

2004-2009Trend 4

2.7 (−3.6 to
9.4)

2001-20049.5 (−20.0 to
49.9)

1999-20023.5 (−2.4 to
9.7)

2001-20042.8 (−5.1 to
11.4)

2001-2004−2.0 (−7.9
to 4.3)

2009-2012Trend 5

−0.8b (−1.1
to 0.6)

2004-2019−0.5 (−1.3 to
0.4)

2002-2019−0.9b (−1.2
to 0.7)

2004-2019−1.0b (−1.3
to 0.6)

2004-2019−0.6 (−1.3
to 0.2)

2012-2019Trend 6

0.8b (0.1 to
1.5)

1975-20192.1 (−2.5 to
6.9)

1975-20190.9 (0.0 to
1.8)

1975-20190.4 (−0.5 to
1.3)

1975-20191.2b (0.6 to
1.8)

1975-2019AAPCc

aAPC: annual percentage change.
bSignificantly different from 0 at α=.05 (P<.05). There are 5 joinpoints for each model.
cAAPC: average annual percent change.
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Figure 2. Trend in the incidence of primary breast lymphoma from 1975 to 2019: (A) Overall; (B) Age ≥65 (years); (C) Age <65 (years); (D) White;
and (E) Black. *Indicates that the APC is significantly different from 0 at α=.05 level. Final selected model: 2 joinpoints. APC: annual percent change.

Survival Analysis
The median follow-up time for enrolled patients was 106
months. The Kaplan-Meier curves of OS and DSS based on
different baselines in demographic and clinical characteristics
are shown in Figures 3 and 4. In our analysis, patients older
than 65 years had a noticeably poorer prognosis than younger,
which indicated age was an important prognosis factor. The
Kaplan-Meier curves for the time period of disease diagnosis
are shown in Figure 3E and Figure 4E, the period between 2007
and 2015 was far superior to other time periods. Patients with
diffuse large B-cell lymphoma have shorter survival periods
compared with other histologic types. Lower Ann Arbor stage
(stage I) at diagnosis patients demonstrated a distinctive survival

benefit over those with higher Ann Arbor stage (stage II). The
primary site in the breast could also influence the prognosis of
PBL, as patients with a central portion or nipple neoplasm had
a poorer prognosis than patients whose primary tumor sites were
in other breast quadrants. The actual laterality of the primary
site (bilateral or unilateral) and race did not appear to be related
to the prognosis. In terms of therapeutic approaches,
breast-conserving surgery and radiotherapy had better OS and
DSS.

The univariate Cox regression analysis for each variable is
shown in Multimedia Appendix 1. The result of multivariate
analysis shown in Table 3 revealed that age, marital status, year
of diagnosis, histologic type, Ann Arbor stage, and radiation
status were independent prognosis factors. Patients who are
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older at the time of diagnosis have a higher risk of death than
those who are younger (OS: HR 3.458, 95% CI 2.766-4.323,
P<.001; DSS: HR 1.997, 95% CI 1.511-2.639, P<.001,
respectively). In terms of marital status, married women had a
significant survival advantage (OS: HR 1.549, 95% CI
1.294-1.854, P<.001; DSS: HR 1.462, 95% CI 1.140-1.874,
P=.003, respectively). The patients diagnosed between 2007
and 2015 had a significant risk reduction in mortality than those
who were diagnosed between 1983 and 1990 (OS: HR 0.536,
95% CI 0.312-0.919, P=.02; DSS: HR 0.411, 95% CI
0.199-0.849, P=.02, respectively). Histological type is one of
the fundamental features to describe PBL. Patients with
mucosa-associated lymphoid tissue, chronic lymphocytic
leukemia/small lymphocytic lymphoma (CLL/SLL), and FL
had a significant OS and DSS advantage than DLBCL (MALT
vs DLBCL: OS, HR 0.396, 95% CI 0.287-0.546, P<.001; DSS:
HR 0.197, 95% CI 0.111-0.348, P<.001; CLL/SLL vs DLBCL:
OS, HR 0.448, 95% CI 0.290-0.694, P<.001; DSS, HR 0.125,

95% CI 0.045-0.345, P<.001; FL vs DLBCL: OS, HR 0.519,
95% CI 0.392-0.686, P<.001; DSS, HR 0.396, 95% CI
0.265-0.593, P<.001). Patients with a higher Ann Arbor stage
(stage II) at diagnosis had a higher hazard of death than those
with a lower stage (stage I) at diagnosis, which yielded an HR
of 1.414 (95% CI 1.146-1.744) in OS analysis. Radiation
lowered the risk of disease-specific mortality and all-cause
mortality (OS: HR 0.709, 95% CI 0.551-0.913, P=.008; DSS:
HR 0.620, 95% CI 0.430-0.893, P=.01, respectively). However,
no significant difference both in OS and DSS level was detected
in patients who received surgery and chemotherapy compared
with those who did not (breast-conserving surgery vs no surgery:
OS, HR 1.050, 95% CI 0.808-1.364, P=.72; DSS, HR 0.948,
95% CI 0.640-1.404, P=.79; mastectomy vs no surgery: OS,
HR 1.036, 95% CI 0.647-1.658, P=.88; DSS, HR 1.196, 95%
CI 0.661-2.163, P=.55; chemotherapy vs no chemotherapy: OS,
HR 0.820, 95% CI 0.661-1.018, P=.07; DSS, HR 0.869, 95%
CI 0.652-1.159, P=.34).
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Figure 3. Kaplan-Meier estimate of overall survival by subgroup analysis: (A) age, (B) race, (C) marital status, (D) laterality, (E) year of diagnosis;
(F) primary tumor site, (G) histology; (H) Ann Arbor stage, (I) surgery status, (J) radiation status, and (K) chemotherapy status. OS: overall survival.
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Figure 4. Kaplan-Meier estimate of disease-specific survival by subgroup analysis: (A) age, (B) race, (C) marital status; (D) laterality; (E) year of
diagnosis, (F) primary tumor site; (G) histology, (H) Ann Arbor stage, (I) surgery status, (J) radiation status; and (K) chemotherapy status. DSS:
disease-specific survival.
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Table 3. Multivariate Cox proportional hazard model of disease-specific survival and overall survival in all patients.

OSbDSSaVariables

P valueHR (95% CI)P valueHRc (95% CI)

Age (years)

—Reference—dReference<65

<.0013.458 (2.766-4.323)<.001 e1.997 (1.511-2.639)≥65

Race

—Reference—ReferenceWhite

.720.932 (0.632-1.375).930.978 (0.575-1.662)Black

>.990.999 (0.751-1.329).821.044 (0.720-1.515)Otherf

Marital status

—Reference—ReferenceMarried

<.0011.549 (1.294-1.854).0031.462 (1.140-1.874)Not marriedg

Laterality

—Reference—ReferenceUnilateral

.640.863 (0.464-1.603).681.179 (0.537-2.592)Bilateral

Year of diagnosis

—Reference—Reference1983-1990

.190.810 (0.592-1.107).900.975 (0.645-1.474)1991-1998

.070.610 (0.361-1.032).160.604 (0.299-1.216)1999-2006

.020.536 (0.312-0.919).020.411 (0.199-0.849)2007-2015

Primary site

—Reference—ReferenceAxillary tail

.511.371 (0.538-3.496).421.812 (0.425-7.730)Central portion

.770.866 (0.325-2.306).681.370 (0.305-6.145)Inner quadrant

.961.027 (0.376-2.807).930.927 (0.185-4.642)Lower-inner quadrant

.620.770 (0.275-2.157).690.718 (0.143-3.596)Lower-outer quadrant

.321.848 (0.547-6.249).402.123 (0.375-12.010)Nipple

.971.018 (0.411-2.525).981.022 (0.244-4.272)Overlapping lesion

.571.301 (0.529-3.199).641.398 (0.339-5.764)Upper-outer quadrant

.990.995 (0.405-2.441).781.222 (0.298-5.012)NAh

Histologic type

—Reference—ReferenceDLBCLi

<.0010.396 (0.287-0.546)<.0010.197 (0.111-0.348)MALTj

<.0010.448 (0.290-0.694)<.0010.125 (0.045-0.345)CLL/SLLk

<.0010.519 (0.392-0.686)<.0010.396 (0.265-0.593)FLl

.050.409 (0.165-1.013).0450.234 (0.057-0.967)ALCLm

.131.357 (0.919-2.005).641.133 (0.673-1.908)Othern

.0050.659 (0.492-0.882).0040.556 (0.373-0.830)NA

Ann Arbor stage

—Reference—ReferenceI

.0011.414 (1.146-1.744)<.0011.847 (1.412-2.416)II
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OSbDSSaVariables

P valueHR (95% CI)P valueHRc (95% CI)

Surgery approach

—Reference—ReferenceNo surgery

.721.050 (0.808-1.364).790.948 (0.640-1.404)BCSo

.881.036 (0.647-1.658).551.196 (0.661-2.163)Mastectomy

.231.319 (0.839-2.075).291.386 (0.760-2.528)NA

Radiation status

—Reference—ReferenceNo

.0080.709 (0.551-0.913).010.620 (0.430-0.893)Yes

Chemotherapy status

—Reference—ReferenceNo

.070.820 (0.661-1.018).340.869 (0.652-1.159)Yes

aDSS: disease-specific survival.
bOS: overall survival.
cHR: hazard ratio.
dNot applicable.
eItalics indicate statistical significance.
fOther includes American Indian/Alaskan native, Asian/Pacific Islander, and unknown.
gNot married includes divorced, separated, single (never married), unmarried or domestic partner, and widowed.
hNA: not available.
iDLBCL: diffuse large B-cell lymphoma.
jMALT: mucosa-associated lymphoid tissue.
kCLL/SLL: chronic lymphocytic leukemia/small lymphocytic lymphoma.
lFL: follicular lymphoma.
mALCL: anaplastic large cell lymphoma.
nOther includes anaplastic large cell lymphoma; angioimmunoblastic T-cell lymphoma; Burkitt lymphoma; extranodal NK-/T-cell lymphoma, nasal
type; Mantle cell lymphoma; Peripheral T-cell lymphoma; Precursor B-lymphoblastic lymphoma; Subcutaneous panniculitis-like T-cell lymphoma; T
lymphoblastic leukemia/lymphoma.
oBCS: breast-conserving surgery.

Machine Learning–Based 5-Year Survival Prediction
in Patients With Primary Breast Lymphoma
We used a 1251-patient data set for training 8 machine learning
models to predict the 5-year survival after PBL diagnosis. The
performance of these 8 algorithms is presented in detail in Table
4. The resulting confusion matrix is shown in Multimedia
Appendix 2. For the test data set, the sensitivities were K-nearest
neighbor model (0.624), Catboost model (0.736), decision tree
model (0.736), random forest model (0.720), gradient booster
model (0.752), LightGBM model (0.712), support vector
machine model (0.696), and XGBoost model (0.728). The AUCs
were K-nearest neighbor model (0.735), Catboost model (0.829),
decision tree model (0.667), random forest model (0.817),

gradient booster model (0.817), LightGBM model (0.814),
support vector machine model (0.761), and XGBoost model
(0.811). The receiver operating characteristic curves of the 8
models are shown in Figure 5. Due to the design of our study,
we focused primarily on testing the sensitivity of patients at
high risk of experiencing death in the fifth year. The gradient
booster model demonstrated the highest accuracy, precision,
sensitivity, and F1 score of all these 8 models; the model also
shows a high AUC. Accordingly, the gradient booster algorithm
proved to be the most appropriate model for this study.
Multimedia Appendix 3 indicates the importance scores for
each variable used in the gradient booster, which suggested that
year of diagnosis, age, histologic type, and primary site were
the 4 most relevant variables to explain 5-year survival status.
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Table 4. Model performance for the 5-year survival.

AUCaF1 scoreSensitivityPrecisionAccuracyAlgorithms

0.7350.6610.6240.7030.721K-nearest neighbor

0.8290.7510.7360.7670.757Catboost

0.6670.6890.7360.6480.669Decision tree

0.8170.7200.7200.7200.721Random forest

0.8170.7610.7520.7700.765Gradient booster

0.8140.7360.7120.7610.745LightGBM

0.7610.6880.6960.6800.685Support vector machine

0.8110.7400.7280.7520.745XGBoost

aAUC: area under the curve.
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Figure 5. Receiver operating characteristic curves for all models. ROCs for all models: (A) K-nearest neighbor; (B) Catboost; (C) decision tree; (D)
random Forest; (E) gradient booster; (F) LightGBM; (G) support vector machine; (H) XGBoost. ROC: receiver operating characteristic curve.

Discussion

Principal Findings
To understand the changes in the incidence trend and survival
of patients with primary breast lymphoma over the last 40 years,
we conducted a large population-based epidemiological study
with data from the SEER database. The results of our study
showed the overall incidence of PBL appeared to start a

downward trend around 2004. Our study is the first one to report
this encouraging phenomenon. We also developed and validated
novel models based on machine learning algorithms for
predicting 5-year survival. In particular, the gradient booster
model achieved the most promising results in terms of AUC,
accuracy, precision, sensitivity, and F1 score.

PBL is a comparatively rare form of extranodal lymphoma, and
global reports about the incidence of PBL remain limited.
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According to the literature from 1975 to 2000, the overall
incidence of PBL had increased dramatically but has lately
stabilized [13]. Our results indicate a similar trend. By extracting
data from 1975 to 2019 from the SEER database, we identified
an overall increase in the incidence of PBL during 1975-2004,
with a peak incidence rate in 2004. In comparison, a previous
article that estimated the non-Hodgkin lymphoma (NHL)
incidence for 185 countries in 2018 using the IARC’s
GLOBOCAN database also showed an increasing trend in the
incidence of PBL until the 1990s and the stabilization or
decrease thereafter [22]. Genetic determinants, lifestyle, and
environmental factors have been considered as causes for NHL
[23]. Infections with hepatitis C virus, Epstein-Barr virus,
Helicobacter pylori, and HIV increase the risk of NHL, and the
reduced incidence of lymphoma can be partly explained by the
decrease in the incidence of virus infections and advances in
antiretroviral therapy [24-26]. In our study, we focused on the
possible impact of age and race on the incidence of disease. Our
data show that the AAPC in an older population was 3 times
higher than in a younger population. Consistent with our results,
a report from Cancer Research UK indicated that a high
proportion of NHL diagnoses occurred in older people, with
the highest incidence in people aged 80 to 84 years [27]. Our
data revealed that the incidence of PBL increased slowly with
increasing age. In addition, race was also significantly associated
with the incidence rate, as the AAPC of Black people was much
higher than that of White people. The apparent differences in
the incidence of PBL by race may be related to the levels of
access to health care, availability of diagnostic services, endemic
infections, and environmental factors [28]. In summary, this
preliminary finding suggests that future biological and
epidemiological analyses on PBL should be stratified by age
and ethnic background.

Building up a reliable way to predict the prognosis of patients
with primary breast lymphoma plays a crucial role in the early
determination of the treatment of patients with primary breast
lymphoma. Currently, we determine the prognosis for patients
with primary breast lymphoma mainly based on
clinicopathological characteristics; however, the limited data
cannot provide adequate information for clinicians to deal with
this extremely complex disease. Although a study developed a
nomogram to predict the survival of PBL, Ann Arbor stage III
and IV patients were all involved in their study, which may
affect the effectiveness of the model [1,2,15]. Additionally,
treatment approaches that have a critical impact on the prognosis
of the disease including surgery, chemotherapy, and radiotherapy
were not incorporated into the model due to the lack of statistical
significance [15]. These omissions make any conclusions highly
controversial. Machine learning is being widely used in the
medical field for disease diagnosis, prognosis, therapeutic
modality selection, and so on [29-31]. A machine learning model
can automatically adjust the weight of the factors to make the
best use of the data. Our study used the 5-year survival of
patients with primary breast lymphoma as the predictive end
point, an important point for early determination of prognosis.
The results showed that the performance of the gradient booster
model was superior to that of all the other models and is
regarded as a promising model. Machine learning techniques
have also been used to predict the 5- and 10-year recurrence of

invasive breast cancer. Massafra et al [32] enrolled 529 patients
with breast cancer from Italy, reaching good AUC values of
0.771 and 0.763 for the recurrence prediction at 5 and 10 years.
There are 28 features associated with primary breast cancer
clinicopathological characteristics and treatment programs that
were used to train models, which are more detailed than our
cohort. Twenty-eight features were used because breast cancer
can provide more clinicopathological characteristics and have
more treatment methods than PBL. However, our established
gradient booster model shows a higher AUC value, which
reflects that it is still possible to train promising prediction
models, even with limited predictors.

The important features established with the gradient booster
model were the year of diagnosis, age, histologic type, and
primary site as the 4 most relevant variables to explain the 5-year
survival status. The year of diagnosis was considered as the
most meaningful predictive prognostic factor, which suggested
that current treatments, probably in combination with newer
systemic treatments (likely rituximab), have improved the
control of this disease [13]. Rituximab was approved by the US
Food and Drug Administration for marketing in the United
States on November 26, 1997, and was a milestone for the
treatment of PBL. This may be an important factor in why our
results demonstrate a significant improvement in the prognosis
of patients with primary breast lymphoma after 1999. Age and
histologic type were confirmed as important prognosis factors
in the machine learning model, like other investigations
[3,15,33,34]. Undoubtedly, elderly PBL patients become
complicated by more comorbidities and poor drug tolerance or
physical condition, which may have a direct negative impact
on survival time [35,36]. In accordance with the past research,
different histologic types demonstrated dramatic survival
differences, which can be partly due to some cell phenotypes
with a high proliferation feature and association with a poor
treatment response [33,34,37]. Interestingly, the primary site
of PBL is thought to be an important predictive prognostic
feature in the gradient booster model, which was never reported
or analyzed by other series. There are significant differences in
the primary site of PBL, a cohort found PBL predisposes to
locate in the upper outer quadrant, which is also confirmed in
our study [18]. Our Kaplan-Meier survival curves across
different primary sites suggested that the central portion and
nipple site have worse outcomes. This may be explained by the
anatomy of breast lymphatic drainage. The subareolar plexus
collects lymphatics originating from breast parenchyma, and
then they drain to the lymph nodes of the axilla. Additionally,
the deep lymphatic channels connect to the superficial cutaneous
lymphatic plexus, especially in the subareolar plexus around
the nipple [38,39]. The primary site of central portion or nipple
may be prone to be present with lymphatic vessel invasion,
causing a poor prognosis; however, this needs further study in
future trials or experimental research.

Our study provides information on the incidence and prognostic
factors over the last 40 years involving a sufficient sample size.
In addition, the first prognostic model for patients with primary
breast lymphoma based on a machine learning algorithm was
performed for clinical use. We are confident that we have built
a predictive model with a good performance, and it can provide
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physicians with an easy-to-access predictive tool and facilitate
a more personalized follow-up strategy, management strategies,
and patient care for patients with primary breast lymphoma.
The model may help to identify patients who are at a higher
risk of a poor outcome and will require more aggressive
treatment. However, there are some limitations to our study.
Due to limited information from the SEER database, we did not
include variables such as biomarkers, chemotherapy regimen,
radiotherapy dosing, and targeted drugs in our model. Therefore,
when interpreting the results, caution should be used. Further,
the database may not capture all relevant patient outcomes
including the frequency of central nervous system recurrence,
which might potentially affect the interpretation of our results.

In addition, the models generated in this study have not been
verified in an external validation cohort. In order to achieve this
objective, we are collecting related case information to establish
a database.

Conclusions
The incidence of PBL started demonstrating a tendency to
decrease after 2004, which varied by age and race. In recent
years, the prognosis of PBL has been remarkably improved.
The gradient booster model had a promising performance. This
model can help clinicians identify the prognosis of patients with
primary breast lymphoma early and therefore improve clinical
outcomes by changing management strategies and patient health
care.
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Abstract

Background: The causal relationship between blood pressure variability (BPV) and arterial stiffness remains debated.

Objective: This study aimed to explore the temporal and bidirectional associations between long-term BPV and arterial stiffness
using a cohort design with multiple surveys.

Methods: Participants from the Beijing Health Management Cohort who underwent health examinations from visit 1 (2010-2011)
to visit 5 (2018-2019) were enrolled in this study. Long-term BPV was defined as intraindividual variation using the coefficient
of variation (CV) and SD. Arterial stiffness was measured by brachial-ankle pulse wave velocity (baPWV). The bidirectional
relationship between BPV and arterial stiffness was explored using cross-lagged analysis and linear regression models, with
records before and after visit 3 categorized as phase 1 and phase 2, respectively.

Results: Of the 1506 participants, who were a mean of 56.11 (SD 8.57) years old, 1148 (76.2%) were male. The cross-lagged
analysis indicated that the standardized coefficients of BPV at phase 1 directing to the baPWV level at phase 2 were statistically
significant but not vice-versa. The adjusted regression coefficients of the CV were 4.708 (95% CI 0.946-8.470) for systolic blood
pressure, 3.119 (95% 0.166-6.073) for diastolic pressure, and 2.205 (95% CI 0.300-4.110) for pulse pressure. The coefficients
of the SD were 4.208 (95% CI 0.177-8.239) for diastolic pressure and 4.247 (95% CI 0.448-8.046) for pulse pressure. The
associations were predominant in the subgroup with hypertension, but we did not observe any significant association of baPWV
level with subsequent BPV indices.

Conclusions: The findings supported a temporal relationship between long-term BPV and arterial stiffness level, especially
among people with hypertension.

(JMIR Public Health Surveill 2023;9:e45324)   doi:10.2196/45324

KEYWORDS

blood pressure variability; brachial-ankle pulse wave velocity; arterial stiffness; cross-lagged panel analysis

Introduction

Hypertension is one of the most significant risk factors for heart
failure, atrial fibrillation, stroke, chronic kidney disease, and
overall cardiovascular disease (CVD), with a largely increasing

health burden [1,2]. According to the Chinese Hypertension
Survey, between 2012 and 2015, the prevalence of hypertension
was 23.2% (approximately 244.5 million) among adults and
over 55% in people aged 65 and older [3], imposing a significant
life loss [4,5]. Arterial stiffness is an important pathological

JMIR Public Health Surveill 2023 | vol. 9 | e45324 | p.1817https://publichealth.jmir.org/2023/1/e45324
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:statguo@ccmu.edu.cn
http://dx.doi.org/10.2196/45324
http://www.w3.org/Style/XSL
http://www.renderx.com/


mechanism of high blood pressure that leads to various adverse
outcomes [4,6]. Arterial stiffness, as an independent predictor
of CVD, could cause microvascular damage to organs rich in
low-resistance vascular tissue (kidney, brain, etc), affecting the
myocardium and vascular function through afterload [7,8]. Both
arterial stiffness and blood pressure are aggravated with aging
and can lead to cardiovascular events. In addition, dietary and
lifestyle factors are also important causes of arterial stiffness
progression, and studies have shown that a plant-based diet can
significantly reduce arterial stiffness and blood pressure levels
[9-14]. Therefore, the precise identification of arterial stiffness
risk markers for primary prevention and personalized treatment
based on modifiable factors is essential to prevent the
progression of arterial stiffness and reduce the risk of CVD.

Previous studies have shown that elevated blood pressure
precedes arterial stiffness [15]. In addition to blood pressure,
blood pressure variability (BPV), such as visit-to-visit BPV,
day-to-day home BPV, and 24-hour ambulatory BPV, is related
to CVD [16-19]. Numerous studies have shown that all types
of BPV are positively associated with adverse cardiovascular
events (coronary heart disease, stroke, CVD, mortality, etc) in
people with hypertension [20-22], indicating the potential
predictive capacity of BPV for an unfavorable arterial stiffness
level. On the other hand, several studies have shown that
age-dependent arterial stiffness could also cause exaggerated
BPV [23,24]. An assessment of the temporal association
between BPV and arterial stiffness can facilitate the early
identification of cardiovascular risk and subsequent intervention
[25]. However, the cross-sectional design of most existing
studies cannot indicate the temporal relationship between BPV
and arterial stiffness [24,26,27]; thus, the causal association
between BPV and arterial stiffness needs further research [28].

In this study, we aimed to comprehensively investigate the
temporal and bidirectional relationship between long-term BPV
and arterial stiffness using a cross-lagged panel design and
further explore the interaction effect of hypertension status in
a large cohort.

Methods

Study Design and Population
This study included participants from the Beijing Health
Management Cohort, which is a large-scale longitudinal cohort
study investigating the risk factors and biomarkers of
cardiometabolic disorders. Our study is a secondary analysis of
the Beijing Health Management Cohort under a longitudinal
cohort design with multiple consecutive surveys. In total, 2381
individuals aged 18 years or above underwent multiple
comprehensive biennial health examinations at visit 1
(2010-2011), visit 2 (2012-2013), visit 3 (2014-2015), visit 4
(2016-2017), and visit 5 (2018-2019), and arterial stiffness data
were collected. We excluded 760 individuals with missing blood
pressure data at any health visit. To minimize the possible effect
of reverse causality, 115 participants with CVD (coronary heart
disease, myocardial infarction, and stroke) at visit 3 (as the
baseline) were further excluded. Finally, this study was restricted
to a subset of 1506 participants with complete data. The period
from visit 1 to visit 3 was defined as phase 1, and the period

from visit 3 to visit 5 was defined as phase 2, as illustrated in
Figure S1 of Multimedia Appendix 1.

Ethics Approval
This study was approved by the Ethics Committee of Capital
Medical University (2020SY031). The study data were
anonymous. All participants provided written informed consent
before taking part in this study.

Measurement and Data Collection
The participants’ sociodemographic characteristics and lifestyle
and health-related information were collected via a standard
questionnaire by our trained staff, including age, sex, education,
smoking status, drinking status, regular physical activity,
diagnosis history of diseases, and medication information.
Educational level was categorized as no or some primary school,
middle school or high school, and bachelor’s degree or above.
Smoking was defined as “current,” “former,” and “never.”
Drinking status was defined as “currently drinking” and “not
currently drinking.” Regular physical activity was defined as
having moderate or intense activity at work or during leisure
time more than 4 times and 80 minutes per week. Vigorous
activities make breathing much harder than normal and include
heavy lifting, digging, plowing, aerobics, fast bicycling, and
cycling with a heavy load. Moderate activities make breathing
somewhat harder than normal and include carrying light loads,
bicycling at a regular pace, mopping the floor, doing Taiji, and
walking briskly. Mild activity refers to waking at work, at home,
walking to travel from place to place, and any other walking
that one might do solely for recreation, sport, exercise, or leisure
[29].

The physical and biochemical examination data were acquired
from the electronic medical record system. BMI was calculated
as weight (in kg)/height (in meters squared). Systolic blood
pressure (SBP) and diastolic blood pressure (DBP) were
presented as the average of 2 measurements on the right arm
using a sphygmomanometer after resting for at least 10 minutes.
The pulse pressure (PP) was calculated as SBP minus DBP.
Hypertension status was defined as SBP ≥140 mmHg or DBP
≥90 mmHg or use of any antihypertensive medication or
self-reported history of hypertension according to the Seventh
Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure
(JNC-7) criteria [30]. Data on serum total cholesterol (TC),
triglyceride, high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), fasting blood
glucose (FBG), glycated hemoglobin (HbA1c), and plasma
high-sensitivity C-reactive protein (hs-CRP) were also collected
in this study. Diabetes was defined as FBG ≥7.0 mmol/l, HbA1c
≥6.5%, or the use of any glucose-lowering medication or
self-reported history of diabetes according to the American
Diabetes Association [31]. Moreover, according to the
Guidelines on Prevention and Treatment of Dyslipidemia for
Chinese Adults [32], dyslipidemia was defined as triglyceride
≥2.3 mmol/l, TC ≥6.2 mmol/l, LDL-C ≥4.1 mmol/l, HDL-C
<1.0 mmol/l, any lipid-lowering medication or self-reported
history of dyslipidemia.
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Assessment of BPV and Arterial Stiffness
BPV was assessed at phase 1 (visit 1 to visit 3) and phase 2
(visit 3 to visit 5). Long-term BPV was defined as the
intraindividual variation in SBP, DBP, and PP at 3 visits and
measured by the coefficient of variation (CV) and SD. The mean
value of 3 blood pressure indices at each phase was also
calculated.

The arterial stiffness level was measured by brachial-ankle pulse
wave velocity (baPWV), which is a simple, noninvasive,
automatic method widely used in population-based studies. The
baPWV was measured with an Omron Colin BP-203RPE III
device (Omron Health Care). The time interval between the
wave front of the brachial waveform and the ankle waveform
is expressed as the time interval between the brachium and ankle
(ΔTba). La indicates the path length from the suprasternal notch
to the ankle, and Lb refers to the path length from the
suprasternal notch to the brachium based on the height of the
subjects. The final baPWV was calculated as (La-Lb)/ΔTba,
which has been previously described [33]. The arterial stiffness
level was defined as the mean of baPWV measurements at
phases 1 and 2.

Statistical Analyses
Baseline characteristics were presented as the mean (SD),
median (IQR P25-P75), or number (percentage), as appropriate.
We used the cross-lagged panel model to analyze the temporal
relationship between BPV and baPWV levels. The lagged effect
between the observed variables, the correlation between the
variables at each phase, and the residual variance of the observed
variables were estimated in the cross-lagged panel analysis,
which elucidates the temporal relationship between correlated
variables and indicates the precursor variable [34,35].

Then, a multivariable linear regression model was used to
estimate the bidirectional associations between BPV and baPWV
levels. We calculated the regression coefficients of BPV indices
at phase 1, with baPWV at phase 2 as the independent variable,
and the coefficients of baPWV level at phase 1, with BPV
indices at phase 2 as the independent variable. To adjust for

potential confounding factors, three models were established:
(1) model 1 was adjusted for the individual-level mean blood
pressure; (2) model 2 was adjusted for mean blood pressure,
age, and sex; and (3) model 3 was further adjusted for BMI,
education level, smoking, drinking, physical activity,
hypertension, dyslipidemia, diabetes, triglyceride, TC, FBG,
HbA1c, and hs-CRP. In total, there were 17 variables in the
regression model. Thus, a group of 1506 participants in this
study could satisfy the sample size requirement given the
principle of 10 samples per variable in the regression model
[36]. Furthermore, the blood pressure at visit 3 was adjusted in
the models in place of the mean blood pressure value in the
sensitivity analysis. The difference was considered statistically
significant at 2-sided P<.05, and a 95% CI was provided.

In addition, we analyzed the association of BPV with arterial
stiffness levels in the subgroups with and without hypertension.
The use of antihypertensive medication was additionally
adjusted for in the subgroup with hypertension, considering that
antihypertensive agents are an important determinant of BPV
and are related to arterial stiffness levels. The difference was
considered statistically significant at 2-sided P<.1, and a 90%
CI was provided in the subgroup analysis [37].

All the analyses were conducted using R software (version 4.1.0;
R Foundation for Statistical Computing), using the packages
lavaan for cross-lagged panel analysis and ggplot2 for
visualization.

Results

Characteristics
Among the 1506 participants, the mean age was 56.11 (SD 8.57)
years, and 661 (43.9%) were diagnosed with hypertension at
visit 3. The median value of the cumulative average level of
baPWV was 1395.50 (IQR 1298.12-1544.34) cm/s at phase 1
and 1438.25 (IQR 1344.00-1588.67) cm/s at phase 2. Detailed
characteristics of the study population and the variability indices
of blood pressure are summarized in Tables 1 and 2,
respectively.
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Table 1. Characteristics of the study population (N=1506) at baseline (visit 3).

VariablesCharacteristics

56.11 (8.57)Age (years), mean (SD)

Sex, n (%)

1148 (76.2)Male

358 (23.8)Female

25.67 (2.90)BMIa (kg/m2), mean (SD)

Education level, n (%)

122 (8.1)Primary

794 (52.7)Secondary

590 (39.2)Postsecondary

751 (49.9)Physical activity, n (%)

Smoking, n (%)

851 (56.5)None

218 (14.5)Former

437 (29.0)Current

931 (61.8)Current drinking, n (%)

661 (43.9)Hypertension, n (%)

507 (33.7)Antihypertensive medication, n (%)

250 (16.6)Diabetes, n (%)

667 (44.3)Dyslipidemia, n (%)

122.09 (14.59)SBPb (mmHg), mean (SD)

71.05 (9.68)DBPc (mmHg), mean (SD)

5.58 (1.04)Fasting plasma glucosed (mmol/L), mean (SD)

5.71 (0.63)Glycated hemoglobin, mean (SD)

1.63 (0.99)Triglycerided (mmol/L), mean (SD)

4.80 (0.86)TCd (mmol/L), mean (SD)

0.69 (0.28-1.27)hs-CRPe (mg/L), median (IQR)

aCalculated as weight in kilograms divided by height in meters squared.
bSBP: systolic blood pressure.
cDBP: diastolic blood pressure.
dTC: total cholesterol. To convert fasting plasma glucose to mg/dl, multiply by 18; to convert triglyceride to mg/dl, multiply by 88.6; to convert TC to
mg/dl, multiply by 38.66.
ehs-CRP: high-sensitivity C-reactive protein.
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Table 2. BPVa and arterial stiffness parameters.

Phase 2Phase 1BPV measurements

5.81 (3.51-8.85)5.57 (2.99-8.74)CVb of SBPc, median (IQR)

6.60 (3.98-10.18)7.06 (3.67-10.95)CV of DBPd, median (IQR)

10.70(6.29-15.71)10.88(6.02-16.62)CV of PPe, median (IQR)

7.07 (4.24-10.61)7.00 (3.54-10.99)SD of SBP, median (IQR)

4.62 (2.83-7.09)4.95 (2.83-7.98)SD of DBP, median (IQR)

5.29(3.06-7.78)5.29(2.83-8.14)SD of PP, median (IQR)

1438.25 (1344.00-1588.67)1395.50 (1298.12-1544.34)baPWVf level, median (IQR), cm/s

aBPV: blood pressure variability.
bCV: coefficient of variation.
cSBP: systolic blood pressure.
dDBP: diastolic blood pressure.
ePP: pulse pressure.
fbaPWV: brachial-ankle pulse wave velocity.

Temporal Relationship Between BPV and baPWV
Assessments of BPV indices and baPWV at phase 1 and phase
2 constituted a typical cross-lagged panel design. Figure 1
presents the association of BPV indices at phase 1 with baPWV
level at phase 2 and the association of baPWV at phase 1 with
the BPV indices at phase 2. The standardized coefficients of

the CV of SBP, DBP, and PP were 0.557, 0.349, and 0.320,
respectively, and the SDs of SBP, DBP, and PP were 0.186,
0.169, and 0.918, respectively, to the follow-up baPWV level
(all P<.01), while the standardized coefficients of baPWV level
at phase 1 to the subsequent BPV indices were all weak and
insignificant.
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Figure 1. Bidirectional analysis of blood pressure variability (BPV) indices and brachial-ankle pulse wave velocity (baPWV) level by cross-lagged
panel analysis. β1: baPWV at phase 1→baPWV at phase 2; β2: BPV at phase 1→baPWV at phase 2; β3: baPWV at phase 1→BPV at phase 2; β4: BPV
at phase 1→BPV at phase 2; r1: correlation coefficient between BPV and baPWV at phase 1; r2: correlation coefficient between BPV and baPWV at
phase 2. A: BPV was measured by coefficient of variation (CV) of systolic blood pressure (SBP); B: BPV was measured by SD of SBP; C: BPV was
measured by CV of diastolic blood pressure (DBP); D: BPV was measured by SD of DBP; E: BPV was measured by CV of pulse pressure (PP); F:
BPV was measured by SD of PP. a means P<.05; b means P<.01; c means P<.001.

Bidirectional Relationship Between BPV and baPWV
In the fully adjusted model (model 3), a 1-unit increase in the
CV of SBP, DBP, and PP at phase 1 was associated with a 4.708
(95% CI 0.946-8.470), 3.119 (95% CI 0.166-6.073), and 2.205
(95% CI 0.300-4.110) increase, respectively, in the baPWV
level at phase 2. Similarly, a 1-unit increase in the SD of DBP
and PP at phase 1 was associated with a 4.208 (95% CI

0.177-8.239) and 4.247 (95% CI 0.448-8.046) increase in the
baPWV level at phase 2 (Table 3). The positive linear regression
lines of the BPV indices at phase 1 and the baPWV level at
phase 2 are presented in Figure S2 of Multimedia Appendix 1.
In contrast, we did not observe any significant association
between the baPWV level at phase 1 and the subsequent BPV
indices (Table S1 of Multimedia Appendix 1).
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Table 3. Association between BPVa at phase 1 and the cumulative average level of baPWVb at phase 2c.

Model 3fModel 2eModel 1dBPV measure-
ments

P value95% CICoefficientP value95% CICoefficientP value95% CICoefficient

SBPg at phase 1

.020.946 to 8.4704.708.010.559 to 4.0802.320<.0012.617 to 6.8804.748CVh

.20−0.870 to 4.2021.666.010.385 to 3.2151.800<.0012.001 to 5.4283.714SD

DBPi at phase 1

.040.166 to 6.0733.119.74−1.721 to 1.230−0.246<.0012.662 to 6.4804.571CV

.040.177 to 8.2394.208.90−2.138 to 1.872−0.133<.0013.499 to 8.6996.099SD

PPj at phase 1

.020.300 to 4.1102.205.0090.335 to 2.2831.309<.0010.983 to 3.1932.088CV

.030.448 to 8.0464.247.0050.852 to 4.7032.777<.0012.234 to 6.5994.416SD

aBPV: blood pressure variability.
bbaPWV: brachial-ankle pulse wave velocity.
cPhase 1 refers to the period from visit 1 to visit 3, and phase 2 refers to the period from visit 3 to visit 5.
dAdjusted for the mean blood pressure level during phase 1.
eAdjusted for the mean blood pressure level during phase 1, age, and sex.
fAdjusted for BMI, education level, smoking, drinking, physical activity, hypertension or not, dyslipidemia or not, diabetes or not, triglyceride, total
cholesterol (TC), fasting glucose, glycated hemoglobin (HbA1c), and high-sensitivity C-reactive protein (hs-CRP), in addition to the covariates in model
2.
gSBP: systolic blood pressure.
hCV: coefficient of variation.
iDBP: diastolic blood pressure.
jPP: pulse pressure.

Sensitivity Analysis
The results remained almost consistent when the blood pressure
level at visit 3 was alternatively adjusted in the model, apart
from PP (Table S2 of Multimedia Appendix 1). Spearman
correlation coefficients among CV, SD, mean, maximum, and
minimum SBP, DBP, and PP at the 2 phases are shown in Table
S3 in Multimedia Appendix 1. There were strong correlations
between the CV and SD of blood pressure indices and weak
correlations of BPV indices with the mean, maximum, and
minimum blood pressure, which indicated that BPV indices
could reflect a novel feature beyond blood pressure itself.

Subgroup Analysis
We found that the relationship between BPV indices at phase
1 and baPWV level at phase 2 was affected by hypertension

status (Figure 2). The CV and SD of SBP and PP were suggested
to be associated with the subsequent baPWV level in participants
with hypertension. A 1-unit increase in the CV of SBP and PP
at phase 1 was associated with a 4.861 (90% CI 0.642-9.081)
and 2.733 (90% CI 0.335-5.131) increase in baPWV level at
phase 2, respectively, and a 1-unit increase in the SD of SBP
and PP was associated with a 3.283 (90% CI 0.083-6.484) and
4.740 (90% CI 0.299-9.182) increase in baPWV, respectively.
Table 4 summarizes the impact of the mean blood pressure,
BPV indices, and antihypertensive medication (only in
participants with hypertension) on the follow-up baPWV level.
The direct blood pressure level was positively associated with
the baPWV level in participants with both hypertension and
normal blood pressure, and the use of antihypertensive
medication was significantly associated with a lowered baPWV
level in the subgroup with hypertension.
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Figure 2. Associations of blood pressure variability (BPV) indices and the subsequent artery stiffness level in participants with both hypertension and
normal blood pressure.The coefficient was adjusted for the mean blood pressure, age, sex, BMI, education level, smoking, drinking, physical activity,
hypertension or not, dyslipidemia or not, diabetes or not, triglyceride, total cholesterol, fasting glucose, glycated hemoglobin (HbA1c), hs-CRP
(high-sensitivity C-reactive protein), and antihypertensive medication use (in participants with hypertension). DBP: diastolic blood pressure; PP: pulse
pressure; SBP: systolic blood pressure.

JMIR Public Health Surveill 2023 | vol. 9 | e45324 | p.1824https://publichealth.jmir.org/2023/1/e45324
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 4. Association of BPVa, mean blood pressure, and use of antihypertensive medication with the subsequent baPWVb levels among participants

with both hypertension and normal blood pressurec.

Normal blood pressureHypertensionMeasurements

P value90% CICoefficientdP value90% CICoefficientd

.95−3.471 to 3.237−0.117.060.642 to 9.0814.861CVe of SBPf

<.0013.227 to 5.8824.554<.0012.651 to 5.8954.273Mean of SBP

N/AN/AN/Ag.06−102.105 to −6.944−54.524Antihypertensive medication

.90−3.083 to 2.645−0.219.090.083 to 6.4843.283SD of SBP

<.0013.227 to 5.9114.569<.0012.373 to 5.6854.029Mean of SBP

N/AN/AN/A.06−102.292 to −6.942−54.617Antihypertensive medication

.11−5.224 to 0.013−2.609.32−1.293 to 5.2932.000CV of DBP

<.0014.104 to 8.3136.208.0032.078 to 7.2274.653Mean of DBP

N/AN/AN/A.04−111.44 to −13.525−62.483Antihypertensive medication

.11−7.452 to 0.056−3.698.32−1.698 to 6.8252.564SD of DBPh

<.0014.335 to 8.6496.492.0071.762 to 7.0594.411Mean of DBP

N/AN/AN/A.04−111.086 to −13.25−62.168Antihypertensive medication

.73−2.028 to 1.321−0.353.060.335 to 5.1312.733CV of PPi

<.0012.45 to 6.564.505.0021.964 to 6.2684.116Mean of PP

N/AN/AN/A.06−105.21 to −7.921−56.565Antihypertensive medication

.60−4.774 to 2.449−1.162.080.299 to 9.1824.740SD of PP

<.0012.569 to 6.6384.603.0091.319 to 5.6653.492Mean of PP

N/AN/AN/A.049−106.175 to −8.865−57.520Antihypertensive medication

aBPV: blood pressure variability.
bbaPWV: brachial-ankle pulse wave velocity.
cThe associations between BPV indices and baPWV measurement were examined in separate regression models.
dModel was adjusted for the mean blood pressure, age, sex, BMI, education level, smoking, drinking, physical activity, hypertension or not, dyslipidemia
or not, diabetes or not, triglyceride, total cholesterol (TC), fasting glucose, HbA1c, hs-CRP, and antihypertensive medication use (in participants with
hypertension).
eCV: coefficient of variation.
fSBP: systolic blood pressure.
gN/A: not applicable.
hDBP: diastolic blood pressure.
iPP: pulse pressure.

Discussion

Principal Findings
This study explored the temporal and bidirectional associations
between long-term visit-to-visit BPV and arterial stiffness levels
based on a Chinese general population. In the cross-lagged
analyses, the BPV indices were shown to have a temporal
relationship with subsequent arterial stiffness, indicating that
BPV is an independent predictor of unfavorable arterial stiffness
levels and precedes arteriosclerosis progression, especially in
people with hypertension. The classification of the temporal
relationship in this study provides a scientific basis for
identifying individuals at a high risk of arterial stiffness, further
offering opportunities to advance primary prevention and
personalized interventions for arterial stiffness.

Blood pressure usually stabilizes within a certain range under
the complex interaction of environmental factors and normal
cardiovascular regulation function. Due to baroreflex
dysfunction associated with arteriole remodeling, BPV, and
arterial stiffness levels increase with age, but the mutual
associations between BPV and arterial stiffness remain unclear
[38]. Previous studies have shown that BPV, such as
visit-to-visit BPV, day-by-day home BPV, or 24-hour
ambulatory BPV, is an independent risk factor for CVD [24,39].
In a post hoc patient-level analysis of 7 clinical trials, Donald
et al [40] assessed the association between visit-to-visit BPV
and percent atheroma volume and found that in patients with
medically treated coronary artery disease, higher BPV,
especially systolic BPV, is significantly associated with
atherosclerotic progression and adverse cardiovascular outcomes
such as death, myocardial infarction, stroke, emergency
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revascularization for acute coronary syndrome, or hospitalization
for unstable angina. In terms of short-term BPV, Sander et al
[41] found that diurnal systolic BPV is a significant predictor
of atherosclerosis progression in people with hypertension via
long-term continuous monitoring of circadian BPV and
measurement of atherosclerosis progression using common
carotid artery intima-media thickness. In the progression of
CVD, arterial stiffness is an important pathological basis and
early lesion signal for adverse events [6]. Our study supplements
the evidence about the temporal and bidirectional relationships
between the visit-to-visit BPV and arterial stiffness level using
a cross-lagged cohort design and indicates that BPV could
precede arterial stiffness and arteriosclerosis, especially in
people with hypertension.

The pathological mechanism between BPV and arterial stiffness
or CVD has not been completely determined [17,28]. According
to the previous literature, endothelial dysfunction caused by
vascular remodeling plays an important role in BPV-induced
arterial stiffness, subsequently leading to the development of
CVD [28,42-44]. Keith et al [45] found that BPV is positively
correlated with endothelial dysfunction, as reflected in a
significant association between higher BPV with lower
endothelium-dependent flow-mediated vasodilation (FMD) and
lower FMD/non–endothelium-dependent nitroglycerin-mediated
vasodilation (NMD) ratio, which suggests that
endothelium-specific vasodilation is impaired in individuals
with higher BPV. Moreover, a significant association between
endothelial dysfunction and arterial stiffness has been observed
in clinical studies. For example, Carmel et al [44] demonstrated
that brachial artery FMD is negatively correlated with aortic
pulse wave velocity (PWV) in healthy individuals, which implies
that endothelial dysfunction mediates the effect of BPV on
arterial stiffness.

Furthermore, the hemodynamic environment changes caused
by BPV may be an important reason for vascular endothelial
dysfunction, which is closely related to the progression of
arterial stiffness and atherosclerotic diseases [42,46]. The shear
stress (SS) generated by blood flow and vascular endothelium
triggers the release of various vasoactive mediators from
endothelial cells, among which nitric oxide (NO), produced by
endothelial-type nitric oxide synthase (eNOS or NOS3), is
considered the main endothelial diastolic factor [47]. Under
physiological conditions, a dynamic balance is maintained
between blood flow stimulation and endothelial cell responses
to maintain a stable internal environment [47]. Stable blood
flow results in higher endothelial SS, lower intimal hyperplasia,
and reduced atherosclerosis risk [25,48]. In contrast, complicated
blood flow patterns produce low endothelial SS in the vascular
wall, which facilitates the transshipment and accumulation of
atherosclerotic risk factors, such as low-density lipoprotein to
the intima of the vascular wall, and facilitates the inflammatory
response of the vascular wall [48,49]. In addition, oscillatory
SS induced by complex flow patterns can induce the expression
of leukocyte adhesion molecules in endothelial cells, recruit
inflammatory cells (monocytes and T cells) to the arterial wall,
and initiate local vascular inflammation [49,50]. Oscillatory SS
could also promote the activation of the oxidation process by
increasing nicotinamide adenine dinucleotide-reduced (NADH)

oxidase activity [51]. In the physiological state, the continuous
release of NO from endothelial cells contributes to the functional
regulation of arterial elasticity, and the combined effect of
oscillatory SS and pressure could downregulate the expression
level of endothelial constitutive nitric oxide synthase (EcNOS)
and reduce the synthesis of NO [52]. Increased BPV might
adversely affect the stability of hemodynamics in a physiological
setting, thereby affecting vascular endothelial function.

In addition, previous population-based studies have shown that
high BPV is strongly associated with biomarkers of vascular
inflammation, independent of the mean levels of blood pressure
[53]. In short, BPV could be both a cause and an indicator of
arterial stiffness and atherosclerosis through hemodynamic
environment changes and vascular endothelial dysfunction. In
another prospective cohort, researchers found that baseline
common carotid arterial intima-media thickness was not
significantly associated with BPV during follow-up [41], which
suggests that BPV is the initial cause of arteriosclerosis and
arterial stiffness from another aspect [42] and could be the
underlying pathological mechanism and therapeutic target of
arterial stiffness and related atherosclerotic vascular diseases.
Interventions in diet, lifestyle habits, and pharmacological
treatment in high-risk groups can effectively reduce arterial
stiffness levels [54,55]. The temporal association between
increased BPV and arterial stiffness identified in this study
further emphasizes the role of BPV levels as an early warning
for the risk of arterial stiffness. Our findings are potentially
valuable for delaying or avoiding the progression of arterial
stiffness at a population level and promoting early and active
cardiovascular health in the public health setting.

Based on the vicious cycle of hemodynamic stress and vascular
disease, Kario et al [24] proposed the concept of systemic
hemodynamic atherothrombotic syndrome (SHATS). Patients
were assessed with scales that synergistically consider
hemodynamic stress (various forms of blood pressure and BPV)
and vascular disease to identify SHATS early and provide
effective intervention to reduce adverse cardiovascular events
and target organ damage [24]. In this study, we further
demonstrated the potential role of maintaining blood pressure
stability and reducing BPV to control arterial stiffness status.
On the one hand, we found that the use of antihypertensive
medication is associated with decreased arterial stiffness levels.
Combination therapy with long-acting calcium channel blockers
and angiotensin II receptor blockers has demonstrated to be
effective in reducing both long-term BPV and arterial stiffness
[56]. On the other hand, the association between BPV and
arterial stiffness is still significant after adjusting for the use of
antihypertensive medication. Previous studies on
antihypertensive medication adherence also found that low
adherence resulted in only a small increase in BPV compared
with high adherence, and BPV was significantly associated with
CVD independent of medication adherence [57,58], which
underlines the comprehensive and novel strategy for controlling
BPV levels. Strict BP control by taking medication, together
with leading a healthy lifestyle, may play a pivotal role in
suppressing arterial stiffening via BPV reduction in people with
hypertension [59].
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In addition, this study found that BPV preceded arterial stiffness,
suggesting a high risk of CVD in people with higher BPV.
Previous studies have shown that plant-based diets have
protective effects against CVD. In particular, the Mediterranean
diet significantly reduces arterial stiffness and blood pressure
levels [9], and Dietary Approaches to Stop Hypertension
(DASH) combined with exercise can significantly reduce blood
pressure in people with intractable hypertension [13,14].
Additionally, moderate nut intake can also help control CVD
risk factors such as weight by reducing appetite and fat
absorption [11]. Enhanced monitoring of BPV and
individualized interventions in diet, lifestyle habits, and
pharmacotherapy for those at a high risk of increased BPV are
significant in reducing the risk of arterial stiffness and the
occurrence of subsequent cardiovascular events [60-62]. Based
on these study findings, the integration of long-term monitoring
of blood pressure levels into community-level health
examinations is essential to optimize the prevention efficacy of
CVD. Long-term BPV complements the performance of early
CVD risk assessment at the population level compared to a
single-point level of blood pressure, providing an opportunity
to shift the focus from treatment to population-level risk
prevention, which emphasizes the potential effectiveness of
community-level continuous monitoring of blood pressure levels
and early identification of increased BPV. Among people with
hypertension, enhancing medication adherence and adhering to
healthy dietary habits to maintain stable blood pressure over a
long period are important for preventing subsequent adverse
cardiovascular outcomes.

Limitations
Several limitations of this study should be acknowledged. First,
different antihypertensive drugs have distinct effects on BPV
and arterial stiffness levels, but detailed information on
medication use is lacking in our study. The interaction effect
between different antihypertensive medications and BPV on
arterial stiffness levels needs further investigation. Second, this
study is based on a Chinese cohort, and the observed results
warrant further validation in other populations with large sample
sizes. Data on household socioeconomic status and food intake
were not collected in the cohort. The estimated effect size could
be biased given the potential effects of socioeconomic status
and dietary patterns on the arterial stiffness level. Third, the
specific effect of maintaining long-term stable blood pressure
on suppressing arterial stiffening and promoting cardiovascular
health warrants further research.

Conclusions
Our findings suggested a temporal relationship between
visit-to-visit BPV and arterial stiffness during 10-year surveys,
especially in people with hypertension. Maintaining long-term
stable blood pressure should be emphasized for suppressing
arterial stiffness. This study further demonstrates that long-term
BPV provides a new target for the early prevention of CVD in
the public health setting, suggesting the potential benefit of
incorporating long-term monitoring and assessment of BPV
into community-level health examinations.

 

Acknowledgments
We thank all the staff and participants of the Beijing Health Management Cohort for their invaluable contributions. This study
was funded by the National Natural Science Foundation of China (81872708 and 82073668) to author LT.

Data Availability
Data collected for this study are available on request with publication; requests should be directed to the corresponding author.

Authors' Contributions
Authors XG (statguo@ccmu.edu.cn) and LT (taolixin.2008@163.com) are co-corresponding authors for this article.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Supplemental tables and figures.
[DOC File , 270 KB - publichealth_v9i1e45324_app1.doc ]

References
1. Olsen MH, Angell SY, Asma S, Boutouyrie P, Burger D, Chirinos JA, et al. A call to action and a lifecourse strategy to

address the global burden of raised blood pressure on current and future generations: the Lancet Commission on hypertension.
Lancet 2016 Dec 26;388(10060):2665-2712. [doi: 10.1016/S0140-6736(16)31134-5] [Medline: 27671667]

2. Fuchs FD, Whelton PK. High blood pressure and cardiovascular disease. Hypertension 2020 Feb;75(2):285-292. [doi:
10.1161/HYPERTENSIONAHA.119.14240] [Medline: 31865786]

3. Wang Z, Chen Z, Zhang L, Wang X, Hao G, Zhang Z, China Hypertension Survey Investigators. Status of hypertension
in China: results from the China Hypertension Survey, 2012-2015. Circulation 2018 May 29;137(22):2344-2356. [doi:
10.1161/CIRCULATIONAHA.117.032380] [Medline: 29449338]

JMIR Public Health Surveill 2023 | vol. 9 | e45324 | p.1827https://publichealth.jmir.org/2023/1/e45324
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v9i1e45324_app1.doc&filename=b328366e91ee883181dc465f4eb6615b.doc
https://jmir.org/api/download?alt_name=publichealth_v9i1e45324_app1.doc&filename=b328366e91ee883181dc465f4eb6615b.doc
http://dx.doi.org/10.1016/S0140-6736(16)31134-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27671667&dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.119.14240
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31865786&dopt=Abstract
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.032380
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29449338&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


4. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in hypertension prevalence and progress in treatment and
control from 1990 to 2019: a pooled analysis of 1201 population-representative studies with 104 million participants. Lancet
2021 Sep 11;398(10304):957-980 [FREE Full text] [doi: 10.1016/S0140-6736(21)01330-1] [Medline: 34450083]

5. Zhou B, Perel P, Mensah GA, Ezzati M. Global epidemiology, health burden and effective interventions for elevated blood
pressure and hypertension. Nat Rev Cardiol 2021 Nov 28;18(11):785-802 [FREE Full text] [doi:
10.1038/s41569-021-00559-8] [Medline: 34050340]

6. Chirinos JA, Segers P, Hughes T, Townsend R. Large-artery stiffness in health and disease: JACC state-of-the-art review.
J Am Coll Cardiol 2019 Sep 03;74(9):1237-1263 [FREE Full text] [doi: 10.1016/j.jacc.2019.07.012] [Medline: 31466622]

7. Chirinos JA, Segers P. Noninvasive evaluation of left ventricular afterload: part 2: arterial pressure-flow and pressure-volume
relations in humans. Hypertension 2010 Oct;56(4):563-570. [doi: 10.1161/HYPERTENSIONAHA.110.157339] [Medline:
20733088]

8. Kaess BM, Rong J, Larson MG, Hamburg NM, Vita JA, Levy D, et al. Aortic stiffness, blood pressure progression, and
incident hypertension. JAMA 2012 Sep 05;308(9):875-881 [FREE Full text] [doi: 10.1001/2012.jama.10503] [Medline:
22948697]

9. Jennings A, Berendsen AM, de Groot LCPGM, Feskens EJM, Brzozowska A, Sicinska E, et al. Mediterranean-style diet
improves systolic blood pressure and arterial stiffness in older adults. Hypertension 2019 Mar;73(3):578-586 [FREE Full
text] [doi: 10.1161/HYPERTENSIONAHA.118.12259] [Medline: 30636547]

10. Noce A, Romani A, Bernini R. Dietary intake and chronic disease prevention. Nutrients 2021 Apr 19;13(4) [FREE Full
text] [doi: 10.3390/nu13041358] [Medline: 33921568]

11. Pahlavani N, Rostami D, Ebrahimi F, Azizi-Soleiman F. Nuts effects in chronic disease and relationship between walnuts
and satiety: review on the available evidence. Obesity Medicine. URL: https://doi.org/10.1016/j.obmed.2019.100173
[accessed 2023-06-13]

12. Kolahdouz-Mohammadi R, Malekahmadi M, Clayton ZS, Sadat SZ, Pahlavani N, Sikaroudi MK, et al. Effect of egg
consumption on blood pressure: a systematic review and meta-analysis of randomized clinical trials. Curr Hypertens Rep
2020 Feb 29;22(3):24 [FREE Full text] [doi: 10.1007/s11906-020-1029-5] [Medline: 32114646]

13. Pahlavani N, Khayyatzadeh SS, Banazadeh V, Bagherniya M, Tayefi M, Eslami S, et al. Adherence to a Dietary Approach
to Stop Hypertension (DASH)-style in relation to daytime sleepiness. Nat Sci Sleep 2020;12:325-332 [FREE Full text]
[doi: 10.2147/NSS.S246991] [Medline: 32607032]

14. Blumenthal JA, Hinderliter AL, Smith PJ, Mabe S, Watkins LL, Craighead L, et al. Effects of lifestyle modification on
patients with resistant hypertension: results of the TRIUMPH randomized clinical trial. Circulation 2021 Oct
12;144(15):1212-1226 [FREE Full text] [doi: 10.1161/CIRCULATIONAHA.121.055329] [Medline: 34565172]

15. Chen W, Li S, Fernandez C, Sun D, Lai C, Zhang T, et al. Temporal relationship between elevated blood pressure and
arterial stiffening among middle-aged Black and White adults: the Bogalusa Heart Study. Am J Epidemiol 2016 Apr
01;183(7):599-608 [FREE Full text] [doi: 10.1093/aje/kwv274] [Medline: 26960706]

16. Yano Y, Reis JP, Lewis CE, Sidney S, Pletcher MJ, Bibbins-Domingo K, et al. Association of blood pressure patterns in
young adulthood with cardiovascular disease and mortality in middle age. JAMA Cardiol 2020 Apr 01;5(4):382-389 [FREE
Full text] [doi: 10.1001/jamacardio.2019.5682] [Medline: 31968050]

17. Gosmanova EO, Mikkelsen MK, Molnar MZ, Lu JL, Yessayan LT, Kalantar-Zadeh K, et al. Association of systolic blood
pressure variability with mortality, coronary heart disease, stroke, and renal disease. J Am Coll Cardiol 2016 Sep
27;68(13):1375-1386 [FREE Full text] [doi: 10.1016/j.jacc.2016.06.054] [Medline: 27659458]

18. Alaarag A, Amin O. Blood pressure variability in patients with angina and non-obstructive coronary artery disease. J Hum
Hypertens 2021 Dec;35(12):1074-1080. [doi: 10.1038/s41371-020-00475-3] [Medline: 33414504]

19. Chang TI, Tabada GH, Yang J, Tan TC, Go AS. Visit-to-visit variability of blood pressure and death, end-stage renal
disease, and cardiovascular events in patients with chronic kidney disease. J Hypertens 2016 Feb;34(2):244-252 [FREE
Full text] [doi: 10.1097/HJH.0000000000000779] [Medline: 26599220]

20. Diaz KM, Tanner RM, Falzon L, Levitan EB, Reynolds K, Shimbo D, et al. Visit-to-visit variability of blood pressure and
cardiovascular disease and all-cause mortality: a systematic review and meta-analysis. Hypertension 2014 Nov;64(5):965-982
[FREE Full text] [doi: 10.1161/HYPERTENSIONAHA.114.03903] [Medline: 25069669]

21. Kario K. Prognosis in relation to blood pressure variability: pro side of the argument. Hypertension 2015 Jun;65(6):1163-9;
discussion 1169. [doi: 10.1161/HYPERTENSIONAHA.115.04800] [Medline: 25916727]

22. Wei F, Li Y, Zhang L, Xu T, Ding F, Wang J, et al. Beat-to-beat, reading-to-reading, and day-to-day blood pressure
variability in relation to organ damage in untreated Chinese. Hypertension 2014 Apr;63(4):790-796 [FREE Full text] [doi:
10.1161/HYPERTENSIONAHA.113.02681] [Medline: 24396027]

23. Hallock P, Benson IC. Studies on the Elastic Properties of Human Isolated Aorta. J Clin Invest 1937 Jul;16(4):595-602
[FREE Full text] [doi: 10.1172/JCI100886] [Medline: 16694507]

24. Ishiyama Y, Hoshide S, Kanegae H, Kario K. Increased arterial stiffness amplifies the association between home blood
pressure variability and cardiac overload: the J-HOP study. Hypertension 2020 Jun;75(6):1600-1606. [doi:
10.1161/HYPERTENSIONAHA.119.14246] [Medline: 32336235]

JMIR Public Health Surveill 2023 | vol. 9 | e45324 | p.1828https://publichealth.jmir.org/2023/1/e45324
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://linkinghub.elsevier.com/retrieve/pii/S0140-6736(21)01330-1
http://dx.doi.org/10.1016/S0140-6736(21)01330-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34450083&dopt=Abstract
https://europepmc.org/abstract/MED/34050340
http://dx.doi.org/10.1038/s41569-021-00559-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34050340&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0735-1097(19)35843-7
http://dx.doi.org/10.1016/j.jacc.2019.07.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31466622&dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.157339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20733088&dopt=Abstract
https://europepmc.org/abstract/MED/22948697
http://dx.doi.org/10.1001/2012.jama.10503
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22948697&dopt=Abstract
https://www.ahajournals.org/doi/abs/10.1161/HYPERTENSIONAHA.118.12259?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
https://www.ahajournals.org/doi/abs/10.1161/HYPERTENSIONAHA.118.12259?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.12259
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30636547&dopt=Abstract
https://www.mdpi.com/resolver?pii=nu13041358
https://www.mdpi.com/resolver?pii=nu13041358
http://dx.doi.org/10.3390/nu13041358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33921568&dopt=Abstract
https://doi.org/10.1016/j.obmed.2019.100173
https://europepmc.org/abstract/MED/32114646
http://dx.doi.org/10.1007/s11906-020-1029-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32114646&dopt=Abstract
https://europepmc.org/abstract/MED/32607032
http://dx.doi.org/10.2147/NSS.S246991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32607032&dopt=Abstract
https://www.ahajournals.org/doi/abs/10.1161/CIRCULATIONAHA.121.055329?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/CIRCULATIONAHA.121.055329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34565172&dopt=Abstract
https://europepmc.org/abstract/MED/26960706
http://dx.doi.org/10.1093/aje/kwv274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26960706&dopt=Abstract
https://europepmc.org/abstract/MED/31968050
https://europepmc.org/abstract/MED/31968050
http://dx.doi.org/10.1001/jamacardio.2019.5682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31968050&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0735-1097(16)34607-1
http://dx.doi.org/10.1016/j.jacc.2016.06.054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27659458&dopt=Abstract
http://dx.doi.org/10.1038/s41371-020-00475-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33414504&dopt=Abstract
https://europepmc.org/abstract/MED/26599220
https://europepmc.org/abstract/MED/26599220
http://dx.doi.org/10.1097/HJH.0000000000000779
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26599220&dopt=Abstract
http://hyper.ahajournals.org/cgi/pmidlookup?view=long&pmid=25069669
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25069669&dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.04800
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25916727&dopt=Abstract
https://core.ac.uk/reader/34621525?utm_source=linkout
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.02681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24396027&dopt=Abstract
https://doi.org/10.1172/JCI100886
http://dx.doi.org/10.1172/JCI100886
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16694507&dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.119.14246
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32336235&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


25. Bencivenga L, De Souto Barreto P, Rolland Y, Hanon O, Vidal J, Cestac P, et al. Blood pressure variability: A potential
marker of aging. Ageing Res Rev 2022 Sep;80:101677. [doi: 10.1016/j.arr.2022.101677] [Medline: 35738476]

26. Li C, Liu R, Wang J, Yang J. Relationship between blood pressure variability and target organ damage in elderly patients.
Eur Rev Med Pharmacol Sci 2017 Dec;21(23):5451-5455 [FREE Full text] [doi: 10.26355/eurrev_201712_13934] [Medline:
29243789]

27. Schillaci G, Bilo G, Pucci G, Laurent S, Macquin-Mavier I, Boutouyrie P, et al. Relationship between short-term blood
pressure variability and large-artery stiffness in human hypertension: findings from 2 large databases. Hypertension 2012
Aug;60(2):369-377. [doi: 10.1161/HYPERTENSIONAHA.112.197491] [Medline: 22753222]

28. Miyauchi S, Nagai M, Dote K, Kato M, Oda N, Kunita E, et al. Visit-to-visit blood pressure variability and arterial stiffness:
which came first: the chicken or the egg? Curr Pharm Des 2019;25(6):685-692. [doi: 10.2174/1381612825666190329122024]
[Medline: 30931845]

29. Wu Z, Zhang H, Miao X, Li H, Pan H, Zhou D, et al. High-intensity physical activity is not associated with better cognition
in the elder: evidence from the China Health and Retirement Longitudinal Study. Alzheimers Res Ther 2021 Nov 03;13(1):182
[FREE Full text] [doi: 10.1186/s13195-021-00923-3] [Medline: 34732248]

30. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo JL, et al. The seventh report of the joint national
committee on prevention, detection, evaluation, and treatment of high blood pressure: the JNC 7 report. JAMA 2003 May
21;289(19):2560-2572. [doi: 10.1001/jama.289.19.2560] [Medline: 12748199]

31. American Diabetes Association. Standards of medical care in diabetes-2020 abridged for primary care providers. Clin
Diabetes 2020 Jan;38(1):10-38 [FREE Full text] [doi: 10.2337/cd20-as01] [Medline: 31975748]

32. Joint Committee for Developing Chinese Guidelines on Prevention and Treatment of Dyslipidemia in Adults. Chinese
guidelines on prevention and treatment of dyslipidemia in adults. Zhonghua Xin Xue Guan Bing Za Zhi 2007
May;35(5):390-419. [Medline: 17711682]

33. Yamashina A, Tomiyama H, Takeda K, Tsuda H, Arai T, Hirose K, et al. Validity, reproducibility, and clinical significance
of noninvasive brachial-ankle pulse wave velocity measurement. Hypertens Res 2002 May;25(3):359-364 [FREE Full text]
[doi: 10.1291/hypres.25.359] [Medline: 12135313]

34. Han T, Meng X, Shan R, Zi T, Li Y, Ma H, et al. Temporal relationship between hyperuricemia and obesity, and its
association with future risk of type 2 diabetes. Int J Obes (Lond) 2018 Jul;42(7):1336-1344. [doi: 10.1038/s41366-018-0074-5]
[Medline: 29717279]

35. Wu S, Jin C, Li S, Zheng X, Zhang X, Cui L, et al. Aging, arterial stiffness, and blood pressure association in Chinese
adults. Hypertension 2019 Apr;73(4):893-899. [doi: 10.1161/HYPERTENSIONAHA.118.12396] [Medline: 30776974]

36. Riley RD, Ensor J, Snell KIE, Harrell FE, Martin GP, Reitsma JB, et al. Calculating the sample size required for developing
a clinical prediction model. BMJ 2020 Mar 18;368:m441. [doi: 10.1136/bmj.m441] [Medline: 32188600]

37. Fan X, Liu Z, Miyata T, Dasarathy S, Rotroff DM, Wu X, et al. Effect of acid suppressants on the risk of COVID-19: a
propensity score-matched study using UK Biobank. Gastroenterology 2021 Jan;160(1):455-458.e5 [FREE Full text] [doi:
10.1053/j.gastro.2020.09.028] [Medline: 32980342]

38. Donato AJ, Machin DR, Lesniewski LA. Mechanisms of dysfunction in the aging vasculature and role in age-related disease.
Circ Res 2018 Sep 14;123(7):825-848 [FREE Full text] [doi: 10.1161/CIRCRESAHA.118.312563] [Medline: 30355078]

39. Rothwell PM, Howard SC, Dolan E, O'Brien E, Dobson JE, Dahlöf B, et al. Prognostic significance of visit-to-visit variability,
maximum systolic blood pressure, and episodic hypertension. Lancet 2010 Mar 13;375(9718):895-905. [doi:
10.1016/S0140-6736(10)60308-X] [Medline: 20226988]

40. Clark D, Nicholls SJ, St John J, Elshazly MB, Ahmed HM, Khraishah H, et al. Visit-to-visit blood pressure variability,
coronary atheroma progression, and clinical outcomes. JAMA Cardiol 2019 May 01;4(5):437-443 [FREE Full text] [doi:
10.1001/jamacardio.2019.0751] [Medline: 30969323]

41. Sander D, Kukla C, Klingelhöfer J, Winbeck K, Conrad B. Relationship between circadian blood pressure patterns and
progression of early carotid atherosclerosis: A 3-year follow-up study. Circulation 2000 Sep 26;102(13):1536-1541. [doi:
10.1161/01.cir.102.13.1536] [Medline: 11004145]

42. Palombo C, Kozakova M. Arterial stiffness, atherosclerosis and cardiovascular risk: Pathophysiologic mechanisms and
emerging clinical indications. Vascul Pharmacol 2016 Feb;77:1-7. [doi: 10.1016/j.vph.2015.11.083] [Medline: 26643779]

43. Shimbo D, Shea S, McClelland RL, Viera AJ, Mann D, Newman J, et al. Associations of aortic distensibility and arterial
elasticity with long-term visit-to-visit blood pressure variability: the Multi-Ethnic Study of Atherosclerosis (MESA). Am
J Hypertens 2013 Jul;26(7):896-902 [FREE Full text] [doi: 10.1093/ajh/hpt040] [Medline: 23537891]

44. McEniery CM, Wallace S, Mackenzie IS, McDonnell B, Yasmin, Newby DE, et al. Endothelial function is associated with
pulse pressure, pulse wave velocity, and augmentation index in healthy humans. Hypertension 2006 Oct;48(4):602-608.
[doi: 10.1161/01.HYP.0000239206.64270.5f] [Medline: 16940223]

45. Diaz KM, Veerabhadrappa P, Kashem MA, Feairheller DL, Sturgeon KM, Williamson ST, et al. Relationship of visit-to-visit
and ambulatory blood pressure variability to vascular function in African Americans. Hypertens Res 2012 Jan;35(1):55-61
[FREE Full text] [doi: 10.1038/hr.2011.135] [Medline: 21814215]

JMIR Public Health Surveill 2023 | vol. 9 | e45324 | p.1829https://publichealth.jmir.org/2023/1/e45324
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.1016/j.arr.2022.101677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35738476&dopt=Abstract
http://www.europeanreview.org/article/13934
http://dx.doi.org/10.26355/eurrev_201712_13934
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29243789&dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.197491
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22753222&dopt=Abstract
http://dx.doi.org/10.2174/1381612825666190329122024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30931845&dopt=Abstract
https://alzres.biomedcentral.com/articles/10.1186/s13195-021-00923-3
http://dx.doi.org/10.1186/s13195-021-00923-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34732248&dopt=Abstract
http://dx.doi.org/10.1001/jama.289.19.2560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12748199&dopt=Abstract
https://europepmc.org/abstract/MED/31975748
http://dx.doi.org/10.2337/cd20-as01
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31975748&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17711682&dopt=Abstract
http://joi.jlc.jst.go.jp/JST.JSTAGE/hypres/25.359?from=PubMed
http://dx.doi.org/10.1291/hypres.25.359
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12135313&dopt=Abstract
http://dx.doi.org/10.1038/s41366-018-0074-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29717279&dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.12396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30776974&dopt=Abstract
http://dx.doi.org/10.1136/bmj.m441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32188600&dopt=Abstract
http://europepmc.org/abstract/MED/32980342
http://dx.doi.org/10.1053/j.gastro.2020.09.028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32980342&dopt=Abstract
https://europepmc.org/abstract/MED/30355078
http://dx.doi.org/10.1161/CIRCRESAHA.118.312563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30355078&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(10)60308-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20226988&dopt=Abstract
https://europepmc.org/abstract/MED/30969323
http://dx.doi.org/10.1001/jamacardio.2019.0751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30969323&dopt=Abstract
http://dx.doi.org/10.1161/01.cir.102.13.1536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11004145&dopt=Abstract
http://dx.doi.org/10.1016/j.vph.2015.11.083
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26643779&dopt=Abstract
https://europepmc.org/abstract/MED/23537891
http://dx.doi.org/10.1093/ajh/hpt040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23537891&dopt=Abstract
http://dx.doi.org/10.1161/01.HYP.0000239206.64270.5f
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16940223&dopt=Abstract
https://europepmc.org/abstract/MED/21814215
http://dx.doi.org/10.1038/hr.2011.135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21814215&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


46. Hisamatsu T, Miura K, Ohkubo T, Arima H, Fujiyoshi A, Satoh A, SESSA Research Group. Home blood pressure variability
and subclinical atherosclerosis in multiple vascular beds: a population-based study. J Hypertens 2018 Nov;36(11):2193-2203.
[doi: 10.1097/HJH.0000000000001810] [Medline: 29939942]

47. Wang S, Chennupati R, Kaur H, Iring A, Wettschureck N, Offermanns S. Endothelial cation channel PIEZO1 controls
blood pressure by mediating flow-induced ATP release. J Clin Invest 2016 Dec 01;126(12):4527-4536 [FREE Full text]
[doi: 10.1172/JCI87343] [Medline: 27797339]

48. Chatzizisis YS, Coskun AU, Jonas M, Edelman ER, Feldman CL, Stone PH. Role of endothelial shear stress in the natural
history of coronary atherosclerosis and vascular remodeling: molecular, cellular, and vascular behavior. J Am Coll Cardiol
2007 Jun 26;49(25):2379-2393 [FREE Full text] [doi: 10.1016/j.jacc.2007.02.059] [Medline: 17599600]

49. Chappell DC, Varner SE, Nerem RM, Medford RM, Alexander RW. Oscillatory shear stress stimulates adhesion molecule
expression in cultured human endothelium. Circ Res 1998 Mar 23;82(5):532-539. [doi: 10.1161/01.res.82.5.532] [Medline:
9529157]

50. Shintani Y, Kikuya M, Hara A, Ohkubo T, Metoki H, Asayama K, et al. Ambulatory blood pressure, blood pressure
variability and the prevalence of carotid artery alteration: the Ohasama study. J Hypertens 2007 Aug;25(8):1704-1710.
[doi: 10.1097/HJH.0b013e328172dc2e] [Medline: 17620969]

51. De Keulenaer GW, Chappell DC, Ishizaka N, Nerem RM, Alexander RW, Griendling KK. Oscillatory and steady laminar
shear stress differentially affect human endothelial redox state: role of a superoxide-producing NADH oxidase. Circ Res
1998 Jun 01;82(10):1094-1101. [doi: 10.1161/01.res.82.10.1094] [Medline: 9622162]

52. Ziegler T, Bouzourène K, Harrison VJ, Brunner HR, Hayoz D. Influence of oscillatory and unidirectional flow environments
on the expression of endothelin and nitric oxide synthase in cultured endothelial cells. Arterioscler Thromb Vasc Biol 1998
May;18(5):686-692. [doi: 10.1161/01.atv.18.5.686] [Medline: 9598825]

53. Tatasciore A, Zimarino M, Renda G, Zurro M, Soccio M, Prontera C, et al. Awake blood pressure variability, inflammatory
markers and target organ damage in newly diagnosed hypertension. Hypertens Res 2008 Dec;31(12):2137-2146. [doi:
10.1291/hypres.31.2137] [Medline: 19139603]

54. Boutouyrie P, Chowienczyk P, Humphrey JD, Mitchell GF. Arterial stiffness and cardiovascular risk in hypertension. Circ
Res 2021 Apr 02;128(7):864-886. [doi: 10.1161/CIRCRESAHA.121.318061] [Medline: 33793325]

55. Petersen KS, Blanch N, Keogh JB, Clifton PM. Effect of Weight Loss on Pulse Wave Velocity. ATVB 2015
Jan;35(1):243-252. [doi: 10.1161/atvbaha.114.304798] [Medline: 25414255]

56. Zhang Y, Agnoletti D, Safar ME, Blacher J. Effect of antihypertensive agents on blood pressure variability: the Natrilix
SR versus candesartan and amlodipine in the reduction of systolic blood pressure in hypertensive patients (X-CELLENT)
study. Hypertension 2011 Aug;58(2):155-160. [doi: 10.1161/HYPERTENSIONAHA.111.174383] [Medline: 21747047]

57. Muntner P, Levitan EB, Joyce C, Holt E, Mann D, Oparil S, et al. Association between antihypertensive medication
adherence and visit-to-visit variability of blood pressure. J Clin Hypertens (Greenwich) 2013 Feb;15(2):112-117 [FREE
Full text] [doi: 10.1111/jch.12037] [Medline: 23339729]

58. Kronish IM, Lynch AI, Oparil S, Whittle J, Davis BR, Simpson LM, et al. The association between antihypertensive
medication nonadherence and visit-to-visit variability of blood pressure: findings From the Antihypertensive and
Lipid-Lowering Treatment to Prevent Heart Attack Trial. Hypertension 2016 Jul;68(1):39-45 [FREE Full text] [doi:
10.1161/HYPERTENSIONAHA.115.06960] [Medline: 27217410]

59. Parati G, Ochoa JE, Lombardi C, Bilo G. Assessment and management of blood-pressure variability. Nat Rev Cardiol 2013
Mar;10(3):143-155. [doi: 10.1038/nrcardio.2013.1] [Medline: 23399972]

60. D'Elia L, Galletti F, La Fata E, Sabino P, Strazzullo P. Effect of dietary sodium restriction on arterial stiffness: systematic
review and meta-analysis of the randomized controlled trials. J Hypertens 2018 Apr;36(4):734-743. [doi:
10.1097/HJH.0000000000001604] [Medline: 29084085]

61. Laurent S, Boutouyrie P, Vascular Mechanism Collaboration. Dose-dependent arterial destiffening and inward remodeling
after olmesartan in hypertensives with metabolic syndrome. Hypertension 2014 Oct;64(4):709-716. [doi:
10.1161/HYPERTENSIONAHA.114.03282] [Medline: 25001274]

62. Lopes S, Afreixo V, Teixeira M, Garcia C, Leitão C, Gouveia M, et al. Exercise training reduces arterial stiffness in adults
with hypertension: a systematic review and meta-analysis. J Hypertens 2021 Feb 01;39(2):214-222. [doi:
10.1097/HJH.0000000000002619] [Medline: 32833924]

Abbreviations
ΔTba: time interval between the brachium and ankle
baPWV: brachial-ankle pulse wave velocity
BPV: blood pressure variability
CV: coefficient of variation
CVD: cardiovascular disease
DASH: Dietary Approaches to Stop Hypertension
DBP: diastolic pressure

JMIR Public Health Surveill 2023 | vol. 9 | e45324 | p.1830https://publichealth.jmir.org/2023/1/e45324
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.1097/HJH.0000000000001810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29939942&dopt=Abstract
https://doi.org/10.1172/JCI87343
http://dx.doi.org/10.1172/JCI87343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27797339&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0735-1097(07)01220-X
http://dx.doi.org/10.1016/j.jacc.2007.02.059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17599600&dopt=Abstract
http://dx.doi.org/10.1161/01.res.82.5.532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9529157&dopt=Abstract
http://dx.doi.org/10.1097/HJH.0b013e328172dc2e
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17620969&dopt=Abstract
http://dx.doi.org/10.1161/01.res.82.10.1094
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9622162&dopt=Abstract
http://dx.doi.org/10.1161/01.atv.18.5.686
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9598825&dopt=Abstract
http://dx.doi.org/10.1291/hypres.31.2137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19139603&dopt=Abstract
http://dx.doi.org/10.1161/CIRCRESAHA.121.318061
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33793325&dopt=Abstract
http://dx.doi.org/10.1161/atvbaha.114.304798
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25414255&dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.174383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21747047&dopt=Abstract
https://doi.org/10.1111/jch.12037
https://doi.org/10.1111/jch.12037
http://dx.doi.org/10.1111/jch.12037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23339729&dopt=Abstract
https://europepmc.org/abstract/MED/27217410
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.06960
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27217410&dopt=Abstract
http://dx.doi.org/10.1038/nrcardio.2013.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23399972&dopt=Abstract
http://dx.doi.org/10.1097/HJH.0000000000001604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29084085&dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25001274&dopt=Abstract
http://dx.doi.org/10.1097/HJH.0000000000002619
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32833924&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


EcNOS: endothelial constitutive nitric oxide synthase
eNOS: endothelial-type nitric oxide synthase
FBG: fasting blood glucose
FMD: flow-mediated vasodilation
HbA1c: glycated hemoglobin
HDL-C: high-density lipoprotein cholesterol
hs-CRP: high-sensitivity C-reactive protein
JNC-7: Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of
High Blood Pressure
LDL-C: low-density lipoprotein cholesterol
NADH: nicotinamide adenine dinucleotide-reduced
NMD: non–endothelium-dependent nitroglycerin-mediated vasodilation
NO: nitric oxide
PWV: pulse wave velocity
SBP: systolic blood pressure
SHATS: systemic hemodynamic atherothrombotic syndrome
SS: shear stress
TC: total cholesterol
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Abstract

Background: Out-of-hospital cardiac arrest (OHCA) is a major public health problem and a leading cause of death worldwide.
Previous studies have focused on improving the survival of people who have had OHCA by analyzing short-term survival
outcomes, such as the return of spontaneous circulation, 30-day survival, and survival to discharge. Research has been conducted
on prehospital prognostic factors to improve the survival of patients with OHCA, among which the association between
socioeconomic status (SES) and survival has been reported. SES could affect bystander cardiopulmonary resuscitation rates and
whether OHCA is witnessed, and low cardiopulmonary resuscitation education rates are associated with low SES. It has been
reported that areas with high SES have shorter hospital transfer times and more public defibrillators per person. Previous studies
have shown the impact of SES disparities on the short-term survival of patients with OHCA. However, understanding the impact
of SES on the long-term prognosis of OHCA survivors remains limited. As long-term outcomes are more indicative of a patient’s
ongoing health care needs and the burden on public health than short-term outcomes, understanding the long-term prognosis of
OHCA survivors is important.

Objective: This study aimed to identify whether SES influenced the long-term outcomes of OHCA.

Methods: Using health claims data obtained from the National Health Insurance (NHI) service in Korea, we included OHCA
survivors who were hospitalized between January 2005 and December 2015. The patients were divided into 2 groups: NHI and
Medical Aid (MA) groups, with the MA group defined as having a low SES. Cumulative mortality was estimated using the
Kaplan-Meier method, and a Cox proportional hazards model was used to evaluate the impact of SES on long-term mortality. A
subgroup analysis was performed based on whether cardiac procedures were performed.

Results: We followed 4873 OHCA survivors for up to 14 years (median of 3.3 years). The Kaplan-Meier survival curve showed
that the MA group had a significantly decreased long-term survival rate compared to the NHI group. With an adjusted hazard
ratio (aHR) of 1.52 (95% CI 1.35-1.72), low SES was associated with increased long-term mortality. The overall mortality rate
of the patients who underwent cardiac procedures in the MA group was significantly higher than that of the NHI group (aHR
1.72, 95% CI 1.05-2.82). The overall mortality rate of patients without cardiac procedures was also increased in the MA group
compared to the NHI group (aHR 1.39, 95% CI 1.23-1.58).

Conclusions: OHCA survivors with low SES had an increased risk of poor long-term outcomes compared with those with
higher SES. OHCA survivors with low SES who have undergone cardiac procedures need considerable care for long-term
survival.
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Introduction

Out-of-hospital cardiac arrest (OHCA) is a leading cause of
death worldwide [1,2]. With an annual incidence among adults
of 55 per 100,000 people worldwide, OHCA is a major global
health concern [3,4]. Despite efforts to resuscitate people who
have had cardiac arrest in communities and medical facilities,
the poor prognosis for OHCA survival imposes an enormous
burden on public health [2,5]. Even after being discharged from
the hospital, cardiac arrest survivors face significant morbidity
and mortality [6].

To achieve the best possible outcomes for adults who have had
OHCA, a multifaceted approach is required. This includes early
detection of cardiac arrest, activation of an emergency response,
prompt administration of high-quality cardiopulmonary
resuscitation (CPR), early defibrillation for shockable rhythms,
and post–return of spontaneous circulation (ROSC) care [7].
However, disparities in geography, ethnicity, and socioeconomic
status (SES) may impact the provision of these processes [8].
The racial and socioeconomic composition of neighborhoods
can affect bystander CPR rates, and lower CPR education rates
may be associated with low SES [9-11]. Patients with OHCA
residing in areas with a high SES have shorter hospital transfer
times and higher availability of public access defibrillators per
person [12,13]. Previous studies have shown the potential impact
of SES disparities on the short-term survival of patients with
OHCA. A recent study reported that SES may also influence
the long-term outcomes of OHCA survivors, emphasizing the
need for further investigation [14]. In addition, the Institute of
Medicine in the United States called for more investigation into
socioeconomic differences in the outcomes of patients with
OHCA [15]. However, most studies have only evaluated clinical
outcomes during a short-term follow-up, such as survival to
hospital discharge. Therefore, understanding the impact of SES
on the long-term prognosis of OHCA survivors remains limited.
Moreover, although SES is a strong predictor of cardiovascular
disease prognosis, the association between SES and long-term
cardiac-associated outcomes of OHCA survivors has not been
investigated [16,17].

Since 1990, the Utstein Resuscitation Registry, an international
standard guideline for data collection and analysis aimed at
improving the outcomes of patients with OHCA, has primarily
focused on short-term outcome measures: ROSC, 30-day
survival, and survival to discharge [18]. However, long-term
outcomes are more indicative of a patient’s ongoing health care
needs and the burden on public health than short-term outcomes.
With the emphasis placed on long-term prognosis, investigations
are being conducted among OHCA survivors who have survived
30 days or more after OHCA, following the completion of their
prehospital experience [19-21].

Therefore, this nationwide study aimed to explore the potential
effect of SES on long-term outcomes among patients who
survived 30 days or more after OHCA. In addition, the
association between SES and long-term outcomes among OHCA
survivors with and without cardiac procedures was evaluated.

Methods

Data Sources and Setting
We conducted a population-based study using health claims
data obtained from the National Health Insurance (NHI) service.
The NHI service database includes inpatient and outpatient
medical information, such as patient demographics, diagnoses,
procedures, drug prescriptions, date of death, and type of patient
insurance (ie, NHI and Medical Aid [MA]). The diagnoses were
classified based on International Classification of Diseases, 10th
Revision (ICD-10) codes. All patients who visit the emergency
department (ED) in South Korea for emergency symptoms, such
as cardiac arrest, are charged an ED management fee. The NHI
service covers a portion of the ED management fee for patients
with health insurance and pays the entire fee for those with MA.

Study Design and Population
This was a retrospective longitudinal cohort study to analyze
long-term mortality. Patients who had a primary diagnosis of
cardiac arrest (ICD-10 code I46.x) and were hospitalized on the
day of the initial diagnosis between January 2005 and December
2015 were included. To exclude patients with in-hospital cardiac
arrest, those without a primary diagnosis code for cardiac arrest
or a code for ED management fees were excluded. To validate
the definition of OHCA, we investigated the medical records
of 252 patients who visited a tertiary hospital and had a primary
diagnosis code for cardiac arrest (I46.x) and a code for ED
management fees. This OHCA definition had a 92.1% (232/252)
positive predictive value [22]. This study included only adult
patients aged 18 years or older. Patients with OHCA who
survived for 30 days or more were defined as cardiac arrest
survivors, and those who survived for less than 30 days were
excluded. In addition, we excluded patients with cardiac arrest
resulting from nonmedical causes or trauma (ICD-10 S and T
codes).

Due to the absence of medical records in NHI service data, we
were unable to determine whether the cause of cardiac arrest
was cardiac in origin. However, OHCA survivors who had
undergone cardiac procedures could be assumed to have cardiac
arrest due to a cardiac origin. Therefore, we examined whether
OHCA survivors had undergone cardiac procedures such as
percutaneous coronary intervention (PCI), pacemaker placement,
implantable cardioverter defibrillator placement, cardiac
resynchronization therapy with pacemakers, cardiac
resynchronization therapy with defibrillators, and coronary
artery bypass grafting during hospitalization. According to this
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definition, patients with OHCA were divided into cardiac
procedure and no cardiac procedure groups.

Health Insurance Systems in South Korea
In South Korea, the NHI system was introduced in 1977, and
by July 1989, the entire population was covered [23]. In the
past, NHI in South Korea had multiple insurance societies that
covered employees and self-employed individuals separately.
In 2000, however, all insurance societies were merged into a
single-payer system. The NHI program covers almost 98% of
the total population, which in 2014 numbered approximately
50 million people [24]. This system has been maintained until
the present. The NHI service is divided into the NHI program
and the MA program. The MA program is a public assistance
program for low-income people who are recipients of the
National Basic Livelihood Security System as part of social
welfare programs, which is comparable to the Medicaid program
in the United States [25]. Beneficiaries of the MA program are
divided into 2 categories, types 1 and 2, based on their inability
to work (including those younger than 18 years or older than
65 years and those who are disabled) and their ability to work,
respectively [26]. The NHI program is divided into employed
and self-employed insured groups. The insurance premium for
employed and insured individuals is determined according to
income and is paid by the employer. The insurance premium
for self-employed individuals is based on household income,
property, income, vehicles owned, age, and sex [27]. In 2020,
the MA program covered 2.9% of the population, while the NHI
program covered 97.1% [28]. Since the NHI service conducts
compulsory collection from insured individuals in accordance
with the law, the citizens of South Korea are obligated to pay
insurance premiums [29].

The NHI service data include patient demographics, general
specifications (eg, department, date of visit, and state),
in-hospital treatment (eg, medical expenses, prescription fees,
examination fees, procedure codes, and operation codes),
out-of-hospital prescriptions, diagnoses, death records, and
socioeconomic variables such as income decile [27,28].
Cosmetic surgery and unproven therapies are not covered by
insurance [29]. The greatest value of these data is that they
encompass practically the entire population, making them the
closest to real-world data, which are referred to as big data [28].
These government-run national health care claims data are
available to researchers for public research purposes [30]. They
enable researchers to investigate all prescriptions, procedures,
and operations performed by domestic medical institutions
[31,32].

SES Indicators
Individual-level indicators of SES are generally defined by
income, education, and occupation [33]. The proportion of
individual-level indicators differs significantly between MA
and NHI beneficiaries: ordinary income level (low income: 95%
vs 34%), educational level (≤elementary: 61% vs 40%), and
proportion of economic activity (no economic status: 82% vs
57%) [34]. A recent study used the measurement of
individual-level SES by Medicaid eligibility, which is
comparable to the MA program, as a reliable indicator [35]. In
addition, several previous studies used insurance type as an

individual-level SES indicator [36,37]. Comparing the insurance
types across NHI and MA groups can provide insights into the
most vulnerable populations. Correspondingly, we categorized
the patients into 2 groups: NHI and MA groups, with the MA
group defined as having a low SES.

Outcomes
The follow-up data obtained for up to 14 years (until 2018) were
analyzed, and the primary outcome was long-term cumulative
mortality according to SES. The subgroups were divided into
OHCA with a cardiac procedure and OHCA without cardiac
procedure, and the long-term cumulative mortality for each
group was analyzed. Follow-up was initiated on the index date
and continued until the date of death or December 31, 2018 (the
last day of the study), whichever occurred first. In addition,
1-year, 3-year, 5-year, 10-year, and overall mortality were
analyzed for each group. In addition, we performed an analysis
by dividing the NHI group into 4 quartiles based on the
insurance premium level.

Ethics Approval
This study was approved by the Institutional Review Board of
Hanyang University Hospital (HYUH-2023-01-021) and the
Health Insurance Review and Assessment Service
(NHIS-2023-1-122). The need for written informed consent
was waived because data analyses were performed
retrospectively using anonymized data derived from the NHI
service. The study was conducted in accordance with the
Helsinki Declaration.

Statistical Analysis
Continuous variables are presented as the mean and SD for
variables with a normal distribution and median and IQR for
variables with a nonnormal distribution. Normality was
evaluated using the Shapiro-Wilk test. Categorical variables are
presented as frequencies and percentages. The categorical
variables of 2 groups were compared using the Fisher exact test,
and continuous variables were compared using the 2-tailed t
test or Mann-Whitney U test as appropriate. Cumulative
mortality was estimated by the Kaplan-Meier method. A Cox
proportional hazards model was used to identify the impact of
SES on long-term mortality, and the results are presented as
hazard ratios and 95% CIs. The covariables included age, sex,
and Charlson Comorbidity Index (CCI) score. The CCI score
was calculated at the time of diagnosis within 1 year before the
index date using the Quan algorithm [38]. By correcting the
covariates, the adjusted hazard ratio (aHR) was obtained.
Statistical significance was determined using 2-sided tests with
a P value <.05. All statistical analyses were conducted using R
software (version 4.2.0; R Foundation for Statistical Computing)
and SAS software (version 9.4; SAS Institute Inc).

Results

Baseline Characteristics of the Study Population
We enrolled 4937 patients with OHCA aged 18 years or older
who had survived for 30 days or more. Finally, a total of 4873
patients were selected as the study population after excluding
4 patients whose insurance type information was missing and
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60 patients whose insurance eligibility and date of death
information was missing (NHI: 57 of 4537 patients, MA: 3 of
396 patients). The median follow-up duration was 1214 (IQR
140-2112) days, and the maximum follow-up duration was 5059
days. The number of patients with OHCA who underwent
cardiac procedures during hospitalization was 1121 (23%)
(Figure 1). The cardiac procedure group’s median follow-up

duration was 1768 (IQR 1.261-2.458) days, and the maximum
follow-up duration was 4935 days. The no cardiac procedure
group’s median follow-up duration was 716.5 (IQR 96.0-1926.8)
days, and the maximum follow-up duration was 5059 days. The
baseline characteristics of the study population are summarized
in Tables 1 and 2.

Figure 1. Flow diagram of the study population selection process. OHCA: out-of-hospital cardiac arrest; NHI: National Health Insurance; MA: Medical
Aid.
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Table 1. Baseline characteristics of the study population.

MAb group (n=393)NHIa group (n=4480)Characteristics

63 (52-74)59 (48-70)Age (years), median (IQR)

Age (years), n (%)

25 (6)529 (11.8)18-39

58 (15)701 (15.6)40-49

89 (23)1130 (25.2)50-59

83 (21)951 (21.2)60-69

84 (21)802 (17.9)70-79

54 (14)367 (8.2)≥80

Sex, n (%)

211 (53.7)3190 (71.2)Male

182 (46.3)1290 (28.8)Female

CCIc score, n (%)

37 (9)753 (16.8)0

49 (12)1016 (22.7)1

70 (18)913 (20.4)2

65 (16)710 (15.8)3

172 (43)1088 (24.3)≥4

aNHI: National Health Insurance.
bMA: Medical Aid.
cCCI: Charlson Comorbidity Index.
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Table 2. Baseline characteristics of the subgroup populations.

No cardiac procedures (N=3804)Cardiac procedures (N=1129)Characteristics

MAb group (n=356)NHIa group (n=3396)MAb group (n=37)NHIa group (n=1084)

63 (52-74)60 (50-72)60 (50-72)54 (45-64)Age (years), median (IQR)

Age (years), n (%)

20 (5.6)356 (10.5)5 (14)173 (16)18-39

54 (15.2)486 (14.3)4 (11)215 (19.8)40-49

80 (22.5)810 (23.9)9 (24)320 (29.5)50-59

74 (20.8)721 (21.2)9 (24)230 (21.2)60-69

79 (22.2)678 (20)5 (14)124 (11.4)70-79

49 (13.8)345 (10.2)5 (14)22 (2)≥80

Sex, n (%)

192 (53.9)2297 (67.6)19 (51)893 (82.4)Male

164 (46.1)1099 (32.4)18 (49)191 (17.6)Female

CCIc score, n (%)

35 (9.8)555 (16.3)2 (5)198 (18.3)0

44 (12.4)723 (21.3)5 (14)293 (27)1

63 (17.7)683 (20.1)7 (19)230 (21.2)2

61 (17.1)535 (15.8)4 (11)175 (16.1)3

153 (43)900 (26.5)19 (51)188 (17.3)≥4

aNHI: National Health Insurance.
bMA: Medical Aid.
cCCI: Charlson Comorbidity Index.

Clinical Outcomes
The Kaplan-Meier curve showed that the MA group had
significantly decreased long-term survival compared with the
NHI group (Figure 2). The results of Cox regression analysis
(Table 3, all patients) showed that a low SES was associated
with increased long-term mortality (aHR 1.52, 95% CI
1.35-1.72; P<.001).

In subgroups (Table 3, cardiac procedures and no cardiac
procedures), Cox regression analysis showed that a low SES
was associated with increased long-term mortality in both the
cardiac procedure (aHR 1.72, 95% CI 1.05-2.82; P=.03) and
no cardiac procedure groups (aHR 1.39, 95% CI 1.23-1.58;
P<.001). The Kaplan-Meier curves for patients with OHCA
with cardiac procedures and without cardiac procedures are
presented in Multimedia Appendices 1 and 2.

The 1-year, 3-year, 5-year, and 10-year mortality rates in the
MA group compared with the NHI group are presented in Table
4. The 1-year, 3-year, and 5-year mortality rates of the OHCA
with cardiac procedure group were not statistically significant.
However, the aHR of 10-year mortality rate in the MA group
was significantly higher than that in the NHI group (aHR 1.72,

95% CI 1.05-2.82). Among all patients and in the no cardiac
procedure group, the aHR of 1-year mortality rate was the
highest (aHR 1.64, 95% CI 1.42-1.90; aHR 1.54, 95% CI
1.34-1.79). The forest plot based on the results of the 1-year,
3-year, 5-year, and 10-year mortality rates of the MA group
compared with those of the NHI group is illustrated in Figure
3.

The baseline characteristics of the study population, divided
into quartiles based on the level of insurance premiums for NHI
beneficiaries, are summarized in Multimedia Appendices 3-5.
Cox regression analysis revealed that the lowest quartile group
and the MA group had significantly higher mortality rates
compared to the highest quartile group (aHR 1.12, 95% CI
1-1.26; aHR 1.60, 95% CI 1.40-1.83, respectively). For the
other quartile groups, no statistically significant differences
were observed. In particular, patients who underwent cardiac
procedures showed a significantly higher risk of long-term
mortality (lowest quartile of NHI: aHR 1.54, 95% CI 1.08-2.18;
MA: aHR 2.07, 95% CI 1.23-3.51). The MA group showed
higher long-term mortality rates regardless of whether the
patients had undergone cardiac procedures or not (Multimedia
Appendix 6).
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Figure 2. Kaplan-Meier survival curves for long-term mortality of out-of-hospital cardiac arrest survivors according to the type of patient insurance.
NHI: National Health Insurance; MA: Medical Aid.

Table 3. Cox regression analysis to identify the impact of low socioeconomic status on long-term mortality among survivors of out-of-hospital cardiac
arrest.

P valueAdjusted HRa (95% CIP valueCrude HRa (95% CI)

<.0011.52 (1.35-1.72)<.0011.87 (1.65-2.11)All patients

.031.72 (1.05-2.82)<.0012.67 (1.65-4.32)Cardiac procedures

<.0011.39 (1.23-1.58)<.0011.57 (1.38-1.78)No cardiac procedures

aHR: hazard ratio.
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Table 4. Cox regression analysis to identify the impact of low socioeconomic status on 1-year, 3-year, 5-year, and 10-year mortality among survivors
after out-of-hospital cardiac arrest.

Adjusted HRa (95% CICrude HRa (95% CI)

All patients

1.64 (1.42-1.90)1.97 (1.71-2.27)1-year mortality

1.58 (1.38-1.80)1.92 (1.69-2.18)3-year mortality

1.56 (1.38-1.77)1.91 (1.69-2.16)5-year mortality

1.54 (1.36-1.74)1.88 (1.67-2.12)10-year mortality

Cardiac procedures

1.06 (0.48-2.34)1.91 (0.89-4.09)1-year mortality

1.69 (0.98-2.92)2.82 (1.66-4.78)3-year mortality

1.60 (0.95-2.71)2.57 (1.55-4.28)5-year mortality

1.72 (1.05-2.82)2.67 (1.65-4.32)10-year mortality

No cardiac procedures

1.54 (1.34-1.79)1.70 (1.47-1.96)1-year mortality

1.45 (1.27-1.65)1.61 (1.41-1.84)3-year mortality

1.43 (1.26-1.63)1.61 (1.42-1.83)5-year mortality

1.41 (1.24-1.60)1.58 (1.39-1.79)10-year mortality

aHR: hazard ratio.

Figure 3. Forest plot based on the 1-year, 3-year, 5-year, and 10-year mortality results of the Medical Aid group compared with the National Health
Insurance group. Adjusted hazard ratios and 95% CIs were analyzed using a Cox proportional hazards model.
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Discussion

Principal Findings
This population-based study analyzed the association between
long-term mortality and SES among survivors after OHCA by
following these patients for up to 14 years. The long-term
mortality rate of patients with a low SES was approximately
52% greater than that of patients with a higher SES. The 10-year
mortality rate of patients who had undergone a cardiac procedure
among OHCA survivors with a low SES was approximately
>72% than that of OHCA survivors with a higher SES. With
the exception of OHCA survivors in the cardiac procedure
group, the aHR of 1-year mortality was highest for patients with
a low SES compared to patients with a higher SES.

The majority of studies on OHCA have focused on short-term
clinical outcomes, such as the ROSC, 30-day survival, and
survival to discharge; however, the long-term clinical outcomes
beyond 1 year are poorly understood [21]. In addition to the
interest in short-term clinical outcomes, the long-term clinical
outcomes and recovery of OHCA survivors have drawn attention
[39]. The recovery from cardiac arrest continues long after the
patient is discharged from the hospital [40,41]. As the
importance of long-term prognosis has become apparent,
“recovery” has been added as a new link in the chain of survival
in the 2020 American Heart Association guidelines [7].

To the best of our knowledge, this is the first study to investigate
the association between SES and the long-term prognoses
(greater than 10 years) of OHCA survivors using data from the
NHI service. In the past, the focus was on the survival of patients
with OHCA, but now both the European Resuscitation Council
guidelines and the American Heart Association guidelines also
emphasize the importance of survivors’ recovery and
rehabilitation [42,43]. From a research standpoint, this study
can provide evidence for establishing a long-term strategy for
OHCA survivors with a low SES.

In public health research, SES is typically measured using
individual-level or area-level indicators depending on the study
objectives [44,45]. Area-level SES indicators are used when a
geographical area’s SES is the object of analysis rather than an
individual’s SES. Area-level indicators are also often used as
proxies for missing individual-level indicators in public health
research, in which case they pose a risk of ecological fallacy
when drawing conclusions about individuals based on area-level
measurements [10,46,47]. When area-level indicators are used
as proxies for individual-level SES, the SES-mortality
association could be underestimated [46,48]. Long-term
cumulative mortality according to SES among OHCA survivors
was the primary outcome of our study. Moreover, to minimize
the influence of prehospital factors associated with SES that
may have area-level characteristics, such as witnessed arrest,
bystander CPR, defibrillators, and the EMS system, we included
patients who survived 30 days or more after OHCA. Therefore,
it was considered appropriate in this study to measure SES as
an individual-level indicator.

Recent studies have noted the lack of research measuring SES
at the individual level [10,46,49]. Income, education, and

occupation are the most traditional individual-level indicators
of SES and have proven to be highly useful in describing and
evaluating health disparities [45,50]. Measuring SES at the
individual level usually reveals greater disparities in health
outcomes and may increase awareness of the most vulnerable
individuals [48,49]. However, when considered in isolation,
these disparities only provide a limited view of SES inequalities
in health [45]. In our additional analysis, we divided the NHI
data by insurance premium level as a measure of income. There
were statistically significant differences between patients in the
lowest and highest quartiles who had undergone cardiac
procedures. However, in the MA group, in which all 3 indicators
of SES were vulnerable, significant differences were observed
regardless of whether patients underwent cardiac procedures.
There were significant differences between NHI beneficiaries
and MA beneficiaries in terms of income, education, and
economic activity. Thus, one of the strengths of our study is
that it presented results of the comparison of SES as an
individual-level measurement. We also provided the opportunity
to compare results on a national scale by using nationwide
population data.

It has been reported that a low SES is associated with poor
long-term outcomes in a variety of diseases, such as
cardiovascular disease, stroke, and surgery [51-53]. However,
the association between long-term prognosis and SES among
OHCA survivors remains unclear. Recently, Møller et al [19]
reported that patients with a high income had a higher survival
rate after OHCA than patients with a low income. The
proportion of patients who survived 1 year after OHCA was
96.4% in the high-income group and 84.2% in the low-income
group. Of a total of 1785 patients who survived 5 years after
OHCA, the survival rate was 87.6% in the high-income group
and 64.1% in the low-income group [19]. Our study showed
that low SES had an adverse effect on the long-term outcomes
of OHCA survivors, which is in line with results from a previous
study. It is well known that a high SES is associated with several
favorable prognostic factors for OHCA survival. However, a
previous study showed that SES is also associated with the
long-term outcomes of OHCA survivors, even after adjusting
for witnessed arrest, bystander CPR, and initial shockable
rhythm, which are well-known prehospital positive prognostic
factors [19].

Although the exact etiology explaining why survivors with low
SES have poor long-term outcomes after OHCA is not well
understood, several hypotheses can be proposed. The usual
explanation for health disparities is differences in lifestyle [54].
Individuals with a lower SES are more likely to engage in
harmful alcohol use, tobacco use, unhealthy diets, and physical
inactivity [55]. Medhekar et al [56] reported a similar pattern
among patients with lower SES among survivors after cardiac
arrest. Differences in general health due to the accumulation of
these various risk factors can affect prognosis. Unfortunately,
such data were not available for this study. Previous studies
have shown that a low SES is associated with an increased risk
of multimorbidity [57]. Likewise, our study showed that the
MA group had a higher proportion of patients with
multimorbidity (CCI score ≥4, 43.3% vs 24.3%). However, MA
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itself was independently associated with long-term mortality
after adjusting for comorbidities.

It is also possible that patients with low SES receive less
adequate hospital care. Post–cardiac arrest care, including
critical care interventions, is another important link in the chain
of survival, and post arrest interventions such as targeted
temperature management and PCI are associated with improved
cardiac arrest survival and neurologic recovery [42,58]. Casey
and Mumma [59] showed an association between government
insurance (odds ratio [OR] 0.56, 95% CI 0.51-0.61) and
Medicare insurance (OR 0.44, 95% CI 0.40-0.48) and lower
rates of cardiac catheterization, indicating that lower income
patients may experience lower rates of PCI. Huebinger et al
[60] reported that lower income, education, and occupation were
all associated with lower rates of targeted temperature
management and that lower income was also associated with
lower rates of PCI. Although we did not investigate hospital
care in this study, patients with a low SES are likely to have
received fewer interventions, as the rate of MA beneficiaries
among patients who underwent cardiac procedures was
approximately 3.3%, and the rate of MA beneficiaries among
those who did not undergo cardiac procedures was
approximately 9.4%.

It is well known that individuals with a low SES have poor
medication adherence [61]. Among patients with cardiovascular
disease, there is a strong association between medication
nonadherence and adverse clinical outcomes [62]. Therefore,
adherence to medication is particularly important for OHCA
survivors who have undergone cardiovascular procedures. Liang
et al [63] showed that pharmacists who provided pharmaceutical
services via home visits were effective in reducing medication
problems among socioeconomically disadvantaged individuals.
As such, efforts are needed to improve drug compliance among
patients with low SES, which can also improve the long-term
prognosis of OHCA survivors. Nielsen et al [64] showed that
patients with low income (OR 0.2, 95% CI 0.1-0.5) and patients
who lived alone (OR 0.4, 95% CI 0.2-0.9) were less likely to
participate in cardiac rehabilitation (CR) programs. Meillier et
al [65] suggested that inequalities in the recruitment and
participation of socially vulnerable and low-educated patients
in CR programs could be reduced through systematic screening
and social differentiation.

Recent studies have reported the need for national financial
assistance to help cardiovascular disease patients with a low
SES participate in CR [66,67]. Likewise, to improve the
long-term prognosis of patients with low SES among OHCA

survivors, a strategy to increase rehabilitation participation and
compliance with medication should be established. In addition,
research on the need for national support to aid the recovery of
cardiac arrest survivors is necessary. The disparity in SES will
become an increasingly important public health issue [68]. The
newly added link, recovery, highlights the need for the system
of care to support the recovery (both short- and long-term) of
cardiac arrest survivors as they return to social function [7,42].
In terms of the system of care to support the successful recovery
of OHCA survivors, efforts to narrow the socioeconomic gap
are important. Particularly, OHCA survivors who have
undergone cardiac procedures may need public attention to
improve their long-term survival for more than 10 years.

Our study has several limitations. First, the diagnosis of OHCA
was defined using ICD-10 codes, and diagnostic inaccuracies
could not be ruled out. Defining patients with OHCA and
in-hospital cardiac arrest can be particularly imprecise. We
validated the definition of OHCA, but it was based on a small
sample size. Second, although this study included patients who
survived 30 days or more after OHCA to minimize the influence
of factors that could have affected the survival of patients with
OHCA, such as initial cardiac arrest rhythm, witnessed status,
bystander CPR, and duration of cardiac arrest, the potential
impact could not be completely discounted. Third, because our
study was based on data from a single nation, it is difficult to
generalize the findings to other populations. Fourth, we only
analyzed mortality as a long-term prognosis for OHCA
survivors. Although mortality is an important issue in patients’
long-term outcomes, health-related quality of life (HRQOL)
also has a substantial impact on long-term survival [69].
HRQOL is a multifaceted concept that comprises biological
function, psychological function, and social function, which are
influenced by a variety of factors [70]. Therefore, SES can
influence not only the long-term mortality rate but also the
HRQOL of patients. Unfortunately, it was challenging to
evaluate HRQOL using NHI data. The association between SES
and HRQOL among OHCA survivors needs additional
investigation.

Conclusions
This nationwide population-based study showed an association
between SES and long-term outcomes among survivors after
OHCA. Survivors with low SES, especially vulnerable
individuals such as those eligible for MA, were at higher risk
of unfavorable long-term outcomes after OHCA. Particularly,
OHCA survivors with low SES who have undergone cardiac
procedures need greater attention for long-term survival.
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Abstract

Background: Veterans with a history of traumatic brain injury (TBI) and/or posttraumatic stress disorder (PTSD) may be at
increased risk of suicide attempts and other forms of intentional self-harm as compared to veterans without TBI or PTSD.

Objective: Using administrative data from the US Veterans Health Administration (VHA), we studied associations between
TBI and PTSD diagnoses, and subsequent diagnoses of intentional self-harm among US veterans who used VHA health care
between 2008 and 2017.

Methods: All veterans with encounters or hospitalizations for intentional self-harm were assigned “index dates” corresponding
to the date of the first related visit; among those without intentional self-harm, we randomly selected a date from among the
veteran’s health care encounters to match the distribution of case index dates over the 10-year period. We then examined the
prevalence of TBI and PTSD diagnoses within the 5-year period prior to veterans’ index dates. TBI, PTSD, and intentional
self-harm were identified using International Classification of Diseases diagnosis and external cause of injury codes from inpatient
and outpatient VHA encounters. We stratified analyses by veterans’ average yearly VHA utilization in the 5-year period before
their index date (low, medium, or high). Variations in prevalence and odds of intentional self-harm diagnoses were compared by
veterans’prior TBI and PTSD diagnosis status (TBI only, PTSD only, and comorbid TBI/PTSD) for each VHA utilization stratum.
Multivariable models adjusted for age, sex, race, ethnicity, marital status, Department of Veterans Affairs service-connection
status, and Charlson Comorbidity Index scores.

Results: About 6.7 million veterans with at least two VHA visits in the 5-year period before their index dates were included in
the analyses; 86,644 had at least one intentional self-harm diagnosis during the study period. During the periods prior to veterans’
index dates, 93,866 were diagnosed with TBI only; 892,420 with PTSD only; and 102,549 with comorbid TBI/PTSD. Across all
three VHA utilization strata, the prevalence of intentional self-harm diagnoses was higher among veterans diagnosed with TBI,
PTSD, or TBI/PTSD than among veterans with neither diagnosis. The observed difference was most pronounced among veterans
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in the high VHA utilization stratum. The prevalence of intentional self-harm was six times higher among those with comorbid
TBI/PTSD (6778/58,295, 11.63%) than among veterans with neither TBI nor PTSD (21,979/1,144,991, 1.92%). Adjusted odds
ratios suggested that, after accounting for potential confounders, veterans with TBI, PTSD, or comorbid TBI/PTSD had higher
odds of self-harm compared to veterans without these diagnoses. Among veterans with high VHA utilization, those with comorbid
TBI/PTSD were 4.26 (95% CI 4.15-4.38) times more likely to receive diagnoses for intentional self-harm than veterans with
neither diagnosis. This pattern was similar for veterans with low and medium VHA utilization.

Conclusions: Veterans with TBI and/or PTSD diagnoses, compared to those with neither diagnosis, were substantially more
likely to be subsequently diagnosed with intentional self-harm between 2008 and 2017. These associations were most pronounced
among veterans who used VHA health care most frequently. These findings suggest a need for suicide prevention efforts targeted
at veterans with these diagnoses.

(JMIR Public Health Surveill 2023;9:e42803)   doi:10.2196/42803

KEYWORDS

self-harm; suicide; suicide attempt; suicidal ideation; veteran; suicidal; brain injury; trauma; posttraumatic stress disorder; PTSD;
big data; prevalence; correlation; risk factor; traumatic brain injury; TBI

Introduction

For decades, suicide has been one of the leading causes of death
[1,2] and a major health concern among veterans in the United
States [3]. The most recent Department of Veterans Affairs
(VA) Office of Mental Health and Suicide Prevention’s National
Veteran Suicide Prevention Annual Report stated that the annual
suicide rate for veterans (31.6 per 100,000) was twice the rate
of that for nonveteran US adults (16.8 per 100,000) [4].

Suicide prevention is a top clinical priority for the VA and its
nationally integrated health care system, overseen by the
Veterans Health Administration (VHA) [4]. Central to this effort
is the identification of individuals at risk for suicide or suicidal
behavior [5,6]. A substantial body of research has used
electronic health record data to identify individuals likely to
make suicide attempts and other forms of intentional self-harm
[7-10]. Research has shown that adults and youths with a history
of nonfatal self-harm are at a markedly elevated risk of suicide
[11-13].

Other important risk factors for suicidal behavior include
sociodemographic, psychological, and physical health
characteristics [14-17]. In particular, two health conditions
relatively common among veterans—traumatic brain injury
(TBI) and posttraumatic stress disorder (PTSD)—have been
identified in multiple studies as risk factors for suicide [2,18-20].
For example, Bullman and Kang [21] reported that Vietnam
veterans with PTSD were at elevated risk of suicide death when
compared with those without PTSD. Another study by Jakupcak
et al [22] observed similar patterns for post-9/11 veterans, in
which veterans with PTSD were reported to have a four times
greater likelihood of suicidal ideation as compared to veterans
without PTSD. In a 2011 study, Brenner et al [18] reported that
PTSD was associated with 2.8 times greater odds of a
documented suicide attempt compared to veterans without
PTSD; the authors suggested that future analyses compare those
with and without comorbid TBI history. In another study,
Brenner et al [20] conducted an analysis to examine the
associations between TBI diagnosis and suicide among
individuals receiving care at VHA and reported that veterans
with TBI were 1.55 times more likely to complete suicide as
compared to those without TBI. The mechanisms by which TBI

or PTSD lead to an elevated risk of suicide or suicidal behaviors
are not well understood, but the associations are consistent with
constructs of risk described in the interpersonal theory of suicide
(ie, thwarted belongingness, perceived burdensomeness, and
acquired capability) [23]. Notably, individuals with TBI or
PTSD often have co-occurring physical health (eg, chronic
pain), mental health (eg, depression and anxiety), and behavioral
conditions (eg, substance use disorder) that can lead to
functional limitations and other vulnerabilities (eg,
unemployment and homelessness) [24-28], which together or
individually, can elevate the factors comprising each of these
constructs [29].

Previous studies examining associations between TBI and PTSD
diagnoses and suicidal behavior have mostly been conducted
with relatively small or select samples or with veterans from a
single war era [2,18,19]. These studies have suggested that TBI
and PTSD are important risk factors for suicidal behavior.
Moreover, previous studies have tended to only analyze the
associations of TBI [30] and PTSD [31] separately with suicidal
behavior and have not examined the potential interactive effects
of comorbid TBI and PTSD.

In this study, we analyzed data from approximately 6.7 million
veterans who received VHA health care between 2008 and 2017
to examine population-level variations in the prevalence of
intentional self-harm among those with or without prior TBI
and PTSD diagnosis. We focused on suicide attempts as well
as other intentional self-harm events because previous research
[11,12] has shown that adults and youths were at a markedly
elevated risk of suicide completion after nonfatal self-harm
events. Our analysis was stratified by level of VHA utilization
to account for differential access to VHA care and the
opportunity to receive the diagnoses of interest. Our objectives
were to evaluate variation in the prevalence of intentional
self-harm by veterans’ prior TBI and PTSD diagnosis status
across different VHA utilization levels, and to examine the odds
of veterans’ intentional self-harm by prior TBI and PTSD
diagnosis status across different VHA utilization levels while
controlling for potentially confounding variables. The
overarching goal of this work is to inform suicide and other
intentional self-harm prevention efforts.
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Methods

Ethics Approval
This study was approved by the VA Bedford Healthcare System
Institutional Review Board. We identified 6,693,275 veterans
who visited a VHA facility at least twice during the 10-year
period between January 1, 2008, and December 31, 2017. We
extracted veterans’ demographic and health care data from the
VHA Corporate Data Warehouse (CDW) database. All
preprocessing and analyses were conducted using the VA
Informatics and Computing Infrastructure (VINCI) accessed
from Bedford, Virginia.

Dependent Variable
This study defined intentional self-harm as suicide attempts or
other self-harm using diagnosis codes specified for those
behaviors supplemented with additional evidence that an injury
incurred by a veteran was due to self-harm. Suicide attempt or
intentional self-harm was defined as a health care encounter
(outpatient visit, including urgent care, or hospitalization) that
met any of three conditions: presence of a code that explicitly
indicated suicide attempt or intentional self-harm, presence of
codes identifying suicidal ideation and injury or poisoning
assigned for the same encounter, or presence of codes
identifying injury or poisoning and diagnoses for a mental
disorder assigned for the same encounter. Patrick et al [32] used
this definition based on diagnosis and external cause of injury
codes from the International Classification of Diseases, Ninth
Revision, Clinical Modification (ICD-9-CM) manual. For this
study, we derived a set of International Statistical Classification
of Diseases, Tenth Revision (ICD-10) codes that corresponded
with the ICD-9 codes used by Patrick et al [32]. The algorithms
and ICD codes used are provided in Table S1 in Multimedia
Appendix 1.

Independent Variable
For veterans with one or more intentional self-harm events, we
chose the first coded incident of intentional self-harm as the
“index date.” For veterans with no intentional self-harm events,
we randomly selected a date from among the veterans’
encounters to match the distribution of dates among those with
self-harm events in the 10-year period. Each veteran was
classified into one of four mutually exclusive groups based on
the presence or absence of TBI and PTSD diagnoses during the
5 years prior to the veteran’s index date:

• No TBI or PTSD diagnoses
• TBI diagnosis only
• PTSD diagnosis only
• Comorbid TBI/PTSD diagnoses

The codes used to identify both TBI and PTSD are included in
Table S2 in Multimedia Appendix 1.

To account for “informed presence” bias based on the varying
opportunity to receive the diagnosis codes of interest arising
from differential health care utilization [33], we classified
veterans into 3 groups according to the average annual VHA
health care visits in the 5-year period before their “index date.”

The low VHA utilization group included those at the 50th
percentile and below (≤6.6 visits per year), the medium
utilization group included those above the 50th but below and
at the 75th percentiles (>6.6 and ≤15.6 visits), and the high
utilization group included those above the 75th percentile (>15.6
visits). Analyses were stratified by VHA utilization group.

Covariates
Veterans’ age, sex, race, ethnicity, marital status, and VA
service-connection status—a measure of military service–related
disability assigned by the Veterans Benefits
Administration—were extracted from the CDW. Age was
categorized as <30, 30-44, 45-69, or ≥70 years. Sex was
categorized as a binary variable, while race was categorized as
White, Black or African American, Asian, Native Hawaiian or
other Pacific Islander, American Indian or Alaska Native, or
other and ethnicity as Hispanic versus non-Hispanic. Marital
status was categorized as single, married, divorced, or widowed,
and VA service-connection as no service-connection,
service-connected <50%, or service-connected ≥50%. We also
computed the Charlson Comorbidity Index (CCI) scores using
diagnoses from inpatient and outpatient visits, and categorized
veterans as having low (<5), medium (5-15), or high (>15)
Charlson Comorbidity scores [34].

Analyses
We calculated the prevalence of veterans’ intentional self-harm
(yes/no) according to TBI and PTSD status for each VHA health
care utilization group. We modeled the likelihood of intentional
self-harm among veterans by TBI and PTSD status using logistic
regression to estimate odds ratios (ORs) and their corresponding
95% CIs. Adjusted ORs (AORs) were calculated using two
multivariable logistic regression models: minimally adjusted
models that controlled for age, sex, and race, and fully adjusted
models that controlled for age, sex, race, ethnicity, marital status,
VA service-connection status, and CCI scores.

Results

Overview
Among the 6,693,275 veterans who used VHA health care
between 2008 and 2017 at least twice, 93.1% (n=6,231,400)
were coded as male and 6.9% (n=461,874) as female; 76.74%
(n=5,136,343) were coded as being White, 15.85%
(n=1,060,951) Black or African American, 0.98% (n=65,402)
Asian, 0.84% (n=56,167) American Indian or Alaska Native,
0.96% (n=63,943) Native Hawaiian or other Pacific Islander,
and 4.64% (n=310,469) as other (Table 1). More than one-third
of veterans (n=2,318,144, 34.63%) were service-connected at
50% or higher. The VHA health care utilization strata had the
following composition of veterans: low (n=3,327,615, 49.72%);
medium (n=1,679,954, 25.09%), and high (n=1,686,066,
25.19%). Overall, we identified 86,644 (1.29%) veterans with
one or more encounters involving intentional self-harm. TBI
and PTSD were relatively prevalent among VHA users, with
1.4% (n=93,866) having been diagnosed with TBI only, 13.33%
(n=892,420) with PTSD only, and 1.53% (n=102,549) with
comorbid TBI/PTSD.
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Table 1. Prevalence of intentional self-harm by veterans’ sociodemographic and health variables, stratified by VHA utilization.

High VHA utilizationMedium VHA utilizationLow VHAa utilization

Total veterans, nSelf-harm, n (%)Total veterans, nSelf-harm, n (%)Total veterans, nSelf-harm, n (%)

Age (years)

26,1884150 (15.85)52,2413007 (5.76)243,3182256 (0.93)<30

148,31212,119 (8.17)185,4214841 (2.61)497,7562712 (0.54)30-44

993,89336,067 (3.63)854,4749838 (1.15)1,472,9355107 (0.35)45-69

517,6734650 (0.9)587,4581228 (0.21)1,113,606669 (0.06)≥70

Sex

136,4936772 (4.96)113,2572097 (1.85)212,1241031 (0.49)Female

1,549,57350,214 (3.24)1,566,33716,817 (1.07)3,115,4909713 (0.31)Male

Race

1,235,22742,159 (3.41)1,292,52514,277 (1.1)2,608,5917958 (0.31)White

327,80810,856 (3.31)263,2533114 (1.18)469,8901801 (0.38)Black or African American

10,343363 (3.51)14,187176 (1.24)40,872170 (0.42)Asian

14,766734 (4.97)13,482231 (1.71)27,919129 (0.46)American Indian or Alaska
Native

16,634503 (3.02)16,157256 (1.58)31,152140 (0.45)Native Hawaiian or other
Pacific Islander

81,2882371 (2.92)79,990860 (1.08)149,191546 (0.37)Other

Ethnicity

102,9623667 (3.56)94,2181272 (1.35)175,414705 (0.4)Hispanic

1,583,10453,319 (3.36)1,585,37617,642 (1.11)3,152,20110,039 (0.31)Not Hispanic

Marital status

206,49111,463 (5.55)188,2393838 (2.04)427,3812437 (0.57)Single

814,86417,178 (2.11)928,6396572 (0.71)1,940,2103839 (0.2)Married

134,6972767 (2.05)135,848755 (0.56)253,548377 (0.15)Widowed

527,68425,495 (4.83)422,5147663 (1.81)677,6164007 (0.59)Divorced

233083 (3.56)435486 (1.98)28,86084 (0.29)Unknown

Veterans Affairs service-connection status

605,96616,890 (2.79)759,8896184 (0.81)1,659,5614141 (0.25)No service-connection

264,2517918 (3.0)333,9722940 (0.88)751,4921806 (0.24)Service-connection <50%

815,84932,178 (3.94)585,7339790 (1.67)916,5624797 (0.52)Service-connection ≥50%

Charlson Comorbidity Index score

555,41426,207 (4.72)792,55312,078 (1.52)2,092,8407889 (0.38)≤5

1,079,46729,407 (2.72)869,8266662 (0.77)1,221,4702787 (0.23)5-15

51,1851372 (2.68)17,215174 (1.01)13,30568 (0.51)≥15

aVHA: Veterans Health Administration.

Prevalence of Intentional Self-Harm by TBI and PTSD
Diagnosis Status
The prevalence of intentional self-harm by TBI and PTSD
diagnosis status is presented in Table 2, stratified by low,
medium, and high VHA utilization groups.

Between 2008 and 2017, the overall prevalence of intentional
self-harm was highest for veterans in the high VHA utilization

group (56,986/1,743,052, 3.38%). In this stratum, the prevalence
of intentional self-harm was highest for veterans in the comorbid
TBI/PTSD diagnosis group (6778/58,295, 11.63%) and lowest
among those with no TBI or PTSD diagnosis (21,979/1,144,991,
1.92%). Those in the TBI only and PTSD only diagnosis groups
also had elevated prevalence levels, at 5.21% (2335/44,833)
and 5.91% (25,894/437,947), respectively. This pattern of
elevated prevalence was similar for veterans in the medium and
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low VHA utilization groups; however, the disparity between
diagnosis groups in the medium and low VHA utilization groups
was considerably lower than in the high VHA utilization group.
Across all three VHA utilization groups, the prevalence of

self-harm diagnosis among veterans with PTSD only was
consistently higher by about 0.7% than those in the TBI only
diagnosis group.

Table 2. Prevalence of intentional self-harm by veterans’ TBI and PTSD diagnosis status, stratified by Veterans Health Administration utilization.

Intentional self-harm

NoYes

6,606,63186,644Veteran diagnosis status, n

Low health care utilization (less than 50th percentile), n (%)

TBIa and PTSDb diagnoses

3,065,664 (99.78)6792 (0.22)Neither

25,409 (99.16)215 (0.84)TBI only

209,468 (98.40)3407 (1.6)PTSD only

16,330 (98.02)330 (1.98)Comorbid TBI/PTSD

3,316,871 (99.68)10,744 (0.32)Total

Medium health care utilization (50th-75th percentile), n (%)

TBI and PTSD diagnoses

1,377,527 (99.32)9466 (0.68)Neither

22,851 (97.62)558 (2.38)TBI only

234,050 (96.88)7548 (3.12)PTSD only

26,252 (95.14)1342 (4.86)Comorbid TBI/PTSD

1,660,680 (98.77)18,914 (1.13)Total

High health care utilization (75th percentile and higher), n (%)

TBI and PTSD diagnoses

1,123,012 (98.08)21,979 (1.92)Neither

42,498 (94.79)2335 (5.21)TBI only

412,053 (94.09)25,894 (5.91)PTSD only

51,517 (88.37)6778 (11.63)Comorbid TBI/PTSD

1,629,080 (96.62)56,986 (3.38)Total

aTBI: traumatic brain injury.
bPTSD: posttraumtic stress disorder.

Odds of Intentional Self-Harm by TBI and PTSD
Diagnosis Status
Table 3 presents ORs and AORs based on bivariable and
multivariable logistic regression models, again stratified by
VHA utilization group. (ORs for model covariates are provided
in Table S3 in Multimedia Appendix 1.)

Among veterans in the high VHA utilization group, and
compared to veterans with no TBI or PTSD diagnoses, those
with comorbid TBI/PTSD had the highest odds of intentional
self-harm (OR 6.72, 95% CI 6.54-6.90), followed by those in
the PTSD only group (OR 3.21, 95% CI 3.16-3.26) and then
those in the TBI only group (OR 2.81, 95% CI 2.69-2.93). These
patterns were similar in the fully adjusted model, where the
AORs for comorbid TBI/PTSD group were the highest (AOR
4.26, 95% CI 4.15-4.38), followed by the PTSD only group

(AOR 2.90, 95% CI 2.85-2.95) and then by the TBI only group
(OR 2.44, 95% CI 2.34-2.55).

Among veterans in the medium VHA utilization group, the odds
of intentional self-harm were highest among those with
comorbid TBI/PTSD (OR 7.42, 95% CI 7.01-7.85), followed
by the PTSD only group (OR 4.68, 95% CI 4.54-4.82) and then
the TBI only group (OR 3.54, 95% CI 3.25-3.85). This pattern
changed slightly when potential confounders were added to the
models: AORs using the fully adjusted model were highest
among those with PTSD only (AOR 3.23, 95% CI 3.14-3.33)
and lowest among those with TBI only (AOR 2.32, 95% CI
2.13-2.53). The AOR for the comorbid TBI/PTSD group
decreased from 7.42 (95% CI 7.01-7.85) to 3.17 (95% CI
2.99-3.36) after accounting for all available confounding
variables.

Among veterans in the low VHA utilization group, the odds of
intentional self-harm were also highest among those with
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comorbid TBI/PTSD (OR 9.05, 95% CI 8.10-10.11), followed
by the PTSD only group (OR 7.33, 95% CI 7.04-7.64) and then
the TBI only group (OR 3.79, 95% CI 3.31-4.34). Similar to
the medium VHA utilization group, the pattern changed when
potential confounders were added to the fully adjusted models:

AORs for the PTSD only group (AOR 5.14, 95% CI 4.93-5.35)
were highest, closely followed by the comorbid TBI/PTSD
group (AOR 4.83, 95% CI 4.32-5.40) and then the TBI only
group (AOR 2.48, 95% CI 2.17-2.84).

Table 3. Odds of intentional self-harm by veterans’ TBI and PTSD diagnosis status, stratified by Veterans Health Administration utilization.

Logistic regressionVeteran diagnosis status

Multivariable, AORb (95% CI)Bivariable, ORa (95% CI)

Fully adjusted modeldMinimally adjusted modelcModel

Low health care utilization (less than 50th percentile)

TBIe and PTSDf diagnoses

ReferenceReferenceReferenceNeither

2.48 (2.17-2.84)2.60 (2.27-2.98)3.79 (3.31-4.34)TBI only

5.14 (4.93-5.35)5.22 (5.01-5.44)7.33 (7.04-7.64)PTSD only

4.83 (4.32-5.40)4.85 (4.34-5.42)9.05 (8.10-10.11)Comorbid TBI/PTSD

Medium health care utilization (50th-75th percentile)

TBI and PTSD diagnoses

ReferenceReferenceReferenceNeither

2.32 (2.13-2.53)2.33 (2.14-2.54)3.54 (3.25-3.85)TBI only

3.23 (3.14-3.33)2.91 (2.83-3.00)4.68 (4.54-4.82)PTSD only

3.17 (2.99-3.36)2.81 (2.65-2.97)7.42 (7.01-7.85)Comorbid TBI/PTSD

High health care utilization (75th percentile and higher)

TBI and PTSD diagnoses

ReferenceReferenceReferenceNeither

2.44 (2.34-2.55)2.50 (2.40-2.61)2.81 (2.69-2.93)TBI only

2.90 (2.85-2.95)2.35 (2.31-2.39)3.21 (3.16-3.26)PTSD only

4.26 (4.15-4.38)3.40 (3.31-3.49)6.72 (6.54-6.90)Comorbid TBI/PTSD

aOR: odds ratio.
bAOR: adjusted odds ratio.
cMinimally adjusted model included age, sex, and race.
dFully adjusted model included age, sex, race, ethnicity, marital status, Veterans Affairs service-connection status, and Charlson Comorbidity Index
scores.
eTBI: traumatic brain injury.
fPTSD: posttraumtic stress disorder.

Discussion

Our analysis of approximately 6.7 million VHA-using veterans
found that those with a documented diagnosis of TBI or PTSD
were significantly more likely to have subsequent VHA
documentation of a suicide attempt or other form of intentional
self-harm relative to those with neither diagnosis between 2008
and 2017. For all three VHA utilization groups, the odds of
intentional self-harm for veterans in the comorbid TBI/PTSD
group were more than three times as high as those with neither
condition, even after controlling for multiple potential
confounders. For those in the PTSD only group, the adjusted
odds of intentional self-harm were approximately three times
that of those with neither condition. For the TBI only group,
the adjusted odds of intentional self-harm were nearly double

relative to those with neither condition. For all three VHA
utilization groups, the prevalence of intentional self-harm for
veterans in the comorbid TBI/PTSD group was higher than in
the TBI only and PTSD only groups.

For the medium and low VHA utilization groups, adjusted odds
were highest for the PTSD only group closely followed by the
comorbid TBI/PTSD group. However, for the high VHA
utilization group, adjusted odds for the comorbid TBI/PTSD
group were consistently higher than those of the PTSD only
group. Previous studies have suggested that symptom severity
may play an important role in this association [35,36]. Our study
did not consider symptom severity because this measure is
difficult to ascertain in a large administrative data set such as
the VHA’s CDW. Future research should consider how TBI
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and PTSD symptom severity drive functional outcomes and, in
turn, may lead to intentional self-harm, as addressing functional
limitations may be an important focus for prevention programs.

Psychological and functional impairments can be common for
veterans with co-occurring PTSD and TBI [37]. PTSD is a
known contributor to disability [38], resulting in more than US
$40 billion in costs related to direct health care and
unemployment among military populations [39]. Despite
experiencing long-term symptoms of PTSD and the availability
of various therapies, many individuals with PTSD wait years
to decades before seeking professional treatment [40,41].
Patients may be skeptical toward therapy [42] and believe
treatment to be ineffective, harmful [43], and only for extreme
problems. Some may also believe treatment involves a loss of
control or autonomy, or as something for people who are
“weak,” “crazy,” or “incompetent” [40]. Some individuals with
PTSD do not seek help at all, as only approximately one-quarter
of individuals with PTSD symptoms receive mental health
services [44,45]. A significant number of veterans drop out of
their PTSD treatment altogether due to reasons such as work
interference, stigma related to the ailment, confidentiality
concerns, and perceived treatment ineffectiveness, thus
contributing to a population of veterans with unresolved
symptoms related to PTSD [46,47].

Similarly, veterans with TBI, regardless of severity, may have
a variety of co-occurring psychological and physical health
challenges for years following injury [48], including affective,
cognitive, somatosensory, and vestibular postconcussive
symptoms [49]. Other impairments, especially documented for
post-9/11 veterans, may include social/family dysfunction,
unemployment, and general difficulty with community
reintegration [25]. Individuals with TBI also may not be
completely aware of their limitations [50] and, therefore, unable
to fully engage in treatment [51]. Given the observed difficulties
of veterans with documented PTSD, TBI, or both, VHA suicide
prevention services should increase efforts to educate veterans
on the importance and nature of therapeutic options to better
engage at-risk veterans with VA health care services.

Veterans with TBI or PTSD also face different challenges in
seeking treatment such as problems with access, sociocultural
environment, past medical experiences, and illness burden
[42,45,52]. Access barriers are mainly organizational, due to
lack of knowledge about VHA, and logistical, and include
time-consuming and complex enrollment processes in VHA,
veterans not knowing which VHA services they are eligible for,
and time- and distance-related expenses [53]. VHA has made
extensive efforts to mitigate these logistical problems, including
the implementation of the community care program, which
allows veterans to seek care in the community if VHA facilities
are unable to furnish services or if long travel distances or
appointment wait times pose a burden [54].

A study performed by McCarthy et al [5] suggests that the
inclusion of the Recovery Engagement and Coordination for
Health–Veterans Enhanced Treatment (REACH VET) program
at the VHA has resulted in reduced prevalence of nonfatal
suicide attempts along with other greater treatment engagement
and care provided to veterans. The algorithm used in REACH

VET to identify individuals in the facilities’ top 0.1% suicide
risk tiers uses TBI and PTSD diagnoses as variables among the
381 measures used for prediction [6,17]. Our study strengthens
the case for using TBI and PTSD as risk factors for suicide risk
prediction in the algorithm. Our findings can further help in the
identification of high suicide risk veterans by flagging patients
with comorbid TBI/PTSD diagnosis using the already available
identifiers used by REACH VET [2,18,55].

There are several limitations to take into account in the context
of these results. First, this study only included veterans who
received health care in VHA settings. Motives for veterans not
seeking VHA care are complex, and thus these veterans likely
have different TBI-, PTSD-, and intentional self-harm–related
profiles. Second, this study relied on diagnoses in VHA
administrative data to identify both TBI and PTSD diagnosis
status and intentional self-harm outcomes. The high VHA
utilization group, while comprising only 25.19%
(1,686,066/6,693,275) of the study population, comprised
65.77% (56,986/86,644) of those with detected suicide attempts
and other forms of intentional self-harm, 47.76%
(44,833/93,866) of the TBI only group, 49.07%
(437,947/892,420) of the PTSD only group, and 56.85%
(58,295/102,549) of the comorbid TBI/PTSD group. It is likely
that underdiagnosis was present [56]. For example, veterans
within the low and medium VHA utilization groups may have
experienced TBI, PTSD, or both but received care for them
outside the VHA or not at all. Such misclassification of true
exposure or outcomes status can bias results. However, we
observed similar patterns across all three levels of VHA health
care utilization, suggesting that results may not be explained
entirely by informed presence bias. Third, our study used a
broad range of diagnosis codes for intentional self-harm, per
Patrick et al [32], to potentially decrease the likelihood that a
true self-harm event would be missed (eg, if only suicide attempt
codes were used). Future work that further examines and
establishes the validity of more ICD codes to detect intentional
self-harm would strengthen this line of research. Fourth, the
analysis represented TBI and PTSD simply as present or absent
according to diagnosis codes. A more refined analysis would
incorporate the nature of trauma exposure, symptom severity,
barriers to care, and social risk factors. Fifth, our work studied
the associations of different TBI and PTSD diagnosis groups
with intentional self-harm while adjusting for age, sex, race,
ethnicity, marital status, VA service-connection status, and
different comorbidities. This analysis did not directly examine
the effects of these covariates on intentional self-harm. Further
in-depth analysis is required to understand the associations
between these sociodemographic and health variables and
intentional self-harm while controlling for confounder sets
relevant to those specific associations.

Our study adds to the literature on associations of TBI and PTSD
diagnoses with intentional self-harm. It provides generalized
results across a large veteran population of varied demographics
and VHA utilization. Our findings indicate that veterans with
a TBI and/or PTSD diagnosis are more likely to have an
intentional self-harm event than veterans without either of these
diagnoses. These results may contribute to VHA clinical
decision-making regarding the frequency and intensity of
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follow-up or treatment for veterans with PTSD and TBI
diagnoses.

Future research on the risk of intentional self-harm among
veterans with TBI and/or PTSD can benefit from both qualitative
and quantitative efforts. Qualitatively exploring veterans’
experiences and perceptions of health and functional status, as
well as facilitators and barriers to health care services, can help
to better identify health and access needs. Quantitatively
exploring TBI and PTSD severity based on the nature of trauma
exposure, current or previous treatment, and the intensity of
posttraumatic symptoms can provide more granular associations
between TBI and PTSD diagnosis and intentional self-harm.

These efforts may help to inform clinicians in targeting
preventative and treatment strategies toward a high-risk veteran
cohort.

This study examined 6.7 million veteran VHA users and found
that those with TBI and/or PTSD diagnoses were more likely
to have documented intentional self-harm compared to veterans
with neither diagnosis. Veterans with TBI, PTSD, or comorbid
TBI/PTSD should be considered high-priority recipients of VA
suicide prevention services and may need special engagement
efforts given various access and treatment barriers experienced
among those with these conditions.
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Abstract

Background: Chronic pain, sleep disorders, and depression are major global health concerns. Recent studies have revealed a
strong link between sleep disorders and pain, and each of them is bidirectionally correlated with depressive symptoms, suggesting
a complex relationship between these conditions. Social participation has been identified as a potential moderator in this complex
relationship, with implications for treatment. However, the complex interplay among sleep disorders, pain, depressive symptoms,
and social participation in middle- and old-aged Asians remains unclear.

Objective: This study aimed to examine the bidirectional relationship between sleep disorders and pain in middle- and old-aged
Chinese and measure the role of depression as a mediator and social participation as a moderator in this bidirectional relationship
through a dynamic cohort study.

Methods: We used data from the China Health and Retirement Longitudinal Study across 5 years and included a total of 7998
middle- and old-aged people (≥45 years old) with complete data in 2011 (T1), 2015 (T2), and 2018 (T3). The cross-lag model
was used to assess the interplay among sleep disorders, pain, depressive symptoms, and social participation. Depressive symptoms
were assessed by the 10-item Centre for Epidemiological Studies Depression scale. Sleep disorders were assessed by a single-item
sleep quality scale and nighttime sleep duration. The pain score was the sum of all pain locations reported. Social participation
was measured using self-reported activity.

Results: Our results showed significant cross-lagged effects of previous sleep disorders on subsequent pain at T2 (β=.141;
P<.001) and T3 (β=.117; P<.001) and previous pain on subsequent poor sleep at T2 (β=.080; P<.001) and T3 (β=.093; P<.001).
The indirect effects of previous sleep disorders on pain through depressive symptoms (β=.020; SE 0.004; P<.001; effect size
21.98%), as well as previous pain on sleep disorders through depressive symptoms (β=.012; SE 0.002; P<.001; effect size 20.69%),
were significant across the 3 time intervals. Among participants with high levels of social participation, there were no statistically
significant effects of previous sleep disorders on subsequent pain at T2 (β=.048; P=.15) and T3 (β=.085; P=.02), nor were there
statistically significant effects of previous pain on subsequent sleep disorders at T2 (β=.037; P=.15) and T3 (β=.039; P=.24).
Additionally, the mediating effects of depressive symptoms on the sleep disorders-to-pain pathway (P=.14) and the pain-to-sleep
disorders pathway (P=.02) were no longer statistically significant.

Conclusions: There is a bidirectional relationship between sleep disorders and pain in middle- and old-aged Asians; depression
plays a longitudinal mediating role in the bidirectional relationship between them; and social participation moderates the bidirectional
relationship between them directly and indirectly by affecting depression. Future interventions may consider the complex
relationship between these conditions and adopt a comprehensive treatment regime.
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Introduction

Chronic pain, sleep disorders, and depression are prevalent
worldwide and lead to a serious disease burden. For instance,
chronic pain affects hundreds of millions of people globally,
with estimates of its prevalence ranging from 10% to 40% in
different countries [1-4]. It also attracted widespread attention
as a global health issue. For example, Healthy People 2030 has
put reducing the proportion of adults with high-impact chronic
pain as one of its main goals in the United States [5].
Additionally, sleep disorders, particularly insomnia, affect over
300 million people just in China, and of those, about 30%
experience one or more symptoms of insomnia, seriously
affecting individuals’ physical, emotional, social, and
occupational functions, and those health risks are on the rise
[6]. Especially during the COVID-19 outbreak, the prevalence
of insomnia increased significantly [7]. Third, depression ranks
fourth in disease burden worldwide, with nearly 350 million
people affected by it, which can lead to a 12.7% mortality rate
[8], and other health problems often caused by depression, such
as type 2 diabetes [9], cardiovascular disease [10], and suicide
[11], with great burdens on families and communities [8].
Overall, chronic pain, sleep disorders, and depression often
coexist and are prevalent in the general population, posing more
serious health risks [12,13].

A strong link between sleep disorders and pain has been
examined first in the past 2 decades. For instance, research
indicates that at least 50% of insomniacs also have chronic pain
[14]. Additionally, experimental studies on healthy participants
have also suggested that pain levels increase after sleep
restriction or interruption [15,16]. Conversely, pain has also
been found to be a strong predictor of sleep disorders. For
example, individuals with chronic pain often experience poor
sleep quality [17,18], and it has been estimated that chronic
pain patients are 18 times more likely to reach the clinical
diagnostic criteria for insomnia than those without pain [19].

Second, studies have found that depressive symptoms might be
bidirectionally correlated with sleep disorders and pain,
respectively. Specifically, the link between depressive symptoms
and sleep disorders might be bidirectional. Sleep disorders are
related to maladaptive coping mechanisms that can lead to
depression, especially in chronic pain patients [20]. Conversely,
depressive symptoms may potentially induce sleep disorders,
as evidenced by the fact that sleep disorders are the most
common residual symptoms after the remission of a depressive
episode [21,22]. Furthermore, there is a relationship between
depressive symptoms and pain, which may be mutually
reinforcing, leading to a vicious circle between them. Depression
and pain symptoms follow the same descending pathways of
the central nervous system. Depression may reduce the
regulatory role of the descending pain system and amplify pain
perception by depleting 5-hydroxytryptamine and
norepinephrine [23]. Chronic pain can also induce depression

through various molecular mechanisms, such as midbrain
dopamine, inflammatory factors, and epigenetic modifications
[24]. Thus, depressive symptoms might play a mediating effect
in considering the relationship between sleep disorders and pain.

However, there have been limited high-quality studies using
large-scale longitudinal data to explore the trilateral relationship
among depression, sleep disorders, and pain because the existing
research on the relationship between them has mainly been
based on cross-sectional designs [25,26], especially in the Asian
population [27]. Given the differences in geographical
environment, lifestyle, race, and cultural affiliation, the
prevalence of sleep deficiency [28,29] and the perception of
pain [30,31] as well as the willingness to seek support for
depression [32,33] may differ between older people in Asia and
Western countries. Therefore, the results of Western studies
may not be generalizable to Asian populations, and longitudinal
studies in Asia are desperately needed to answer the question
of whether sleep disorders are causally related to pain (or vice
versa) and to explore the potential mediating effect of depressive
symptoms on this relationship.

In addition, the primary therapeutic regimes on pain are meeting
a huge challenge, and society around the globe is seeking
aggressive complementary treatments. First, chronic pain might
be best considered a disease. Despite clinical trials and
guidelines recommending personalized, multimodal,
interdisciplinary treatment approaches, chronic pain remains
active [34]. Second, the primary therapeutic guidelines for sleep
disorders are cognitive behavioral therapy and pharmacological
treatment [35]. However, meta-analyses have shown that
although cognitive behavioral therapy can improve subjective
sleep quality [36], it does not improve sleep parameters defined
by polysomnography [37]. Furthermore, cognitive behavioral
therapy is often not available due to the limited number of
trained professionals. And patients often prefer
nonpharmacological treatments due to the unsatisfactory
benefit-risk ratio of hypnotic drugs [38-40]. Third, it is difficult
to unravel unique causal pathways due to the potential
bidirectional effects between pain and sleep disorders. Measures
to improve sleep may be a useful addition to pain management
plans [41], which means that combined treatment of sleep
disorders and chronic pain may be better than single treatment.
Given that, multidisciplinary interventions that attempt to
interrupt the possible vicious cycle between sleep disorders and
pain may be helpful. Therefore, new explorations are needed
to delve into novel approaches with better accessibility and
economic effectiveness to moderate the bidirectional pathways
of sleep disorders and pain.

Social participation may be a potential moderator. Previous
literature suggested the potential benefits of social participation
in alleviating depression, pain, and sleep disorders. Social
interaction and communication during social participation may
motivate mutual support, provide a sense of belonging to an
individual, and to a large extent reduce social isolation [42,43],
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which therefore may prevent depression [44]. The
biopsychosocial model of pain hypothesizes that pain is
influenced by biological, psychological, and social factors.
Satisfaction with one’s social role and self-perceived ability to
engage in social roles during social participation are related to
pain [45]. Berkman’s social relations model [46] suggests that
social participation, as a downstream factor of social relations,
can have a positive effect on mental health and health behaviors
to promote sleep [47]. Finally, this study hypothesizes that social
participation, as an accessible and cost-effective method, can
moderate the bidirectional pathways of sleep disorders and pain
through direct and indirect pathways.

Therefore, three main objectives of this dynamic cohort study
were proposed: (1) to explore the bidirectional relationship
between sleep disorders and pain; (2) to explore the longitudinal
mediating role of depressive symptoms on the bidirectional
relationship between sleep disorders and pain given the
potentially important role of depressive symptoms; and (3) to
explore the moderating effect of social participation on the
bidirectional relationship between sleep disorders and pain. This
study aims to provide higher levels of evidence regarding the
above objectives based on a national prospective cohort study,
contributing to a better understanding of the complex interplay
between sleep disorders, pain, depressive symptoms, and social
participation.

Methods

Sample and Data Collection
The data used in this study were obtained from the follow-up
survey of the China Health and Retirement Longitudinal Study
(CHARLS). The participants are middle- and old-aged residents.
The baseline data collection for CHARLS was conducted in
2011 and included approximately 10,000 households and 17,500
individuals from 150 counties and districts and 450 villages and
resident committees in 28 provinces. The follow-up surveys
were conducted every 2 to 3 years, and all survey data were
made public 1 year after the end of data collection.

CHARLS adopted a multistage stratified probability proportional
to size sampling technique, and the detailed sampling technique
can be found elsewhere [48]. All data were collected using
face-to-face interviews at 3 time points, covering participants’
demographic background, family characteristics, health behavior
and status, and retirement information. More detailed
information about CHARLS can be found on its official website
[49].

This study used the follow-up data from 2013 (T1), 2015 (T2),
and 2018 (T3). The sample size is 7998 participants who are
selected with a criterion of providing complete information on
sleep disorders, pain, depression, and social participation in all
3 waves.

Ethics Approval
The studies involving human participants were reviewed and
approved by the Research Ethics Committees of Peking
University (IRB00001052-11015). The patients or participants
provided their written informed consent to participate in this

study. The data for analysis were deidentified without revealing
any personal identity.

Depression
The 10-item Center for Epidemiologic Studies Depression Scale
(CES-D 10) was used to measure depressive symptoms.
Covering the respondent’s positive feelings, negative emotions,
and physical symptoms in the past week. The item of CES-D
10 was scaled from 0 to 3, with the total score ranging from 0
to 30. Higher scores indicate more depressive symptoms. CES-D
10 has shown good internal reliability, with a Cronbach α of
0.815 [50].

Sleep Disorders
Sleep disorders were assessed by a single-item sleep quality
scale and nighttime sleep duration, which were both commonly
used in previous studies [51-53]. The total score for sleep
disorders was calculated as the sum of the scores for the
single-item sleep quality scale and nighttime sleep duration.

Participants were asked to rate their sleep quality using the
single-item sleep quality scale. The single item in the scale was
“My sleep was restless,” which had a 4-point response scale
ranging from “rarely or none of the time” to “most or all of the
time.” The self-reported measure of sleep quality as a single
item has been widely used in previous studies and has been
shown to be highly correlated with the multi-item versions of
the sleep quality scale [51]. Furthermore, it has been reported
that the test-retest reliability coefficients of the single-item sleep
quality scale reached 0.90 [54].

Nighttime sleep duration was assessed based on self-reported
data in response to the question, “How many hours did you
usually sleep per day on average in the past month?” According
to the classification on sleep duration from the National Sleep
Foundation [55] and the research from Gu et al [56], the
responses were divided into 4 groups based on the number of
hours slept per night and scored from 0 to 3. A score of 3 was
assigned to participants who reported sleeping less than 5 hours
or more than 10 hours per night; a score of 2 was assigned to
those who reported sleeping between 5 and 6 hours or between
9 and 10 hours per night; a score of 1 was assigned to those
who reported sleeping between 6 and 7 hours or between 8 and
9 hours per night; and a score of 0 was assigned to those who
reported sleeping between 7 and 8 hours per night.

Pain
In this study, participants were asked to report whether they
experienced pain. Those who did not report experiencing pain
were assigned a value of 0, while those who reported
experiencing pain were asked to report their pain location using
a validated body map [57], including the head, shoulders, arms,
wrists, fingers, chest, stomach, back, waist, buttocks, legs, knees,
ankles, toes, neck, and other parts. Each pain location was
counted as 1 point, and the total pain score was the sum of all
pain locations reported. These methods to determine the extent
and distribution of pain are standard in population-based studies
of pain and have been shown to be valid and reliable [58].
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Social Participation
Combining the definitions of social participation by previous
scholars [59] and the characteristics of activity participation of
Chinese seniors [60], this study adapted the definition of social
participation from previous literature that emphasizes
participation in activities that provide interactions with others
in society or the community. Based on this adapted definition,
the following types of activities were included: (1) interacting
with friends; (2) playing mahjong, chess, cards, or going to the
community club; (3) providing help to relatives, friends, or
neighbors who do not live with you; (4) dancing, fitness, qigong,
etc; (5) participating in club activities; (6) participating in
volunteer activities or charity activities; (7) taking care of
patients or disabled people who do not live with you; (8) going
to school or attending training courses; (9) stock trading; (10)
surfing the internet; and (11) other social participation that meets
our definition. One social participation counted as 1 point. If
the respondent answered “yes” to any of the above social
participation, they were asked about the corresponding
frequency (3=almost every day, 2=almost every week, and 1=not
often). The total score of social participation was the cumulative
score of the corresponding frequency of each individual social
participation.

Control Variable
To minimize the possibility of a third variable influence on the
sleep disorders-pain relationship and to keep the parsimony of
our model, a limited number of covariates related to sleep and
pain were controlled. According to previous studies, all
covariates are based on baseline data [61]. First, demographic
control variables included age, gender (coded as 0=male and
1=female), and educational level (coded as 0=illiterate, 1=junior
high school or below, and 2=high school or above). Then,
lifestyle covariates included current smoking and current
drinking status. The respondents were asked if they currently
smoke (coded as 1=yes and 0=no) and drink (coded as 1=yes
and 0=no). Interpersonal relationship covariates included marital
status (coded as 1=married and 0=never married, separated,
divorced, or widowed) and residence (coded as 1=rural and
0=urban). In addition, the covariates closely related to pain

included “have measures been taken to relieve pain?” (coded
as 1=yes and 0=no).

Statistical Analysis
In order to maximize statistical power and minimize bias,
full-information maximum likelihood estimation was conducted
in Mplus (version 8.3; Muthén & Muthén). This estimation
method is referred to as principled missing data handling
approach, as it does not directly replace missing values but uses
existing information to estimate population parameters without
bias [62], and it is considered suitable for attributing missing
longitudinal data, such as the data analyzed here.

The following variables were inputted into the model as
continuous variables: sleep disorders, pain, depressive
symptoms, social participation, and age, while the remaining
variables were inputted as categorical variables. Structural
equation modeling with observed variables was done to evaluate
the association between sleep disorders and pain at all time
points (model 1), the mediating role of depressive symptoms
(model 2), and the moderating role of social participation (model
3). Thus, a full mediation structural equation model was
constructed [63]. Following the suggestion of Hoyle [64], 2 fit
indices were used to evaluate the model fit, including the
standardized root mean square residual (SRMR) and the
comparative fit index (CFI). A CFI value greater than 0.95 was
considered to indicate a good model fit, while an SRMR value
below 0.06 was considered to indicate a good fit, although
values below 0.08 were considered to be acceptable. All
mediations were tested with 5000 bootstrap iterations.

Results

Descriptive Statistics
The sample characteristics based on baseline data and the
distribution of key variables by period are presented in Table
1. The average scores of key variables from T1 to T3 were as
follows: sleep disorders (2.18, 2.20, and 2.45); depressive
symptoms (7.89, 8.07, and 8.87); pain (0.94, 1.73, and 3.10);
and social participation (2.01, 1.89, and 1.83), respectively.
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Table 1. The characteristics of covariates at baseline and depressive symptoms, sleep disorders, pain, and social participation from T1 to T3 (N=7998).

2018 (T3)2015 (T2)2013 (T1)Variable

——a58.47 (8.54)Age (years), mean (SD)

Sex, n (%)

——3865 (48.32)Female

——4133 (51.68)Male

Education, n (%)

——1738 (21.73)Illiteracy

——5172 (64.67)Junior high school or less

——1088 (13.6)High school or more

Marital status, n (%)

——7258 (90.75)Married

——740 (9.25)Not in marriage

Residence, n (%)

——2991 (37.4)Urban

——5007 (62.6)Rural

Smoke, n (%)

——2176 (27.21)Yes

——5822 (72.79)No

Drink, n (%)

——2706 (33.83)Yes

——5292 (66.17)No

Taken measures to relieve pain, n (%)

——1508 (18.85)Yes

——6490 (81.15)No

3.10 (3.79）1.73 (3.41）0.94 (2.05）Pain, mean (SD)

8.87 (6.52）8.07 (6.38）7.89 (5.75）Depressive symptoms, mean (SD)

2.45 (1.98）2.20 (1.95）2.18 (1.93）Sleep disorders, mean (SD)

1.83 (2.38)1.89 (2.41)2.01 (2.37)Social participation, mean (SD)

aNot available.

The Relationship Between Sleep Disorders and Pain
Figure 1 depicts the cross-lagged model of the bidirectional
relationship between sleep disorders and pain (model 1). After
controlling for covariates, model 1 fitted the data adequately
(CFI=0.919; SRMR=0.045). Sleep disorders at each time point
were positively related to themselves over time, as was pain,

as would be expected. The cross-lagged effects of previous sleep
disorders on pain at T2 (β=.141; P<.001) and T3 (β=.117;
P<.001) as well as pain on subsequent sleep disorders at T2
(β=.080; P<.001) and T3 (β=.093; P<.001) were significant.
These results support our hypothesis that sleep disorders and
pain are bidirectionally related.

JMIR Public Health Surveill 2023 | vol. 9 | e48032 | p.1863https://publichealth.jmir.org/2023/1/e48032
(page number not for citation purposes)

Fan et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. Cross-lagged panel model of the bidirectional relationship between sleep disorders and pain.

The Longitudinal Mediating Role of Depressive
Symptoms
As Figure 2 presents, after adding 2 indirect paths that shared
depressive symptoms as a potential mediator, model 2 still had
a good fit to the data (CFI=0.983; SRMR=0.045). At a

significance level of 0.01, we found that the cross-lagged effects
of sleep disorders on subsequent pain at T2 (β=.032; P=.005)
and T3 (β=.057; P<.001), as well as previous pain on subsequent
sleep disorders at T2 (β=.064; P<.001) and T3 (β=.062; P<.001),
were significant but slightly reduced in size compared to those
in model 1.

Figure 2. Longitudinal mediating effect of depressive symptoms in the bidirectional relationship between sleep disorders and pain.

We found 2 specific indirect paths from the depressive
symptoms. First, higher previous sleep disorders predicted worse
subsequent depressive symptoms (β=.066; P<.001), and worse
previous depressive symptoms predicted higher amounts of
subsequent pain (β=.164; P<.001). Second, higher previous
pain predicted worse subsequent depressive symptoms (β=.111;
P<.001), and worse previous depressive symptoms predicted
higher amounts of subsequent sleep disorders (β=.108; P<.001).
To further test the longitudinal mediation, we used a 95% CI
in Mplus (Table 2). Effect sizes of the longitudinal mediations

were computed using MacKinnon’s formula for calculating the
mediated percentage, which is the indirect effect divided by the
total effect (Table 2). The indirect effects of previous sleep
disorders on pain through depressive symptoms (β=.020; SE
0.004; P<.001; effect size 21.98%), as well as previous pain on
sleep disorder through depressive symptoms (β=.012; SE 0.002;
P<.001; effect size 20.69%), were significant across the 3-time
intervals. Both effect sizes fell in the medium range on the basis
of Cohen’s guidelines, suggesting that these mediations captured
significant covariation over time.
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Table 2. Statistical results of longitudinal mediating effect of depressive symptoms in the bidirectional relationship between sleep disorders and pain.

Effect size (%)aP valueSEβModel 2

21.98<.0010.004.020T1 sleep disorders to T2 depressive symptoms to T3 pain

20.69<.0010.002.012T1 pain to T2 depressive symptoms to T3 sleep disorders

aEffect size is the proportion mediated, which is calculated by dividing the indirect effect by the total effect.

The Moderating Effect of Social Participation
To test our third hypothesis, we examined whether social
participation could moderate the bidirectional relationship
between sleep disorders and pain in model 3. The results of
model 3 are shown in Figure 3 and Table 3 and fit the data well
(CFI=0.983; SRMR=0.045). We found support for this
prediction in participants with high levels of social participation
(greater than the mean). As shown in Figure 3, social
participation directly moderates the bidirectional relationship

between sleep disorders and pain. This was demonstrated by
the lack of significant cross-lagged effects between sleep
disorders and pain in participants with high levels of social
participation, at a significance level of .01. Specifically, we did
not observe statistically significant effects of sleep disorders on
subsequent pain at T2 (β=.048; P=.15) and T3 (β=.085; P=.02),
nor did we observe statistically significant effects of previous
pain on subsequent sleep disorders at T2 (β=.037; P=.15) and
T3 (β=.039; P=.24).

Figure 3. Moderating effect of social participation in the relationship among sleep disorders, pain, and depressive symptoms.

Table 3. Statistical results of longitudinal mediating effect of depressive symptoms in the bidirectional relationship between sleep disorders and pain
in participants with high levels of social participation.

Effect size (%)aP valueSEβModel 3

4.95.140.007.010T1 sleep disorders to T2 depressive symptoms to T3 pain

28.57.020.007.016T1 pain to T2 depressive symptoms to T3 sleep disorders

aEffect size is the proportion mediated, which is calculated by dividing the indirect effect by the total effect.

Using a 95% CI in Mplus (Table 3), we found that depressive
symptoms no longer mediated the sleep disorders-to-pain
pathway (P=.14) and the pain-to-sleep disorders pathway
(P=.02) in participants with high levels of social participation.
This indicated that social participation indirectly moderated the
bidirectional relationship between sleep disorders and pain by
affecting depression.

Discussion

Principal Findings
In summary, the dynamic cohort study based on the longitudinal
data in middle- and old-aged Asians demonstrates a reciprocal
relationship between sleep disorders and pain, and the
prospective reciprocal relationship is partially mediated by
depressive symptoms. The reciprocal relationship between sleep
disorders and pain is also moderated by social participation
directly and indirectly by affecting depression.
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Previous research already showed that sleep disorders, pain,
and depressive symptoms are cross-sectionally related. Although
there are longitudinal studies and even a randomized controlled
study [65] in Western countries, they only suggest that sleep
disorders and pain interact in a bidirectional manner. Despite
some cross-sectional studies demonstrating the indirect path
from pain to sleep disorders through depression symptoms [26]
and the reverse influence [25], the data are cross-sectional and
correlational, meaning that causality cannot be inferred and firm
conclusions about mediation effects cannot be drawn. To our
knowledge, there has been 1 cohort study [66], but depressive
symptoms were assessed during the same wave as sleep
disorders, making it uncertain that they were indeed a
consequence of sleep disorders. Our study explores the basic
mechanism of the mutual relationship between depression, sleep
disorders, and pain and provides higher-level evidence by
large-scale longitudinal data. Our findings not only strengthen
the bidirectional relationship between sleep disorders and pain
and the longitudinal mediating effect of depression symptoms
in this bidirectional relationship, but also explore the social
participation as an accessible and feasible moderation measure
to interrupt the vicious cycle of sleep disorders and pain directly
and indirectly by affecting depression, which will provide
inspiration for the treatment of sleep disorders and pain. Our
study contributes to the literature by examining the prospective
relationship between sleep disorders, pain, depression, and social
participation in a large-scale cohort study. The advantages of
our study include large sample size, prospective design, and
nationally representative data [67].

Collectively, our findings from a large cohort of middle- and
old-aged Chinese population support the bidirectional
relationship between sleep disorders and pain, with a stronger
effect of sleep disorders on pain at T2 (β=.141; P<.001) and T3
(β=.117; P<.001) compared with the effect of pain on sleep
disorders at T2 (β=.080; P<.001) and T3 (β=.093; P<.001).
These findings are in accordance with previous research
conducted in Western countries. For instance, a study found
that poor baseline sleep quality predicted higher pain intensity
at 6 months (β=.18; 95% CI 0.07-0.30), and vice versa (β=.14;
95% CI 0.01-0.26) [68]. Additionally, a randomized controlled
trial revealed that changes in sleep complaints at 3 months
significantly predicted changes in pain at 12 months (β=.29;
P<.001), and to a lesser extent, changes in pain predicted
changes in sleep (β=.15; P<.05) [65], which is consistent with
our study in terms of the direction and strength of the
bidirectional relationship between sleep disorders and pain.
However, a study of Western emerging adults (18-25 years old)
partly argued against the long-term bidirectional relationship,
suggesting that sleep disorders significantly increased chronic
pain (β=.15; P<.05) [66]. In comparison, we further found a
slightly weaker but significant longitudinal effect of pain on
sleep disorders, which may be due to the different age stages
and races of the population.

There is evidence that emotional disturbances and negative
emotions such as depression can largely explain the relationship
between pain and sleep disorders. For instance, a study found
that depression partially mediated the effects of pain,
substantiating an indirect path from pain to sleep disturbance

through depressive symptoms, and this indirect effect (β=.20;
SE 0.07) accounted for 37.46% of the total effects in the model
tested [26]. Another study showed that sleep disorders have a
strong positive association with depressive symptoms (β=.67;
95% CI 0.57-0.75; P<.001), which in turn has a moderate
positive association with pain severity (β=.36; 95% CI
0.19-0.51; P<.001), and the mediating effect of depressive
symptoms was significant (β=.24; SE 0.052) [25]. In addition,
a cohort study found that sleep disorders indirectly affect the
severity of abdominal pain through depressive symptoms (β=.05;

95% CI 0.01-0.09; k2=0.06) [66]. In agreement with these
studies, our results support the mediating role for depression
symptoms in the bidirectional relationship between sleep
disorders and pain, confirming an indirect pathway from pain
to sleep disorders through depressive symptoms and the reverse
influence. Therefore, previous findings suggesting a causal link
between sleep disorders and pain may be, in part, due to the
effects of depressive symptoms. Our study contributes to the
current understanding of the relationship between sleep
disorders, pain, and depression in the Asian population,
providing valuable insights where there was previously a gap
in knowledge.

In the middle- and old-aged population with high levels of social
participation, we identified that social participation moderated
the bidirectional relationship between sleep disorders and pain
directly and indirectly by affecting depression. This suggests
that for individuals with pain, higher levels of social
participation are associated with a reduced likelihood of
experiencing sleep disorders. Similarly, for individuals with
sleep disorders, higher levels of social participation are
associated with a reduced likelihood of experiencing pain. This
is a new finding, as previous related studies only suggested that
social participation has potential benefits in alleviating
depression, pain, and sleep disorders. For instance, social
participation has a significant negative effect on the depressive
symptoms of the older adults, whether they are empty-nest older
adults (β=–2.404; P<.001) or non–empty-nest older adults
(β=–1.957; P<.001) [44]. Additionally, high-frequency social
participation, such as participating in interest groups (β=–.59;
P<.01), community-related organizations (β=–.41; P<.05),
sports (β=–.39; P<.05) can have a positive effect on mental
health and health behaviors to promote sleep [47]. Moreover,
satisfaction with their social roles during social participation
(β=–.16; P<.01) and self-perceived ability to participate in social
roles are related to pain (β=–.19; P<.001) [45]. However, there
is little systematic study on the role of social participation in
the cyclical relationship between sleep disorders, depression,
and pain. This study reveals that social participation can serve
as a practical and cost-effective strategy to moderate the
bidirectional relationship between sleep disorders and pain
directly and indirectly by affecting depression, which has
potential implications for their treatment. Additionally, social
participation may also moderate the relationship between sleep
disorders and pain by affecting circadian rhythms, as suggested
by the literature. For example, social participation in activities
such as dancing and fitness can modulate the molecular clock
in skeletal muscle, affecting both the amplitude and phase of
circadian rhythms [69]. Disrupted circadian rhythms have direct

JMIR Public Health Surveill 2023 | vol. 9 | e48032 | p.1866https://publichealth.jmir.org/2023/1/e48032
(page number not for citation purposes)

Fan et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


effects on both sleep disorders and pain, as multiple clinical
and foundational science studies have reported that circadian
rhythm disruption can directly alter pain thresholds [70].
Moreover, disrupted circadian rhythms can lead to undesirable
or irregular timing of sleep, exacerbating sleep disorders [71].

Future research could investigate the effects of various types
of social participation with different durations, frequencies, and
timings on circadian rhythms. Future research could compare
the impacts of overnight activities such as playing mahjong or
caring for disabled family members with daytime activities like
helping neighbors or engaging in volunteer work. Future
research could also investigate the effects of various types of
social participation with different durations, frequencies, and
timings on the relationship. Such research could shed light on
the intricate relationship between social participation, circadian
rhythms, sleep disorders, and pain.

Limitations
Although this study indicates some interesting relationship,
there are limitations to the interpretation of the results. First,
the self-reported nature of the data means that results must be
interpreted with caution. There may be a tendency to over- or
underestimate symptoms. Second, data were not collected on
specific pain diagnoses. Different potential diseases and causes
may play a role in the relationship between pain and sleep, so
it would be useful in the future to collect such data for subgroup
analysis. Third, medical information such as the disease itself
and other comorbidities, as well as the severity of symptoms
and medication records, was not collected and therefore could

not be controlled for in our analysis. For example, some
analgesic compounds can lead to sleep fragmentation and even
insomnia [72]. Future research should consider the effects of
medications on sleep structure as well as emotional and physical
states. Fourth, due to our inability to incorporate potential
confounders into the analysis or adjust for them, such as stressful
life events, family history of mental disorders or genetic
characteristics, as well as family characteristics, health behaviors
and status, and retirement information, residual confounding
may exist. Future studies should consider these limitations and
attempt to address them to provide a more comprehensive
understanding of this complex relationship. In addition,
categorizing risk factors for sleep, such as susceptibility,
precipitating, and persistent factors, to better identify associated
factors will provide more targeted recommendations for the
management of pain, sleep disorders, and other symptoms.

Conclusions
In conclusion, our longitudinal cohort found a bidirectional
relationship between sleep disorders and pain in middle- and
old-aged Asians; depression plays a longitudinal mediating role
in the bidirectional relationship between them; and social
participation moderated the bidirectional relationship between
them directly and indirectly by affecting depression. In future
research, the moderation mechanism of social participation will
be a focus with high interest, which will provide further insights
into the nonpharmacological treatment and care of sleep
disorders and pain. Overall, future interventions may consider
the complex relationship of these conditions and adopt a
comprehensive treatment regime.
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Abstract

Background: The associations of long-term exposure to air pollutants in the presence of asthmatic symptoms remain inconclusive
and the joint effects of air pollutants as a mixture are unclear.

Objective: We aimed to investigate the individual and joint associations of long-term exposure to ambient fine particulate matter
(PM2.5) and daily 8-hour maximum ozone concentrations (MDA8 O3) in the presence of asthmatic symptoms in Chinese adults.

Methods: Data were derived from the World Health Organization Study on Global Ageing and Adult Health (WHO SAGE)
cohort study among adults aged 50 years or older, which was implemented in 1 municipality and 7 provinces across China during
2007-2018. Annual average MDA8 O3 and PM2.5 at individual residential addresses were estimated by an iterative random forest
model and a satellite-based spatiotemporal model, respectively. Participants who were diagnosed with asthma by a doctor or
taking asthma-related therapies or experiencing related conditions within the past 12 months were recorded as having asthmatic
symptoms. The individual associations of PM2.5 and MDA8 O3 with asthmatic symptoms were estimated by a Cox proportional
hazards regression model, and the joint association was estimated by a quantile g-computation model. A series of subgroup
analyses was applied to examine the potential modifications of some characteristics. We also calculated the population-attributable
fraction (PAF) of asthmatic symptoms attributed to PM2.5 and MDA8 O3.

Results: A total of 8490 adults older than 50 years were included, and the average follow-up duration was 6.9 years. During
the follow-up periods, 586 (6.9%) participants reported asthmatic symptoms. Individual effect analyses showed that the risk of
asthmatic symptoms was positively associated with MDA8 O3 (hazard ratio [HR] 1.12, 95% CI 1.01-1.24, for per quantile) and
PM2.5 (HR 1.18, 95% CI 1.05-1.31, for per quantile). Joint effect analyses showed that per equal quantile increment of MDA8
O3 and PM2.5 was associated with an 18% (HR 1.18, 95% CI 1.05-1.33) increase in the risk of asthmatic symptoms, and PM2.5

contributed more (68%) in the joint effects. The individual PAFs of asthmatic symptoms attributable to PM2.5 and MDA8 O3

were 2.86% (95% CI 0.17%-5.50%) and 4.83% (95% CI 1.42%-7.25%), respectively, while the joint PAF of asthmatic symptoms
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attributable to exposure mixture was 4.32% (95% CI 1.10%-7.46%). The joint associations were greater in participants with
obesity, in urban areas, with lower family income, and who used unclean household cooking fuel.

Conclusions: Long-term exposure to PM2.5 and MDA8 O3 may individually and jointly increase the risk of asthmatic symptoms,
and the joint effects were smaller than the sum of individual effects. These findings informed the importance of joint associations
of long-term exposure to air pollutants with asthma.

(JMIR Public Health Surveill 2023;9:e47403)   doi:10.2196/47403

KEYWORDS

asthma; joint association; ozone; PM2.5; population attributable fraction; air pollution; long-term exposure

Introduction

Asthma is a heterogeneous disease defined by a history of
respiratory symptoms (eg, wheezing, shortness of breath, chest
tightness, and cough) that vary over time and in intensity,
accompanied by variable expiratory airflow limitation [1].
Asthma could affect people of all ages worldwide. The Global
Burden of Disease (GBD) study in 2019 estimated that there
were 262 million people worldwide affected by asthma, with a
15.7% increase in prevalence since 2010 [2].

The complexity of asthma is particularly challenging, and
increasing evidence has linked air pollution exposures to the
incidence of asthma. There is ample evidence that supports the
association of short-term exposure to air pollution and morbidity
of asthma [3,4]. However, the associations between long-term
exposure to air pollution and asthma remain inconclusive [5].
Some studies reported positive associations of long-term
exposure to air pollutants with the incidence of asthma [6-11],
while others reported null or negative associations [12-15]. This
inconsistency may be related to different populations, exposure
assessment approaches for air pollution, and study designs
among previous studies. For example, several studies were
conducted in children, in which the role of chronic air pollution
exposure in the development of childhood asthma has been well
demonstrated [4,16], while in some studies conducted in adults,
the role of air pollution in adult-onset asthma was inconclusive
[6,7,10,11]. It was suggested that childhood-onset and
adult-onset asthma are 2 distinct asthma phenotypes that have
different clinical, biological, and genetic characteristics [17].
The associations of air pollution with adult-onset asthma should
not be extrapolated from studies in children and should be
particularly investigated. In addition, more studies that
investigated the chronic effects of air pollution on asthma were
cross-sectional studies, and few were prospective studies [18].
Those results from cross-sectional studies may be biased due
to recall bias and confounding bias. Therefore, we believe more
prospective studies on adults are needed.

Although studies on the long-term effects of air pollution on
asthma in adults are few and inconsistent, several previous
studies showed a positive association between air pollution and
other chronic respiratory diseases such as chronic obstructive
pulmonary disease (COPD). For example, a 15-year population
cohort study in Canada found positive associations of COPD
with ambient fine particulate matter (PM2.5) and O3 [19]. A

systemic review and meta-analysis showed that per 10 μg/m3

increase in PM2.5 is associated with an increased incidence of

COPD (hazard ratio [HR] 1.18, 95% CI 1.13-1.23) [20]. These
studies suggested the plausibility of the association between air
pollution and asthma.

It is increasingly recognized that people in their daily lives do
not get exposed to a single air pollutant but rather to multiple
air pollutants as a mixture that altogether may impact health.
The idea of coexposures to multiple pollutants has been
articulated as part of the exposome concept [21], and the
scientific community and the US Environmental Protection
Agency are moving toward a multipollutant approach to quantify
the health consequences of air pollution mixtures as a whole
[22]. A prospective cohort study from Australia reported a
significant joint association of 5 air pollutants (PM10, PM2.5,
CO, NOx, and SO2) with COPD, although they did not find
significant associations of COPD with several pollutants in the
multiple pollutant model [12], suggesting the importance of
assessing joint effects of air pollutants as a whole. However, to
date, very few studies have estimated the joint effects of air
pollutants on the risk of asthma.

China is one of the most popular countries with a large number
of patients with asthma and has serious air pollution. The GBD
2019 study estimated that there were about 24.8 million patients
with asthma across China in 2019 [2]. The annual average PM2.5

concentration across China was as high as 77.05 μg/m3 in 2013
[23]. To tackle severe air pollution, Chinese governments have
implemented a series of rigorous air pollution control policies
in the past decade [24]. Although the national average PM2.5

concentration across China in 2021 has been significantly

reduced to 30 μg/m3, it is still 6 times higher than the

recommended air quality guidelines (5 μg/m3) by World Health
Organization (WHO) (2021). In addition, these control policies
in air pollution inappropriately reduce NOx rather than the
volatile organic compounds, which may lead to an increase in
the ambient ozone (O3) [25]. The national population-weighted
mean concentrations of maximum daily 8-hour average ozone

(MDA8 O3) increased from 89.34 μg/m3 in 2013 to 100.96

μg/m3 in 2019 [26]. Currently, both ambient PM2.5 and O3 have
become the major air pollutants across China. However, the
individual and joint associations of long-term exposure to PM2.5

and O3 with asthma in adults remain unknown.

To fill in these research gaps, this study implemented a national
cohort study in China to estimate both individual and joint
associations of long-term exposure to PM2.5 and O3 with risk
of asthmatic symptoms and calculated the
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population-attributable fraction (PAF) of asthmatic symptoms
attributable to PM2.5 and O3 in Chinese adults aged older than
50 years.

Methods

Study Design and Population
The World Health Organization Study on Global Ageing and
Adult Health (WHO SAGE) is a cohort study that was conducted
in 1 municipality (Shanghai) and 7 provinces (Guangdong,
Hubei, Jilin, Shaanxi, Shandong, Yunnan, and Zhejiang) in
China by using a stratified multistage random cluster sampling
among adults aged older than 18 years and older from 2007 to
2018 [27,28]. A total of 18,673 participants were recruited at
baseline in the first wave (2007-2010) conducted through a
face-to-face household interview and were followed up during
2014-2015 and 2017-2018, respectively. In each round of
follow-up investigation, new participants were added to enlarge
the sample size. Eventually, a total of 18,673 participants were
included in the research. Participants were excluded from this
study if they were lost to follow-up (n=8053), reported asthmatic
symptoms at baseline (n=420), unavailability of data for
follow-up (n=33), without information about asthma (n=676),
were younger than 50 years (n=728), and missing information
on key covariates (n=273). Finally, a total of 8490 participants
were included in the analysis (Figure S1 in Multimedia
Appendix 1).

Ethics Approval
This study was approved by the Ethics Committee of the
Chinese Centre for Disease Control and Prevention. Informed
consent was obtained from each participant before the interview.
Individually identifiable information was anonymous. WHO
SAGE was approved by the World Health Organization’s Ethical
Review Board (RPC146), in China, SAGE wave1 was approved
by the Chinese Center for Disease Control and Prevention
(200601), and SAGE wave 2-3 was approved by Shanghai
Municipal Center for Disease Control and Prevention (2014-8,
2018-1).

Assessment of Environmental Exposures
Daily 8-hour maximum ozone concentrations (MDA8 O3) with
a spatial resolution of 7×7 km across China during 2008-2018
were estimated by an iterative random forest model, which were
derived from ground monitoring ozone data, satellite-derived
ozone column amount, various meteorological information,
normalized difference vegetation index, fractional urban cover,
and elevation data. The random forest model showed

sample-based and site-based cross-validation R2 of 0.84 and
0.79, respectively, indicating the high accuracy of estimation
of daily MDA8 O3 [29]. The annual average MDA8 O3 was
calculated using the daily data in each grid. Annual mean PM2.5

concentration was measured by a satellite-based spatiotemporal
model with a spatial resolution of 1×1 km across China, which
was established by the Atmospheric Composition Analysis

Group. The R2 value for the spatiotemporal model was 0.81
[30]. The annual average temperature was obtained from ERA5
[31].

We first calculated the annual mean exposure to MDA8 O3,
PM2.5, and temperature in each calendar year (from the first day
to the last day of a year) at a spatial grid across China. Then,
the environment exposure data were assigned to each participant
based on latitude and longitude of residence address, which
ensured the accuracy of exposure information if the participant
changed address. One-year exposure was regarded as an
indicator of long-term exposure level and treated as a
time-varying variable [32,33].

Outcome Measurement
Participants who were diagnosed with asthma by a doctor prior
to the interview or taking asthma-related therapies within the
past 12 months prior to the interview were recorded as having
asthmatic symptoms. Participants were also defined as cases
with asthmatic symptoms based on an algorithm about
self-reported symptom-based questions within the past 12
months prior to the survey that is listed in Table S1 in
Multimedia Appendix 1 [34]. The outcome was collected at
baseline and at each round of follow-up, and the new asthmatic
symptom was defined as the first ever met the condition listed
above during follow-up.

Covariates
Covariates in this study included age (50-64 years and ≥65
years), sex (male and female), urbanicity (urban and rural),
region (southern and northern), smoking status (ever and never),

drinking status (ever, never), BMI (kg/m2) (normal [≤23.9],
overweight [24.0-27.9], and obese [≥28]), marriage status
(married and unmarried), family income (low and high), major
type of household cooking fuel (clean fuel and unclean fuel),
educational level (no formal education, primary school, and
middle school or higher), physical activity (low, middle, and
high), fruit intake (sufficient and insufficient), vegetable intake
(sufficient and insufficient), air pollution–related occupations
(related and not related), and ambient temperature (Table S1 in
Multimedia Appendix 1).

Statistical Analysis

Individual Associations of Air Pollutants With the
Presence of Asthmatic Symptoms
A Cox proportional hazards model using time-varying covariates
and coefficients [35] was used to estimate the HRs and 95% CI
on the presence of asthmatic symptoms for each quartile
increment in the pollutant concentration in the single-pollutant
model. We also explored the nonlinear effects by applying a
natural spline with 3 degrees of freedom in the model. We
applied a series of subgroups analysis to examine the potential
modifications of some characteristics.

Based on the above estimates, we used the following formula
(equation 1) to calculate the individual PAF of asthmatic
symptoms attributable to PM2.5 and MDA8 O3 [36]:

where Pi indicates the proportion of the population in exposure
category “i” (using each PM2.5 and MDA8 O3 concentration
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quantile as the category) and RRi represents HR of exposure
category “i.”

Joint Associations of Air Pollutants With the Presence
of Asthmatic Symptoms
We first tested the collinearity among air pollutants and
covariates using the Variance Inflation Score, and the results
illustrated that the low collinearity with the Variance Inflation
Scores of the multipollutant model among variables was less
than 10 (Table S2 in Multimedia Appendix 1).

A quantile g-computation model was used by using a Cox
proportional hazards model as an underlying model to estimate
the joint effects of PM2.5 and MDA8 O3. We estimated the joint
effect of air pollutants for an equal quartile increment of each
pollutant in the model. The quantile g-computation model first
transformed each pollutant into a categorical variable, coded as
0, 1, 2, 3, and then estimated associations with health outcomes
when all pollutants change 1 unit. The model also calculated
the weight of each pollutant, if all the exposure pollutants have
the same direction, interpreting as the proportion of the effect
and sum to 1. If the exposure pollutants have different directions
of effect, the weights are interpreted as a proportion of the
positive or negative effect, and sum to 2 [37]. Moreover, the
quantile g-computation model was also conducted in subgroups.
The between-group variability was tested using a 2-sample z
test [38], and P values calculated by 2-by-2 comparisons
between multiple groups were corrected using the Bonferroni
method. The formula (equation 2) for the between-group
variability test is as follows:

where b1 and b2 are the estimated effects of 2 groups, and SE1
2

and SE2
2 are the standard errors of the estimated effects of 2

groups [38].

Based on the above estimates, we calculated the individual and
joint PAFs of asthmatic symptoms attributable to PM2.5 and
MDA8 O3 [36]. We used the following formula (equation 3) to
calculate the joint PAF:

where PAFoverall represents the effect values of all risk factors,
PAFi is the PAF for exposure category “i.” A
variance-covariance matrix of the parameters from the regression
model was used to estimate the 95% CI of joint PAF by
randomly generating 10,000 PAFs from the normal distribution.

Sensitivity Analysis
Sensitivity analysis adjustment for different confounders was
used to test the robustness of our findings. For some confounders
with serious missing such as physical activity, fruit intake, and
vegetable intake, sensitivity analyses were conducted only in
participants with completed data.

All analyses were conducted by R software (version 4.1.3; R
Development Core Team). All tests were 2-tailed, and P<.05
was considered statistically significant.

Results

Characteristics of Study Participants
A total of 8490 participants were finally included in this
analysis, with a mean of 6.9 (SD 2.3) years of follow-up and
an overall 58,737 person-years of follow-up. Among the total
participants, 2950 (34.75%) were older than 64 years, 4066
were (47.89%) males, 4867 (57.43%) resided in rural areas,
5259 (61.94%) lived in Southern China, and 4641(54.66%) used
unclean energy as the major household cooking fuel. At the
follow-up, 586 (6.9%) participants were diagnosed with
asthmatic symptoms (Table 1).

The mean PM2.5 concentration was 42.85 (SD 12.74) μg/m3,

and the 25%, 50%, and 75% quantiles were 31.70 μg/m3, 41.30

μg/m3, and 53.10 μg/m3, respectively. The mean MDA8 O3

concentration was 94.19 (SD 5.62) μg/m3, and the 25%, 50%,

and 75% quantiles were 89.12 μg/m3, 93.73 μg/m3, and 97.29

μg/m3, respectively. PM2.5 was positively correlated with
ambient MDA8 O3 (r=0.663, P<.001) and ambient temperature
(r=0.090, P<.001). Ambient MDA8 O3 was also positively
correlated with ambient temperature (r=0.428, P<.001; Table
S3 in Multimedia Appendix 1).
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Table 1. Characteristics of study participants in the World Health Organization Study on Global Ageing and Adult Health cohort study in China.

Participants with asthmatic symptoms during the follow-
up

Total participants (N=8490)Categories

Yes (n=586)No (n=7904)

94.12 (5.46)94.18 (5.64)94.19 (5.62)MDA8 O3 (μg/m3), mean (SD)

46.64 (14.25)46.02 (12.64)46.20 (12.74)PM2.5 (μg/m3), mean (SD)

64.31 (8.9)61.71 (8.52)61.89 (8.57)Age (years), n (%)

315 (53.8)5225 (66.11)5540 (65.25)50-64

271 (46.2)2679 (33.89)2950 (34.75)≥65

Gender, n (%)

286 (48.8)3780 (47.82)4066 (47.89)Male

300 (51.2)4124 (52.18)4424 (52.11)Female

Urbanicity, n (%)

270 (46.1)4606 (58.27)4876 (57.43)Rural

316 (53.9)3298 (41.73)3614 (42.57)Urban

Region, n (%)

316 (53.9)4943 (62.54)5259 (61.94)Southern China

270 (46.1)2961 (37.46)3231 (38.06)Northern China

Marital status, n (%)

479 (81.7)6861 (86.80)7340 (86.45)Married

107 (18.3)1043 (13.20)1150 (13.55)Unmarried

BMI (kg/m2), n (%)

324 (55.3)4359 (55.2)4683 (55.16)Normal weight (≤23.9)

185 (31.6)2587 (32.73)2772 (32.65)Overweight (24-27.9)

77 (13.1)958 (12.12)1035 (12.19)Obese (≥28)

Major type of household cooking fuel, n (%)

333 (56.8)4308 (54.50)4641 (54.66)Clean

253 (43.2)3596 (45.50)3849 (45.34)Unclean

Smoking status, n (%)

210 (35.8)2609 (33.01)2819 (33.20)Ever

376 (64.2)5295 (66.99)5671 (66.80)Never

Drinking status, n (%)

190 (32.4)2526 (31.96)2716 (31.99)Ever

396 (67.6)5378 (68.04)5774 (68.01)Never

Family income, n (%)

298 (50.8)4008 (50.71)4306 (50.72)High

288 (49.2)3896 (49.29)4184 (49.28)Low

Educational level, n (%)

239 (40.8)3154 (39.90)3393 (39.97)No formal education

140 (23.9)1662 (21.03)1802 (21.22)Primary school

207 (35.3)3088 (39.07)3295 (38.81)Middle school or higher

Fruit intake, n (%)

108 (18.4)1151 (14.56)1259 (14.83)Sufficient
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Participants with asthmatic symptoms during the follow-
up

Total participants (N=8490)Categories

Yes (n=586)No (n=7904)

446 (76.1)6253 (79.11)6699 (78.90)Insufficient

32 (5.5)500 (6.33)532 (6.27)Missing

Vegetable intake, n (%)

421 (71.8)5407 (68.41)5828 (68.64)Sufficient

151 (25.8)2266 (28.67)2417 (28.47)Insufficient

14 (2.4)231 (2.92)245 (2.89)Missing

Air pollution–related occupations, n (%)

95 (16.2)950 (12.02)1045 (12.31)Related

413 (70.5)5945 (75.21)6358 (74.89)Not related

78 (13.3)1009 (12.77)1087 (12.80)Missing

Physical activity, n (%)

276 (47.1)3749 (47.43)4025 (47.41)High

112 (19.1)1625 (20.56)1737 (20.46)Middle

116 (19.8)1495 (18.91)1611 (18.98)Low

82 (14)1035 (13.10)1117 (13.15)Missing

Individual Effects of Long-Term Exposure to MDA8
O3 and PM2.5 in the Presence of Asthmatic Symptoms

We observed positive nonlinear exposure-response curves of
MDA8 O3 and PM2.5 in the presence of asthmatic symptoms
(Figures 1 and 2). Linear analyses showed that per quantile
increment of MDA8 O3 (HR 1.12, 95% CI 1.01-1.24) and PM2.5

(HR 1.18, 95% CI 1.05-1.31) were positively associated with
the risk of asthmatic symptoms after adjusted for confounders.
Subgroup analyses suggested that the associations were modified
by several individual characteristics. For example, the

associations between PM2.5 and asthmatic symptoms were
stronger in rural individuals (HR 1.54, 95% CI 1.30-1.83) than
in urban individuals (HR 0.89, 95% CI 0.76-1.05), in individuals
with low family income (HR 1.43, 95% CI 1.21-1.69) than in
individual with high family income (HR 0.98, 95% CI
0.84-1.14), in individuals using unclean household cooking fuel
(HR 1.66, 95% CI 1.38-1.99) than individuals using clean fuel
(HR 0.90, 95% CI 0.78-1.04), and in individuals exposed to
higher temperatures (HR 1.73, 95% CI 1.27-2.37) than in
individuals exposed to lower temperatures (HR 0.92, 95% CI
0.75-1.12; Table 2).
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Figure 1. Exposure-response curves of long-term exposure to MDA8 O3 concentration with the presence of asthmatic symptoms in China. Adjustment
for age, sex, urbanicity, region, smoking status, drinking status, BMI, marriage status, educational level, household income, major type of indoor cooking
fuel, and ambient temperature. HR: hazard ratio; MDA8 O3: daily 8-hour maximum ozone concentrations.

Figure 2. Exposure-response curves of long-term exposure to PM2.5 concentration with the presence of asthmatic symptoms in China. Adjustment for
age, sex, urbanicity, region, smoking status, drinking status, BMI, marriage status, educational level, household income, major type of indoor cooking
fuel, and ambient temperature. HR: hazard ratio; PM2.5: particulate matter.
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Table 2. The individual and joint associations of long-term exposures to MDA8 O3 and PM2.5 (per quantile increment) in the presence of asthmatic

symptoms in China.a

P for differ-
ence test

Joint association,
HR (95% CI)

P for differ-
ence test

PM2.5, HR
(95% CI)

P for differ-
ence test

MDA8 O3, HR
(95% CI)

Participants (n)Characteristics

—1.18 (1.05-1.33)—1.18 (1.05-1.31)—b1.12 (1.01-1.24)8490Total

Age (years)

—1.28 (1.07-1.54)—1.24 (1.06-1.45)—1.09 (0.94-1.26)554050-64

.131.04 (0.84-1.27).301.11 (0.95-1.29).581.16 (0.99-1.35)2950≥65

Gender

—1.19 (1.00-1.42)—1.08 (0.93-1.27)—1.06 (0.92-1.23)4066Male

.881.17 (0.90-1.51).171.27 (1.08-1.48).351.18 (1.01-1.37)4424Female

BMI

—1.14 (0.95-1.37)—1.19 (1.03-1.38)—1.07 (0.94-1.23)4683Normal weight

.371.02 (0.79-1.30).950.98 (0.81-1.19).871.09 (0.90-1.33)2772Overweight

.0172.05 (1.32-3.19).201.94 (1.33-2.82).0051.87 (1.30-2.69)1035Obese

Urbanicity

—1.47 (1.21-1.79)—1.54 (1.30-1.83)—1.15 (1.00-1.32)4876Rural

<.0010.87 (0.70-1.09)<.0010.89 (0.76-1.05).691.10 (0.91-1.29)3614Urban

Family income

—0.98 (0.80-1.21)—0.98 (0.84-1.14)—1.12 (0.96-1.30)4306High

.021.39 (1.13-1.72).0011.43 (1.21-1.69).871.14 (0.98-1.32)4184Low

Major type of household cooking fuel

—0.91 (0.77-1.09)—0.90 (0.78-1.04)—1.07 (0.93-1.24)4641Clean

<.0011.65 (1.29-2.11)<.0011.66 (1.38-1.99).471.16 (0.99-1.36)3849Unclean

Temperature (°C)

—1.16 (0.91-1.48)—1.11 (0.81-1.51)—1.16 (0.95-1.42)1931Qc1 (4.41-12.68)

.491.06 (0.82-1.38).731.18 (0.97-1.44).260.98 (0.81-1.20)2140Q2 (12.69-15.80)

.100.86 (0.68-1.08).310.92 (0.75-1.12).0040.79 (0.67-0.93)2071Q3 (15.81-16.41)

.301.71 (1.03-2.86).051.73 (1.27-2.37).941.18 (0.87-1.58)2348Q4 (16.42-22.94)

aAdjustment for age, sex, urbanicity, region, smoking status, drinking status, BMI, marriage status, educational level, household income, indoor fuel
type, and temperature. In subgroup analyses, other confounders except for the subgroup category variable, analyzed as an independent variable, were
adjusted for.
bNot applicable.
cQ: Quartile.

Joint Effects of Long-Term Exposure to MDA8 O3 and
PM2.5 With Asthmatic Symptoms

Joint effect analyses showed that per quantile increment of
MDA8 O3 and PM2.5 were associated with an 18% (HR 1.18,
95% CI 1.05-1.33) increase in the risk of asthmatic symptoms.
In the joint effect, the contribution of PM2.5 and MDA8 O3 was
68% and 32%, respectively. We also found greater joint HRs
estimated by subgroup analyses in rural residents (HR 1.47,
95% CI 1.21-1.79) than in urban residents (HR 0.87, 95% CI
0.70-1.09), in low-income level (HR 1.39, 95% CI 1.13-1.72)
than high-income level (HR 0.98, 95% CI 0.80-1.21), in unclean
indoor fuel type (HR 1.65, 95% CI 1.29-2.11) than clean indoor
fuel type (HR 0.91, 95% CI 0.77-1.09). Moreover, the highest

HR was found in participants with obesity (HR 2.05, 95% CI
1.32-3.19; Table 2).

PAFs of Asthmatic Symptoms Attributable to MDA8
O3 and PM2.5

Figure 3 shows the PAFs of asthmatic symptoms attributable
to MDA8 O3 and PM2.5, estimated by the individual and joint
associations. In the total participants, the individual PAFs caused
by MDA8 O3 and PM2.5 were 2.86% (95% CI 0.17%-5.50%)
and 4.38% (95% CI 1.42%-7.25%), and the joint PAFs by
MDA8 O3 and PM2.5 were 4.32% (95% CI 1.10%-7.46%).
Subgroup analyses showed a large variation of PAFs among
different groups. For example, the PAFs of asthmatic symptoms
were the largest in obese individuals. The individual PAF caused
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by MDA8 O3 and PM2.5 was 17.29% (95% CI 7.62%-26.07%)
and 18.57% (95% CI 8.40%-27.70%), and the joint PAFs by

MDA8 O3 and PM2.5 was 18.63% (95% CI 7.73%-28.83%).
More detailed information is shown in Figure 3.

Figure 3. The population-attributable fraction of the presence of asthmatic symptoms attributable to MDA8 O3 and PM2.5 exposures, estimated by the
individual and joint associations. Q: Quartile; MDA8 O3: daily 8-hour maximum ozone concentrations; PM2.5: particulate matter.

Sensitivity Analyses
Results indicated that HRs did not substantially change after
adjustment for different confounders (Table S4 in Multimedia
Appendix 1).

Discussion

Principal Findings
In this national cohort study, we found a positive correlation
between individual and joint associations on long-term exposure
to ambient PM2.5 and MDA8 O3 with the risk of asthmatic
symptoms in a Chinese population older than 50 years. Based
on the joint associations, 4.32% of asthmatic symptoms could
be attributable to PM2.5 and MDA8 O3 exposures, and ambient
PM2.5 contributed much more to the joint effect. In addition,
the associations were modified by obesity, urbanicity, family
income level, household cooking fuel, and ambient temperature.
Our findings are significant for estimating the disease burden
of air pollution and making policies for air pollution control.

In the literature, relatively fewer studies have investigated the
associations of long-term exposure to PM2.5 and MDA8 O3 with
asthma incidence in adults compared to those studies on
short-term exposures and on childhood asthma. Some studies
reported consistent results with this study that long-term
exposure to PM2.5 and MDA8 O3 were separately associated
with an increased risk of asthma incidence [6-8]. For example,

the Health Effects Institute reported that long-term exposure to
higher PM2.5 was associated with an increased risk of asthma,
which was from the European Cohorts in the ELAPSE Project
[6]. The Epidemiological Study of the Genetic and
Environmental Factors of Asthma reported that the risk of
asthma increased with O3 exposure [7]. McDonnell et al [39]
also reported that long-term exposure to O3 was positively
associated with new-onset asthma in adult males. However,
several previous studies did not find positive associations of
PM2.5 and MDA8 O3 with the incidence of asthma [12,13,40].
For example, a prospective cohort from Australia reported a
null association between long-term exposure to PM2.5 with
adult-onset asthma [12]. The results from the ELAPSE project
reported a negative association (HR 0.90, 95% CI 0.81-0.99 for

each 10 μg/m3) between long-term exposure to O3 and the
incidence of asthma [6]. Although it may be difficult to directly
compare the results among these studies due to different study
populations, this interstudy variation of associations suggests
that the associations of long-term exposure to PM2.5 and O3

with asthma incidence remain inconclusive, and more studies
are needed particularly in low-and middle-income countries.
For example, we did not find a prospective cohort that has
investigated the associations of long-term exposure to PM2.5

and O3 with asthma in China.

Exposure to air pollution can trigger inflammatory and immune
responses, oxidative stress, and airway remodeling in the
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development and exacerbation of asthma. Exposure to PM2.5

induces the release of inflammatory mediators from alveolar
macrophages, which is an important pathogenesis of pulmonary
inflammation in the development of asthma. PM2.5 induces
inflammatory responses, associated with Th1/Th2 pathway
imbalance and leads to Th2-oriented inflammation [41]. Apart
from that, PM2.5 induces the production of reactive oxygen
species. Reactive oxygen species will further enhance the
oxidative stress response, resulting in DNA, protein, lipid, and
other cellular and molecular damage, leading to respiratory
disease [42,43]. In this study, PM2.5 also induced a significant
upregulation of vascular endothelial growth factor A production,
a signaling event that controls vascular remodeling [44].
Furthermore, exposure to O3 is associated with an increase in
free radicals and biomarkers associated with oxidative stress
[45]. Ozone exposure also induced airway inflammation with
increased numbers of neutrophils [46].

More importantly, we quantified the joint associations of
long-term exposure to PM2.5 and MDA8 O3 in the presence of
asthmatic symptoms in a Chinese population. Our findings had
2 major implications. First, PM2.5 (68%) contributed more to
the joint associations than O3 (32%), suggesting the more
important role of PM2.5 in the development of asthmatic
symptoms. Second, the PAFs of asthmatic symptoms based on
the joint associations were lower than the sum of PAFs based
on the individual associations, which suggests that the
calculation based on a single-pollutant model might overestimate
the effects of air pollutants due to the potential mutual
confounding [47]. Several studies reported similar findings to
this study [47-49]. For example, Winquist et al [47] reported
smaller joint effect estimates from multipollutant models than
estimates from single-pollutant models. In practice, people are
usually exposed to multiple pollutants as air pollution complex
mixture. Therefore, our findings combined with previous studies
suggested that estimating the disease burden of air pollution
calculated using a joint effect model may be more appealing
because it transparently and explicitly specifies the contribution
of various pollutants of mixtures.

PAF is a statistical indicator that quantitatively describes the
health impact of a certain risk factor on a population.
Specifically, it represents the proportion of total disease (or
mortality) in the population that can be attributed to a certain
factor, so we describe that a total of 4.32% of the presence of
asthmatic symptoms could be attributable to joint PM2.5 and
MDA8 O3 exposures. Although this figure is not very large, air
pollution exposure is ubiquitous, and the large number of
patients with asthmatic symptoms in China may indicate
important public health issues. It was estimated that there were
about 848,000 incident cases with asthmatic symptoms in 2019
in Chinese people older than 50 years [2]. As a result, there
were about 37,000 cases with asthmatic symptoms, which may
have been caused by exposure to PM2.5 and O3.

The results of stratified analyses showed greater effects of PM2.5

and O3 on the risk of asthmatic symptoms in participants in
rural areas than in urban areas. The stronger associations in rural
areas may be because the rural population is more likely to

smoke and use unclean cooking fuel. Usage of unclean cooking
fuel could also increase the risk of asthmatic symptoms through
similar mechanisms of air pollution [50,51], and hence synergize
the effects of ambient air pollutants. Compared with urban
residents, rural residents usually have harder physical activities,
which may increase their exposure to air pollution. Moreover,
the rural population may be more susceptible to air pollution
due to the disadvantaged sanitation and health care systems,
dwelling environments, poor health status, and so forth [52].
These potential mechanisms were also confirmed by our findings
of greater associations in participants with lower family income
and using unclean energy as the major household cooking fuel.

The stratified analyses also showed greater associations in obese
participants than in lean individuals. The modification of obesity
on the respiratory health impacts of air pollution has been
reported in other studies [53,54]. For example, a cross-sectional
study in northeastern Chinese cities reported that obesity
enhanced the respiratory health effects caused by air pollution
in children [53]. Obesity is a proinflammatory state, and the
adipose tissue propagates inflammation by recruitment of
macrophages via chemokines such as monocyte chemoattractant
protein-1, and via elaboration of cytokines and chemokines such
as leptin, interleukin-6, and tumor necrosis factor α. Meanwhile,
inhaled air pollutants could also produce these cytokines and
chemokines, and hence increase inflammation [53,54]. As a
result, obesity may amplify the inflammatory response induced
by air pollution and increase the vulnerability of obese
participants to harmful respiratory effects caused by air pollution
exposures.

There are a few limitations in this study. First, many participants
were lost to follow-up due to reasons such as immigration,
urbanization, and so forth, which may lead to selection bias.
Second, the presence of asthmatic symptoms was based on
self-reported questionnaires, which may lead to misclassification
bias. However, all reported patients must be diagnosed by a
doctor or by clinical symptoms, which could partially reduce
the bias. Third, some potential confounders such as physical
activity, occupational exposure to air pollution, vegetable and
fruit intake, and the higher rate of missing information were not
adjusted for in the main models. However, the results of
sensitivity analyses conducted only in those participants with
complete information showed that the results are robust to these
factors (Table S4 in Multimedia Appendix 1). Fourth, we did
not include other air pollutants such as NO2, SO2, and CO due
to the unavailability of data in the earlier years. In particular,
NO2 was involved in the production of atmospheric ozone, and
the effects of MDA8 O3 were biased due to the unavailability
of NO2. Therefore, more studies are needed in the future. Fifth,
2 different methods were applied to assess the participants’
exposure to ambient MDA8 O3 and PM2.5, which may affect
the result. However, the 2 methods are commonly adopted at
present in air pollution exposure assessment, and the prediction
results of the 2 models have been verified with high accuracy,
which suggests that the impacts of using different assessment
methods on our findings may be limited.
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Conclusions
In conclusion, this study provided novel evidence that long-term
exposures to ambient PM2.5 and O3 were individually and jointly
associated with a higher presence of asthmatic symptoms, and
ambient PM2.5 contributed more to the joint effects. The

combined effects of air pollutants based on a single-pollutant
model might be overestimated. The joint effects were more
pronounced in participants with obesity, from rural areas, with
lower income levels, and who use unclean household cooking
fuel.
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Abstract

Background: Depression is one of the most common mental illnesses, and it may have a lasting effect on one’s whole life. As
a form of financial hardship, catastrophic health expenditure (CHE) may be associated with depression. However, current evidence
about the relationship between CHE and the risk of depression is insufficient.

Objective: This study aimed to explore the relationship between CHE and the risk of depression among Chinese adults.

Methods: In this study, we used 3 waves of the China Family Panel Studies (CFPS) from 2012, 2016, and 2018. The CFPS are
a nationally representative study covering 25 of 31 provinces in Chinese mainland and representing nearly 94.5% of the total
population. We selected eligible household heads as participants, divided them into 2 groups by CHE events at baseline (exposed
group: with CHE; unexposed group: without CHE), and followed them up. Households with CHE were defined as having
out-of-pocket medical expenditures exceeding 40% of the total household nonfood expenditure, and people with depression were
identified by the 8-item Centre for Epidemiological Studies Depression Scale (CES-D). We first described the baseline characteristics
and used logistical regression to estimate their effects on CHE events. Then, we used Cox proportional hazard models to estimate
adjusted hazard ratios and 95% CIs of depression among participants with CHE compared with those without CHE. Finally, we
analyzed the subgroup difference in the association between CHE and depression.

Results: Of a total of 13,315 households, 9629 were eligible for analysis. Among them, 6824 (70.9%) were men. The mean age
was 50.15 (SD 12.84) years. Only 987 (10.3%) participants had no medical insurance. The prevalence of CHE at baseline was
12.9% (1393/9629). Participants with a higher family economic level (adjusted odds ratio [aOR] 1.15, 95% CI 1.02-1.31) and
with the highest socioeconomic development level (aOR 1.18, 95% CI 1.04-1.34) had a higher prevalence of CHE than reference
groups. During a median of 71 (IQR 69-72) person-months of follow-up, the depression incidence of participants with CHE (1.41
per 1000 person-months) was higher than those without CHE (0.73 per 1000 person-months). Multivariable models revealed that
the adjusted hazard ratio for the incidence of depression in participants with CHE was 1.33 (95% CI 1.08-1.64), and this association
appeared to be greater in participants without outpatient services (for interaction, P=.048).

Conclusions: CHE was significantly associated with increased risk of depression among Chinese adults. Concentrated work
should be done to monitor CHE, and more efforts to ensure financial protection need to be made to prevent depression, especially
for people with high health care needs.
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Introduction

There is a strong bidirectional linkage between health and
poverty. To cut off this linkage, the United Nation’s Sustainable
Development Goals include target 3.8, which aims to achieve
universal health coverage (UHC) by 2030 [1]. UHC means that
all people can receive the health services they need without
experiencing financial hardship [1]. According to the World
Health Organization, globally in 2017, almost 1.4 billion people
experienced financial hardship due to out-of-pocket (OOP)
health payments, among whom nearly 1 billion people were
pushed into extreme poverty [2]. Therefore, there is still a long
way to go to achieve UHC goals by 2030 considering the
additional impact of COVID-19.

One of the 2 essential parts of UHC is providing financial
protection for people to pay for health services [3], and the
government of China has made great progress on this front. For
example, as early as 2009, China reformed a series of health
care reforms including three national basic medical insurance
programs: (1) Urban Employee Basic Medical Insurance
(UEBMI) designed for employed urban residents; (2) the Urban
Resident Basic Medical Insurance (URBMI) covering the
unemployed, retired, older adults, students, and children in
urban areas; and (3) the New Rural Cooperative Medical Scheme
(NRCMS) for rural residents [4]. Currently, China’s national
basic insurance programs cover over 1.35 billion people, about
97% of the total population [5]. Additionally, to eliminate
poverty, the Decision on Winning the Battle Against Poverty
policy proposed by China in 2015 achieved substantial results
in education, primary medical care, and the basic living needs
of people living in poverty. In fact, in 2020, the government of
China announced that all low-income counties in China had
been lifted out of poverty [6]. Benefitting from policies and
measures on financial protection of health, the incidence of
catastrophic health expenditure (CHE) in China declined from
14.7% in 2010 to 8.7% in 2018 [7]. However, there are still a
few people encountering financial hardship, and the impact on
mental and physical health caused by CHE is still worth
studying.

Depression is a prevalent mental illness globally that contributes
to the global burden of diseases as the leading mental cause of
mortality for all ages [8]. Once depression appears, it can have
a lasting and profound influence on one’s whole life. The direct
outcome of depression is a poor quality of life [9]. A study
conducted on patients with schizophrenia indicated that
depression has a strong negative effect on all 8 domains of
subjective quality of life [10]. Furthermore, a meta-analysis
showed that compared to controls, patients with depression had
significant moderate cognitive deficits in executive function,
memory, and attention (Cohen d effect sizes ranging from −0.34

to −0.65) [11]. Moreover, depression is a negative factor in
cardiovascular disease (CVD) incidence, severity, and outcomes
[12]. Rajan et al [13] found that depression was associated with
CVD incidence (hazard ratio [HR] 1.14, 95% CI 1.05-1.24) and
myocardial infarction (HR 1.14, 95% CI 1.05-1.24). Meng et
al [14] also found that depression was associated with a higher
risk of CVD mortality (HR 1.22, 95% CI 1.04-1.44). Therefore,
the prevention and management of depression is a crucial and
urgent public health issue.

A series of social, psychological, and biological factors and
their complex interactions can play a role in depression
occurrence [15,16]. Some study results posit that lower social
support, a lower socioeconomic position, and economic
difficulties are associated with a higher risk of depression
[17,18], and the association is stronger between financial
hardship and depression than other socioeconomic variables
[19]. CHE, in theory, may have an impact on the mental health
of family members because of reduced necessary expenditures.
Nevertheless, current studies mostly focus on the likelihood of
CHE events among people with depression, not the impact of
CHE on depression occurrence [20,21]. In this study, we used
3 waves (2012, 2016, and 2018) of nationally representative
data from the China Family Panel Studies (CFPS) to analyze
the association of CHE with the risk of depression.

Methods

Study Design and Participants
Data in this study were obtained from CFPS, which is almost
a nationally representative longitudinal study covering 25 of 31
provinces/municipalities in Chinese mainland (not including
Xinjiang, Tibet, Inner Mongolia, Ningxia autonomous region,
and Qinghai and Hainan provinces), representing nearly 94.5%
of the total population in the Chinese mainland [22]. The CFPS
were implemented by the Institute of Social Science Survey of
Peking University to collect individual-, household-, and
community-level data every 2 years. A baseline survey was
conducted in 2010, and follow-up data from 2012, 2014, 2016,
and 2018 were available for download from the official CFPS
website [23].

As the information on depression in some of the CFPS waves
was deficient, we used data from 2012, 2016, and 2018. The
survey in 2012 included 35,720 adults (aged ≥16 years) and
13,315 households with valid interview responses. Individuals
who had missing data at baseline (n=505), had depression at
baseline (n=448), were lost to follow-up (n=2462), and had
missing data of depression at the end of follow-up (n=271) were
excluded. Finally, a total of 9629 households (household heads)
were included in this study (Figure 1).
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Figure 1. Flowchart of participants selected from China Family Panel Studies (CFPS). CHE: catastrophic health expenditure.

Ethics Approval
The CFPS, which involved human participants, were approved
by the Biomedical Ethics Review Committee of Peking
University (IRB00001052-14010). All written informed consent
was provided by participants aged over 15 years or their parents
(for those aged 15 years and under). The participants’ personal
information and privacy were strictly protected by the CFPS
according to the rules set by Peking University’s Biomedical
Ethics Review Committee.

Measurements of Catastrophic Health Expenditure
The measurement of catastrophic health expenditure (CHE) was
based on households, where a household member was defined
by marriage, blood, or adoptive relationship, as well as an
ongoing economic tie [24]. The head of the household was
identified as the key decision-maker when the household faced
important matters and decisions. Household OOP health
payments were measured as the medical expenditure of all
family members excluding reimbursed expenses in the past 12
months. The yearly household food expenditure was estimated
as the monthly meal expenses multiplied by 12, and the total
household expenditure in the past 12 months was calculated as
the sum of monthly daily expenditures (food, daily used
commodities and necessities, transportation, etc) multiplied by
12 plus yearly special expenditures (electricity, medical care,
clothing, etc).

Households who experienced CHE were defined as those with
OOP medical expenditures exceeding 40% of the household’s
capacity to pay (calculated as total household expenditure minus
household food expenditure) [25]. CHE prevalence at baseline
was measured as the percentage of the number of household
heads incurring CHE to total participants. The formula was:

where N is the total number of participants, and CHEi is 1 when
the ith household incurred CHE and 0 otherwise.

Measurements of Depression
Depression was measured by the 8-item Center for
Epidemiological Studies Depression Scale (CES-D), which is
a shortened version of the original 20-item CES-D including 8
depressive symptoms (Table S1 in Multimedia Appendix 1).
CES-D was not designed as a diagnostic tool but is widely used
to identify individuals at high risk of depression in general
populations and various subpopulations [26]. The score of each
item in the 20-item CES-D ranges from 0 to 3 according to the
frequency response of depressive symptoms in the past week,
with 0 indicating rarely or none of the time (<1 day), 1 indicating
some or a little of the time (1-2 days), 2 indicating occasionally
or a moderate amount of time (3-4 days), and 3 indicating most
or all of the time (5-7 days) [26]. The commonly used 8-item
CES-D asked respondents whether they experienced any of the
8 depressive symptoms “most of time during the last week”
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[27], which was scored according to the answer (yes=1; no=0).
The 8-item CES-D used in CFPS included the same depressive
symptoms but was scored by frequency response. As “most or
all of the time” in frequency response is equal to the “yes”
answer to “most of time last week,” we transferred the 4-score
level of frequency response to the yes/no response [28]. Hence,
the score of 8-item CES-D ranged from 0-8, and a total score
≥3 was deemed to indicate depression [28]. As the 8-item
CES-D cannot diagnose depressive disorders, people with an
8-item CES-D score ≥3 in our study were identified as having
depressive symptoms [29].

Covariates
Covariates in this study included (1) demographic
characteristics: gender (male, female), age group (16-39, 40-49,
50-49, ≥60 years), marital status (married/partnered, other),
education (no or some formal education, primary school, middle
school, high school and above), and insurance (without any
insurance, UEBMI, URBMI, NRCMS, other); (2) health-related
characteristics: self-reported health (good, medium, poor),
chronic diseases (yes, no), BMI (normal, lower, overweight,
obese), outpatient services (yes, no), inpatient services (yes,
no), current smoking (yes, no), and drinking (yes, no); and (3)
socioeconomic characteristics: residence (urban, rural), family
economic level (lowest, lower, higher, highest), family size
(1-2, 3-4, ≥5), and socioeconomic development level (lowest,
lower, higher, highest ).

The family economic level was classified by the quartiles of
household annual income, which was converted into 2012 US
dollars based on purchasing power parities published by the
World Bank [30] (lowest: <$4775.56, lower: $4775.56 to
<$9831.46, higher: $9831.46 to <$17173.60, highest:
≥$17173.60). Numerous studies have reported that nighttime
light intensity is highly associated with socioeconomic
development [31,32]. Therefore, the socioeconomic
development level in this study was identified by the quartiles
of provinces’ mean nighttime light intensity in 2012 (lowest:
<0.089, lower: 0.089-0.31, higher: 0.32-0.68, highest: ≥0.69),
which was obtained from the Harvard Dataverse [33].

Statistical Analyses
Baseline characteristics of the participants were presented as
mean (SD) for continuous variables or frequencies and

percentages for categorical variables. The Pearson χ2 test was
used to compare distributions of CHE according to different
baseline characteristics. A multivariate logistical regression
model was used to analyze the determinants of CHE.

We calculated the incidence rates (number of events divided by
accumulated person-month) and used the univariate and
multivariate Cox proportional hazard models to estimate the
HRs and 95% CIs of depression among participants with CHE
compared with those without CHE. First, the model adjusted
demographic characteristics in multivariate model 1, including
gender, age group, marital status, education, and insurance.
Next, the model adjusted health-related factors in model 2 based
on model 1, including self-reported health, chronic diseases,
BMI, outpatient services, inpatient services, current smoking,
and current drinking. Finally, the model adjusted socioeconomic
factors in model 3 based on model 2, including residence, family
economic level, family size, and socioeconomic development
level.

To examine the robustness of our findings, we conducted 3
sensitivity analyses. First, we defined households with CHE as
those having OOP medical expenditure exceeding 25% of the
total household expenditure according to the World Bank. [25]
Second, we transferred the categorical variables of age group
and family economic level into continuous variables and
conducted the same analysis in the final model. Third, we
changed the variable nighttime light intensity into the gross
regional product (GRP, divided into 4 groups based on the
quartiles of 2012 per capita GRP [34]) to indicate the
socioeconomic development level in the final model.

Finally, the analysis was stratified by gender, age group,
insurance, chronic diseases, self-reported health, outpatient
services, inpatient services, residence, socioeconomic
development level, and family economic level, and a
multiplicative interaction term was included in the final model
with the stratification variable removed for subgroup analysis.

All data were analyzed in R software (version 4.2.1; R
Foundation for Statistical Computing). A 2-sided P value <.05
was considered to be significant.

Results

Baseline Characteristics
A total of 9629 participants were enrolled in this study, of which
6824 (70.9%) were male. The mean age was 50.15 (SD 12.84)
years. Among the participants, 89.5% (8622/9629) were married
or partnered. Only 987 (10.3%) participants had no medical
insurance, and 1341 (13.9%), 603 (6.3%), and 6317 (65.6%)
participants had UEBMI, URBMI, and NRCMS, respectively
(Table 1).
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Table 1. Distribution of CHEa by baseline characteristics.

P valueChi-square (df)
Exposed groupc

(n=1393), n (%)
Nonexposed groupb

(n=8236), n (%)Total (N=9629)Characteristics

Demographic characteristics

.063.6 (1)Gender

957 (14)5867 (86)6824Male

436 (15.5)2369 (84.5)2805Female

<.001346.3 (3)Age group (years)

178 (9.2)1753 (90.8)193116-39

266 (8.8)2750 (91.2)301640-49

351 (15.1)1969 (84.9)232050-59

598 (25.3)1764 (74.7)2362≥60

.0039.1 (1)Marital status

1215 (14.1)7407 (85.9)8622Married/partnered

178 (17.7)829 (82.3)1007Other

<.00197.3 (3)Education

501 (20)2005 (80)2506No or some formal education

342 (14.7)1980 (85.3)2322Primary school

314 (11.3)2475 (88.7)2789Middle school

236 (11.7)1776 (88.3)2012High school and above

.245.5 (4)Insurance

131 (13.3)856 (86.7)987None

172 (12.8)1169 (87.2)1341UEBMId

92 (15.3)511 (84.7)603URBMIe

939 (14.9)5378 (85.1)6317NRCMSf

59 (15.5)322 (84.5)381Other

Health-related characteristics

<.001245.5 (2)Self-reported health

633 (10.8)5241 (89.2)5874Good

309 (15.4)1692 (84.6)2001Medium

451 (25.7)1303 (74.3)1754Poor

<.00112.6 (1)Currently smoking

836 (15.6)4519 (84.4)5355No

557 (13)3717 (87)4274Yes

<.00116.4 (1)Drinking

1114 (15.3)6168 (84.7)7282No

279 (11.9)2068 (88.1)2347Yes

<.001104 (1)Chronic diseases

1073 (13)7195 (87)8268No

320 (23.5)1041 (76.5)1361Yes

<.00125.8 (3)BMI

820 (14.7)4776 (85.3)5596Normal

142 (20)569 (80)711Lower
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P valueChi-square (df)
Exposed groupc

(n=1393), n (%)
Nonexposed groupb

(n=8236), n (%)Total (N=9629)Characteristics

357 (13.4)2301 (86.6)2658Overweight

74 (11.1)590 (88.9)664Obese

<.001101.8 (1)Outpatient services

953 (12.6)6624 (87.4)7577No

440 (21.4)1612 (78.6)2052Yes

<.001164.4 (1)Inpatient services

1103 (12.6)7644 (87.4)8747No

290 (32.9)592 (67.1)882Yes

Socioeconomic characteristics

<.00111.7 (1)Residence

565 (13.1)3750 (86.9)4315Urban

828 (15.6)4486 (84.4)5314Rural

<.00155.8 (3)Family economic level

549 (18.4)2439 (81.6)2988Lowest

315 (13.5)2021 (86.5)2336Lower

282 (11.9)2084 (88.1)2366Higher

247 (12.7)1692 (87.3)1939Highest

<.001151.5 (2)Family size

481 (22.3)1677 (77.7)21581-2

469 (10.9)3833 (89.1)43023-4

443 (14)2726 (86)3169≥5

.096.4 (3)Socioeconomic development level

333 (13.4)2158 (86.6)2491Lowest

234 (15.7)1258 (84.3)1492Lower

527 (14.1)3199 (85.9)3726Higher

299 (15.6)1621 (84.4)1920Highest

aCHE: catastrophic health expenditure.
bPeople without CHE.
cPeople with CHE.
dUEBMI: Urban Employee Basic Medical Insurance.
eURBMI: Urban Resident Basic Medical Insurance.
fNRCMS: New Rural Cooperative Medical Scheme.

CHE Prevalence
At baseline, the prevalence of CHE was 12.9% (1393/9629)
among the participants. Except for gender, insurance, and
socioeconomic development level, the distribution of baseline
characteristics was significantly different between households
with CHE and those without CHE (Table 1). The logistical
regression analysis revealed that participants with poor (adjusted
odds ratio [aOR] 1.64, 95% CI 1.39-1.94) and medium
self-reported health (aOR 1.17, 95% CI 1-1.37), chronic diseases
(aOR 1.30, 95% CI 1.11-1.52), outpatient services (aOR 1.16,
95% CI 1-1.35) and inpatient services (aOR 2.40, 95% CI
2.03-2.84), rural residence (aOR 1.21, 95% CI 1.05-1.39), family
size ≥5 people (aOR 1.22, 95% CI 1.09-1.36), higher family

economic level (aOR 1.15, 95% CI 1.02-1.31), and the highest
socioeconomic development level (aOR 1.18, 95% CI 1.04-1.34)
had a higher prevalence of CHE than reference groups (Table
S2 in Multimedia Appendix 1).

Risk of Depression
During a median of 71 (interquartile range: 69-72)
person-months of follow-up, 532 (5.53%) of 9629 participants
developed depression, of which 403 (75.75%) cases had no
CHE and 129 (24.25%) cases had CHE. The incidence rate of
depression among participants without and with CHE was 0.73
and 1.41 per 1000 person-months, respectively (Table 2). In the
unadjusted analysis, participants who had CHE at baseline were
associated with a 99% higher risk of depression (crude HR 1.99,
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95% CI 1.63-2.42; Table 2). All multivariable–adjusted analyses
showed a significant association of CHE with the risk of
depression (Table S3 in Multimedia Appendix 1). In the fully
adjusted model, participants with CHE had a 33% increased
risk of developing depression compared to those without CHE
(adjusted HR [aHR] 1.33, 95% CI 1.08-1.64; Table 2).

In the sensitivity analyses, the association between CHE and
risk of depression was stable when we (1) defined CHE as OOP
medical expenditure exceeding 25% of the total household
expenditure, (2) transferred the categorical variables age group
and family economic level to continuous variables, and (3)
changed the variable nightlight time intensity into GRP to
indicate socioeconomic development level in the final model
(Table S4 in Multimedia Appendix 1).
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Table 2. Association of CHEa with risk of depression in the univariate and multivariate Cox proportional hazard models.

Multivariate modelbUnivariate model

Incidence (per
1000 person-
months)

Outcome (N=532),
n (%)Characteristics

P valueaHRd (95% CI)P valuecHRc (95% CI)

CHE

ReferenceReference0.73403 (75.8)Without

.0081.33 (1.08-1.64)<.0011.99 (1.63-2.42)1.41129 (24.2)With

Gender

ReferenceReference0.70318 (59.8)Male

.0011.51 (1.19-1.91)<.0011.69 (1.42-2.01)1.15214 (40.2)Female

Age group (years)

ReferenceReference0.3950 (9.4)16-39

<.0011.61 (1.27-2.06)<.0012.39 (1.93-2.97)0.71144 (27.1)40-49

.020.78 (0.64-0.96).080.84 (0.69-1.02)0.99154 (28.9)50-59

.740.97 (0.82-1.15).701.03 (0.87-1.22)1.20184 (34.6)≥60

Marital status

ReferenceReference0.75433 (81.4)Married/partnered

.021.34 (1.05-1.70)<.0012.22 (1.78-2.76)1.5499 (18.6)Other

Education

ReferenceReference1.56255 (47.9)No or some formal educa-
tion

<.0010.63 (0.50-0.80)<.0010.36 (0.29-0.44)0.78121 (22.7)Primary school

.121.18 (0.96-1.44).021.27 (1.04-1.54)0.53100 (18.8)Middle school

.951.01 (0.83-1.22).610.95 (0.79-1.15)0.4256 (10.5)High school and above

Insurance

ReferenceReference1.1171 (13.3)None

.0020.52 (0.34-0.79)<.0010.35 (0.23-0.52)0.3935 (6.6)UEBMIe

.0090.53 (0.33-0.85).0040.51 (0.32-0.81)0.5723 (4.3)URBMIf

.0040.68 (0.52-0.89).130.82 (0.64-1.06)0.93394 (74.1)NRCMSg

.020.43 (0.21-0.88).0010.30 (0.15-0.61)0.359 (1.7)Other

Self-reported health

ReferenceReference0.51201 (37.8)Good

.021.32 (1.04-1.68)<.0011.61 (1.28-2.03)0.83110 (20.7)Medium

<.0012.10 (1.67-2.64)<.0013.89 (3.21-4.71)1.93221 (41.5)Poor

Currently smoking

ReferenceReference0.88314 (59.0)No

.241.14 (0.92-1.42).080.86 (0.72-1.02)0.77218 (41.0)Yes

Drinking

ReferenceReference0.90435 (81.8)No

.290.88 (0.69-1.11).0010.67 (0.54-0.84)0.6297 (18.2)Yes

Chronic diseases

ReferenceReference0.76419 (78.8)No

.151.17 (0.94-1.46)<.0011.62 (1.31-1.99)1.25113 (21.2)Yes
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Multivariate modelbUnivariate model

Incidence (per
1000 person-
months)

Outcome (N=532),
n (%)Characteristics

P valueaHRd (95% CI)P valuecHRc (95% CI)

BMI

ReferenceReference0.84311 (58.5)Normal

.401.13 (0.86-1.48)<.0011.75 (1.34-2.28)1.4165 (12.2)Lower

.420.92 (0.74-1.13).030.79 (0.64-0.98)0.66118 (22.2)Overweight

.501.13 (0.80-1.58).781.05 (0.75-1.47)0.8538 (7.1)Obese

Outpatient services

ReferenceReference0.64326 (61.3)No

.0011.41 (1.16-1.72)<.0012.36 (1.98-2.81)1.52206 (38.7)Yes

Inpatient services

ReferenceReference0.82477 (89.7)No

.020.70 (0.52-0.94).241.18 (0.89-1.56)0.9555 (10.3)Yes

Residence

ReferenceReference0.61173 (32.5)Urban

.061.23 (1-1.52)<.0011.65 (1.37-1.98)1.01359 (67.5)Rural

Family economic level

ReferenceReference1.21240 (45.1)Lowest

.0080.75 (0.61-0.93)<.0010.55 (0.46-0.67)0.70109 (20.5)Lower

.791.03 (0.85-1.24).281.11 (0.92-1.34)0.74116 (21.8)Higher

.0490.83 (0.69-1).020.79 (0.66-0.96)0.5267 (12.6)Highest

Family size

ReferenceReference1.17165 (31)1-2

.690.96 (0.81-1.15)<.0010.72 (0.62-0.84)0.69200 (37.6)3-4

.781.02 (0.88-1.19)<.0011.34 (1.16-1.55)0.79167 (31.4)≥5

Socioeconomic development level

ReferenceReference1.05174 (32.7)Lowest

.921.01 (0.78-1.32).0010.69 (0.57-0.83)0.9392 (17.3)Lower

.160.86 (0.69-1.06).390.92 (0.77-1.11)0.75186 (35.0)Higher

.030.73 (0.55-0.97).941.01 (0.84-1.20)0.6380 (15.0)Highest

aCHE: catastrophic health expenditure.
bAdjusted for demographic characteristics (gender, age group, education, marital status, and insurance), health-related characteristics (self-reported
health, smoking status, drinking, chronic disease, BMI, and outpatient and inpatient services), and socioeconomic characteristics (residence, family
economic level, family size, and socioeconomic development level).
ccHR: crude hazard ratio.
daHR: adjusted hazard ratio.
eUEBMI: Urban Employee Basic Medical Insurance.
fURBMI: Urban Resident Basic Medical Insurance.
gNRCMS: New Rural Cooperative Medical Scheme.

Subgroup Analyses
In the subgroup analyses, the association of CHE with the risk
of depression did not appear to be modified by most selected
baseline characteristics, such as gender, age group, insurance,
or chronic diseases (Figure 2). However, the association between

CHE and the risk of depression was found to be somewhat
greater among participants without outpatient services (for
interaction, P=.048). The risk of depression was higher among
participants with CHE who did not have outpatient services
(aHR 1.57, 95% CI 1.10-2.25) than those who had outpatient
services (aHR 1.06, 95% CI 0.76-1.48).
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Figure 2. Association of catastrophic health expenditure (CHE) with risk of depression in univariate and multivariate Cox proportional hazard models.
Superscripted a refers to people with CHE. Superscripted b refers to people without CHE. aHR: adjusted hazard ratio; NRCMS: New Rural Cooperative
Medical Scheme; UEBMI: Urban Employee Basic Medical Insurance; URBMI: Urban Resident Basic Medical Insurance.

Discussion

CHE can introduce great financial pressure to a household, as
household members may have to borrow money, use savings,
and even sell assets [35], which may lead to a longtime negative
effect on their mental health [36]. To our knowledge, this is the
first cohort study on the association between CHE and the risk
of depression. We found that health-related characteristics
(chronic diseases, self-reported health, and outpatient and
inpatient services) and socioeconomic characteristics (residence,
socioeconomic development level, family size, and family
economic level) had an impact on CHE. We also found that
prior CHE events were strongly associated with depression
experienced by household heads and that there was an
interaction between CHE and outpatient services for depression.

Our results revealed that people with chronic diseases, medium
and poor self-reported health, outpatient services and inpatient
services, rural, family size ≥5 people, and the highest
socioeconomic development level had a higher prevalence of
CHE, and these findings are consistent with those of other
studies [7,37]. Poor health directly leads to a higher frequency
of accessing health services, further leads to a heavy financial

burden of medical expenditure, and finally, leads to CHE.
Nighttime light intensity is an indicator of socioeconomic
development, and areas with higher economic growth may have
access to diagnostic technology for most illnesses. In addition,
people in areas undergoing rapid socioeconomic development
may pay more attention to the early detection of diseases and
other preventive health care services [38]. Consequently,
health-related characteristics and socioeconomic characteristics
were the main factors behind CHE.

The results of our study revealed that people with CHE had a
33% higher risk of developing depression (aHR 1.33, 95% CI
1.08-1.64) than people without CHE. Socioeconomic variables,
especially financial hardship, have a great influence on
depression [39]. As a form of financial hardship, CHE plays a
role in depression incidence. Once a household incurred CHE,
family members had to take various measures to cope with
financial loss, which could take a long time to recover [35].
Given this, household heads had a higher risk of developing
depression with CHE than those without CHE under financial
pressure.

As CHE could trigger depression, which may further lead to
adverse outcomes [40,41], it is crucial to eliminate CHE to
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prevent depression. The first step to eliminating CHE is based
on reducing OOP health expenditures. Because poor health is
associated with an increased need and use of outpatient and
inpatient care, and this negative correlation can be intensified
by the number of chronic diseases [37], our results suggest that
relevant departments should continue to expand health
promotion, especially for chronic diseases. Additionally,
governments should provide sufficient and targeted financial
protection, including medical insurance and poverty subsidies,
to reduce OOP payments and mitigate impoverishment caused
by poor health. Most studies on CHE are interested in
subpopulations that have specialized diseases like cancers, HIV,
and tuberculosis [42-44]. The common features of these diseases
are long duration, which may even coexist with people and
cause a higher risk of CHE. To decrease individual OOP health
expenditure, inclined policies and measures should be introduced
for these diseases. For example, to relieve the financial burden
faced by people living with chronic diseases, China launched
catastrophic medical insurance (critical illness insurance) in
2012 and implemented it nationwide in 2016 after city-based
testing, with the aim of reimbursing patients whose OOP health
expenditure exceeded a predetermined basic medical insurance
level [45]. In addition, for eligible people facing unaffordable
medical expenses, China provided medical assistance and even
offered treatment for free or at a reduced price for some priority
diseases [46]. Of course, these policies are mostly aimed at
financially vulnerable people. However, our study found that
people with a higher family economic level and the highest
socioeconomic development level were more likely to occur
CHE, which may be explained by the concentrated distribution
and utilization of health services. [47] In view of this, more
financial protection policies should be implemented for the
whole population regardless of their economic capacity.
Additionally, as the current health care delivery in China is still
fragmented and treatment-based [48], with increasing incidence
of age-related diseases, integrated establishment and
improvement of primary health services should be intensified
in health-related policies.

To cut off the linkage between CHE and depression, the second
point is to halt the progression to depression. As the evidence
shows in studies on financial hardship and depression, not all
people experiencing financial hardship will develop depression
[39]. These differing responses to CHE may be explained by

various socioeconomic and psychological variables in the stress
process model, such as social support, self-esteem, personal
agency, and personal ability to manage difficulties [39,49,50].
Therefore, measures to prevent and regulate depression should
be extended widely. Additionally, timely financial assistance
should be implemented for vulnerable populations, such as
people with chronic diseases and households under the minimum
living guarantee.

In this study, we found that the risk of depression was higher
among participants with CHE who did not have outpatient
services (aHR 1.57, 95% CI 1.10-2.25) than those who had
outpatient services (aHR 1.06, 95% CI 0.76-1.48). In CFPS,
the variable “outpatient services” was measured by whether
participants had used outpatient services in the past 2 weeks
when they felt uncomfortable. Those without outpatient services
included people who did not feel uncomfortable and who felt
uncomfortable but did not use health services. The latter group
may have a lower socioeconomic status. Moreover, heads of
households with lower social support, a lower socioeconomic
position, and economic difficulties were more likely to
experience depression due to life pressures [17,18].
Consequently, not accessing outpatient services intensified the
association between CHE and the risk of depression.

There are several limitations to our study. First, because the
8-item CES-D is not equal to clinical diagnosis, our study could
only estimate the association between CHE and the risk of
depressive symptoms, which calls for future research on CHE
and depressive disorders. Second, due to the limitation of the
original data, households with CHE did not include those facing
extreme poverty who could not seek health services and whose
household medical expenditure was zero. Third, expenditure
data for calculating CHE were mainly based on the participants’
memory, which may be prone to recall bias.

In conclusion, people with poor health and a higher
socioeconomic position had a higher prevalence of CHE and
CHE was significantly associated with a higher risk of
depression. To prevent depression induced by CHE,
concentrated work should be made to monitor CHE, and more
efforts to ensure financial protection need to be introduced and
strengthened, especially for people with higher health care
needs.
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Abstract

Background: Chronic inflammation plays a crucial role in tissue injury, osteoporosis, and fracture. The dietary inflammatory
index (DII) is a tool for assessing the potential for inflammation in the diet. However, the association between the DII and fractures
remains controversial from previous studies.

Objective: We aimed to explore the correlation between the DII and fracture risk in Chinese adults.

Methods: We included 11,999 adults (5519 men and 6480 women) who were a part of the China Health and Nutrition Survey
(1997-2015) prospective cohort. A 3-day, 24-hour meal review method was used to calculate the DII score. The fractures were
identified using a questionnaire. Cox proportional hazards models were used to estimate the hazard ratios (HRs) and 95% CIs
for fractures. Subgroup, sensitivity, and restricted cubic spline analyses were performed.

Results: During the 18 years of follow-up (median follow-up 9.0 years), 463 men and 439 women developed fractures. The
median DII score was 0.64 (IQR −1.74 to 1.46) for the total sample, 0.75 (IQR −1.68 to 1.50) for men, and 0.53 (IQR −1.79 to
1.42) for women. The DII score had a positive correlation with the risk of fracture among women but not among men. For men,
after adjusting for covariates, the HRs for quintiles of DII were 1, 0.96 (95% CI 0.66-1.41), 1.05 (95% CI 0.74-1.49), 0.89 (95%
CI 0.62-1.26), and 0.94 (95% CI 0.67-1.34; trend: P=.62). The HRs for women were 1, 1.13 (95% CI 0.72-1.79), 1.24 (95% CI
0.83-1.86), 1.51 (95% CI 1.02-2.22), and 1.62 (95% CI 1.10-2.39; trend: P=.004). The restricted cubic spline analysis showed a
significant association between fracture risk and DII score in women (overall association: P=.01); as the DII scores were >0.53,
HRs showed a significant upward trend. Women aged <50 years or who are nonsmokers, who are nondrinkers, or with nonabdominal
obesity had a positive association between fracture risk and the DII score. In sensitivity analyses, after excluding people with
diabetes or hypertension, there was still a positive association between fracture risk and the DII score in women. Among the DII
components, the DII scores of protein (trend: P=.03), niacin (trend: P=.002), and iron (trend: P=.02) showed significant associations
with the risk of fracture in women.

Conclusions: Proinflammatory diet consumption increased the fracture risk in Chinese women aged <50 years. The high
consumption of anti-inflammatory foods and low consumption of proinflammatory foods may be an important strategy to prevent
fractures in women.

(JMIR Public Health Surveill 2023;9:e43501)   doi:10.2196/43501

JMIR Public Health Surveill 2023 | vol. 9 | e43501 | p.1900https://publichealth.jmir.org/2023/1/e43501
(page number not for citation purposes)

Wang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:zhangzhaofeng@bjmu.edu.cn
http://dx.doi.org/10.2196/43501
http://www.w3.org/Style/XSL
http://www.renderx.com/


KEYWORDS

dietary inflammatory index; fractures; diet; risk

Introduction

Fractures Hazard
Globally, fractures pose a serious economic burden and public
health issue [1,2]. Fractures can result in work absence,
decreased productivity, disability, impaired quality of life, health
loss, and high health care costs and are a major burden on health
care systems at large [3-5], especially in people with
osteoporosis [6,7]. The aging of the population is associated
with an increasing burden of fractures around the world [8]. A
systematic review including 22 studies from high-income nations
or regions and 3 from low- or intermediate-income nations
indicated that hip fracture incidence still increased rapidly in
low- or intermediate-income nations [9]. Hip fracture is the
most devastating type of osteoporotic fracture. It is projected
that the number of hip fractures around the world will increase
from 1.26 million in 1990 to 4.5 million by 2050, about half of
which are likely to occur in Asia, particularly in China [10].
China, the largest middle-income country, has the largest
population in the world and has been experiencing
unprecedented rapid population aging. Fractures will be a
substantial health burden in China.

Fragility fractures caused by low-energy trauma (slips, trips,
and falls from standing height) were studied extensively [11].
Fragility fractures are closely associated with bone density
(osteopenia and osteoporosis) [12,13]. Osteoporosis is the
leading cause of fragility fractures, with an osteoporotic fracture
occurring every 3 seconds [14]. The study of Global Burden
(1990-2019) indicated that China, with the high disease burden
of disability-adjusted life years number in low bone
mass–related fractures, ranks second in 204 countries and
territories [15]. Injuries have recently been recognized in China’s
long-term development agenda, Healthy China 2030 [16].
Fractures are an important contributor to the injury burden in
China. We need to provide specific fracture prevention strategies
to support the development of the Healthy China policy.

Fractures and Chronic Inflammation
Currently, the mechanism underlying osteoporosis and fractures
remains unclear, but chronic inflammation is widely regarded
as an important cause of osteoporosis. Several observational
studies have examined the potential association between serum
inflammatory markers, such as interleukin (IL)–6, tumor
necrosis factor (TNF)–α, and C-reactive protein (CRP), and
fractures [17-21]. Proinflammatory cytokines such as TNF-α
and IL-6 in osteoclasts can lead to bone erosion [22,23]. Diet
is an important source of inflammation [24]. Inflammation levels
in the body can be mediated by dietary components [25-27],
some nutrients (eg, saturated fatty acids and trans fatty acids)
can increase inflammation levels, and some nutrients (eg, fiber
and some vitamins) can decrease inflammation levels [23,28].
To quantify the inflammatory potential of diets in various
population groups [24], Cavicchia [29] first proposed the dietary
inflammatory index (DII) in 2009, and Shivappa [24] developed
the evaluation indexes further in 2014. They included 6500

references; studied the effects of food parameters on 6
inflammatory markers (IL1-β, IL-4, IL-6, IL-10, TNF-α, and
CRP); rated the proinflammatory, anti-inflammatory, and
noninflammatory effects of each food parameter; and finally
determined 45 dietary components to calculate DII. A higher
DII score indicates that a diet is more likely to enhance the
body’s inflammatory response, whereas a lower DII score
indicates that the diet reduces inflammation levels in the body
[28,30-32]. The DII is a good indicator to estimate dietary
quality associated with inflammation and has also been used to
explore relationships with various health outcomes, including
hypertension, diabetes, hyperuricemia, metabolic syndrome,
asthma, breast cancer, and colorectal cancer [33-39].

Association Between the DII and Fractures
In recent years, several studies have been conducted to examine
the association between the DII score and fractures
[23,32,40-43]. However, the association between DII and
fracture risk showed inconsistent results, which may be
attributed to differences in age, gender, ethnicity, and time of
observation. A study involving postmenopausal women reported
that a high DII score was associated with an increased hip
fracture risk [32]. Moreover, results from North American
studies showed that a higher DII score was associated with a
higher incidence of fractures [40]. However, these studies were
limited to White women. In addition, in the Tasmanian Older
Adult Cohort Study, a higher DII score was associated with
lower bone density and an increased incidence of fractures in
community-dwelling older men but decreased fracture incidence
in women [41]. The Brazilian Osteoporosis Study showed a
lack of association between DII and low-impact fractures in the
Brazilian population [42]. These foreign studies, because of
racial differences, are not specific to China. In addition,
populations in Western countries tend to consume animal-based
diets, whereas populations in Eastern countries, such as China,
tend to consume plant-based diets, characterized by higher
quantities of vegetables and fruits [44]. Depending on the diet,
the level of inflammation also varies [29]. Results from
participants based in the Guangdong province and Hong Kong
cohort study showed that a proinflammatory diet was positively
associated with hip fracture risk in men and women [23,43].
Because the participants in the 2 Chinese studies either were
from an economically advanced region of China or had settled
in the southern part of the country, we believe that these results
are not representative of a typical Chinese diet [23,43].

Currently, the pattern of food consumption has changed with
the rapid development of the Chinese society. Despite the
improvement in diet quality, the current dietary pattern is still
less than ideal. The diet in China is gradually being westernized,
with an increased intake of red meat, processed meats, and
sugary drinks, which are associated with higher levels of
inflammation [45]. Currently, China proposed the suggestion
of “reduced salt, reduced oil, reduced sugar, healthy oral cavity,
healthy weight, and healthy bone (three reductions and three
healthy),” which was the action of national health promotion.
Therefore, this study, which prospectively examined the
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association between the DII and fracture risk in a large sample
in China, aimed to provide theoretical support and guidance for
the use of nutrition and diet to reduce the risk of fractures. We
hope to use practical actions to help the Healthy China
development agenda.

Methods

Study Population
This study used data from a subcohort of the China Health and
Nutrition Survey (CHNS). Founded in 1989, the CHNS is a
prospective cohort study that has conducted 10 follow-up

surveys until 2015. In our study, we used the CHNS data
obtained between 1997 and 2015. During this time, 30,803
participants with a disease history and physical examination
data were enrolled. This study included adult participants aged
≥18 years. We excluded participants who were pregnant,
nursing, or disabled and those without available or complete
fracture data or follow-up data. We also excluded participants
with missing or implausible energy intake information (>5000
or <700 kcal/d); a baseline diagnosis of fractures; or a history
of myocardial infarction, stroke, or any type of tumor at baseline.
We also excluded participants with body measurement outliers.
Finally, we included 11,999 study participants, including 5519
men and 6480 women (Figure 1).

Figure 1. Study population flowchart. CHNS: China Health and Nutrition Survey.

Assessment of Nutrient Intake and the DII
Dietary intake assessment in the CHNS involved the 3-day,
24-hour meal review method for participating individuals and
a household food inventory, which involved the weighing and
measuring of products (used to obtain information on the
consumption of edible oils and condiments) over the same 3
days (2 weekdays and 1 weekend day). The China Food
Composition Tables Standard Edition provides general nutrition

data for more than 3000 types of foods and ingredients in China.
We combined the dietary data obtained from the 3-day, 24-hour
meal review method with the China Food Composition Tables
Standard Edition to obtain the data used to calculate the DII
scores.

The mean intake of every food variable was transformed with
standardized values from a world database into a z score,
converted to a percentile, and centered by doubling and
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subtracting 1. Finally, the centered percentile score for each
food variable was multiplied by its associated literature-derived
inflammatory effect score and these scores were summed across
the 45 dietary variables, thus providing an individual DII score.
The higher the DII score, the more proinflammatory the diet;
more negative values indicate more anti-inflammatory diets
[24].

The energy-adjusted DII was calculated using the following
steps, which were performed before the transformed z score.
Energy adjustment was performed using the density method
[46]; all the food variables and the world database were
converted to units per 1000 kcal [47].

In total, 28 of the 45 possible food parameters were analyzed
to obtain the overall DII scores. These included energy,
carbohydrate, protein, total fat, alcohol, β-carotene, cholesterol,
fiber, folic acid, niacin, iron, magnesium, selenium, zinc,
monounsaturated fatty acids, polyunsaturated fatty acids,
isoflavones, thiamine, riboflavin, saturated fat, vitamin A,
vitamin C, garlic, ginger, onion, green or black tea, pepper, and
thyme or oregano.

Assessment of Covariates
On the basis of the Cox proportional hazards model of fractures,
previous studies have analyzed demographic characteristics,
lifestyle factors, physical measures, and disease information
[41,48]. Information on demographic characteristics, obtained
from a questionnaire, included age, gender, area of residence,
marital status, level of educational attainment, and household
income per capita (categorized into quartiles). Lifestyle factors
obtained via a questionnaire included physical activity level
(PAL; grouped into 3 levels), smoking status, and drinking
status. Physical measures included the BMI, midarm muscle
circumference (MAMC), and waist-to-hip ratio (WHR). The

BMI was calculated as weight (kg) / height (m)2. MAMC was
calculated as midupper arm circumference (cm) − π × (triceps
skinfold thickness / 10). WHR was calculated as waist
circumference (cm) divided by hip circumference (cm).
According to the World Health Organization Asian WHR
standard, a man with WHR ≥0.90 and a woman with WHR
≥0.85 are considered to have abdominal obesity [49]. The
disease information including diabetes and hypertension was
obtained using questionnaires. The Osteoporosis Self-assessment
Tool for Asians (OSTA) index has been shown to distinguish
between different degrees of osteoporosis. OSTA was calculated
as 0.2 × (weight [kg] − age [years]); the following classification
was used: OSTA <−4, high risk for osteoporosis and fracture;
−4< OSTA <−1, medium risk for osteoporosis and fracture; and
OSTA >−1, low risk for osteoporosis and fracture [50-52]. For
all covariates, we used the baseline year measure.

Outcome Identification
The outcome was defined based on the questionnaire survey.
The participants were asked to report their history of fractures
using a questionnaire-based interview at each follow-up since
1997. The questions were posed as follows: “(1) History of bone
fracture? If yes, (2) age (years) at 1st bone fracture, and (3)
number of times bone fracture?” We used the date when
participants first entered the survey as the baseline date for

participants according to the questionnaire. The follow-up
person-time for each participant was calculated as the interval
between baseline and the occurrence of fractures, the survey
day in the last survey round before the participant was lost to
follow-up, or the latest survey in 2015, whichever came first.

Statistical Analysis
All statistical analyses were performed separately for men and
women. We also divided the participants of each gender into 5
groups according to the quintiles of the DII. Participant baseline
characteristics were described as a number (percentage) for
categorical variables and means (SD) or as a median (IQR
25%-75%) for continuous variables. The chi-square test and
rank-sum test were used to compare categorical and continuous
variables between the men and women.

Cox proportional hazards models were used to estimate the
hazard ratios (HRs) and 95% CIs for fractures. We also adjusted
for multiple covariates before exploring the relationship between
DII and fracture risk. To test the proportional hazards
assumption, we conducted likelihood ratio tests. The results
met the HR assumption. To calculate HRs among quintiles, the
lowest intake quintiles were used as a reference. Three models
were established. Model 1 was adjusted for demographic
characteristics, including age, gender, residence area, highest
education level, household income, and marital status. Model
2 was adjusted for lifestyle factors and physical measures: model
1+smoking status, drinking status, PAL, BMI, MAMC, and
WHR. Model 3 adjusted for disease information: model
2+hypertension, diabetes, and OSTA index level. Tests for
trends were performed for continuous variables using categorical
DII scores by quintiles.

Stratified analyses were performed according to age, BMI,
smoking status, drinking status, obesity status, OSTA index
level, and MAMC. The P value for interaction was calculated
with multiplicative terms by multiplying the quintiles of the DII
by categorical variables used in the multivariable model.

Several sensitivity analyses were conducted in this study.
Participants with hypertension or diabetes mellitus were
excluded from the study. Participants were divided into 4
groups: nonhypertension, nondiabetes, nonhypertension and
nondiabetes, as well as nonhypertension or nondiabetes.

Carbohydrate, total fat, protein, thiamine, riboflavin, niacin,
folic acid, vitamin A, iron, selenium, zinc, and magnesium of
the DII component were divided into 5 levels in men and women
to estimate the HRs and 95% CIs for fractures. To calculate the
DII scores for these nutrients, we controlled for energy
consumption.

We used restricted cubic splines (RCSs) to test for linearity,
and RCSs were used for DII in multivariable-adjusted Cox
regression analyses (model 3) for women separately. The median
values were used as references in the RCS analyses.

All statistical analyses were performed using SPSS (version
27.0; IBM Corp) and R (version 4.1.0; R Foundation for
Statistical Computing). Two-sided P values <.05 were
considered as statistically significant.
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Ethics Approval
The CHNS, is an international collaborative project between
the Carolina Population Center at the University of North
Carolina at Chapel Hill and the National Institute for Nutrition
and Health (NINH, former National Institute of Nutrition and
Food Safety) at the Chinese Center for Disease Control and
Prevention (CCDC) with an ethical approval number of 2015017
[53].

Participation and Informed Consent
The CHNS is an ongoing open cohort. All participants provided
informed consent for inclusion before participating in the study
and allowed for secondary analysis without additional consent.
The study data are anonymized or deidentified.

Results

Baseline Characteristics
We included 11,999 adults (5519 men and 6480 women) who
were part of the CHNS (1997-2015) prospective cohort. The

average age of the participants was 44.0 (SD 14.6) years. Of
the total 11,999 participants, 5519 (46%) were men and 6480
(54%) were women. The median DII score was 0.64 (IQR −1.74
to 1.46) for the total sample, 0.75 (IQR −1.68 to 1.50) for men,
and 0.53 (IQR −1.79 to 1.42) for women. A histogram of the
DII in men and women is presented in Figure S1 in Multimedia
Appendix 1. During the 18 years of follow-up (median follow-up
9.0 years), we ascertained that 463 men and 439 women
developed fractures. The baseline characteristics of the study
population are described across the quintiles of DII in Table 1.
The population baseline characteristics by gender are also
presented in Table S1 in Multimedia Appendix 1. At baseline,
marital status, education level, smoking status, drinking status,
PAL, BMI, MAMC, WHR, abdominal obesity status, OSTA
index level, carbohydrate, total fat, and protein levels were
statistically different between men and women (all P<.001).
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Table 1. Baseline characteristics of the study population in men and womena.

Qs of DII in womenQsb of DIIc in menCharacteristics

Q5 (n=1296)Q3 (n=1296)Q1 (n=1296)Q5 (n=1103)Q3 (n=1104)Q1 (n=1104)

42.9 (14.0)42.8 (13.9)44.8 (14.8)43.3 (14.3)41.5 (14.5)47.9 (14.0)Age (years), mean (SD)

749 (57.79)753 (58.1)656 (50.62)626 (56.75)658 (59.6)464 (42.03)<50

547 (42.21)543 (41.9)640 (49.38)477 (43.25)446 (40.4)640 (57.97)≥50

Marital status, n (%)

84 (6.48)60 (4.63)44 (3.4)140 (12.69)178 (16.12)79 (7.16)Never married

1123 (86.65)1143 (88.19)1138 (87.81)934 (84.68)895 (81.07)985 (89.22)Married

4 (0.31)11 (0.85)28 (2.16)9 (0.82)7 (0.63)19 (1.72)Divorced

85 (6.56)82 (6.33)86 (6.64)20 (1.81)24 (2.17)21 (1.9)Widowed

Residence, n (%)

880 (67.9)958 (73.92)554 (42.75)733 (66.46)815 (73.82)419 (37.95)Rural

416 (32.1)338 (26.08)742 (57.25)370 (33.51)289 (26.18)685 (62.05)Urban

Household income level (yuan ¥; yuan ¥1=US $0.14), n (%)

339 (26.16)365 (28.16)308 (23.77)285 (25.84)299 (27.08)254 (23.01)Low (<8532)

329 (25.39)330 (25.46)293 (22.61)305 (27.65)308 (27.9)235 (21.29)Medium (8532-15,576)

326 (25.15)361 (27.85)313 (24.15)264 (23.93)259 (23.46)274 (24.82)High (15,577-30,500)

302 (23.3)240 (18.52)382 (29.48)249 (22.57)238 (21.56)341 (30.89)Very high (>30,500)

Education level, n (%)

458 (35.34)484 (37.35)172 (13.27)165 (14.96)197 (17.84)63 (5.71)None

265 (20.45)316 (24.38)213 (16.44)266 (24.12)291 (26.36)146 (13.22)Graduate from primary school

344 (26.54)315 (24.31)407 (31.4)384 (34.81)373 (33.79)380 (34.42)Lower middle school degree

229 (17.67)181 (13.97)504 (38.89)288 (26.11)243 (22.01)515 (46.65)Upper middle school degree or
above

60 (4.63)54 (4.17)32 (2.47)682 (61.83)710 (64.31)662 (59.96)Former or current smoker, n (%)

130 (10.03)130 (10.03)159 (12.27)743 (67.36)717 (64.95)707 (64.04)Former or current drinker, n (%)

Physical activity level, n (%)

609 (47)543 (41.9)981 (75.69)434 (39.35)376 (34.06)710 (64.31)Low

165 (12.73)113 (8.72)142 (10.96)213 (19.31)197 (17.84)203 (18.39)Medium

522 (40.28)640 (49.38)173 (13.35)456 (41.34)531 (48.1)191 (17.3)High

BMI (kg/m2), n (%)

75 (5.79)92 (7.1)79 (6.1)57 (5.17)97 (8.79)29 (2.63)≤18.4

806 (62.19)817 (63.04)667 (51.47)709 (64.28)777 (70.38)531 (48.1)18.5-23.9

335 (25.85)322 (24.85)394 (30.4)280 (25.39)191 (17.3)422 (38.22)24.0-27.9

80 (6.17)65 (5.02)156 (12.04)57 (5.17)39 (3.53)122 (11.05)≥28.0

20.4 (18.7-
22.5)

20.0 (18.6-
21.6)

20.5 (18.7-
22.5)

22.9 (21.3-24.9)22.4 (20.7-24.1)23.1 (20.8-25.3)MAMCd (cm), median (IQR)

0.82 (0.79-
0.87)

0.84 (0.79-
0.88)

0.84 (0.80-
0.89)

0.87 (0.82-0.91)0.86 (0.82-0.90)0.90 (0.85-0.93)WHRe, median (IQR)

440 (33.95)532 (41.05)608 (46.91)319 (28.92)258 (23.37)526 (47.64)Abdominal obesityf, n (%)

56 (4.32)52 (4.01)160 (12.35)58 (5.26)27 (2.45)151 (13.68)Hypertension, n (%)

23 (1.77)13 (1)34 (2.62)18 (1.63)6 (0.54)50 (4.53)Diabetes, n (%)

135 (10.42)99 (7.64)37 (2.85)117 (10.61)128 (11.59)52 (4.71)Fractures, n (%)
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Qs of DII in womenQsb of DIIc in menCharacteristics

Q5 (n=1296)Q3 (n=1296)Q1 (n=1296)Q5 (n=1103)Q3 (n=1104)Q1 (n=1104)

OSTAg index levelh, n (%)

1055 (81.4)1028 (79.32)1088 (83.95)995 (90.21)955 (86.5)984 (89.13)>−1

201 (15.51)214 (16.51)172 (13.27)100 (9.07)132 (11.96)106 (9.6)−1 to −4

40 (3.09)54 (4.17)36 (2.78)8 (0.73)17 (1.54)14 (1.27)<−4

320.4
(246.6-
402.0)

332.5 (261.7-
405.1)

237.7 (175.3-
303.4)

360.8 (271.7-
465.6)

390.3 (322.3-
467.5)

274.3 (201.7-349.4)Carbohydrate (g/d), median (IQR)

66.7 (45.0-
89.0)

51.4 (34.0-
72.8)

60.2 (41.7-
83.0)

72.9 (50.3-98.9)61.2 (41.8-86.0)71.0 (50.4-95.9)Total fat (g/d), median (IQR)

65.5 (53.3-
80.1)

59.0 (48.0-
72.0)

63.9 (51.6-
80.0)

75.8 (62.2-92.2)69.6 (57.4-85.0)75.3 (61.4-92.2)Protein (g/d), median (IQR)

aThe data are presented as mean (SD) or median (IQR) for continuous variables and as n (%) for categorical variables.
bQ: quintile.
cDII: dietary inflammatory index.
dMAMC: midarm muscle circumference.
eWHR: waist-to-hip ratio.
fA man WHR ≥0.90 and a women WHR ≥0.85 is abdominal obesity.
gOSTA: Osteoporosis Self-assessment Tool for Asians.
hThe OSTA index level distinguishes between different degrees of osteoporosis.

Association of DII With Fractures
The results of the Cox proportional hazards models suggested
that the DII was significantly associated with fracture risk in
people (Table 2). However, this correlation exists only in women
rather than men. For men, after adjusting for covariates, the
HRs for quintiles of DII were 1, 0.96 (95% CI 0.66-1.41), 1.05
(95% CI 0.74-1.49), 0.89 (95% CI 0.62-1.26), and 0.94 (95%

CI 0.67-1.34; trend: P=.62); for women, after adjusting for
covariates, the HRs for quintiles of DII were 1, 1.13 (95% CI
0.72-1.79), 1.24 (95% CI 0.83-1.86), 1.51 (95% CI 1.02-2.22),
and 1.62 (95% CI 1.10-2.39; trend: P=.004). When DII was
treated as a continuous variable, it was also significantly
associated with fracture risk in women rather than in men. The
2 results were coinciding with those of the man and woman
quintiles.
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Table 2. Hazard ratios (95% CIs) of fractures according to the quintiles (Qs) of the dietary inflammatory index (DII)a.

Continuous DII, hazard
ratio (95% CI)

Trend, P

valuebQs of DII, hazard ratio (95% CI)

Q5Q4Q3Q2Q1

Men

0.99 (0.92-1.05).630.95 (0.67-
1.34)

0.89 (0.62-
1.24)

1.04 (0.73-
1.46)

0.96 (0.66-
1.41)

1 (refd)Model 1c

0.99 (0.92-1.05).630.94 (0.67-
1.34)

0.88 (0.62-
1.25)

1.05 (0.74-
1.49)

0.96 (0.66-
1.41)

1 (ref)Model 2e

0.99 (0.92-1.05).620.94 (0.67-
1.34)

0.89 (0.62-
1.26)

1.05 (0.74-
1.49)

0.96 (0.66-
1.41)

1 (ref)Model 3f

Women

1.12 (1.04-1.20).0051.57 (1.07-
2.31)

1.45 (0.99-
2.13)

1.17 (0.78-
1.75)

1.11 (0.71-
1.76)

1 (ref)Model 1c

1.12 (1.04-1.20).0491.59 (1.08-
2.34)

1.48 (1.00-
2.18)

1.21 (0.81-
1.80)

1.12 (0.71-
1.77)

1 (ref)Model 2e

1.12 (1.04-1.21).0041.62 (1.10-
2.39)

1.51 (1.02-
2.22)

1.24 (0.83-
1.86)

1.13 (0.72-
1.79)

1 (ref)Model 3f

aQ1 indicates participants having the lowest DII values, the least proinflammatory level; Q5 indicates participants having the highest DII values, the
most proinflammatory level. Data were hazard ratios (95% CIs), calculated using Cox proportional hazards analyses.
bP value for trend: tests for trends were performed for continuous variables using categorical DII scores by Qs.
cAdjusted for age, gender, residence area, highest education level, household income, and marital status.
dref: reference.
eModel 1+smoking status, drinking status, physical activity level, BMI, midarm muscle circumference, and waist-hip ratio.
fModel 2+hypertension, diabetes, and Osteoporosis Self-assessment Tool for Asians index level.

RCS Analysis
To further understand the correlation between the DII and
fracture risk, we performed an RCS analysis. The RCS analysis
showed a significant association between fracture risk and the

DII score in women (overall association: P=.01; Figure 2). As
the DII score was >0.53, HR showed a significant upward trend.
However, the spline variable confirmed no significant departure
from the nonlinear relationship (nonlinear: P=.61) between
fracture risk and the DII score.

Figure 2. Multivariable-adjusted hazard ratios (HRs; blue solid lines) and 95% CIs (blue shadow) for risk of fracture according to the dietary inflammatory
index (DII) score among women in model 3. The median intakes were set as references (black dotted line; HR=1.00). The solid pink line represents the
line where the point corresponding to the value of the DII in the curve was located when HR=0.
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Subgroup Analyses
The association between fracture risk and the DII score, as
stratified by age, BMI, smoking status, drinking status, obesity
status, OSTA index level, and MAMC, was further investigated.
Women aged <50 years had a positive association between
fracture risk and the DII score (trend: P=.003; HR 2.15, 95%
CI 1.16-3.97), whereas no association was found among those
aged ≥50 years (trend: P=.38; HR 1.15, 95% CI 0.69-1.92).
Women who are nonsmokers, who are nondrinkers, and with
nonabdominal obesity had a positive association between
fracture risk and the DII score (trend: P=.004; HR 1.64, 95%
CI 1.10-2.44; trend: P=.02; HR 1.51, 95% CI 1.01-2.27; and
trend: P=.03; HR 1.92, 95% CI 1.11-3.32, respectively), whereas
no association was found among smokers, drinkers, and
abdominal obesity (trend: P=.37; HR 0.61, 95% CI 0.13-2.97;
trend: P=.06; HR 3.12, 95% CI 0.86-16.84; and trend: P=.07;

HR 1.31, 95% CI 0.77-2.23, respectively). Women with an
OSTA index level >−1 had a positive association between
fracture risk and the DII score (trend: P=.001; HR 2.02, 95%
CI 1.27-3.21), whereas no association was found among those
with an OSTA index level ≤−1 (trend: P=.67; HR 0.79, 95%
CI 0.40-1.57) and no association was found among those with

BMI <24 kg/m2, ≥24 kg/m2, MAMC <21.46, or MAMC ≥21.46
(Table 3). However, there was no statistically significant
association between fracture risk and the DII score in the man
subgroup (all P>.05; Table S2 in Multimedia Appendix 1).
When DII was treated as a continuous variable, these subgroup
analyses results were coinciding with the men and women
quintiles, which are also shown in the forest plots in Figure S2
in Multimedia Appendix 1. None of the subgroup analyses had
interactions (Table 3).
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Table 3. Hazard ratios (95% CIs) of fractures according to the quintiles (Qs) of the dietary inflammatory index (DII) by age, BMI, smoking status,
drinking status, obesity status, Osteoporosis Self-assessment Tool for Asians (OSTA) index level, and midarm muscle circumference (MAMC) in

womena.

Continuous
DII, hazard
ratio (95%
CI)

Interaction,

P valuec
Trend, P

valueb
Qs of DII in women, hazard ratio (95% CI)Subgroups

Q5Q4Q3Q2Q1

.50Age (years)

1.19 (1.06-
1.34)

.0032.15 (1.16-3.97)1.62 (0.86-3.01)1.38 (0.73-2.61)1.15 (0.55-2.40)1 (refd)<50

1.05 (0.92-
1.16)

.381.15 (0.69-1.92)1.16(0.70-1.94)0.90 (0.52-1.54)1.02 (0.57-1.81)1 (ref)≥50

.07BMI (kg/m2)

1.11 (1.01-
1.23)

.031.64 (0.92-2.77)1.45 (0.87-2.44)1.36 (0.79-2.32)1.08 (0.59-1.97)1 (ref)<24

1.11 (1.00-
1.24)

.131.35 (0.76-2.37)1.29 (0.73-2.28)1.14 (0.63-2.07)0.89 (0.45-1.76)1 (ref)≥24

.60Smoking status

0.88 (0.64-
1.24)

.370.61 (0.13-2.97)0.61 (0.14-2.88)0.74 (0.18-3.46)1.10 (0.28-4.91)1 (ref)Former or current
smoker

1.13 (1.05-
1.22)

.0041.64 (1.10-2.44)1.45 (0.97-2.17)1.23 (0.81-1.86)1.12 (0.70-1.78)1 (ref)Nonsmoker

.37Drinking status

1.26 (0.99-
1.65)

.063.12 (0.86-
16.84)

2.20 (0.59-
12.05)

2.61 (0.68-
14.40)

1.12 (0.17-7.31)1 (ref)Former or current
drinker

1.10 (1.02-
1.19)

.021.51 (1.01-2.27)1.42 (0.95-2.12)1.13 (0.75-1.73)1.12 (0.70-1.79)1 (ref)Nondrinker

.29OSTAe index level

1.20 (1.09-
1.31)

.0012.02 (1.27-3.21)1.67 (1.05-2.67)1.44 (0.89-2.34)0.98 (0.55-1.76)1 (ref)>−1

0.96 (0.84-
1.10)

.670.79 (0.40-1.57)0.84 (0.43-1.65)1.14 (0.59-2.21)0.80 (0.38-1.67)1 (ref)≤−1

.36Obesity statusf

1.09 (0.98-
1.21)

.071.31 (0.77-2.23)1.23 (0.71-2.10)0.77 (0.42-1.40)0.98 (0.51-1.88)1 (ref)Abdominal obesity

1.13 (1.02-
1.26)

.031.92 (1.11-3.32)1.30 (0.74-2.29)1.79 (1.03-3.11)1.27 (0.69-2.34)1 (ref)Nonabdominal
obesity

.72MAMC

1.07 (0.99-
1.15)

.071.25 (0.86-1.82)1.06 (0.73-1.55)1.16 (0.79-1.70)0.81 (0.51-1.27)1 (ref)<21.46

1.04 (0.97-
1.11)

.541.51 (0.39-5.83)1.38 (0.43-4.43)1.34 (0.52-3.44)1.07 (0.66-1.73)1 (ref)≥21.46

aValues were multivariable-adjusted hazard ratios (95% CIs) for risk of fractures according to Qs of the DII stratified by age, BMI, smoking status,
drinking status, obesity status, OSTA index level, and MAMC in model 3. Q1 indicates participants having the lowest DII values, the least proinflammatory
level; Q5 indicates participants having the highest DII values, the most proinflammatory level.
bP value for trend: tests for trends were performed for continuous variables using categorical DII score by Qs.
cP value for interaction was calculated by contrasting the coefficients of the cross-product of stratified values and DII Qs in the model.
dref: reference.
eThe OSTA index level distinguishes different degrees of osteoporosis.
fA man waist-to-hip ratio ≥0.90 and a woman waist-to-hip ratio ≥0.85 is abdominal obesity.
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RCS Analysis of Subgroup
To further understand the correlation between the DII and
fracture risk among women in the subgroup, we performed an
RCS analysis. We showed the statistically significant subgroups
in the Cox regression results of subgroup analysis according to
subgroup analysis in Table 3, such as age <50 years (trend:
P=.003), nonsmoker (trend: P=.004), nondrinker (trend: P=.02),
OSTA index level >−1 (trend: P=.001), and nonabdominal
obesity (trend: P=.03). The RCS analysis results showed a
significant association between fracture risk and the DII score
among women in the subgroup for age <50 years (overall
association: P=.006; Figure 3A); nonsmoker (overall association:
P=.006; Figure 3B); nondrinker (overall association: P=.03;
Figure 3C); OSTA index level >−1 (overall association: P<.001;

Figure 3D), and nonabdominal obesity (overall association:
P=.04; Figure 3E). The results of the RCS analysis of the
remaining subgroups are presented in Figure S3 in Multimedia
Appendix 1. In general, the curves for age <50 years (Figure
3A), nonsmoker (Figure 3B), nondrinker (Figure 3C), and OSTA
index level >−1 (Figure 3D), except for nonabdominal obesity
(Figure 3E), showed a trend of rapid rise after a slow rise, and
the corresponding nodes were 0.64, 0; 0.49, 0; 0.59, 0; and 0.45,
0; respectively. The curve corresponding to nonabdominal
obesity (Figure 3E) also showed a rapid upward trend at node
0.76, 0. These results suggest that the higher the inflammation
score of the diet, the greater the risk of fracture and that the
cumulative effect of inflammatory foods greatly increases the
risk of fractures.

Figure 3. Multivariable-adjusted hazard ratios (HRs; blue solid lines) and 95% CIs (blue shadow) for risk of fracture according to the dietary inflammatory
index (DII) score among (A) women with age <50 years, (B) nonsmoker, (C) nondrinker, (D) Osteoporosis Self-assessment Tool for Asians (OSTA)
index level >−1, and (E) nonabdominal obesity in model 3. The median intakes were set as references (black dotted line; HR=1.00). The solid pink line
represents the line where the point corresponding to the value of the DII in the curve was located when HR=0.

Sensitivity Analyses
In sensitivity analyses (Table 4), after excluding people with
diabetes or hypertension, there was still a positive association
between fracture risk and the DII score in women. For women
with nonhypertension, the HRs for quintiles of the DII were 1,
0.99 (95% CI 0.59-1.68), 1.44 (95% CI 0.93-2.24), 1.75 (95%
CI 1.14-2.68), and 1.91 (95% CI 1.25-2.92; trend: P<.001). For
women with nondiabetes, the HRs for quintiles of DII were 1,
1.09 (95% CI 0.68-1.74), 1.24 (95% CI 0.82-1.87), 1.50 (95%
CI 1.03-2.22), and 1.62 (95% CI 1.09-2.40; trend: P=.003). For

women with nonhypertension and diabetes, the HRs for quintiles
of the DII were 1, 1.16 (95% CI 0.68-1.99), 1.42 (95% CI
0.90-2.25), 1.78 (95% CI 1.15-2.78), and 1.97 (95% CI
1.26-3.06; trend: P<.001). For women with nonhypertension or
diabetes, the HRs for quintiles of the DII were 1, 1.09 (95% CI
0.69-1.73), 1.20 (95% CI 0.80-1.79), 1.46 (95% CI 0.99-2.14),
and 1.56 (95% CI 1.06-2.30; trend: P=.006). When the DII was
treated as a continuous variable, it was significantly associated
with fracture risk in women with nonhypertension, nondiabetes,
nonhypertension and diabetes, and nonhypertension or diabetes.
These results are consistent with those of the quintiles.
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Table 4. Sensitivity analyses of dietary inflammatory index (DII) in association with fracture risk in womena.

Continuous DII,
hazard ratio (95%
CI)

Trend, P valuecQsb of DII in women, hazard ratio (95% CI)Groups

Q5Q4Q3Q2Q1

1.19 (1.06-1.34)<.0011.91 (1.25-
2.92)

1.75 (1.14-
2.68)

1.44 (0.93-
2.24)

0.99 (0.59-
1.68)

1 (refd)Nonhypertension

1.05 (0.92-1.16).0031.62 (1.09-
2.40)

1.50 (1.03-
2.22)

1.24 (0.82-
1.87)

1.09 (0.68-
1.74)

1 (ref)Nondiabetes

1.11 (1.01-1.23)<.0011.97 (1.26-
3.06)

1.78 (1.15-
2.78)

1.42 (0.90-
2.25)

1.16 (0.68-
1.99)

1 (ref)Nonhypertension and dia-
betes

1.11 (1.00-1.24).0061.56 (1.06-
2.30)

1.46 (0.99-
2.14)

1.20 (0.80-
1.79)

1.09 (0.69-
1.73)

1 (ref)Nonhypertension or diabetes

aValues are multivariable-adjusted hazard ratios (95% CIs) for the risk of fractures according to quintiles of the DII stratified by hypertension and
diabetes status in model 3. Q1 indicates participants having the lowest DII values, the least proinflammatory level; Q5 indicates participants having the
highest DII values, the most proinflammatory level.
bQ: quintile.
cP value for trend: tests for trends were performed for continuous variables using categorical DII scores by Qs.
dref: reference.

Association of DII Components With Fractures
The association of macronutrients, some micronutrient DII
scores, and fracture risk in men and women is shown in Table
S3 in Multimedia Appendix 1. The DII scores for protein (trend:
P=.03), niacin (trend: P=.002), and iron (trend: P=.02) showed
significant associations with fracture risk in women. The higher
the intake of protein, the higher the risk of fracture. The higher
the intake of niacin and iron, the lower the risk of fracture. The
DII scores for carbohydrate, total fat, and protein were
associated with fracture risk in men. The association between
other macronutrients and micronutrient DII scores and fracture
risk is shown in Table S3 in Multimedia Appendix 1.

Discussion

Principal Findings
This study, which used a large-scale sample in China, aimed to
prospectively explore the association between dietary
inflammatory potential and fracture risk. This study found that
a higher DII score (more proinflammatory diets) was associated
with a higher risk of fracture in women than in men. To confirm
this conclusion, we used Cox proportional hazards models to
demonstrate a positive correlation between DII and fracture risk
in women and used an RCS analysis to further illustrate the
trend of fracture risk with the DII score. In addition, we
performed subgroup and sensitivity analyses to further verify
the stability of the results. This reliable and robust result can
provide dietary interventions and strategies for fracture
prevention, promote bone health, provide a specific basis for
China’s Healthy Lifestyle Action, and promote the Healthy
China development agenda.

Comparison With Prior Work
In this study, the association between the DII and fracture risk
differed by gender. Statistically significant results were observed
among woman participants rather than man participants. This
finding is consistent with previous studies [40,54]. Estrogen is

hypothesized to have a protective anti-inflammatory effect
[55,56]. Other studies have reported that inflammation has
different roles and mechanisms in men and women (eg, for
cardiovascular diseases) [57]. In addition, compared with
women, men have worse habits, which offsets the positive effect
of diet on the prevention of fractures. Tobacco smoke is a
proinflammatory agent. It may be that the effect of tobacco
swamps the effect of dietary sources of inflammation [58]. In
this study, men smoked at about 16 times the rate of women
(62.6% of men were past or present smokers vs only about 3.8%
of women). However, 2 studies from Guangdong and Hong
Kong in China showed an association between the DII and
fractures in both genders [23,43]. It may be difficult to directly
compare the findings of a case-control study with those of a
longitudinal study. In addition, 2 studies considered the older
adult population as the research object, and this gender
difference became less pronounced with advancing age [59].
We believe that for women, reducing the intake of a
proinflammatory diet or increasing the intake of an
anti-inflammatory diet, such as fruits, vegetables, and tea, can
decrease fracture risk. Consuming ≤5 servings per day of fruit
and vegetables is associated with a higher hip fracture risk [60].
Tea and tea extract flavonoids with antioxidant and
anti-inflammatory properties have osteoprotective effects on
bone biology. Huang et al [61] showed that high tea
consumption versus no tea consumption reduced fracture risk
by 31%. In postmenopausal women, estrogen levels decrease
significantly with age and the protective anti-inflammatory
effect is weakened, which can easily cause osteoporosis and
increase the risk of fractures.

The RCS analysis showed a changing trend that fracture risk
increased with increasing DII scores. Notably, as the DII score
was >0.53, HR had shown a significant upward trend. The
cumulative effect of inflammatory foods greatly increases the
risk of fractures. Therefore, the intake of inflammatory foods
should be reduced as early as possible to avoid the accumulation
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of inflammatory effects of the diet, thereby reducing the risk of
fractures.

To our surprise, the research results are present only in women
aged <50 years rather than those aged ≥50 years. However, a
study of postmenopausal White women confirmed that an
inflammatory diet is associated with fractures [32]. This may
be due to a significant change in estrogen levels after menopause
in women who are prone to osteoporosis and an increase in the
risk of fractures [62,63]. However, our results still need to be
discussed because of population characteristics, dietary patterns,
and differences in the instruments used to assess diet quality.
There are 2 possible explanations for this finding. On the one
hand, with increasing age, especially in older adults, due to
altered body function and physiological and pathological
reasons, there is less food intake and food use than in the young.
On the other hand, it could be that the benefits of a less
inflammatory dietary pattern for bone health are overshadowed
by the much greater risk for fracture produced by aging [32,64].
Therefore, our study highlights the importance of early dietary
intervention. Health gains are predicted to be larger when earlier
dietary changes are initiated in life. Sustained changes from a
typical to an optimized diet from an early age could translate
into an increase in life expectancy of ≥10 years [65]. In addition,
we recommend that women aged ≥50 years should be the focus
of the fracture population and take measures to enhance their
intake and use of anti-inflammatory diets.

We observed that a less inflammatory diet reduced the risk of
fractures in women with nonabdominal obesity. However, this
result was not observed in women with abdominal obesity.
Therefore, the effect of the regional accumulation of body fat
on fractures needs to be considered. Intraabdominal obesity is
an important risk factor for low-grade inflammation [66]. A
preferential accumulation of visceral adipose tissue and adipose
tissue promotes proinflammatory factor production, which drives
chronic low-grade inflammation to cause diabetes,
cardiovascular disease, and metabolic disease [66-69].
Abdominal obesity is highly prevalent in China [70,71].
Maintaining a good body weight and body shape is essential
for the prevention of fractures.

Furthermore, we did not find an association between DII and
fractures in women who smoke and drink. Smoking and
excessive alcohol consumption induce oxidative stress to weaken
the antioxidant effects and activate a variety of transcription
factors such as inflammatory cytokines [72]. Smoking affects
the intake of some antioxidants in food, such as vitamins C and
E, to reduce the effect of an anti-inflammatory diet [73-76]. In
addition, if people consume high amounts of alcohol, they may
also consume high amounts of carbohydrates and energy, which
have a proinflammatory score on the DII [39]. A cohort study
in an Italian population showed that a healthy lifestyle, that is,
adherence to a healthy dietary pattern, abstinence from smoking
and regular engagement in physical activity, and has a positive
effect on reducing the risk of all-cause mortality, especially
when the combined effect of all 3 lifestyle behaviors was
considered [77]. Therefore, we advocate smoking cessation and
alcohol restriction and eat more anti-inflammatory foods to
maximize the positive effect of diet on fracture prevention.

In addition, our study found that the DII scores of protein,
niacin, and iron showed significant associations with fracture
risk in women. Protein intake increases the fracture risk in
women. Excessive protein intake can lead to dietary acid load,
and an acidic diet can lead to osteoporosis and an increased risk
of fractures [78,79]. However, recent systematic reviews have
generally stated that protein intake reduces fracture risk [60].
Wallace et al [80] showed that a high dietary protein intake was
associated with a 16% reduction in hip fracture risk compared
with a low protein intake. In addition, Rizzoli et al [60] showed
that inadequate protein intake in the diet may cause more disease
problems than excessive protein intake. The niacin intake
reduced the fracture risk in women. The potential beneficial
mechanisms of action of niacin on bone are through decreased
inflammation. Niacin decreases CRP levels, and higher CRP
levels are associated with fractures [81]. B-vitamins appear to
influence the development of collagen and alter the metabolism
of osteoblasts in a dose-dependent manner [82,83]. Carbone et
al [84] showed that dietary niacin intake was significantly
associated with an increased risk of hip fracture per HRs (95%
CI 1.01-1.24) with spline models, suggesting a U-shaped
association. Clinical studies have shown that the incidence of
osteoporosis and fractures in iron metabolism disorders is
significantly increased and that iron deficiency affects bone
metabolism. In healthy menopausal women, dietary iron is
positively correlated with bone mineral density and may
decrease the risk of fractures [85]. However, excess iron
increases oxidative stress, causing inflammatory changes that
destroy bones. Therefore, the relationship between iron and
fracture needs further research [86]. It is worth noting that the
intake of macronutrients (carbohydrates, total fat, and protein)
was associated with fracture risk in men. However, this result
was not observed when considering the overall diet. Therefore,
it is reasonable to believe that a single nutrient does not have a
significant impact on fracture risk. Because of the complexity
of the interactions between diets, we believe that overall dietary
optimization is an important way to improve bone health.

Strengths and Limitations
Our study has several strengths. First, we used a large-scale,
nationally representative, prospective cohort design study to
examine the association with dietary inflammatory potential
and fractures. Second, we controlled for multiple confounding
factors and performed subgroup and sensitivity analyses to
ensure that the results were robust and reliable. Our results can
provide data support for subsequent studies. Third, our research
results, which demonstrated the relationship between diet and
fracture risk in women aged 18 to 49 years, can supplement diet
and fracture relationships among low age groups.

There are several limitations to this study that should be
considered in with regard to its results. First, possible
confounding variables existed and could have affected the
outcome. There may be variables that can affect fractures such
as osteoporosis or bone mineral density. Second, the fractures
were self-reported and not clinically confirmed. This study did
not distinguish between the cause and specific site of the
fracture. Third, this study did not consider the probability of
patients being lost to follow-up due to the fractures themselves,
which may underestimate the incidence of fractures. Fourth,
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the correlation between the DII and fracture risk varies between
men and women, which may be due to the incompatibility of
the mechanisms of action of inflammatory effects in men and
women, and further research is needed. Whether lowering the
DII score in the future reduces the risk of fractures will require
higher-quality randomized controlled trials to be validated.

Conclusions
In conclusion, proinflammatory diet consumption increased the
fracture risk in Chinese women aged <50 years. The high
consumption of anti-inflammatory foods and low consumption
of proinflammatory foods may be an important strategy to
prevent fractures in women. Future randomized controlled trials
with diets rich in anti-inflammatory components are needed to
confirm causality and to consider whether such interventions
can reduce the incidence of fractures.
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IL: interleukin
MAMC: midarm muscle circumference
OSTA: Osteoporosis Self-assessment Tool for Asians
PAL: physical activity level
RCS: restricted cubic spline
TNF: tumor necrosis factor
WHR: waist-to-hip ratio
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Abstract

Background: Diabetes mellitus (DM) imposes a significant disease burden in economically transitioning regions. Most
transitioning regions share similar experience in urbanization processes. Shanghai’s Pudong district serves as a representative
area of such regions.

Objective: We aimed to assess the burden of and trends in DM mortality in Shanghai’s Pudong district and analyze the impact
of aging and multimorbidity.

Methods: A longitudinal, population-based study was conducted to analyze DM mortality in Pudong from 2005 to 2020. We
used joinpoint regression to analyze epidemiological features and long-term trends in crude mortality rate (CMR), age-standardized
mortality rate worldwide (ASMRW), and years of life lost (YLL). Furthermore, the decomposition method was used to evaluate
the contribution of demographic and nondemographic factors associated with mortality.

Results: There were 49,414 deaths among individuals with DM, including 15,512 deaths due to DM. The CMR and ASMRW

were 109.55/105 and 38.01/105 person-years, respectively. Among the mortality associated with and due to DM, the total annual
ASMRW increased by 3.65% (95% CI 3.25%-4.06%) and 1.38% (95% CI 0.74%-2.02%), respectively. Additionally, the total
annual YLL rate increased by 4.98% (95% CI 3.92%-6.05%) and 2.68% (95% CI 1.34%-4.04%). The rates of YLL increase in
persons aged 30 to 44 years (3.98%, 95% CI 0.32%-7.78%) and 45 to 59 years (4.31%, 95% CI 2.95%-5.69%) were followed
by the increase in persons aged 80 years and older (10.53%, 95% CI 9.45%-11.62%) for deaths associated with DM. The annual
CMR attributable to demographic factors increased by 41.9% (95% CI 17.73%-71.04%) and 36.72% (95% CI 16.69%-60.2%)
for deaths associated with and due to DM, respectively. Hypertension, cerebrovascular disease, and ischemic heart disease were
the top 3 comorbidities.

Conclusions: Aging and multimorbidity played essential roles in changing the burden of DM in an urbanizing and transitioning
region. There is an increasing disease burden among young and middle-aged people, emphasizing the need for greater attention
to these groups. Health management is an emerging method that holds important implications for alleviating the future burden
of DM.
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Introduction

Diabetes mellitus (DM) is a state of metabolic disorder
characterized by hyperglycemia that can lead to damage in the
heart, blood vessels, kidneys, eyes, and nerves [1]. Worldwide,
the number of people with DM has quadrupled in the last 3
decades, and DM ranks ninth among the major causes of death
[2]. In 2021, according to the IDF Atlas, Tenth Edition, an
estimated 1 of 10 people aged 20 to 79 years had diabetes, and
approximately 75% of people with DM lived in developing
countries [3]. In China, the prevalence of DM increases with
age; about 11.2% of people aged 18 years and older were living
with DM from 2015 to 2017 [4]. Additionally, most patients
with DM experience at least one complication that can be
life-threatening [5]. DM is associated with an 8-year reduction
in lifespan in the United States and has a negative effect on the
quality of life, given the high incidence of complications.
Approximately 12% of worldwide health expenditure in 2015
was spent on the treatment of DM and related complications
[6].

With the strengthening of reforms and opening up, Shanghai’s
Pudong district, with a population of 3.17 million, has become
a center for trade, economic development, scientific
advancements, and technological innovations; it has also
witnessed notable improvements in public services, including
enhanced social security coverage, long-term care, and education
and health services. Pudong serves as a representative
transitioning region that has experienced dramatic improvements
in living standards. However, with these improvements, many
risk factors for the incidence and progression of DM have
increased, such as unhealthy eating habits, sedentary lifestyles,
psychosocial stress, depression, and overweight or obesity [7].
The urbanization process in Pudong has substantially impacted
the disease spectrum. Considering that other transitioning
regions are likely to undergo similar urbanization processes,
insights into the burden of DM and trends in DM-related
mortality in Pudong can inform the management and planning
of health care services in these regions in the future [8].

Without sufficient studies on disease-related and specific deaths,
estimating the true burden of a disease is challenging [9]. It is
also crucial to differentiate mortality associated with DM and
due to DM. Such differentiation is essential for assessing the
effectiveness of DM treatment and obtain valuable insights for
policymakers in developing regions, enabling them to devise
new health care strategies that address unmet needs. Therefore,
our study aimed to assess the burden of DM mortality, examine
its trends, and investigate the impacts of population aging and
multimorbidity in Pudong, a transitional region undergoing
urbanization.

Methods

Data Source
The study population consisted of residents of Pudong,
Shanghai, with DM who had died and for whom data were
available in the Mortality Registration System from 2005 to
2020. We selected Pudong as the study site for 3 reasons. First,
Pudong encompasses both urban and rural subregions, covering

an area of 1210.41 km2 with a population of 3.17 million [10].
Second, people older than 65 years account for 23.73% of the
total registered population in Pudong. The large population base
and significant proportion of hyper-aged residents allow for a
more realistic evaluation of the epidemiological features of
deaths associated with DM. Third, the gross domestic product
in Pudong increased from RMB 210.8 billion (US $29.4 billion)
in 2005 to RMB 1320.7 billion (US $184.2 billion) in 2020,
with an average annual growth rate of 13.01% [11]. Therefore,
with the fastest economic development among Shanghai
districts, Pudong is recognized as a microcosm of China’s
urbanization. The registration system is administered by the
Public Security Bureau and the Statistics Bureau of Pudong.
The system contains comprehensive population demographic
characteristics, including age, sex, and cause of death. To
maintain the integrity of the registration system, regular
evaluations and data cleaning are carried out. DM was defined
according to the International Classification of Diseases, Tenth
revision (ICD-10) codes E10 to E14, and DM-related deaths
were classified according to whether DM was a direct or indirect
cause of death. More specifically, we screened all causes of
death that included DM and defined them as death associated
with DM. There were 4 listed direct causes of death on each
certificate, one of which was used to define death due to DM.
Death due to DM was determined by clinical doctors according
to the patients’ situation and relevant examination. The causes
of death were independently reviewed by rigorously trained
clinicians from the local Center for Disease Control and
Prevention (CDC) based on the actual circumstances of each
patient.

Ethics Approval
This surveillance protocol was approved by the Ethics
Committee of the Shanghai Pudong CDC (2016-04-0586). The
study did not involve any intervention among participants, and
all data were maintained in strict confidentiality.

ICD-10 Codes
This study used the ICD-10 codes E10 to E14 to identify causes
of death related to DM. These codes include insulin-dependent
DM (E10), non–insulin-dependent diabetes of the young (E11),
malnutrition-related DM (E12), other specified DM (E13), and
unspecified DM (E14). In addition, other diseases were
classified as complications according to the ICD-10. To account
for potential variation in data quality across different years, we
followed a recommended method to evaluate data quality [12].
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The method helps to improve the reliability of the results by
defining and categorizing “garbage codes.”

Statistical Analyses
Specific-cause mortality was calculated based on deaths with
DM as the underlying cause of death (ie, deaths due to DM),
while all-cause mortality was calculated based on deaths with
DM among all causes of death (deaths associated with DM).

The crude mortality rate (CMR) and age-standardized mortality
rate worldwide (ASMRW) for DM were calculated per 100,000

persons (/105) and stratified by sex and year. We used the
Poisson approximation method and the Mantel-Haenszel test
to compare the CMR and ASMRW between sexes, respectively.
Years of life lost (YLL) was used as a key measure to quantify
the burden of disease and was calculated according to the
original method described by Murray and Lopez that was
detailed previously by Ye et al [13]. The YLL formula adopted
by the World Health Organization (WHO) [14,15] was applied.
Mortality rates were calculated for the following age groups: 0
to 4 years, 5 to 14 years, 15 to 29 years, 30 to 44 years, 45 to
59 years, 60 to 69 years, 70 to 79 years, and ≥80 years. Due to
there being few DM-related deaths before the age of 30, trends
in age-specific CMR, ASMRW, and YLL were calculated for
the following age groups: 0 to 29 years, 30 to 44 years, 45 to
59 years, 60 to 69 years, 70 to 79 years, and ≥80 years.

Joinpoint regression, a popular approach for analyzing changes
in trends, was used in this study. We modeled the time series
using continuous linear segments and minimized the weighted
sum of squared errors and the number of joinpoints using
permutation tests [16]. We used the Joinpoint Regression
Program (version 4.3.1.0; National Cancer Institute) to calculate
trends in CMR, ASMRW, and YLL over time. The results were
presented as the average annual percent change (AAPC) with
corresponding 95% CI. Using the z test, we determined whether
the annual percent change (APC) significantly differed from
zero [17]. The difference decomposition method was used to
quantify determinants of demographic and nondemographic
factors. The rates of DM distribution in different groups were
calculated and presented as percentages. In the results section,

we report statistically significant (P<.05) changes as increases
and decreases in AAPC and nonsignificant trends as stable. All
statistical analyses were performed using SPSS (version 21.0;
IBM Inc) and R (version 3.4.3; R Core Team). The significance
level was set at P<.05.

Results

Baseline Characteristics
In this study, we extracted 45,107,809 records at the person-year
level from residents in Pudong from 2005 to 2020; during this
period, 336,823 deaths occurred. Among these deaths, 49,414
were associated with DM, including 15,512 deaths due to DM
(Figure 1 and Multimedia Appendix 1, Figure S1).
Approximately equal representation of men and women was
observed among deaths associated with DM, with women
accounting for 51.01% of deaths. The average age at death was
77.83 (SD 10.72) years, and the median age at death was 79.83
years. The total CMR and ASMRW of deaths associated with

DM were 109.55/105 and 38.01/105 person-years, respectively.

Among men, the CMR and ASMRW were 107.54/105

person-years and 43.84/105 person-years, respectively; among

women, the corresponding figures were 111.55/105 person-years

and 32.61/105 person-years. Among the individuals who died
due to DM, 53.59% were women; the CMR and ASMRW in

women were 36.79/105 person-years and 10.79/105 person-years,
respectively. The YLL due to premature death was 425,938.83

years, and the YLL rate was 944.27/105 person-years for deaths
associated with DM. The YLL and YLL rates in men

(217,230.26 years and 964.92/105 person-years) were higher

than in women (208,708.56 years and 923.69/105 person-years;
Table 1). The YLL and YLL rates increased as age exceeded
≥80 years. The top 3 age groups in terms of YLL and YLL rates
of deaths associated with DM were 70 to 79 years, ≥80 years,
and 60 to 69 years, with YLL of 133,784.59, 125,400.22, and

100,335.50, respectively, and YLL rates of 4088.18/105,

6668.12/105, and 1614.79/105, respectively; Multimedia
Appendix 1, Table S1).
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Figure 1. Flow chart of deaths selected from among all deaths in Pudong, Shanghai, from 2005 to 2020. DM: Diabetes mellitus.
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Table 1. Baseline characteristics of people who died of causes associated with and due to diabetes mellitus from 2005 to 2020.

YLL rate, /105YLLc, yearsASMRWb,

/105
CMRa,

/105

Age at death (years)Deaths, n (%)Characteristic

Median (range)Mean (SD)

Deaths associated with DMd

Gender

964.92217,230.2643.84107.5477.54 (17.22-105.90)75.61 (11.19)24,210 (48.99)Male

923.69208,708.5632.61111.5581.69 (21.76-105.65)79.96 (9.78)25,204 (51.01)Female

944.27425,938.8338.01109.5579.83 (17.22-105.90)77.83 (10.72)49,414 (100)Total

Top 3 comorbidities among deaths associated with DM

149.7467,544.016.3920.1282.38 (27.15-105.19)80.82 (9.40)9075 (18.37)Ischemic heart disease

(ICD-10e codes I20-
I25)

156.4870,585.836.3919.2880.75 (30.70-105.65)78.94 (9.69)8695 (17.60)Cerebrovascular disease
(ICD-10 codes I60-I69)

53.6124,181.692.085.2574.00 (32.70-98.59)73.34 (9.37)2369 (4.79)Lung cancer (ICD-10
codes C33-C34)

Deaths due to DM

Gender

290.8665,481.2313.2031.9877.69 (20.36-101.86)75.38 (12.01)7199 (46.41)Male

304.7268,850.6910.7936.7981.79 (21.76-105.07)80.01 (10.26)8313 (53.59)Female

297.80134,331.9211.9834.3980.13 (20.36-105.07)77.86 (11.34)15,512 (100)Total

Top 3 comorbidities among deaths due to DM

71.1432,091.782.969.0181.37 (21.76-103.35)79.53 (10.00)4062 (26.19)Other diseases of the
respiratory system
(ICD-10 codes J95-J99)

70.8531,956.802.878.5279.95 (32.34-101.97)78.39 (9.51)3841 (24.76)Cerebrovascular disease
(ICD-10 codes I60-I69)

51.1123,054.702.136.5581.39 (27.69-103.48)79.86 (9.38)2953 (19.04)Ischemic heart diseases
(ICD-10 codes I20-I25)

aCMR: crude mortality rate.
bASMRW: age-standardized mortality rate worldwide.
cYLL: years of life lost.
dDM: diabetes mellitus.
eICD-10: International Classification of Diseases, Tenth revision.

Main Comorbidities
Among the deaths associated with DM, the top 3 comorbidities
were ischemic heart disease (ICD-10 codes I20-I25;
9075/49,414, 18.37%), cerebrovascular disease (ICD-10 codes
I60-I69; 8695/49,414, 17.6%) and lung cancer (ICD-10 codes
C33-C34; 2369/49,414, 4.79%). The YLL and YLL rates due
to cerebrovascular disease were the highest (70,585.83 years

and 156.48/105, respectively), followed by ischemic heart

disease (67,544.01 years and 149.74/105; Table 1). The age at

death, CMR, and ASMRW of these comorbidities are presented
in Table 1.

The top 10 comorbidities among deaths associated with DM
were the same for both men and women, with only the ranking
differing; the sex-specific ranking is presented in Table 2. The
ranking of comorbidities among deaths due to DM was also
similar between men and women except for the ninth
comorbidity, as shown in Table 3. On average, each person who
died due to DM had 2.09 different comorbidities throughout
their life. The disease spectrum of deaths associated with DM
and due to DM is shown in Multimedia Appendix 1, Table S2.
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Table 2. Top 10 comorbidities among men and women who died of causes associated with diabetes mellitus.

Women (n=25,204), n (%)Men (n=24,210), n (%)Type and cause of death (ICD-10a code)

8313 (32.98)7199 (29.74)Diabetes mellitus (E10-14)

4639 (18.41)4056 (16.75)Cerebrovascular disease (I60-69)

5082 (20.16)3993 (16.49)Ischemic heart disease (I20-25)

700 (2.78)1669 (6.89)Lung cancer (C33-34)

419 (1.66)1459 (6.03)Chronic lower respiratory disease (J40-47)

419 (1.66)711 (2.94)Liver cancer (C22)

473 (1.88)582 (2.40)Colorectal cancer (C18-21)

503 (2.00)549 (2.27)Malignant neoplasm of the pancreas (C25)

357 (1.42)530 (2.19)Stomach cancer (N40-51)

326 (1.29)256 (1.06)Falls (W00-19)

4639 (18.41)3206 (13.24)Other diseasesb

aICD-10: International Classification of Diseases, Tenth revision.
bOther diseases are listed in Multimedia Appendix 1, Table S2.

Table 3. Top 10 comorbidities among men and women who died due to diabetes mellitus.

Women (n=16,958), n (%)Men (n=15,419), n (%)Type and cause of death (ICD-10a code)

4151 (24.48)3520 (22.81)Hypertensive diseases (I10-15)

2627 (15.49)2627 (17.03)Other diseases of the respiratory system (J95-99)

2044 (12.05)1869 (12.11)Cerebrovascular disease (I60-69)

1701 (10.03)1343 (8.70)Ischemic heart disease (I20-25)

1407 (8.30)1307 (8.47)Heart disease (I05-52)

1237 (7.29)1290 (8.36)Renal failure (N17-19)

651 (3.84)740 (4.80)Chronic lower respiratory disease (J10-18)

587 (3.46)524 (3.40)Metabolic disorders (E70-90)

352 (2.08)362 (2.35)Ill-defined and unknown cause of mortality (R95-99)

404 (2.38)356 (2.31)General symptoms and signs (R50-69)

1733 (10.22)1491 (9.66)Other diseasesb

aICD-10: International Classification of Diseases, Tenth revision.
bOther diseases are listed in Multimedia Appendix 1, Table S2.

DM-Specific Premature Death
The total YLL rate increased by 4.98% (95% CI 3.92%-6.05%;
P<.001) per year and 2.68% (95% CI 1.34%-4.04%; P<.001)
per year in terms of deaths associated with and deaths due to
DM, respectively. The YLL rates of men and women who died
due to DM or causes associated with DM increased (all P<.001),
except for women (P=.74) who died due to DM. However, the
YLL rates in people that died of causes associated with DM
were inconsistent with increasing age; they increased by 3.98%

(95% CI 0.32%-7.78%; P=.04), 4.31% (95% CI 2.95%-5.69%;
P<.001), and 10.53% (95% CI 9.45%-11.62%; P<.001) per year
in the people aged 30 to 44 years, 45 to 59 years, and ≥80 years,
respectively. Regarding deaths due to DM, the YLL rate
increased by 2.74% (95% CI 1.02%-4.49%; P=.004) and 2.63%
(95% CI 1.39%-3.88%; P<.001) per year in people aged 45 to
59 years and ≥80 years, respectively, while they decreased by
1.81% (95% CI –3.12% to –0.49%; P=.01) per year in people
aged 70 to 79 years. The YLL rates in the remaining age groups
were stable (Figure 2).
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Figure 2. Trends in CMR, ASMRW, age-specific proportion of mortality, and YLL among people who died of causes associated with and due to DM
according to sex and age group in Pudong, Shanghai, China, from 2005 to 2020. (A) Deaths associated with DM; (B) deaths due to DM. AAPC: average
annual percent change; ASMRW: age-standardized mortality rate worldwide; CMR: crude mortality rate; DM: diabetes mellitus; N/A: not applicable;
YLL: years of life lost.

Trends in the DM Burden
The long-term trend for total CMR among people who died of
causes associated with DM or due to DM increased by 7.19%
and 4.81%, respectively. In terms of deaths associated with DM,
the CMR also differed by sex (all P<.05) and by age over 30
years (all P<.05). For deaths due to DM, people aged 30 to 44
years (P=.09) and 60 to 69 years (P=.76) did not show
significant differences in the CMR. The CMR of different age
groups among people who died of causes associated with and
due to DM are presented in Multimedia Appendix 1, Table S1.
The tendencies of modeled CMR, ASMRW, and YLL rates
according to sex and age group are shown in Figure 2. The
observed CMR, ASMRW, and YLL rates are shown in
Multimedia Appendix 1, Tables S3-S6, and the age-specific
proportions of death are shown in Multimedia Appendix 1,
Table S7. The ASMRW significantly increased among people
who died of causes associated with and due to DM, with
increases of 3.65% (male AAPC=4.83%; P<.001; female
AAPC=2.16%; P<.001) and 1.38% (male AAPC=3.13%;
P<.001; female AAPC=–0.46%; P=.21), respectively.

The proportion of deaths associated with DM and deaths due
to DM varied across age groups; the proportion increased in
people aged 60 to 69 years (1.3%, 95% CI 0.52%-2.09%;
P=.003; 1.3%, 95% CI 0.36%-2.24%; P=.009, respectively)
and ≥80 years (3.45%, 95% CI 2.8%-4.09%; P<.001; 3.43%,
95% CI 2.84%-4.02%; P<.001, respectively). However, for
deaths associated with DM, the proportion of deaths decreased
by 3.86% (95% CI –4.87% to –2.84%; P<.001) and 4.4% (95%
CI –5.08% to –3.72%; P<.001) in people aged 45 to 59 years
and 70 to 79 years, respectively. There were no significant
changes in the proportion of deaths among people younger than
45 years (all P>.05; Figure 2).

Quantitative Impacts of Demographic and
Nondemographic Factors on Mortality Rates
Among people who died of causes associated with DM, the
CMR attributable to nondemographic factors increased in men
(AAPC=17.24%; P<.001), women (AAPC=24.16%; P=.002)
and the total population (AAPC=17.82%; P<.001); the CMR
attributable to demographic factors also increased by 42.53%,
41.47%, and 41.9% in these groups, respectively, from 2006 to
2020 (all P=.001). In terms of deaths due to DM, the CMR
caused by nondemographic factors increased in women
(AAPC=22.26%; P<.001) and the total population
(AAPC=20.38%; P=.002); there were no significant changes
in men (P=.10). In contrast, the CMR caused by demographic
factors increased in men (AAPC=36.11%; P=.001), women
(AAPC=37.5%; P<.001), and the total population
(AAPC=36.72%; P<.001). The trends for increased CMR caused
by demographic and nondemographic factors relative to the
CMR for DM in 2005 are shown in Multimedia Appendix 1,
Figure S2. The increased CMR caused by demographic and
nondemographic factors is shown in Multimedia Appendix 1,
Table S8.

Discussion

Principal Findings
DM and its complications have made considerable contributions
to global mortality and disability burdens, particularly in regions
undergoing rapid epidemiological transitions [1]. Several studies
have demonstrated a decline in DM mortality in developed
regions, such as the United States [18], Canada, United Kingdom
[19], and Hong Kong [20]. Over the past 40 years of reform
and opening up, Pudong has experienced the fastest
modernization in China and serves as a representative area for
studying the effects of urbanization. In this study, we used
population-level data to provide a comprehensive overview of
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the secular trends in mortality associated with and due to DM
among people in Pudong, Shanghai, from 2005 to 2020. We
found that DM mortality persistently increased with age, despite
annual fluctuations. The magnitude of the increase in DM
mortality was similar for both men and women, with more
quickly increasing rates of death associated with DM observed
for people aged 30 to 44 years and 45 to 59 years. The top 3
comorbidities contributing to deaths associated with and due to
DM were hypertension, cerebrovascular disease, and ischemic
heart diseases. In addition, population aging and
nondemographic factors also played an important role in the
burden of DM.

The total CMR trend of death associated with DM and due to
DM increased with age, and the CMR levels were higher among
men. Similarly, for both measures, the total ASMRW and YLL
rates increased with age, and men had more quickly increasing
rates. In addition, these rates were higher among people who
died of causes associated with DM compared to those who died
due to DM. These results indicate that individuals with
concomitant DM, especially men, are more likely to experience
higher mortality rates and YLL than people who died due to
DM alone.

The mortality trend observed in our study is consistent with a
previous study that analyzed 22 prospective cohorts in Asia
from 1963 to 2006 and found a consistent increase in DM
mortality, with higher all-cause mortality among women [21].
Another study that estimated DM mortality in different
provinces also showed that the increase in age-standardized
mortality among men from 2005 to 2020 was higher than among
their female counterparts [22]. In contrast, our results are
inconsistent with studies conducted in developed countries,
which reported a decrease in DM mortality. For example, in the
United States, all-cause mortality declined by 20% every 10
years, and specific-cause mortality due to DM complications
also decreased from 1988 to 1994 and from 2010 to 2015 [18].
Such a decrease in DM mortality was also found in England
[23] and Australia [24]. Such discrepancies in findings between
our study and those from other developed regions may be
attributed to differences in population aging and urbanization,
as supported by our analysis of demographic and
nondemographic factors. First, Shanghai has experienced rapid
growth in the older population during the 21st century. Pudong
has been classified as an aging society since 1982 (7.72% of
the population was aged >65 years), an aged society since 2008
(14.21% aged >65 years), and a hyper-aged society since 2018
(21.81% aged >65 years; Multimedia Appendix 1, Figure S3)
[25]. The accelerating process of population aging is
accompanied by increases in the prevalence and mortality of
DM with age, as well as increases in the number of more chronic
complications, which are associated with adverse prognoses.
Kirkman et al [26] showed that more than 25% of the population
aged ≥65 years in the United States had DM, and that population
aging drives the epidemic of DM. They also systematically
analyzed the impact of population aging on people with DM
and the recommended measures to address this issue. Second,
as urbanization continues to progress (accompanied by economic
and cultural development), people in Pudong have changed their
dietary and lifestyle habits, resulting in substantial health

impacts [27]. These changes have contributed to an increasing
prevalence of metabolism-related diseases, such as obesity,
metabolic syndrome, DM, hypertension, hyperlipidemia, and
heart disease, which are more prevalent among regions
undergoing urbanization and transition. Many studies have
shown that the prevalence of DM is higher among more affluent
and better educated populations, particularly in low-income
countries [28,29]. In addition, as the pace of life speeds up,
fewer people find time to engage in regular exercise, despite
physical activity playing a crucial role in managing diabetes.
Numerous studies have emphasized the importance of increased
physical activity and fitness in alleviating DM, as well as calorie
restriction and weight loss [30,31].

In addition, people aged ≥80 years exhibited the highest
mortality and increase in YLL rate, probably due to their
increased age. However, we also observed substantial mortality
and increased YLL rates in people aged 30 to 44 years and 45
to 59 years that were associated with DM. These two age groups
constitute a significant portion of the social workforce, and an
increased disease burden in these groups exerts a significant
adverse impact on economic development. Several potential
explanations may account for these findings. First, patients with
DM in these age groups may not have a comprehensive
understanding of the severity of DM and its complications,
resulting in low medication adherence and limited self-care
behaviors. A study conducted in Ghana confirmed that patients
aged 70 years and older were more likely to adhere to
medication compared to those younger than 50 years [32].
Moreover, the decreasing YLL rate among deaths due to DM
in people aged 70 to 79 years further supports this finding.
Second, a younger age at diagnosis of type 2 DM is associated
with higher mortality [33]. A previous study demonstrated that
young DM patients exhibit worse glycemic control and face
greater difficulty meeting glycohemoglobin and low-density
lipoprotein cholesterol treatment goals [34]. Finally, people in
these age ranges often shoulder the responsibility of supporting
their households and have demanding work schedules, leaving
limited time for complying with healthy lifestyle and medication
regimens. As discussed in the previous section, urbanization
has contributed to the increased burden of diseases.

In this study, we observed a high prevalence of multimorbidity
among patients with DM, particularly in relation to
cardiovascular disease, which includes hypertension,
cerebrovascular disease, and ischemic heart disease.
Hypertension emerged as the most prevalent comorbidity among
deaths associated with DM. This finding aligns with the research
conducted by Safar et al [35], who reported significantly higher
cardiovascular risk in subjects with DM receiving treatment for
hypertension, despite adequate glycemic and blood pressure
control. Numerous studies have established that DM and
cardiovascular disease have similar risk factors and pathogenic
mechanisms, including a combination of genetic and metabolic
factors, such as insulin resistance, contributing to their
prevalence [36]. As mentioned earlier, hyperglycemia plays a
pivotal role in the development of cardiovascular and
cerebrovascular complications. DM stands as the leading risk
factor for cardiovascular mortality due to its prominent
involvement in cardiovascular pathogenesis [37]. Moreover,

JMIR Public Health Surveill 2023 | vol. 9 | e43687 | p.1926https://publichealth.jmir.org/2023/1/e43687
(page number not for citation purposes)

Li et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


previous studies have shown that increased cancer incidence
[38] and mortality are associated with DM [39]. Consistent with
these findings, our study found a higher prevalence of various
cancers among people who died of causes associated with DM.
These cancers included liver cancer, colorectal cancer, malignant
neoplasm of the pancreas, and stomach cancer. Patients with
DM may be at increased risk of cancer due to shared risk factors,
such as age, obesity, physical inactivity, and smoking. Therefore,
the presence of multimorbidity of DM underscores the
significant disease burden and the necessity of the management
of glycemia and its associated complications, particularly
cardiovascular disease and malignant tumors. Regular testing
and follow-ups at community health centers should be prioritized
to enhance overall care.

With the significant burden of DM, health policies play a crucial
role in promoting education and support for the management
of chronic disease. In 2005, Shanghai first piloted a
community-based diabetes management policy and offered free
health examinations for the elderly. Although we have not yet
observed an inflection point in the mortality rate, we noted a
stabilization of CMR and ASMRW among deaths due to DM
in the past 5 years, following the revision and improvement of
the policy (Multimedia Appendix 1, Figure S4). Furthermore,
the Chinese government approved the Healthy China 2030
Strategy in 2016. In accordance with the national plan, Shanghai
implemented its own plan to achieve the objectives in the Health
Shanghai 2030 Planning Outline, which called for
comprehensive interventions for health issues, lifelong health
care, prevention and control of major diseases, and improvement
of the health service system. Health management was
emphasized in this plan and actively encouraged in community
health centers and health management centers in district and
municipal hospitals [40]. With improved individual
socioeconomic status and health awareness, an increasing
number of people are willing to undergo regular medical
check-ups that screen for chronic diseases and malignant tumors,
as well as undergo regular tests and follow-ups at community

health centers, particularly for primary prevention of chronic
diseases. With continual implementation of these policies, we
anticipate an inflection point in DM mortality in the near future.

To our knowledge, this study is the first to analyze the disease
burden of deaths associated with and due to DM in mainland
China based on a large population (3.17 million people) and
over a relatively long time frame (15 years.) The study area is
representative and provides insights into the changing disease
spectrum in transitioning regions. However, this study still has
some limitations. First, a comprehensive life cycle analysis of
the disease burden is currently unavailable, as we are still in the
process of determining all causes of death, extrapolating relevant
deaths during quality assessments, and refining the data. Second,
although Shanghai is a transitional region in China, it is possible
that its demographic and economic characteristics differ from
those of other developing countries. Economic development
will result in similar changes in lifestyle habits, making the data
valuable as a reference. Third, our data lacked some details on
DM, such as the clinical phenotype, duration, severity, treatment
efficacy, and use of community health centers. Furthermore,
other relevant factors, such as unhealthy lifestyle, low personal
income, and adverse family circumstances, were also not
captured in the data. Nonetheless, it is important to note that
our study used complete and accurate public data from the
government surveillance system, ensuring a high level of data
quality.

Conclusion
Population aging and multimorbidity have played essential roles
in changing the burden of DM in an urbanizing and transitioning
region. Young and middle-aged people have an increasing
disease burden and should be given more attention. DM, an
important disease associated with aging, remains an
understudied and unaddressed medical threat in an aging society.
Health management as an emerging method has important
implications for alleviating the future burden of DM.
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Abstract

Background: Metabolic syndrome (MetS) is a common metabolic disorder that results from the increasing prevalence of obesity,
which has been an increasing concern in recent years. Previous evidence indicated that MetS was associated with mortality;
however, different definitions of MetS were used. In 2005, the National Cholesterol Education Program (NCEP) Adult Treatment
Panel (ATP) III updated the definition of MetS, which has since been widely adopted. Therefore, it is necessary to conduct a
novel study among other populations and countries with a larger sample size using the updated definition of MetS and death code
to examine the association of MetS with all-cause and cause-specific mortality.

Objective: We aimed to examine the associations of MetS with all-cause and cause-specific mortality.

Methods: A total of 36,414 adults were included in this study, using data from the National Health and Nutrition Examination
Survey (NHANES) III (1988-1994) and the continuous NHANES (1999-2014) in the United States. Death outcomes were
ascertained by linkage to National Death Index records through December 31, 2015. MetS was defined by the NCEP ATP III-2005
criterion. Complex survey design factors including sample weights, clustering, and stratification were considered for all analyses
with instructions for using NHANES data. Cox proportional hazards models were used to estimate hazard ratios (HRs) and 95%
CIs for mortality from all causes, heart disease, diabetes, and cancer.

Results: We observed 8494 deaths during the 16.71 years of follow-up. Compared with those without MetS, individuals with
MetS were associated with a significantly elevated multiadjusted HR of 1.24 (95% CI 1.16-1.33), 1.44 (95% CI 1.25-1.66), and
5.15 (95% CI 3.15-8.43) for all cause, heart diseases, and diabetes mellitus, respectively, whereas no significant association was
found for cancer mortality (HR 1.17, 95% CI 0.95-1.43).

Conclusions: Our study provides additional evidence that MetS and its components are significantly associated with all-cause,
heart disease, and diabetes mortality, but not with cancer mortality. Health care professionals should pay more attention to MetS
and its individual component.

(JMIR Public Health Surveill 2023;9:e44073)   doi:10.2196/44073

JMIR Public Health Surveill 2023 | vol. 9 | e44073 | p.1931https://publichealth.jmir.org/2023/1/e44073
(page number not for citation purposes)

Li et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:shelly@cuhk.edu.hk
http://dx.doi.org/10.2196/44073
http://www.w3.org/Style/XSL
http://www.renderx.com/


KEYWORDS

metabolic syndrome; mortality; heart disease; diabetes mellitus; cancer

Introduction

Metabolic syndrome (MetS) is a common metabolic disorder
that results from the increasing prevalence of obesity [1], which
has been an increasing concern in the past few years [2]. A large
number of studies have been conducted to explore the definition,
prevalence, and associated factors of MetS [3-5], as well as to
examine the relationship between MetS and cardiovascular
disease (CVD) [6], diabetes mellitus (DM) [7], and other disease
such as skin symptoms [8,9]. MetS is highly prevalent in many
countries such as the United States [10], China [2], and India
[11], despite the definitions of MetS being varied. MetS is a
well-known, health-related problem.

Previous evidence indicated that MetS was associated with
mortality; however, different definitions of MetS were used.
One study [12] was conducted from 1984 to 1989 among men
aged 42-60 years using the World Health Organization (WHO)
and modified National Cholesterol Education Program (NCEP)
definitions for MetS; it consistently showed that CVD and
all-cause mortality increased in 1209 men with MetS. Another
study [13] indicated that the WHO definition of MetS identified
adults with increased CVD morbidity and mortality, but the
study was conducted among middle-aged adults about 30 years
ago in Europe with a small sample size. A large-sample study
[14] conducted in 1978 and 1987 examined the relationship
between syndrome X and mortality; however, syndrome X was
the initial concept of MetS, which was different from MetS.
Besides, similar to the 2 studies above, the deaths were also
coded according to the International Classification of Diseases
(ICD), Ninth Revision. It is well known that MetS is becoming
prevalent among young adults due to great changes in lifestyle,
diet, and socioeconomic environment, and the definition of
MetS has been updated or modified several times and changed
drastically. In 2005, the Third Report of the US NCEP Expert
Panel on Detection, Evaluation, and Treatment of High Blood
Cholesterol in Adults (Adult Treatment Panel [ATP] III) updated
again the definition of MetS according to the modified American
Diabetes Association criteria for impaired fasting glucose, which
has since been widely adopted in the United States and
elsewhere due to its simplicity to use in a clinical setting and
its advantage of avoiding emphasis on a single cause [15].

Therefore, it is necessary to conduct a novel study among other
population and countries with a large sample size using the
updated and widely used definition of MetS and death code to
examine the association of MetS with all-cause and
cause-specific mortality.

Methods

Study Design and Participants
The study population were obtained from the National Health
and Nutrition Examination Survey (NHANES) III (1988-1994)
and the continuous NHANES (1999-2014), and data were
obtained by questionnaire and interview, mobile physical

examination, and laboratory tests with a complex, multistage,
and probability sampling method. Details of NHANES have
been described on the web [16]. In this analysis, 33,994
participants from the NHANES III (1988-1994) and 82,091
from the continuous NHANES (1999-2014) data sets were first
enrolled. After excluding those without high-density lipoprotein
cholesterol (HDL-C), blood pressure, plasma fasting glucose,
triglycerides (TGs), and waist circumference data, 15,530
participants from the NHANES III and 25,371 from the
continuous NHANES remained. Furthermore, we excluded
participants aged <18 years and those without mortality data.
Finally, a total of 36,414 participants were retained in our cohort
for analysis. The flowchart of the study is presented in Figure
S1 in Multimedia Appendix 1.

Ascertainment of MetS
MetS was defined by the NCEP ATP III-2005 criterion [15],
that is, a person who has 3 or more of the following criteria: (1)
elevated waist circumference (EWC): waist circumference ≥102
cm in men and ≥88 cm in women; (2) elevated blood pressure:
blood pressure ≥130/85 mm Hg or drug treatment of previously
diagnosed hypertension; (3) reduced HDL-C: <40 mg/dL in
men and <50 mg/dL in women or specific treatment for reduced
HDL-C; (4) elevated TGs: TG level ≥150 mg/dL or drug
treatment for elevated TG; and (5) elevated fasting glucose:
fasting glucose level of ≥100 mg/L or drug treatment for
elevated glucose and previously diagnosed type 2 diabetes.

Ascertainment of Death
Mortality status was ascertained by probabilistic matching to
the National Death Index through December 31, 2015, using a
unique study identifier. Details of the matching method are
available from the National Center for Health Statistics [17].
Causes of deaths were classified according to the codes of
ICD-10. Primary outcomes in this study were mortality from
all causes, heart diseases (codes I00-I09, I11, I13, and I20-I51),
cancer (codes C00-C97), and diabetes (codes E10-E14).

Ascertainment of Covariates
Gender, age, race and ethnicity (Mexican American,
non-Hispanic Black, non-Hispanic White, or others), educational
level (less than high school, high school or equivalent, or college
or above), marital status (married; separated, including widowed
and divorced groups; or never married), smoking, physical
activity, and BMI were obtained by interviews and physical
examinations. BMI was calculated as weight (kg) divided by

height squared (m2) and was categorized into 3 groups: <25,

25-30, and ≥30 kg/m2 [18]. Family poverty-to-income ratio
(PIR) level was grouped into 3 categories: 0-1.0, 1.1-3.0, and
>3.0 [19]. Current smokers were defined as those who smoked
at least 100 cigarettes in their lifetime and smoked at the time
of survey. Baseline moderate-to-vigorous leisure physical
activity level was defined as active physical activity such as
brisk walking, carrying or lifting light or heavy loads, running,
basketball, bicycling, swimming, or volleyball for at least 10
minutes continuously. Self-reported general health condition

JMIR Public Health Surveill 2023 | vol. 9 | e44073 | p.1932https://publichealth.jmir.org/2023/1/e44073
(page number not for citation purposes)

Li et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


was classified 3 groups: very good to excellent, good, and poor
to fair. Multiple imputation was used for missing values [20].

Statistical Analysis
Complex survey design factors including sample weights,
clustering, and stratification were considered for all analyses
with instructions for using NHANES data. We compared
baseline characteristics by MetS in the 2 intervals by using the
Rao-Scott chi-square test for categorical variables and ANOVA
and the Kruskal-Wallis test adjusted for sampling weights for
continuous variables. The Kaplan-Meier method was used to
plot the survival curves associated with MetS and the number
of MetS components. Cox proportional hazards models were
used to estimate the hazard ratios (HRs) with 95% CIs for
all-cause and cause-specific morality for MetS and its
components.

The baseline age (years, continuous), gender, and race and
ethnicity (Mexican American, non-Hispanic Black, non-Hispanic
White, or others) were adjusted in model 2. Furthermore,
education level (less than high school, high school or equivalent,
or college or above), family PIR level (0-1.0, 1.1-3.0, or >3.0),
marital status (married, separated, or never married), BMI (<25,

25-30, or ≥30 kg/m2), smoking status (yes or no), active physical
activity level (yes or no), self-reported health status (very good
to excellent, good, or poor to fair) were adjusted in model 3.
For analyses of one of the components of MetS and mortality,
we further adjusted the other 4 components in model 4. We also
conducted stratified analyses according to each covariate. We
conducted several sensitivity analyses to test the robustness of
the results. First, we removed participants with missing values
for covariates and ran complete case analyses. Second, we
excluded individuals with prevalent CVD, cancer, or DM to
minimize potential reverse causation due to severe illness. Third,
we excluded individuals who had a follow-up time of less than
3 years (including those who died within 3 years of follow-up).

All statistical analyses were performed using SAS (version 9.4;
SAS Institute Inc) and R (version 4.0.5; R Foundation for
Statistical Computing), with 2-sided P<.05 considered
statistically significant.

Ethical Considerations
This study proposal was approved by the Ethics and Human
Subject Committee of Tongji Medical College, Huazhong
University of Science and Technology (2019 IEC (S342)).

Written informed consent was obtained from all study
participants in the NHANES, and the NHANES was approved
by the Ethics Review Board of the National Centers for Health
Statistics [21]. The NHANES data are free for public use and
available on the web [22].

Results

Baseline characteristic of the population are shown in Table 1.
The median follow-up for survivors was 16.71 (95% CI

15.17-18.25) years. Among the 36,414 individuals, the weighted
mean age was 48.07 (range 18-90) years: 57.22 (SD 16.637)
years for those with MetS and 42.18 (SD 18.496) years for those
without MetS. A total of 18,887 (51.87%) were women, 14,109
(38.75%) were younger adults aged <40 years, and 17,079
(46.9%) had good or excellent general health. Among all the
participants, 39.17% (n=14,265) had MetS. Significant
differences were observed in all groups except for the group of
gender (all P<.05).

There were 8494 deaths during the follow-up: 1428 (16.81%)
deaths from heart diseases, 1280 (15.07%) deaths from cancer,
and 220 (2.59%) deaths from DM. Table 2 demonstrates the
associations of MetS and its components with all-cause and
cause-specific mortality. Furthermore, we explored the
relationships between the number of MetS components and
mortality; similar findings were observed, and significant
positive relationships were found between the different number
of MetS components and all-cause, heart disease, and DM
mortality, not for cancer mortality. The hazard of mortality
increases with an increase in the number of MetS components.
Besides, except for elevated TG, the other 4 components were
associated with an increased hazard of all-cause mortality after
adjusting for all covariates. Elevated blood pressure and EWC
were not associated with heart disease mortality, whereas
elevated TG and EWC were not associated with DM mortality.
Interestingly, reduced HDL-C was associated with the hazard
of cancer mortality (HR 1.36, 95% CI 1.12-1.64). Furthermore,
the results of the sensitivity analyses did not change substantially
(Tables S1-3 in Multimedia Appendix 1). In addition, Figure 1
shows that the cumulative hazard gradually increased with MetS
and the number of MetS components during the follow-up time
(all P<.001), and cumulative hazard was higher among adults
with MetS and an increased number of MetS components
(P<.001).

The subgroup analyses of MetS with all-cause, heart disease,
and DM mortality are showed in Table 3. In the stratified
analyses, significant associations between MetS and all-cause
mortality were found among most groups, especially for groups
of marital status and education levels. The relationships only
existed for the separated marital status and did not exist among
those with high school or equivalent educational levels. Similar
findings were observed in the associations of MetS with heart
disease and DM mortality. In addition, the positive relationship
between MetS and heart disease mortality was found among
non-Hispanic White individuals (HR 1.21 95% CI 1.11-1.32),
those with PIR >3.0 (HR 1.82; 95% CI 1.46-2.28), and those
with active physical activity (HR 1.53, 95% CI 1.30-1.81).
Besides, individuals aged <40 years and those with PIR from
0 to 1.0 were not associated with elevated hazard of DM
mortality. Men with MetS had higher hazard of heart disease
mortality (1.54, 95% CI 1.23-1.93 for men; 1.38, 95% CI
1.16-1.65 for women), whereas women with MetS had higher
hazard of DM mortality (8.75, 95% CI 4.20-18.21 for women;
3.60, 95% CI 1.63-7.98 for men).
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Table 1. Baseline characteristics of participants from the National Health and Nutrition Examination Survey (NHANES) according to metabolic

syndrome (MetS)a.

P valueRao-Scott χ2 (df)Non-MetS (n=22,149,
60.83%)

MetS (n=14,265,
39.17%)

All participants
(n=36,414)

Characteristic

.025.55 (1)Gender, n (%)

10,781 (48.67)6746 (47.29)17,527 (48.13)Man

11,368 (51.33)7519 (52.17)18,887 (51.87)Woman

<.0011798.875 (2)42.18 (18.50)57.22 (16.64)48.07 (19.25)Age (years), mean (SD)

11,669 (52.68)2440 (17.1)14,109 (38.75)<40, n (%)

5867 (26.49)4542 (31.84)10,409 (28.59)40-60, n (%)

4613 (20.83)7283 (51.06)11,896 (32.67)≥60, n (%)

.00512.94 (3)Race and ethnicity, n (%)

5020 (22.66)3259 (22.85)8279 (22.74)Mexican American

5541 (25.02)2905 (20.36)8446 (23.19)Non-Hispanic Black

9302 (42)6734 (47.21)16,036 (44.04)Non-Hispanic White

2286 (10.32)1367 (9.58)3653 (10.03)Others

<.00164.47 (2)Educational levels, n (%)

10,035 (45.31)7208 (50.53)17,243 (47.35)Less than high school

4305 (19.44)2778 (19.47)7053 (19.45)High school or equivalent

7809 (35.26)4279 (30)12,088 (33.2)College or above

<.001314.18 (2)Married status, n (%)

6107 (27.57)5086 (35.65)11,193 (30.74)Married

9464 (42.73)7345 (51.49)16,809 (46.16)Separated

6578 (29.7)1834 (12.86)8412 (23.1)Never married

<.00132.39 (2)Family poverty-to-income ratio level, n (%)

4486 (20.25)2934 (20.57)7420 (20.38)0-1.0

9411 (42.49)6435 (45.11)15,846 (43.52)1.1-3.0

8252 (37.26)4896 (34.32)13,148 (36.11)>3.0

<.0014642.97 (2)BMI (kg/m2), n (%)

11,053 (49.9)1697 (11.9)12,750 (35.01)<25

7369 (33.27)5072 (35.56)12,441 (34.17)25-30

3727 (16.83)7496 (52.55)11,223 (30.82)≥30

<.00122.59 (1)Smoking status, n (%)

10,253 (46.29)7353 (51.55)17,606 (48.35)Yes

11,896 (53.71)6912 (48.45)18,808 (51.65)No

<.001190.66 (1)Active physical activity, n (%)

10,868 (49.07)4858 (34.06)15,726 (43.19)Yes

11,281 (50.93)9407 (65.94)20,688 (56.81)No

<.001938.15 (2)General health condition, n (%)

12,556 (56.69)4523 (31.71)17,079 (46.9)Very good to excellent

7240 (32.69)6052 (42.43)13,292 (36.5)Good

2353 (10.62)3690 (25.87)6043 (16.60)Poor to fair

<.001990.1294b21.63 (21.30-21.97)12.48 (11.93-13.03)16.71 (15.17-18.25)Follow-up time (years), median (95% CI)

<.0012083.75 (1)Self-reported chronic diseases (including CVDc, cancer, and DMd), n (%)
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P valueRao-Scott χ2 (df)Non-MetS (n=22,149,
60.83%)

MetS (n=14,265,
39.17%)

All participants
(n=36,414)

Characteristic

2647 (11.95)5677 (39.8)8324 (22.86)Yes

19,502 (88.05)8588 (60.2)28,090 (77.14)No

aAll estimates accounted for complex survey designs, and P values were calculated using ANOVA adjusting for sampling weights and Rao-Scott
chi-square test for continuous and categorical variables.
bKruskal-Wallis test was used.
cCVD: cardiovascular disease.
dDM: diabetes mellitus.

JMIR Public Health Surveill 2023 | vol. 9 | e44073 | p.1935https://publichealth.jmir.org/2023/1/e44073
(page number not for citation purposes)

Li et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 2. Associations of metabolic syndrome (MetS) and its components and all-cause and specific cause mortality.

Hazard ratio (95% CI)Association

DMa (n=220)Cancer (n=1280)Heart disease (n=1428)All causes (n=8494)

MetS

12.19 (7.48-19.84)2.35 (1.97-2.80)3.56 (3.16-4.01)2.90 (2.66-3.16)Model 1b

6.34 (3.70-10.87)1.49 (0.98-1.43)1.49 (1.33-1.67)1.30 (1.21-1.40)Model 2c

5.15 (3.15-8.43)1.17 (0.95-1.43)1.44 (1.25-1.66)1.24 (1.16-1.33)Model 3d

Number of MetSe (reference=0)

11.65 (1.99-68.17)1.04 (0.75-1.43)1.31 (0.82-2.09)1.29 (1.12-1.48)1

10.76 (2.08-55.77)1.11 (0.80-1.53)1.70 (1.10-2.64)1.41 (1.21-1.63)2

29.53 (5.63-154.93)1.26 (0.88-1.81)1.82 (1.27-2.61)1.51 (1.28-1.78)3

56.62 (10.20-314.33)1.20 (0.86-1.68)2.51 (1.63-3.88)1.70 (1.48-1.96)4

138.08 (24.35-783.13)1.32 (0.93-1.89)2.77 (1.68-4.56)2.01 (1.68-2.40)5

Components of MetSe

2.23 (1.29-3.85)0.91 (0.77-1.08)1.15 (0.96-1.38)1.15 (1.07-1.24)EBPf

6.66 (3.49-12.71)1.03 (0.87-1.21)1.38 (1.17-1.63)1.18 (1.10-1.27)EGLUg

1.76 (1.01-3.08)1.05 (0.89-1.25)1.43 (1.24-1.65)1.14 (1.09-1.21)ETGh

3.05 (2.00-4.64)1.35 (1.13-1.60)1.39 (1.17-1.64)1.24 (1.16-1.32)Reduced HDL-Ci

1.89 (1.17-3.06)1.09 (0.89-1.34)1.12 (0.87-1.43)1.17 (1.08-1.27)EWCj

Components of MetSk

1.79 (1.04-3.10)0.91 (0.77-1.08)1.09 (0.91-1.30)1.12 (1.04-1.21)EBP

5.77 (3.00-11.10)1.01 (0.85-1.20)1.32 (1.11-1.57)1.14 (1.06-1.23)EGLU

1.07 (0.61-1.89)0.96 (0.80-1.16)1.29 (1.09-1.53)1.05 (0.99-1.12)ETG

2.56 (1.63-4.03)1.36 (1.12-1.64)1.25 (1.04-1.50)1.20 (1.11-1.29)Reduced HDL-C

1.42 (0.90-2.23)1.07 (0.88-1.31)1.04 (0.81-1.32)1.12 (1.03-1.22)EWC

aDM: diabetes mellitus.
bModel 1: unadjusted.
cModel 2: adjusted for age (continuous), gender, and race.
dModel 3: model 2 + educational levels, marriage status, family poverty-to-income ratio level, BMI (category), smoking, physical activity, and general
health condition.
eModel 3.
fEBP: elevated blood pressure.
gEGLU: elevated fasting glucose.
hETG: elevated triglycerides.
iHDL-C: high-density lipoprotein cholesterol.
jEWC: elevated waist circumference.
kModel 3+adjusted for other 4 components.
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Figure 1. Unadjusted Kaplan-Meier hazard curves: (A) metabolic syndrome (MetS) and heart disease; (B) MetS and diabetes mellitus; (C) MetS and
all causes; (D) the number of MetS components and heart disease; (E) the number of MetS components and diabetes mellitus; and (F) the number of
MetS components and all causes.
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Table 3. Stratified analyses on associations of metabolic syndrome (MetS) and its components and all-cause and specific cause mortality (adjusted for
other covariates).

Hazard ratio (95% CI)Characteristic

DMaHeart diseaseAll causes

Gender

3.60 (1.63-7.98)1.54 (1.23-1.93)1.23 (1.13-1.34)Man

8.75 (4.20-18.21)1.38 (1.16-1.65)1.26 (1.14-1.39)Woman

Age group (years)

0.69 (0.18-2.63)3.55 (1.01-12.46)2.02 (1.49-2.74)<40

9.99 (3.87-25.80)1.67 (1.06-2.63)1.43 (1.18-1.73)40-60

4.55 (2.46-8.43)1.33 (1.15-1.54)1.17 (1.08-1.27)≥60

Race and ethnicity

2.89 (1.30-6.45)1.27 (0.83-1.93)1.20 (1.07-1.34)Mexican American

4.62 (2.59-8.26)1.25 (0.91-1.71)1.34 (1.18-1.52)Non-Hispanic Black

5.54 (2.78-11.02)1.45 (1.22-1.73)1.21 (1.11-1.32)Non-Hispanic White

N/Ab2.30 (0.67-7.93)1.59 (1.07-2.36)Others

Educational levels

4.94 (3.11-7.84)1.39 (1.17-1.65)1.26 (1.18-1.36)Less than high school

1.00 (0.28-3.52)1.07 (0.51-2.24)1.19 (0.98-1.44)High school or equivalent

31.27 (8.22-118.85)1.99 (1.27-3.10)1.18 (1.01-1.38)College or above

Married status

0.93 (0.19-4.54)1.57 (0.25-9.97)1.18 (0.92-1.50)Married

5.42 (3.17-9.30)1.40 (1.20-1.64)1.23 (1.15-1.32)Separated

9.22 (0.53-162.16)1.44 (0.60-3.47)1.00 (0.67-1.50)Never married

Family poverty-to-income ratio level

1.61 (0.67-3.87)1.19 (0.74-1.90)1.30 (1.07-1.57)0-1.0

8.38 (3.00-23.46)1.26 (0.99-1.60)1.12 (1.03-1.23)1.1-3.0

6.03 (2.96-12.29)1.82 (1.46-2.28)1.36 (1.21-1.53)>3.0

BMI (kg/m2)

5.57 (2.65-11.73)1.40 (1.07-1.83)1.22 (1.11-1.35)<25

2.91 (1.35-6.27)1.33 (1.06-1.68)1.14 (1.02-1.27)25-30

13.83 (4.58-41.76)1.72 (1.11-2.66)1.45 (1.18-1.77)≥30

Smoking status

5.60 (3.01-10.44)1.58 (1.25-1.99)1.28 (1.15-1.42)Yes

4.65 (1.92-11.29)1.30 (1.08-1.57)1.18 (1.08-1.30)No

Active physical activity

4.17 (2.12-8.21)1.53 (1.30-1.81)1.28 (1.15-1.42)Yes

7.71 (3.32-17.91)1.27 (0.92-1.75)1.17 (1.05-1.31)No

General health condition

3.58 (1.72-7.45)1.76 (1.37-2.25)1.25 (1.12-1.40)Very good to excellent

8.94 (2.60-30.73)1.24 (1.02-1.51)1.26 (1.13-1.40)Good

5.23 (1.84-14.82)1.44 (1.10-1.89)1.14 (1.01-1.28)Poor to fair

aDM: diabetes mellitus.
bN/A: not applicable.
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Discussion

Principal Findings
Our study suggested that MetS was associated with a
significantly elevated hazard of all-cause, heart disease, and
DM mortality, and the associations were also significant after
adjusting for sociodemographic factors, lifestyle factors, and
health status. Existing studies have reported consistent results
regarding the relationship between MetS and the risk of CVD
mortality [13], in which MetS was defined using the WHO
definition, and our study provided further evidence of the
association between MetS and mortality hazard, using the NCEP
ATP Ⅲ definition. However, the nonsignificant association of
MetS and all-cause mortality was observed in another study of
men with the NCEP ATP III definition (relative risk 1.67, 95%
CI 0.91-3.08) [12], and our study showed that men with MetS
had an increased hazard of all-cause mortality. Different
definitions of MetS may be a main cause. In addition, population
differences and sample size may also be the important factors.
Moreover, the previous study only included 1029 men aged
42-60 years. Our study was conducted with a large sample size
among adults aged 18-90 years, which could provide more
information. The findings may have important public health
implications. MetS is prevalent in many areas around the world
and has been reported to be associated with several diseases.
Our study provides supportive evidence on a positive association
between MetS and mortality, which indicates an urgent need
of the prevention and control of MetS.

Previous studies have revealed that the number of MetS
components was related to DM and CVD in a dose-response
way [6,7], which may explain why individuals with more MetS
components had higher hazards of all-cause, heart disease, and
DM mortality in this study. Furthermore, there were great
differences between the components of MetS and mortality,
especially for heart disease and DM mortality, which may be
due to the different pathological mechanisms and the interactive
effects of the components [23-25]. In addition, our study
suggested that MetS was not associated with cancer mortality,
but a reduced HDL-C level may increase the hazard of cancer
mortality. Previous studies showed that metabolic abnormalities
or the underlying insulin resistance; specific cancer sites such
as breast and uterine cancer [26,27]; and cancer mortality risk
tended to increase with an increasing number of metabolic
abnormalities in women but not in men [14]. More
epidemiological studies and pathological mechanisms on the
issue should be conducted and discussed.

Furthermore, our study indicated that there were significant
associations of MetS with all-cause, heart disease, and DM
mortality among individuals with the separated marital status,
including the widowed and divorced groups, but not among
those with other marital statuses. This suggests that health care
professionals need pay more attention to these individuals.
Besides, we also found significant associations of MetS with
heart disease and DM mortality among the population with high
PIR and the non-Hispanic White population. High prevalence

of unhealthy lifestyle and risk factors of cardiometabolic
diseases in high-income populations [28] and the fact that
obesity prevalence varied by racial and ethnic group [29] may
result in this phenomenon. In addition, men with MetS had
higher risk of heart disease mortality, whereas women with
MetS had higher risk of DM mortality. Gender differences in
various disease and related risk factors has been observed
[30,31], which may be due to the biology of gender; however,
variation in cultural, societal, and historical contexts could also
result in different life experiences of men and women and
variation in the mortality [32]. Therefore, public health policies
should recognize variations across genders as well as incorporate
cultural and societal factors within and across countries [33].
Besides, a higher HRs was observed in all-cause, heart disease,
and DM mortality among smoking individuals, which is easy
to understand considering the obvious and well-known hazards
of smoking to human health [34,35]. Our study once again
suggested that intervention in smokers may contribute to
reducing mortality.

This study had several strengths. First, the prospective cohort
was well designed with a large and nationally representative
sample and a reliable assessment of cause of deaths. Second,
we conducted detailed analyses of MetS and its components
and mortality, and we stratified the analyses. Besides, we
adjusted for a large number of potential confounders, including
socioeconomic status and lifestyle factors. Some limitations
should also be acknowledged. First, the limited number of DM
deaths may affect the validity; however, it does not seem to
have a significant influence on the main findings of the study.
Second, many covariates were mainly self-reported and were
available only at baseline. Thus, it was impossible to use
time-varying covariates to capture changes in the possible
confounders over time. Third, our findings may only be
representative of US residents, and further study should be
conducted to validate the generalizability to other populations.
Fourth, people with diabetes often die from complications of
diabetes, such as heart and kidney diseases, and the cause of
death may be reported as heart disease, not diabetes. Besides,
lifestyle changes might have occurred since the survey, which
may affect the results. Furthermore, people without a diagnosis
of diabetes, with parameters in the normal or prediabetes range,
may progress to type 2 diabetes along with its complications,
which also might influence the results. Last, but not least, due
to the nature of observational studies, residual confounding was
still possible.

Conclusion
In conclusion, MetS is associated with higher hazard of
all-cause, heart disease, and DM mortality among US adults.
Future studies are needed to reveal the mechanisms underlying
the association between MetS and mortality. Both the
identification of MetS using simple and efficient criteria and
the early prevention and treatment are of great importance to
improving the healthy life expectancy of a population, which
should be of concern to health care professionals.
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Abstract

Background: Over the last few decades, although the age-standardized mortality rate (ASMR) of injury has shown a significant
declining trend in China, this pattern has dramatically reversed recently.

Objective: We aimed to elucidate the geographical, demographic, and temporal trends of cause-specific injuries, the reversal
phenomenon of these trends, and the fluctuations of injury burden from 2005 to 2019 in China.

Methods: A longitudinal observational study was performed using the raw data of injury deaths in the National Cause-of-Death
surveillance data provided by the disease surveillance points system in 2005-2019. The cause-specific injuries were divided into
disparate subgroups by sex, age, urban/rural region, and eastern/central/western areas of China. The burden of injury was assessed
using potential years of life lost (PYLL), average years of life lost (AYLL), and PYLL rate (PYLLR). Temporal trends of mortality
rates and burden were evaluated using best-fitting joinpoint models.

Results: Injury deaths accounted for 7.51% (1,156,504/15,403,835) of all-cause deaths in China in 2005-2019. The crude
mortality rate of all-cause injury was 47.74 per 100,000 persons. The top 3 injury types (traffic accident, falls, and suicide)
accounted for 70.57% (816,145/1,156,504) of all injury-related deaths. The ASMR of all-cause injury decreased (P=.003), while
the crude mortality rate remained unchanged (P=.52) during 2005-2019. A significant reverse trend in ASMR of all-cause injury
was observed in urban older adults since 2013, mainly due to the inverted trend in injuries from falls. A reverse trend in ASMR
of suicide was observed among individuals aged 10-24 years, with notable increases by 35.18% (annual percentage change 15.4%,
95% CI 4.1%-28.0%) in men since 2017. The AYLL and PYLLR of all-cause injury among older adults showed consistent
ascending trends from 2005 to 2019 (average annual percentage change [AAPC] 6.1%, 95% CI 5.4%-6.9%, 129.04% increase
for AYLL; AAPC 5.4%, 95% CI 2.4%-8.4%, 105.52% increase for PYLLR). The AYLL due to suicide for individuals aged
10-24 years showed a considerable upswing tendency (AAPC 0.5%, 95% CI 0.4%-0.7%, 8.02% increase).

Conclusions: Although the ASMR of all-cause injury decreased in China from 2005 to 2019, the trend in suicide among
adolescents and young adults and falls among older adults has been on the rise in recent years. Interventions should be encouraged
to mitigate the cause-specific burdens of injury death.

(JMIR Public Health Surveill 2023;9:e47902)   doi:10.2196/47902

KEYWORDS

reverse; age-standardized mortality rate; injury; suicide; trend; potential years of life lost; average years of life lost; crude mortality
rate; falls; older adults; young adults
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Introduction

Injury continues to pose a significant public health risk factor
worldwide with a high mortality rate, and it contributes to more
than 5 million deaths annually [1], accounting for about 9% of
global mortality [2]. In China, injury is the fifth leading cause
of death [3], accounting for almost 500,000 deaths and 300
million injuries per year [4], and the massive cost of health care
amounts to US $9.6 billion annually [5]. Injury-related long-term
disability sequelae [6] and deaths could have important negative
effects on families, societies, and governments, including decline
of the economy, destruction of social production, and restriction
of the growth of the country’s overall strengths to some extent.

With its reform and opening-up policy as well as its membership
in the World Health Organization, China has experienced an
unprecedented rise in motorized vehicles and a major
transformation in the mode of travel and transportation [7]. The
incidence of injuries from motor vehicle crashes has
substantially increased, particularly in the rural regions of China,
where the conflict between the proliferation of cars and the
inability to keep up with road traffic management measures has
greatly contributed to the frequency of motor vehicle crashes
[5]. Meanwhile, drowning has become the leading cause of
childhood injury mortality [5] due to the high percentage of
children left without supervision and care because of increased
working opportunities and income for parents in urban regions.
The advancement of ideologies has lagged economic growth,
and suicide among rural women has become the leading cause
of injury death [8]. However, with the introduction of the
“Health China 2030 plan,” the concept of health has gradually
been reinforced, and cause-specific injury has shown a
meaningful declining trajectory [9] with the strengthening of
health education, improvement in the health service system,
and optimization of related policies and measures. Despite
advancements in health policy initiatives in China, differences
in injury mortalities in the underprivileged communities require
further investigations. The origins of injury-related deaths in
rural regions, particularly those caused by suicide, may alter
significantly as time goes on, globalization increases, and
ideologies shift drastically.

This study investigates the association of the geographical,
demographic, and temporal trends of cause-specific injuries
with the magnitude and patterns of injury mortality in mainland
China during 2005-2019. Temporal and age-specific trends were
analyzed to explore the intricacies of injury mortality in various
periods, geographies, and populations. Our findings can serve
as a foundation for further research and provide the government
and administration with scientific evidence for the formulation
of relevant government policies and execution of judgments to
lower the risks of injury and death.

Methods

Source of Data
Injury death data were derived from the National
Cause-of-Death Surveillance data set, which was recorded and
rechecked for a fixed period by the disease surveillance points
(DSP) system established in 1978. By 2013, the number of

points had increased to 605 with a population of more than 300
million Chinese residents, accounting for more than 24% of the
whole national population [7]. The strict procedures [10]
involved in collecting and evaluating data were implemented
between upper and lower administrative regions to ensure the
data’s completeness, authenticity, and reliability. Information
on individual deaths in all population catchment areas has been
reported in real time by using an internet-based reporting system
by the local Centers for Disease Control and Prevention (CDC)
since 2008. Local CDCs also check the coding and internal
logic of items reported on death certificates, and then death data
are subsequently reported to the national CDC. Following a
review and correction during the previous quarter, the Chronic
Disease Center of the CDC finally receives all death numbers
from the monitoring sites. Any unreliable reports are addressed
by thoroughly analyzing medical records or by conducting
verbal autopsies. Additionally, every 3 years, a regular survey
of a nationally representative sample is conducted at each
disease monitoring point location to collect data that correct
underreporting. Together, the DSPs provided a nationally
representative picture of mortality in China. The International
Classification of Diseases tenth revision was used to code
injuries based on their underlying causes of mortality. In general,
the injuries (V0-Y89) are split into 2 categories: intentional
injuries and unintentional injuries. The formed category consists
of suicide and other intentional injuries, while the latter consists
of traffic accidents, poisoning, falls, fires, drowning, and other
unintentional injuries. We disaggregated the data by subgroups
such as sex (men and women), region (urban and rural), area
(eastern, central, and western), and age (≤39 years, 40-64 years,
and ≥65 years).

Data Analysis
The crude mortality rate (CMR), age-standardized mortality
rate (ASMR) and 95% CIs, and rates of rank and proportion of
death causes were calculated every year from 2005 to 2019. For
overall and cause-specific injury, risk ratio (RR) values for
CMR and ASMR were calculated separately for different sexes,
regions, and areas. The age-period-cohort model was
implemented to develop independent effect estimates of age,
period, and birth cohort on injury and suicide mortality to
analyze period- and cohort-related risks and longitudinal and
cross-sectional age trends. Populations were divided into 5-year
intervals from 2005 to 2019. The longitudinal age curve
comprised consecutive 5-year age segments from 0-4 years to
85+ years for all-cause injury and from 5-9 years to 85+ years
for suicide due to virtually no suicide deaths among those
younger than 5 years. The RR values and the estimable
parameters and functions concerning the age-period-cohort
model should be reanalyzed by Fisher exact test if the Wald
chi-square test did not meet the criteria. Temporal and
age-specific trends both reflected changes in injury mortality.
Joinpoint regression analysis was implemented to log-transform
the CMR and ASMR, and the optimum yearly trend curve and
rate of variation were then exhibited using the Grid Search
method, Monte Carlo permutation tests, and Modified Bayesian
Information Criterion. Annual percentage change (APC) showed
the rate for certain segments within the study period, while
average APC (AAPC) represented the average change rate from
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2005 to 2019, and 95% CI suggested statistical significance.
The potential years of life lost (PYLL), average years of life
lost (AYLL), and PYLL rate (PYLLR) (Multimedia Appendix
1) were indicators of the injury burden that quantified the impact
of premature mortality on PYLL. Epidata 3.1 (The Epidata
Association, Odense) and Excel (version 2019; Microsoft) were
utilized for data entry and management. Joinpoint (Joinpoint
Regression Program version 4.9.1.0; National Cancer Institute)
was applied to present the trends of injury mortality changes
under best-fitting joinpoint models. The age-period-cohort online
tool [11] (National Cancer Institute) provided the calculated
parameters of the age-period-cohort model. R software (version
4.2.2; MathSoft) was used for statistical analysis. The results
were considered significant when P values were less than .05
in 2-sided tests.

Ethics Approval
This research received ethics approval from the ethics committee
of the School of Medicine, Tongji University, Shanghai
(approval 2023tjdxsy037).

Results

Basic Information on Injury Deaths in China During
2005-2019
A total of 2,414,759,166 person-years recorded by DSPs were
included in this investigation from 2005 to 2019. The number
of injury deaths was 1,156,504 (men:women=2.1:1.0),
accounting for 7.51% of all-cause deaths (n=15,403,835) within
the study period. The details of the annual demographic data
are presented in Table S2 of Multimedia Appendix 2, and the
entire aggregate of information concerning injuries in these 15
years is shown in Tables S3 and S4 of Multimedia Appendix
2. The CMR of all injuries was 47.74 per 100,000 (95% CI
47.65-47.82 per 100,000). Traffic accidents (16.57 per 100,000)
was the leading cause of injury-related deaths, followed by falls
(9.66 per 100,000), suicide (7.46 per 100,000), drowning (3.75
per 100,000), poisoning (3.00 per 100,000), and fires (0.64 per
100,000). The 3 major causes of death accounted for 70.57%
(1,156,504/15,403,835) of all injury-related deaths, with ASMR
following the same pattern. In the whole population, the CMRs
and ASMRs of all-cause injury in men were significantly higher
than those in women (RRmen vs women 2.024, 95% CI 2.016-2.032
for CMR; RRmen vs women 2.397, 95% CI 2.389-2.407 for ASMR).
The mortality rates of all-cause injury in rural residents were
generally higher than those in urban residents (RRrural vs urban

1.492, 95% CI 1.486-1.499 for CMR; RRrural vs urban 1.577, 95%
CI 1.570-1.584 for ASMR). Western area residents had
considerably higher mortality rates of all-cause injury than
eastern area residents (RRwestern vs eastern 1.179, 95% CI
1.174-1.185 for CMR; RRwestern vs eastern 1.408, 95% CI
1.401-1.415 for ASMR) and central area residents (RRwestern vs

central 1.146, 95% CI 1.140-1.151 for CMR; RRwestern vs central

1.214, 95% CI 1.208-1.219 for ASMR). We also ranked each
injury type according to disparate geographical and economic
regions (Figures S1 and S2 of Multimedia Appendix 2). Traffic

accidents and suicide were the top 2 injury deaths in the central
areas of China, while traffic accidents and falls were the leading
causes of injury in other regions.

Temporal Trends of Injuries in China From 2005 to
2019
The ASMR of all-cause injury decreased by 33.42% (AAPC
–2.6%, 95% CI –4.3% to –0.9%), while the CMR remained
stable (AAPC –0.7%, 95% CI –2.8% to 1.4%) from 2005 to
2019 (Figure 1). The ASMRs of suicide decreased by 61.40%
(AAPC –6.3%, 95% CI –7.8% to –4.9%), drowning decreased
by 48.26% (AAPC –4.6%, 95% CI –7.4% to –1.7%), fires
decreased by 50.73% (AAPC –4.0%, 95% CI –7.5% to –0.3%),
and poisoning decreased by 35.12% (AAPC –2.9%, 95% CI
–4.9% to –0.8%), while traffic accidents and falls exhibited no
significant change during this period (both P>.05). Trends of
injury ASMR by sex, region, area, age, and type are shown in
Table S7 of Multimedia Appendix 2. Briefly, the ASMR of
all-cause injury decreased by 31.85% (AAPC –2.4%, 95% CI
–4.2% to –0.5%) in men and by 36.67% in women (AAPC
–3.1%, 95% CI –4.4% to –1.7%). The ASMR of all-cause injury
in rural residents decreased by 33.85% (AAPC –2.8%, 95% CI
–5.4% to –0.1%), while the ASMR of urban residents remained
unchanged (AAPC –2.3%, 95% CI –6.7% to 2.2%). The ASMR
of all injuries decreased by 31.79% in the eastern areas (AAPC
–2.4%, 95% CI –4.9% to 0.1%), 38.90% in the central areas
(AAPC –3.3%, 95% CI –4.8% to –1.6%), and 28.68% in the
western areas (AAPC –2.0%, 95% CI –3.9% to 0.0%). Despite
a substantial downtrend in overall suicides between 2005 and
2019, various subgroups showed distinct patterns (Figure 2,
Table S8 of Multimedia Appendix 2). The overall ASMR of
suicide decreased in men by 57.19% (AAPC –5.5%, 95% CI
–7.3% to –3.7%) and by 66.62% in women (AAPC –7.4%, 95%
CI –8.6% to –6.1%). The ASMR of suicide in men was
significantly higher than that in women (RR 1.380, 95% CI
1.367-1.394) and the trend of RR increased by 28.25% (AAPC
1.8%, 95% CI 1.1%-2.5%) during the whole study period,
particularly after 2009 (APC 2.4%, 95% CI 1.8%-3.1%).
Although the ASMR of suicide decreased in the rural regions
by 63.09% (AAPC –6.6%, 95% CI –7.4% to –5.8%) and by
56.35% in the urban regions (AAPC –5.5%, 95% CI –8.3% to
–2.7%), the ASMR of suicide in rural residents was higher than
that in urban residents (RR 1.767, 95% CI 1.747-1.788). The
ratio of urban region to rural region suicide ASMRs showed a
generally increasing tendency, inching closer to 1, especially
after 2008 (36.93% increase, APC 2.8%, 95% CI 1.3%-4.3%).
Further analysis revealed that the highest ASMR of suicide was
continuously reported in rural men, while the ASMR of suicide
in urban women was consistently minimum. Contrary to
all-cause injury, suicide presented the highest ASMR in the
central areas of China, where there was also the steepest decline
in the slope in 2005-2019 (64.94% decrease in the central areas,
AAPC –7.0%, 95% CI –8.4% to –5.5%), followed by the eastern
areas (60.25% decrease, AAPC –6.2%, 95% CI –8.4% to –3.9%)
and the western areas (57.79% decrease, AAPC –5.7%, 95%
CI –8.4% to –2.8%).
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Figure 1. Trends in the mortality rates of all-cause injury and disparate types of injury in China in 2005-2019. A. Trends in crude mortality rates and
age-standardized mortality rates per 100,000 cases of all-cause injury in 2005-2019. B. Trends in age-standardized mortality rates per 100,000 cases of
disparate types of injury in 2005-2019. ASMR: age-standardized mortality rate; CMR: crude mortality rate. *P<.05, **P<.01, ***P<.001.
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Figure 2. Trends in age-standardized mortality rates per 100,000 cases and risk ratio of suicide in the whole population in China in 2005-2019. A. The
trend in age-standardized mortality rate by sex. B. The trend in age-standardized mortality rate by region. C. The trend in age-standardized mortality
rate risk ratio of men to women. D. The trend in age-standardized mortality rate risk ratio of urban regions to rural regions. E. The trend in age-standardized
mortality rate by sex and region. F. The trend in age-standardized mortality rate by area. *P<.001.

Temporal Reverse Trends of Injuries in China From
2005 to 2019
Several age groups showed reversals in the temporal trends for
all-cause injury and suicide ASMRs in contrast to the overall
population’s patterns. We divided the participants into 3 age
groups: ≥65 years old (older adults), 40-64 years old, and ≤39

years old. The ASMRs of all-cause injury in the ≤39 years and
40-64 years populations decreased by 46.69% and 31.40%,
respectively, but the decrease was less obvious in the older adult
populations (P=.93). Among the older adult populations, a
reverse trend of all-cause injury was observed since 2013.
Therefore, we further analyzed the underlying situations and
present the results in Figure 3. These reverse trends occurred
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since 2013, especially among men in the urban regions (32.38%
increase, APC 1.7%, 95% CI 0.6%-2.8%) and women in the
western areas of China (41.73% increase, APC 1.9%, 95% CI
0.8%-2.9%), although there were increasing tendencies across
all areas, as well as all men and women except for the central
area residents. Among older adults, falls were the leading cause
of the reversal trends. The ASMRs of falls showed significantly
increasing tendencies since 2013 among all subgroups, even
among the central area residents (All P<.05, Figure S3 of
Multimedia Appendix 2). After stratification by age, we found
the trend in ASMR of suicide among adolescents and young
adults aged 10-24 years had reversed recently (Figure 4, Figure
S4 of Multimedia Appendix 2). Detailed analysis revealed a
noticeable increase by 35.18% (APC 15.4%, 95% CI
4.1%-28.0%) in males aged 10-24 years since 2017 (Figure 4).
Remarkable increases in the urban (73.98% increase, APC
32.4%, 95% CI 9.9%-59.3%) and eastern area (78.32% increase,
APC 34.7%, 95% CI 6.8%-69.9%) residents were found in this
study, which might be contributed by men (58.58% increase,
APC 27.5%, 95% CI 2.4%-58.8% for urban men; 81.80%

increase, APC 29.9%, 95% CI 4.0%-62.4% for eastern area
men). Suicide was the third leading cause of injury among
adolescents and young adults aged 10-24 years, accounting for
13.32% of all deaths caused by overall injuries, second only to
traffic accidents (41.02%) and drowning (19.58%). There were
significant differences in CMRs of suicide for both sexes within
the disparate subgroups (Figure 5). The CMR of suicide
increased with age, and the 20-24 years age group showed the
greatest difference (RR 1.375, 95% CI 1.308-1.447), followed
by the 10-14 years age group (RR 1.220, 95% CI 1.091-1.365)
and the 15-19 years age group (RR 1.192, 95% CI 1.118-1.271).
Although the CMR in rural regions was considerably higher
than that in urban regions, the difference in the CMR between
both sexes in urban regions (RR 1.297, 95% CI 1.204-1.397)
indicated more significance than that between both sexes in the
rural regions (RR 1.262, 95% CI 1.208-1.318). The CMR of
suicide increased from the eastern area to the western area of
China with statistically significant disparities, but the differences
in CMR of suicide between men and women decreased from
the eastern to western areas of China.

Figure 3. Trends in age-standardized mortality rates per 100,000 older adults in China in 2005-2019. A. The trend in age-standardized mortality rate
among older adults by sex. B. The trend in age-standardized mortality rate of older adults by urban region and sex. C. The trend in age-standardized
mortality rate of older adults by rural region and sex. D. The trend in age-standardized mortality rate of older adults by eastern area and sex. E. The
trend in age-standardized mortality rate of older adults by central area and sex. F. The trend in age-standardized mortality rate of older adults by western
area and sex. *P<.01 (for trends in 2013-2019).
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Figure 4. Trends of suicide among young individuals aged 10-24 years in the whole population as well as urban and eastern area populations of China
and the ranks of the leading causes of injury among young individuals aged 10-24 years in 2005-2019. A. The trend of suicide among males aged 10-24
years. B. The trend of suicide among females aged 10-24 years. C. The ranks of the leading causes of injury among young individuals aged 10-24 years.
D. The trend of suicide among young individuals aged 10-24 years in urban regions. E. The trend of suicide among males aged 10-24 years in urban
regions. F. The trend of suicide among females aged 10-24 years in urban regions. G. The trend of suicide among young individuals aged 10-24 years
in eastern areas. H. The trend of suicide among males aged 10-24 years in eastern areas. I. The trend of suicide among females aged 10-24 years in
eastern areas. *P<.05, **P<.01 (for trends in 2017-2019).

Figure 5. The crude mortality rate per 100,000 suicide cases of both sexes within the disparate subgroups among adolescents and young adults aged
10-24 years in China in 2005-2019. A. Crude mortality rates in the different age groups in China in 2005-2019. B. Crude mortality rates in urban and
rural China in 2005-2019. C. Crude mortality rates in eastern, central, and western areas of China in 2005-2019. *P<.001.

Age-Specific and Cohort Trends of All-Cause Injury
and Suicide During 2005-2019
The trends of all-cause injury as well as age-specific suicide are
demonstrated by cross-sectional age curves and longitudinal
age curves, respectively (Figure 6). For all-cause injury, the
pattern of the cross-sectional age change curves was identical
to that of the longitudinal age curves, with 0-5 to 10-14 years

age group showing a downward trend and ≥15 years
group generally exhibiting a progressive increase with age,
notably among older adults. For suicide, the age-specific
cross-sectional suicide curve indicated that mortality rates
increased with age, whereas the longitudinal age curve showed
an inverted “U” skewed peak shape, with a gradual increase in
the age groups from 5-9 to 15-19 years, reaching a maximum
among the 15-19 to 25-29 years, a pronounced decrease with
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increasing age among the 25-29 to 45-49 years age groups, and
a stable tendency over 50 years. Moreover, the net drift in
suicide from 2005 to 2019 was more than SD 1% per year, at
–5.75% per year (95% CI –6.42 to –5.28) (all age deviations=0,

Wald χ2
15=122.6; P<.001). Compared to that of suicide (99.77%

decrease, AAPC –27.2%, 95% CI –30.1% to –24.1%), the
cohort-related risk of all-cause injury (89.24% decrease, AAPC
–11.1%, 95% CI –15.7% to –6.3%) exhibited a significant
downward trend among the 1920-1924 to 2015-2019 birth
cohorts (Figure 6).

Figure 6. Age-specific and cohort trends of all-cause injury and suicide in China in 2005-2019. A. Cross-sectional age curve of all-cause injury among
the 0-4 to 85+ years age group. B. Cross-sectional age curve of suicide among the 5-9 to 85+ years age group. C. Longitudinal age curve of all-cause
injury among the 0-4 to 85+ years age group. D. Longitudinal age curve of suicide among the 5-9 to 85+ years group. E. The trend in the risk ratio of
all-cause injury crude mortality rates among birth cohorts in 1920-1924 and 2015-2019 using the birth cohort of 1970-1974 as the reference group. F.
The trend in the risk ratio of suicide crude mortality rates among the birth cohort in 1920-1924 and 2010-2014 by using the birth cohort of 1965-1969
as the reference group.

Temporal Trends of Burden in Injuries in China
During 2005-2019
In terms of all-cause injury in the whole population during
2005-2019, AYLL decreased by 26.71% (AAPC –2.2%, 95%
CI –2.5% to –2.0%) and PYLLR decreased by 35.01% (AAPC
–2.8%, 95% CI –4.7% to –0.8%), and both these trends were
found to decrease faster in women (31.62% decrease, AAPC

–2.7%, 95% CI –3.3% to –2.1% for AYLL; 37.29% decrease,
AAPC –3.1%, 95% CI –5.1% to –1.0% for PYLLR) than in
men (25.25% decrease, AAPC –2.1%, 95% CI –2.4% to –1.8%
for AYLL; 34.93% decrease, AAPC –2.8%, 95% CI –5.6% to
0.1% for PYLLR) (Figure 7). For all-cause injury among older
adults, AYLL (129.04% increase, AAPC 6.1%, 95% CI
5.4%-6.9%) and PYLLR (105.52% increase, AAPC 5.4%, 95%
CI 2.4%-8.4%) increased consistently throughout the 2005-2019
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period, with the same patterns occurring in both men (168.49%
increase, AAPC 7.2%, 95% CI 6.1%-8.4% for AYLL; 145.85%
increase, AAPC 6.6%, 95% CI 3.3%-9.9% for PYLLR) and
women (81.81% increase, AAPC 4.2%, 95% CI 2.9%-5.6% for
AYLL; 59.31% decrease, AAPC 4.1%, 95% CI 2.0%-6.2% for
PYLLR). In the whole population, AYLL due to suicide, with
higher AYLL among women, demonstrated an increasing
tendency since 2014 (5.34% increase, APC 0.8%, 95% CI
0.5%-1.1%), especially for men (7.68% increase, APC 1.3%,
95% CI 0.9%-1.8%) (Figure 7). Distinctly, PYLLR of suicide
in the whole population decreased by 51.34% (AAPC –4.9%,

95% CI –6.9% to –2.8%), while women (59.95% decrease,
AAPC –6.2%, 95% CI –7.5% to –4.9%) showed a larger
reduction than men (43.19% decrease, AAPC –3.7%, 95% CI
–5.5% to –2.0%). For youths aged 10-24 years, a continuous
upward trend occurred in AYLL in 2005-2019 (8.02% increase,
AAPC 0.5%, 95% CI 0.4%-0.7%) similar to that among men,
which increased by 6.63% (AAPC 0.5%, 95% CI 0.3%-0.7%)
while that among women increased by 9.92% (AAPC 0.6%,
95% CI 0.4%-0.9%). PYLLR of suicide among adolescents and
young adults aged 10-24 years remained stable in 2005-2019.
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Figure 7. Trends in the average years of life lost and potential years of life lost rate in all-cause injury and suicide by sex and age in China in 2005-2019.
A. The trend of average years of life lost in all-cause injury in the whole study population in 2005-2019. B. The trend of potential years of life lost rate
in all-cause injury in the whole study population in 2005-2019. C. The trend of average years of life lost in all-cause injury among older adults in
2005-2019. D. The trend of potential years of life lost rate in all-cause injury among older adults in 2005-2019. E. The trend of average years of life
lost in suicide in the study population in 2005-2019. F. The trend of potential years of life lost rate in suicide in the whole study population in 2005-2019.
G. The trend of average years of life lost due to suicide among adolescents and young adults aged 10-24 years in 2005-2019. H. The trend of potential
years of life lost rate in suicide among adolescents and young adults aged 10-24 years in 2005-2019. *P<.01, **P<.001 (for trends in 2005-2019).
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Discussion

Principal Findings
In this study, our main findings were that (1) the ASMR of
all-cause injury decreased while the CMR remained unchanged
in 2005-2019; (2) significant increases in ASMRs of all-cause
injury among urban male older adults and western area female
older adults were detected since 2013; (3) the ASMR of suicide
among males aged 10-24 years in the whole population as well
as among the urban and the eastern area residents reversed
remarkably since 2017; (4) in the older adult group, AYLL and
PYLL of all-cause injury showed a substantial increase in the
past 15 years; and (5) in the 10-24 years age group, AYLL due
to suicide showed a significantly increasing trend (Figure S6
of Multimedia Appendix 2). The slope of the decreasing trend
of ASMR in men was smaller than that in women, which is in
line with that reported in other studies [8,12]. This phenomenon
may be caused by inequalities in the sex ratio at birth [13],
personalities [14], coping manners, attitudes [15], diverse roles,
identities in the society, pressure from different walks,
possibilities, degrees of experiencing various hazards [8,15,16],
and lifestyles [4]. Our study shows that the ASMR of injury in
rural residents was higher than that in urban residents, which
was consistent with that reported in some previous studies
performed in low-income or high-income countries [5,17]. The
western area in China had the highest ASMR among all the
areas, which may be linked to the multiple environmental
constructions, inequality in medical resources, enforcement of
pertinent laws and regulations, and disparate prehospital
treatments due to different economic levels in those locations
[18].

The leading cause of injury death in mainland China is traffic
accidents. The roads in rural regions and western areas of China
are more rugged, coupled with low awareness of safety (less
use of seat belts and helmets, drunk driving [19], breaking traffic
laws, etc), lack of health resources, and incomplete road
constructions and facilities, resulting in a significantly higher
mortality rate than that in other places. Given China’s growing
number of motor vehicles [20], effective policy development
and stringent implementation such as the installation of a
speed-limiting device [21] are particularly necessary. However,
the slope decline in the rural regions was sharper than that in
the urban regions, which might be due to the substantial
resources and labor invested by the government [3] and
comprehensive development that is being strengthened to bring
about greater environmental transformations in rural regions.

With the aging of China’s society [22], it is imperative to
minimize injury deaths of older adults. The factors for the
fall-oriented reversal trend might be associated with physical
health, psychological condition, environmental elements, and
medical resources [23,24]. The physical capabilities of aging
populations continue to deteriorate, and diseases such as
osteoporosis, cardiovascular conditions, and weakened reactions
may dramatically impair daily activities, obviously increasing
the risk of injury. Owing to urbanization and economic
development, the majority of the young people in rural regions
migrate to urban regions, leaving the older adults alone (empty

nests). Consequently, there is a lack of timely assistance when
injuries from falls occur [25]. Meanwhile, as the older adults
are typically eager to spend time with family, the absence of
care will eventually lead to psychological illness, which might
be another potential risk factor. The complexity of the terrain
and poor public transportation, particularly in mountainous
areas, increases the risk of falls among older adults, and the
shortage of medical aid supplies or inefficient use of available
resources prevents the older adults injured in falls from receiving
timely and effective treatment [25], frequently increasing the
possibility of death. Therefore, the government should allocate
more funds to alleviate the environmental issues and lack of
medical resources resulting from economic backwardness,
improve medical technology to treat older adults’ illness more
effectively, and pay more attention to older adults’psychological
health with more public welfare activities to bring comfort in
their loneliness.

A considerable decline in the ASMR of overall suicide across
all patterns of injuries was detected in our study, unlike that in
the United States and several east-Asian countries with rapidly
increasing tendency [26,27]. Consistent with other researches
[28,29], our findings revealed that suicide death in men was
significantly higher than that in women, which was lower than
that reported in the United States [30] and some other Asian
countries [31]. The role of women in the family has undergone
a dramatic change in Chinese traditions, wherein women are
required to stay at home to raise children. It is well known that
the high risk for suicide is a consequence of individuals living
in communities where there is lack of regular interpersonal
contact and communication. Women now have more
opportunities to leave the home to pursue their own goals and
engage in more social activities, which relieves the
psychological strain and helps reduce the possibility of suicidal
thoughts. When confronted with stress, women are generally
more motivated than men to communicate and release to
alleviate the stress; thus, men have a greater potential to commit
suicide than women under the same high-pressure environments.
Moreover, women are keener to care about the quality of life
[32,33], which invariably increases the sense of well-being and
contributes to the decline in suicide mortality among women.
Therefore, it is critical to pay more attention to men’s
psychological health, relieve the societal pressure on men,
enhance safety awareness education, and improve the overall
satisfaction and quality of life. With a backward and
undeveloped economy, more children in the family, and arduous
and stressful life, many individuals in rural regions commit
suicide to relieve themselves. However, as the economy of the
country develops, people’s standards of living will rise,
urbanization will continue to increase, more rural residents will
relocate to urban regions, and their incomes will increase, which
can result in a decline in the suicide rate.

Notably, the ASMR of suicide in the youth group aged 10-24
years has reversed in recent years, which is identical to the trend
observed in Shanghai [34], and college students are reported to
have higher risks of suicidality [35]. The uprising tendency in
more high-income areas (the urban and eastern), especially
among men, was significant, as reported in Japan [36].
Additionally, age patterns indicated that young people faced a
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higher suicide risk (when the net drift is more than or equal to
SD 1% per year, it suggests that there is a more severe bias
when the cross-sectional age trend is used to explain the natural
history pattern rather than the longitudinal age curve to a great
extent [11]). Economic development has pros and cons. With
urbanization and economic growth’s positive effects on suicide
steadily decreasing [37], competitive pressure has increased in
all walks, and young people today undertake more stress in this
fast-paced world, which is especially apparent among men in
high-income regions [38]. On the one hand, young adults aged
20-24 years who have recently graduated and entered the society
find it difficult to adjust to the pressures of the workplace and
directly encounter economic issues, which differ from those in
school. On the other hand, those who are studying are constantly
under pressure from their peers and instructors. According to
the interpersonal theory of suicide, perceived burdensomeness
and a lack of belonging raise the potential of fatal suicide [39].
Consequently, youth resort to suicide deaths because they
overlook their mental health and are not able to effectively
manage their stress [40]. Based on the diathesis-stress model,
vulnerability factors and stressful life events together increase
the incidence of suicidality [41]. Due to the one-child policy
adoption [42], the majority of the young Chinese generations
are singletons, which increases the possibility of psychological
strain since there are fewer adequate individuals with whom
they can share when they run into difficulties. A concern that
cannot be ignored is that the risk of suicidal ideation might also
be worsened by an irregular lifestyle [43], including staying up
too late and eating irregularly. Apart from the above, it is crucial
to pay more attention to youths’ emotional issues as they are
not capable of handling stress on their own, which might
negatively affect their psychological well-being if they are not
addressed properly. Further, a thwarted sensation of belonging
may be caused by single parents or reconstituted families, which,
along with the rising divorce rate in contemporary society, might
leave certain psychological scars that could later result in
negative emotional outbursts in youths. Therefore, surveillance
procedures in dormitories and campuses should be reinforced
so that youths who exhibit aberrant behavior can receive active
psychological therapy and treatment. Additionally, mental health
education classes and counseling services could be offered to
improve advice on dealing with psychological strain. Moreover,
the media and other platforms could be used to spread awareness
about mental health to the public, which can reduce the negative
forms of therapy for mental health issues resulting from shyness
or narrow-mindedness and enable adolescents and young adults
to develop the right concept of stress relief or positive
psychotherapy. The burden of injury among youth has been
increasing over years, which might be linked to the escalating

mental health issues resulting from increased stress in the
contemporary society. Youths are the cornerstone and the future
of family and society; thus, AYLL of youth will contribute to
a deeper negative impact on the social economy and structure.
The government in China should be urged to pay greater
attention to young people’s suicide as soon as possible in
consideration of the sustained increase in AYLL.

Limitations
Our study has several limitations. First, the DSP system had a
high rate of missing data, which could cause bias in the mortality
rate computation. Second, the increase in DSP from 161 in 2005
to 605 in 2013 could make the data skewed. Third, there was
no in-depth study on the underlying causative factors of assorted
patterns of injuries in this study, such as suicide, in which
pesticide poisoning and hanging [44] were the major causes of
death. One study [45] indicated that the major way to commit
suicide in China has changed from pesticide poisoning and
hanging to falls and jumping from heights. The risk factors for
falls vary among older adults, for example, some older adults
are more likely to fall due to an underlying disease while others
may have a physical disability. Fourth, further investigations
on the before-and-after comparison of injury mortality rates in
different locations and age groups could not be performed after
the government and key departments had implemented
corresponding preventative and solution measures to investigate
appropriate policies and strategies. Fifth, our study primarily
addresses the loss of life-years due to premature mortality
without addressing the loss of life-years owing to health loss
from nonfatal injuries. Sixth, the trend of all-cause injury
mortality varied largely in 2005-2009, which mainly resulted
from underreporting of deaths (the entirety of the nationwide
crude mortality underreporting rate was 16.68% [6271/37,603],
with a weighted adjusted underreporting rate of 17.44% [46]),
changing in reporting methods (from filling out case report
cards to reported online), and external factors (such as
epidemics, natural disasters, or socioeconomic events, especially
the 2008 Wenchuan earthquake that resulted in 18,000 people
missing [5]).

Conclusion
Despite a markedly declining trend from 2005 to 2019, injury
still accounts for a major part of deaths in China. The ASMR
of suicide in adolescents and young adults has significantly
reversed recently, while the ASMR of falls among older adults
has increased since 2007. Our results provide an up-to-date
scientific foundation for the establishment of policies and
initiatives to prevent mortality due to cause-specific injury.

 

Acknowledgments
This work was supported by the National Natural Science Foundation of China (grant 81872720) and the Shanghai Municipal
Health Commission (grant 201840066) grants for LZ.

Data Availability
The data that support the findings of this study are available from the cause-of-death data set made by the Chinese Centers for
Disease Control and Prevention, but some restrictions apply to the accessibility to the data.

JMIR Public Health Surveill 2023 | vol. 9 | e47902 | p.1954https://publichealth.jmir.org/2023/1/e47902
(page number not for citation purposes)

Ji et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Authors' Contributions
ZJ and HW are co-first authors. All authors contributed to the conception and methodology of this research. ZJ, RZ, LW, HW,
and YW performed data entry and management. Data analysis was completed by ZJ and LZ. The preliminary draft was finished
by ZJ, and all authors participated in the discussions and revision of the previous manuscript version. All authors have read and
approved the final manuscript.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Formulae and methods of injury-related indices of mortality and burden.
[DOCX File , 23 KB - publichealth_v9i1e47902_app1.docx ]

Multimedia Appendix 2
Supplementary data on deaths and burdens of cause-specific injury.
[DOCX File , 2227 KB - publichealth_v9i1e47902_app2.docx ]

References
1. Sun S, Yang L, Hu X, Zhu Y, Liu B, Yang Y, et al. The burden of the current curative expenditure of injury in Dalian,

China-a study based on the "system of health accounts 2011". BMC Public Health 2021 Jan 19;21(1):157 [FREE Full text]
[doi: 10.1186/s12889-021-10164-6] [Medline: 33468078]

2. GBD 2017 DALYsHALE Collaborators. Global, regional, and national disability-adjusted life-years (DALYs) for 359
diseases and injuries and healthy life expectancy (HALE) for 195 countries and territories, 1990-2017: a systematic analysis
for the Global Burden of Disease Study 2017. Lancet 2018 Nov 10;392(10159):1859-1922 [FREE Full text] [doi:
10.1016/S0140-6736(18)32335-3] [Medline: 30415748]

3. Ozanne-Smith J, Li Q. A social change perspective on injury prevention in China. Inj Prev 2018 Jun;24(Suppl 1):i25-i31.
[doi: 10.1136/injuryprev-2017-042712] [Medline: 29730599]

4. Yuan X, Kou C, Zhang M, Ma W, Tang Z, Sun H, et al. Injury and poisoning mortality trends in urban and rural China
from 2006 to 2020 based on age-period-cohort analysis. Int J Environ Res Public Health 2022 Jun 11;19(12):7172 [FREE
Full text] [doi: 10.3390/ijerph19127172] [Medline: 35742421]

5. Wang SY, Li YH, Chi GB, Xiao SY, Ozanne-Smith J, Stevenson M, et al. Injury-related fatalities in China: an
under-recognised public-health problem. Lancet 2008 Nov 15;372(9651):1765-1773. [doi: 10.1016/S0140-6736(08)61367-7]
[Medline: 18930527]

6. GBD 2016 Traumatic Brain InjurySpinal Cord Injury Collaborators. Global, regional, and national burden of traumatic
brain injury and spinal cord injury, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet
Neurol 2019 Jan;18(1):56-87 [FREE Full text] [doi: 10.1016/S1474-4422(18)30415-0] [Medline: 30497965]

7. Wang L, Ning P, Yin P, Cheng P, Schwebel DC, Liu J, et al. Road traffic mortality in China: analysis of national surveillance
data from 2006 to 2016. Lancet Public Health 2019 May;4(5):e245-e255 [FREE Full text] [doi:
10.1016/S2468-2667(19)30057-X] [Medline: 31054642]

8. Zhang L, Li Z, Li X, Zhang J, Zheng L, Jiang C, et al. Study on the trend and disease burden of injury deaths in Chinese
population, 2004-2010. PLoS One 2014;9(1):e85319 [FREE Full text] [doi: 10.1371/journal.pone.0085319] [Medline:
24465534]

9. Leilei D, Pengpeng Y, Haagsma JA, Ye J, Yuan W, Yuliang E, et al. The burden of injury in China, 1990–2017: findings
from the Global Burden of Disease Study 2017. The Lancet Public Health 2019 Sep;4(9):e449-e461. [doi:
10.1016/s2468-2667(19)30125-2]

10. Liu S, Wu X, Lopez AD, Wang L, Cai Y, Page A, et al. An integrated national mortality surveillance system for death
registration and mortality surveillance, China. Bull World Health Organ 2016 Jan 01;94(1):46-57 [FREE Full text] [doi:
10.2471/BLT.15.153148] [Medline: 26769996]

11. Rosenberg PS, Check DP, Anderson WF. A web tool for age-period-cohort analysis of cancer incidence and mortality rates.
Cancer Epidemiol Biomarkers Prev 2014 Nov;23(11):2296-2302 [FREE Full text] [doi: 10.1158/1055-9965.EPI-14-0300]
[Medline: 25146089]

12. Cai P, Wu X, Liu Z, Deng Y, Chen X, Yi G, et al. Analysis of the burden and trend of injury in Sichuan, China, from 2006
to 2015: results from the national injury surveillance system. BMJ Open 2019 Nov 18;9(11):e031184 [FREE Full text]
[doi: 10.1136/bmjopen-2019-031184] [Medline: 31740468]

13. Jiang Q, Zhang C. Recent sex ratio at birth in China. BMJ Glob Health 2021 May;6(5):e005438 [FREE Full text] [doi:
10.1136/bmjgh-2021-005438] [Medline: 34006519]

14. Marusic A, Musek J, Gudjonsson G. Injury proneness and personality. Nord J Psychiatry 2001;55(3):157-161. [doi:
10.1080/08039480152036029] [Medline: 11827609]

JMIR Public Health Surveill 2023 | vol. 9 | e47902 | p.1955https://publichealth.jmir.org/2023/1/e47902
(page number not for citation purposes)

Ji et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v9i1e47902_app1.docx&filename=598243ff30d0034d08d5961204aadc11.docx
https://jmir.org/api/download?alt_name=publichealth_v9i1e47902_app1.docx&filename=598243ff30d0034d08d5961204aadc11.docx
https://jmir.org/api/download?alt_name=publichealth_v9i1e47902_app2.docx&filename=88f09dac42b8111c30e78132a26a6b7e.docx
https://jmir.org/api/download?alt_name=publichealth_v9i1e47902_app2.docx&filename=88f09dac42b8111c30e78132a26a6b7e.docx
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-021-10164-6
http://dx.doi.org/10.1186/s12889-021-10164-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33468078&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0140-6736(18)32335-3
http://dx.doi.org/10.1016/S0140-6736(18)32335-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30415748&dopt=Abstract
http://dx.doi.org/10.1136/injuryprev-2017-042712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29730599&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph19127172
https://www.mdpi.com/resolver?pii=ijerph19127172
http://dx.doi.org/10.3390/ijerph19127172
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35742421&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(08)61367-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18930527&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1474-4422(18)30415-0
http://dx.doi.org/10.1016/S1474-4422(18)30415-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30497965&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2468-2667(19)30057-X
http://dx.doi.org/10.1016/S2468-2667(19)30057-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31054642&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0085319
http://dx.doi.org/10.1371/journal.pone.0085319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24465534&dopt=Abstract
http://dx.doi.org/10.1016/s2468-2667(19)30125-2
https://europepmc.org/abstract/MED/26769996
http://dx.doi.org/10.2471/BLT.15.153148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26769996&dopt=Abstract
https://europepmc.org/abstract/MED/25146089
http://dx.doi.org/10.1158/1055-9965.EPI-14-0300
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25146089&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=31740468
http://dx.doi.org/10.1136/bmjopen-2019-031184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31740468&dopt=Abstract
https://gh.bmj.com/lookup/pmidlookup?view=long&pmid=34006519
http://dx.doi.org/10.1136/bmjgh-2021-005438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34006519&dopt=Abstract
http://dx.doi.org/10.1080/08039480152036029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11827609&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


15. Pant PR, Deave T, Banstola A, Bhatta S, Joshi E, Adhikari D, et al. Home-related and work-related injuries in Makwanpur
district, Nepal: a household survey. Inj Prev 2021 Oct;27(5):450-455 [FREE Full text] [doi: 10.1136/injuryprev-2020-043986]
[Medline: 33148799]

16. Hu X, Tang C, Wang D. Social media support and funding assistance for psychological injuries in social work. Front Public
Health 2022;10:796769 [FREE Full text] [doi: 10.3389/fpubh.2022.796769] [Medline: 35602134]

17. He C, Liu L, Chu Y, Perin J, Dai L, Li X, et al. National and subnational all-cause and cause-specific child mortality in
China, 1996-2015: a systematic analysis with implications for the Sustainable Development Goals. Lancet Glob Health
2017 Feb;5(2):e186-e197 [FREE Full text] [doi: 10.1016/S2214-109X(16)30334-5] [Medline: 28007477]

18. Jiang B, Liang S, Peng Z, Cong H, Levy M, Cheng Q, et al. Transport and public health in China: the road to a healthy
future. The Lancet 2017 Oct;390(10104):1781-1791. [doi: 10.1016/s0140-6736(17)31958-x]

19. Rosen HE, Bari I, Paichadze N, Peden M, Khayesi M, Monclús J, et al. Global road safety 2010-18: An analysis of Global
Status Reports. Online ahead of print. Injury 2022 Jul 20:504-506. [doi: 10.1016/j.injury.2022.07.030] [Medline: 35906119]

20. Wang L, Yu C, Zhang G, Zhang Y, Luo L. Comparison of secular trends in road injury mortality in China and the United
States: an age-period-cohort analysis. Int J Environ Res Public Health 2018 Nov 09;15(11):2508 [FREE Full text] [doi:
10.3390/ijerph15112508] [Medline: 30423957]

21. Forbes G, Gardner T, Mcgee H, Srinivasan R. Methods and practices for setting speed limits: an informational report.
United States Department of Transportation. URL: https://highways.dot.gov/safety/speed-management/
methods-and-practices-setting-speed-limits-informational-report [accessed 2012-04-01]

22. The Lancet. Population ageing in China: crisis or opportunity? Lancet 2022 Nov 26;400(10366):1821. [doi:
10.1016/S0140-6736(22)02410-2] [Medline: 36436518]

23. WHO global report on falls prevention in older age. WHO. 2007. URL: https://www.who.int/publications/i/item/
9789241563536 [accessed 2008-03-17]

24. Fan J, Yu C, Guo Y, Bian Z, Sun Z, Yang L, China Kadoorie Biobank Collaborative Group. Frailty index and all-cause
and cause-specific mortality in Chinese adults: a prospective cohort study. Lancet Public Health 2020 Dec;5(12):e650-e660
[FREE Full text] [doi: 10.1016/S2468-2667(20)30113-4] [Medline: 33271078]

25. Nasr A, Tomasich F, Collao I, Abreu P, Marttos A. The Trauma Golden Hour. Switzerland: Springer Nature; 2020.
26. Hedegaard H, Curtin SC, Warner M. Suicide rates in the United States continue to increase. NCHS Data Brief 2018

Jun(309):1-8. [Medline: 30312151]
27. Chen Y, Wu KC, Yousuf S, Yip PSF. Suicide in Asia: opportunities and challenges. Epidemiol Rev 2012;34:129-144. [doi:

10.1093/epirev/mxr025] [Medline: 22158651]
28. Liu Y, Lan Z, Yin Y, Liu NH, Tong Y. Trends in suicide rates and the case-fatality of pesticide self-poisoning in an

agricultural county in China, 2009 to 2014. J Affect Disord 2021 Mar 15;283:52-59. [doi: 10.1016/j.jad.2021.01.024]
[Medline: 33517228]

29. Phillips MR, Li X, Zhang Y. Suicide rates in China, 1995-99. Lancet 2002 Mar 09;359(9309):835-840. [doi:
10.1016/S0140-6736(02)07954-0] [Medline: 11897283]

30. Garnett MF, Curtin SC, Stone DM. Suicide mortality in the United States, 2000-2020. NCHS Data Brief 2022 Mar(433):1-8
[FREE Full text] [Medline: 35312475]

31. Sinyor M, Tse R, Pirkis J. Global trends in suicide epidemiology. Curr Opin Psychiatry 2017 Jan;30(1):1-6. [doi:
10.1097/YCO.0000000000000296] [Medline: 27845946]

32. Lee RLT, Chien WT, Ligot J, Nailes JM, Tanida K, Takeuchi S, et al. Associations between quality of life, psychosocial
well-being and health-related behaviors among adolescents in Chinese, Japanese, Taiwanese, Thai and the Filipino
populations: a cross-sectional survey. Int J Environ Res Public Health 2020 Apr 01;17(7):2402 [FREE Full text] [doi:
10.3390/ijerph17072402] [Medline: 32244727]

33. Rinaldo N, Gualdi-Russo E, Khyatti M, Lakhoua C, Toselli S. Psychosocial health and quality of life among North African
women. Health Soc Care Community 2022 Sep;30(5):1827-1837 [FREE Full text] [doi: 10.1111/hsc.13562] [Medline:
34519114]

34. Qiao J, Xia T, Fang B, Cai R, Chen L, Qian N, et al. The reversing trend in suicide rates in Shanghai, China, from 2002 to
2020. J Affect Disord 2022 Jul 01;308:147-154 [FREE Full text] [doi: 10.1016/j.jad.2022.04.056] [Medline: 35429532]

35. Lew B, Kõlves K, Osman A, Abu Talib M, Ibrahim N, Siau CS, et al. Suicidality among Chinese college students: A
cross-sectional study across seven provinces. PLoS One 2020;15(8):e0237329 [FREE Full text] [doi:
10.1371/journal.pone.0237329] [Medline: 32822365]

36. Yoshioka E, Hanley SJ, Kawanishi Y, Saijo Y. Time trends in method-specific suicide rates in Japan, 1990-2011. Epidemiol
Psychiatr Sci 2016 Feb;25(1):58-68 [FREE Full text] [doi: 10.1017/S2045796014000675] [Medline: 25373686]

37. Cai Z, Chen M, Ye P, Yip PS. Socio-economic determinants of suicide rates in transforming China: A spatial-temporal
analysis from 1990 to 2015. Lancet Reg Health West Pac 2022 Feb;19:100341 [FREE Full text] [doi:
10.1016/j.lanwpc.2021.100341] [Medline: 35024666]

38. Zhang J, Li N, Tu X, Xiao S, Jia C. Risk factors for rural young suicide in China: a case-control study. J Affect Disord
2011 Mar;129(1-3):244-251 [FREE Full text] [doi: 10.1016/j.jad.2010.09.008] [Medline: 20880593]

JMIR Public Health Surveill 2023 | vol. 9 | e47902 | p.1956https://publichealth.jmir.org/2023/1/e47902
(page number not for citation purposes)

Ji et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://injuryprevention.bmj.com/lookup/pmidlookup?view=long&pmid=33148799
http://dx.doi.org/10.1136/injuryprev-2020-043986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33148799&dopt=Abstract
https://europepmc.org/abstract/MED/35602134
http://dx.doi.org/10.3389/fpubh.2022.796769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35602134&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2214-109X(16)30334-5
http://dx.doi.org/10.1016/S2214-109X(16)30334-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28007477&dopt=Abstract
http://dx.doi.org/10.1016/s0140-6736(17)31958-x
http://dx.doi.org/10.1016/j.injury.2022.07.030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35906119&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph15112508
http://dx.doi.org/10.3390/ijerph15112508
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30423957&dopt=Abstract
https://highways.dot.gov/safety/speed-management/methods-and-practices-setting-speed-limits-informational-report
https://highways.dot.gov/safety/speed-management/methods-and-practices-setting-speed-limits-informational-report
http://dx.doi.org/10.1016/S0140-6736(22)02410-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36436518&dopt=Abstract
https://www.who.int/publications/i/item/9789241563536
https://www.who.int/publications/i/item/9789241563536
https://linkinghub.elsevier.com/retrieve/pii/S2468-2667(20)30113-4
http://dx.doi.org/10.1016/S2468-2667(20)30113-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33271078&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30312151&dopt=Abstract
http://dx.doi.org/10.1093/epirev/mxr025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22158651&dopt=Abstract
http://dx.doi.org/10.1016/j.jad.2021.01.024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33517228&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(02)07954-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11897283&dopt=Abstract
http://www.cdc.gov/nchs/data/databriefs/db433.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35312475&dopt=Abstract
http://dx.doi.org/10.1097/YCO.0000000000000296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27845946&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph17072402
http://dx.doi.org/10.3390/ijerph17072402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32244727&dopt=Abstract
https://europepmc.org/abstract/MED/34519114
http://dx.doi.org/10.1111/hsc.13562
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34519114&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0165-0327(22)00394-9
http://dx.doi.org/10.1016/j.jad.2022.04.056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35429532&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0237329
http://dx.doi.org/10.1371/journal.pone.0237329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32822365&dopt=Abstract
https://europepmc.org/abstract/MED/25373686
http://dx.doi.org/10.1017/S2045796014000675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25373686&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2666-6065(21)00250-9
http://dx.doi.org/10.1016/j.lanwpc.2021.100341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35024666&dopt=Abstract
https://europepmc.org/abstract/MED/20880593
http://dx.doi.org/10.1016/j.jad.2010.09.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20880593&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


39. Becker SP, Foster JA, Luebbe AM. A test of the interpersonal theory of suicide in college students. J Affect Disord 2020
Jan 01;260:73-76 [FREE Full text] [doi: 10.1016/j.jad.2019.09.005] [Medline: 31493642]

40. Oh HY, Marinovich C, Jay S, Zhou S, Kim JHJ. Abuse and suicide risk among college students in the United States:
Findings from the 2019 Healthy Minds Study. J Affect Disord 2021 Mar 01;282:554-560. [doi: 10.1016/j.jad.2020.12.140]
[Medline: 33433385]

41. Carballo JJ, Llorente C, Kehrmann L, Flamarique I, Zuddas A, Purper-Ouakil D, STOP Consortium. Psychosocial risk
factors for suicidality in children and adolescents. Eur Child Adolesc Psychiatry 2020 Jun;29(6):759-776 [FREE Full text]
[doi: 10.1007/s00787-018-01270-9] [Medline: 30684089]

42. Yang B, Ollendick TH, Dong Q, Xia Y, Lin L. Only children and children with siblings in the People's Republic of China:
levels of fear, anxiety, and depression. Child Dev 1995 Oct;66(5):1301-1311. [Medline: 7555217]

43. Yu Y, Yao Z, Wei Y, Kou C, Yao B, Sun W, et al. Depressive symptoms as a mediator between excessive daytime sleepiness
and suicidal ideation among Chinese college students. Int J Environ Res Public Health 2022 Dec 06;19(23):16334 [FREE
Full text] [doi: 10.3390/ijerph192316334] [Medline: 36498403]

44. Yang G, Phillips MR, Zhou M, Wang L, Zhang Y, Xu D. Understanding the unique characteristics of suicide in China:
national psychological autopsy study. Biomed Environ Sci 2005 Dec;18(6):379-389. [Medline: 16544520]

45. Preventing suicide: a global imperative. WHO. URL: https://www.who.int/publications/i/item/9789241564779 [accessed
2014-08-17]

46. Wang L, Wang L, Cai Y, Ma L, Zhou M. [Analysis of under-reporting of mortality surveillance from 2006 to 2008 in
China]. Zhonghua Yu Fang Yi Xue Za Zhi 2011 Dec;45(12):1061-1064. [Medline: 22336336]

Abbreviations
AAPC: average annual percentage change
APC: annual percentage change
ASMR: age-standardized mortality rate
AYLL: average years of life lost
CDC: Centers for Disease Control and Prevention
CMR: crude mortality rate
DSP: disease surveillance points
PYLL: potential years of life lost
PYLLR: potential years of life lost rate
RR: risk ratio

Edited by A Mavragani, T Sanchez; submitted 05.04.23; peer-reviewed by Y Wang, Y Tong; comments to author 01.06.23; revised
version received 17.06.23; accepted 25.07.23; published 15.09.23.

Please cite as:
Ji Z, Wu H, Zhu R, Wang L, Wang Y, Zhang L
Trends in Cause-Specific Injury Mortality in China in 2005-2019: Longitudinal Observational Study
JMIR Public Health Surveill 2023;9:e47902
URL: https://publichealth.jmir.org/2023/1/e47902 
doi:10.2196/47902
PMID:37713250

©Zixiang Ji, Hengjing Wu, Rongyu Zhu, Lu Wang, Yuzhu Wang, Lijuan Zhang. Originally published in JMIR Public Health
and Surveillance (https://publichealth.jmir.org), 15.09.2023. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work, first published in JMIR Public Health and Surveillance, is properly
cited. The complete bibliographic information, a link to the original publication on https://publichealth.jmir.org, as well as this
copyright and license information must be included.

JMIR Public Health Surveill 2023 | vol. 9 | e47902 | p.1957https://publichealth.jmir.org/2023/1/e47902
(page number not for citation purposes)

Ji et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://europepmc.org/abstract/MED/31493642
http://dx.doi.org/10.1016/j.jad.2019.09.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31493642&dopt=Abstract
http://dx.doi.org/10.1016/j.jad.2020.12.140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33433385&dopt=Abstract
https://europepmc.org/abstract/MED/30684089
http://dx.doi.org/10.1007/s00787-018-01270-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30684089&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7555217&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph192316334
https://www.mdpi.com/resolver?pii=ijerph192316334
http://dx.doi.org/10.3390/ijerph192316334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36498403&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16544520&dopt=Abstract
https://www.who.int/publications/i/item/9789241564779
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22336336&dopt=Abstract
https://publichealth.jmir.org/2023/1/e47902
http://dx.doi.org/10.2196/47902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37713250&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Secular Trends in Gastric and Esophageal Cancer Attributable to
Dietary Carcinogens From 1990 to 2019 and Projections Until
2044 in China: Population-Based Study

Hui-Xiao Guo1*, MSc; Qi Wang1*, MSc; Can Wang1, MSc; Qing Chen Yin1, BA; Hua Zhi Huo1, BA; Bing Hua Yin1,
BA
Handan Central Hospital, Handan, China
*these authors contributed equally

Corresponding Author:
Bing Hua Yin, BA
Handan Central Hospital
Num 59, Congtai Road
Congtai District
Handan, 056001
China
Phone: 86 03102118383
Email: 553050711@qq.com

Abstract

Background: Little is known about trends in or projections of the disease burden of dietary gastric and esophageal cancer (GEC)
in China.

Objective: We aim to report GEC deaths and disability-adjusted life years (DALYs) from 1990 to 2019, predict them through
2044, and decompose changes in terms of population growth, population aging, and epidemiological changes.

Methods: We retrieved dietary GEC data from the Global Burden of Disease (GBD) online database and used joinpoint regression
and age-period-cohort models to analyze trends in dietary GEC deaths and DALYs from 1990 to 2019 in China. We used a
Bayesian age period cohort model of integrated nested Laplace approximations to predict the disease burden of GEC through
2044 and obtained the estimated population of China from 2020 to 2050 from the Global Health Data Exchange website. Finally,
we applied a recently developed decomposition method to attribute changes between 2019 and 2044 to population growth,
population aging, and epidemiological changes.

Results: The summary exposure values and age-standardized rates decreased significantly from 1990 to 1999, with percentage
changes of –0.06% (95% CI –0.11% to –0.02%) and –0.05% (95% CI –0.1% to –0.02%), respectively. From 1990 to 2019, for
dietary esophageal cancer, the percentage change in age-standardized mortality rate (ASMR) was –0.79% (95% CI –0.93% to
–0.58%) and the percentage change in age-standardized DALY rate (ASDR) was –0.81% (95% CI –0.94% to –0.61%); these
were significant decreases. For dietary stomach cancer, significant decreases were also observed for the percentage change in
ASMR (–0.43%, 95% CI –0.55% to –0.31%) and the percentage change in ASDR (–0.47%, 95% CI –0.58% to –0.35%). In
addition, data from both the joinpoint regression and annual percentage change analyses demonstrated significantly decreasing
trends for the annual percentage change in ASMR and ASDR for GEC attributable to dietary carcinogens. The overall annual
percentage change (net drift) was –5.95% (95% CI –6.25% to –5.65%) for dietary esophageal cancer mortality and –1.97% (95%
CI –2.11% to –1.83%) for dietary stomach cancer mortality. Lastly, in 2044, dietary esophageal cancer deaths and DALYs were
predicted to increase by 192.62% and 170.28%, respectively, due to age structure (121.58% and 83.29%), mortality change
(76.81% and 92.43%), and population size (–5.77% and –5.44%). In addition, dietary stomach cancer deaths and DALYs were
predicted to increase by 118.1% and 54.08%, with age structure, mortality rate change, and population size accounting for 96.71%
and 53.99%, 26.17% and 3.97%, and –4.78% and –3.88% of the change, respectively.

Conclusions: Although the predicted age-standardized rates of mortality and DALYs due to dietary GEC show downward
trends, the absolute numbers are still predicted to increase in the next 25 years due to rapid population aging in China.

(JMIR Public Health Surveill 2023;9:e48449)   doi:10.2196/48449
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Introduction

Gastric and esophageal cancer (GEC) are common cancers of
the upper gastrointestinal tract, with estimates of 1.69 million
new cases and 1.31 million deaths in 2020 worldwide, and
47.42% of them occur in China [1]. Primary preventive
measures, such as limiting tobacco and alcohol use and
maintaining a healthy lifestyle and diet, have important public
health implications for reducing the disease burden of GEC and
thus remain a high priority [2]. For dietary factors, habitually
consuming fruits and vegetables is associated with a lower risk
of esophageal cancer [3], and high sodium consumption is a
well-established risk factor for gastric cancer [4].

Diet is considered an important modifiable factor for preventing
cancer, and understanding and planning for the burden of
cancers attributable to dietary carcinogens is of great public
health significance. Thus, we searched PubMed and the China
National Knowledge Infrastructure database with the terms
(“gastric cancer”) OR (“stomach cancer”) AND (“esophagus
cancer”) AND (“disease burden”) AND (“China”) AND (“diet”)
OR (“dietary factors”) for previous studies published between
January 1, 1990, and April 17, 2023, about trends and
projections of deaths and disability-adjusted life years (DALYs)
due to gastric and esophageal cancer attributable to dietary
factors in China. We found previous research that reported
current trends in the disease burden and attributable risk factors
of gastric and esophageal cancer in China [5-7]. The research
also predicted future changes and trends for the above two
cancers separately [8-10]. However, there were no available
data on trends and projections for the disease burden of dietary
gastric and esophageal cancer in the Chinese population. Finally,
summarizing a comprehensive time trend of the GEC burden
caused by specific carcinogenic factors in China is of great
significance for developing precise population prevention
strategies.

The 2019 Global Burden of Disease (GBD) study was a
systematic scientific effort to provide a unique resource on the
burden of diseases across causes of disability and death in 204
countries and territories [11]; thus, it also provides a unique
opportunity to assess and project long-term trends in the disease
burden attributable to various risk factors. Our study aims to
present recent trends in GEC deaths and DALYs attributable
to dietary factors between 1990 and 2019 and short-term
predictions through to the year 2044 in China. We also
decompose the estimates in terms of population growth,
population aging, and epidemiological changes. This study will
provide useful information to optimize the allocation of health
resources to reduce the dietary GEC burden in China.

Methods

Study Design and Time Frame
The data used in this study were derived from the 2019 GBD,
specifically focusing on the disease burden of dietary esophageal

and stomach cancers in China. The detailed methodology of the
GBD estimation process has been fully described elsewhere
[11]. In this study, we present the secular trends in gastric and
esophageal cancer attributable to dietary carcinogens between
1990 and 2019 and also project the disease burden until 2044
in China.

Location and Population
In this study, we chose China from the database as the location,
esophageal cancer and stomach cancer as the causes, dietary
risks as the risk, and death and DALYs as the measures. Data
were downloaded from the Global Health Data Exchange
website [12].

Dietary Factors and Disease Information
A total of 11 dietary factors associated with 5 cancer types were
assessed in the GBD. In this study, we focused on the disease
burden of dietary GEC. For esophageal cancer, dietary factors
included low consumption of fruits and vegetables; stomach
cancer was only attributed to a diet high in sodium. The indices
of disease burden included summary exposure values (SEV),
deaths, DALYs, age-standardized mortality rate (ASMR),
age-standardized DALY rate (ASDR), and
population-attributable fraction (PAF). In addition, attributable
deaths and DALYs were estimated using the total resulting
death rate or DALYs multiplied by the PAF for the risk-outcome
pair for age, sex, cause, and location. The SEV and the number,
rate, and PAF for dietary GEC were also obtained directly from
the Global Health Data Exchange website.

Statistical Analysis
Descriptive analyses were conducted and the temporal trends
were expressed as annual percentage change (APC) and average
annual percentage change (AAPC). Trends for age-standardized
SEV, ASMR, ASDR, and age-standardized PAF (ASPAF) were
further assessed by joinpoint regression analysis on a log scale
since these measures followed a Poisson distribution.

Furthermore, we present the age period cohort results as follows
[13]: (1) net drift, which represents the APC of the expected
age-adjusted rates over time; (2) local drifts, which assess the
age period cohort of the expected age-specific rates over time;
(2) the longitudinal age curve, which shows the fitted
longitudinal age-specific rates in the reference cohort, adjusted
for period deviations; (3) period rate ratios (RRs), the ratio of
age-specific rates in each period relative to the reference period;
and (4) cohort RRs, the ratio of age-specific rates in each cohort
relative to the reference cohort.

Then, we used a Bayesian age period cohort model of integrated
nested Laplace approximations (with the R packages BAPC and
INLA) to predict the number of deaths, DALYs, ASMR, and
ASDR of dietary carcinogen–attributable GEC cases from 2019
to 2044 [14]. Briefly, we assumed the inverse gamma prior and
applied a second-order random walk (RW2) to adjust for
excessive dispersion [15]. Additionally, we obtained the
estimated population of China from 2020 to 2050. This approach
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used inputs of population by age and sex in 2017, sex ratios at
birth in 2017, and forecasted for age-specific fertility rates,
age-specific mortality rates, and net migration for all locations
through 2100. This analysis complied with the Guidelines on
Accurate and Transparent Health Estimate Reporting [16,17].

Finally, we also used a recently developed decomposition
method to attribute changes in the total number of GEC deaths
and DALYs from dietary factors due to population growth,
population aging, and age-specific changes between 2019 and
2044 [18,19]. Compared with previous studies [20-22], the
recently developed method was insensitive to the decomposition
order and the choice of reference group [19], enhancing the
stability of our results. More details are provided in Multimedia
Appendix 1 [13-22]. All statistical analyses were performed
using R (version 3.6.0; R Core Team).

Ethical Considerations
This study used data from the GBD study, which was approved
by the institutional review board of the University of
Washington School of Medicine. The original data collection
obtained informed consent from study participants or was
granted exemptions by the institutional review board. As this
is a secondary analysis of existing data, no additional human
participant research ethics review or informed consent was
required. Study data were anonymized and deidentified to
protect the privacy and confidentiality of study participants.
Our analysis complied with the Guidelines on Accurate and
Transparent Health Estimate Reporting [16].

Results

Temporal Trends in GEC Attributable to Dietary
Factors Between 1990 and 2019
As shown in Table 1, the SEV and age-standardized rates both
decreased significantly from 1990 to 1999, with percentage
changes of –0.06% (95% CI –0.11% to –0.02%) and –0.05%
(95% CI –0.1% to –0.02%). The indices of cancer burden
included the estimated number, all-age PAF and ASPAF,

mortality, and DALYs. For dietary esophageal cancer, except
for the estimated number of deaths, other indices showed a
significantly decreasing trend. For dietary stomach cancer,
although the percentage changes for the number of deaths
increased significantly from 1990 to 2019 (0.36%, 95% CI
0.08% to 0.68%), significant decreases were observed for ASMR
(–0.43%, 95% CI –0.55% to –0.31%) and ASDR (–0.47%, 95%
CI –0.58% to –0.35%). There were no significant changes in
other disease burden indices. More details are shown in Table
1.

Table 2 shows the results of the joinpoint regression model.
Between 1990 and 2019, for esophageal cancer attributable to
dietary carcinogens, the AAPC for ASMR and ASDR and the
ASPAF for death rates and ASPAF for DALYs were –5.28%
(95% CI –5.48% to 5.08%), –5.63% (95% CI –5.84% to
–5.43%), –3.51% (95% CI –3.59% to –3.42%), and –3.58%
(95% CI –3.67% to –3.5%), respectively. Furthermore, for
dietary stomach cancer, the ASMR decreased by an average of
1.95% (–2.18% to –1.72%) per year. The average decline in
ASDR was 2.21% (–2.46% to –1.96%). AAPCs in the ASPAF
for death rates and ASPAF for DALYs were –0.04% (95% CI
–0.04% to –0.03%) and –0.02% (95% CI –0.03% to –0.02%),
respectively.

In addition, the declining trends in above 4 indices differed
between dietary esophageal cancer and stomach cancer. For
dietary esophageal cancer, although the magnitude of the decline
in these 5 trends varied across different periods, all of them
demonstrated a significantly decreasing trend. A rapid
downward trend appeared during 2004 to 2014 in both ASMR
(–9.38%, 95% CI –9.61% to –9.14%) and ASDR (–9.99%, 95%
CI –10.22% to –9.75%). In general, the ASMR and ASDR for
dietary stomach cancer showed declining trends. However,
during 1998 to 2004, there were significant upward trends in
ASMR (2.92%, 95% CI 2.37% to 3.46%) and ASDR (2.63%,
95% CI 2.15% to 3.12%). The ASPAF for both mortality and
DALYs of dietary stomach cancer showed a slow and smooth
decline.
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Table 1. The summary exposure values and burden of esophageal cancer and stomach cancer attributable to dietary carcinogens.

Percentage change (95% CI)2019 values (95% CI)1990 values (95% CI)Metric/measure

Summary exposure values

–0.06 (–0.11 to –0.02)77.67 (69.95 to 82.22)82.76 (76.67 to 85.98)All ages, %

–0.05 (–0.10 to –0.02)77.37 (69.58 to 81.93)81.86 (75.44 to 85.15)Age-standardized, %

Esophageal cancer

Deaths

–0.49 (–0.84 to 0.01)20,509 (4338 to 52,321)40,514 (17,911 to 66,618)Deaths, n

–0.65 (–0.89 to –0.35)0.08 (0.02 to 0.20)0.23 (0.10 to 0.36)PAFa (all ages), %

–0.64 (–0.88 to –0.34)0.08 (0.02 to 0.21)0.23 (0.10 to 0.36)ASPAF,b %

–0.57 (–0.87 to –0.16)1.44 (0.31 to 3.68)3.42 (1.51 to 5.63)Mortality (all ages) 1/105

–0.79 (–0.93 to –0.58)1.07 (0.24 to 2.73)5.07 (2.23 to 8.32)ASMR,c 1/105

DALYsd

–0.56 (–0.87 to –0.08)455,090 (90,540 to 1,163,817)1,034,489 (449,013 to 1,696,655)DALYs, n

–0.66 (–0.89 to –0.35)0.08 (0.02 to 0.20)0.23 (0.10 to 0.36)PAF (all ages), %

–0.65 (–0.89 to –0.35)0.08 (0.02 to 0.21)0.23 (0.10 to 0.36)ASPAF, %

–0.63 (–0.89 to –0.35)32.00 (6.37 to 81.82)87.40 (37.93 to 143.34)All-age rate, 1/105

–0.81 (–0.94 to –0.61)22.22 (4.54 to 56.38)116.66 (51.12 to 190.9)ASDR,e 1/105

Stomach cancer

Deaths

0.36 (0.08 to 0.68)37,131 (833 to 138,479)27,227 (613 to 101,649)Numbers, n

–0.01 (–0.12 to 0.01)0.09 (0.01 to 0.33)0.09 (0.01 to 0.33)PAF (all ages), %

–0.01 (–0.11 to 0.01)0.09 (0.01 to 0.33)0.09 (0.01 to 0.33)ASPAF, %

0.13 (–0.10 to 0.4)2.61 (0.06 to 9.74)2.30 (0.05 to 8.59)Mortality (all ages), 1/105

–0.43 (–0.55 to –0.31)1.90 (0.04 to 7.12)3.34 (0.08 to 12.56)ASMR, 1/105

DALYs

0.19 (–0.06 to 0.48)873,813 (19,283 to 3,220,231)734,448 (16,388 to 2,731,936)DALYs, n

0.01 (–0.10 to 0.01)0.09 (0.01 to 0.33)0.09 (0.01 to 0.33)PAF (all ages), %

–0.01 (–0.09 to 0.01)0.09 (0.01 to 0.33)0.09 (0.01 to 0.33)ASPAF, %

–0.01 (–0.22 to 0.23)61.43 (1.36 to 226.40)62.05 (1.38 to 230.80)All-age rate, 1/105

–0.47 (–0.58 to –0.35)42.52 (0.94 to 157.03)80.72 (1.81 to 301.47)ASDR, 1/105

aPAF: population-attributable fraction.
bASPAF: age-standardized population-attributable fraction.
cASMR: age-standardized mortality rate.
dDALY: disability-adjusted life year.
eASDR: age-standardized disability-adjusted life year rate.
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Table 2. Joinpoint analysis of trends in disease burden of dietary esophageal cancer and stomach cancer in China, 1990 to 2019.

1990-2019Trend 5Trend 4Trend 3Trend 2Trend 1Metric

AAPC,b %
(95% CI)

APC, %
(95% CI)

PeriodAPC, %
(95% CI)

PeriodAPC, %
(95% CI)

PeriodAPC, %
(95% CI)

PeriodAPC,a %
(95% CI)

Period

Age-standardized mortality rate

–5.28
(–5.48 to
–5.08)

–3.87 (–4.56
to –3.18)

2014-
2019

–9.38
(–9.61 to
–9.14)

2004-
2014

–1.91 (–2.41
to –1.42)

1998-
2004

–3.9 (–4.47
to –3.32)

1993-
1998

–2.56 (–3.38
to –1.73)

1990-
1993

Esophageal
cancer

–1.95
(–2.18 to
–1.72)

–2.59 (–3.32
to –1.85)

2015-
2019

–4.43
(–5.56 to
–3.29)

2011-
2015

–4.02 (–4.41
to –3.64)

2004-
2011

2.92 (2.37
to 3.46)

1998-
2004

–2.10 (–2.36
to –1.85)

1990-
1998

Stomach
cancer

Age-standardized population attributable proportion of death rates

–3.51
(–3.59 to
–3.42)

–2.24 (–2.48
to –2.00)

2014-
2019

–3.78
(–4.27 to
–3.29)

2010-
2014

–4.63 (–4.74
to –4.52)

2002-
2010

–3.79
(–3.90 to
–3.69)

1995-
2002

–2.33 (–2.45
to –2.21)

1990-
1995

Esophageal
cancer

–0.04
(–0.04 to
–0.03)

–0.02 (–0.02
to –0.01)

2013-
2019

0.00 (–0.04
to 0.04)

2010-
2013

–0.03 (–0.03
to –0.03)

1999-
2010

–0.09
(–0.11 to
–0.07)

1995-
1999

–0.06 (–0.07
to –0.05)

1990-
1995

Stomach
cancer

Age-standardized DALYc rate

–5.63
(–5.84 to
–5.43)

–3.83 (–4.55
to –3.11)

2014-
2019

–9.99
(–10.22 to
–9.75)

2004-
2014

–2.18 (–2.69
to –1.67)

1998-
2004

–4.20
(–4.79 to
–3.60)

1993-
1998

–2.89 (–3.73
to –2.04)

1990-
1993

Esophageal
cancer

–2.21
(–2.46 to
–1.96)

–2.67 (–3.32
to –2.02)

2015-
2019

–4.52
(–4.68 to
–4.37)

2004-
2015

2.63 (2.15 to
3.12)

1998-
2004

–1.99
(–4.04 to
0.10)

1995-
1998

–2.50 (–2.96
to –2.03)

1990-
1995

Stomach
cancer

Age-standardized population attributable proportion of DALY rates

–3.58
(–3.67 to
–3.50)

–2.10 (–2.34
to –1.86)

2014-
2019

–3.79
(–4.29 to
–3.29)

2010-
2014

–4.78 (–4.89
to –4.67)

2002-
2010

–3.96
(–4.07 to
–3.85)

1995-
2002

–2.43 (–2.55
to –2.31)

1990-
1995

Esophageal
cancer

–0.02
(–0.03 to
–0.02)

–0.03 (–0.03
to –0.02)

2013-
2019

–0.01
(–0.04 to
0.03)

2010-
2013

–0.03 (–0.03
to –0.02)

2004-
2010

0.02 (0.00
to 0.04)

2000-
2004

–0.04 (–0.04
to –0.04)

1990-
2000

Stomach
cancer

aAPC: annual percentage change.
bAAPC: average annual percentage change.
cDALY: disability-adjusted life year.

Effects of Age, Time Period, and Cohort on Cancer
Burden Between 1990 and 2019
Figure 1 demonstrates the age-period-cohort analysis results on
deaths and DALYs from dietary esophageal cancer. The ranges
for age and period were 25 to ≥95 years and 1990 to 2019,
respectively. For dietary esophageal cancer deaths, the overall
APC (net drift) was –5.95% (95% CI –6.25% to –5.65%).
According to the results for local drifts and net drift (Figure
1A), the data that had a percentage value below 0 suggests that
there was a significantly decreasing trend in all age groups. The
longitudinal age curve for dietary esophageal cancer mortality
showed that the rates increased from the age of 25 years and
reached the highest level at about the age of 57 years, then
gradually decreased with age (Figure 1B). In addition, there
were persistent downward trends in the estimated period and
cohort RRs, as illustrated in Figure 1C and D. Similar patterns
were observed for the age, time period, and cohort effects on

the DALYs of esophageal cancer associated with dietary
carcinogens (Figure 1E-H).

The results of age period cohort models on death and DALYs
from dietary stomach cancer are shown in Figure 2. In general,
the net drift was –1.97% (95% CI –2.11% to –1.83%) for dietary
stomach cancer mortality. The results for local drifts and net
drift show that the percentage declined from the age of 25 years
and reached the lowest level at about the age of 43 years, then
gradually increased with age; the peak point occurred at about
the age of 93 years, after which the percentage decreased with
age (Figure 2A). For the longitudinal age curve, the maximum
value occurred at about the age of 88 years, after which there
was a short and rapid declining trend (Figure 2B). As illustrated
in Figure 2C, the time-period RRs decreased from 1992 to 1997,
increased until 2002, and then showed a continuous downward
trend. Finally, there was a persistent downward trend in the
estimated cohort RRs (Figure 2D). Similar patterns were
observed for the age period cohort analysis of the DALYs for
dietary stomach cancer (Figure 2E to H).
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Figure 1. Effects of age, time period, and cohort on deaths and DALYs due to dietary esophageal cancer from 1990 to 2019 in China. Local drifts with
net drift values of (A) deaths and (E) DALYs; fitted longitudinal age curves of (B) deaths and (F) DALYs; relative risks of (C) death and (G) DALYs
in each period compared with the reference period (2000-2004); and relative risks of (D) deaths and (H) DALYs in each cohort compared with the
reference cohort (1940-1944 cohort). DALY: disability-adjusted life year.
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Figure 2. Effects of age, time period, and cohort on deaths and DALYs due to dietary stomach cancer from 1990 to 2019 in China. Local drifts with
net drift values of (A) deaths and (E) DALYs; fitted longitudinal age curves of (B) deaths and (F) DALYs; relative risks of (C) death and (G) DALYs
in each period compared with the reference period (2000-2004); and relative risks of (D) deaths and (H) DALYs in each cohort compared with the
reference cohort (1940-1944 cohort). DALY: disability-adjusted life year.

Predictions and Changes Between 2019 and 2044
Figure 3 shows the future trends for the disease burden of GEC
attributable to dietary carcinogens from 2020 to 2044 in China.
For dietary esophageal cancer, there are predicted to be

gradually decreasing trends in the ASMR (Figure 3A) and
ASDR (Figure 3B). For dietary stomach cancer, the ASMR is
predicted to decrease from 1990 to 1999, increase until 2004,
and then show a continuous downward trend (Figure 3C).
Similar patterns are seen in the ASDR (Figure 3D).
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Figure 3. Temporal trends of for ASMR and ASDR for esophageal cancer and stomach cancer attributable to dietary carcinogens between 1990 and
2044 in China. The dotted lines represent the observational values from the Global Burden of Disease data set. The predictive mean values are shown
as black solids, and the fan is the predictive distribution between the 5% and 95% quintiles. (A) ASMR for esophageal cancer; (B) ASMR for stomach
cancer; (C) ASDR for esophageal cancer; (D) ASDR for stomach cancer. ASDR: age-standardized disability-adjusted life year rate; ASMR:
age-standardized mortality rate; DALY: disability-adjusted life year.

Table 3 presents decomposition analysis results for the disease
burden of dietary esophageal and stomach cancer. In 2044,
dietary esophageal cancer ASMR was predicted to increase by
192.62% compared with 2019, which was due to age structure
(121.58%), mortality change (76.81%), and population size
(–5.77%). Dietary esophageal cancer ASDR was predicted to
increase by 170.28% because of age structure (83.29%),
mortality change (92.43%), and population size (–5.44%).

Furthermore, dietary stomach cancer ASMR in 2044 was
predicted to increase by 118.1%, with age structure, mortality
change and population size contributing 96.71%, 26.17%, and
–4.78%, respectively. Dietary stomach cancer ASDR was
predicted to increase by 54.08%, with age structure, mortality
rate changes, and population size accounting for 53.99%, 3.97%,
and –3.88%, respectively.

Table 3. Predicted number and contribution changes for dietary esophageal cancer and stomach cancer deaths and disability-adjusted life years from
1990 to 2044.

Changes between 2019 and 2044, %Values, n

Change due to
population size

Change due to
age structure

Change due to
demographics

Change due to
mortality change

Total change20442019

Deaths

–5.77121.58115.8176.81192.6259,96520,492Esophageal cancer

–4.7896.7191.9326.17118.180,94237,112Stomach cancer

Disability-adjusted life years

–5.4483.2977.8592.43170.281,230,011455,089Esophageal cancer

–3.8853.9950.113.9754.081,346,403873,813Stomach cancer
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Discussion

The GEC burden attributable to dietary risk factors in China
from 1990 to 2044 is systematically summarized in this study.
Deaths and DALYs due to dietary esophageal cancer declined
by 49% and 56%, respectively, but deaths and DALYs due to
dietary stomach cancer grew by 36% and 19%, respectively,
over the last 30 years. For esophageal and stomach cancers
attributable to dietary carcinogens, although both the ASMR
and the ASDR are predicted to decline in the coming 25 years,
the numbers of both deaths and DALYs are predicted to continue
to increase. The results of decomposition methods supported
the finding that the aging population is the main reason for
future changes in the GEC burden.

Dietary modifications are an effective strategy to reduce the
GEC burden in terms of deaths and DALYs. In our study, dietary
carcinogenic factors were a diet low in fruits and vegetables for
esophageal cancer and a diet high in sodium for stomach cancer.
Epidemiological studies have found that low intake of fresh
fruits and vegetables is associated with a higher risk of
esophageal squamous cell carcinoma, which is the dominant
histological subtype in China [23]. In addition, accumulating
evidence suggests that people who prefer salty food and
salt-preserved meat and fish generally have a higher risk of
gastric cancer [24]. The World Cancer Research Fund/American
Institute for Cancer Research (WCRF/AICR) report also
supports the strong association between high-salt foods and
gastric cancer [25]. However, the SEV for dietary carcinogens
from 1990 to 2019 only slightly declined, from 82.76% to
77.67%, which is consistent with previous findings from the
Chinese Health and Nutrition Survey (CHNS). Nevertheless,
data from the CHNS show that intake did not meet the
recommended levels (an average of 269.4 g of fresh vegetables
and 40.7 g of fruit per day in 2012 vs recommend daily intakes
of 300-500 g of vegetables and 200-350 g of fruit for adults in
2016) [26-28]. According to the latest data from the 2020 Report
on Chinese Residents’ Chronic Diseases and Nutrition, the
consumption levels of fruits and vegetables were lower than
the recommended intake levels, while the intake of salt was
much higher than the standard [29]. These unhealthy dietary
habits might be related to a lower awareness of basic knowledge
of cancer in China, especially the level of knowledge of primary
prevention [30]. Thus, our findings suggest that people should
still attach importance to a nutritionally balanced diet and the
primary prevention of cancer in the future.

In general, the temporal trends for deaths and DALYs for dietary
GEC decreased from 1990 to 2019, even though these trends
fluctuated in different time segments over the last 30 years. The
joinpoint method describes short-term trends more accurately
by dividing the long-term trend line into several segments and
analyzing each segment. For dietary stomach cancer, the
proportion of deaths and DALYs remained stable from 1990 to
2019, which is also consistent with a previous study [10]. But
deaths and DALY rates for stomach cancer attributable to dietary
carcinogens declined over the past 30 years, which is similar
to the changes for stomach cancer in China reported by other
studies [8,9]. This might be related to the increasing coverage
of population-based screening projects. From 2001 to 2020, a

total of 5 cancer screening programs were implemented in
high-risk areas of China focusing on screening for stomach
cancer [31]. Notably, a significantly increasing trend of dietary
stomach cancer deaths and DALY rates occurred in the period
from 1998 to 2004, which might be explained by the
establishment of the national cancer registry system and the
improvement of data quality. In 1982, the Reporting Manual of
Cancer Registration was first released by the Office of National
Central Cancer Registry. In 2002, the National Central Cancer
Registry was launched under the supervision of the former
Ministry of Health and was responsible for systematically
collecting, analyzing, and interpreting cancer data [23].
Moreover, esophageal and gastric cancer have always been
treated as upper gastrointestinal tumors for primary and
secondary prevention; thus, initial gastric registry data might
derive in part from upper gastrointestinal tumor data.

Our findings show that the rates and percentages of deaths and
DALYs due to dietary esophageal cancer declined in China over
the past 30 years, which is similar to the trends for esophageal
cancer associated with all risk factors [2,5,6]. A previous study
also showed that the burden of esophageal cancer associated
with a low-fruit diet declined in China from 1990 to 2017 [7];
however, there are no prior studies focusing on low-vegetable
diets. These declining trends were associated with long-term,
extensive efforts in esophageal cancer etiological prevention
and screening in China. Chinese researchers launched a series
of prevention projects starting in 1985, including the Linxian
general population nutrition intervention trial, a dysplasia
population nutrition intervention trial, a chemoprevention trial
[32], and a cancer screening program in high-risk areas [31],
because the bulk of the burden of esophageal cancer worldwide
comes from East Asia, particularly from China [24]. Considering
the success of dietary interventions, future efforts should focus
on improving dietary habits to reduce the burden of GEC.

We further revealed trends for age, period, and cohort effects
for deaths and DALYs due to dietary GEC. Regarding the age
effect, the top points of the longitudinal age curves for deaths
and DALYs for esophageal cancer were 60 years and 72 years,
which is similar to the peak ages for deaths and incidence [10].
For dietary stomach cancer deaths and DALYs, the peak of the
age curves shifted to 85 years and 70 years, which is also
consistent with the highest death and incidence ages reported
in a previous study [6]. These age-specific trends in both
esophageal and stomach cancer related to dietary carcinogens
might be due to both age-related biological factors and the
increased level of dietary exposure, as explained by a similar
study of occupational lung cancer [33]. Furthermore, the period
effect reflected changes in social and economic policy, as well
as the impact of major events at specific points in time [34]. In
this study, we found that the change trends in period RRs for
dietary GEC mortality and DALYs were similar to the results
of the joinpoint analysis and were explained by the
implementation of the cancer registry system, primary
prevention, and screening programs, as mentioned above. Lastly,
birth cohort effects represent the influence of physical and social
exposures that appear earlier in the life process and accumulate
with time [35]. In our study, the cohort RRs for dietary

JMIR Public Health Surveill 2023 | vol. 9 | e48449 | p.1966https://publichealth.jmir.org/2023/1/e48449
(page number not for citation purposes)

Guo et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


carcinogens associated with GEC mortality and DALYs showed
gradually decreasing trends for cohorts born since 1895.

We first projected the trends of dietary GEC death and DALYs
through to 2044 and used a recently developed decomposition
method to attribute changes to population growth, population
aging, and age-specific changes [18,19]. Previous studies
predicted the burden of GEC attributable to all risk factors and
found that there was a persistently decreasing trend in terms of
ASMR and ASDR, but the number of new cases was expected
to increase in the next decades [8-10,36,37]. Moreover,
population aging contributed to most of the additional dietary
GEC deaths and DALYs, which could be explained by the
continuous increase of the older population and the higher
incidence in this age group. As shown in our study, change due
to risk factors also deserves attention, as it contributes to
increased disease burden. Therefore, considering the persistent
increase in case numbers, dietary GEC might be one of the main
public health concerns in the near future in China, and it is
necessary to increase the promotion of healthy diets.

Our study has several limitations, as mentioned in earlier GBD
study reports [38,39]. First, the main histological subtypes of

GEC (esophageal squamous cell carcinoma and esophageal
adenocarcinoma, cardia and noncardia stomach cancer) have
distinct incidence trends and geographical distributions [40,41],
but data for these subtypes are not currently captured
independently in the GBD database. Second, although other
dietary factors, such as high-sugar drinks and alcohol, are
recognized to be related to deaths and DALYs due to GEC in
China, the disease burden caused by these dietary carcinogens
was not estimated [42]. Lastly, we only estimated the burden
of GEC attributable to dietary factors; the combined effects of
dietary and other risk factors may increase or complicate the
burden of GEC [43,44]. Despite these limitations, using the
most up-to-date data and advanced modeling strategies, our
study is the first to provide a comprehensive understanding of
the burden of dietary GEC from 1990 to 2044.

Although the predicted ASMR and ASDR for dietary GEC
generally show downward trends, absolute numbers will still
increase in the next 25 years due to the rapid population aging
seen in China. China still needs to strengthen the targeted
interventions and address modifiable risk factors, such as
advocating for a balanced diet.
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GBD: Global Burden of Disease
GEC: gastric and esophageal cancer
PAF: population-attributable fraction
RR: rate ratio
RW2: second-order random walk
SEV: summary exposure value
WCRF/AICR: World Cancer Research Fund/American Institute for Cancer Research
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Abstract

Background: Patients recovering from COVID-19 often experience persistent problems in their daily activities related to
limitations in physical, nutritional, cognitive, and mental functioning. To date, it is unknown what treatment is needed to support
patients in their recovery from COVID-19.

Objective: This study aimed to evaluate the primary allied health care of patients recovering from COVID-19 at 6-month
follow-up and to explore which baseline characteristics are associated with changes in the scores of outcomes between baseline
and 6-month follow-up.

Methods: This Dutch nationwide prospective cohort study evaluated the recovery of patients receiving primary allied health
care (ie, dietitians, exercise therapists, occupational therapists, physical therapists, and speech and language therapists) after
COVID-19. All treatments offered by primary allied health professionals in daily practice were part of usual care. Patient-reported
outcome measures on participation, health-related quality of life, fatigue, physical functioning, and psychological well-being
were assessed at baseline and at 3- and 6-month follow-up. Linear mixed model analyses were used to evaluate recovery over
time, and uni- and multivariable linear regression analyses were used to examine the association between baseline characteristics
and recovery.

Results: A total of 1451 adult patients recovering from COVID-19 and receiving treatment from 1 or more primary allied health
professionals were included. For participation (Utrecht Scale for Evaluation of Rehabilitation—Participation range 0-100),
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estimated mean differences of at least 2.3 points were observed at all time points. For the health-related quality of life (EuroQol
Visual Analog Scale, range 0-100), the mean increase was 12.3 (95% CI 11.1-13.6) points at 6 months. Significant improvements
were found for fatigue (Fatigue Severity Scale, range 1-7): the mean decrease was –0.7 (95% CI –0.8 to –0.6) points at 6 months.
However, severe fatigue was reported by 742/929 (79.9%) patients after 6 months. For physical functioning (Patient-Reported
Outcomes Measurement Information System—Physical Function Short Form 10b, range 13.8-61.3), the mean increase was 5.9
(95% CI 5.9-6.4) points at 6 months. Mean differences of –0.8 (95% CI –1.0 to –0.5) points for anxiety (Hospital Anxiety and
Depression Scale range 0-21) and –1.6 (95% CI –1.8 to –1.3) points for depression were found after 6 months. A worse baseline
score, hospital admission, and male sex were associated with greater improvement between baseline and 6-month follow-up,
whereas age, the BMI, comorbidities, and smoking status were not associated with mean changes in any outcome measures.

Conclusions: Patients recovering from COVID-19 who receive primary allied health care make progress in recovery but still
experience many limitations in their daily activities after 6 months. Our findings provide reference values to health care providers
and health care policy makers regarding what to expect from the recovery of patients who receive health care from 1 or more
primary allied health professionals.

Trial Registration: ClinicalTrials.gov NCT04735744; https://tinyurl.com/3vf337pn

International Registered Report Identifier (IRRID): RR2-10.2340/jrm.v54.2506

(JMIR Public Health Surveill 2023;9:e44155)   doi:10.2196/44155

KEYWORDS

COVID-19; allied health care; primary care; care; patient; physical; nutritional; cognitive; mental functioning; support; recovery;
diet; exercise; exercise therapist; physical therapist; speech therapist; language; descriptive statistics; regression; linear mixed
model; statistics; statistician; statistical

Introduction

An estimated 32%-57% of patients recovering from a
COVID-19 infection experience severe and long-term problems
in daily functioning and participation [1-3]. It is becoming
increasingly clear that both patients with mild symptoms and
those with serious symptoms during an acute COVID-19
infection are at risk of developing the post–COVID-19 condition
[1,2,4,5]. Post–COVID-19, also referred to as “long COVID,”
is defined as “signs and symptoms that develop during or after
a COVID-19 infection, continuing for more than 12 weeks, and
that are not explained by an alternative diagnosis” [6-8]. To
date, it is unknown what treatment is needed to support patients
in their recovery from COVID-19.

Patients recovering from COVID-19 often experience persistent
problems in their daily activities related to limitations in
physical, nutritional, cognitive, and mental functioning
[3,5,9-11]. Fatigue is the most prevalent and persistent symptom,
irrespective of the severity of the initial infection [3,5,10,12,13].
Longitudinal data suggest that fatigue does not resolve over
time in many patients, even if they receive health care
[3,9,10,13,14]. Increased levels of fatigue can result in lower
levels of physical activity [15] and limit patients in activities
of daily living (eg, housekeeping and grocery shopping) and
outdoor pursuits [16]. Mental problems, such as anxiety and
depression, are common in patients recovering from COVID-19.
A study by Huang et al [17] showed that anxiety and depression
were present in approximately 23% of patients 6 months after
the onset of COVID-19 symptoms. Sisó-Almirall et al [10]
showed that 36% of patients still reported mental problems after
3 months, and no significant associations were found with
COVID-19 severity. Furthermore, previous studies have
observed a worsened health-related quality of life (HRQoL) in
patients recovering from COVID-19, both hospitalized and

nonhospitalized, who did not recuperate after a follow-up period
of several months [9,18-21].

The World Health Organization (WHO) suggests that
rehabilitation for patients with the post–COVID-19 condition
requires person-centered care that recommends multidisciplinary
collaboration among health care professionals. These
multidisciplinary rehabilitation interventions may include
breathing techniques, physical exercise therapy, cognitive
behavioral therapy, occupational therapy, nutritional support,
and improving swallowing physiology [22]. In the Netherlands,
mono- and multidisciplinary best-practice recommendations
for primary allied health professionals have been developed for
the treatment of patients recovering from COVID-19 [23-26].
Based on the overall effects of primary allied health care, it is
expected that primary allied health professionals (ie, dietitians,
exercise therapists, occupational therapists, physical therapists,
and speech and language therapists) can play a role in the
recovery of patients with COVID-19 who experience persistent
limitations in daily physical functioning and participation. In
July 2020, the Dutch Ministry of Health, Welfare and Sports
instated a temporary regulation in primary allied health care to
facilitate the treatment of patients recovering from COVID-19
and to stimulate research. This regulation enables the
reimbursement of primary allied health care for every patient
from basic health insurance coverage. With a referral from a
general practitioner (GP) or medical specialist, primary allied
health care treatment is reimbursed for a period of 6 months. If
recovery during this period is insufficient, an extension by a
second 6-month period is possible upon referral by a medical
specialist. As COVID-19 is still a novel condition and the
evidence base for allied health treatment in patients with
post–COVID-19 syndrome is small, it is vital that new data and
insights be shared as soon as they are available; therefore, the
aim of this paper is to present the results of recovery of patients
receiving primary allied health care after a COVID-19 infection.
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We provide outcomes at 3- and 6-month follow-up regarding
participation, the HRQoL, physical functioning, fatigue, and
psychological well-being. In addition, we explore which baseline
characteristics are associated with changes in these outcomes
between baseline and 6-month follow-up.

Methods

Study Design and Setting
As part of a nationwide project to evaluate the recovery of
patients receiving primary allied health care after a COVID-19
infection, a prospective cohort study was set up in collaboration
with various patient organizations (ie, the Lung Foundation
Netherlands, the Netherlands Patient Federation, and Harteraad)
and with input from patients contacted through these
organizations [27]. In this prospective cohort study, patients
were included at the start of their treatment with 1 or more
primary allied health professionals. All treatments offered by
primary allied health professionals in daily practice were part
of usual care and were preferably based on recommendations
and guidelines published by the professional bodies of the
respective care providers, as available at the start of the research
[23-26]. The inclusion period for the cohort study was between
March 29 and June 19, 2021. Primary outcome measures were
assessed at baseline (T0) and again after 3 months (T1) and 6
months (T2). The full study protocol with timelines is published
elsewhere [27]. In this paper, we report the results of our primary
outcome measures at baseline, 3-month follow-up, and 6-month
follow-up.

Ethical Considerations
The study protocol was approved by the Medical Ethics
Committee of the Radboud University Medical Centre
(registration #2020-7278). The study has been registered in the
ClinicalTrials registry (NCT04735744). Informed consent was
obtained from all patients before enrollment in the study, and
all procedures were conducted in accordance with the
Declaration of Helsinki.

Participants
Adult patients (age≥18 years) were eligible for inclusion in the
cohort if they were recovering from COVID-19 and started
treatment with 1 or more primary allied health professionals
(ie, a dietitian, exercise therapist, occupational therapist, physical
therapist, or speech and language therapist). Patients may have
received treatment from 1 or more primary allied health
professionals during the course of the study. Patients were
included regardless of their hospital admission status during the
acute phase of COVID-19. Patients who were unable to
complete questionnaires in Dutch and patients who were
receiving palliative care were excluded from the study.

Data Collection
Patients could enroll in the study by (1) signing up after an
invitation from their treating primary allied health professional
or (2) signing up on their own initiative, upon which the research
team also invited the treating primary allied health professional
to participate. The enrollment procedure of this study is
described in detail in the published study protocol [27]. Both

patients and primary allied health professionals reported data
via the specifically designed Your Research app. Patients were
asked to download the app on their smartphones or make use
of the web version. Questionnaires were sent out through this
app at the start of the treatment (baseline) and after 3 and 6
months. Patients unable to participate via digital methods were
provided with an opportunity to complete the questionnaires on
paper and return them by post. Primary allied health
professionals were asked to use the web version of the app.

Outcome Measures
Data on patient characteristics were collected by the treating
primary allied health professionals at the start of the treatment.
Patient-reported outcome domains (participation, HRQoL,
fatigue, and physical functioning) were assessed at baseline and
after 3 and 6 months. Data on psychological well-being were
collected at baseline and after 6 months.

Patient Characteristics
Patient characteristics were collected via an online record form
and contained the following items on demographics: age, sex,
height (in cm), weight (in kg) both at the start of treatment and
before COVID-19 infection, living status (whether the patient
had an informal caregiver), and referring physician.
Furthermore, data on symptom severity at the onset of treatment
(ie, mild to moderate [mild symptoms up to mild pneumonia],
severe [dyspnea, hypoxia, or <50% lung involvement on
imaging], or critical [respiratory failure, shock, or multiorgan
system dysfunction], as described in Ref. [28]) as well as
hospital admissions during the acute phase of COVID-19 (ie,
no hospital admission, admission to hospital ward or intensive
care unit [ICU]) were recorded. Additionally, data on
comorbidities (ie, cardiovascular disease, chronic lung disease,
diabetes mellitus, kidney disease, liver disease, immune disease,
oncological disease, chronic neuromuscular disorders) and
smoking status were collected. The body weight and height

were used to calculate each patient’s BMI (weight/height2) and
categorized as defined by WHO [29].

Participation
Participation was assessed with the Utrecht Scale for Evaluation
of Rehabilitation—Participation (USER-P). The USER-P is a
31-item self-administered questionnaire reflecting a patient’s
participation in daily life, divided over 3 subscales: frequencies,
restrictions, and satisfaction. The total scores range from 0 to
100 for each subscale, with higher scores indicating better
participation (higher frequency, fewer restrictions, and higher
satisfaction) [30]. We arbitrarily assumed a 5-point difference
on 1 of these USER-P scales to be clinically relevant for patients
recovering from COVID-19 [31,32].

Health-Related Quality of Life
The HRQoL was assessed with the EuroQoL 5 Dimensions 5
Level (EQ-5D-5L) tool, a 5-item questionnaire measuring a
person’s status on 5 dimensions of health: mobility, self-care,
usual activities, pain/discomfort, and anxiety/depression [33].
Furthermore, the EuroQoL Visual Analog Scale (EQ-VAS) was
recorded by the patients. The EQ-VAS provides a quantitative
measure of a patient’s perception of their overall health, with a
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score ranging from 0 to 100, with higher scores indicating a
higher HRQoL. A difference of 8 points on the EQ-VAS was
considered clinically relevant [34].

Fatigue
Fatigue was assessed with the Fatigue Severity Scale (FSS), a
9-item scale measuring the severity of fatigue and its effect on
patients’ activities and lifestyle. The score of each item ranges
from 1 to 7, where 1 indicates strong disagreement and 7
indicates strong agreement. The total score is calculated using
the mean value of the 9 items, with a score of 4 or more
indicating severe fatigue [35]. A difference of 0.45 points on
the FSS mean score was considered clinically relevant [36].

Physical Functioning
Limitations in physical functioning were assessed with the
Patient-Reported Outcomes Measurement Information System
Physical Functioning Short Form 10b (PROMIS-PF-10b), a
10-item questionnaire measuring the self-reported ability to
perform activities of daily life. Items reflect 4 subcategories:
upper extremities (dexterity), lower extremities (walking or
mobility), and central regions (neck and back), as well as
instrumental activities of daily living, such as running errands
[37]. Total scores range from 13.8 (severely physically impaired)
to 61.3 (not physically impaired), with a mean score of 50 (SD
10) representing the mean score of a reference population [38].
A difference of 3.6 points was considered clinically relevant
[39].

Psychological Well-Being
The Hospital Anxiety and Depression Scale (HADS) was used
to assess psychological well-being. This 14-item
self-administered questionnaire describes symptoms of anxiety
and depression. The HADS is divided into an anxiety score
(HADS-A) and a depression score (HADS-D), each containing
7 items. The total score ranges from 0 to 21 for both subscales,
where a total score of 11 or more indicates a probable clinical
diagnosis of depression or anxiety [40,41]. A difference of 1.7
points was considered clinically relevant [42].

Statistical Analysis
Descriptive statistics were used to describe the patient
population and to analyze the primary outcome measures at
baseline and after 3 and 6 months using numbers and proportions
for categorical variables, means (SDs), and medians (IQRs) for
continuous variables. Linear mixed model analyses were used
to evaluate recovery over time for participation, the HRQoL,
fatigue, physical functioning, and psychological well-being.
This analysis accounts for correlation between repeated
measures on the same subject and uses all available data from
this subject. A model with a random intercept and all other
variables fixed was also generated. The primary outcomes were
used as dependent variables, while time (categorical: baseline,
3 months, and 6 months) was used as a fixed factor.

Uni- and multivariate regression analyses were used to explore
which baseline characteristics were associated with changes in
the scores of the main outcome measures between baseline (T0)
and 6-month follow-up (T2). This analysis used data from
complete cases, and missingness at random (MAR) was tested
(Table S1 in Multimedia Appendix 1). Univariate analyses were
performed to determine which baseline characteristics (ie, age,
sex, BMI, hospitalization, comorbidities, baseline score, and
smoking status) were associated with the mean change in each
outcome measure. Comorbidities were coded into 3 categories:
none, 1, and 2 or more comorbidities. Variables with P<.157
in the univariate regression were included in the multivariate
model [43]. The backward elimination of variables was then
performed in order of statistical significance until only factors
that were significantly associated with the outcome remained.
A sensitivity analysis was performed by forcing age, sex, and
hospital admission into the models as these factors are known
to be related with recovery over time. Results of this sensitivity
analysis are presented in Table S2 in Multimedia Appendix 1.
P<.05 was considered statistically significant for all analyses
based on 2-sided testing. All data were analyzed using SPSS
Statistics version 25 (IBM Corp).

Patient and Public Involvement
During the development of this study, we involved patients to
provide feedback on the readability and appropriateness of
proposed measures. The usability of the smartphone and
web-based app versions was also tested by patients. Participating
patients received updates on the status of the study via their
smartphone or web app. Furthermore, various patient
organizations (ie, the Lung Foundation Netherlands, the
Netherlands Patient Federation, and Harteraad) participated
during routine research meetings.

Results

Patient Characteristics
In total, 1451 patients were included in this study (Figure 1),
receiving 1708 different allied health care treatments. Their
mean age was 49 (SD 13) years, and 63.8% (848/1330) of the
patient population was female (Table 1). The majority
(1015/1315, 77.2%) had not been hospitalized for COVID-19,
and 1002/1311 (76.4%) patients had experienced
mild-to-moderate severity of symptoms during the infection

period. The mean BMI was 28 (SD 6) kg/m2, and 68.9%
(738/1071) of the patient population was classified as being

overweight or obese (BMI>25 kg/m2). In addition, 1 comorbidity
was reported by 410/1331 (30.8%) patients, and 2 or more
comorbidities were reported by 155/1331 (11.6%) patients.
Cardiovascular disease (193/1331, 14.5%) and chronic lung
disease (183/1331, 13.7%) were the most prevalent
comorbidities. Most patients (1086/1331, 81.6%) had been
referred for primary allied health care by their GP.
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Figure 1. Flow diagram for inclusion of patients recovering from COVID-19 receiving primary allied health care in a Dutch prospective cohort study,
with follow-up after 3 and 6 months from the start of treatment. EQ-5D-5L: EuroQoL 5 Dimensions 5 Level; FSS: Fatigue Severity Scale; HADS:
Hospital Anxiety and Depression Scale; PROMIS: Patient-Reported Outcomes Measurement Information System; USER-P: Utrecht Scale for Evaluation
of Rehabilitation–Participation.
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Table 1. General characteristics of patients recovering from COVID-19 receiving primary allied health care in a Dutch prospective cohort study
(N=1451).

ParticipantsGeneral characteristics

Treatments (n=1708)a, n (%)

1005 (58.8)Physical therapy/exercise therapy

364 (21.3)Occupational therapy

224 (13.1)Dietary care

115 (6.7)Speech and language therapy

Sex (n=1330)b, n (%)

482 (36.2)Male

848 (63.8)Female

49 (13)Age (years; n=1331), mean (SD)

COVID-19 severity (n=1311)b, n (%)

1002 (76.4)Mild/moderate

271 (20.7)Serious

38 (2.9)Very serious

Admission to hospital for COVID-19 infection (n=1315)b, n (%)

87 (6.6)Hospitalized, including the ICUc

213 (16.2)Hospitalized

1015 (77.2)Not hospitalized

BMI (kg/m2; n=1071)b; mean 28 (SD 6)

10 (0.9)Underweight (<18.5)

323 (30.2)Normal weight (18.5-25.0)

404 (37.7)Overweight (25.0-30.0)

334 (31.2)Obese (>30.0)

Smoking status (n=1305)b, n (%)

63 (4.8)Current

166 (12.7)Former

1076 (82.5)Never

Living status (n=1322)b, n (%)

212 (16.0)Alone

1110 (84.0)Cohabiting

Informal caregiver (n=1319)b, n (%)

526 (39.9)Yes

793 (60.1)No

Comorbidities (n=1331), n (%)

766 (57.6)0

410 (30.8)1

155 (11.6)≥2

aSome participants received multiple treatments from multiple primary allied health professionals. Therefore, the number of treatments exceeded the
number of participants.
bData were not fully available for all patients.
cICU: intensive care unit.
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Primary Outcome Measures
Table 2 presents data on the outcome measures at baseline and
at 3- and 6-month follow-up. Additionally, clinically relevant
improvements at 6-month follow-up are presented in Table S3
in Multimedia Appendix 1. After 6 months, the majority of
patients showed a clinically relevant improvement on the
USER-P restrictions and satisfaction subscales (576/890, 64.7%,
patients and 543/891, 60.9%, patients, respectively), while
540/908 (59.5%) patients showed a clinically relevant
improvement on the EQ-VAS (mean 67.4, SD 19.1 points)
compared to baseline (mean 55.5, SD 17.8 points). Severe
fatigue was reported by 1205/1281 (94.1%) patients at baseline,
persisting after 6 months in 742/929 (79.9%) patients. A
clinically relevant improvement on the FSS mean score was

found in 490/904 (54.2%) patients. Based on PROMIS-PF-10b
scores, over two-thirds of the patients reported being more than
60% impaired, limited, or restricted in physical functioning at
baseline, which decreased to 37.8% (351/929) after 6 months;
517/902 (57.3%) patients experienced a clinically relevant
improvement in physical functioning. The majority of patients
scored less than 7 points on the HADS anxiety and depression
scores both at baseline and at 6 months, which indicates no
anxiety disorder or depression. At baseline, the HADS anxiety
score indicated a probable clinical diagnosis of anxiety disorder
in 292/1271 (23%) patients, which decreased slightly to 170/926
(18.4%) patients after 6 months. A probable clinical diagnosis
of depression was indicated by the HADS depression score in
285/1271 (22.4%) patients at baseline, decreasing to 137/926
(14.8%) patients at 6-month follow-up.
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Table 2. General outcome measures at baseline and after 3 and 6 months in patientsa recovering from COVID-19 receiving primary allied health care
in a Dutch prospective cohort study.

6 months (T2)3 months (T1)Baseline (T0)General outcome measures

Participation

921/1451 (63.5)945/1451 (65.1)1271/1451 (87.6)Sample population, n/N (%)

31.3 (10.1)30.5 (10.5)27.5 (10.3)USER-Pb frequencies subscale score, mean (SD)

77.3 (19.8)73.6 (19.4)65.8 (20.1)USER-P restrictions subscale score, mean (SD)

58.1 (19.9)54.8 (19.5)48.6 (17.8)USER-P satisfaction subscale score, mean (SD)

HRQoLc

932/1451 (64.2)954/1451 (65.7)1289/1451 (88.8)Sample population, n/N (%)

67.4 (19.1)64.3 (18.2)55.5 (17.8)EQ-VASd score, mean (SD)

Fatigue

929/1451 (64.0)951/1451 (65.5)1281/1451 (88.3)Sample population, n/N (%)

4.9 (1.3)5.2 (1.2)5.6 (1.0)FSSe score, mean (SD)

742 (79.9)815 (85.7)1205 (94.1)≥4 points, n (%)

Physical functioning

929/1451 (64.0)951/1451 (65.5)1279/1451 (88.1)Sample population, n/N (%)

43.5 (8.50)41.5 (7.6)37.7 (6.0)PROMIS-PF-10bf score, mean (SD)

140 (15.1)2 (0.2)2 (0.2)100% impaired, limited, or restricted, n (%)

211 (22.7)176 (18.5)427 (33.4)80%-99% impaired, limited, or restricted, n (%)

202 (21.7)276 (29.0)452 (35.3)60%-79% impaired, limited, or restricted, n (%)

157 (16.9)227 (23.9)259 (20.3)40%-59% impaired, limited, or restricted, n (%)

150 (16.1)133 (14.0)97 (7.6)20%-39% impaired, limited, or restricted, n (%)

72 (7.8)95 (10.0)39 (3.0)1%-19% impaired, limited, or restricted, n (%)

140 (15.1)42 (4.4)4 (0.3)0% impaired, limited, or restricted, n (%)

Psychological well-beingg (anxiety)

926/1451 (63.8)N/Ah1271/1451 (87.6)Sample population, n/N (%)

6.3 (4.7)N/A7.1 (4.5)HADSi anxiety score, mean (SD)

613 (66.2)N/A746 (58.7)≤7 points, n (%)

143 (15.4)N/A233 (18.3)8-10 points, n (%)

170 (18.4)N/A292 (23.0)≥11 points, n (%)

Psychological well-being (depression)

926/1451 (63.8)N/A1271/1451 (87.6)Sample population, n/N (%)

5.7 (4.3)N/A7.3 (4.2)HADS depression score, mean (SD)

638 (68.9)N/A689 (54.2)≤7 points, n (%)

151 (16.3)N/A297 (23.4)8-10 points, n (%)

137 (14.8)N/A285 (22.4)≥11 points, n (%)

aData were not fully available for all patients.
bUSER-P: Utrecht Scale for Evaluation of Rehabilitation—Participation.
cHRQoL: health-related quality of life.
dEQ-VAS: EuroQol Visual Analog Scale.
eFSS: Fatigue Severity Scale.
fPROMIS-PF-10b: Patient-Reported Outcomes Measurement Information System Physical Functioning Short Form 10b.
gPsychological well-being was only assessed at baseline (T0) and at 6 months (T2).

JMIR Public Health Surveill 2023 | vol. 9 | e44155 | p.1978https://publichealth.jmir.org/2023/1/e44155
(page number not for citation purposes)

Slotegraaf et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


hN/A: not applicable.
iHADS: Hospital Anxiety and Depression Scale.

Patient-Reported Recovery Over Time
Table 3 shows the effect of time on the outcome measures. For
all dependent variables, a random intercept model was the
best-fitting model. No variables were significantly related to
missing values in the outcome measures at any point in time.
A significant effect of time was observed for all outcome
measures at 3- and 6-month follow-up (P<.001). For
participation, estimated mean differences of at least 2.9 points
(P<.001) were observed for all 3 subscales at all time points.

For the HRQoL, the mean increase was 9.0 points (95% CI
7.8-10.2) at 3 months and 12.3 points (95% CI 11.1-13.6) after
6 months. Furthermore, significant improvements were found
for fatigue and physical functioning at all time points. The
greatest improvements were seen after just 3 months for all
outcome measures measured at both 3 and 6 months. Mean
differences of –0.8 (95% CI –1.0 to –0.5) on the HADS anxiety
score and –1.6 (95% CI –1.8 to –1.3) on the HADS depression
score were observed.

Table 3. Results of linear mixed model analysis for the outcome measures participation, HRQoLa, fatigue, physical functioning, and psychological
well-being in patients recovering from COVID-19 receiving primary allied health care in a Dutch prospective cohort study.

At 6 monthsAt 3 months6 months
(T2), mean
(SE)

3 months
(T1), mean
(SE)

Baseline
(T0), mean
(SE)

General outcome measures

P valueEstimate

(95% CI)

P valueEstimate

(95% CI)

Participation

<.0013.9 (3.3 to 4.7)<.0012.9 (2.3 to 3.7)31.5 (0.3)30.5 (0.3)27.5 (0.3)USER-Pb frequencies subscale

<.00113.0 (11.8 to 14.2)<.0019.1 (7.9 to 10.3)77.6 (0.6)73.7 (0.6)64.6 (0.6)USER-P restrictions subscale

<.0019.7 (8.5 to 10.9)<.0015.9 (4.8 to 7.2)58.4 (0.6)54.7 (0.6)48.7 (0.5)USER-P satisfaction subscale

<.00112.3 (11.1 to 13.6)<.0019.0 (7.8 to 10.2)67.9 (0.7)64.6 (0.6)55.6 (0.5)HRQoL (EQ-VASc score)

<.001–0.7 (–0.8 to –0.6)<.001–0.4 (–0.5 to –0.4)4.9 (0.04)5.2 (0.04)5.6 (0.03)Fatigue (FSSd score)

<.0015.9 (5.6 to 6.4)<.0013.9 (3.5 to 4.3)43.7 (0.2)41.6 (0.2)37.7 (0.2)Physical functioning (PROMIS-PF-

10be score)

Psychological well-beingf

<.001–0.8 (–1.0 to –0.5)N/AN/A6.3 (0.1)N/Ah7.1 (0.1)HADSg anxiety score

<.001–1.6 (–1.8 to –1.3)N/AN/A5.7 (0.1)N/A7.3 (0.1)HADS depression score

aHRQoL: health-related quality of life.
bUSER-P: Utrecht Scale for Evaluation of Rehabilitation—Participation.
cEQ-VAS: EuroQol Visual Analog Scale.
dFSS: Fatigue Severity Scale.
ePROMIS-PF-10b: Patient-Reported Outcomes Measurement Information System Physical Functioning Short Form 10b.
fPsychological well-being was only assessed at baseline (T0) and at 6 months (T2).
gHADS: Hospital Anxiety and Depression Scale.
hN/A: not applicable.

Factors Associated With Changes in the Scores of the
Main Outcome Measures
Multivariable regression models were estimated to identify
factors associated with changes in scores between baseline and
6-month follow-up for each outcome measure. Tables 4-10
provide an overview of the final regression models. All
univariable and multivariable regression models are shown in
Tables S4 and S5 in Multimedia Appendix 1. Having a worse
baseline score was related to greater improvements for all
outcome measures. For all 3 subscales of the USER-P and
physical functioning, patients admitted to the hospital during
the infection period of COVID-19 showed greater improvements

in scores than nonhospitalized patients, even when correcting
for baseline scores. In terms of the HRQoL, patients admitted
to a hospital ward showed greater improvements than patients
who had not been hospitalized, although no associations were
found with ICU admissions. Male participants showed greater
improvements than female participants in all outcome measures,
except for psychological well-being, for which no association
was found for sex. The baseline age, BMI, comorbidities, and
smoking status were not significantly associated with the mean
change in any of the outcome measures in our patient population.
In a sensitivity analysis (Table S2 in Multimedia Appendix 1)
where age, sex, and hospital admission were forced into the
model, additional associations were found between the male
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sex and satisfaction in participation and between age and
frequencies of participation, physical functioning, and symptoms

of anxiety.

Table 4. Multivariable linear regression models on the outcome measure participation (USER-Pa frequencies subscale) in patients recovering from
COVID-19 receiving primary allied health care in a Dutch prospective cohort study (R2 overall model=0.272, P<.001).

P value95% CIβOutcome measure

.001Hospital admission

N/AN/AbReferenceNo

.0030.851 to 4.2622.556Hospital ward

.0150.611 to 5.5473.079ICUc

<.001–0.558 to –0.435–.496Baseline score

aUSER-P: Utrecht Scale for Evaluation of Rehabilitation—Participation.
bN/A: not applicable.
cICU: intensive care unit.

Table 5. Multivariable linear regression models on the outcome measure participation (USER-Pa restrictions subscale) in patients recovering from
COVID-19 receiving primary allied health care in a Dutch prospective cohort study (R2 overall model=0.277, P<.001).

P value95% CIβOutcome measure

.001Sex

N/AN/AbReferenceMale

.001–7.813 to –2.861–5.337Female

<.001Hospital admission

N/AN/AReferenceNo

.0320.316 to 6.8453.581Hospital ward

<.0014.522 to 13.8099.165ICUc

<.001–0.520 to –0.405–.462Baseline score

aUSER-P: Utrecht Scale for Evaluation of Rehabilitation—Participation.
bN/A: not applicable.
cICU: intensive care unit.

Table 6. Multivariable linear regression models on the outcome measure participation (USER-Pa satisfaction subscale) in patients recovering from
COVID-19 receiving primary allied health care in a Dutch prospective cohort study (R2 overall model=0.159, P<.001).

P value95% CIβOutcome measure

.003Hospital admission

N/AN/AbReferenceNo

.0300.356 to 6.7983.577Hospital ward

.0042.144 to 11.3116.728ICUc

<.001–0.467 to –0.338–.402Baseline score

aUSER-P: Utrecht Scale for Evaluation of Rehabilitation—Participation.
bN/A: not applicable.
cICU: intensive care unit.
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Table 7. Multivariable linear regression models on the outcome measure HRQoLa (EQ-VASb score) in patients recovering from COVID-19 receiving
primary allied health care in a Dutch prospective cohort study (R2 overall model=0.245, P<.001).

P value95% CIβOutcome measure

<.001Sex

N/AN/AcReferenceMale

<.001–7.378 to –2.333–4.855Female

.10Hospital admission

N/AN/AReferenceNo

.0360.231 to 6.9573.594Hospital ward

.38–2.615 to 6.8272.106ICUd

<.001–0.589 to –0.459–.524Baseline score

aHRQoL: health-related quality of life.
bEQ-VAS: EuroQol Visual Analog Scale.
cN/A: not applicable.
dICU: intensive care unit.

Table 8. Multivariable linear regression models on the outcome measure fatigue (FSSa score) in patients recovering from COVID-19 receiving primary
allied health care in a Dutch prospective cohort study (R2 overall model=0.064, P<.001).

P value95% CIβOutcome measure

<.001Sex

N/AN/AbReferenceMale

<.0010.130 to 0.438.284Female

<.001–0.381 to –0.222–.301Baseline score

aFSS: Fatigue Severity Scale.
bN/A: not applicable.

Table 9. Multivariable linear regression models on the outcome measure physical functioning (PROMIS-PF-10ba score) in patients recovering from
COVID-19 receiving primary allied health care in a Dutch prospective cohort study (R2 overall model=0.064, P<.001).

P value95% CIβOutcome measure

<.001Sex

N/AN/AbReferenceMale

<.001–3.341 to –1.343–2.342Female

Hospital admission

.004N/AReferenceNo

.09–0.165 to 2.4631.149Hospital ward

.0021.064 to 4.7712.917ICUc

<.001–0.203 to –0.046–.125Baseline score

aPROMIS-PF-10b: Patient-Reported Outcomes Measurement Information System Physical Functioning Short Form 10b.
bN/A: not applicable.
cICU: intensive care unit.
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Table 10. Multivariable linear regression models on the outcome measure psychological well-being (HADSa anxiety and depression scores; all baseline
scores) in patients recovering from COVID-19 receiving primary allied health care in a Dutch prospective cohort study.

P value95% CIR2 overall modelβOutcome measure

<.001–0.407 to –0.3010.160 (P<.001)–.354HADS anxiety

<.001–0.447 to –0.3370.179 (P<.001)–.392HADS depression

aHADS: Hospital Anxiety and Depression Scale.

Discussion

Principal Findings
This study presents the first results of our evaluation of the
recovery of our unique cohort of patients with COVID-19
receiving primary allied health care until their 6-month
follow-up. We explored which baseline characteristics were
associated with changes in the scores of the main outcome
measures over this 6-month period. Most patients showed a
clinically relevant improvement in all outcome measures;
however, despite improvement, many patients still experienced
persistent problems in their daily lives, with limitations in
physical and mental functioning. A worse baseline score,
hospital admission, and, for some outcome measures, the male
sex were associated with greater improvement between baseline
and 6-month follow-up; however, age, the BMI, comorbidities,
and smoking status were not associated with the mean change
in any of the outcome measures.

Comparison With Other Studies
The majority of our patient population showed a clinically
relevant improvement 6 months after starting treatment provided
by 1 or more primary allied health professionals; nevertheless,
a large group of patients experienced persistent problems in
their daily lives. The mean EQ-VAS score of our patient
population (67 points) remained well below the population norm
in the Netherlands, which is 82 points [44]. These results are
consistent with previous findings that the HRQoL is impaired
in the majority of patients post–COVID-19 [12,15,17,45-48].
Persistent fatigue was highly prevalent among the patients
included in our study, with 79.9% still reporting severe fatigue
(measured with the FSS) after 6 months. These results are
consistent with previous studies on patients recovering from
COVID-19, showing that fatigue is the most common complaint
[5,10,14,47,49-51], even after 6 months [13,15,52-54]. The
mean PROMIS-PF-10b score of our population (mean 43.5, SD
8.5) remained well below the population norm in the
Netherlands (mean 50, SD 10). These results are also consistent
with previous studies [15,47] and indicate that persistent
symptoms due to COVID-19 may lead to patients experiencing
limitations in physical functioning.

Relative to other outcome measures, a smaller percentage of
patients showed a clinically relevant improvement in
psychological well-being. This was due to an observed ceiling
effect, as 58.7% and 54.2% of patients showed no indication of
an anxiety disorder or depression at baseline, respectively. Data
of these patients are still informative, however, as they could
also have deteriorated throughout the follow-up period. With
scores indicating a probable clinical diagnosis of anxiety

disorder or depression in 18.4% and 14.8% of patients,
respectively, after 6 months, our findings are similar to those
reported in previous studies, which showed prevalence rates
ranging from 11% to 40% [8,17,46,48,51,54-57]. Furthermore,
we performed an additional subgroup analysis to explore the
differences in changes in the scores of the outcome measures
between patients who showed indications of depression or
anxiety disorder at baseline and patients who did not (data not
shown). Based on this analysis, we conclude that whether a
patient shows indications of depression or anxiety disorder at
baseline has little effect on the change in their scores over time.

We found that male participants showed greater improvements
than female participants in participation, the HRQoL, fatigue,
and physical functioning. These results are consistent with
previous studies showing that female participants experience
more persistent symptoms after a COVID-19 infection
[10,14,21,45,49,51]. Furthermore, patients admitted to the
hospital for COVID-19 showed greater improvements than
nonhospitalized patients in terms of participation, the HRQoL,
and physical functioning, which is in line with previous studies
[12,21,45,51]. We observed no associations between fatigue
and hospital admission, age, the BMI, comorbidities, or smoking
status, which is also consistent with other studies
[10,14,51,53,54], indicating that fatigue is highly prevalent in
patients recovering from COVID-19, irrespective of the severity
of initial infection and patient characteristics. We found that
having a worse baseline score is related to greater improvement
in anxiety and depressive symptoms; however, no associations
with any patient characteristics were found. Similar to our
results, previous studies have found no associations between
the frequency of anxiety or depressive symptoms and disease
severity or hospital admission [10,46,48,49,57]. In contrast,
other studies have found the female sex [54,58,59] and older
age [54,56] to be predictors of anxiety or depressive symptoms
in patients with COVID-19. Although the association between
age and symptoms of anxiety was not evident in our primary
analysis, it did show up in our sensitivity analysis (Table S2 in
Multimedia Appendix 1).

Limitations
This study did not include a control group to determine the
potential effects of primary allied health care by comparing
outcome measures with patients who did not receive this type
of care. In addition, with a lack of available pre–COVID-19
data for our population, it was difficult to draw conclusions
about the impact of pre-existing conditions versus problems in
the daily activities and participation of these patients due to
their COVID-19 infection.

For the interpretation of results, it is important to consider that
the baseline measurement in this study was taken at the start of
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the treatment by 1 or more primary allied health professionals.
It is possible that a patient had already experienced symptoms
for some time and only consulted a primary allied health
professional at a later stage. Additionally, it should be
considered that not all patients received treatment from 1 or
more primary allied health professionals during the entire
6-month follow-up period of this study. Some patients received
short-term treatment, while others were still receiving treatment
at 6 months.

The characteristics of included patients are comparable to
COVID-19 populations described by others [3], and therefore,
we assume that the study population is representative of the
population in 2021, our inclusion period. Based on the inclusion
period, which was between March and July 2021, our population
most likely had the Wuhan or Alpha variant of SARS-CoV-2
[60]. Different variants may cause different symptoms, and the
recovery of patients infected with other variants (eg, Delta or
Omicron) may differ from that of our population. A total of 25
patients dropped out during this study (Figure 1). Although a
proportion of the patients did not complete all questionnaires,
the response rates were still sufficient: 93% at baseline, 68%

after 3 months, and 67% after 6 months [61]. There was no
selective missingness of data based on patient characteristics
(including disease severity) and scores of the outcome measures
(Table S1 in Multimedia Appendix 1).

Implications and Future Perspectives
Future research and in-depth analyses of our data are needed to
gain more insight into the outcome measures and recovery of
patients after COVID-19 who visit 1 or more primary allied
health professionals. Future papers will include the results after
a 12-month follow-up, determining the related health care costs
and profession-specific outcomes per allied health discipline.

Conclusion
The results of this study show that patients recovering from
COVID-19 and receiving primary allied health care make
progress in recovery, but many still experience limitations in
their daily activities and participation after 6 months. The
findings of our study provide reference values for health care
providers and health care policy makers about what to expect
from the recovery of patients who receive or have received
health care from 1 or more primary allied health professionals.
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ICU: intensive care unit
PROMIS-PF-10b: Patient-Reported Outcomes Measurement Information System Physical Functioning Short
Form 10b
USER-P: Utrecht Scale for Evaluation of Rehabilitation—Participation
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Abstract

Background: Typhoid fever, or enteric fever, is a highly fatal infectious disease that affects over 9 million people worldwide
each year, resulting in more than 110,000 deaths. Reduction in the burden of typhoid in low-income countries is crucial for public
health and requires the implementation of feasible water, sanitation, and hygiene (WASH) interventions, especially in densely
populated urban slums.

Objective: In this study, conducted in Mirpur, Bangladesh, we aimed to assess the association between household WASH status
and typhoid risk in a training subpopulation of a large prospective cohort (n=98,087), and to evaluate the performance of a machine
learning algorithm in creating a composite WASH variable. Further, we investigated the protection associated with living in
households with improved WASH facilities and in clusters with increasing prevalence of such facilities during a 2-year follow-up
period.

Methods: We used a machine learning algorithm to create a dichotomous composite variable (“Better” and “Not Better”) based
on 3 WASH variables: private toilet facility, safe drinking water source, and presence of water filter. The algorithm was trained
using data from the training subpopulation and then validated in a distinct subpopulation (n=65,286) to assess its sensitivity and
specificity. Cox regression models were used to evaluate the protective effect of living in “Better” WASH households and in
clusters with increasing levels of “Better” WASH prevalence.

Results: We found that residence in households with improved WASH facilities was associated with a 38% reduction in typhoid
risk (adjusted hazard ratio=0.62, 95% CI 0.49-0.78; P<.001). This reduction was particularly pronounced in individuals younger
than 10 years at the first census participation, with an adjusted hazard ratio of 0.49 (95% CI 0.36-0.66; P<.001). Furthermore,
we observed an inverse relationship between the prevalence of “Better” WASH facilities in clusters and the incidence of typhoid,
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although this association was not statistically significant in the multivariable model. Specifically, the adjusted hazard of typhoid
decreased by 0.996 (95% CI 0.986-1.006) for each percent increase in the prevalence of “Better” WASH in the cluster (P=.39).

Conclusions: Our findings demonstrate that existing variations in household WASH are associated with differences in the risk
of typhoid in densely populated urban slums. This suggests that attainable improvements in WASH facilities can contribute to
enhanced typhoid control, especially in settings where major infrastructural improvements are challenging. These findings
underscore the importance of implementing and promoting comprehensive WASH interventions in low-income countries as a
means to reduce the burden of typhoid and improve public health outcomes in vulnerable populations.

(JMIR Public Health Surveill 2023;9:e41207)   doi:10.2196/41207
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water; sanitation; sanitary; contaminated; contamination; hygiene; hygienic; WASH; water, sanitation and hygiene; typhoid fever;
enteric fever; typhus; typhoid; enteric; salmonella; protection; recursive partitioning; Bangladesh; low- and middle-income
countries; LMIC; bacteria; bacterial; bacterial infection; machine learning; algorithm; algorithms; model; low income; slum;
slums; risk; infection control; incidence; prevalence; epidemiology; epidemiological; poverty

Introduction

Typhoid fever, also known as enteric fever, is a deadly febrile
illness caused by the Salmonella enterica serovar Typhi
(Salmonella Typhi) [1,2]. Based on 2019 data, approximately
9 million people contract typhoid annually, leading to 110,000
deaths [3]. Common symptoms include persistent fever, fatigue,
headache, nausea, abdominal pain, and digestive issues, and
occasionally a rash [2,3]. Severe cases of typhoid fever can have
life-threatening complications and result in fatality [4]. The
effectiveness of treating typhoid has been compromised by the
growing resistance to various antibiotics [5,6]. To address this
challenge, the World Health Organization advocates for the use
of the typhoid conjugate vaccine (TCV) in children aged 6
months and older [3]. Nevertheless, the implementation of
vaccination programs alone will not be enough to effectively
control and eliminate the transmission of typhoid fever,
particularly in urban slum areas where water, sanitation, and
hygiene (WASH) facilities and practices are inadequate [7].

The primary mode of transmission for Salmonella Typhi is
through the fecal-oral route via consumption of food and water
that has been contaminated [2]. Consequently, inadequate access
to clean water, improved sanitary facilities, appropriate waste
management, and proper hand hygiene practices can contribute
to an increased risk of typhoid fever [7,8]. For instance,
successful elimination of typhoid fever in high-income countries
is primarily attributed to major improvements in WASH
facilities and practices [7,9]. However, substantial WASH
modernization requires major financial, capital, and political
commitment, and continues to be an unmet need in
resource-constrained settings where unsafe drinking water and
lack of sanitary facilities, augmented by unplanned urbanization,
significantly contribute to increased typhoid transmission
[10,11].

The need for multidimensional interventions, which now include
vaccination using available TCVs, to prevent exposure to and
transmission of typhoid fever demands implementation of
feasible approaches to improving WASH, especially within
densely populated urban settings. The emphasis on
implementing practical enhancements in WASH is significant,
yet remains relevant until a comprehensive upgrade of WASH
practices and infrastructure is implemented in settings with high

typhoid burden. Addressing the problem of typhoid fever in
urban slums is particularly important as the highest burden has
been reported in these settings including the occurrence of
enhanced environmental transmission [12,13]. For example, in
urban slums in Bangladesh, a high burden of typhoid fever
(incidence of 200 per 100,000 person years of observation;
PYO) and paratyphoid fever (incidence of 40 per 100,000 PYO)
was reported [14]. The implementation of WASH practices has
the potential to yield critical benefits, including the reduction
of Salmonella Typhi transmission within communities. By
mitigating the prevalence of this bacterium, the burden of
bloodstream infections caused by Salmonella Typhi can be
diminished. As a result, the consumption of antibiotics may be
significantly reduced, contributing to the ongoing battle against
antimicrobial resistance.

Our earlier work demonstrated that existing improvements in
WASH facilities in a Kolkata slum were associated with reduced
risk of typhoid (hazard ratio [HR]=0.57, 95% CI
0.37-0.90; P=.015) [8]. In this work, we developed a decision
tree defining “Good” versus “Not Good” household WASH
using 4 variables: source of drinking water, hand washing with
soap, presence of flush toilet, and source of daily water use.
The decision tree successfully discriminated between households
at higher versus lower risk of typhoid (area under the curve
[AUC] of 58%, 95% CI 54-61; sensitivity of 90.4%, 95% CI
84.2-94.8; and specificity of 19.8%, 95.5 CI 19.3-20.3). Notably,
though, the data used for this analysis were accrued more than
20 years ago, possibly limiting their generalizability to
circumstances in impoverished urban slums with endemic
typhoid today.

Here we investigate whether existing improvements in WASH
in a contemporary slum in Dhaka were also associated with a
reduced risk of typhoid. We reexamined the hypothesis that
variations in household WASH already present in urban slums
can successfully predict the risk of typhoid fever. We test this
hypothesis using the data from prospective, population-based,
surveillance for typhoid fever in the control clusters of a cluster
randomized trial of TCV recently completed in urban slums of
Mirpur, Dhaka, Bangladesh [15].
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Methods

Cluster Randomized Trial on the Vi-Tetanus Toxoid
Vaccine
A cluster randomized trial (CRT) was conducted between May
2018 and March 2020 with the aim to evaluate the protection,
including herd protection, conferred by Vi-tetanus toxoid
conjugate vaccine (Vi-TT, Typbar-TCV, Bharat Biotech
International Limited) when administered in a mass vaccination
campaign. This participant- and observer-blinded CRT included
children 9 months to <16 years within a censused total
population of 205,760, where 150 clusters were randomized to
receive Vi-TT or Japanese encephalitis (JE) vaccines (control
clusters) in a 1:1 ratio. These clusters were approximately of
comparable geographic size with mean area of 0.02 (SD 0.01)

km2 and included contiguous households with approximately
equal total populations separated by natural borders wherever
possible [7]. Age-eligible, nonpregnant residents who provided
informed consent received a single dose of the assigned vaccine.
The CRT was implemented in the Mirpur area in Bangladesh
located in the north-east of Dhaka city. Mirpur is a densely

populated settlement with a total surface area of 58.66 km2 and
approximately 3.5 million residents, serving as a field study site
since 1987.

A baseline census was performed between February 14 and
March 25, 2018, to enumerate the entire population in this
study’s area, except nonpermanent residents and individuals
who planned to move out within a month. During the census,
individual- and household-level socioeconomic and demographic
data, details on water-sanitation-hygiene facilities and practices,
and geo-positioning coordinates of each household were
collected after obtaining informed consent. A “household” was
defined as persons sharing the same cooking pot. The census
was subsequently updated at approximately 6-month intervals
to capture all births, deaths, and migrations. At each census, 13
nonbinary variables characterizing household WASH were
collected. Because there were no significant differences between
the household WASH status at first census and the subsequent
updates by household, WASH characteristics at first census
participation were used for this analysis. Accordingly, WASH
variables collected during the baseline census were used to
characterize household WASH status for individuals present in
this study’s area during the baseline census; the date of
participation in the baseline census was taken as the start date
of follow-up. For individuals who moved into the clusters after
the baseline census and for births, the WASH variables collected
during the first census update after the onset of their first
participation were used to characterize household WASH status.
The date of migration in and the date of birth were considered
as the starting date of follow-up of these participants.

Typhoid Fever Surveillance
Surveillance for typhoid fever started on February 26, 2018, in
all age groups using a common protocol across all 8 clinical
facilities (Mirpur Field Clinic; Suhrawardy Hospital; Radda
Barnen; Adhunik Hospital; Shishu hospital; Kurmitola General
Hospital; Kingston Hospital; Islami Bank Hospital) serving this
study’s population. Biweekly home visits of the entire

population were performed by community health workers to
promote care seeking of all household members for febrile
illnesses at one of this study’s facilities. Blood samples for
microbiological culture (3 mL for ≤17 years, and 5 mL for >17
years old) were collected for individuals presenting with history
of fever ≥2 days or with axillary temperature of ≥38 °C, and
clinical findings were systematically recorded by a study
physician. Identity cards distributed during the censuses enabled
identification of participants when presenting for febrile illness
related care and treatment. For individuals not having the
identification cards, computerized censuses on electronic tablets
available at each study site were used to confirm identity. Blood
specimens for culture were obtained and transported on the
same day of collection to laboratories at the icddr,b. Blood
cultures were monitored in an automated BacT/ALERT system,
and subculturing was done on MacConkey, chocolate, and blood
agar plates following a positive signal by the machine. Colony
morphology, microscopic examination of Gram stain,
biochemical tests, and slide agglutination tests were used for
identification of Salmonella isolates. Salmonella-specific
antisera including polyvalent O and O1, serogroup “O”
Salmonella antigens [D], and flagellar “H” antigens [d] (Denka
Sieken) were used for agglutination [16,17]. Treatment for
patients with typhoid fever was based on the physicians’
discretion, guided by antimicrobial susceptibility results. A
single febrile episode was considered for febrile visits with the
onset of fever ≤14 days after discharge for a previous febrile
visit. A home visit was performed within 14 days of discharge
for all participants with positive blood cultures to confirm that
the person whose name was given on the day of presentation
to the treatment center had indeed sought treatment on that date.
A typhoid fever episode was defined as a febrile episode with
a confirmed identity during which at least 1 blood culture
yielded S enterica serotype Typhi (Salmonella Typhi).

Variable Selection to Define “Better” Versus “Not
Better” WASH
As a first step, we partitioned each WASH variable collected
during the censuses into a binary variable defining “Better”
versus “Not Better” household WASH. The variables were
partitioned based on substantive judgment aligned with the local
context, and without prior knowledge of the typhoid incidence
rates in participants with different categories of these variables.
We then divided the households of total population in the JE
clusters (75 clusters) at random into 2 mutually exclusive
subpopulations: 98,087 (60%) of households constituting a
“training” subpopulation and the other 65,286 (40%) a
“validation” subpopulation. Variables associated with typhoid
risk in bivariate Cox regression models at P≤.20 in the training
subpopulation were selected for model development. Inclusion
of all 13 WASH variables regardless of associations of the
individual variables with the risk of typhoid, did not reveal any
improvement in model performance. Proportionality
assumptions for each variable were confirmed before inclusion
in the bivariate models.
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Development of the WASH Decision Tree to Predict
Typhoid in the Training Subpopulation
As described elsewhere, we developed a composite WASH
variable based on the selected candidate WASH variables to
predict typhoid risk using a recursive partitioning-based
algorithm in the training subpopulation [8,18]. In brief, we
developed a binary WASH rule that predicts typhoid fever risk
using individual WASH variables that were individually
associated with the risk of typhoid fever and then conjoined as
specified by the decision tree. Ultimately, the decision tree
represents a composite WASH rule based on a combination of
these WASH variables (Better versus Not Better WASH)
predicting a classification of no typhoid versus typhoid,
respectively. The decision tree then yielded several terminal
nodes predictive of “higher” or “lower” risk of typhoid fever,
which then served as alternative cutoffs used to create a
dichotomous composite rule for “higher” or “lower” risk of
typhoid, using the Youden index [12]. The WASH features in
the decision tree predictive of “higher” risk of typhoid in this
dichotomous typhoid variable then defined “Not Better” WASH
and the features predictive of “lower” risk of typhoid in the
dichotomous variable defined “Better” WASH.

The prediction rule was designed to discriminate the risk of
typhoid fever in a dynamic population over the 2-year period
of postvaccination follow-up in the trial. The algorithm was
first evaluated in the training subpopulation assuming 1:1 ratio
for a default loss of function of the cost of false positive and
false negative classifications, with at least 300 observations at
each terminal node. Subsequently, the algorithm was cross
validated with estimation of the cross-validation error in 1 of
10 randomly assembled partitions of the training subpopulation.
The 10-fold cross-validation technique was employed with the
“rpart” package in the R software (R Foundation for Statistical
Computing). We first constructed a tree using the training data,
including terminal nodes. Then, we pruned the tree to obtain
the smallest tree with the lowest misclassification error. The
minimal complexity parameter was used to prune the model in
finding the optimal prediction rule providing the minimum error
with at least 2 terminal nodes in the tree. A receiver operating
characteristic (ROC) curve was used to define the AUC for
different cutoffs for dichotomizing the predictive rule, with the
optimal cutoff for typhoid prediction selected as that which
maximized the Youden Index, which includes sensitivity plus
specificity, in relation to the proportion of participants in the
terminal nodes developing typhoid fever [19].

Evaluation of the Composite WASH Variable in a
Validation Subpopulation and Prediction of Typhoid
Risk in the Total Population
To evaluate reproducibility of sensitivity and specificity of the
composite WASH variable developed in the training
subpopulation, we tested the variable in a distinct validation
subpopulation. After ascertaining concordance of sensitivity
(the proportion of participants developing typhoid fever who
lived in households with “Not Better” WASH) and specificity
(the proportion of participants not developing typhoid fever
who lived in households with “Better” WASH) in predicting
typhoid risk between the training and validation subpopulations,

we then evaluated the ability of the variable to predict typhoid
risk in the total population in the JE clusters.

Data Analysis
We constructed Cox proportional hazard regression models to
evaluate the association between household WASH status and
risk of typhoid in household inhabitants as a function of time
to the first typhoid episode. Follow-up of persons in the baseline
census began at the time of the census, and follow-up of those
entering later as births or in-migrants began on the date of entry
into the population. Follow-up was right censored by death,
outmigration, and the end of this study. Before inclusion in the
models, proportionality assumptions for all independent
variables were assessed by a bivariate Cox model. The models
were adjusted for randomization stratifying variables including
geographic ward, longer than median distance to this study’s
clinics, and number of eligible children residing in each cluster
at baseline. As well, other baseline covariates, including age in
years, number of participants in clusters, religion (Muslim), and
monthly household expenditure (in Bangladeshi taka), were
fitted as independent variables if they were associated with the
hazard of typhoid in bivariate Cox models at P<.15. The average
expenditure of households in a cluster was used as the monthly
expenditure of households with unspecified monthly
expenditure. The model coefficient for living in a “Better”
WASH household was exponentiated to estimate the HR of
typhoid fever, and the 95% CI for the HR was estimated using
a robust sandwich method to adjust for the design effect of the
clusters. Protection by Better WASH against typhoid fever was
assessed as [(1 – HR) × 100%)] with corresponding 95% interval
limits for percentage protection. We also used Cox models to
evaluate the protective association between the cluster
prevalence of “Better” WASH households and the risk of
typhoid in the total population during the follow-up period. The
“Better” WASH cluster prevalence during the 2 years follow-up
was calculated as the proportion of PYO contributed by
members of households with “Better” WASH in the cluster
divided by the total PYO for members of all households in the
same cluster. We also assessed the protective association
between increasing levels of “Better” WASH cluster prevalence,
expressed in Cox models dimensionally, and the risk of typhoid
after adjustment for the above-mentioned covariates. In these
models, “Better” WASH coverage of the cluster was assigned
as the “Better” WASH coverage datapoint for each resident in
the respective cluster.

The analysis was performed using the rpart package for decision
tree modelling, rpart.plot package for tree plotting, pROC
package for the ROC curve, survival package for the Cox model,
and dplyr package for data management under R Studio
analytical software (R Foundation for Statistical Computing)
[20-22]. The presence of collinearity in the multivariate models
was assessed by inspection of variance inflation factors, with
high variance inflation factors indicative of collinearity. For all
the statistical analyses, a P<.05 (2-tailed) was taken as the
margin of statistical significance.

Ethical Considerations
The trial has received ethical approval from the Research and
Ethical Review Committees of icddr,b (PR-17115), as well as
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the institutional review boards of Oxford University and the
University of Maryland. Informed written consent from all
participants was obtained, with parental or guardian consent for
those younger than the age of 16 years, and assent from
participants aged 11 years to younger than 16 years. The trial
was monitored by a local Data and Safety Monitoring Board
established by icddr,b, as well as an international Data and
Safety Monitoring Board established by the University of
Maryland. This study’s data are anonymous and were securely
stored in access-controlled cabinets. The trial has been registered
in the ISRCTN Registry under the identifier ISRCTN11643110.

Results

Assembly and Characteristics of Training and
Validation Subpopulations
A total of 103,064 individuals living in 25,478 households
within the control clusters for the trial were enumerated during

the baseline census. In these households, 51,211 (49.7%)
individuals were men, and the mean age was 26.8 (SD 17.3)
years. During the 2 years of follow-up, 57,091 persons migrated
into this study’s area, 3218 were born, and 43,034 migrated out
of this study’s area or died, making the population residing in
the JE clusters at the last census 120,339 persons, and the
population ever followed in these clusters during the 2 years
163,373 persons (Figure 1). The training subpopulation
comprised 98,087 individuals with a mean age 25.9 (SD 17.3)
years, while the validation subpopulation included 65,286
individuals with a mean age 25.9 (SD 17.3) years (Table 1).
Men were 48,638 (49.6%) in the training subpopulation and
32,496 (49.8%) in the validation subpopulation. During the
2-years of follow-up, a total of 435 first episodes of typhoid
cases were detected, yielding an incidence of 209/100,000 PYO
in the total population residing in the control clusters. The
numbers of typhoid cases in the training and validation
subpopulations were 260 and 175, respectively.

Figure 1. CONSORT (Consolidated Standards of Reporting Trials) diagram of population dynamics during April 15, 2018, and March 15, 2020. JE:
Japanese encephalitis; N: number; S Typhi: Salmonella enterica serovar Typhi.
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Table 1. Baseline characteristics of the total, training, and validation populations in the control clusters of the Vi-TTa cluster randomized trial, Dhaka,
Bangladesh.

Validation setTraining setFull setCharacteristics

25.9 (17.3)25.9 (17.3)25.9 (17.3)Age (years), mean (SD)

32,496 (49.8)48,638 (49.6)81,134 (49.7)Gender: men, n (%)

64,587 (98.9)97,004 (98.9)161,591 (98.9)Religion: Muslim, n (%)

17,454.6 (10,670.3)17,397.5 (7793)17,420.3 (9053.2)Monthly expenditure (BDTb)c, mean (SD)

27683 (42.4)41155 (42)68838 (42.1)Toilet facility: private, n (%)

3187 (4.9)4617 (4.7)7804 (4.8)Adult toilet: flush toilet, n (%)

420 (0.6)580 (0.6)1000 (0.6)Child toilet: flush toilet, n (%)

25,409 (38.9)37,854 (38.6)63,263 (38.7)Source of drinking water: private tap, well, or pump; water vendor, n (%)

48,731 (74.6)73,527 (75)122,258 (74.8)Treated drinking water, n (%)

175 (0.3)300 (0.3)475 (0.3)Treated cleaning water, n (%)

48,576 (74.4)73,019 (74.4)121,595 (74.4)WASHd before meals, n (%)

63,692 (97.6)95,698 (97.6)159,390 (97.6)Hand wash after defecation, n (%)

63,577 (97.4)95,616 (97.5)159,193 (97.5)Handwashing water available in HHe, n (%)

64,458 (98.7)96,985 (98.9)161,443 (98.8)Handwashing soap available in HH, n (%)

62,052 (95)93,406 (95.2)155,458 (95.2)Waste disposal place: fixed disposal, n (%)

43,357 (66.4)64,772 (66)108,129 (66.2)Distance to drinking water source: shorter than median distance, n (%)

7643 (11.7)11,628 (11.9)19,271 (11.8)Water filter available in HH, n (%)

aVi-TT: Vi-tetanus toxoid.
bBDT: Bangladeshi taka; currency conversion rate: US $1 = BDT 110.48
cIn total, 75 households had missing household expenditures, which were then substituted with the average household expenditure.
dWASH: waster, sanitation, and hygiene.
eHH: household.

Model Development, Training, and Validation
In the training subpopulation, having a private toilet (HR 0.57,
95% CI 0.43-0.77; P<.001); a safe source of drinking water,
defined as a private tap, private well, bottled water, or water
vendor (HR 0.65, 95% CI 0.49-0.87; P=.003); and availability

of a water filter in the household during observation (HR 0.73,
95% CI 0.45-1.18; P=.20) were associated with typhoid risk
among members of the household (Table 2). These 3 variables
were used to build a binary composite prediction rule defining
“Better” versus “Not Better” household WASH using the
recursive partitioning algorithm (Figure 2).
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Table 2. Bivariate associations of binary WASHa variables with typhoid risk in the training subpopulation of the control clusters of the Vi-TTb cluster
randomized trial, Dhaka, Bangladesh.

Hazard ratio (HRc)dNoYesVariables

P valuegHR
(95%

CI)g

IR/100,000
PY

PYCasesnIRf/100,000 PYPYeCasesn

<.0010.57
(0.43-
0.77)

25867,38117456,93214957,7188641,155Toilet facility: pri-
vate

.911.07
(0.35-
3.30)

20911,887624993,4701776223114617Adult toilet: flush
toilet

.481.65
(0.41-
6.69)

207124,35025897,5072677492580Child toilet: flush
toilet

.0030.65
(0.49-
0.87)

24472,88217860,23315752,2168237,854Source of drinking
water: private tap,
well, or pump; wa-
ter vendor

.570.91
(0.65-
1.27)

23532,7487724,56019892,35018373,527Treated drinking
water

.891.13
(0.22-
5.78)

208124,67825997,7872384201300Treated cleaning
water

.331.15
(0.87-
1.52)

21232,5146925,06820692,58419173,019Hand wash before
meals

.470.82
(0.48-
1.40)

295305192389206122,04825195,698Hand wash after
defecation

.910.94
(0.33-
2.70)

272331292424206121,73625195,616Handwashing wa-
ter available in

HHh

.5371.3
(0.56-
3.03)

199150831102208123,59025796,985Handwashing soap
available in HH

.370.77
(0.43-
1.37)

3176309204681202118,78924093,406Waste disposal
place: fixed dispos-
al

.461.11
(0.85-
1.45)

20341,9238533,31521083,17517564,772Distance to drink-
ing water source:
shorter than medi-
an distance

.200.73
(0.45-
1.18)

216109,13223686,45915015,9662411,628Water filter avail-
able in HH

aWASH: water, sanitation, and hygiene.
bVi-TT: Vi-tetanus toxoid.
cHR: hazard ratio.
dEstimated from extended Cox proportional hazards model.
ePY: person years.
fIR: incidence rate.
gCalculated using robust SE assuming risk of typhoid is correlated within clusters.
hHH: household.
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Figure 2. Decision tree defining “Better” and “Not Better” household WASH using 3 binary WASH variables collected at first census. The figures
within the parentheses in the final boxes of the decision tree indicate the proportion of individuals who tested positive for typhoid fever. Out of 40,329
households, 18 (0.0446%) experienced 2 typhoid episodes. Among these, 13 out of 28,230 (0.046%) were from households categorized as Not Better
WASH, while 5 out of 12,099 (0.0413%) were from households categorized as Better WASH. WASH: water, sanitation, and hygiene.

Performance of the Composite WASH Variable
Predicting Typhoid Fever
The decision tree is shown in Figure 2. The dominant bifurcation
for the prediction of typhoid in the tree was having a private
toilet. In the training subpopulation, an optimal cutoff value of
0.0025 maximized the Youden index using the ROC curve, with
an AUC of 56% (95% CI 53-59; Figure 3). With this threshold,

the rule had a sensitivity of 74.6% (95% CI 68.9-80.0) and
specificity of 34.7% (95% CI 34.4-35.0). Applying this rule to
the validation subpopulation yielded comparable characteristics
to those observed in the training subpopulation with a sensitivity
and specificity of 74.9% (95% CI 67.8-81.1) and 35.2% (95%
CI 34.9-35.6), respectively. The positive and negative predictive
values were 0.3% (95% CI 0.26-0.35) and 99.8% (95% CI
99.7-99.9), respectively.

Figure 3. Receiver operator characteristic curve used to define the best cut off value to classify households as having “Better” versus “Not Better”
WASH. AUC=56% (95% CI 53-59); best cutoff using the Youden index is 0.0025. AUC: area under the receiver operator characteristic curve; FPR:
false positive rate; ROC: receiver operator characteristic; TPR, true positive rate; WASH: water, sanitation, and hygiene.

Prediction of Typhoid Incidence by Household WASH
Status in the Total Population
We next applied the WASH prediction rule to the overall
population residing in the control clusters to predict typhoid
risk. The incidence of typhoid fever in all age groups living in

“Better” WASH households was 139/100,000 PYO compared
to 252/100,000 PYO in those living in “Not Better” WASH
households, a reduction in typhoid risk of 38% (95% CI 22-51;
P<.001) after adjusting for covariates. The reduction in typhoid
risk was largely attributed to the protection associated with
living in “Better” WASH households among children <10 years
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old (adjusted hazard ratio [aHR] 0.49, 95% CI 0.36-0.66;
P<.001). Protective associations were aHR 0.35 (95% CI
0.20-0.61; P<.001) in children 2-4 years old, and aHR 0.58
(95% CI 0.36-0.92; P=.02) in 5-9 years old (Table 3 and Figure
S1 in Multimedia Appendix 1).

The level of “Better” WASH cluster prevalence appeared
inversely related to the log incidence of typhoid (Figure 4).
However, the association between an increasing prevalence of
“Better” WASH households in a cluster and typhoid risk was

not significant in the adjusted multivariable model (aHR 0.996;
95% CI 0.986-1.006; P=.39) for each percent increase in the
prevalence of “Better WASH” households in the cluster. The
linear “Better” WASH cluster prevalence exhibited collinearity
with household WASH status in the multivariable model, which
precluded simultaneous estimation of the protective effects
associated with living in “Better” WASH households and those
associated with living in clusters with increasing prevalence of
“Better” WASH households.

Table 3. Individual-level protection against typhoid associated with “Better” household WASHa in the total population residing in the control clusters

of the Vi-TTb cluster randomized trial, Dhaka, Bangladesh, stratified by age at onset of follow-up.

Hazard ratio (HRc)d“Not Better” WASH“Better” WASHYears

P valuehAdjusted

HRh,i
P valuehCrude HRhIR/100,000

PY
PYCasesNIRg/100,000

PY
PYfCasesne

<.0010.62 (0.49-
0.78)

<.0010.56
(0.44,0.71)

252129,088325106,40413979,32611056,969All

.210.65 (0.32-
1.28)

.080.54
(0.28,1.06)

62472114569793353883133356<2 years

<.0010.35 (0.20-
0.61)

<.0010.35
(0.22,0.57)

1174791993643840744241831312-4 years

.020.58 (0.36-
0.92)

.030.57
(0.35,0.94)

66712,58684981936770862648945-9 years

.770.92 (0.53-
1.59)

.660.88
(0.5,1.56)

31312,123389265275727820499710-14
years

.310.79 (0.50-
1.24)

.250.76
(0.48,1.21)

7389,2506573,9035856,6553340,591>15 years

aWASH: water, sanitation, and hygiene.
bVi-TT: Vi-tetanus toxoid.
cHR: hazard ratio.
dHazard ratios are estimated from extended Cox proportional hazards model.
en: number; 100K: 100,000.
fPY: person years.
gIR: incidence rate.
hP values and CI are calculated using robust SE assuming risk of typhoid is correlated within clusters.
iHazard ratio adjusted for the stratifying variables for randomization, including geographic ward, longer distance to study clinics than median distance,
number of eligible children at baseline, and other baseline covariates age, Muslim religion; total monthly income; number of participants in a cluster.
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Figure 4. Increasing levels of “Better” WASH cluster prevalence and the risk of typhoid in the total population residing in the control clusters of the
Vi-TT cluster randomized trial. Out of 40,329 households, 28,230 (70%) were categorized as “Not Better” WASH households, and the remaining 12,099
(30%) fell under the “Better” WASH category. PY: person years; Vi-TT: Vi-tetanus toxoid; WASH: water, sanitation, and hygiene.

Discussion

We developed a composite WASH variable for a poor urban
population in Dhaka using a machine learning approach, where
3 binary WASH variables associated with typhoid risk were
combined to discriminate “Better” versus “Not Better”
household WASH status. The variable predicted the risk of
typhoid fever after adjusting for confounding variables including
household socioeconomic status, with individuals in households
with “Better” WASH having a 38% lower risk of typhoid than
those in households with “Not Better” WASH, a reduction in
risk that appeared primarily attributable to reduced risk in
children younger than the age of 10 years. The higher risk
reduction in the younger age group with improved WASH
practices can be potentially explained by the elevated incidence
of typhoid among this demographic [23,24]. Further, there may
be other behavioral disparities between adults and children,
such as children primarily staying at home and adults being
more frequently outdoors for work-related activities, which
could contribute to this discrepancy.

The WASH variables defining the composite household WASH
rule in this analysis are somewhat different from those found
to predict the risk of typhoid in an earlier analysis in Kolkata
[8], except for quality of drinking water, which contributed to
the definition of the composite WASH variable in both analyses.
These differences are, however, anticipated owing to the
differences between the 2 settings including sociocultural
characteristics, data collection time, and the different data
instruments used for characterizing WASH in the 2 studies.
Furthermore, both studies were primarily designed to evaluate
typhoid vaccine protection, and neither study attempted in-depth
characterization of WASH with the data collection instruments,
so component criteria of the composite variables are very likely

to be markers of WASH facilities and practices, rather than the
specific facilities and practices per se that account for a reduced
risk of typhoid. However, associations with typhoid in both
settings were independent of socioeconomic status, underscoring
that it was likely that better WASH rather than greater affluence
was responsible for the protective associations with typhoid.

Some limitations should be noted while interpreting the results.
First, as noted earlier, we used WASH variables collected as
part of the randomized clinical trial of vaccines and were not
ascertained for determination of the balance of the randomized
intervention arms rather than as in a specific study of WASH.
Second, our initial dichotomization of WASH variables in the
population was based on perceived clinical and public health
significance, although such judgements were made without
knowledge of typhoid outcomes. Third, our creation of a
composite WASH variable for households in a dichotomous
fashion was done to create a simplified assessment of household
level WASH and cluster prevalence of “Better” WASH, but
this could have led to a potential loss of information on certain
WASH variables, which might make our analysis conservative.
An additional factor potentially influencing data validity is the
Hawthorne effect, arising from alterations in observed behaviors.

Despite these limitations, our analysis has several strengths.
First, typhoid incidence data used in this analysis were collected
using a prospective cohort with comprehensive surveillance of
typhoid fever with repeated censuses and WASH assessments
that allowed analysis of a dynamic cohort in a highly mobile
population. The intensified community engagement and
proactive house-to-house visits by community health workers
have played a role in ensuring that the proportion of participants
across all age groups who refrained from seeking care for febrile
episodes did not result in notable variations in care-seeking
practices. Second, the detailed demarcation of the clusters using
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natural structures, when possible, enabled unambiguous
estimates of the “Better” WASH coverage in the clusters [6].
Third, external validation of the WASH prediction rule using
a separate validation subpopulation revealed similar levels of
sensitivity and specificity, suggesting that the prediction of
typhoid by the composite variable was not exaggerated by
overfitting the rule to the data used for derivation.

Simplified prediction rules, like the one presented in our study,
offer great potential for various stakeholders involved in
combating typhoid fever, including public health decision
makers, researchers, and clinicians. These rules highlight the
effectiveness of existing WASH adaptations, which can be
implemented by most urban slum households to reduce
susceptibility to typhoid in such environments. They can also
be used to guide vaccine roll-out in high-risk populations and
for community engagement initiatives aimed at increasing
awareness of typhoid risk. Since the WASH data was collected
from a diverse urban slum in Dhaka, the results can be
extrapolated to other slums in Dhaka and similar regions with
high typhoid burdens. Although further investigation is needed
to address implementation barriers of “Better” WASH

parameters, well-designed risk communication strategies can
facilitate the adoption of such adaptations [25]. While not
directly related to the clinical diagnosis and treatment of
individual typhoid cases, WASH interventions play a crucial
role in the broader strategy by potentially reducing antibiotic
resistance. By decreasing antibiotic usage, these interventions
contribute to preserving the efficacy of antibiotics, thus
expanding the range of treatment options available for
combating typhoid fever.

In conclusion, our findings suggest that improvements in WASH
that already exist in this slum population without specific
external intervention are associated with a reduced risk of
typhoid and lend optimism to the notion that simple and
inexpensive improvements of WASH to protect against typhoid
are possible. Research to develop and evaluate such
interventions should be pursued. As well, it will be important
to assess how better existing WASH interacted with and perhaps
modified protection by Vi-TT typhoid vaccine tested in this
CRT. We are carrying out these analyses and will report them
in future publications.
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Abstract

Background: Improving the rural residents’ accessibility to and affordability of health care is recognized as a common target
globally. The Health in All Policies approach, from the Declaration of Helsinki to the United Nations’Decade Of Healthy Ageing,
strengthened the far-reaching effect of large-scale public policies on health care–seeking behavior; however, the effects of national
transport policy on health care–seeking behavior is unclear.

Objective: This quasi-experimental study aimed to examine the effects of the implementation of transport-driven poverty
alleviation (TPA) policy on health care–seeking behavior and medical expenditure among older adults in rural areas and the
mechanism underlying these effects.

Methods: We designed a quasi-experiment to estimate the effects of TPA policy implementation on health care–seeking behavior
and medical expenditure among older adults in rural areas through a difference-in-differences (DID) analysis based on data from
the China Health and Retirement Longitudinal Study in 2011, 2013, 2015, and 2018. The underlying mechanism was analyzed
and effect modification patterns were further investigated by poor households, health status, and age.

Results: Our findings validated a positive contribution of TPA policy on health care–seeking behavior among older adults in
rural areas. After the implementation of TPA policy, the number of inpatient visits increased by annually 0.35 times per person,
outpatient medical expenditure increased by 192% per month, and inpatient medical expenditure increased by 57% annually
compared with those of older adults in rural areas without the implementation of TPA policy. Further, there was a significant
modification effect, with a positive effect among poor households, healthier older adults, and those aged 60-80 years. Additionally,
the policy improved the patients’ capabilities to seek long-distance care (β=23.16, 95% CI –0.99 to 45.31) and high-level hospitals
(β=.08, 95% CI –0.02 to 0.13), and increased individual income to acquire more medical services (β=4.57, 95% CI –4.46 to
4.68).

Conclusions: These findings validate the positive contribution of TPA policy on health care–seeking behavior among older
adults in rural areas; however, the medical expenditure incurred was also high. Concerted efforts are needed to address health
care–seeking dilemmas in rural areas, and attention must be paid to curbing medical expenditure growth for older adults in rural
areas during TPA policy implementation.
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Introduction

Poor health care access and high medical expenditure in rural
areas are major causes of inequalities and global health burden
[1]. Growing inequalities between rural and urban areas in health
care use and health outcomes have been reported in
globally—for example, rural residents who make up about 80%
of the population of 1.4 billion individuals enjoyed about 20%
of the national health resources in China—and high-level
hospitals are scarce in rural areas [2,3]. Improving the rural
residents’ accessibility to and affordability of health care is
recognized as a common target in both high-income and
transitional counties [4].

It was a milestone that the Health in All Policies (HiAP)
approach proposed by the Declaration of Helsinki placed
emphasis on social determinants of health, in which transport
was recognized as a determinant in health care–seeking behavior
by influencing geographic accessibility and spatial behavior
[5]. Previous studies paid substantial attention to emergency
medical transportation services and road traffic mortality [6,7].

Andersen’s health behavior model pointed out that the use of
medical services was affected by individual predisposing
characteristics, enabling resources, and needs [8]. Arcury et al
[5] further added geographic accessibility and spatial behavior
in the health behavior model, including distance, transportation
availability, and activity space. The distance decay effect
showed that the interaction between the 2 sites decreased with
an increase in the distance between them, and this effect of
distance was also observed on the use of medical services [9].
Zielinski et al [10] found that patients living further than 40 km
of a hospital had lower use of secondary health care services
based on the data from the Care Data Warehouse in
Östergötland, Sweden [10]. From the perspective of
transportation availability, Arcury et al [5], using survey data
from a sample of 1059 households located in 12 western North
Carolina counties, found that those who had a driver’s license
had 2.29-fold more health care visits for chronic care and
1.92-fold more visits for regular checkup care than those without
a driver’s license [11]. In terms of activity space, the
development of transportation expanded the scope of residents’
activities and facilitated access to remote medical services. Liu
et al [12] found that after the opening of high-speed railway,
Chinese patients were more likely to go to areas with a high
density of health care resources. Rural residents were willing
to travel long distances to receive quality services, which was
not available locally or when their primary care facilities were
located in urban centers [13].

Poor transport infrastructure contributes profoundly to poverty
and economic burdens. Taking into account the needs of
transport infrastructure in impoverished areas, the Ministry of
Transport of China issued the “13th Five-Year Plan for

Transport Poverty Alleviation” (hereinafter called “The Plan”),
which is committed to strengthening the transport infrastructure
in impoverished areas in 26 provinces of China [14]. The Plan
aimed to further improve the construction of transport
infrastructure in impoverished areas, enhance the capacity and
level of transport services, and strengthen the capacity for
transport safety and security, with a view to comprehensively
resolve the backwardness of transport infrastructure in
impoverished areas by 2020. A detailed description of the
Transport-driven Poverty Alleviation (TPA) policy is showed
in Multimedia Appendix 1.

Better transport has been associated with low transport costs
and individual income growth, which are key factors affecting
health care–seeking behavior. On the one hand, better transport
mitigated the distance decay effect in medical service usage.
Time, money, and energy spent for seeking medical treatment
were regarded in determining the transport cost, and increased
the price of medical services [15]. Alam et al [16] found that
transport costs were an important part of medical expenditures
by comparing different access to health services during
pregnancy, delivery, and the postpartum period among women.
In addition to direct economic costs, long-distance travel led to
greater pain and discomfort and unexpected physical costs [17].
For example, when the distance to a hospital increased,
residents’ health care usage significantly decreased, and the
probability of outpatient care also decreased [9]. In contrast,
convenient transport generated many social benefits, including
lesser travel time and medical expenses and high-quality medical
resources.

On the other hand, transport promoted economic development
and increased personal income in rural areas due to the
fundamental role of transport infrastructure. Income growth in
rural areas after the implementation of TPA policy improved
the rural residents’ ability to receive health care services, such
as higher-income groups in China having a better health status
and using more health care services [18].

In summary, high-credibility empirical evidence is needed
urgently to implement the HiAP approach to achieve Millennium
Development Goals, even though few studies have verified the
relationship between transport and health care–seeking behavior.
TPA policy was implemented in China, where the fight against
poverty made a comprehensive success with 98.99 million poor
households, 832 poor counties, and 128,000 poor villages being
lifted out of poverty. This study aimed to explore the effect of
TPA policy on health care–seeking behavior and medical
expenditure among older adults in rural areas by using data
from the China Health and Retirement Longitudinal Study
(CHARLS).

JMIR Public Health Surveill 2023 | vol. 9 | e49603 | p.2002https://publichealth.jmir.org/2023/1/e49603
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.2196/49603
http://www.w3.org/Style/XSL
http://www.renderx.com/


Methods

Study Design
This is a quasi-experimental design study, and the policy’s effect
was examined using a difference-in-differences (DID) method
with the 2011 and 2018 CHARLS panel data. Differences in
health care–seeking behavior and medical expenditure before
and after TPA policy implementation were analyzed.

Participants
For randomization, participants aged 45 years and older were
selected randomly from 28 provinces, 150 counties, 450
communities (villages), and 12,400 households. Within each
selected household, one resident aged 45 years or older was
selected randomly for the sample and their spouse was
automatically included. If nobody aged 45 years or older lived
in the selected household, the household was skipped.
Participants aged 60 years and older or those who had all
variables in our study based on the 4 waves of the CHARLS
were included.

Intervention and Control Groups
The intervention was the TPA policy implemented in 2016 [14],
which was measured by a dummy variable indicating whether
the TPA policy is implemented or not and rural road mileages.
The treatment group comprised participants in provinces covered
by the policy, such as Yunnan and Xinjiang Provinces, and the
control group comprised participants in provinces not covered
by the policy, such as Shandong Province (details of the national
policy are shown in Multimedia Appendix 1).

Outcomes
The primary outcomes were health care–seeking behaviors and
medical expenditure. Health care–seeking behaviors included
the number of outpatient visits in last month and inpatient visits
in the last year. Medical expenditure measures included total
expenditures for outpatient care in the last month and total
expenditures for inpatient care in last year, measured in Chinese
Renminbi (Yuan).

Data Sources
The data were mainly obtained from the 2011, 2013, 2015, and
2018 waves of CHARLS, which is an ongoing prospective

cohort study on the determinants of healthy ageing in members
of the population aged 45 years and older. The CHARLS was
led by the National Development Research Institute of Peking
University and jointly executed by the China Social Sciences
Survey Center of Peking University and the Youth League
Committee of Peking University. Its baseline survey
encompassed 450 villages and communities nationwide, with
a sample size of 17,708 individuals in 10,257 households. The
CHARLS uses a systematic random sampling strategy to select
respondents. First, district and county units are implicitly
stratified by region, rural or urban areas, and gross domestic
product per capita. Based on the probability proportional to
population size, 150 district and county units were randomly
chosen among all county units, and 3 village or community
units were further randomly selected within each county unit.
The team developed a special mapping software to help draw
a sample frame of all households in each unit. Within each
household selected from the mapping frame, 1 resident aged 45
years or older was randomly chosen to be the main respondent,
and this person’s spouse was automatically included in the
sample. To avoid human error and manipulation, each sampling
stage was computerized, and all interviews were conducted
using computer-aided personal interview technology [19]. The
4 waves used the same ascertainment and assessment protocols.
The rural road mileages measuring TPA policy implementation
were obtained from 2011 to 2018 from the China Transport
Statistical Yearbook.

Information collected mainly included basic sociodemographic
status (ie, age, sex, marital status, education, and economic
status), health status (ie, self-reported ability to perform basic
activities of daily living and the number of chronic diseases),
daily behavior habits (ie, smoking and drinking), access to health
care services (ie, distance to outpatient or inpatient care, and
hospital level of outpatient or inpatient care), health
care–seeking behavior (ie, outpatient and inpatient visits), and
medical expenditure (ie, outpatient or inpatient expenditure).

The basic sociodemographic status, health status, and daily habit
factors were selected as covariates. A detailed definition of
covariates is shown in Table 1.
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Table 1. Characteristics of the participants in the intervention and control groups from 2011 to 2018.

Intervention groupControl groupTotal sampleVariables

68.28 (6.80)68.82 (7.27)68.38 (6.89)Age (years), mean (SD)

2778 (49.65)538 (48.59)3333 (49.71)Sex (male), n (%)

2819 (50.35)570 (51.41)3372 (50.29)Female, n (%)

4545 (81.22)926 (83.60)5475 (81.67)Marital status (married), n (%)

1052 (18.79)182 (16.40)1230 (18.33)Divorced or never married, n (%)

4.21 (4.09)4.01 (4.19)4.18 (4.11)Years of education, mean (SD)

1.20 (1.33)1.03 (1.24)1.17 (1.31)Number of chronic diseases, mean (SD)

Disability status, n (%)

668 (11.95)112 (10.16)780 (11.64)Yes

4929 (88.05)996 (89.83)5925 (88.36)No

Smoking status, n (%)

965 (17.25)176 (15.90)1139 (16.99)Yes

4632 (82.75)932 (84.10)5566 (83.01)No

Drinking status, n (%)

1772 (31.66)379 (34.26)2156 (32.16)Yes

3825 (68.34)729 (65.74)4549 (67.84)No

5.08 (3.39)6.03 (3.53)5.26 (3.44)Economic statusa, mean (SD)

16.11 (112.85)10.68 (31.64)15.31 (104.93)Distance to outpatient care (km), mean (SD)

Hospital level for outpatients, n (%)

4337 (77.50)760 (68.66)5070 (75.62)County

912 (16.31)244 (22.05)1175 (17.53)Prefectural

348 (6.19)104 (9.29)460 (6.85)Provincial

44.42 (187.06)27.18 (54.18)41.85 (173.93)Distance to inpatient care (km), mean (SD)

Hospital level for inpatients, n (%)

4295 (76.75)788 (71.17)5083 (75.82)Country

963 (17.21)229 (20.72)1186 (17.70)Prefectural

339 (6.04)91 (8.11)436 (6.39)Provincial

2.76 (3.51)3.07 (3.85)2.82 (3.58)Individual income (yuan; log-transformed),
mean (SD)

559711086705Observations, n

aLogarithmic value of annual per capita income.

Statistical Analysis

Overview
The effect of TPA policy on health care–seeking behavior,
including outpatient visits (model 1) and inpatient visits (model
3), and medical expenditure, including outpatient expenditure
(model 2) and inpatient expenditure (model 4), were estimated
using 4 DID models [20] in which outpatient and inpatient
expenditure were in logarithmic form.

A binary policy indicator variable treat was used to decide
between intervention and control, and a binary time variable
post was used to decide between pre- and postintervention. The

coefficient of product the terms treat and post was the policy
effect. The specific model was set as follows:

Healthservice_utilizationit = α0 + β1treatit + β2postit
+ β3treat × postit + β4controlit + εit (1)

where treatit is the policy indicator dummy variable, indicating
that the participant is covered by the TPA policy, during period
t (the treatment group), valued at 1, and those not covered by
TPA policy (the control group), valued at 0. postit is a time
dummy variable, and the value is 1 after issuing the TPA policy
(the 2018 wave) and 0 before issuing of the TPA policy (the
2011, 2013, and 2015 waves). treatit ×postit is the product term
of treatit and postit. controlit is a series of control variables, β1,

JMIR Public Health Surveill 2023 | vol. 9 | e49603 | p.2004https://publichealth.jmir.org/2023/1/e49603
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


β2, β3, and β4 are the regression coefficients, where β3 is the
effect of TPA policy, and εit is the random error.

The mechanism underlying the effects of TPA policy
implementation on health care–seeking behavior and medical
expenditure was analyzed using 5 DID models: regression
models to determine the association between traveling distance
to outpatient visits and TPA policy implementation (model 5),
hospital level of outpatient visits and TPA policy
implementation (model 6), traveling distance to inpatient care
and TPA policy implementation (model 7), hospital level of
inpatient visits and TPA policy implementation (model 8), and
individual income and TPA policy implementation (model 9).

Effect Modification Analysis
To explore possible effect modifications by economic status
(ie, poor household: yes vs no), self-reported health status (ie,
healthy and unhealthy), and age (ie, around 60-70, 70-80, and
≥80 years), we performed effect modification analysis stratified
by these potential modifiers (Multimedia Appendix 2).
According to the Andersen’s health behavior model, age was
the individual predisposing characteristic, economic status was
the enabling resource, and health status was the need factor,
which impact health care usage behavior [21,22].

Sensitivity Analyses
First, the independent variable of TPA policy implementation
was replaced by rural road mileage, and the effects of rural road
mileage on health care–seeking behavior and on medical
expenditure were examined by using a fixed-effects model.
Second, the validity of the identification assumption of the DID
model was verified by temporal trends in outpatient visits,
inpatient visits, and expenditure of outpatients and inpatients,
respectively, from 2011 to 2018. Simultaneously, a propensity
score matching method was used to overcome the differences
between the control and intervention groups, and then a
weighted DID estimation was performed after matching to adjust
the sampling. Finally, the dependent variables were replaced
with out-of-pocket medical expenditure to exclude the effect of
health insurance, because out-of-pocket medical expenditure
was not reimbursed by health insurance. Furthermore, the
regression analysis was restricted to older adults without pension
to avoid the estimation bias from pensions. We further
performed a placebo test to best attempt to overcome
interferences from other poverty alleviation policies by adjusting
the policy time to 2015.

Ethical Considerations
The studies involving human participants were reviewed and
approved by the Research Ethics Committees of Peking
University (IRB00001052-11015) [23]. This survey was
anonymous and the answers are protected by privacy laws.
Written informed consent clarifying the study purposes was
obtained from each participant before completing the interview.

Results

In total, 6705 participants (mean age 68.38 years; 3333, 49.71%
male; 5475, 81.67% married) were included. Of them, 5597
(83.48%) and 1108 (16.52%) participants were in intervention
and control groups, respectively. Participants in both groups
had similar covariate distributions.

Their mean number of outpatient and inpatient visits was 2.37
(SD 2.66) and 1.57 (SD 1.34) in 1 month and 1 year,
respectively. The mean log-transformed outpatient and inpatient
expenditures were 5.84 (SD 1.49) and 9.20 (SD 1.28),
respectively. Mean inpatient visits increased from 1.47 (SD
1.11) to 1.61 (SD 1.79) in the control group and from 1.53 (SD
1.24) to 1.70 (SD 1.52) in intervention group. Mean inpatient
expenditure increased from 9.72 (SD 1.14) to 9.82 (SD 1.31)
in the control group and from 8.96 (SD 1.27) to 9.39 (SD 1.23)
in treatment group (Multimedia Appendix 3).

Table 2 shows the effect of TPA policy implementation on
outpatient and inpatient visits of older adults in rural areas with
controlling potential confounders. After the implementation of
TPA policy, the number of inpatient visits increased by 0.35
times annually, the outpatient medical expenditure increased
by 192% per month, and the inpatient medical expenditure
increased by 57% annually among the older adults in rural areas.
Other control variables also influenced health care–seeking
behavior and medical expenditure. Women had higher outpatient
expenditures but lower inpatient visits than men. Higher the
prevalence of chronic diseases among older people, greater the
number of outpatient visits, outpatient expenditures, inpatient
visits, and inpatient expenditures. Similarly, disabled older
adults or those with a better economic status had more outpatient
and inpatient visits. However, older adults who smoked and
drank had lower outpatient expenditures and fewer inpatient
visits.
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Table 2. Regression models to analyze the associations of Transport-driven Policy Alleviation (TPA) policy implementation with health care–seeking
behavior and medical expenditure among older adults from 2011 to 2018. All models have time-fixed effects.

Model 4 (699 observations;

R2=0.075)

Model 3 (2235 observations;

R2=0.024)

Model 2 (5131 observations;

R2=0.233)

Model 1 (2779 observations;

R2=0.007)

Variables

P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)

<.001.57 (0.34 to
0.79)

<.001.35 (0.21 to
0.50)

<.0011.92 (1.58 to
2.26)

.40–.11 (–0.38 to
0.15)

TPA

.20–.01 (–0.03 to
0.01)

.45.003 (–0.01 to
0.01)

.34.01 (–0.01 to
0.03)

.73–.003 (–0.02
to 0.01)

Age

.52–.08 (–0.32 to
0.16)

.05–.18 (–0.34 to
0.03)

<.001.50 (0.20 to
0.80)

.75.04 (–0.22 to
0.31)

Sex (female)

.41.10 (–0.14 to
0.35)

.16–.05 (–0.20 to
0.11)

.87–.03 (–0.32 to
0.27)

.70–.05 (–0.31 to
0.21)

Marital status
(married)

.13.02 (–0.01 to
0.04)

.48.003 (–0.01 to
0.02)

<.001.13 (0.09 to
0.16)

.11–.02 (–0.05 to
0.01)

Years of educa-
tion

.88.004 (–0.06 to
0.07)

.01.07 (0.03 to
0.11)

.60.02 (–0.06 to
0.10)

.03.08 (0.01 to
0.15)

Chronic dis-
eases

<.001.50 (0.26 to
0.75)

.01.14 (–0.01 to
0.30)

.13.26 (–0.07 to
0.58)

.03.34 (0.04 to
0.63)

Disability
(yes)

.30–.21 (–0.60 to
0.18)

.05–.27 (–0.49 to
–0.04)

<.001–.87 (–1.22 to
–0.52)

.95–.01 (–0.34 to
0.32)

Smoking (yes)

.36–.13 (–0.41 to
0.15)

.64–.20 (–0.37 to
–0.03)

.13–.24 (–0.55 to
0.07)

.13–.21 (–0.49 to
0.06)

Drinking (yes)

.34.01 (–0.02 to
0.04)

.67–.002 (–0.02
to 0.02)

.01.05 (0.01 to
0.09)

.61.01 (–0.02 to
0.04)

Economic sta-

tusa

<.0019.15 (7.85 to
10.44)

.061.33 (0.55 to
2.12)

.012.22 (0.73 to
3.72)

<.0012.57 (1.27 to
3.88)

Consb

aLogarithmic value of the annual per capita income.
bCons: constant term.

On sensitivity analyses, first, rural road mileage had a significant
positive effect on the number of inpatient visits (P<.001) and
outpatient expenditure (P<.001) for older adults in rural areas,
which was generally consistent with results shown in Table 2.
Second, Figures 1 and 2 show that outpatient visits, outpatient
expenditure, and inpatient expenditure had a similar temporal
trend between the intervention and control groups, which

verified the validity of the parallel trend assumption. After
matching, there was still a positive effect of TPA policy
implementation on outpatient and inpatient expenditures
(P<.001). Third, the estimates of medical expenditure and the
outcomes among older adults without pension supported the
positive effect of TPA policy implementation on inpatient visits
and medical expenditure (Multimedia Appendix 4).

Figure 1. Parallel trend of older adults’ outpatient (A) and inpatient (B) visit times from 2011 to 2018.
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Figure 2. Parallel trend of the older adults’ outpatient (A) and inpatient (B) expenditures from 2011 to 2018.

The effects of TPA policy on health care–seeking behavior were
also examined and are summarized in Table 3. Models 5-9 show
the effect of TPA policy implementation on travelling distance
and hospital level of outpatient or inpatient visits. TPA policy
implementation significantly increased patients’ traveling
distance to hospitals by 23 km compared to that of patients

without a TPA policy (P=.04). The choice of hospital level was
increased by 0.08 points after TPA policy implementation
(P=.01). Model 9 shows that TPA policy implementation
increased individual incomes of older adults in rural areas by
457% (P<.001).

Table 3. Regression models analyzing the association between Transport-driven Poverty Alleviation (TPA) policy implementation on travelling distance,
hospital level, and individual income among the older adults in rural areas from 2011 to 2018. All models had control variables.

Model 9 (12,600 observa-
tions)

Model 8 (1313 observa-
tions)

Model 7 (1788 observa-
tions)

Model 6 (770 observa-
tions)

Model 5 (1620 observa-
tions)

Variables

P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)

<.0014.57 (4.46
to 4.68)

.01.08 (0.02 to
0.13)

.0423.16 (0.99
to 45.31)

.81–.01 (–0.08
to 0.06)

.189.66 (–4.38
to 23.70)

TPA

<.001–1.20
(–1.77 to
–0.62)

<.0011.45 (1.13
to 1.77)

.008165.16
(43.14 to
287.19)

<.0011.23 (0.86
to 1.60)

.5224.678
(–50.36 to
99.71)

Consa

aCons: constant term.

The potential effect modifications were examined in subgroups
by poor household, self-reported health status, and age and are
summarized in Multimedia Appendix 2. In the overall sample,
after the implementation of TPA policy, the outpatient
expenditure increased by 469% and the inpatient expenditure
increased by 85.9% among poor households. In addition, TPA
policy implementation increased medical expenditures of older
adults with better self-rated health status significantly compared
to the medical expenditures of those with poor health. When
considering differences in age, TPA policy implementation
increased outpatient and inpatient expenditures among
60-80–year-old adults significantly (P<.001).

Discussion

Principal Findings
In this quasi-experimental study of a nationwide sample of older
adults in rural areas, we observed a positive effect of the
implementation of a national transport policy on health
care–seeking behavior. Empirical results show that TPA policy
implementation increased inpatient visits and outpatient and
inpatient expenditures significantly. After conducting sensitivity

analyses, the promoting effect of TPA policy implementation
on inpatient visit times and medical expenditure among older
adults in rural areas was still supported.

With rapid growth of the economy, differences in the usage of
medical services and health inequality between urban and rural
residents in China have been increasingly consequential, and
rural residents have been at a disadvantage [24]. In China, due
to the disparity between urban and rural areas, medical resources
are concentrated in the large urban hospitals, while there are
relatively poor resources in rural health care institutions, such
as rural and community-level hospitals. Rural residents living
in remote areas have faced many limitations when using medical
services due to long distances to hospitals and inconvenient
transport in rural China. Transport barriers in rural areas may
be an important factor affecting medical service usage among
older adults in rural areas [25]. When the distance to hospitals
increased, residents’ use of health care significantly decreased,
and the probability of outpatient care also decreased [26]. Rural
patients were more likely to travel longer distances for access
to high-quality medical resources when there was a lack of such
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resources in their areas of residence; therein, the availability of
transportation played an important role.

Previous studies have reported the positive role of transport in
health care–seeking behavior [11-13,27]. For example, Badji
et al [27] found that when public transport availability was high,
people with disabilities visited their general practitioners on
average 0.5 more times per year without considering the
associated medical expenditure. In particular, it was worth
noting that TPA policy implementation also increased high-level
health care usage, such as inpatient visits in high-level hospitals,
which was consistent with Liu et al’s [12] findings that 6.9%
of outpatients in the Sichuan province of China were transferred
to high-level medical institutions via high-speed rail.
Nevertheless, our conclusions were of more universal
significance because of a nation-level data analysis and paying
attention to medical expenditure in rural areas [11-13,27]. TPA
policy implementation not only improved the accessibility of
older adults in rural areas to acquire medical services, including
travelling longer distances and going to higher-level hospitals
for inpatient visits, but also incurred greater medical expenditure
along with more inpatient visits, which was in line with the fact
that rural patients’preferences for high-level hospitals and them
increasingly choosing to access higher-level hospitals resulted
in greater medical expenditures [28,29].

Possible explanations for the effects of TPA policy
implementation were as follows. First, traveling costs decreased
after implementing TPA policy. The traveling time and
expenditure of seeking medical services were considered
medical service expenditure [15]. While better transport
conditions and better road quality reduced the time expenditure
for seeking health care, more choices and increased access to
public transport also reduced the travel-related expenditure.
Especially for older adults in rural areas, there was sensitive
price elasticity due to their low income. Hence, lower transport
expenditure meant lower prices of medical services, which
stimulated more inpatient visits. Second, TPA policy
implementation resulted in more high-level hospital–seeking
behaviors. TPA policy implementation made it convenient for
older adults in rural areas to go to higher-level hospitals, and
patients’ traveling distance increased after policy
implementation. Convenient transport changed the “distance
decay effect” to a “distance enhancement effect” by removing
the geographic barrier and improving patients’ accessibility to
medical services, showing that rural patients were more inclined
to go to areas with high-quality medical resources at the expense
of a longer traveling distance. Additionally, patients were more
likely to receive inpatient care in higher-level hospitals after
TPA policy implementation. Inequalities in medical resource
allocation in China have remained serious [18]. There were
1308 tertiary-level hospitals in China, mainly distributed in
central cities. TPA policy implementation accelerated access
to high-level medical services and thus increased the medical
expenditure. For example, after the opening of high-speed
railway, patients were more likely to go to areas with a high
density of health care resources [12]. Third, transport increased
individual income valuable for seeking inpatient services, which
was consistent with previous findings that higher income also
was associated with greater access to medical services, and

social and economic inequality resulted in health inequality
[30,31].

Effect modification analysis revealed that a poor household
status, self-rated health status, and age were potential modifiers,
and there were modified effects on inpatient expenditure by
poor household status, self-rated health status, and age.
According to Andersen’s health behavior model, age and
self-rated health status were individual predisposing
characteristics, and income was an enabling resource; these
were closely associated with health care usage. First, inpatient
expenditure increased further after TPA policy implementation
in poor households. Vulnerable groups are more likely to face
barriers when they need health services, including physical
overdraft, deficient social security, and low income. In addition,
a long traveling time was an additional vulnerability faced by
poorer individuals in remote areas when seeking health care
[32-35]. However, TPA policy implementation increased their
seeking behavior through raising their income. Second,
compared to those with a poor self-rated health status, inpatient
expenditure was higher among healthy older adults. In contrast
with previous findings that self-rated health was an important
factor in outpatients’ health care usage [36], we further found
that self-rated health status was associated with inpatient care
and expenditure. Third, compared with older adults aged >80
years, inpatient expenditure increased further among older adults
aged 60-80 years. It could be possible that older adults aged
>80 years have a high demand for health care usage due to poor
health, regardless of whether the policy was implemented.

Our findings provide new evidence on the association of
transport policy implementation with health care–seeking
behavior among older adults in rural areas and medical
expenditure based on evidence from China. Inspired by the
HiAP approach, our findings provide some new implications
about improving accessibility and affordability of health services
for vulnerable populations in high-income or transitional
countries. Especially for rural areas worldwide, in addition to
increasing medical resources, improving transport conditions
and eliminating barriers to medical service usage are also
meaningful measures to promote medical service usage.

Limitations
This study had several limitations. First, the use of self-reported
measures of health care–seeking behavior and medical
expenditures might have been underestimated, particularly
among older people and those from lower socioeconomic and
educational backgrounds, who might be more likely to
underreport these factors. Second, the CHARLS questionnaire
does not disclose the county-level information of respondents,
and its sampling and data collection were beyond our control.
As a result, we could not conduct multilevel model analysis and
assign the intervention and control groups on the basis of
county-level information. But, during the implementation
process, TPA policy was actually planned and implemented by
provincial governments in a unified manner; hence, using
provincial-level information as an identifier for policy
intervention could be reliable in this case. Finally, health
care–seeking behavior includes a visit rate of twice a week
among patients, a nonvisit rate of twice a week, hospitalization
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rate, and per capita hospital stay. However, these data are not
available. Therefore, outpatient and inpatient health
care–seeking behavior measures at the individual level were
selected to explore their association with TPA policy
implementation as microscopic evidence for transport policy
and health care usage. Future studies could further explore the
complex association between transport policy implementation
and other health care–seeking behavior.

Conclusions
Our findings verify the beneficial effects of TPA policy
implementation on inpatient visits and found an increase in
medical expenditure among older adults in rural areas. Our

findings further provide empirical evidence regarding the
relationships of TPA policy implementation with health
care–seeking behavior and medical expenditure, which are
valuable for addressing difficulties in acquiring health care
services and advancing health equality of rural vulnerable
groups. A package of policies is further suggested to be
integrated into health policies to improve rural patients’ poor
access to medical services and enhance their ability to pay for
medical expenditure. In addition, concerted efforts are needed
to balance the high-quality medical resources and narrow the
great gap between urban and rural areas, and finally contribute
to healthy ageing and health equity worldwide.
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Abstract

Background: Exudative age-related macular degeneration (AMD), one of the leading causes of blindness, requires expensive
drugs such as anti–vascular endothelial growth factor (VEGF) agents. The long-term regular use of effective but expensive drugs
causes an economic burden for patients with exudative AMD. However, there are no studies on the long-term patient-centered
economic burden of exudative AMD after reimbursement of anti-VEGFs.

Objective: This study aimed to evaluate the patient-centered economic burden of exudative AMD for 2 years, including
nonreimbursement and out-of-pocket costs, compared with nonexudative AMD using the Observational Medical Outcomes
Partnership (OMOP) Common Data Model (CDM).

Methods: This retrospective cohort study was conducted using the OMOP CDM, which included 2,006,478 patients who visited
Seoul National University Bundang Hospital from June 2003 to July 2019. We defined the exudative AMD group as patients
aged >50 years with a diagnosis of exudative AMD and a prescription for anti-VEGFs or verteporfin. The control group was
defined as patients aged >50 years without a diagnosis of exudative AMD or a prescription for anti-VEGFs or verteporfin. To
adjust for selection bias, controls were matched by propensity scores using regularized logistic regression with a Laplace prior.
We measured any medical cost occurring in the hospital as the economic burden of exudative AMD during a 2-year follow-up
period using 4 categories: total medical cost, reimbursement cost, nonreimbursement cost, and out-of-pocket cost. To estimate
the average cost by adjusting the confounding variable and overcoming the positive skewness of costs, we used an exponential
conditional model with a generalized linear model.

Results: We identified 931 patients with exudative AMD and matched 783 (84.1%) with 2918 patients with nonexudative AMD.
In the exponential conditional model, the total medical, reimbursement, nonreimbursement, and out-of-pocket incremental costs
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were estimated at US $3426, US $3130, US $366, and US $561, respectively, in the first year and US $1829, US $1461, US
$373, and US $507, respectively, in the second year. All incremental costs in the exudative AMD group were 1.89 to 4.25 and
3.50 to 5.09 times higher in the first and second year, respectively, than those in the control group (P<.001 in all cases).

Conclusions: Exudative AMD had a significantly greater economic impact (P<.001) for 2 years on reimbursement,
nonreimbursement, and out-of-pocket costs than nonexudative AMD after adjusting for baseline demographic and clinical
characteristics using the OMOP CDM. Although economic policies could relieve the economic burden of patients with exudative
AMD over time, the out-of-pocket cost of exudative AMD was still higher than that of nonexudative AMD for 2 years. Our
findings support the need for expanding reimbursement strategies for patients with exudative AMD given the significant economic
burden faced by patients with incurable and fatal diseases both in South Korea and worldwide.

(JMIR Public Health Surveill 2023;9:e49852)   doi:10.2196/49852

KEYWORDS

blindness; age-related macular degeneration; economic burden; cost of illness; retrospective cohort study; common data model

Introduction

Background
Age-related macular degeneration (AMD) is a progressive retinal
disorder that can lead to irreversible loss of central vision. AMD
can be classified as dry or exudative (wet or neovascular).
Exudative AMD is less common; however, it causes faster and
more catastrophic vision loss than dry AMD. Anti–vascular
endothelial growth factors (VEGFs) have demonstrated
remarkable efficacy in averting blindness, converting once
unavoidably blinding conditions into chronic diseases [1].
Anti-VEGFs are currently suggested as the primary treatment
for exudative AMD [2], and 5 anti-VEGF agents (ie,
ranibizumab, aflibercept, brolucizumab, bevacizumab, and
faricimab) are clinically accessible. Photodynamic therapy with
verteporfin, which was the first-line treatment in the past, is
now used as adjuvant therapy for some subtypes of exudative
AMD because of the lack of expectation of improvement in
visual acuity [3]. All approved anti-VEGFs and modalities are
quite expensive, at least US $500, and should be used
repeatedly; however, bevacizumab, the only one used off-label,
has demonstrated equivalent efficacy to ranibizumab [4] and is
significantly inexpensive and widely used in patients [5].

In early randomized clinical trials, patients needed monthly
injections in the first year of treatment under a fixed regimen.
However, in real-world clinical practice, because of expensive
out-of-pocket costs and strict reimbursement criteria, the fixed
regimen was not affordable; thus, the treatment-and-extend
regimen was introduced, showing similar efficient treatment
outcomes with fewer injections [6]. Despite the introduction of
more affordable treatment regimens [7], patients with exudative
AMD still need 7 to 8 injections in the first year of treatment,
which causes a substantial economic burden.

Although there are several studies [8-15] that have examined
the economic burden of exudative AMD, they have some
limitations that need to be addressed. First, most previous studies
were conducted before the introduction of effective drugs such
as anti-VEGFs, which have significantly affected the treatment
landscape for exudative AMD. Second, previous studies were
conducted through interviews, which may not provide an
accurate evaluation of the true economic burden. Third, although
a few studies analyzed real-world data, they only included

reimbursed interventions and had a limited follow-up period of
1 year. In addition, exudative AMD is characterized by the
common use of bevacizumab, an off-label drug, and
nonreimbursed measurements, which add to the patients’burden
of disease. Given the intractable nature of exudative AMD,
which requires long-term treatment and management, there is
a critical unmet need to assess the long-term economic burden
of patients with exudative AMD using real-world data, including
nonreimbursed interventions.

Objectives
Therefore, to fill this gap and generate real-world evidence to
understand clinical, economic, and policy implications, we
aimed to estimate the economic burden on patients with
exudative AMD, including nonreimbursement costs up to the
second year, using the real-world data from the Observational
Medical Outcomes Partnership (OMOP) Common Data Model
(CDM). Using electronic medical records (EMRs) transformed
into the OMOP CDM of a major university hospital with a large
number of patients with AMD is the best way to define
real-world patients with exudative AMD and encompass drugs
that are not reimbursed by the national health insurance in South
Korea. This approach will facilitate the estimation of the
economic burden, including nonreimbursed and out-of-pocket
costs, from the patients’ perspective with a high quality of data.

Methods

Study Design and Data Source
This retrospective cohort study used the Observational Health
Data Sciences and Informatics (OHDSI) OMOP CDM from
Seoul National University Bundang Hospital (SNUBH), which
is one of the largest and leading hospitals in South Korea. The
OMOP CDM is a structured data model combined with
standardized vocabulary. All medical and cost data were
extracted, transformed, and loaded into the OMOP CDM version
5.3 following the OHDSI extract, transform, and load process
and contained not only the diagnosis, drug exposure, and
procedure occurrence for reimbursement but also all records
for medical practice with costs by order and receipt regardless
of reimbursement [16]. All data were verified using Automated
Characterization of Health Information at Large-Scale
Longitudinal Evidence Systems and double-checked by data
analysts and clinicians [17,18].
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Study Population
We analyzed the OMOP CDM database, which included
2,006,478 patients who visited SNUBH from June 2003 to July
2019. To ensure a 1-year wash-out period and a 2-year follow-up
period, the intake period started in August 2009 and ended in
July 2017. We established the eligibility criteria for the
exudative and nonexudative AMD groups based on the opinions
of ophthalmologists. For the exudative AMD group, the index
date was the first prescription date for anti-VEGFs or
verteporfin. The exudative AMD group was defined as follows:
(1) a patient who was prescribed anti-VEGFs or verteporfin by
an ophthalmologist for the first time between August 1, 2009,
the day ranibizumab was approved for reimbursement by the
National Health Insurance Service in South Korea, and July 31,
2017; and (2) a patient aged >50 years who had been diagnosed

with exudative AMD within 1 year before the index date plus
1 day. Among these patients, we excluded those with cancer or
other ophthalmic diseases using anti-VEGFs (choroidal
neovascularization membrane, central serous chorioretinopathy,
diabetic macular edema, and retinal vein occlusion). The
nonexudative AMD group was defined as patients aged >50
years who had been diagnosed with any disease except exudative
AMD between August 1, 2009, and July 31, 2017. We defined
the index date for the nonexudative AMD group as the date of
the first diagnosis of any disease to compare the outcomes of
the 2 groups over time and investigate potential differences in
disease progression and treatment efficacy. We also excluded
patients with any of the following conditions: (1) those who
were prescribed anti-VEGFs, (2) those diagnosed with cancer,
and (3) those diagnosed with other ophthalmic diseases using
anti-VEGFs (Figure 1).

Figure 1. Analysis scheme. Data were included from June 2003 to July 2019. The intake period was defined as August 2009 to July 2017. The follow-up
period was 2 years from the index date. CNV: choroidal neovascularization; CSC: central serous chorioretinopathy; DME: diabetic macular edema;
eAMD: exudative age-related macular degeneration; mCNVM: myopic choroidal neovascular membrane; RVO: retinal vein occlusion; VEGF: vascular
endothelial growth factor.

Outcomes
The economic burden of exudative AMD was measured by
estimating the medical costs caused by any reason in the hospital

in the first and second years after the index date (Figure 1).
Medical costs were grouped into 4 categories (Textbox 1): total
medical costs, reimbursement costs, nonreimbursement costs,
and out-of-pocket costs. We estimated the incremental costs of
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the exudative AMD group in comparison with those of the
nonexudative AMD group. The total medical cost was calculated
as the sum of the reimbursement and nonreimbursement costs.
The reimbursement cost includes all expenses only limited to
reimbursed items, which comprise the costs of health care
benefits from the National Health Insurance Service and
copayment, in which patients bear part of the expenses of

reimbursement. Similarly, the nonreimbursement cost includes
all expenses for any nonreimbursed items. The out-of-pocket
cost was estimated as the sum of the medical costs paid by the
patient irrespective of reimbursement. All costs were calculated
in Korean won and converted to US dollars (US $1=1200
Korean won).

Textbox 1. Definitions of cost categories for the patient-centered economic burden outcome.

• Total medical cost: all expenses associated with each patient at the hospital, encompassing both reimbursed and nonreimbursed expenditures for
1 year (sum of the reimbursement and nonreimbursement costs)

• Reimbursement cost: all expenses incurred by patients restricted to items eligible for reimbursement for 1 year

• Nonreimbursement cost: all expenses incurred by patients restricted to items eligible for nonreimbursement for 1 year

• Out-of-pocket cost: all expenses borne directly by the patient irrespective of any reimbursement for 1 year

Statistical Analysis
Data analyses were conducted using ATLAS (version 2.10.1;
Observational Health Data Science and Informatics), the R
software (version 4.0.3; R Foundation for Statistical
Computing), the Health Resources Econometric Analysis Tool
(HERMES), which we developed for cost analysis with the
OMOP CDM vocabulary in R environment, and Health
Analytics Data-to-Evidence Suite, formerly known as the
OHDSI Methods Library. The HERMES code and algorithm
are available on GitHub [19]. We evaluated the baseline
characteristics of the exudative and nonexudative AMD groups,
including demographics and clinical characteristics, drugs, and
conditions. To reduce selection bias in the quasi-experimental
design, we performed propensity score matching using
regularized logistic regression with a Laplace prior (least
absolute shrinkage and selection operator; LASSO) [20,21].
We used demographic data, conditions, drugs, procedures, and
Charlson Comorbidity Index scores as covariates in the
propensity score matching (Figure 1). We considered covariates
as unmatched variables if the standardized difference was >0.10
after propensity score matching. We included single concepts
and concept groups within the parent categories for conditions
and drugs in the propensity score matching. We excluded highly
correlated covariates related to exudative AMD, including
visual- and retinal-related disorders, anti-VEGFs, verteporfin,
and ophthalmological drugs. We used an exponential conditional
model (ECM) with a generalized linear model to estimate the
average cost by adjusting the confounding variable and
overcoming the positive skewness of costs [22]. To determine
a suitable distribution and link function, we performed modified
Park tests and the Box-Cox test. The goodness of fit of the ECM
was evaluated using the Akaike information criterion. Patients
with 0 costs who did not incur costs during 1 year after the index
date were excluded. We considered demographic data; 1-year

costs before the index date, which were defined as the preindex
costs; and unmatched variables from the propensity score
matching as covariates to adjust for remaining confounders. To
interpret the results, we exponentiated the coefficient. The
exponentiated coefficient represents the expected change in the
response variable associated with a 1-unit increase in the
predictor variable when the other predictor variables are at their
mean values.

Ethical Considerations
This study was approved by the institutional review board of
SNUBH (X-2012-657-902). The data were deidentified and
anonymized; thus, informed consent was not required.

Results

Patient Characteristics
Of the 2,006,478 patients who visited SNUBH, 931 (0.05%)
were newly diagnosed with exudative AMD, and 373,676
(18.62%) had nonexudative AMD. After 1:4 propensity score
matching, 84.1% (783/931) of patients with exudative AMD
and 0.78% (2918/373,676) of patients with nonexudative AMD
were matched. After excluding patients with 0 costs in the first
year, of the 2918 patients with nonexudative AMD, there were
2702 (92.6%) left (Figure 2).

In the propensity score model, 1079 covariates were matched.
The standardized mean difference was <0.10 for all variables
that significantly affected medical costs, such as cardiovascular
disease and opioids. In total, 4 covariates (“other antiepileptics”;
“bisphosphonates, combinations”; “corticosteroids, potent, other
combinations”; and “drug affecting bone structure and
mineralization”) had a standardized mean difference of >0.10;
thus, we included these variables in the ECM to adjust for
remaining confounders (Table 1).
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Figure 2. Selection flow of patients with exudative age-related macular degeneration (AMD) and nonexudative AMD from June 2003 to July 2019.
VEGF: vascular endothelial growth factor.
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Table 1. Baseline demographic and clinical characteristics for the exudative age-related macular degeneration (AMD) group and nonexudative AMD
group in the index period from August 2009 to July 2017 before and after propensity score (PS) matching.

After PS matchingBefore PS matchingCharacteristica

SMDNonexudative AMD
group (n=2918)

Exudative AMD
group (n=783)

SMDbNonexudative AMD
group (n=373,676)

Exudative AMD
group (n=931)

−0.0672.16 (10.53)71.52 (8.28)1.0162.48 (9.87)72.47 (8.44)Age (years), mean (SD)

Sex, n (%)

0.081205 (40.55)348 (44.44)−0.24215,184 (57.59)425 (45.65)Female

Medical history—general, n (%)c

−0.027 (0.22)1 (0.13)0.001144 (0.31)3 (0.32)Acute respiratory disease

0.006 (0.42)3 (0.38)−0.033499 (0.94)6 (0.64)Chronic liver disease

0.057 (0.22)4 (0.51)0.09306 (0.22)8 (0.86)Chronic obstructive lung disease

0.0421 (0.67)8 (1.02)0.044572 (1.22)16 (1.72)Dementia

0.049 (0.29)4 (0.51)−0.013542 (0.95)8 (0.85)Depressive disorder

0.00105 (4)31 (4)0.1711,633 (3.11)63 (6.77)Diabetes mellitus

−0.0124 (0.82)6 (0.77)−0.045942 (1.59)11 (1.18)Gastroesophageal reflux disease

0.013 (0.11)1 (0.13)−0.021751 (0.47)3 (0.32)Gastrointestinal hemorrhage

−0.0163 (2.54)19 (2.43)0.068838 (2.37)32 (3.44)Hyperlipidemia

0.0090 (3.61)29 (3.7)0.0718,839 (5.04)63 (6.77)Hypertensive disorder

−0.046 (0.33)1 (0.13)−0.053123 (0.84)4 (0.43)Lesion of liver

0.016 (0.19)2 (0.26)−0.021155 (0.31)2 (0.21)Obesity

−0.0630 (1.4)6 (0.77)−0.1213,706 (3.67)16 (1.72)Osteoarthritis

0.0523 (0.77)10 (1.28)0.092883 (0.77)16 (1.72)Pneumonia

0.0313 (0.56)6 (0.77)0.071904 (0.51)11 (1.18)Renal impairment

−0.0211 (0.36)2 (0.26)−0.031959 (0.52)3 (0.32)Rheumatoid arthritis

0.031 (0.03)1 (0.13)0.03596 (0.16)3 (0.32)Viral hepatitis C

Medical history—cardiovascular disease, n (%)c

−0.0126 (0.84)6 (0.77)0.072702 (0.72)13 (1.4)Atrial fibrillation

0.0467 (2.72)26 (3.32)−0.0621,165 (5.66)41 (4.4)Cerebrovascular disease

−0.0314 (0.55)3 (0.38)0.013866 (1.03)11 (1.18)Coronary arteriosclerosis

−0.0282 (3.22)22 (2.81)0.0516,624 (4.45)52 (5.59)Heart disease

−0.016 (0.29)2 (0.26)0.021501 (0.4)5 (0.54)Heart failure

−0.0236 (1.54)10 (1.28)0.026067 (1.62)17 (1.83)Ischemic heart disease

0.031 (0.03)1 (0.13)0.02193 (0.05)1 (0.11)Peripheral vascular disease

Medication use, n (%)c

−0.01138 (5.23)39 (4.98)0.1618,055 (4.83)83 (8.92)Agents acting on the renin-angiotensin
system

0.0229 (1.09)10 (1.28)−0.077935 (2.12)11 (1.18)Antibacterials for systemic use

0.0179 (2.89)24 (3.07)0.0215,864 (4.25)44 (4.73)Antidepressants

−0.0172 (2.61)19 (2.43)0.0611,917 (3.19)40 (4.3)Antiepileptics

−0.09243 (10.39)61 (7.79)0.0547,361 (12.67)134 (14.39)Anti-inflammatory and antirheumatic
products

−0.04238 (9.16)62 (7.92)0.1631,233 (8.36)124 (13.32)Antithrombotic agents

0.0082 (3.16)25 (3.19)0.0814,149 (3.79)51 (5.48)Beta-blocking agents

−0.03170 (6.69)46 (5.87)0.1720,166 (5.4)92 (9.88)Calcium channel blockers
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After PS matchingBefore PS matchingCharacteristica

SMDNonexudative AMD
group (n=2918)

Exudative AMD
group (n=783)

SMDbNonexudative AMD
group (n=373,676)

Exudative AMD
group (n=931)

0.00111 (4.04)31 (3.96)0.1613,486 (3.61)67 (7.2)Diuretics

−0.02207 (8.15)60 (7.66)−0.1260,875 (16.29)113 (12.14)Drugs for acid-related disorders

0.0150 (2)17 (2.17)0.067911 (2.12)29 (3.11)Drugs for obstructive airway diseases

−0.06110 (4.38)26 (3.32)0.1411,107 (2.97)54 (5.8)Drugs used in diabetes

−0.046 (0.29)1 (0.13)0.001161 (0.31)3 (0.32)Immunosuppressants

0.00164 (6.15)49 (6.26)0.1423,533 (6.3)93 (9.99)Lipid-modifying agents

−0.03138 (5.23)36 (4.6)−0.1036,821 (9.85)67 (7.2)Opioids

−0.03192 (7.95)57 (7.28)−0.0445,363 (12.14)102 (10.96)Psycholeptics

0.0014 (0.54)4 (0.51)0.042093 (0.56)8 (0.86)Psychostimulants, agents used for AD-

HDd, and nootropics

−0.11116 (4.34)19 (2.43)0.159697 (2.6)51 (5.48)Other antiepilepticse,f

−0.11181 (8.63)46 (5.87)0.2115,650 (4.19)87 (9.34)Drugs affecting bone structure and min-

eralizationf

−0.11181 (8.63)46 (5.87)0.2115,640 (4.19)87 (9.34)Bisphosphonates (combinations)f

−0.11127 (6.83)33 (4.21)0.17811,736 (3.14)64 (6.87)Corticosteroids (potent; other combina-

tions)f

aThese covariates are a subset of the 1079 covariates used for PS matching.
bSMD: standardized mean difference.
cMedical history and medication use were identified through diagnosis and prescription within 1 year before the index date.
dADHD: attention-deficit/hyperactivity disorder.
eMedication use was identified through prescription any time before the index date.
fThe covariates were considered unmatched covariates based on standardized differences, which were adjusted in the following exponential conditional
model.

The Incremental Health Care Cost of Exudative AMD
After Propensity Score Matching
The total medical costs observed in the first year were US $4565
in the exudative AMD group, US $3253 higher than those in
the nonexudative AMD group. As a result of the ECM adjusting
for remaining confounders, the total medical costs in the
exudative AMD group were estimated to be US $4738, which
was US $3426 more than those of the nonexudative AMD group.
The reimbursement costs in the exudative AMD group were
US $4038, which was approximately US $3130 more than the
reimbursement costs incurred in the nonexudative AMD group.

Regarding the nonreimbursement costs, those incurred in the
exudative AMD group were US $776, which was US $366 more
than the nonreimbursement costs in the nonexudative AMD
group. The out-of-pocket costs were US $1241 in the exudative
AMD group, which was US $680 higher than those in the other
group. In the second year, the exudative AMD group also had
higher medical costs than the nonexudative AMD group. In the
ECM estimation, the total medical costs were US $1829 higher
in the exudative AMD group. The exudative AMD group had
higher reimbursement, nonreimbursement, and out-of-pocket
costs of US $1461, US $373, and US $507, respectively (Table
2).
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Table 2. The observed and estimated incremental health care costs of the exudative age-related macular degeneration (AMD) group compared with
the nonexudative AMD group for 2 years after the index date.

Estimated costs from exponential conditional modela

(US $)

Observed costs after propensity score matching (US $)

Incremental
costs

Nonexudative AMD

group (n=2702b),
mean (SE)

Exudative AMD

group (n=783b),
mean (SE)

Incremental
costs

Nonexudative AMD

group (n=2702b),
mean (SD)

Exudative AMD

group (n=783b),
mean (SD)

First year

3426.271312.22 (62.14)4738.49 (127.42)32531311.86 (3201.04)4564.86
(2702.37)

Total costs

3130.02908.42 (54.08)4038.44 (195.37)2881.12903.28 (2591.63)3784.40
(2313.04)

Reimbursement costs

365.94410.52 (15.73)776.46 (23.31)371.88408.58 (853.27)780.46 (731.74)Nonreimbursement costs

560.53680 (22.77)1240.54 (46.56)566.41677.80 (1233.55)1244.21
(1470.13)

Out-of-pocket costs

Second year

1829.20659.91 (538.96)2489.11
(1845.74)

1395.79418.57 (2548.41)1814.35
(2804.95)

Total costs

1460.73575.50 (520.54)2036.23 (747.24)1074.36311.03 (2240.33)1385.39
(2336.94)

Reimbursement costs

372.66119.08 (21.65)491.74 (92.01)321.42107.54 (525.1)428.96 (107.54)Nonreimbursement costs

506.90229.91 (46.04)736.81 (109.57)430.09194.36 (760.08)624.45 (1070.29)Out-of-pocket costs

aThe exponential conditional model used a log link function with gamma distribution adjusting for sex, age, preindex cost, and unmatched covariates
(“other antiepileptics”; “drugs affecting bone structure and mineralization”; and “corticosteroids, potent, other combination”). The SEs of the estimated
costs were calculated using bootstrapping.
bAfter propensity score matching, patients with 0 costs in the first year were excluded.

The ECM to Estimate the Patient-Centered Economic
Burden of Exudative AMD After Propensity Score
Matching
In the ECM, the total medical costs, reimbursement costs,
nonreimbursement costs, and out-of-pocket costs in the first
year were significantly 3.52, 4.25, 2.05, and 1.89 times higher,
respectively, in the exudative AMD group. There were more
significant differences in all costs in the second year than in the
first year. The total medical costs, reimbursement costs,
nonreimbursement costs, and out-of-pocket costs were

significantly 4.93, 5.09, 4.68, and 3.50 times higher,
respectively, in the exudative AMD group. Age was found to
be a significant predictor of health care costs in the first year
(P<.001) but not in the second year (P=.14). Sex was not a
significant factor for costs in the ECM. The preindex cost was
always a positive estimate and showed significance except for
the nonreimbursement costs and out-of-pocket costs in the first
year. Most of the unmatched covariates did not show
significance; however, there were cases of positive values with
significance for antiepileptics and bone structure–affecting drugs
and negative values with significance for corticosteroids (Table
3).
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Table 3. The multivariable analysis of medical costs in the first and second years after the index date using the exponential conditional models with
propensity score matching in patients with exudative age-related macular degeneration (AMD).

Drug groupPreindex costeSexdAgecExudative

AMD groupb
Intercepta

Corticos-
teroids (po-
tent; other
combina-

tions)g

Drugs affect-
ing bone struc-
ture and miner-

alizationg

Other

antiepilepticsf

P val-
ue

βP val-
ue

βP val-
ue

βP val-
ue

βP val-
ue

βP val-
ue

βP val-
ue

βP val-
ue

β

First year

.59−.0563.16.2520.54.1163.002.0001.16.0984<.001.0147<.0011.2646<.0016.0145Total costs

.88.0175.24.2408.68.0884<.001.0001.09.1395<.001.0172<.0011.4464<.0015.4161Reimburse-
ment costs

<.001−.3160.002.4959.36.1528.63<.0001.79.0165.007.0084<.001.7172<.0015.3879Nonreim-
bursement
costs

.04−.1780.03.3154.16.2131.09<.0001.28.0621.004.0095<.001.6345<.0015.7831Out-of-
pocket
costs

Second year

.41−.2252.76−.1456.041.0024.004.0002.45−.1408.14.0156<.0011.5948<.0014.8186Total costs

.73−.1129.69−.2270.091.0219.01.0002.34−.2146.10.0182<.0011.6278<.0014.3207Reimburse-
ment costs

.01−.5841.66.17.02.9547.01.0001.78.0424.92.0008<.0011.5430<.0014.5257Nonreim-
bursement
costs

.10−.3055.65.1453.10.8716<.001.0002.82−.0294.66.0032<.0011.2527<.0014.9482Out-of-
pocket
Costs

aThe exponential conditional model used a log link function with gamma distribution adjusting for sex, age, preindex cost, and unmatched covariates.
bThe reference group was the nonexudative AMD group.
cAge was reported in years and is presented as a continuous variable in this table.
dSex was represented as a binary variable, with a value of 1 indicating male and a value of 0 indicating female.
ePreindex cost was calculated for 1 year before the index date.
fAny time before index date.
gFor −365 days to index date.

Discussion

Principal Findings
In this study, we found that patients with exudative AMD had
a significantly higher economic burden than patients with
nonexudative AMD over a 2-year follow-up period, particularly
in terms of nonreimbursement and out-of-pocket costs. To
address potential bias and confounding from real-world data,
we used propensity score matching with LASSO and ECM. The
findings of this study are notable as practically nothing is known
about the long-term economic burden of exudative AMD from
the perspective of patients (eg, nonreimbursement and
out-of-pocket costs) using real-world data. The economic burden
of patients with exudative AMD was significantly higher than
that of patients with nonexudative AMD for 2 years.
Specifically, the total medical costs adjusted for confounders

after propensity score matching of the exudative AMD group
were US $3426 and US $1829 in the first and second years,
respectively. The incremental costs of reimbursement for
exudative AMD were US $3130 in the first year and US $1461
in the second year. The nonreimbursement cost was US $366
higher in the exudative AMD group in the first year, and the
incremental cost increased to US $373 in the second year. In
addition, the out-of-pocket cost of exudative AMD was US
$561 higher in the first year and continued to US $507 in the
second year. To the best of our knowledge, this is the first study
to derive real-world evidence of the patient-centered economic
burden of exudative AMD. Our findings highlight the need for
improved reimbursement strategies that reduce out-of-pocket
costs for patients with exudative AMD, thereby reducing the
financial burden associated with this disease.
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Comparison With Previous Studies
Historically, the economic burden of exudative AMD has been
reported using various methods and outcomes but has not
adequately captured the patient perspective using real-world
data (Table 4). The annual disease burden of AMD was reported
to be €51.3 to €101.1 million (US $54.8-$108.01 million) in
France, Germany, Italy, and the United Kingdom in the study
by Bonastre et al [9] and €5300 to €12,445 (US
$5662.47-$13,296.10) in Canada, Germany, France, Spain, and
the United Kingdom in the study by Cruess et al [11]. The
annual cost of exudative AMD was 7 times higher than that of
the control group in the study by Lotery et al [14]. In addition,
high societal costs associated with exudative AMD were
reported in the United States in the study by Brown et al [10].
These 4 studies were conducted using a survey, in which the
burden of exudative AMD was very high even before the
anti-VEGF era. After anti-VEGF therapy appeared, 3 studies

reported the burden of the disease. Spooner et al [15] reported
that the direct medical cost of exudative AMD was Aus $199.20
(US $126.66) and the indirect cost was Aus $64.8 (US $41.20)
using questionnaires. Previous studies using self-reported
measures or surveys can provide valuable information, but they
have several limitations [23]. Research based on human
interaction is subject to recall bias. Respondents may not
remember or respond accurately, and it can be difficult to derive
representative values. These are limitations that can lead to
inaccurate results. Depending on the nature of the survey, there
may be a limited amount of time to respond, and some questions
may be difficult to answer, resulting in missing or inaccurate
information. Furthermore, as it is impossible to survey the entire
population, a survey may not be representative and may be
subject to selection and social desirability biases, where
respondents may underreport certain behaviors or overreport
others because of perceived social norms. Finally, survey results
may not be generalizable to other populations or periods.

Table 4. Previous studies associated with the economic burden of exudative age-related macular degeneration.

OutcomesEconomic analysisStudy, year

QuantityPrice

Yearly budget impact on medical
cost

Consultation with an ophthalmologistUnit costBonastre et al
[9], 2002

Annual health resource use costSurveyUnit costLotery et al
[14], 2007

Annual societal costSelf-reported and medical chartUnit costCruess et al
[11], 2008

Annual direct and indirect costsSelf-reported weighted average annual cost from
cohort

Self-reported weighted average annual cost from
cohort

Brown et al

[10], 2016a

Annual direct and indirect costsInterviewInterviewSpooner et al
[15], 2018

Incremental reimbursement costExponential conditional model with generalized
linear model using South Korean claims data

Exponential conditional model with generalized
linear model using South Korean claims data

Kim et al [13],

2019a

1-year reimbursement costGeneralized linear model using South Korean
claims data

Generalized linear model using South Korean
claims data

Jeon et al [12],

2020a

1-year reimbursement costGeneralized linear model using US claims dataGeneralized linear model using US claims dataAlmony et al

[8], 2021a

aEconomic burden was estimated using a macro-costing approach.

In contrast, analyzing real-world data can provide a more
accurate and comprehensive economic burden reflecting clinical
practice. The claims, EMR, and other administrative data can
be more representative of the entire population and less prone
to biases. There were several previous studies analyzing the
burden of exudative AMD using real-world data. In the study
by Kim et al [13] analyzing administrative data from South
Korea, the total reimbursement cost of exudative AMD was
2.13 times to 4.06 times higher than that of nonexudative AMD,
and the incremental reimbursement cost was estimated to be
US $3699 through the ECM in South Korea. They compared
controls as a nonhealthy population with comparable
comorbidities using a propensity score model. The methodology
overcame the limitations of cost data through ECM and
generalizability by using the general population, and a
significant 1-year economic burden was identified despite

applying a conservative approach through the propensity score
matching technique. However, the limitations of using claims
data are that they do not reflect uninsured treatment and,
therefore, do not define patients with exudative AMD in the
real clinical environment, do not reflect nonpayment items such
as bevacizumab and optical coherence tomography in the
economic burden, and do not estimate the economic burden of
real patients. Jeon et al [12] compared exudative AMD with
diabetic macular edema and reported only the reimbursement
cost with a 1-year follow-up using claims data. Owing to the
matching group and changes in reimbursement criteria with
exudative AMD, the cost was estimated to be higher than that
in the study by Kim et al [13]. The most recent study
investigated annual reimbursement costs [8]. Almony et al [8]
reported the economic burden of exudative AMD by choroidal
neovascularization, and it is the only study to stratify the
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economic burden by severity, patient-eye level in commercially
insured patients in the United States; however, it was a
short-term study with 18 months of follow-up and did not
compare exudative AMD with any other conditions. The lack
of a control group makes comparisons difficult, and the presence
of distorting outliers may have overestimated the economic
burden. In addition, as in previous studies, the patient-centered
economic burden, which comprises nonreimbursed items or
out-of-pocket costs, was not calculated. As in previous studies,
we also found a high economic burden of exudative AMD and
verified its association with exudative AMD using real-world
data by adjusting for selection bias and skewed data. Compared
with previous studies that only included insurance-covered items
and underestimated the patients’ economic burden, we included
nonreimbursement and out-of-pocket costs that directly affect
patients’ economic burden. Furthermore, as exudative AMD
requires long-term management, we stratified the economic
burden by the first and second year and found that there was
still a considerable economic burden in the second year.

Policies for Exudative AMD
The economic burden of patients with exudative AMD is
substantial worldwide. To address this issue, governments
worldwide have expanded the insurance coverage for exudative
AMD. In the United States, Medicare covers 80% of the cost
of macular degeneration screening and anti-VEGF injections
such as aflibercept, ranibizumab, bevacizumab, and verteporfin
for Medicare beneficiaries. Similarly, in the United Kingdom,
evidence-based medical recommendations are provided through
organizations such as the National Institute for Health and Care
Excellence, and cost-effectiveness analysis is used to cover
anti-VEGFs such as aflibercept and brolucizumab. However,
bevacizumab, which is as effective as ranibizumab [4], relatively
inexpensive, and cost-effective [24], has not been approved and
reimbursed in the United Kingdom or South Korea. In the United
States, covering bevacizumab led to US $17.3-billion savings
for Medicare and patients from 2008 to 2015 [25].

In South Korea, the pricing system operates on a fee-for-service
structure, with the national health insurance acting as a
third-party payer covering a portion of medical fees for items
eligible for reimbursement [26]. Inpatient care typically involves
an out-of-pocket rate of up to 20%. Outpatient services exhibit
variations in out-of-pocket rates based on the hospital type
(clinics at 30%, hospitals at 40%, general hospitals at 50%, and
tertiary hospitals at up to 60% of the reimbursement costs [27]).
To mitigate the financial burden on patients with exudative
AMD in South Korea, the government has taken proactive
measures. Sustained reimbursement has been established for
optical coherence tomography measurements and anti-VEGF
treatments. In addition, an extended benefit coverage policy has
been introduced, reducing cost sharing to 10% for patients with
rare and incurable conditions such as exudative AMD. However,
as this study showed, the out-of-pocket cost for patients with
exudative AMD remains significantly high, and this remains
true even in the second year. Therefore, there is a need for a
sustained, efficient, and sufficient reimbursement strategy for
a high economic disease burden that efficiently uses limited
national health insurance finances while reducing the burden
on patients. Strategies include discovering new drugs via

randomized clinical trials or using real-world data, and
approving as well as reimbursing affordable and effective drugs,
like bevacizumab, based on cost-effectiveness studies. Such a
strategy could help reduce the out-of-pocket cost for patients
with exudative AMD; improve their access to treatment; and,
ultimately, establish the financial health of insurance by
lowering the reimbursement cost. To establish this strategy,
real-world data and evidence are needed for diseases with
economic burden and rare and intractable diseases, including
cost and clinical data.

Economic Burden Analysis Using the OMOP CDM
It is difficult to analyze claims or EMR data because of the
sensitive patient information. However, the advent of the OMOP
CDM has introduced an environment in which data can be
analyzed without disclosing sensitive information. Therefore,
many recent studies have analyzed and published EMR or claims
data through the OMOP CDM. Previous studies [28-30] using
the OMOP CDM have investigated mainly clinical outcomes.
In this study, we conducted the first-ever analysis of economic
data that had been transformed and validated into the OMOP
CDM, and we found that the OMOP CDM could be used for
economic analysis with HERMES. The OMOP CDM allowed
us to verify the validity of the clinical and cost data and
HERMES made it easy to conduct econometric analysis under
the OMOP-CDM structure. Compared with previous studies,
we could estimate the patient-centered economic burden in the
long term by analyzing valid data on costs, including
nonreimbursed items, such as bevacizumab, or measurements.
By identifying patients who use nonreimbursable treatments
and estimating the long-term patient-centered economic burden,
our study has significant implications for policy and economic
evaluation studies of expensive drugs for rare and incurable
diseases such as exudative AMD. Overall, our research
highlights the power of the OMOP CDM for unlocking new
insights into health care economics and improving the lives of
patients with serious medical conditions.

Limitations
This study has a number of limitations. First, the data source
for this study was the medical records from a single tertiary
hospital, which may not be structured and representative of the
entire population of patients with exudative AMD. Nonetheless,
to address this issue, the data were transformed into the OMOP
CDM and validated by experts in the fields of medicine, data
science, and economics. Furthermore, as patients with exudative
AMD are more likely to seek treatment in tertiary hospitals, the
exudative AMD group is less likely to be overestimated. In
addition, to account for selection bias and confounding variables,
a propensity score model using LASSO and the ECM were
applied, and all the results were found to be robustly significant.
Second, we systematically excluded specific medical conditions,
including cancer and other ophthalmic diseases treated with
anti-VEGF agents, from the cohorts under investigation. Our
research focused on the meticulous assessment of the
patient-centered economic implications related to exudative
AMD. Given the pronounced economic impact associated with
cancer, the substantial medical expenditures attributable to
cancer could potentially exert an undue influence on the overall
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economic burden analysis. This influence has the potential to
introduce statistical anomalies and distortions within the
econometric model, thereby warranting their exclusion from
our study cohorts as potential outliers. Moreover, our intention
was to delineate the population of real-world patients with
exudative AMD with utmost precision. The exclusion of other
ophthalmic conditions served the purpose of averting potential
misspecifications in our analytical framework. Third, other
potential confounding variables such as the type and status of
patients’ insurance, lifestyle habits, and the stage of exudative
AMD were absent from the data set. Therefore, we were unable
to include unobserved confounding variables. As we adjusted
for selection bias using propensity score matching with LASSO
and assessed covariate balance through standardized mean
differences, we presume that this limitation’s influence on the
study findings was negligible. In addition, most of the population
in South Korea is covered by national health care insurance

services, with just 3% of patients supported by medical aid
programs.

Conclusions
In conclusion, exudative AMD had a significantly greater
economic impact for 2 years on reimbursement,
nonreimbursement, and out-of-pocket costs than nonexudative
AMD after adjusting for baseline demographic and clinical
characteristics. Although economic policies could relieve the
economic burden of patients with exudative AMD over time,
the out-of-pocket cost of exudative AMD was still higher than
that of nonexudative AMD for 2 years. Our findings support
the need for expanding reimbursement strategies for patients
with exudative AMD given the significant economic burden
faced by patients with incurable and fatal diseases both in South
Korea and worldwide.
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Abstract

Background: As a severe morbidity during pregnancy, the etiology of spontaneous pregnancy loss (SPL) remains largely
unknown. Serum glycated hemoglobin (HbA1c) level is an established predictor of SPL risk among women with diabetes, but
little is known about whether such an association exists among pregnant women without diabetes when glycemic levels are within
the normal range.

Objective: This study aimed to quantify the association between maternal HbA1c levels in early pregnancy and subsequent SPL
risk in a cohort of pregnant women without diabetes.

Methods: This prospective cohort study involved 10,773 pregnant women without diabetes enrolled at their first antenatal care
visit at a hospital’s early pregnancy clinic from March 2016 to December 2018 in Shanghai, China. HbA1c and fasting blood
glucose (FBG) levels were examined at enrollment. Participants with diabetes before or pregnancy or those diagnosed with
gestational diabetes were excluded. Diagnosis of SPL, defined as fetal death occurring before 28 gestational weeks, was derived
from medical records and confirmed via telephone interviews. We used generalized linear models to quantify the associations of
continuous and dichotomized maternal HbA1c levels with SPL risk and reported crude and adjusted risk ratios (RRs) and 95%
CIs. A restricted cubic spline (RCS) regression model was used to assess the potential nonlinear dose-response relationship.
Adjusted covariates included maternal age, education level, preconception BMI, gestational weeks, gravidity, history of adverse
pregnancy outcomes, family history of diabetes, folic acid supplementation, and smoking and drinking during the periconception
period.

Results: In total, 273 (2.5%) SPL cases occurred. Every 0.5% increase in HbA1c levels was linearly associated with a 23%
increase in SPL risk (adjusted RR [aRR] 1.23; 95% CI 1.01-1.50). The RCS model revealed that this association was linear (P=.77
for the nonlinearity test). Analyses based on dichotomized HbA1c levels showed a significantly increased risk of SPL when HbA1c

levels were ≥5.9% (aRR 1.67; 95% CI 0.67-3.67), and the significance threshold was ≥5.6% (aRR 1.60; 95% CI 1.01-2.54).
Sensitivity analyses showed similar results when including the participants with missing SPL records or HbA1c data. Linear
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associations of HbA1c levels remained significant even in the subgroups without overweight, alcohol consumption, and a family
history of diabetes and adverse pregnancy outcomes. Every 1 mmol/L increment in maternal FBG levels was associated with a
>2-fold higher risk of SPL (aRR 2.12; 95% CI 1.61-2.80; P<.001).

Conclusions: Higher HbA1c levels in early pregnant women without diabetes are associated with an increased SPL risk in a
dose-response manner. Pregnant women with an HbA1c level above 5.6% at early gestation need attention for its potentially
increased risk for SPL. Our findings support the need to monitor HbA1c levels to identify individuals at high risk of subsequent
SPL in the general population of pregnant women.

Trial Registration: ClinicalTrials.gov NCT02737644; https://clinicaltrials.gov/study/NCT02737644

(JMIR Public Health Surveill 2023;9:e46986)   doi:10.2196/46986

KEYWORDS

glycated hemoglobin; hemoglobin A1c; spontaneous pregnancy loss; gynecology; gynecological; obstetric; obstetrics; prospective
cohort study; cohort; risk; risks; miscarriage; miscarriages; adverse outcome; adverse outcomes; risk ratio; pregnant women;
pregnancy loss; gestational diabetes; fetal death; glycemic control; women; diabetes; diabetic; HbA1c; gestational; maternal;
fetus; fetal; HbA1c levels; metabolic health; pregnant; pregnancy; association; associations; associated

Introduction

Spontaneous pregnancy loss (SPL), also known as spontaneous
abortion, is one of the serious morbidities during pregnancy and
precedes an increased risk of reduced fertility, long-term
depression, and anxiety among pregnant women [1]. As the
definition of SPL varies between countries and international
organizations, estimates of the prevalence of SPL vary among
previous studies [2]. Data from a large nationally representative
survey from the United States showed that approximately 20%
of clinically recognized pregnancies ended in SPL (including
stillbirths and ectopic or tubal pregnancies) during the whole
gestation period [3]. Pregnancy losses from the first antenatal
care visit to that at 28 weeks’ gestation are recorded in practice
in China [4,5]. A nationwide study with 6.4 million medical
records of Chinese pregnant women reported 2.8% of pregnancy
losses before 28 weeks of gestation [6]. To date, the mechanism
underlying the etiology of SPL remains largely unknown, and
over 50% of women with SPL have no identified risk factors
[7,8].

Poor glycemic control during pregnancy is an established
independent predictor for adverse pregnancy outcomes [9].
Serum glycated hemoglobin (HbA1c) levels are conventionally
used for monitoring blood glucose control [10]. According to
the American Diabetes Association’s (ADA’s) clinical practice
guidelines, individuals with HbA1c levels within 5.7%-6.4%
and ≥6.5% are classified as having prediabetes and diabetes,
respectively, in the general population, and HbA1c levels of
5.9% and higher in pregnant women are considered an early
indicator of abnormal glucose metabolism and a higher risk of
adverse pregnancy and neonatal outcomes [11]. Previous studies
have reported associations of HbA1c levels of pregnant women
with insulin-dependent diabetes and SPL risk [12-14]. However,
little is known about these associations in pregnant women
without diabetes.

An HbA1c test at the first prenatal visit has been recommended
for those at risk of developing gestational diabetes only,
including having obesity and having a family history of
gestational diabetes, but not yet for the general population of

pregnant women [11,15,16]. In this prospective cohort study,
we aimed to evaluate whether HbA1c levels in pregnant women
without diabetes are associated with a subsequent SPL risk.

Methods

Study Population
Pregnant women included in this study were a subcohort of the
ongoing Shanghai Preconception Cohort Study (SPCC;
ClinicalTrials.gov NCT02737644) [17], who were enrolled
between March 2016 and December 2018 from one of the study
sites—a tertiary maternity hospital where HbA1c and fasting
blood glucose (FBG) levels were routinely examined at the first
antenatal visit for all pregnant women. This maternity hospital
is one of the largest delivery hospitals (with >20,000 births per
year) during the study period and accounts for over 20% of the
annual deliveries in the city. Participants were enrolled at their
first antenatal visit at early pregnancy clinics, and each woman
had only one medical record for this study. Biochemistry and
SPL diagnosis data were extracted from the hospital’s electronic
medical record system. Among all pregnant women during the
study period (N=13,129), 10,773 were eligible for the primary
analysis after the exclusion of those who met any one of the
following criteria: missing medical records after the first
antenatal visit, missing information regarding HbA1c or FBG
levels at entry, having received artificial abortions, self-reported
diabetes before pregnancy (ie, an HbA1c level of ≥6.5% or FBG
level of ≥7.0 mmol/L at the first antenatal visit), or having
received insulin treatment during pregnancy or taking oral
hypoglycemic drugs before or during pregnancy. We defined
this group as pregnant women without diabetes.

Ethical Considerations
Ethics approval for this study was sought from the institutional
Ethics Committee of the Children’s Hospital of Fudan
University (2016–49). Written informed consent was obtained
from all participants before recruitment. All data were
anonymously analyzed.
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Exposures and Covariates
We treated the fasting HbA1c levels in early pregnancy as the
main exposure in this study. Given that FBG levels are also an
index of glycemic control, both HbA1c and FBG levels were
abstracted from the medical records for analyses. According to
the routine practice of the hospital where this subcohort was
recruited, HbA1c and FBG levels were measured in 2 hours
using a venous blood sample after overnight fasting (>8 hours
of fasting) at their first antenatal care visit. Venous blood for
the HbA1c test was collected in an EDTA-containing tube and
determined using high-performance liquid chromatography
(Bio-Rad) in the hospital’s certified standard clinical
examination center following standard protocols.

A series of variables regarding known or suspected risk factors
for SPL were considered covariates in the association analysis
[18]. As described elsewhere, demographic characteristics and
pregnancy history of the participants upon enrollment were
collected through a prespecified standard self-administered
questionnaire and an interview with the obstetric nurse during
the first antenatal visit. Maternal preconception BMI (pre-BMI)
was calculated using self-reported measures of prepregnancy
body weight and categorized as normal weight or overweight.

We used both the Chinese standard (≥24 kg/m2) and the

international standard (≥25 kg/m2) to define the overweight
status [19,20]. We defined a family history of diabetes as having
at least 1 first-degree relative diagnosed with diabetes. Smoking
exposure and alcohol drinking were defined as smoking
cigarettes or having been exposed to second-hand cigarette
smoke, and as consuming any alcoholic beverages within 3
months before or during the current pregnancy, respectively.
Folic acid supplementation (FAS) was defined as having a
regular intake of pure folic acid tablets or multivitamins
containing folic acid before or during early pregnancy.
Gestational weeks at enrollment were routinely determined by
the last menstruation period and confirmed through a
routine ultrasonographic examination. Participants were defined
as having a history of adverse pregnancy outcomes if they had
abortions, preterm delivery, stillbirths, or ectopic pregnancy in
previous pregnancies.

Outcomes
The recorded SPL cases from the hospital’s electronic medical
system were fetal deaths occurring before 28 gestational weeks
in accordance with the Chinese clinical guidelines [4]. Stillbirth
(fetal deaths after 28 gestational weeks), and artificial abortions
due to ectopic pregnancies, molar pregnancies, or any clinically
recognized disorders were not considered SPL in this study.
Trained staff verified these diagnoses through a personal
telephone interview with pregnant women or their husbands
before the analysis.

Statistical Analysis
Continuous variables were reported as mean (SD) values for a
normal or approximate normal distribution and median (IQR)
values for a skewed distribution, and 2-tailed unpaired Student
t tests or Mann-Whitney U tests were used for comparisons
between the SPL and non-SPL group, respectively. Normality
was visually inspected using frequency histograms. Categorical

variables were summarized as frequencies and percentages, and
chi-square tests were used for the group comparisons.

Our primary aim was to investigate the associations of HbA1c

and FBG levels as continuous variables with SPL risk. We used
generalized linear models with binomial family and log link
functions treating HbA1c (rescaled through dividing by 0.5) and
FBG levels as continuous variables to estimate crude and
adjusted risk ratios (aRRs) and 95% CIs. A 0.5% absolute
increment was chosen for the HbA1c level because it reflects a
clinically important change [21]. Considering that a HbA1c level
of 5.9% in early pregnancy has been suggested as the cutoff for
identifying women at increased risk of adverse pregnancy
outcomes [11], we further assessed the associations based on
dichotomous HbA1c (coded as 1 for a HbA1c level of ≥5.9%
and 0 for an HbA1c level of <5.9%). We used a restricted cubic
spline (RCS) regression model with 3 knots (5th, 50th, and 95th
percentile levels) fitted in R (rms package) to assess the potential
nonlinear dose-response relationship of HbA1c levels with SPL
risk. Adjusted covariates included maternal age, education level,
pre-BMI, gestational week at HbA1c examination, gravidity,
history of adverse pregnancy outcomes, family history of
diabetes, FAS, and exposure to smoking and drinking during
the periconception period.

We conducted an exploratory analysis to investigate the HbA1c

cutoff indicating pregnant women at an increased risk of SPL
by using a series of regression models using HbA1c levels from
the median level of the study population (5.1%) to 6.0% in a
0.1% interval without adjustment for multiple testing.

As there were 2147 participants—1360 (10.5%) with missing
medical records after the first antenatal visit and 787 (6.1%)
with missing HbA1c data—we conducted 2 sensitivity analyses
to test the robustness of the main results after multiple
imputation with chained equations based on a missing at random
assumption. First, we added 1360 pregnant women with missing
SPL data after imputation (sensitivity analysis 1:
n=10,773+1360). Second, we included 787 pregnant women
with missing HbA1c levels at enrollment after imputation
(sensitivity analysis 2: n=10,773+787). To ensure that our main
results are free from potential bias from unmeasured
confounders, we further repeated the primary association
analyses within subgroups with a potentially low risk of SPL,
including pregnant women younger than 35 years, without
overweight, a family history of diabetes, a history of adverse
pregnancy outcomes, or smoking or alcohol drinking exposures.
Statistical analyses were performed by Stata (version 16.0;
StataCorp) and R package (version 3.6.1; The R Foundation),
and all statistical tests were 2-sided at a significance level of
.05. A post hoc power analysis was performed for the main
association analyses of continuous HbA1c levels with SPL risk,
which revealed that with the current sample size, associations
with a risk ratio (RR) lower than 0.84 or greater than 1.19 for
continuous exposures of interest will ensure a power of ≥80%
at an α level of 5%.
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Results

Characteristics of the Study Population
A total of 10,773 eligible pregnant women were included in the
main analysis (Figure 1), with a mean age of 30.5 (SD 4.0) years
and an average of 10.8 (SD 1.7) weeks of gestation at enrollment
(Table 1). The majority of participants (n=9866, 91.6%) had a
college or higher level of education, 4394 (40.9%) had more
than 1 gravidity, 2056 (19.1%) had overweight before
pregnancy, and 3874 (36.3%) had a family history of diabetes.
Smoking and alcohol consumption were reported by 1043

(9.8%) and 857 (8.0%) pregnant women, respectively. Besides,
2817 (26.4%) pregnant women had a history of adverse
pregnancy outcomes. The distribution of HbA1c and FBG levels
approximately met a normal distribution, with a mean value of
5.09% (SD 0.30%) and 4.49 (SD 0.78) mmol/L, respectively.
The 2 markers were weakly correlated (r=.19; P<.001) and
overlapped in quartiles (Figure S1 in Multimedia Appendix 1).
We summarized the characteristics of the 10,773 eligible
pregnant women and 2147 women with missing medical records
or HbA1c data (Table S1 in Multimedia Appendix 1), which
were overall similar.

Figure 1. Flowchart of the study population. HbA1c: serum glycated hemoglobin; SPCC: Shanghai Preconception Cohort Study; SPL: spontaneous
pregnancy loss.
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Table 1. Baseline characteristics of study population at the first antenatal care visit.

P valueNon-SPL group (n=10,500)SPLa group (n=273)Total sample (N=10,773)Variables

<.00130.4 (3.9)32.0 (4.4)30.5 (4.0)Ageb (years), mean (SD)

<.00121.7 (2.9)22.5 (3.0)21.7 (2.9)Pre-BMI (kg/m2), mean (SD)

Pre-BMI categories, n (%)

.0471991 (19.0)65 (23.8)2056 (19.1)≥24 kg/m2

.021300 (12.4)47 (17.2)1347 (12.5)≥25 kg/m2

N/Ad32 (0.3)—c32 (0.3)Missing

.4810.7 (1.7)10.7 (1.6)10.8 (1.7)Gestational weeks at enrollmente, mean (SD)

.24Education level, n (%)

9619 (92.4)247 (90.5)9866 (91.6)College and above

791 (7.6)26 (9.5)817 (7.6)Below college

90 (0.8)—90 (0.8)Missing

.26Gravidity, n (%)

6208 (59.2)149 (54.6)6357 (59.1)1

2684 (25.6)75 (27.5)2759 (25.7)2

1586 (15.1)49 (18.9)1635 (15.2)≥3

20 (0.1)2 (0.7)22 (0.2)Missing

.0032724 (26.2)93 (34.1)2817 (26.4)History of adverse pregnancy outcomes, n (%)

N/A92 (0.9)1 (0.4)93 (0.9)Missing

.103762 (36.2)112 (41.0)3874 (36.3)Family history of diabetes, n (%)

N/A99 (0.9)5 (1.8)104 (1.0)Missing

.067804 (75.0)240 (87.9)8022 (75.1)FASf before or during early pregnancy, n (%)

N/A86 (0.8)4 (1.5)90 (0.8)Missing

.191010 (9.7)33 (12.1)1043 (9.8)Smoking exposure, n (%)

N/A89 (0.8)2 (0.7)91 (0.8)Missing

.51838 (8.1)19 (7.0)857 (8.0)Alcohol drinking, n (%)

N/A88 (0.8)3 (1.1)91 (0.8)Missing

<.0014.48 (0.47)4.64 (0.39)4.49 (0.78)FBGg,h (mmol/L), mean (SD)

.7528 (.3)1 (.4)29 (.3)FBG≥6.1 mmol/L, n (%)

.0025.09 (0.30)5.15 (0.33)5.09 (0.30)HbA1c
i (%), mean (SD)

.03120 (1.1)6 (2.2)126 (1.2)HbA1c≥5.9%, n (%)

aSPL: spontaneous pregnancy loss.
bAge data were missing for 23 out of 10,773 (0.2%), 3 out of 273 (1.1%), and 20 out of 10,500 (0.2%) pregnant women in the total sample, SPL group,
and non-SPL group, respectively.
cNot available.
dN/A: not applicable.
eData for gestational weeks at enrollment were missing for 60 out of 10,773 (0.6%), 2 out of 273 (0.7%), and 58 out of 10,500 (0.5%) pregnant women
in the total sample, SPL group, and non-SPL group, respectively.
fFAS: folic acid supplementation.
gFBG: fasting blood glucose.
hFBG levels were ≥6.1% for 29 out of 10,773 (0.3%), 1 out of 273 (0.4%), and 28 out of 10,500 (0.3%) pregnant women in the total sample, SPL group,
and non-SPL group, respectively (P=.75).
iHbA1c: serum glycated hemoglobin.

JMIR Public Health Surveill 2023 | vol. 9 | e46986 | p.2030https://publichealth.jmir.org/2023/1/e46986
(page number not for citation purposes)

Chen et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


The incidence rate of SPL was 2.5% among 10,773 pregnant
women in this study. Compared to pregnant women without
SPL, those with SPL were 1.6 years older (mean ages of the
SPL and non-SPL groups were 32.0, SD 4.4 vs 30.4, SD 3.9
years, respectively) during pregnancy, were more likely to have
overweight before pregnancy (23.8% vs 19.0%), and had higher
levels of HbA1c (5.15% SD 0.33% vs 5.09% SD 0.30%; albeit
in the clinically normal range) and FBG (4.64, SD 0.39 vs 4.48,
SD 0.47 mmol/L) at the first antenatal visit.

Associations Between Maternal HbA1c and FBG Levels
and SPL Risk
As shown in Table 2, maternal HbA1c levels showed significant
positive associations with SPL risk with an unadjusted RR of

1.34 (95% CI 1.10-1.63) per 0.5% increase in HbA1c levels, and
the association remained significant after adjusting for covariates
(aRR 1.23, 95% CI 1.01-1.50; P=.04). The RCS model showed
a linear association of SPL risk with increasing HbA1c levels
through the whole range of HbA1c values (P=.77 for the
nonlinearity test; Figure 2). No significant association was found
between a HbA1c level of ≥5.9% and SPL risk after adjusting
for covariates. Every 1 mmol/L increment in maternal FBG
levels was associated with a >2-fold higher risk of SPL (aRR
2.12, 95% CI 1.61-2.80; P<.001).

Table 2. Associations between maternal HbA1c
a and FBGb levels and SPLc risk during early pregnancy.

Adjusted modeldCrude modelSPL group/total sample, n/nAnalysis

P valueRisk ratio (95% CI)P valueRisk ratio (95% CI)

Primary analysis

.041.23 (1.01-1.50).0041.34 (1.10-1.63)273/10,773HbA1c (per 0.5% increment)

N/AReferenceN/AeReference267/10,647<5.9%

.201.67 (0.76-3.67).121.94 (.85-4.45)6/126≥5.9%

<.0012.12 (1.61-2.80)<.0012.38 (1.82-3.11)273/10,773FBG (mmol/L)

Sensitivity analysis 1 (Including 1360 pregnant women with missing medical diagnosis records based on imputation)

.031.25 (1.02-1.53).0031.36 (1.11-1.67)306/12,133HbA1c (per 0.5% increment)

N/AReferenceN/AReference299/11,993<5.9%

.311.51 (0.68-3.34).082.02 (0.93-4.42)7/140≥5.9%

Sensitivity analysis 2 (including 787 pregnant women with missing HbA1c levels based on imputation)

.041.25 (1.01-1.55).0051.36 (1.10-1.69)373/11,560HbA1c (per 0.5% increment)

N/AReferenceN/AReference366/11,430<5.9%

.751.42 (0.49-2.67).271.59 (0.70-3.65)7/130≥5.9%

aHbA1c: serum glycated hemoglobin.
bFBG: fasting blood glucose.
cSPL: spontaneous pregnancy loss.
dAdjusted for age, pre-BMI, gestational weeks, education, gravidity, history of abnormal pregnancy, family history of diabetes, folic acid supplementation,
and drinking and smoking status.
eN/A: not applicable.
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Figure 2. Restricted cubic spline plots for the association between maternal serum glycated hemoglobin (HbA1c) levels in early pregnancy with
spontaneous pregnancy loss (SPL) risk.

Sensitivity and Subgroup Analyses
In the first sensitivity analysis including 1360 pregnant women
with missing medical diagnosis records, the association between
HbA1c levels and SPL risk did not substantially change (aRR
per 0.5% increment 1.25, 95% CI 1.02-1.53; P=.03; Table 2).
Similar results were also observed in the second sensitivity
analysis upon including pregnant women with missing data on
HbA1c levels (aRR per 0.5% increment 1.25, 95% CI 1.01-1.55;
P=.04).

Our exploratory analyses showed that the strength of the
associations increased markedly from below 1.2 to 1.6 at an
HbA1c level of 5.6% (aRR 1.60; 95% CI 1.01-2.54; P=.048)
and increased further at higher cutoff levels, although
significance was not achieved at HbA1c levels of 5.9% and 6.0%
(Figure S2 in Multimedia Appendix 1). In further subgroup
analyses including low-SPL risk populations without
overweight, alcohol drinking, a family history of diabetes, and
a history of adverse pregnancy outcomes, the associations of
every 0.5% increase in HbA1c levels with SPL risk remained
very similar compared to those in the main analysis (aRR 1.32,
95% CI 1.07-1.63; aRR 1.18, 95% CI 1.01-1.38; aRR 1.24, 95%

CI 1.03-1.48; and aRR 1.73, 95% CI 1.26-2.36; respectively;
Table S2 in Multimedia Appendix 1).

Discussion

Principal Findings
In this large prospective cohort study, we provide solid evidence
that among pregnant women without diabetes, HbA1c levels in
early gestation within the clinically normal range were
associated with an increased risk of SPL in a linear
dose-response manner. Although far below the recommended
threshold for diagnosing gestational diabetes, HbA1c levels may
indicate an increased subsequent SPL risk in pregnant women
in general. Our findings in a prospective cohort are novel and
deepen our understanding of the important pathophysiologic
role of impaired maternal glycemic metabolism in the
development of SPL.

Comparison With Prior Work
Several studies have investigated the adverse effect of elevated
HbA1c levels on SPL risk only among pregnant women with
diabetes and have reported conflicting findings [12-14,22]. A
case-control study including 432 control women and 386 women
with type 1 diabetes found that the rate of SPL did not
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significantly differ between the 2 groups (16.1% vs 16.2%,
respectively) [12]. However, another case-control study among
women with type 1 diabetes reported that elevated HbA1c levels
were associated with SPL risk [13]. Another cohort study of
573 women with type 1 diabetes observed a linear association
between HbA1c levels and the risk of adverse pregnancy
outcomes including SPL when HbA1c levels were >7.0% [14].
This is the first prospective cohort study demonstrating the link
between maternal HbA1c levels in early pregnancy and SPL risk
among pregnant women without diabetes. These associations
were still significant in the population at a low risk of SPL. We
also observed a highly overlapped distribution of FBG levels
among HbA1c categories, and consistent associations with SPL
were also observed with regard to FBG levels. However,
regarding their clinical application, FBG level is a less ideal
marker than HbA1c level because the former is less stable,
requires a fasting state for examination, and has relatively
greater intraindividual variability [23]. Our findings suggest
that attention to glycemic control should not be limited to
pregnant women with diabetes but should also include those
with high HbA1c levels within the clinical range during early
gestation for the related increased risk of SPL.

Research Implications
Our study addresses 2 important issues with important clinical
and research implications. First, our findings expand on the
literature on risk factors for SPL, an adverse pregnancy outcome
whose modifiable determinants remain poorly understood.
Second, we address a risk factor that is known to be modifiable
through lifestyle and pharmacological interventions.
Measurement of HbA1c levels during pregnancy is
conventionally used to monitor glycemic control in pregnant
women with diabetes [24]; this marker is superior to FBG levels,
mainly for its greater stability but lesser variability among
individuals and its nonrequirement of fasting [23]. Given the
special physiological status of pregnancy, the target HbA1c level
for ideal glycemic control remains inconclusive. In China, based
on recommendations for the general population, an HbA1c level
less than 6.5% is recommended to indicate ideal glycemic
control before conception [25]. An HbA1c level of ≥5.9% is
recommended by the ADA’s guidelines as an indicator for
screening pregnant women with a higher risk of preeclampsia,
macrosomia, shoulder dystocia, and perinatal death [11]. Our
findings add new evidence for the linear relationship between
glucose metabolism markers and SPL risk when HbA1c levels
are clinically normal [11], and the magnitudes of the associations
are even stronger in those exposed to smoking or those who
have a history of adverse pregnancy outcomes.

The mechanism underlying the association between maternal
HbA1c levels and SPL in women without diabetes remains
unclear. Animal studies found that poor glycemic control may
facilitate premature programmed cell death of key progenitor
cells of the blastocyst and promote pregnancy loss [26]. In
addition, poor glycemic control may interfere with implantation
by inhibiting trophectoderm differentiation and increasing
oxidative stress, thus affecting the expression of critical genes
essential for embryogenesis [27,28]. Further population studies

exploring the biological mechanisms underlying the association
between HbA1c levels and SPL in pregnant women without
diabetes are warranted.

The findings of our exploratory analysis are clinically relevant,
indicating that pregnant women with HbA1c levels above 5.6%
need attention for owing to a potentially increased risk of SPL.
Given that HbA1c levels are 0.5%-0.6% lower in early pregnancy
than in nonpregnant women [29], HbA1c levels over 5.6% at
early gestation may reflect an elevated HbA1c status that
occurred before or at pregnancy (ie, prediabetes status), which
accounts for over 13% of the population [6]. Another large
cohort study and systematic review have reported associations
between an HbA1c level of <6.4% with increased severe
maternal morbidity and subsequent gestational diabetes mellitus
[30,31]. Taken together, based on the aforementioned evidence
and our findings, we propose that monitoring of HbA1c levels
in early pregnancy is necessary general pregnant women, and
HbA1c levels exceeding 5.6% might be considered an indicator
of high risk for SPL and additional medical care.

Strengths and Limitations
The merits of our study include the prospective nature of the
data, the large sample size, and the consistent results from robust
analyses, which make our findings convincing. However, several
limitations exist. First, residual confounding, such as uterine
abnormalities, chromosomal abnormalities, antiphospholipid
syndrome, and thyroid disorders, cannot be completely ruled
out due to the nature of observational studies. Data on important
biomarkers such as insulin levels during early gestation were
not available. Second, in the exploratory analyses, we did not
correct for multiplicity. Prospective multicenter cohort studies
investigating whether a maternal HbA1c level of 5.6% in early
pregnancy could indicate an increased risk of SPL are warranted
in the future. Third, compared with the rate of clinically
registered pregnant women ending in SPL (11%-20%), the SPL
rate in this cohort was much lower. Given the nature of the study
population, which was recruited at their first antenatal care visit
(with a median of 10 weeks of gestation), SPL occurred earlier
than our observation was inevitably missed, selection bias exists,
and our findings are not generalizable to the entire general
population. The study population we selected, comprising
pregnant women without diabetes, may include some cases of
mild gestational diabetes diagnosed midgestation and without
insulin treatment. Moreover, potential biases such as outcome
misclassification could not be ruled out from the association
analyses based on imputation.

Conclusions
This study is the first to document that maternal HbA1c levels
in early pregnancy are associated with the subsequent risk of
SPL in a dose-response manner among pregnant women without
diabetes. Our findings support the need to monitor HbA1c levels
for identifying high risk of subsequent SPL in pregnant women
in general and expand on the growing literature linking overall
metabolic health to reproductive and pregnancy health among
otherwise healthy women.
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Abstract

Background: The COVID-19 pandemic has inevitably affected the distribution of medical resources, and epidemic lockdowns
have had a significant impact on the nursing and treatment of patients with other acute diseases, including intracerebral hemorrhage
(ICH).

Objective: This study aimed to investigate how the COVID-19 pandemic affected the manifestations and outcomes of patients
with ICH.

Methods: Patients with acute ICH before (December 1, 2018-November 30, 2019) and during (December 1, 2019-November
30, 2020) the COVID-19 pandemic at 31 centers in China from the Chinese Cerebral Hemorrhage: Mechanism and Intervention
(CHEERY) study were entered into the analysis. Demographic information and clinical manifestations and outcomes were
collected and compared between the 2 groups.

Results: From December 1, 2018, to November 30, 2020, a total of 3460 patients with ICH from the CHEERY study were
enrolled and eventually analyzed. The results showed that during the COVID-19 pandemic, patients with ICH were more likely
to be older (P<.001) with a history of ischemic stroke (P=.04), shorter time from onset to admission (P<.001), higher blood
pressure (P<.001), higher fasting blood glucose (P=.003), larger hematoma volume (P<.001), and more common deep ICH
(P=.01) and intraventricular hemorrhage (P=.02). These patients required more intensive care unit treatment (P<.001) and preferred
to go to the hospital directly rather than call an ambulance (P<.001). In addition, the COVID-19 pandemic was associated with
an increased risk of pulmonary infection during hospitalization (adjusted risk ratio [RRadjusted] 1.267, 95% CI 1.065-1.509), lower
probability of a 3-month good outcome (RRadjusted 0.975, 95% CI 0.956-0.995), and a higher probability of in-hospital (RRadjusted

3.103, 95% CI 2.156-4.465), 1-month (RRadjusted 1.064, 95% CI 1.042-1.087), and 3-month (RRadjusted 1.069, 95% CI 1.045-1.093)
mortality.

Conclusions: Our study indicated that the cloud of COVID-19 has adversely impacted the presentation and outcomes of ICH.
Medical workers may pay more attention to patients with ICH, while the public should pay more attention to hypertension control
and ICH prevention.

Trial Registration: Chinese Clinical Trial Registry ChiCTR1900020872; https://www.chictr.org.cn/showprojEN.html?proj=33817

(JMIR Public Health Surveill 2023;9:e34386)   doi:10.2196/34386
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Introduction

COVID-19, the pneumonia caused by SARS-CoV-2 infection,
emerged in Wuhan City, Hubei Province, China in December
2019 [1]. The World Health Organization (WHO) declared the
COVID-19 outbreak a public health emergency of international
concern on January 30, 2020, and declared a pandemic on March
11, 2020 [2]. In China, from January 3, 2020, to March 16,
2023, there have been 99,185,059 confirmed cases of COVID-19
with 120,576 deaths reported to the WHO [3]. Wuhan was the
core area of the COVID-19 storm in China, and this city was
locked down from January 23, 2020, to April 8, 2020 [4].
Various public health interventions were implemented by the
Chinese government to suppress the big pandemic, including
but not limited to intensive intracity and intercity traffic
restrictions, social distancing measures, home isolation and
centralized quarantine, and improvement of medical resources
[5,6].

In addition, as a global health crisis, the COVID-19 pandemic
has been the most serious challenge to delivering timely care
to patients with other conditions [7]. Its outbreak proved to have
a major impact on patients with cerebrovascular diseases [8,9],
for example, significantly decreasing the rate of stroke
admissions [10,11], intravenous thrombolysis and mechanical
thrombectomy [12,13], and prolonging the time from symptom
onset to treatment of ischemic stroke [14]. Intracerebral
hemorrhage (ICH), one of the most devastating diseases
worldwide with a mortality rate of up to twice that of ischemic
stroke [15], requires emergency medical care in specialized
neurological intensive care units [16]. Under the condition of
tight medical resources, it was difficult to balance stroke
treatment and COVID-19 prevention during the COVID-19
pandemic [8-10,12], and it is not clear whether the COVID-19
pandemic affected the manifestations and outcomes of patients
with ICH.

Moreover, hypertension management during the COVID-19
pandemic may be a challenge, which is an important therapy
for ICH [17,18]. There is an unproven notion that
angiotensin-converting enzyme inhibitors (ACEIs) and
angiotensin receptor blockers (ARBs) might theoretically
increase the risk of COVID-19 infection because increased
angiotensin-converting enzyme-2 activity has been shown to
lead to practical medicine restriction. Recently, there have been
reports that discontinuation of ACEI/ARB in patients with
COVID-19 is not related to the severity of COVID-19 [19,20].
However, discontinuation of ACEI/ARB was once not an
uncommon phenomenon. Besides, during the COVID-19
pandemic, the public may have also suffered from social
pressure, anxiety, the depressed economy, a lack of public health
resources, and so on [21,22]. All of these factors may disturb
the control of risk factors of ICH, resulting in increased
occurrence and poor outcomes.

The Chinese Cerebral Hemorrhage: Mechanism and Intervention
(CHEERY) study is a prospective multicenter cohort study that

began on December 1, 2018, and recruits patients with
spontaneous ICH within 7 days of onset in China [18]. This
cohort covered periods before and after the COVID-19 outbreak.
In this study, in order to investigate how the COVID-19
pandemic affected the manifestations and outcomes of patients
with ICH, we retrospectively analyzed the data of patients with
ICH in 1-year periods before (December 1, 2018-November
30, 2019) and during (December 1, 2019-November 30, 2020)
the COVID-19 pandemic in the CHEERY study.

Methods

Study Design
The CHEERY study is a multicenter Chinese program that
includes consecutive patients with ICH admitted to 31 stroke
centers beginning in December 2018. It recruits patients with
spontaneous ICH within 7 days of onset and aims to identify
any major risk factors affecting the prognosis of ICH [18]. To
explore the effects of the COVID-19 pandemic on the
manifestations and outcomes of patients with ICH, we selected
and analyzed data from December 1, 2018, to November 30,
2020, which happens to span 1 year before (December 1,
2018-November 30, 2019) and during (December 1,
2019-November 30, 2020) the epidemic. We followed the
STROBE (Strengthening the Reporting of Observational Studies
in Epidemiology) reporting guidelines.

Participants
All patients with ICH enrolled in the study must meet the
following criteria: (1) older than 18 years; (2) have acute ICH
with ≤7 days duration from onset to admission; and (3) have
received either computerized tomography or magnetic resonance
imaging of the brain to confirm the diagnosis of ICH. Due to
the centralized isolation of patients with COVID-19, this study
did not include patients with ICH complicated with COVID-19
infection.

Data Collection and Analysis
Demographic information was collected, including age, gender,
residence, smoking and alcohol history, and medical history
from the medical record. Gender was recorded from the medical
record, which was copied from the patient’s resident ID card.
The mode of transportation to the hospital and duration from
onset to admission were collected shortly after admission from
patients or escorts. Systolic blood pressure, diastolic blood
pressure, hematoma location, hematoma volume, and laboratory
data were copied from the medical record. The baseline National
Institute of Health Stroke Scale and Glasgow coma scale were
assessed by 2 trained neurologists. After admission, the first
head computerized tomography scan was acquired, and 2
imageologists calculated the volume of bleeding with the ABC/2
formula and recorded the location of bleeding and
intraventricular hemorrhage (IVH). The SMASH-U (structural
vascular lesions, medication, amyloid angiopathy, systemic
disease, hypertension, and undetermined) flowchart was adopted
to classify the most likely cause for each ICH event [23].
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Structural vascular lesions were defined as vascular structural
abnormalities at the bleeding sites verified by imaging or
pathological findings. Medication was defined as warfarin use
with an international normalized ratio ≥2, novel oral
anticoagulant use within 3 days, full-dose heparin, or
thrombolytic agent use. Amyloid angiopathy was defined as
lobar, cortical, or subcortical hemorrhage among patients aged
≥55 years, according to the Boston criteria. Systemic disease
was conventionally defined by the presence of thrombocytopenia
or liver cirrhosis or alternatively by the presence of
non–drug-induced coagulopathy or renal failure. Hypertension
was defined as deep or infratentorial hemorrhage with
pre-existing hypertension history. All other causes and unknown
causes were considered undetermined. Pulmonary infection was
diagnosed by 2 well-trained and experienced neurologists
according to the modified Centers for Disease Control and
Prevention criteria in combination with the patient’s clinical
symptoms, laboratory results, and radiological examinations
within 1 week after ICH. A modified ranking scale score was
assessed centrally by face-to-face, telephone, or WeChat
interview.

Definitions
ICH was defined as hemorrhage into the cerebral parenchyma
that may also extend into ventricles, and rarely, subarachnoid
spaces. A modified ranking scale score of 0-3 points was defined
as a good outcome.

Statistical Analysis
Data were presented as the mean (SD), number (%), and median
(IQR). The Kolmogorov-Smirnov test for normality was used

to assess the data distribution of continuous variables.
Continuous variables were tested with a t test or Mann-Whitney

U test. Categorical variables were tested with the χ2 test or
Fisher exact test. The associations of the outcomes of interest
between the 2 groups were analyzed using the modified Poisson
regression model, and risk ratios (RRs) were reported along
with 95% CIs. Age and gender were used as covariables. SPSS
statistical software (version 26.0, SPSS Corp) was used to
analyze the data, and the statistical significance was set at P<.05.

Ethical Considerations
The study protocol and data collection were conducted strictly
following the Declaration of Helsinki and approved by the
Research Ethics Committee of Tongji Medical College,
Huazhong University of Science and Technology, Wuhan, China
(approval no. 2018-S485) and registered in the Chinese Clinical
Trial Registry (ChiCTR1900020872) [24]. Protocol training
was conducted for all researchers prior to the implementation
of the project. All participants signed a written informed consent
form prior to enrollment. The informed consent should be signed
by the participant, but for those participants who could not sign
the informed consent form by themselves for any reason, their
parents, legal guardians, or protectors signed the informed
consent form.

Results

From December 1, 2018, to November 30, 2020, there were
3460 patients with acute ICH enrolled in the CHEERY study,
and 3260 patients were included in the final analysis (Figure
1). The demographic data are listed in Table 1.

Figure 1. Flowchart of patient enrollment in the Chinese Cerebral Hemorrhage: Mechanism and Intervention study. ICH: intracerebral hemorrhage;
mRS: modified ranking scale; SMASH-U: structural vascular lesions, medication, amyloid angiopathy, systemic disease, hypertension, and undetermined.
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Table 1. Baseline and admission characteristics of patients admitted to hospitals in the year during COVID-19 pandemic (December 1, 2019-November
30, 2020) and the year before the COVID-19 outbreak (December 1, 2018-Novemver 30, 2019).

P valueTime periodCharacteristic

Before the COVID-19 pandemic (n=1750)During the COVID-19 pandemic (n=1510)

<.00161 (52-70)63 (54-71)Age (years), median (IQR)

.001Age (years), n (%)

828 (47.3)625 (41.4)<60

922 (52.7)885 (58.6)≥60

.009Gender, n (%)

1136 (64.9)1045 (69.2)Men

614 (35.1)465 (30.8)Women

Residence, n (%)

.18930 (53.1)850 (56.3)Rural

797 (45.5)639 (42.3)Urban

23 (1.3)21 (1.4)Unknown

.001Smoking history, n (%)

584 (33.4)424 (28.1)Yes

1159 (66.2)1081 (71.6)No

7 (0)5 (0)Unknown

.02Alcohol history, n (%)

464 (26.5)346 (22.9)Yes

1279 (73.1)1159 (76.8)No

7 (0)5 (0)Unknown

Comorbidities, n (%)

.2553 (3)62 (4.1)Ischemic heart disease

.04150 (8.6)156 (10.4)Ischemic stroke

.401141 (66.1)970 (64.7)Hypertension

.06143 (8.2)137 (9.1)Diabetes

.16299/1141 (26.2)281/970 (29)Antihypertensiona

.4445/299 (15.1)49/281 (17.4)Pre-ACEI/ARBb usage

<.001Transportation to hospital, n (%)

1012 (57.8)660 (43.7)Ambulance

686 (39.2)838 (55.5)Self-admission

52 (3)12 (0.8)Unknown

<.0016 (2-24)4 (2-12)Duration from onset to admission
(hours), median (IQR)

<.001162 (145-180)170 (150-190)SBPc on admission (mm Hg),
median (IQR)

<.00194 (84-106)97 (87-108)DBPd on admission (mm Hg),
median (IQR)

.0036.2 (5.3-7.4)6.3 (5.3-7.9)Fasting blood glucose (mmol/L),
median (IQR)

.058 (3-15)9 (4-16)NIHSSe on admission, median
(IQR)
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P valueTime periodCharacteristic

Before the COVID-19 pandemic (n=1750)During the COVID-19 pandemic (n=1510)

.00914 (11-15)14 (10-15)GCSf on admission, median
(IQR)

.01Location of hematoma, n (%)

403 (23)292 (19.3)Nondeep

1347 (77)1218 (80.7)Deep

<.00110.7 (4.9-22.0)12.0 (5.0-28.0)Hematoma volume (ml), median
(IQR)

.02238 (13.6)249 (16.5)IVHg, n (%)

<.001938 (55.2)960 (63.7)ICUh treatment, n (%)

.07358 (20.5)271 (17.9)Surgical intervention, n (%)

SMASH-Ui classification, n (%)

.8331 (1.8)26 (1.9)Structural lesion

.194 (0.2)7 (0.5)Medication

.58235 (13.9)196 (14.7)Amyloid angiopathy

.7418 (1.1)16 (1.2)Systemic diseases

.86919 (54.5)725 (54.2)Hypertension

.41478 (28.4)361 (27)Undetermined

.0215 (10-21)15 (8-21)Hospitalization length (days),
median (IQR)

aPercentage of pre-ICH antihypertension treatments in patients with hypertension.
bACEI/ARB: angiotensin-converting enzyme inhibitor/angiotensin receptor blocker.
cSBP: systolic blood pressure.
dDBP: diastolic blood pressure.
eNIHSS: National Institute of Health Stroke Scale.
fGCS: Glasgow coma scale.
gIVH: intraventricular hemorrhage.
hICU: intensive care unit.
iSMASH-U: structural vascular lesions, medication, amyloid angiopathy, systemic disease, hypertension, and undetermined.

The patients’ median age was 63 (IQR 54-71) years during the
COVID-19 pandemic and 61 (IQR 52-70) years before the
COVID-19 breakout (P<.001). The COVID-19 pandemic was
associated with a higher percentage of male patients (P=.009)
and patients with a history of ischemic stroke (P=.04). Fewer
patients had a history of smoking (P=.001) and drinking (P=.02)
during the pandemic (Table 1).

During the COVID-19 pandemic, patients were more likely to
go to the hospital directly by themselves (during: n=838, 55.5%;
before: n=686, 39.2%; P<.001) and took less time from onset
to admission (during: median 4, IQR 2-12 hours; before: median
6, IQR 2-24 hours; P<.001) compared with before the pandemic.
The COVID-19 pandemic was also associated with an increase
in systolic blood pressure (during: median 170, IQR 150-190
mm HG; before: median 162, IQR 145-180 mm Hg; P<.001),
diastolic blood pressure (during: median 97, IQR 87-108 mm
HG; before: median 94, IQR 84-106 mm Hg; P<.001), fasting
blood glucose (during: median 6.3, IQR 5.3-7.9 mmol/L; before:
median 6.2, IQR 5.3-7.4 mmol/L; P=.003), deep ICH (during:

n=1218, 80.7%; before: n=1347, 77%; P=.01), hematoma
volume (during: median 12.0, IQR 5.0-28.0 mL; before: median
10.7, IQR 4.9-22.0 mL; P<.001), intraventricular hemorrhage
(during: n=249, 16.5%; before: n=238, 13.6%; P=.02), and ICU
treatment (during: n=960, 63.7%; before: n=938, 55.2%;
P<.001) (Table 1).

We then comparatively evaluated the outcomes of ICH. Table
2 shows that the COVID-19 pandemic was associated with an
increased risk of pulmonary infection during hospitalization
(RRunadjusted 1.299, 95% CI 1.091-1.546; RRadjusted 1.267, 95%
CI 1.065-1.509), lower probability of 3-month good outcome
(RRunadjusted 0.970, 95% CI 0.950-0.989; RRadjusted 0.975, 95%
CI 0.956-0.995), and higher in-hospital mortality (RRunadjusted

3.233, 95% CI 2.246-4.653; RRadjusted 3.103, 95% CI
2.156-4.465), 1-month mortality (RRunadjusted 1.070, 95% CI
1.048-1.093; RRadjusted 1.064, 95% CI 1.042-1.087), and 3-month
mortality (RRunadjusted 1.075, 95% CI 1.051-1.099; RRadjusted

1.069, 95% CI 1.045-1.093).
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Table 2. Outcomes in patients admitted to hospitals during (December 1, 2019-November 30, 2020) and before (December 1, 2018-Novemver 30,
2019) the COVID-19 pandemic.

Adjusted analysisaUnadjusted analysisTime periodCharacteristics

P valueRisk ratio (95% CI)P valueRisk ratio (95% CI)Before the COVID-19 pan-
demic (n=1750), n (%)

During the COVID-19 pan-
demic (n=1510), n (%)

.0081.267 (1.065-1.509).0031.299 (1.091-1.546)207 (11.8)232 (15.4)Pulmonary infection

.170.985 (0.963-1.007).080.980 (0.959-1.002)977 (55.8)797 (52.8)1-month mRSb 0-3

.010.975 (0.956-0.995).0030.970 (0.950-0.989)1158 (66.2)923 (61.1)3-month mRS 0-3

<.0013.103 (2.156-4.465)<.0013.233 (2.246-4.653)38 (2.2)106 (7)In-hospital mortality

<.0011.064 (1.042-1.087)<.0011.070 (1.048-1.093)190 (10.9)282 (18.7)1-month mortality

<.0011.069 (1.045-1.093)<.0011.075 (1.051-1.099)253 (14.5)348 (23)3-month mortality

aAdjusted for age and gender.
bmRS: modified ranking scale.

Discussion

Since December 2019, the outbreak of COVID-19 infections
has had a major impact on the occurrence, development, and
treatment of cerebrovascular diseases [7,8]. Currently, despite
the international open policy, the epidemic still occasionally
erupts in small areas. In this study, in order to investigate how
the COVID-19 pandemic affected the manifestations and
outcomes of patients with ICH, we retrospectively analyzed the
data of patients with ICH in 1-year periods before (December
1, 2018-November 30, 2019) and during (December 1,
2019-November 30, 2020) the COVID-19 pandemic from the
CHEERY study, a prospective multicenter cohort study. Our
study found that during the COVID-19 pandemic, patients with
ICH were more likely to be older with a history of ischemic
stroke, higher blood pressure and fasting blood glucose, larger
hematoma volume, shorter time from onset to admission, more
common deep ICH and IVH, more ICU treatment, and preferred
to go to hospital directly rather than call an ambulance. In
addition, during the COVID-19 pandemic, patients with ICH
had a higher risk of pulmonary infection, lower probability of
3-month good outcomes, and higher in-hospital, 1-month, and
3-month mortality.

ICH is among the diseases with the highest mortality; in
low-income countries, its 30-day mortality may be as high as
40% [25]. Early identification and timely treatment are crucial
to reducing patient mortality [26]. Research has found that more
than one-third of patients have hematoma enlargement within
24 hours of onset, and approximately 38%-76% experience
hematoma enlargement within 3 hours of onset. Every 10%
increase in hematoma volume increases the risk of mortality by
5%, and every 1 mL increase in hematoma volume increases
the risk of poor prognosis by 7% [27,28]. On the other hand,
brain edema that occurs within hours of a patient’s onset and
persists for days to weeks is also closely related to patient
outcomes [29,30], with an average increase of 75% in
perihematomal edema within the first 24 hours after ICH, which
is also closely related to patient mortality [31,32]. In addition,
persistent high systolic blood pressure in the early stages of
ICH can lead to an increased risk of hematoma expansion,
neurological deterioration, and even brain hernia formation,

leading to patient death [33]. Therefore, early blood pressure
reduction and intensive care for patients with ICH are crucial
to reducing the mortality rate [34,35]. Unfortunately, such
actions may have been difficult to implement during the
pandemic.

During the pandemic, many studies reported a significant
increase in the number of deaths from diseases other than
COVID-19 [36,37]. Researchers found that in the early stages
of the pandemic (March-July 2020), there was a marked increase
in the number of patients dying from cerebrovascular disease
[38]; this may have resulted from public health interventions
[39] and limited medical care [40,41], patients refusing to enter
the hospital for fear of infection [42,43], a decline in hospitals’
emergency care capacity [44,45], and insufficient poststroke
intensive care [46] and rehabilitation care [10,47].

The global burden of ICH is related to the inadequate
management of chronic hypertension and other modifiable risk
factors [48]. In China, nearly half of adults aged 35-75 years
have hypertension, but only 30.1% of patients with hypertension
are being treated, and only about 7.2% are under control [49].
During the COVID-19 pandemic, the situation was worse, and
the higher blood pressure in patients with ICH could be
attributed to social pressure, anxiety, the depressed economy,
the lack of public health resources, inadequate control of risk
factors, and unwillingness to seek medical treatment during this
special period [40-47]. Furthermore, the use of ACEI/ARBs
might have theoretically increased the risk of COVID-19
infection, though recent reports did not find any correlation
between the discontinuation of ACEI/ARB in patients with
COVID-19 and the severity of COVID-19 [19,20]. For the fear
of infection of COVID-19, patients may have discontinued the
use of ACEI/ARB. A previous study in China also showed a
significant increase in excess deaths due to cardiovascular
disease and diabetes in the early lockdown period [43],
presumably due to poor hypertension control during lockdowns
in populations due to COVID-19 infections conflicting with
antihypertensive drugs, such as ACEI.

Our previous studies have found that age, deep ICH, fasting
blood glucose, and hematoma volume were predicters of
in-hospital neurological deterioration and 3-month poor
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outcomes in the SIGNALS and ADVISING scores [50,51]. In
this study, we found these factors were also associated with
poor outcomes in patients with ICH during the COVID-19
pandemic. Older people had more risk factors, such as
hypertension, diabetes mellitus, ischemic stroke, ischemic heart
disease, and other diseases, which could induce and aggravate
ICH. COVID-19 may have restricted the control of risk factors
of ICH, resulting in more older patients with ICH.

Our study found that more patients with ICH went to hospitals
directly without calling an ambulance. We speculate that this
phenomenon was related to limited public medical resources
and anxiety.

Most important of all, our study found that patients with ICH
demonstrated higher NIHSS scores on admission and larger
hemorrhage volumes. They also needed more ICU intervention
and had poorer outcomes and mortality at 3 months. This finding
indicated that ICH was more severe during the COVID-19
pandemic; this could be related to the patients’ higher blood
pressure on admission, which may lead to a larger hematoma
and poor prognosis. Our results were consistent with the report
that older age and larger ICH volume are poor predictors of
mortality [52].

One main limitation of our study was that we only included
hospitalized patients. Those who were treated in an outpatient
setting and died before reaching the hospital were not included.
During the COVID-19 pandemic period corresponding to this
study (December 1, 2019-November 30, 2020), more than
86,000 Chinese people were infected with COVID-19, as
reported to the WHO. Vaccines, treatments, and minimally
intrusive suppression measures are being developed for
long-term prevention and control of COVID-19 in China [53].
As per government policy, infected patients were transferred to
designated hospitals, which were not included in our study
centers. Therefore, this study did not contain patients with
COVID-19.

A major strength of this study is the use of the CHEERY study
and its consecutive enrollment of patients within a defined study
time, including the year before and after the COVID-19
outbreak. This excludes relevant selection bias and ensures that
results from this cohort are fairly representative.

Our study indicated that the cloud of COVID-19 has adversely
impacted the presentation and outcomes of ICH. Medical
workers should pay more attention to patients with ICH, while
the public should pay more attention to hypertension control
and ICH prevention.
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Abstract

Background: The incidence of early-onset colorectal cancer (EOCRC) rose abruptly in the mid 1990s, is continuing to increase,
and has now been noted in many countries. By 2030, 25% of American patients diagnosed with rectal cancer will be 49 years or
younger. The large majority of EOCRC cases are not found in patients with germline cancer susceptibility mutations (eg, Lynch
syndrome) or inflammatory bowel disease. Thus, environmental or lifestyle factors are suspected drivers. Obesity, sedentary
lifestyle, diabetes mellitus, smoking, alcohol, or antibiotics affecting the gut microbiome have been proposed. However, these
factors, which have been present since the 1950s, have not yet been conclusively linked to the abrupt increase in EOCRC. The
sharp increase suggests the introduction of a new risk factor for young people. We hypothesized that the driver may be an off-target
effect of a pharmaceutical agent (ie, one requiring regulatory approval before its use in the general population or an off-label use
of a previously approved agent) in a genetically susceptible subgroup of young adults. If a pharmaceutical agent is an EOCRC
driving factor, regulatory risk mitigation strategies could be used.

Objective: We aimed to evaluate the possibility that pharmaceutical agents serve as risk factors for EOCRC.

Methods: We conducted a case-control study. Data including demographics, comorbidities, and complete medication dispensing
history were obtained from the electronic medical records database of Maccabi Healthcare Services, a state-mandated health
provider covering 26% of the Israeli population. The participants included 941 patients with EOCRC (≤50 years of age) diagnosed
during 2001-2019 who were density matched at a ratio of 1:10 with 9410 control patients. Patients with inflammatory bowel
disease and those with a known inherited cancer susceptibility syndrome were excluded. An advanced machine learning algorithm
based on gradient boosted decision trees coupled with Bayesian model optimization and repeated data sampling was used to sort
through the very high-dimensional drug dispensing data to identify specific medication groups that were consistently linked with
EOCRC while allowing for synergistic or antagonistic interactions between medications. Odds ratios for the identified medication
classes were obtained from a conditional logistic regression model.
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Results: Out of more than 800 medication classes, we identified several classes that were consistently associated with EOCRC
risk across independently trained models. Interactions between medication groups did not seem to substantially affect the risk.
In our analysis, drug groups that were consistently positively associated with EOCRC included beta blockers and valerian
(Valeriana officinalis). Antibiotics were not consistently associated with EOCRC risk.

Conclusions: Our analysis suggests that the development of EOCRC may be correlated with prior use of specific medications.
Additional analyses should be used to validate the results. The mechanism of action inducing EOCRC by candidate pharmaceutical
agents will then need to be determined.

(JMIR Public Health Surveill 2023;9:e50110)   doi:10.2196/50110

KEYWORDS

early onset colorectal cancer; pharmaceutical agents; increased risk; colorectal cancer; health provider; Israel; machine learning;
decision tree; gradient boosting; risk factors; decision support; risk; risks; colorectal; cancer; oncology; internal medicine;
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Introduction

An abrupt increase in the incidence of early-onset colorectal
cancer (EOCRC), generally defined as the occurrence of colon
or rectal cancer in people less than 50 years of age, began in
the mid 1990s; this was first noted in the early 2000s [1-3]. The
majority of EOCRC cases are not due to inherited cancer
susceptibility genes or inflammatory bowel disease (IBD), which
have long been known as risk factors for EOCRC [3-5]. This
implies that the driving factors for the increase in EOCRC are
environmental, although there is presumably an interplay
between genes and the environment. The rise in the incidence
of EOCRC has now been documented in many countries [3,6,7].
While an increasing prevalence of obesity, high processed foods
diets, diabetes, smoking, alcohol consumption, and sedentary
lifestyles have been implicated in EOCRC, these lifestyle and
comorbidity factors have been present since the 1950s, and the
marked increase in EOCRC was noted beginning in the 1990s
[8,9]. Further, many patients with EOCRC are neither obese
nor sedentary; data on obesity as an increased risk factor for
EOCRC report both increased and decreased risk compared to
controls [10-13]. The extensive use of antibiotics has also been
suggested as a causative factor through the induction of changes
to the spectrum of the gut microbiome, but data regarding the
gut microbiome and metabolites in patients with EOCRC
compared to unaffected patients are conflicting [14,15].

The observation that the increase in EOCRC incidence was
abrupt rather than occurring gradually over decades suggested
to us that a factor leading to colonic neoplasia that was not
previously widely used was made available to young people
over a relatively short period of time. We thus hypothesized
that a driver for EOCRC could be an off-target effect of a
medication that acts directly or indirectly on the colonic mucosa
to result in the activation of oncogenic pathways or silencing
of protective pathways in individuals who otherwise have a
benign genetic makeup. These medications were either not
previously available or not previously widely used and were
prescribed by physicians or obtained over-the-counter (OTC)
by young people. These medications could be new drug
approvals by regulatory agencies through new drug applications
(NDAs) or supplementary NDAs or drugs that began to be used
for uses other than the approved indication (ie, off-label use).
The pharmaceutical agent could act either directly on the colonic

mucosa or indirectly (eg, via the gut microbiome or its
metabolites). Even though EOCRC is increasing in incidence,
it still affects only a small fraction of all young people. Young
patients developing EOCRC may have a genetic predisposition,
such as a genetic polymorphism (possibly resulting in altered
drug metabolism), which translates into an off target
carcinogenic effect.

To test our hypothesis, we sought to identify pharmaceutical
agents used more frequently in patients with EOCRC than in
their peer controls and determine which may be risk factors for
EOCRC by using a novel machine learning method to analyze
a large Israeli electronic medical records (EMRs) database that
includes digitized pharmacy records for patients with EOCRC
and matched controls.

Methods

Study Population
To identify pharmaceutical agents related to EOCRC, a nested
case-control study was performed using data from Maccabi
Healthcare Services (MHS), an Israeli state-mandated health
provider that serves 2.6 million members (26% of the Israeli
population). EMRs have been used in MHS since the mid 1990s.
Each patient’s EMR contains individual-level demographic and
clinical information, including clinical diagnoses,
hospitalizations, medical procedures, laboratory test results,
and filled prescriptions.

Case Ascertainment and Matching
MHS maintains a cancer registry though linkage with the Israel
National Cancer Registry (INCR). The INCR was established
in 1965 with the aim of continuously collecting data on newly
diagnosed cancer cases from all medical institutions in Israel.
Since 1981, all pathology results from diagnosed cancer cases
must be submitted to the INCR. To further ensure complete
case ascertainment, the MHS cancer registry supplements the
national database with 2 additional sources of data, namely,
histological findings from the MHS central laboratory and
purchase authorization records for cancer-specific medications.

We used the MHS cancer registry to retrieve information on all
patients with colorectal cases first diagnosed between January
1, 2001, to December 31, 2019, who received their first cancer
diagnosis at age 50 years or younger (n=1461). To minimize
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misclassification of medication exposure, we restricted the
analysis to patients who were continuously enrolled in MHS
for at least 3 years prior to the index date (n=1174). We also
excluded 237 cases who had EMR indications of IBD (Crohn
disease or ulcerative colitis) or a personal or family history of
suspicion for an inherited cancer susceptibility gene. Thus, the
final case population included 941 patients with colorectal
cancer.

For each case we matched 10 controls through density (risk-set)
matching. Controls had to be continuously enrolled in MHS for
at least 3 years before the index date, have no personal history
of colorectal cancer, and have no evidence of colorectal cancer
at the index date. Matching was done using sex, residential
district, sociodemographic status (based on enumeration area,
which is the smallest geostatistical unit of the Israeli central
bureau of statistics), minority subpopulation at the residential
area (Israeli Arab or Jewish Orthodox and Ultra Orthodox or
Jewish secular), birth year (±2 years), and periphery index
(proximity to a large urban center).

Exposure Assessment
MHS members can fill prescriptions at any of more than 700
affiliated pharmacies across the country with a minimum
copayment. OTC medications can also be purchased through
these pharmacies at a discount. For both cases and controls, we
obtained information on all dispensing of medications (OTC
and prescription) prior to the index date, implementing a 2-year
lag prior to the index date to reduce the likelihood of
reverse-causation. To reduce the dimensionality of the data and
ease interpretation, individual medications were grouped
according to the fifth level (chemical substance) of the
Anatomical Therapeutic Chemical classification system. Drugs
that were used by less than 0.1% (103/10,351) of the cohort
were excluded.

Comorbidity Information
Our goal in this analysis was to identify medication classes that
were linked with EOCRC to inform future studies. Thus, we
did not aim to make casual interpretations. We collected
information on several comorbidities recorded before the index
state that have been linked with EOCRC [16-18]. These included
diabetes (International Classification of Diseases, Ninth Revision
[ICD-9] code 250.x); hypertension (ICD-9 code 401.x);
cardiovascular conditions including ischemic heart disease
(ICD-9 codes 410.x, 412, 429.7, and 429.79), non–myocardial
infarction (ICD-9 codes 36.x, 411.x, 414.x, and 429.2),
congestive heart failure (ICD-9 codes 404.x and 428.x),
peripheral vascular disease (ICD-9 codes 440.x, 441.x, 442.x,
and 443.x), stroke (ICD-9 codes 433.x1 and 438.x), transient
ischemic attack (ICD-9 code 435.x), cerebrovascular
atherosclerosis (ICD-9 code 434.x0), and atrial fibrillation
(ICD-9 code 427.3x); and obesity (ICD-9 code 278.02). Data
on comorbidities were obtained from the MHS automated patient
registries, which apply case ascertainment algorithms to define
patients with chronic diseases according to multiple data sources
and disease-specific international guidelines. These include
separate registries for cardiovascular disease, diabetes,
and hypertension. MHS physicians are required to measure
patients’ body weight annually and document this in the EHR

[17-20]. To assess potential surveillance bias, we also calculated
the average frequency of monthly physician visits for each
patient by summing all physician visits recorded for a given
patient by each patient’s follow-up time in the system up to 2
years before the index date, as this can affect the likelihood and
timing of receiving an EOCRC diagnosis as well as the nature
of medication prescription patterns.

Statistical Analysis
The very high dimensionality of the medication dispensing data
limits the use of conventional statistical methods for the analysis
since such methods cannot account for the frequent coexposure
to many different medication classes. Thus, to conduct a
high-throughput screening of medications and identify specific
medication groups, individual or in combination, that were
consistently linked with EOCRC, we used eXtreme Gradient
Boosting (XGBoost), a highly efficient implementation of
gradient tree boosting [21]. Briefly, gradient boosting is an
ensemble technique that combines the outputs of many
individual decision trees to capture complex associations with
an outcome of interest. The combining of trees is done iteratively
so that each new tree is fit on the residuals of the previous one.
XGBoost uses parallel processing to reduce computing time
and advanced regularization to enhance the stability of the
predictions. The model requires defining several data-specific
regularization parameters to optimize performance, which were
selected though a 5-fold cross-validation coupled with a
Bayesian model optimization [22].

To enhance the reproducibility of our findings, we trained 50
independent XGBoost models, each time setting aside a
randomly selected 20% of the data. A list of medication groups
associated with EOCRC was derived through global Shapley
additive explanations (SHAP) values [23], focusing on
medication groups that were associated with the outcome in at
least 50% of the independent runs or those with global SHAP
value in the top 2.5% of the distribution in at least 1 of the runs.
A final XGBoost model was then trained with these selected
medication groups using the full data to evaluate the presence
of informative interactions, assessed through the tree depth
hyperparameter following final model optimization. Since
machine learning models, including XGBoost, do not provide
specific effect estimates, the final list of medications was then
included in a conditional logistic regression model to obtain
odds ratios (ORs) with 95% CIs for each medication category
while accounting for the matched risk sets and adjusting for the
frequency of physician visits as well as the patients’ history of
diabetes, cardiovascular disease, and excess body weight at
baseline that were found to be significant in the multivariable
model. All statistical analyses were performed using R (version
4.0.2, R Foundation for Statistical Computing).

Ethical Considerations
The study protocol was approved by the MHS institutional
review board (MHS IRB 0034-24). Informed consent was
waived by the institutional review board because patients’
identifying details were removed. There was no compensation
provided to individual patients for participation in the study.
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Results

Population characteristics are shown in Table 1. The average
age at the time of EOCRC diagnosis was 43.6 (SD 6.7) years.
The average number of follow-up months and the frequency of
physician visits was similar for cases and controls. Cases and
controls were well-matched.

Of the more than 800 medication classes used by the study
participants, we identified 5 classes that were consistently
associated (>50%) with EOCRC risk across the independently
trained models. An additional 10 medication groups not
consistently associated with EOCRC also had SHAP values in

the top 2.5% in at least 1 run (Table 2). Interactions between
medication groups did not seem to be informative for risk
prediction.

An examination of the effect estimates for the identified
medication groups from the conditional regression model
adjusted for the aforementioned comorbidities suggested several
medication classes whose use was associated with increased
odds of EOCRC. These included a beta-blocker, an angiotensin
converting enzyme (ACE) inhibitor, and valerian, an herbal
medication. Some protective associations were also observed,
including for paroxetine, a selective serotonin uptake inhibitor.
Antibiotics were not consistently associated with increased risks
(Table 3).

Table 1. Demographics of patients with colorectal cancer and controls from data covering the period 2001-2019.

Controls (n=9410)Colorectal cases (n=941)Demographics

Sex, n (%)

4590 (48.8)459 (48.8)Male

4820 (51.2)482 (51.2)Female

Population subgroup, n (%)

8290 (88.1)829 (88.1)Secular Jewish

640 (6.8)64 (6.8)Jewish Ultra Orthodox

480 (5.1)48 (5.1)Israeli Arab

Residential area, n (%)

1760 (18.7)176 (18.7)North

1830 (19.4)183 (19.4)Center

2110 (22.4)211 (22.4)Jerusalem

2120 (22.5)212 (22.5)Sharon

1590 (16.9)159 (16.9)South

6.5 (1.9)6.5 (1.9)Sociodemographic statusa, mean (SD)

646 (278)641 (273)Weeks of follow-up before index date, mean (SD)a

43.6 (6.6)43.6 (6.7)Age at index dateb (years), mean (SD)

7.2 (6.0)7.2 (6.0)Physician visits over follow-up periodc, yearly mean (SD)

aSociodemographic status was measured on a 10-point scale (1: lowest; 10: highest).
bThe index date was defined as the first date of colorectal cancer diagnosis.
cUsed as a proxy measure of the frequency of contact with the medical system, which could affect the likelihood and timing of receiving a colorectal
cancer diagnosis and medication prescription patterns.
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Table 2. Prevalence of the use of pharmaceutical agents in patients with EOCRC and controls using eXtreme Gradient Boosting from data covering
the period 2001-2019.

Rate of runs with a global

SHAPd value ≥97.5% of the

distributione (%)

Rate of runs in which an

association with CRCb

was observedc (%)

Prevalence of use in
controls, n (%)

Prevalence of use in
cases, n (%)

ATC descriptionATCa class

570228 (2.4)42 (4.5)Propranololc07aa05

360161 (2.8)44 (4.7)Enalaprilc09aa02

258291 (3.1)47 (5)Valeriann05cm09

1054376 (4)15 (1.6)Paroxetinen06ab05

450724 (7.7)99 (10.5)Simvastatinc10aa01

246234 (2.5)40 (4.3)Metformina10ba02

140906 (9.6)67 (7.1)Dimetindened04aa13

3361986 (21.1)175 (18.6)Dexamethansones01ca01

1321249 (13.3)103 (10.9)Mometasoned07ac13

130672 (7.1)86 (9.1)Diclofenacd11ax18

1281381 (14.7)161 (17.1)Famotidinea02ba03

2242782 (29.6)301 (32)Chloramphenicols01aa01

1203443 (36.6)335 (35.6)Phenoxymethylpenicillinj01ce02

1202631 (28)243 (25.8)Pseuroephedrine, combinationr01ba52

1161590 (16.9)174 (18.5)Ferrous amino acid complexb03ad01

110685 (7.3)79 (8.4)Clindamycing01aa10

12451 (4.8)51 (5.4)Terbutaliner03ac03

aATC: Anatomical Therapeutic Chemical classification system.
bCRC: colorectal cancer.
cBased on global SHAP values calculated for each of 50 runs. A global SHAP value >0 for a given feature was considered evidence for an association
with the outcome.
dSHAP: Shapley additive explanation.
eConsidering each of the 50 different global SHAP values distributions individually.
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Table 3. Odds ratios considering each of the 50 different global Shapley additive explanation value distributions from data covering the period 2001-2019.

P valueOdds ratiob (95% CI)ATC descriptionATCa class

<.0011.94 (1.37-2.77)Propranololc07aa05

.011.61 (1.15-2.25)Valeriann05cm09

.151.34 (0.9-1.98)Enalaprilc09aa02

.031.33 (1.04-1.71)Diclofenacd11ax18

.051.3 (1-1.69)Simvastatinc10aa01

.141.22 (0.94-1.59)Clindamycing01aa10

.031.19 (1.02-1.4)Chloramphenicols01aa01

.101.17 (0.97-1.42)Famotidinea02ba03

.321.17 (0.86-1.59)Terbutaliner03ac03

.161.15 (0.95-1.4)Ferrous amino acid complexb03ad01

.651.14 (0.66-1.96)Metformina10ba02

.580.96 (0.82-1.11)Phenoxymethylpenicillinj01ce02

.070.86 (0.73-1.02)Pseuroephedrine, combinationr01ba52

.020.8 (0.67-0.97)Dexamethansones01ca01

.040.79 (0.63-0.98)Mometasoned07ac13

.010.71 (0.54-0.92)Dimetindened04aa13

.0010.33 (0.2-0.57)Paroxetinen06ab05

aATC: Anatomical Therapeutic Chemical classification system.
bEffect estimates from conditional logistic regression accounting for the matched risk sets, with additional adjustment for the average frequency of
physician visits and any history of diabetes, cardiovascular disease, or excess weight prior to the index date.

Discussion

Principal Results
Our analysis of the use of pharmaceutical agents based on data
from a quarter of the Israeli population during the period from
2001 to 2019, shortly after the marked increase in EOCRC
incidence began, identified several medications that were used
significantly more frequently by patients affected by early-onset
colorectal cancer than their age-matched controls. Antibiotics,
proposed in other studies as the responsible agent for the
increase in EOCRC cases by changing the gut microbiome,
were not used more frequently in patients with EOCRC than in
controls. Agents used more frequently in patients with EOCRC
included beta-blockers, ACE inhibitors, and an herbal
supplement, valerian.

Comparison With Other EOCRC Research Studies
The incidence of EOCRC has steadily increased since the mid
1990s; it is estimated that of the approximately 153,000 new
cases of colorectal cancer diagnosed in 2023 in the United
States, 19,550 will be in people younger than 50 years of age
[24,25]. By 2030, it is estimated that 1 in 10 new cases of colon
cancer and 1 in 4 cases of rectal cancer will occur in young
people. EOCRC is on the rise in many countries [7,26].

The abrupt increase in the incidence of EOCRC suggests that
the causative agent is an environmental factor, as neither IBD
colitis-associated cancers nor inherited cancer susceptibility
genes have increased in incidence, and neither are found in the

large majority of patients with EOCRC [3,4,27,28]. The
continued increasing incidence of EOCRC further suggests that
the environmental factor is still present; while the absolute
number of cases is small, age cohort analyses suggest the
increasing incidence is higher in younger age cohorts (eg, 20-29
years of age) and that succeeding age cohorts have a higher
incidence of EOCRC [29-31]. The large majority of EOCRC
cases are located on the left side of the colon, especially in the
rectum [32,33]. While some studies have shown little difference
in the spectrum of tumor genomic alterations between EOCRC
and sporadic cancer in older patients, others have not [4,34]. A
recent analysis noted differences based on gender and ethnicity
in nonhypermutated tumors in patients with EOCRC [4,34,35].
However, these somatic tumor genomic analyses did not focus
on the initiating driving factors in “normal” colonic mucosae.

The suspicion that an environmental factor is responsible for
the increasing incidence of EOCRC has led to analyses of
comorbidities including obesity, diabetes mellitus, and lifestyle
factors, such as a sedentary rather than active lifestyle, smoking
and alcohol use, and the widespread use of antibiotics leading
to a change in the gut microbiome [8,13,15]. For alcohol use,
a recent population-based study from South Korea found an
association between moderate and heavy alcohol use and an
increased incidence of left-sided colon and rectal cancers, but
not proximal cancers [36]. The effect was greater in men than
in women. However, alcohol use was self-reported and assessed
at a single point, not over time, and comorbidities including
IBD and a family history of colorectal cancer were not excluded.
For other environmental factors, such as obesity, some studies
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have found an increased EOCRC risk, but others have not
[10-12]. Factors such as obesity, diabetes mellitus, more
sedentary lifestyles, smoking, and alcohol use have increased
gradually over decades and do not address the abrupt increase
in the incidence of EOCRC.

The sharp increase in incidence suggests that a new inciting
factor was introduced to a target population. This led us to
hypothesize that a medication not previously widely used in
young people had been introduced into general use and either
directly or indirectly initiates neoplasia in colonic mucosa. A
medication may have been introduced either through regulatory
approval (NDAs), approval for an additional indication for an
already approved drug (supplementary NDAs), a change in
practice in which an already approved agent is more widely
used by physicians to treat a condition other than the approved
indication, or a new use of an OTC agent. While the incidence
of EOCRC is increasing, it still affects only a small percentage
of people under the age of 50 years. We therefore further
hypothesize that in younger people who develop EOCRC, an
otherwise benign genetic variant (not resulting in colonic
neoplasia in the absence of exposure to the suspected
medication) is potentiated by exposure to the medication to
initiate or propagate neoplasia.

In order to obtain data for an initial evaluation of our hypothesis,
it is necessary to have access to both detailed demographic and
clinical information linked to detailed medication use data. In
Israel, all citizens have access to health care through 4 health
maintenance organizations. Detailed and extensive demographic,
clinical, and pharmaceutical data are available to allow an
analysis of pharmaceutical agents and clinical outcomes. The
databases of Israeli health maintenance organizations have
enabled the assessment of the risk of vaccine toxicities during
the COVID-19 pandemic, evaluating, for example, the incidence
and patients affected by myocarditis [37]. For our study, we
used digitized records including pharmaceutical use both of
prescribed and OTC agents from a large segment of the Israeli
population as the source for our data. Our analysis indicated
that, as we hypothesized, the use of several pharmaceutical
agents was more common in young people diagnosed with
EOCRC when compared to their control peers.

In regard to the agents that we have identified in our initial
analysis, for propranolol, an agent one would not ordinarily
expect to be prescribed to young people, we suspect its use was
to treat anxiety or for side effects of antianxiety agents.
Antihypertensives, such as ACE inhibitors, may be prescribed
more commonly in young people as both stress and other
conditions, such as obesity, increase the risk for hypertension.
Both propranolol and valerian have been reported to have
suppressive effects on established cancer cells; to our
knowledge, there are no data as to their effects in inducing
dysplasia and cancer in normal colon mucosae cells [38-40].
Data concerning ACE inhibitors and the risk for cancer are
conflicting, with a recent report indicating null associations
between use of ACE inhibitors and colorectal cancer risk [41].
Previous studies have suggested an association between
pharmaceutical agents and cancer, including insulin use and
breast cancer, antihypertensives and skin cancer, and sitagliptin
and pancreas cancer, but these associations have not yet been

confirmed. Yang et al [42] recently reported a web-based
algorithm to assess cancer risk for 6 classes of pharmaceuticals
(including antihypertensives, antihyperuricemics,
antihyperlipidemics, nonsteroidal anti-inflammatory drugs, and
antianxiety agents) in Taiwanese patients. However, the study
only included agents used within 2 years of cancer diagnosis,
which is a period during which the cancer may have already
developed. For EOCRC, only 4 patients were between ages of
20-39 years, and the number of patients younger than 50 years
was not provided.

The agents we have identified in our initial analysis do not
include antibiotics. While it has been suggested that the
widespread use of antibiotics during childhood and adolescence
may underlie a carcinogenic effect on the gut microbiome, which
may be translated into an increased incidence of EOCRC, the
data are conflicting. In a recent British study, antibiotic
consumption was associated with colorectal cancer in both older
and EOCRC cohorts, while a population-based case-control
study failed to find conclusive evidence that antibiotics were
associated with EOCRC risk [43,44]. In a population-based
analysis of the effect of cesarian section (removing exposure to
the maternal vaginal flora), while a trend for a higher rate of
EOCRC in women born by vaginal delivery was found, the
overall analysis did not show a difference in the incidence of
EOCRC in individuals born by cesarian section versus those
undergoing vaginal delivery [45].

If our hypothesis is correct and validation studies confirm that
a pharmaceutical agent or class of agents is a driver in the
development of EOCRC, this would lead to regulatory bodies
requiring strategies to mitigate risk [46]. Guidance to industry
from the US Food and Drug Administration, for example,
provides instructions for determining the level of risk, the patient
populations at risk, and when available, biomarkers to determine
if an individual patient is at risk. If a companion diagnostic test
(eg, a genetic polymorphism found in patients with EOCRC
but not in their unaffected peers) is developed, this would be
included in the labeling indication. Examples of risk mitigation
strategies for other illnesses include labeling indication
instructions to identify patients with CYP2C19 alleles that
poorly or almost totally do not metabolize clopidogel (Plavix)
to minimize the risk of using an ineffective drug or drug dose
[47]. For thalidomide, no safe dose has been identified for use
of this agent in women who are pregnant, and the labeling
indication includes a black box warning.

Strengths and Limitations
Strengths of our study include the use of an EMR including
digitized pharmaceutical data covering a large percentage of an
entire country’s population, long-term follow-up, and the use
of an advanced machine learning algorithm. We recognize that
while we used extensive matching and adjustment for possible
confounders, as well as repeated sampling of the data to enhance
reproducibility, our results are still susceptible to confounding
by indication. That is, rather than reflecting an association with
the medications, the observed finding could reflect associations
with the underlying conditions for which the medications were
prescribed [48]. We also recognize the sample size limitations
and have not drawn causality conclusions regarding the agents
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identified as being used more frequently in patients with EOCRC
compared to controls. To assess the risk of publication bias, we
systematically reviewed the literature with regard to our
hypothesis that a pharmaceutical agent is a driving factor in the
abrupt increase in the incidence of EOCRC and found no
publications to date that have studied this hypothesis specifically
in EOCRC. We regard our current data as supporting our
hypothesis but note that validation studies from similar health
care system databases are needed. Moreover, prospective studies
to identify the mechanism of action of pharmaceutical agents

used more frequently by patients with EOCRC than controls
on normal colonic mucosae in initiating a neoplastic process in
a susceptible population of younger adults are required. We
have initiated such studies.

In conclusion, our analysis suggests that EOCRC may be
associated with the prior use of specific medications. Additional
studies of pharmaceutical agents as possible drivers of EOCRC
and the potential mechanisms of action for this effect are
underway.
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Abstract

Background: The control of pulmonary tuberculosis (PTB) is critical for achieving the vision of World Health Organization’s
End TB goal.

Objective: This study analyzes the temporal trends in PTB incidence associated with age, period, and birth cohorts from 2006
to 2020 in Yunnan, China; projects the PTB burden till 2030; and explores the drivers of PTB incidence.

Methods: The aggregated PTB incidence rates between 2005 and 2020 were obtained from the National Notifiable Disease
Reporting System. We used the age-period-cohort model to evaluate the age, period, and cohort effects on PTB incidence. We
applied the Bayesian age-period-cohort model to project future PTB incidence from 2021 to 2030. We applied the decomposition
algorithm to attribute the incidence trends to population aging, population growth, and age-specific changes from 2006 to 2030.

Results: From 2006 to 2020, the PTB incidence in Yunnan was relatively stable, although the absolute number showed an
increase. The net drift was –1.56% (95% CI –2.41% to –0.70%). An M-shaped bimodal local drift and a longitudinal age curve
were observed. The overall local drift was below zero for most age groups except for the age groups of 15-19 years (2.37%, 95%
CI –0.28% to 5.09%) and 50-54 years (0.41%, 95% CI –1.78% to 2.64%). The highest risk of PTB incidence was observed in
the age group of 65-69 years, and another peak was observed in the age group of 20-24 years. Downward trends were observed
for both period and cohort effects, but the cohort effect trends were uneven. A higher risk was observed for the birth cohorts of
1961-1970 (rate ratio [RR]1961-1965=1.10, 95% CI 0.88-1.38; RR1966-1970=1.11, 95% CI 0.92-1.37) and 2001-2010 (RR2001-2005=0.92,
95% CI 0.63-1.34; RR2006-2010=0.84, 95% CI 0.45-1.58) than for the adjacent cohorts. The Bayesian age-period-cohort model
projected that PTB incidence will continually increase from 2021 to 2030 and that PTB incidence in 2030 will be 2.28 times
higher than that in 2006. The age-specific change was the leading cause for the growing PTB disease burden.

Conclusions: Although there are several levels and measures for PTB control, the disease burden is likely to increase in the
future. To bridge the gap of TB-free vision, our study suggests that public health policies be put in place soon, including large-scale
active case-finding, priority prevention policies for high-risk older adult and young adult populations, and reduction of possible
grandparent-grandchildren transmission patterns.

(JMIR Public Health Surveill 2023;9:e48015)   doi:10.2196/48015

KEYWORDS

pulmonary tuberculosis; age-period-cohort modeling; projection; decomposition of disease burden; bayesian age-period-cohort
model
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Introduction

Tuberculosis (TB) is a chronic communicable disease caused
by Mycobacterium tuberculosis, which typically affects the
pulmonary tissues and is therefore referred to as pulmonary
tuberculosis (PTB). This disease can affect other sites as well.
The TB epidemic is a major public health challenge. Globally,
until the emergence of the COVID-19 pandemic, TB was the
leading cause of death from a single infectious agent [1]. The
World Health Organization’s End TB strategy and the United
Nation’s Sustainable Development Goal to end the TB epidemic
by 2035 has ambitious targets of 95% reduction in TB deaths
and 90% reduction in TB new case incidence by 2035 globally
[2].

China is one of the highest TB burden countries, with 7.4% of
the estimated incident cases worldwide in 2022 [1]. Although
a downward trend of TB prevalence has been observed in the
recent decades [3], a large number of new PTB cases have
caused a high disease burden in the country. Therefore, the
estimation of the PTB burden in China is critical for achieving
the vision of the End TB goal. Several studies [4-6] have
reported on the PTB burden trend across time in China. These
studies have shown the historical trend of TB incidence, but
because those studies failed to differentiate the detailed
contributions of age, calendar period, and birth cohort to the
overall temporal trends, the effects of the TB control policy
before 2005 were hard to evaluate. Additionally, research on
prospective trends and projecting the future trends of TB burden
is limited. It is necessary to evaluate the localized TB burden
in specific regions to improve the control strategy. We addressed
these knowledge gaps by examining the age-, period-, and
cohort-associated TB incidence in the Yunnan province of China
by age-period-cohort (APC) analysis.

The APC approach is a statistical framework for the trend
estimation of disease incidence and mortality, and this approach
has been extensively applied in cancer epidemiology [7-11],
infectious disease modeling [12,13], and chronic disease
research [14]. A wide range of research fields are required to
understand the temporal changes in disease outcomes attributed
to 3 components by applying the APC model. First, the age
effects were the changes related to the biological and behavioral
changes that affected the aging of individuals, representing the
outcomes in terms of different age groups. Second, the period
effects were the changes related to public health or social events
in particular years; this component affected all age groups and
birth cohorts simultaneously in a calendar period. Third, the
cohort effects were the outcome changes of birth in the same
calendar years, which reflected the specific epidemiological
exposure of the different birth cohorts over the life course.

This study demonstrates the effects of age, period, and cohort
on the incidence of PTB in the Yunnan province between 2006
and 2020. This study forecasts the PTB incidence in 2030 by
the Bayesian APC (BAPC) model. The decomposition analysis
attributes the future PTB incidence changes to population aging,
population growth, and age-specific reasons. This study will
elucidate the various trends of TB incidence in the future and
identify the potential drivers of the changes in PTB incidence.

To achieve the Sustainable Development Goal in 2035, this
study may provide evidence for future control strategies and
help in public health decision-making, design of PTB screening,
and resource allocation.

Methods

Study Sites
Yunnan, a province in the southwest of China, has 16 prefectures
and 129 counties. The population of Yunan was 44,499,123 in
2006, consisting of 22,957,243 males and 21,541,880 females
[15,16]. By 2020, the population grew to 48,583,533 consisting
of 25,204,786 males and 23,378,747 females [17]. The
population census presents the population structure shifting and
population aging in Yunnan in 2 decades. The ratio of the
population younger than 15 years was 25.96%, 20.73%, and
19.57% and that of the population older than 65 years was
6.09%, 11.06%, and 10.75% in 2000, 2010, and 2020,
respectively [15-17].

Ethical Considerations
This study was submitted to the ethics committee of the Yunnan
Center for Disease Control and Prevention. This study does not
involve human participants and animals. Ethics approval was
not required for this study because we did not include any
identifiable data of patients’ personal information, including
name, identity information, address, and telephone number.
This study only reviewed secondary aggregated data at the
population level; therefore, waiver of written informed consent
was taken (institutional review board exemption: 2023-14).

Data Source
Active PTB has been notified through the National Notifiable
Disease Reporting System (NNDRS) in China since 2004.
Thereafter, the Tuberculosis Information Management System
was built and applied to complete a standard TB case
notification and follow-up in 2005. PTB incidence data between
2005 and 2020 were collected from NNDRS. Notifying PTB
cases is considered as mandatory routine work and is enforced
by law in China. When a patient with TB visits a health facility
and is diagnosed with presumptive or confirmed PTB by
physicians, his or her information must be notified to NNDRS
by this health facility. Theoretically, NNDRS can capture the
data of all the patients with PTB who seek medical advice in a
region. After the presumptive cases are diagnosed further, the
aggregated clinically diagnosed and laboratory confirmed cases
are considered as PTB incidence. To guarantee the incidence
data, the NNDRS includes only new PTB cases that have not
been treated or reported earlier. This system can manually or
automatically mark and delete the duplicate cases by searching
and matching identical information of the full names and
residential identification card numbers of historically notified
cases. Whenever PTB cases are identified as duplicate status,
these are excluded from the incidence statistics in NNDRS. The
annual aggregated data contain the incidence numbers and
incidence rates of PTB, and the data are stratified by the calendar
year of notification, age, and sex. The annual population data
between 2005 and 2020 were generated from NNDRS. The
source of the projected population data was based on the United
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Nations report on world population prospects [18]. Our research
used the Chinese population projection between 2021 and 2030.
We generated the Yunnan provincial population projection by
a fixed proportion of the provincial population among the
Chinese population.

Statistical Analysis
All statistical analyses were conducted with R software (version
4.0.2; R Core Team). P levels <.05 were considered statistically
significant for 2-sided tests.

APC Model
In this study, we used the APC model to illustrate the age,
period, and cohort effects on PTB incidence simultaneously.
This approach attempts to resolve and decompose these effects
and identify the potential triggers for the varying PTB incidence
trends. Due to the perfect linear dependency of the age, period,
and cohort variables, the linear effect of the APC model cannot
be uniquely estimated, and the difficulty in solving the model
parameters is called the APC identification problem [19,20].
The intrinsic estimator was developed based on the
decomposition of the matrix singular value, which could fit a
stable solution of parameter estimation [21]. The generic form
of the APC model can be written as follows: Yijk = log(λijk) = μ
+ αi + πj + γk + ∈ijk

where Yijk is the outcome variable to be explained, assumed to
follow a quasi-Poisson distribution. The Yijk or log(λijk)
correspond to the PTB incidence rate for the ith age group, jth
period, and kth birth cohort. The μ is the intercept, representing
the overall average effect. The error ∈ijk is assumed to follow
the additive, independent, and identically normal distribution.
The α, π, and γ are the log-linear model coefficients
corresponding to age, period, and cohort effects, respectively.
The usual constraints are the sum of the parameters to zero,
presented as ∑αi = ∑πj = ∑γk = 0.

The APC model requires equal intervals for period, age, and
cohort. Therefore, we aggregated the data and then divided each
component interval into widths of 5 years. We divided age into
18 age groups (0-4, 5-9, 10-14, …, 80-84, >85), period into 3
periods (2006-2010, 2011-2015, 2016-2020), and cohort into
20 birth cohorts (1921-1925, 1926-1930, …, 2016-2020). A
tool developed by the National Cancer Institute was used for
the APC model parameters and effects estimation [22]. The net
drift, local drifts, longitudinal age curve, period, and cohort rate
ratio (RR) were evaluated.

BAPC Model
We projected the future incidence of PTB cases from 2021 to
2030 by using the BAPC model. The BAPC model is based on
the previously stated population projection. The Bayesian
approach divides the deviance into age, period, and cohort
effects and treats the unknown parameters as random with an
appropriate prior distribution. The second-order random walk
smoothing the prior and guaranteeing the second differences in
the models were identifiable, which was a random variance
assumed to follow an independent mean-zero normal
distribution. The BAPC model used the integrated nested
Laplace approximation methods to estimate the posterior

marginal distributions directly, and then, integrated nested
Laplace approximation made extrapolations attributed to age,
period, and cohort effects [23,24]. The model fitting was free
of Markov Chain Monte Carlo simulations—the reason was to
avoid the convergence issues introduced by Markov Chain
Monte Carlo sampling that was generally used in the Bayesian
approach.

Decomposition of the Projected Burden
We further analyzed the triggers for the changes in PTB
incidence trends from 2005 to 2030 by the decomposition
approach. The decomposition method was developed recently
[25]. Briefly, this method attributes changes in PTB incidence
to 3 components: population aging, population growth, and
age-specific changes between 2005 and each following year to
2030. The method of decomposition has been documented
elsewhere, and details are given in Multimedia Appendix 1.
The method of decomposition considers the 2-way and 3-way
interaction of these 3 components, and decomposition is more
robust than other methods [26]. We analyzed the absolute and
relative contributions of the 3 components to the change
incidence of PTB based on previous BAPC projections. The
absolute contribution was the attributed incidence number, while
the relative contribution was estimated as the attributed
incidence divided by the total incidence in 2006 × 100%. The
positive contributions correspond to an increase in PTB
incidence, and the negative contributions correspond to a
decrease in PTB incidence. The net change was the total PTB
incidence comprising these 3 components. The age-specific
changes in PTB incidence refer to all the differences in the
incidence that cannot be explained by population aging and
population growth.

Results

Temporal Trends in PTB Incidence
In 2006-2020, the annual mean PTB incidence was 58.57 per
100,000; the rate for males (95.71 per 100,000) was higher than
that for females (46.77 per 100,000). The sex ratio (male:female
ratio) for incidence showed a decline from 2.14 in 2006 to 1.98
in 2020. Between 2006 and 2020, the incidence of PTB
increased from 18,336 in 2006 to 19,412 in 2020 for males and
from 8552 in 2006 to 9768 in 2020 for females. However, the
incidence rate was relatively stable, which was 60.42 per
100,000 in 2006 and 60.06 per 100,000 in 2020 (Figure 1).
Across years, the age-standardized incidence rate decreased in
most age groups for both males and females, which is presented
along each row of the PTB Lexis diagram in Figure 2. A
comparison across age groups along each column of the PTB
Lexis diagram shows that the group younger than 15 years
showed a lower PTB incidence. The highest PTB incidence was
observed in the age group of 70-74 years, with the highest PTB
incidence among males aged >85 years who were older than
the females (age 70-74 years). The diagonals in the Lexis
diagram present the different cohorts, overall, and for both sexes.
The birth cohorts of 1946-1950, 1951-1955, and 1956-1960
showed higher PTB incidence than other adjacent cohorts, while
the birth cohorts of 1981-1985 and 1986-1990 presented higher
PTB incidence across periods.
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Figure 1. Changes in the number of cases and incidence rate of pulmonary tuberculosis stratified by gender in Yunnan, China, from 2006 to 2020. (A)
Number of pulmonary tuberculosis cases stratified by gender. (B) Incidence rate of pulmonary tuberculosis stratified by gender.

Figure 2. Pulmonary tuberculosis incidence matrix and Lexis diagram by year of diagnosis and age at diagnosis in Yunnan, China, from 2006 to 2020.
(A) Incidence matrix of pulmonary tuberculosis. (B) Incidence matrix of pulmonary tuberculosis for males. (C) Incidence matrix of pulmonary tuberculosis
for females. Blue represents lower incidence rate, while red represents higher incidence rate. The scales in each panel are different. For each panel, the
rows represent the incidence across calendar years for the specific age group, the columns represent the incidence across the specific age group for that
calendar year, and the dash lines on the diagonal represent the changes in the incidence for the birth cohort.

APC Model Analysis of PTB Incidence
The estimated age, period, and cohort effects on PTB incidence
are shown in Figure 3 and Figure 4. The net drift presented the
overall log-linear annual percentage change of incidence across
periods and birth cohorts. The overall net drift was –1.56%
(95% CI –2.41% to –0.70%). Differences across sex were
observed for males (–1.94%, 95% CI –2.79% to –1.07%) and
females (–1.07%, 95% CI –1.94% to –0.21%). PTB incidence
among females was lesser than that among males between 2006
and 2020. M-shaped local drift curves were observed, which
refer to the difference in the age-specific annual percentage
changes. The overall local drift was above zero for 2 age groups,

that is, the group aged 15-19 years (local drift 2.37%, 95% CI
–0.28% to 5.09%) and the group aged 50-54 years (local drift
0.41%, 95% CI –1.78% to 2.64%). The local drift was below
zero for most of the other age groups. The trends of the
estimated PTB incidence increased across years for these 2 age
groups. Identical effects were observed in both sexes, although
the female local drift was above zero for the group aged 65-69
years. The longitudinal age curves presented 2 peaks as well
(Figure 4A). For both sexes, after adjusting the period and birth
cohort effects, the PTB incidence presented an “up-down-up”
trend across ages (Figure 4B). The highest risk of incidence was
in the age group of 65-69 years, with another peak around the
age groups of 15-19 years, 20-24 years, and 25-29 years.
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Figure 3. Net drifts and local drifts of pulmonary tuberculosis incidence in Yunnan, China, from 2006 to 2020. (A) Net drifts and local drifts of
pulmonary tuberculosis. (B) Net drifts and local drifts of pulmonary tuberculosis for males. (C) Net drifts and local drifts of pulmonary tuberculosis for
females. The horizontal grey solid line represents the net drift values, while the grey dash line corresponds to the 95% CIs. The curve with a colored
solid line represents the local drift values, and the colored ribbon shows the 95% CIs.

The period (or cohort) effects were the rate ratios of age-specific
rates in each period (or cohort) relative to the reference.
Downward trends (RR=0.85, 95% CI 0.78-0.93, 2016-2020 vs
2006-2010) were observed in the period effects for overall and
for both sexes. After adjusting for the age and birth cohort
effects, a faster decline for the PTB period effect was observed
for males (RR=0.82, 95% CI 0.75-0.89, 2016-2020 vs
2006-2010) than for females (RR=0.89, 95% CI 0.82-0.97,
2016-2020 vs 2006-2010, Figure 4C and Figure 4D). The pattern
for cohort effects was similar to that for the period effects. The
cohort effects continuously declined from the earliest cohort
(RR=3.38, 95% CI 0.94-12.08) to the latest cohort (RR=0.07,
95% CI 0.01-0.45). The gender-stratified trends for cohort

effects showed a downward trend, with the effects for males
declining more rapidly than those for females (Figure 4E and
Figure 4G). Furthermore, the downward trend was uneven; the
convex cohort effect curve presented a higher RR for the birth
cohort 1961-1970 (RR1961-1965=1.10, 95% CI 0.88-1.38;
RR1966-1970=1.11, 95% CI 0.92-1.37) and 2001-2010
(RR2001-2005=0.92, 95% CI 0.63-1.34; RR2006-2010=0.84, 95%
CI 0.45-1.58) than the adjacent cohorts for overall and both
sexes (Figure 4F and Figure 4H). Moreover, the net drift, local
drifts, period, and cohort effects were all statistically significant

(P<.05) checked by the Wald χ2 test (Table S1 of Multimedia
Appendix 1).
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Figure 4. The longitudinal age curve, period, and birth cohort effects curve for pulmonary tuberculosis in Yunnan, China, from 2006 to 2020. (A)
Overall longitudinal age curve and the 95% CIs. (B) Longitudinal age curve stratified by gender. (C) Overall period effect and the 95% CIs for pulmonary
tuberculosis compared with reference period (2006-2010), adjusted with age and cohort effects. (D) Period effect stratified by gender. (E) Overall cohort
effect and the 95% CIs for pulmonary tuberculosis compared with reference cohort (1971-1976), adjusted with age and period effects. (F) Detailed
overall cohort effect of birth cohorts between 1931 and 2016. (G) Cohort effect stratified by gender. (H) Detailed cohort effect of birth cohorts between
1931 and 2016, stratified by gender.

BAPC-Projected PTB Incidence
The BAPC predicted that total PTB incidence would continue
to increase, with 61,306 in 2030 in Yunnan, which is 2.28 times
that of the year 2006 (Table S2 of Multimedia Appendix 1).

However, the projection presented heterogeneity across age
groups. Age groups younger than 15 years show a continually
decreased PTB incidence, although the older adults and younger
adults presented an increasing trend, especially in the birth
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cohorts of 1961-1970 and 2001-2010 (age range of 60-69 years and 20-29 years, respectively) in 2030 (Figure 5A).

Figure 5. The projected incidence for pulmonary tuberculosis and the decomposition to changes in the pulmonary tuberculosis incidence in Yunnan,
China, from 2006 to 2030. (A) The Bayesian age-period-cohort model–projected incidence for pulmonary tuberculosis from 2006 to 2030. (B)
Decomposition of the contribution of population aging, population growth, and age-specific changes to the projected incidence of pulmonary tuberculosis
from 2006 to 2030.

Decomposition of the PTB Burden
The trigger of PTB incidence from 2006 to 2030 was analyzed
by a demographic decomposition. The results showed that
age-specific incidence was the primary factor for the incremental
trend of PTB incidence (Table 1, Figure 5B). The projection

suggested that there are appended 34,396 (56.11%) PTB cases
in 2030 compared with the reference year of 2006. The ordered
contribution of the 3 factors to the increased trend is the
age-specific incidence (36.82% increase from 2006), population
aging (14.58% increase from 2006), and population growth
(4.71% increase from 2006).
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Table 1. The projection, decomposition, and contribution of 3 factors to pulmonary tuberculosis incidence estimated by the Bayesian age-period-cohort
model from 2007 to 2030 in Yunnan, China.

Net changes, n (%)Age-specific incidence, n (%)Population growth, n (%)Population aging, n (%)Total population (N)Yeara

937 (3.36)571 (2.05)203 (0.73)163 (0.59)44,830,0302007

1157 (4.12)397 (1.41)393 (1.40)367 (1.31)45,139,9782008

31 (0.12)–1069 (–3.97)558 (2.07)542 (2.01)45,430,0102009

–1460 (–5.74)–2839 (–11.15)704 (2.76)675 (2.65)45,710,0062010

–235 (–0.88)–2321 (–8.70)870 (3.26)1216 (4.56)45,966,3622011

682 (2.47)–1610 (–5.83)1088 (3.94)1203 (4.36)46,310,0292012

–431 (–1.63)–2779 (–10.50)1231 (4.65)1117 (4.22)46,590,0062013

–667 (–2.54)–3412 (–13)1385 (5.28)1360 (5.18)46,866,0002014

–1259 (–4.91)–4127 (–16.09)1524 (5.94)1344 (5.24)47,139,0002015

–586 (–2.23)–3897 (–14.80)1704 (6.47)1607 (6.11)47,418,0002016

543 (1.98)–3096 (–11.28)1902 (6.93)1737 (6.33)47,710,0022017

1709 (5.97)–2538 (–8.87)2116 (7.39)2132 (7.45)48,004,9782018

2926 (9.81)–2003 (–6.72)2334 (7.82)2596 (8.70)48,299,9072019

2284 (7.82)–3009 (–10.31)2472 (8.47)2821 (9.66)48,583,5332020

8152 (23.25)2602 (7.42)1988 (5.67)3561 (10.16)47,465,0472021

10,132 (27.35)4067 (10.98)2131 (5.75)3934 (10.62)47,590,5182022

12,239 (31.26)5611 (14.33)2274 (5.81)4354 (11.12)47,706,0772023

14,488 (35)7265 (17.55)2406 (5.81)4817 (11.64)47,792,2732024

16,946 (38.64)9099 (20.75)2517 (5.74)5330 (12.15)47,837,3362025

19,652 (42.21)11,168 (23.99)2614 (5.61)5869 (12.61)47,850,0232026

22,667 (45.72)13,496 (27.22)2690 (5.43)6481 (13.07)47,822,4012027

26,037 (49.18)16,105 (30.42)2750 (5.19)7182 (13.56)47,765,5252028

29,883 (52.62)19,080 (33.60)2812 (4.95)7991 (14.07)47,697,1452029

34,396 (56.11)22,570 (36.82)2887 (4.71)8939 (14.58)47,628,0612030

aThe year 2006 is the reference.

Discussion

Principal Findings
Our study first describes and analyzes the age, period, and cohort
effects on PTB incidence in Yunnan, China, between 2006 and
2020 by using the APC model. Then, we predicted the PTB
incidence from 2021 to 2030 by using the integrated nested
Laplace approximation technique to estimate the BAPC model.
Our research further decomposes the drivers of trends and
changes in PTB incidence from 2006 to 2030. We found
reduction in PTB incidence coupled with negative net drifts in
Yunnan between 2006 and 2020. For the age effect, a 2-peak
pattern was observed for both local drifts and the longitudinal
age curve, which showed that young adults (age 15-29 years)
and older adults (age 60-74 years) were high-risk groups for
the priority intervention. The APC analysis presented decreased
period effects from 2006 to 2020, which suggests the
effectiveness of local PTB strategies and other myriad public
health implementations in the last few decades. Besides, an
exceptional decline presented in cohort effects implies potential

transmission patterns. The BAPC predicted a 2.2 times
increment in PTB incidence in 2030 compared with that in
2006—the dominant factor that led to the dramatic growth was
age-specific changes.

The descriptive analysis showed that from 2006 to 2020, the
incidence rate of PTB was stable. However, the incidence
increased for both sexes. This inconsistency in the incidence
rate and the absolute number of incidence cases is attributed to
the population growth in Yunnan in the last few decades [15-17].
The Lexis diagram illustrates a direct landscape of the
cross-sectional, longitudinal, and diagonal representation of
PTB incidence; the 3-directional depiction explicitly indicated
that the PTB incidence among older adults was much higher
than that among young adults (age 15-29 years). However, the
APC model uncovered the true age pattern of PTB incidence,
which was not in line with the Lexis diagram illustration. The
APC model presented 2 critical indicators of net drift and local
drift. The overall and sex-stratified net drift decreased and was
negative in the study period between 2006 to 2020, suggesting
that the PTB incidence declined across periods and birth cohorts.
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The age effect represents the rate differences among age
groups—this may be associated with complex factors such as
biological aging, personal health condition, and lifestyle
behavior. The age-specific temporal trends were illustrated by
longitudinal age curves in this study. The curve showed quite
a low incidence in populations younger than 15 years. One
possible reason was the national neonatal Bacillus
Calmette-Guérin (BCG) vaccination program. The BCG
vaccination policy was activated during the 1960s in China.
The neonatal BCG vaccination program has been performed
nationwide since the 1970s, and the high vaccination coverage
has not been interrupted until now. Another possible reason was
the difficulty in the diagnosis of pediatric tuberculosis—there
were cases of PTB unreported or unnotified due to misdiagnosis.
The unreported rate was 58.3%, 20.3%, and 15.3% among
populations younger than 15 years, populations aged 16-64
years, and populations older than 65 years, respectively. The
risk of unreported tuberculosis in populations younger than 15
years was 7.3 times higher than that in populations older than
65 years [27]. A steep increase was observed in populations
older than 15 years—the first incidence peaked in young
populations in the age range of 15-29 years. The infection risk
in this population may have peaked due to their behavioral
changes with large social circles and communication networks.
Moreover, the age group of 15-29 years may enjoy a higher
degree of freedom and mobility than those younger than 15
years; this correlated with higher chance of exposure to the
infectious source of patients with active PTB. The highest peak
was observed in older adults aged 65-69 years likely due to
immune deficiency diseases, comorbidities, and unhealthy
lifestyle behaviors.

The sex differences in the curve may be caused by the different
lifestyles of males and females—men have more broader social
contacts and networks than women. Besides, men who
experienced potential sex-different sociobehavioral risk factors
of smoking and alcohol drinking were more likely to develop
active PTB, though the difference in incidence between the
sexes was not significant in specific age groups. In this study,
the M-shaped bimodal curve was observed for PTB incidence
rate. The “up-down-up” pattern for the longitudinal age curve
was consistent with that reported in other studies in China [5,6].
These consistency trends revealed that young adults (aged 15-29
years) and older adults (aged 60-74 years) were high-risk groups
for PTB incidence from a broader perspective.

The local drift distribution was also M-shaped. The definition
of local drift is the estimated annual percentage change over
time specific to age groups. Our results indicated that PTB
incidence increased in populations aged 15-19 years and in those
aged 50-54 years across the study period. This finding suggests
that instant public health interventions should be prioritized for
these high-risk group populations. The PTB burden must
significantly decrease in the coming years in China to bridge
the gap of the End TB strategy and to achieve the Sustainable
Development Goals [28]. Although the active case-finding
strategy has been partially implemented as pilot and focused
on students and older adults in China [29], the screening policy
and preventive therapy specific to high-risk populations should
be endorsed as routine work of the national TB program.

Case-finding practices in the physical examination screening
policy should be implemented routinely for campuses and
workplaces, especially for new students and new employees.
The screening strategy should consider special sites such as
military camps, jails, and nursing homes.

Period effects were modified by macrofactors such as shift in
the socioeconomic and medical status, but the period effects on
PTB incidence were equal across all age groups and birth
cohorts within calendar years. This study presents the continuous
decline of the period effect over the past 15 years. The decline
is attributed to the elimination strategy, wherein patients with
PTB are detected as early as possible and treated with
antituberculosis drugs. In the last few decades, the key approach
for managing the PTB epidemic in Yunnan has been to control
the source of infection. First, Yunnan implemented the directly
observed treatment short-course strategy in 2004, which
promoted case detection and cured more patients. Second, the
surveillance system of NNDRS and Tuberculosis Information
Management System were applied simultaneously since 2004,
wherein cases were notified and registered by a modernized
web-based instant information system. Third, between 2015
and 2017, Yunnan reformed the TB delivery system to the
“3-in-1” model. This model referred to the Center of Disease
Control and Prevention responsible for comprehensive
management, the TB-designated hospital responsible for
diagnosis and treatment, and the community-level medical and
health care institutions responsible for referral and directly
observed treatment short-course management [30]. The tripartite
cooperation promoted the accessibility and availability of PTB
diagnosis and treatment. Fourth, because there was moderate
prevalence of HIV in Yunnan [31], TB/HIV bidirectional
screening lowered both the burden of TB and HIV disease,
thereby reducing TB transmission among patients with high-risk
HIV/AIDS. Fifth, a pilot study in Yunnan suggested that
multiple rounds of case-finding enhanced the case-finding
strategy, which contributed to a decrease in the TB incidence
[29]. Further, the implementation of novel public health
approaches such as large-scale application of modern molecular
rapid diagnostic techniques of GeneXpert, advancement of the
patient care cascade, and development of an advanced
information system [32] helped reduce the disease burden in
last 2 decades.

The cohort effect known as the generation effect is the varying
disease incidence among various generations and birth cohorts
associated with specific epidemiological exposure such as wars,
famine, baby boom, and disease pandemic. This
intergenerational effect could impact the course of life. Our
study reveals the earliest birth cohort with the highest RR of
PTB and the most recent birth cohort with the lowest RR. This
finding is consistent with those reported in other studies in China
[5,6,33]. The difference and decrease in the intergenerational
effects may be related to the stable socioeconomic status since
the establishment of China in 1949. More specifically, the rapid
development and continuous economic improvement
accompanied by improvement in the quality of life in the past
40 years has led to a reduction in the epidemiological risk
exposures for PTB incidence in birth cohorts after 1949.
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Another contribution of this study was the finding of higher
risks of PTB incidence in the birth cohort of 1961-1970,
regardless of the highest and lowest RR cohorts. A possible
explanation could be that China endured the great famine from
1959 to 1961, which led to the loss of millions of lives and other
health consequences [34-36]. Yunnan, being in the southwestern
region of China, has a lower economic status, insufficient food
supply, and inadequate transportation in the mountainous rural
areas, which led to greater severity in the famine. Biologically,
malnutrition during the growth and development stages of
children leads to immune system deficiency, consequently
causing a higher risk of infection [37,38]. The low nutritional
level could be characterized by the lower BMI of the population,
which was a definite risk factor for TB incidence [38,39].
Another noteworthy finding was the sudden increasing RR for
the birth cohort of 2001-2010. The speculative reason was the
intergenerational effect for these 2 birth cohorts. The famine
cohort was during 1961-1970, with a supposed average of 20
years for population regeneration [40]—their second-generation
offspring was exactly the birth cohort of 2001-2010. Currently,
the most popular pattern of bringing up children is that the older
adults look after their grandchildren in China. Thus, compared
to other age groups, older adults have a significantly increased
general contact with those aged 5-10 years [41]. Due to the high
probability of PTB incidence among the grandparents, the
grandchildren are more likely to contract PTB owing to their
close contact. In particular, the speculated
grandparent-grandchildren transmission pattern was illustrated
by the female cohort curve and expressed as
grandmother-granddaughter transmission. Furthermore, the
latent tuberculosis infection prevalence increased with age in
China, while the risk of active PTB incidence increased
synchronously, especially for the generation during the great
famine. The hypothetical grandparent-grandchildren
transmission pattern would cause more disease burden due to
increased latent tuberculosis infection. Regarding the prevention
and control of TB, especially in older adult women, the health
care policy should consider not only active case-finding but
also latent tuberculosis infection surveillance and prevention.
Moreover, there was also possibility of nosocomial infections
from long-term care facilities and health care systems rather
than by community or family member transmission. To sum
up, an optimized control policy should involve a comprehensive
intervention and screening strategy for older adults.

The BAPC model is particularly useful for predicting future
PTB burden, as it involves no parametric assumptions, and it
is the only method to achieve sensible projections [24]. Our
study shows the striking forecast that PTB incidence will rapidly
increase from 2021 to 2030, and by the end of 2030, PTB
incidence can increase to 2.28 times higher than that in 2006.
The decomposition analysis presents the double PTB incidence
attributed to the sequential factors of age-specific changes,
population aging, and population growth. The projection and
decomposition validated the previous speculation of the
grandparent-grandchildren transmission pattern. The famine

cohort (birth in 1961-1970) would have the highest PTB
incidence in 2030, and their grandchildren cohort (birth in
2001-2010) would have a higher risk than the adjacent cohorts.
Although population aging and population growth contributed
to only a small portion of PTB incidence, the cohort effect
(age-specific changes) can be explained as the leading cause of
incidence. Another noteworthy point is the accelerated descent
of the Chinese population and fast aging [42-45]. Our findings
offer possible explanation for the increasing PTB incidence to
be related to the dominant factors of age-specific change and
population aging, but the relationship between these factors and
their interactions with the projected PTB incidence should be
addressed by further evidence.

Limitations
This study has some limitations. First, the inferences in this
study might be limited by ecological fallacy and false logical
deduction; these inferences need to be examined by further field
and population researches. Second, the intervals of the group
for age, period, and cohort were 5 years; although aggregated
data reduce potential overdispersion, it could neglect the effect
changes in a fine scale. The PTB incidence data were available
only of the recent 15 years, which added uncertainty to the
long-term analysis and projection. Third, the reported data might
underestimate the effects due to underreporting of patients with
PTB. Fourth, the uncertainty of the United Nation’s world
population prospects projection to future Chinese and Yunnan
provincial population sizes and structures and the lack of
consideration of migration could unsettle and bias the
population-structure–based results of BAPC and decomposition
analysis. Considering the Chinese seventh population census
conducted in 2020 [17], the effect of population structure
shifting should be addressed by further studies. Fifth, the
forecast decomposed factors into population aging and growth
and age-specific changes. Further research is needed to examine
other related factors such as the socioeconomic index, latent
tuberculosis infection status, herd immunity, population dietary
nutrition level, and the COVID-19 pandemic. Besides, there
were residual effects of bias from the APC approach despite
the use of the intrinsic estimator methodology. Field
investigations are needed to verify the speculated
grandparent-grandchildren PTB transmission pattern.

Conclusion
Our study presents the pattern of PTB incidence in Yunnan,
China, and elucidates the underlying causes for the temporal
trends by quantifying the age, period, and cohort effects with
population-based surveillance data and the
macroepidemiological APC model. Although there are several
measures and levels for PTB control in China, the PTB burden
is likely to increase in the future mainly due to age-specific
reasons. The endeavors to achieve the End TB vision in the next
decade should include large-scale active case-finding, priority
prevention policies for the high-risk older adult and younger
populations, and reduction in possible grandparent-grandchildren
transmission patterns.
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Abstract

Background: In China, tuberculosis (TB) is still a major public health problem, and the incidence of TB has significant spatial
heterogeneity.

Objective: This study aimed to investigate the temporal trends and spatial patterns of pulmonary tuberculosis (PTB) in a
low-epidemic area of eastern China, Wuxi city, from 2005 to 2020.

Methods: The data of PTB cases from 2005 to 2020 were obtained from the Tuberculosis Information Management System.
The joinpoint regression model was used to identify the changes in the secular temporal trend. Kernel density analysis and hot
spot analysis were used to explore the spatial distribution characteristics and clusters of the PTB incidence rate.

Results: A total of 37,592 cases were registered during 2005-2020, with an average annual incidence rate of 34.6 per 100,000
population. The population older than 60 years had the highest incidence rate of 59.0 per 100,000 population. In the study period,
the incidence rate decreased from 50.4 to 23.9 per 100,000 population, with an average annual percent change of –4.9% (95%
CI –6.8% to –2.9%). The incidence rate of pathogen-positive patients increased during 2017-2020, with an annual percent change
of 13.4% (95% CI 4.3%-23.2%). The TB cases were mainly concentrated in the city center, and the incidence of hot spots areas
gradually changed from rural areas to urban areas during the study period.

Conclusions: The PTB incidence rate in Wuxi city has been declining rapidly with the effective implementation of strategies
and projects. The populated urban centers will become key areas of TB prevention and control, especially in the older population.

(JMIR Public Health Surveill 2023;9:e42425)   doi:10.2196/42425

KEYWORDS

pulmonary tuberculosis; spatial analysis; temporal analysis; epidemiology; China

Introduction

Tuberculosis (TB) is a chronic communicable disease caused
by the bacillus Mycobacterium tuberculosis, which spreads
across the population via the respiratory tract [1,2]. The
pathogen most typically invades the lungs (pulmonary
tuberculosis [PTB]), though it can affect any organs of the body

(extrapulmonary TB) [3,4]. With high infection rates, morbidity,
mortality, drug resistance, and HIV coinfection, TB still remains
one of the most intractable public health issues, particularly in
low- and middle-income countries [5]. According to the Global
Tuberculosis Report 2020 by the World Health Organization
[1], there were approximately 10.0 million (range 8.9-11.0
million) people with TB worldwide, of whom 54.6% (n=5.5
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million) were from 5 countries, namely India (26.0%), Indonesia
(8.5%), China (8.4%), Philippines (6.0%), and Pakistan (5.7%).

With the second-largest TB burden, the Chinese government
has taken effective national prevention and control strategies
to combat TB. Since 1991, a pilot TB control strategy, the
directly observed treatment and short-course (DOTS) strategy,
was implemented in several provinces, and the government
expanded the DOTS strategy nationwide by 2005 [6]. Moreover,
the government revised the Law of the People’s Republic of
China on the Prevention and Treatment of Infectious Diseases,
and the Chinese Center for Disease Control and Prevention
developed the nationwide Notifiable Infectious Disease
Reporting Information System, which is the largest
internet-based disease reporting system after the severe acute
respiratory syndrome outbreak [7]. With the implementation of
various TB prevention and control measures, the morbidity and
mortality of TB in China have decreased dramatically [8,9].
The incidence of PTB and smear-positive TB in China dropped
from 611 and 170 per 100,000 population in 1990 to 442 and
59 per 100,000 population in 2010, respectively [6]. However,
due to differences in the population, climate, and socioeconomic
factors, the prevalence of PTB in China has significant spatial
heterogeneity [8,10,11]. According to the fifth national TB
epidemiological survey in 2010, the prevalence of PTB in the
eastern, central, and western regions of China was 291, 463,
and 695 per 100,000 population, respectively [12]. In addition,
the prevalence was significantly higher in rural areas (569 per
100,000 population) than in urban areas (307 per 100,000
population). Another study [13] based on the reported PTB
cases in China showed that the reported incidence of PTB in
2019 was 55.6 per 100,000 population in China, and the
incidence in Jiangsu Province was 31.3 per 100,000 population,
which was one of the lowest incidences nationwide and much
lower than that in the Tibet Autonomous Region (182.4 per
100,000 population). In previous studies, researchers have

analyzed the spatial epidemiological characteristics of PTB,
which are of great significance for the effective allocation of
limited health resources [14-17]. However, previous studies
[15-17] mainly focused on areas with high PTB incidence in
China; however, they seriously ignored the evolution of
epidemiological characteristics of PTB in low-epidemic areas.
Nie et al [18] analyzed the spatial distribution characteristics
of PTB cases in Hefei City from 2009 to 2020 and reported that
the incidence of PTB in Hefei city decreased from 57.96 per
100,000 population in 2009 to 31.04 per 100,000 population in
2020 with the high-high incidence cluster gradually decreasing
in rural areas. Through targeted prevention and control strategies
of PTB conducted in low-epidemic areas, the incidence of PTB
had been reduced from high to low incidence. The
epidemiological characteristics and prevention and control
strategies of PTB in low-epidemic areas can provide a reference
for the formulation in high-epidemic areas in the future to
accelerate the end of PTB epidemic.

This study aimed to investigate the temporal trends and spatial
patterns of PTB incidence in a low-epidemic are of China, Wuxi
city in Jiangsu Province, from 2005 to 2020 through epidemic
characteristics analysis and spatial analysis at the subdistrict
level.

Methods

Study Area
Wuxi city, with monsoon and maritime climate, is located in
southern Jiangsu Province on the eastern coast of China (Figure

1). It covers an area of 4627.5 km2 and is composed of 6 districts
and 2 county-level cities (Jiangyin city and Yixing city) with a
total population of 7.5 million persons. It has a highly developed
economy and emerged among the top-ranking cities in China
in 2020 with a per capita gross domestic product exceeding US
$20,000 [19].
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Figure 1. Location of the study area. The location of (A) Jiangsu Province in China, (B) Wuxi city in Jiangsu Province, and (C) 6 districts and 2
county-level cities in Wuxi city.

Data Collection
The Tuberculosis Information Management System is one of
the components of the Notifiable Infectious Disease Reporting
Information System. Since 2004, the system was implemented
in all cities of China, and every PTB case has been required to
report to this system in real time. In this study, the data of PTB
cases from 2005 to 2020 in Wuxi city were obtained from the
Tuberculosis Information Management System. Information
about PTB cases included age, gender, address, as well as
medical information such as drug resistance, classification
(primary treatment or retreatment), and outcome. Demographic
data were collected from the Statistical Yearbook of Wuxi.

Statistical Analysis
Descriptive statistics were used to illustrate the characteristics
of the population distribution. R software (version 4.0.3; The
R Foundation) was used to investigate the level of statistical
significance.

Temporal Analysis
The joinpoint regression model [20] was used to identify the
changes in the secular temporal trend of PTB in Wuxi city from
2005 to 2020. In the model, log-transformed PTB incidence
rates and notification years were identified as the response
variable and independent variable, respectively. The annual
percent change, the average annual percent change, and the
corresponding 95% CIs were obtained through joinpoint
regression analysis. The best-fitted model was identified using

the Bayesian Information Criterion (BIC). The equation for
computing the BIC for a k-joinpoint model is as follows:

Where SSE is the sum of squared errors of the k-joinpoint
regression model, Parm(k)=2*(k+1) is the number of parameters
of the k-joinpoint model, and Obs is the number of observations.
The k-joinpoint model with the minimum value of BIC(k) is
selected as the final model. The joinpoint regression model was
developed by the Joinpoint Regression Program (version 4.9.0.0;
March 2021) from the Surveillance Research Program of the
US National Cancer Institute.

Spatial Analysis
Kernel density analysis [21] was used to explore the spatial
distribution characteristics of PTB cases. The basic idea of
Kernel density analysis is that geographical events have a high
probability of occurrence in areas with high spatial point density
and low probability in areas with low spatial point density,
which can be used to explore hot spots of diseases. The density
value was calculated on the basis of the following formulas:

Where f(x,y) represents the density value of the spatial coordinate
position (x,y), n represents the number of PTB cases within the
distance scale, h represents the bandwidth, k is the density
function, di(x,y) represents the distance from a PTB case i to
(x,y). ArcGIS software (version 10.4; ESRI) was used for Kernel
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density analysis of the PTB spatial distribution characteristics
in Wuxi city.

Cluster Analysis
Hot spot analysis (Getis-Ord Gi*) [22] was used to identify the
clusters of PTB incidence rate in Wuxi city. First, the addresses
were aggregated to the subdistricts, and the incidence rate of
PTB was calculated. Then, the Getis-Ord Gi* statistic was
analyzed for PTB incidence of subdistricts at different times.
The Getis-Ord local statistic is given as follows:

where xj is the attribute value for feature j, wi,j is the spatial
weight between feature i and j, n is equal to the total number
of features.

The resultant z scores and P values showed that high or low
PTB incidence rates cluster spatially. A high z score with a
small P value for the incidence indicated a spatial clustering of
high incidence rates. A low negative z score with a small P
value indicated a spatial clustering of low incidence rates. A z
score near 0 indicated no apparent spatial clustering of PTB

incidence rates. The Getis-Ord Gi* statistic was also analyzed
using ArcGIS software (version 10.4; ESRI), and 999
permutations were conducted to ensure the statistical
significance at 95% CIs.

Results

Demographic Characteristics
A total of 37,592 cases of PTB were registered during 2005 and
2020 in Wuxi city, with an average annual incidence rate of
34.6 per 100,000 population. Among the reported PTB cases,
pathogen-positive PTB accounted for 50.5% (18,987/37,592)
of cases, and the incidence was 17.5 per 100,000 population.
As shown in Table 1, the incidence in men was more than twice

that in women (χ2
1= 6414.4, P<.001), with rates of 48.6 and

20.0 per 100,000 population, respectively. Although in the past
15 years, the largest number of notified PTB cases occurred in
the age group of 20-39 years (14,754/37,592, 39.2%), the
population older than 60 years had the highest incidence rate
of 59.0 per 100,000 population, which was 1.4 times that of the
20-39–year age group.

Table 1. The number and incidence of pulmonary tuberculosis with different demographic characteristics in Wuxi city, 2005-2020.

TotalFemalesMalesCharacteristics

IncidenceCases, nIncidenceCases, nIncidenceaCases, n

Age group (years)

9.619460.87311.412130-19

42.114,75429.4496754.0978720-39

29.510,55214.8257843.5797440-59

59.010,34025.4227994.18061≥60

Pathogenic classification

17.518,9879.7512224.913,865Positive

16.417,8349.8516922.812,665Negative

0.77710.52660.9505Unknown

34.637,59220.010,55748.627,035Total

aAverage annual incidence rate per 100,000 population.

Temporal Distribution
As shown in Figure 2A, the incidence rate of PTB in Wuxi city
decreased from 50.4 per 100,000 population in 2005 to 23.9 per
100,000 population in 2020, with an average annual percent
change of –4.9% (95% CI –6.8% to –2.9%). PTB incidence,
with the implementation of the DOTS strategy and the Floating
Population TB Control Pilot Project of the Global Fund TB
Control Program in Wuxi, drastically declined during 2005 and
2015 with an annual percent change of –5.3% (95% CI –6.0%
to –4.6%). Subsequently, PTB incidence decreased slowly by
–2.4% every year. However, since 2018, the incidence in Wuxi

has once again entered a period of rapid decline, with an annual
percent change of –6.4%. The pathogenic positive PTB
incidence showed different temporal patterns in Figure 2B. The
pathogenic positive PTB incidence decreased from 31.6 per
100,000 population in 2005 to 9.7 per 100,000 population in
2017. However, there was an ascending trend in the incidence
of pathogen-positive PTB from 2017 to 2020, with an annual
percent change of 13.4% (95% CI 4.3%-23.2%). The seasonal
trend of PTB incidence in Wuxi city gradually changed from a
single peak to a bimodal pattern, resulting in no obvious
incidence peak. But, a trough of PTB incidence rates was
observed during the entire study period (Figure 2C).

JMIR Public Health Surveill 2023 | vol. 9 | e42425 | p.2074https://publichealth.jmir.org/2023/1/e42425
(page number not for citation purposes)

Zhang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Temporal trend of pulmonary tuberculosis (PTB) and pathogen-positive PTB in Wuxi city, 2005-2020.

Spatial Distribution
The spatial distribution of PTB cases in Wuxi city at the county
level during 2005-2020 is shown in Figure 3. The cases were
mainly concentrated in the city center, namely Liangxi District
and the surrounding subdistricts or towns. The same spatial

characteristic also existed in 2 county-level cities, Jiangyin city
and Yixing city, where PTB cases were concentrated in
downtown areas. On comparing the Kernel density of cases in
2005-2009, 2010-2014, and 2015-2020, the high-PTB-density
areas gradually shrank, and the Kernel density value also
decreased.
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Figure 3. The spatial distribution of pulmonary tuberculosis cases in Wuxi city at the county level, 2005-2020.

Cluster Analysis
Figure 4 shows the results of PTB incidence cluster analysis of
the Local Getis Gi* statistic. In 2005-2009, we found that the
significant hot spots were in the northeast of Jiangyin city and
southwest of Yixing city. Significant cold spots were located
in Liangxi District, Economic Development Zone, and the
surrounding subdistricts or towns. According to our results in

2010-2014, the significant hot spots were mainly located in the
eastern and southern regions of Jiangyin city. However, the
significant cold spots were mostly in northern Yixing city.
During 2015-2020, the location of the PTB incidence cold spots
had not changed much and was still in Yixing city. However,
PTB incidence hot spots were mainly detected in the Wuxi city
center and 2 subdistricts of Jiangyin city.
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Figure 4. The spatial cluster of the pulmonary tuberculosis (PTB) incidence rate in Wuxi city at county level, 2005-2020.

Discussion

Principal Findings
During the 16-year period of 2005 to 2020, the PTB notification
rates of Wuxi city decreased from 50.4 to 23.9 per 100,000
population at an average rate of –4.9% per year. The decline
was higher than that in China (–3.8%) during the same period
[8]. In addition to the implementation of national measures such
as the DOTS strategy, national TB prevention strategies, control
plans, and government commitments, 3 factors could have
contributed to the difference. First, the lower latent infection
rate of TB indicates a lower TB incidence. According to the
results of a population-based, multicenter, prospective cohort
study by Gao et al [23], the prevalence of latent TB infection
in the eastern China plains was 13.5%, which was lower than
that in the central and western regions of China. Further, the
well-developed medical conditions and convenient access to
medical care in the eastern plain regions have further halted
PTB transmission [19]. The second factor was the
implementation of the Floating Population Tuberculosis Control
Project from 2007 to 2011, which was funded by the Fifth
Round-China Global Fund TB program. The effects of the
program were consistent with studies conducted in other cities
[24,25]. By providing free inspection and grants, supervising
the entire treatment process, the cure rate among patients treated
for PTB in the floating population increased, and the
transmission of PTB in the population reduced. The last factor
was introducing and promoting the use of new technology in

the diagnosis of TB. From 2018 to 2019, loop-mediated
isothermal amplification was used free of charge to diagnose
PTB in all TB-designated (specialized) hospitals in Wuxi city,
mainly for further testing of sputum smear–negative specimens.
However, the TB-designated (specialized) hospitals in Wuxi
provide free Xpert MTB/RIF molecular tests for all individuals
suspected with TB since 2020. With the application of molecular
techniques, more pathogen-positive PTB cases were promptly
detected and treated. It was essential for reducing the
contagiousness of pathogen-positive PTB cases and controlling
PTB transmission. Thus, the incidence of pathogenic positive
PTB increased from 9.7 per 100,000 population in 2017 to 14.2
per 100,000 population in 2020, with an annual percent change
of 13.4%; nonetheless, the overall incidence of PTB decreased
at a rate of 6.3% per year in Wuxi city.

During the study period, the seasonal pattern was gradually
unobvious—this may be explained by the lower incidence rate
of PTB in Wuxi city. However, similar to other studies in China
[9,22,26], our results show an incidence trough in February,
especially in 2020. The reason for the decreasing rate is that
Chinese people often prepare for the Lunar New Year in
February, and citizens usually try to avoid seeking medical
advice immediately. This is one of the reasons that an epidemic
peak occurred in March and April. But in 2020, to control and
prevent the outbreak of COVID-19, the Wuxi government also
implemented a series of public interventions including
community or home isolation, restriction of public traffic, health
care staff reassignment [27-29], etc. It had seriously affected
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notification rates. In February 2020, the incidence rate of PTB
in Wuxi city dropped by 35.3% compared to the average rate
of the same period in 2017-2019.

According to our study, the population older than 60 years was
the main target group of PTB with the highest incidence rate of
59.0 per 100,000 population, especially in males (94.1 per
100,000 populations). This finding was similar to those of other
studies [14,16,22]. On the one hand, the older population harbors
a high burden of the prevalence of latent TB infection, and on
the other hand, the attenuation of immunity and underlying
disease result in higher susceptibility to infection and reinfection
in the older population [23,30,31]. With China's population
aging rapidly, the prevention and control of TB in the older
population will be a major challenge to eradicate TB.

Notably, spatial heterogeneity of PTB was observed in Wuxi
city during 2005 and 2020. The results from the maps of Kernel
density estimation analysis showed that PTB cases were mainly
concentrated in the city center. This could be explained by the
uneven distribution of the population in Wuxi city. With
economic and social factors, the population is usually
concentrated in the city center and the surrounding subdistricts
or towns. Therefore, these densely populated areas were prone
to the spread of PTB, which led to the accumulation of cases.
According to PTB incidence cluster analysis, the hot spots of
high-PTB-incidence areas gradually shifted from the suburbs
to the city center of Wuxi city, which was similar to the spatial

characteristics of PTB from 2009 to 2020 in Hefei city [18].
The results indicate that PTB control measures in the past decade
have been very effective in rural areas. However, it is an urgent
need for new PTB control strategies or projects to prevent PTB
from spreading throughout the population in densely populated
urban areas.

Limitations
This study has several limitations. First, because of death or
treatment in other areas, some cases were not registered in the
official system. Second, the incidence rate of PTB in this study
was based on the resident population, so the incidence may have
been underestimated in some areas with a large floating
population. Those people were not registered in Wuxi city owing
to their return to their registered permanent residence to begin
PTB treatment. Third, we only conducted analyses to explore
the spatial and temporal characteristics of PTB. Further studies
should be carried out to detect the risk factors of PTB in
low-epidemic areas in China.

Conclusions
This study identified temporal trends and spatial distribution of
PTB incidence at the subdistrict level in a low-epidemic area
of China, Wuxi city, from 2005 to 2020. The PTB incidence
rate in Wuxi city has been declining rapidly with effective
implementation of strategies and projects. The populated urban
centers are expected to become key areas of PTB prevention
and control, especially for the older population.
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Abstract

Background: Hemorrhagic fever with renal syndrome (HFRS) is a significant zoonotic disease mainly transmitted by rodents.
However, the determinants of its spatiotemporal patterns in Northeast China remain unclear.

Objective: This study aimed to investigate the spatiotemporal dynamics and epidemiological characteristics of HFRS and detect
the meteorological effect of the HFRS epidemic in Northeastern China.

Methods: The HFRS cases of Northeastern China were collected from the Chinese Center for Disease Control and Prevention,
and meteorological data were collected from the National Basic Geographic Information Center. Times series analyses, wavelet
analysis, Geodetector model, and SARIMA model were performed to identify the epidemiological characteristics, periodical
fluctuation, and meteorological effect of HFRS in Northeastern China.

Results: A total of 52,655 HFRS cases were reported in Northeastern China from 2006 to 2020, and most patients with HFRS
(n=36,558, 69.43%) were aged between 30-59 years. HFRS occurred most frequently in June and November and had a significant
4- to 6-month periodicity. The explanatory power of the meteorological factors to HFRS varies from 0.15 ≤ q ≤ 0.01. In Heilongjiang
province, mean temperature with a 4-month lag, mean ground temperature with a 4-month lag, and mean pressure with a 5-month
lag had the most explanatory power on HFRS. In Liaoning province, mean temperature with a 1-month lag, mean ground
temperature with a 1-month lag, and mean wind speed with a 4-month lag were found to have an effect on HFRS, but in Jilin
province, the most important meteorological factors for HFRS were precipitation with a 6-month lag and maximum evaporation
with a 5-month lag. The interaction analysis of meteorological factors mostly showed nonlinear enhancement. The SARIMA
model predicted that 8,343 cases of HFRS are expected to occur in Northeastern China.

Conclusions: HFRS showed significant inequality in epidemic and meteorological effects in Northeastern China, and eastern
prefecture-level cities presented a high risk of epidemic. This study quantifies the hysteresis effects of different meteorological
factors and prompts us to focus on the influence of ground temperature and precipitation on HFRS transmission in future studies,
which could assist local health authorities in developing HFRS-climate surveillance, prevention, and control strategies targeting
high-risk populations in China.

(JMIR Public Health Surveill 2023;9:e42673)   doi:10.2196/42673
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Introduction

Hemorrhagic fever with renal syndrome (HFRS) is a significant
zoonotic disease caused by hantavirus carried by rodent animals,
such as Apodemus agrarius and Rattus norvegicus [1-3].
Hantavirus often leads to different clinical symptoms such as
fever; headache; circulatory collapse with hypotension;
gastrointestinal symptoms; and severe life-threatening damage,
including bleeding or acute kidney injury [4-7]. Moreover, the
latest research noted a 73% increased risk of lymphoma among
patients with HFRS [8].

Currently, HFRS is found in more than 30 countries [9-13],
such as Russia, the United States, China, Japan, and other
countries, which poses a severe threat to human health and
economic development. In China, the prevention and control
of HFRS have been a prominent public health concern. It is
estimated that about 100,000 cases of HFRS occur each year,
with China being the most prevalent country [14-16], accounting
for 70% to 90% of all HFRS cases and more than 200,000 cases
between 2004 and 2019.

According to previous studies, Northeastern China is always
the highest risk region of the HFRS epidemic in China [17-19],
including Heilongjiang, Liaoning, and Jilin provinces. Since
HFRS was first detected in Northeastern China in 1931, the
epidemic area has gradually expanded, and cases have been
reported in 31 provinces in China to date [16,20]. Although
previous studies have mainly analyzed some provinces or
specific cities with HFRS outbreaks in mainland China, there
is also a lack of systematic evidence of the dynamics of HFRS
occurrence in Northeastern China, which has the highest HFRS
incidence in recent years.

In addition, the risk of HFRS is closely affected by climate
factors [18,21], with temperature, wind speed, and humidity
being essential drivers. Geodetector is an emerging technique
in recent years and has become a reliable tool for detecting and
exploiting spatial heterogeneity and determinants [22-25].
Geodetector could identify relationships between diseases and
their associated factors by detecting similarities in the spatial
distribution of independent and dependent variables, using the
power of determinant as a metric. The traditional approach to
interaction is to add the 2 factors to the regression model, but
the interaction between the 2 factors is not necessarily
multiplicative. Besides detecting spatial heterogeneity and the
significant factors, Geodetector has the advantage of being able
to detect the interaction between the 2 factors and analyze the
effect of the strength, direction, and linearity or nonlinearity of
the interaction in the distribution of the disease [26].

Therefore, this study combined epidemical statistics, geographic
information system, and Geodetector modeling to investigate
the characteristics of HFRS epidemic distribution patterns and
spatiotemporal distribution and further quantify the
meteorological effect of HFRS in Northeastern China, which
could assist health departments in preparing targeted preventive

and control strategies with a rational allocation of health
resources.

Methods

The monthly HFRS cases from Northeastern China from January
2006 to December 2020 were collected from the Chinese Center
for Disease Control and Prevention (CDC). HFRS was included
on the list of Class B Notifiable Diseases in China in 1950, and
HFRS cases were mandatory to report to the Chinese CDC by
law according to the standard and unified protocol established
by the Chinese CDC. In this study, all HFRS cases were
confirmed according to the diagnostic criteria for HFRS from
the Ministry of Health of the People’s Republic of China [27].
The case definition for HFRS was an individual who had
traveled to an HFRS endemic area or who had contact with
rodent feces, saliva, and urine within 2 months before the onset
of illness, with clinical manifestations such as fever, chills,
hemorrhage, headache, back pain, abdominal pain, acute renal
dysfunction, and hypotension. In addition, the person had to
meet at least one laboratory criteria for diagnosis: a positive
result for hantavirus-specific immunoglobulin M, a 4-fold rise
in titers of hantavirus-specific immunoglobulin G, a positive
result for hantavirus-specific ribonucleic acid by reverse
transcription polymerase chain reaction in clinical specimens,
or having hantavirus isolated from clinical specimens.

Monthly meteorological factors of Northeastern China were
obtained from the China Meteorological Data Sharing Service
System from January 1, 2006, to December 31, 2020, including
mean temperature (TEM), mean pressure (PRS), mean ground
temperature (GST), sunshine duration, mean relative humidity,
mean wind speed, precipitation, maximum evaporation, and
minimum evaporation. Demographic information was obtained
from the Chinese Statistical Yearbook. The geographic data
were obtained from the National Basic Geographic Information
Center.

Based on the previous studies, we used meteorological factors
with a lag of 1-6 months [28-30] because meteorological factors
showed a delayed effect on the risk of HFRS. The map is shown
in Figure 1, and the mechanism route in this study is shown in
Figure S1 in Multimedia Appendix 1. We analyzed the
epidemiological characteristics and periodic fluctuation of HFRS
with data on yearly and monthly scales. From the seasonal
perspective, we classified March to May as spring, June to
August as summer, September to November as autumn, and
December to February as winter. Descriptive analysis of
demographic characteristics of HFRS cases was mainly analyzed
using Excel (version 2019; Microsoft Corp) and SPSS (version
21.0; IBM Corp). The annual incidence rate of HFRS in
prefecture-level cities was calculated based on the number of
new HFRS cases and the total population at the end of the year.
Global spatial autocorrelation analysis, which describes the
overall spatial distribution and evaluates whether the attribute
has spatial aggregation [31], was used to analyze the distribution
of HFRS cases using 36 cities in 3 provinces in Northeastern
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China. The global Moran I and Z values were computed to
evaluate the clustering pattern. A positive Moran I value (I>0)
means there is a positive spatial correlation and HFRS has an
aggregated distribution, a Moran I value close to 0 means there
is no autocorrelation, and a negative Moran index (I<0) means
there is negative spatial correlation and HFRS has a discrete
distribution.

Wavelet analysis was used to explore the variation of HFRS
incidence periodicity [32] and detect the shift of the periodic
pattern of the HFRS epidemic in Northeastern China by using
Matlab (version 2016b; MathWorks Inc).

Subsequently, Geodetector modeling [22] was used to identify
the governing force of a responding variable under the
assumption that variable X is associated with variable Y if their
spatial patterns are consistent. This study used the factor detector
to detect the spatial heterogeneity of HFRS and how X explains
the spatial patterns of HFRS using the GD package in R software
(version 4.1.1; R Foundation for Statistical Computing). It is
defined as the q-statistic:

(1)

where variable X is stratified into strata h = 1, 2, …, L; the study
area is composed of N units; stratum h is composed of Nh units;

σh
2 is the stratum variance; σ2 is the population variance; and

Y means the HFRS cases. The q value indicates how the variable
X explains 100 × q% of the dependent variable Y. For q [0,1],
a higher value of q indicates a stronger spatially stratified
heterogeneity (SSH) of the dependent variable Y. The q value
can be used as a major factor to identify the meteorological
effect of HFRS. SSH represents that the value of a certain
attribute differs between different types or regions. The
interaction detector could assess whether the explanatory powers
of the 2 factors are enhanced, weakened, or independent of each
other. The q values of 2 factors and their interaction were
calculated. The new layer of interaction is formed by the tangent
of overlay variables X1 and X2. By comparing q(X1) and q(X2)
with q(X1∩X2), the interaction type between 2 factors can be
identified: the interaction relationship between 2 factors is a
bivariate enhancement when max(q(X1), q(X2)) < q(X1∩X2)
< q(X1) + q(X2), whereas it is a nonlinear enhancement if
q(X1∩X2) > q(X1) + q(X2).

Finally, the HFRS cases data in Northeastern China from 2006
to 2020 were analyzed using the seasonal autoregressive
integrated moving average (SARIMA) model to forecast the
HFRS cases in the next 5 years (60 months). Mean absolute
error, mean absolute percentage error (MAPE), and root mean
square error were used to measure the performance of the
SARIMA model.

Figure 1. The study area in Northeastern China, which was obtained from the National Catalogue Service For Geographic Information of China [33].
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Results

Demographic Characteristics
A total of 52,655 cases of HFRS occurred in Northeastern China,
of which 26,088, 11,386 and 15,181 cases were reported in
Heilongjiang, Jilin, and Liaoning provinces, respectively, with
an average of 293 new HFRS cases every month in Northeastern
China from 2006 to 2020 (Table 1). Heilongjiang province has
the highest incidence of HFRS in Northeastern China with 8.23

per 10,000 cases (26,088/31,710,000), followed by Jilin province
with 4.75 per 10,000 cases (15,181/23,990,000) and Liaoning
province with 3.57 per 10,000 cases (11,386/42,550,000).

In the analysis of population distribution characteristics of HFRS
from 2006 to 2020 (Table 1), patients with HFRS were
predominantly male; of the 52,655 cases, 40,664 (77.23%) were
male and 11,991 (22.77%) were female, with a sex ratio of 3.4:1.
Most patients with HFRS (n=36,558, 69.43%) were aged
between 30-59 years, of which 38.55% (14,092/36,558) were
in the 40-49 years age group.

Table 1. The characteristics of hemorrhagic fever with renal syndrome cases in Northeast China from 2006 to 2020.

Northeastern ChinaLiaoning provinceJilin provinceHeilongjiang province

Total, nFemale, nMale, nFemale, nMale, nFemale, nMale, nFemale, nMale, n

Age group (years)

12259632415142321250-9

197042115491564469135417474910-19

66951127556833313702031253591294520-29

11,0451905914060421623712147930483130-39

14,092297711,1151001293758125411395563740-49

11,421320282191142243561118081449397650-59

5534171638186461258319749751181160-69

154551210331833689318223648370-79

23172159336816302361≥80

52,65511,99140,664412211,05922999087557020,518Total

Temporal Distribution of HFRS
The analysis of the number of HFRS incidences over 15 years
shows that the number of HFRS cases in Northeastern China
generally showed a decreasing trend over years, mainly with a
rapid decrease from 2006 to 2010. An increasing trend was
demonstrated from 2011 to 2014, followed by a fluctuation
reduction between 2011 and 2016. There was a rising trend
between 2016 and 2018 and a decreasing trend between 2019
and 2020.

As for the monthly characteristics, this study also showed that
HFRS cases were seasonal, including 2 HFRS epidemic peaks:
summer and winter peaks. The epidemic months of Northeastern
China were different in the 3 provinces.

In November, Northeastern China had the highest HFRS
incidence with 0.88 per 10,000 cases (8676/98,250,000),
followed by a lower incidence in June with 0.59 per 10,000
cases (5818/98,250,000). Specifically, Heilongjiang province
had a prominent winter peak of HFRS from 2006 to 2020, and
HFRS cases spiked in November, accounting for 1.75 per 10,000
cases (5539/31,710,000) in Heilongjiang province in November.
However, the number of HFRS cases in Liaoning province
peaked in late autumn, with cases concentrated in November
with 0.45 per 10,000 cases (1921/42,550,000) in Liaoning
province, which differed slightly from the second incidence
peak of 0.40 per 10,000 cases (1706/42,550,000) in March. The
monthly and seasonal variation trends of HFRS cases in the 3
provinces of Northeastern China are shown in Figure 2.
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Figure 2. Yearly and monthly variations of HFRS in Northeastern China from 2006 to 2020. (A) Monthly time series change of HFRS cases from
January 2006 to December 2020. (B) Yearly variation of HFRS cases in the 3 provinces and Northeastern China. (C) Seasonal variation of the HFRS
cases in the 3 provinces and Northeastern China. DB: Northeastern China; HFRS: hemorrhagic fever with renal syndrome; HLJ: Heilongjiang province;
JL: Jilin province; LN: Liaoning province.

Wavelet Analysis
Wavelet analysis was performed on HFRS cases in Northeastern
China for a total of 180 months from 2006 to 2020, and the
main periodicities and variation characteristics of the 3 provinces
were identified. The results are shown in Figure 3.

Wavelet power spectra detected a significant 4- to 6-month
periodic mode for HFRS in Northeastern China from 2006 to
2020 (Figure 3A), which was characterized by a strong

periodical fluctuation of 2 to 8 months from 2006 to 2009, while
a dominant shift period of 4 to 6 months existed from 2010 to
2015. In Heilongjiang province (Figure 3B), a 2- to 8-month
periodicity from 2006 to 2009 and an approximately 4- to
6-month periodicity from 2014 to 2015 were revealed. The
HFRS periodicity in Jilin province was 4 to 6 months, mainly
concentrated from 2007 to 2014 and from 2017 to 2019 (Figure
3C). In Liaoning province, the periodicity was primarily 4 to 6
months from 2010 to 2015 (Figure 3D).
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Figure 3. Wavelet power spectrum of monthly HFRS cases in Northeastern China. A mean wavelet coherency spectrum and variance of HFRS wavelet
coherency spectrum in the northeast region of China between January 2006 and December 2020. The black line represents the influence cone that
delimits the region that is totally not influenced by edge effects. (A) Northeastern China, (B) Heilongjiang province, (C) Jilin province, and (D) Liaoning
province. Blue line: global average value of the wavelet spectrum; red dot line: global average value of the spectrum with 95% confidence. HFRS:
hemorrhagic fever with renal syndrome.

Spatial Distribution and Cluster
The annual incidence rate of HFRS was unequally distributed
among prefecture-level cities in Northeastern China during the
15 years and displayed a decreasing trend by year (Figure 4).
Between 2006 and 2010, the areas with high incidence rates of
HFRS were mainly concentrated in the eastern and northern
parts of Jiamusi City and Shuangyashan City in Heilongjiang
province. In contrast, between 2011 and 2015, the number of
HFRS cases in cities in Northeastern China gradually decreased.
The city with the highest incidence shifted from Shuangyashan
City, Jiamusi City, and Hegang City in Heilongjiang province
to Panjin City in Liaoning province. Although HFRS cases were
still mainly concentrated in eastern Heilongjiang province, the
number of patients in the 2 main endemic areas of Jiamusi City
and Shuangyashan City decreased substantially, and the
distribution range did not expand. Between 2016 and 2020, the

trend of HFRS occurrence decreased from east to west. The
cities with the annual highest HFRS incidence were
Shuangyashan City and Jixi City in the east. The east coastal
cities in Northeastern China’s southern part had also become
one of the high-risk regions of HFRS, similar to the distribution
between 2006 and 2010. Spatial autocorrelation analysis of
HFRS incidence for 15 years showed a spatially positive
correlation. Moran index fluctuated from 0.02 to 0.43 from 2006
to 2020. For most of the time, HFRS showed a spatially positive
correlation with significant spatial aggregation rather than
random distribution (Table S1 in Multimedia Appendix 1). The
largest Moran index and the strongest aggregation effect was
in 2007 during the 15 years (I=0.43; Z=4.56). There was a
positive spatial correlation and aggregated distribution of HFRS
prevalence from 2005 to 2010 and in 2016 and 2020, and its
overall trend was weakening.
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Figure 4. Yearly distribution of hemorrhagic fever with renal syndrome (HFRS) incidence in Northeastern China, from 2006 to 2020. For a
higher-resolution version of this figure, see Multimedia Appendix 1.

Geodetector Modeling
HFRS in Northeastern China was characterized by significant
SSH. The results of this study showed that the dominant
meteorological factors influencing the incidence of HFRS in
different regions in Northeastern China had significant
differences (all P<.001; Table S1 in Multimedia Appendix 2).
In Heilongjiang province, the meteorological factors with the
greatest influence on HFRS were TEM with a 4-month lag
(15.49%), GST with a 4-month lag (14.65%), and PRS with a
5-month lag (7.35%). In Liaoning province, TEM with a
1-month lag (5.79%), GST with a 1-month lag (5.35%), and
mean wind speed with a 4-month lag (4.94%) were the top 3
determinants. However, the meteorological factors with the
greatest influence on HFRS in Jilin province were precipitation
with a 6-month lag (5.52%), maximum evaporation with a
5-month lag (5.36%), and PRS (5.26%). GST with a 1-month
lag (4.18%), precipitation with a 3-month lag (3.54%), and TEM
with a 4-month lag (3.31%) also had a significant effect on the
prevalence of HFRS in Northeastern China (all P<.001), as
shown in Table S1 in Multimedia Appendix 2.

The effect of any 2 combination of different meteorological
factors on HFRS was also quantified simultaneously (Tables
S2-5 in Multimedia Appendix 2). The effect of individual factors
on the onset of HFRS was enhanced after combining 2 factors
compared to the effect of the factors alone. In Heilongjiang
province, the q value of PRS with a 5-month lag and GST with
a 4-month lag was 0.2680. This indicates the strongest
interaction of PRS with a 5-month lag and GST with a 4-month
lag could explain 26.80% of the HFRS incidence, which also
means that the 2 factors together had a higher interaction than
their respective independent effects (Table S5 Multimedia
Appendix 2).

In Jilin province, the q value of precipitation with a 6-month
lag and PRS was 0.1289, and the explanatory power of the 2
interactions was greater than the sum of the explanatory power
of their independent effects, indicating a nonlinear enhancement
effect (Table S3 in Multimedia Appendix 2). In Liaoning
province, mean relative humidity with a 1-month lag and TEM
with a 1-month lag have an explanatory power of 10.90% for
the HFRS epidemic (Table S4 in Multimedia Appendix 2).

Time Series Forecasting of HFRS
By constructing the SARIMA model (4, 1, 3)(1, 0, 1)[4], a
global trend of fluctuating decrease in HFRS cases was predicted
in Northeastern China over the next 5 years. The results showed
the training accuracy of the SARIMA model (MAPE=0.17) and
the summary performance with the HFRS data set (MAPE=0.23;
Table S6 in Multimedia Appendix 2). The model predicted that
8343 cases of HFRS are expected to occur in Northeastern
China, with a fluctuation range of 4 to 250 cases per month.

Discussion

Principal Findings
This long-term analysis from Northeastern China is the first
comprehensive work to interpret the spatiotemporal distribution
and different explanatory power of various meteorological
variables for HFRS from 2006 to 2020, providing essential clues
to understanding how HFRS developed.

Comparison With Prior Work
From 2006 to 2020, the epidemic situation of HFRS in
Northeastern China was complex and severe, with an overall
fluctuating downward trend. The epidemic was widespread in
Northeastern China, with reports from 36 cities within the range.
However, the risk of HFRS incidence varied widely among
prefectures. The distribution of prefecture-level cities in
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Northeastern China is shown in Figure 1. This decreasing trend
is consistent with previous studies [34,35] and primarily due to
the implementation of infectious disease prevention and control
measures of the Chinese government. With the development of
the economy, improvement of medical conditions, and
promotion and application of vaccines, the incidence of HFRS
in China has been effectively controlled, and the overall
incidence rate has decreased significantly [36,37]. Since the
Chinese government’s implementation of the HFRS
immunization program and approximately 2 million doses of
HFRS vaccine having been administered annually in China, the
distribution and incidence of HFRS infection have changed
significantly [38,39]. The evidence revealed a negative
correlation between HFRS incidence and vaccination adherence
and that vaccination-induced progressive reduction of viral
infection in susceptible populations prevents further epidemics
and has a notable effect on HFRS prevention and control.

High prevalence of HFRS is found in male individuals in the
30-59 years age group. There are significant differences in the
spatial and temporal distribution of HFRS cases in Northeastern
China. The eastern and southern prefecture-level cities were the
high-risk clusters of HFRS epidemic in Northeastern China,
primarily in Heilongjiang province, such as Qitaihe city, Heihe
city, and Harbin city. This may be due to the fact that
middle-aged male individuals have more exposure to host
animals than other populations when they work in endemic
areas [40,41]; it also suggests that middle-aged male individuals
are a high-risk group for HFRS exposure. In addition, the
distribution and number of HFRS host animal populations are
influenced by environmental conditions such as temperature
and geography, resulting in different distribution and prevalence
intensities of HFRS in the different prefecture-level cities
[42-44].

The study by He et al [45] suggest that the influence of climate
on HFRS becomes increasingly sensitive over time, and it
revealed an important clue that the geographic factors with the
most significant impact on climate-HFRS association include
latitude, distance, and longitude from the coastline, grassland,
and woodland. In this study, Heilongjiang province is a prime
HFRS epidemic area with a higher incidence of HFRS than the
other 2 provinces. The dynamics of HFRS incidence may be
due to unique local natural climatic, geographic, and
socioeconomic factors. Heilongjiang province is a low
mountainous region with high southeast and low northwest
topography, located in the midlatitude zone with a
cold-temperate continental monsoon climate. Since high-risk
HFRS cities are located at the center of the eastern part of
Heilongjiang province, their convenient transportation, frequent
trade, and tourism with the surrounding areas may, to some
extent, contribute to the spread of HFRS. In addition, the land
types in the eastern cities are mainly forested and arable land;
for example, the arable land area in Qitaihe City accounts for
about 31.3% of the total land area of the city and forested land
accounts for about 52.8% [46]. Land types are related to the
risk of HFRS, which implies that with the development of
woodland and farmland, new habitats for hantavirus hosts may
also be more available, increasing host density in areas of human
activity and further enhancing the risk of HFRS transmission.

The re-emergence of Jiamusi City and Shuangyashan City as
hot spots of HFRS in 2020 also suggests that we should focus
on strengthening the prevention and control of the epidemic in
this region. In addition, the predictions of the SARIMA model
suggest that we are still at risk of an epidemic of HFRS in the
next 5 years. This information helps health officials better
understand the epidemiological patterns of HFRS and
encourages them to adapt monitoring, prevention, and control
strategies to the HFRS epidemic’s periodicity and seasonal
fluctuations in Northeastern China.

Additionally, in this study, the seasonality of HFRS was related
to the climate condition, with 2 peak incidences per
year—summer and winter—and the peak incidence in winter
is higher than that in summer in most years. This finding
suggests that the influences of meteorological factors could
partly explain seasonal variations of HFRS. This characteristic
is consistent with previous results [47], which showed that the
spatiotemporal dynamics of HFRS cases in Jiangxi province,
that is, the HFRS epidemic, has a bimodal seasonal pattern with
the primary peak occurring in winter and the secondary peak
in early summer. This is because the difference in HFRS
incidence between winter and summer is accompanied by the
difference in climate between seasons, indicating that changes
in meteorological factors play an important role in the dynamics
of HFRS [43,48]. Studies have shown seasonal peaks in the
HFRS outbreak in China [17,49], and in this study, HFRS risk
was much higher in spring in Liaoning and Jilin provinces, and
there was a higher peak in Heilongjiang province in winter. The
changes in climatic factors are the significant driving force of
HFRS and are an important sensitive reason for the occurrence
of HFRS [20,45]. In summer and winter, the obvious changes
in temperature and precipitation could affect aerosols and crop
growth, which provide the conditions for rodent activities [36];
for example, rats may congregate in residential areas during a
cold winter to live, increasing the density of rats and their
contact with people, which may accelerate the spread of
hantavirus [19,43,50].

Possible Implications for Public Health
This study highlights the role of GST, whose separate factor
effects were detected to be larger than the effect of temperature
and rainfall (Heilongjiang province). This is an outstanding
finding of this paper, as few studies have included this indicator
in the survey of HFRS. The level of GST is closely related to
the growth and development of crops, decomposition of
fertilizers, and accumulation of organic matter and is an
important environmental factor in plant growth [51]. GST also
plays a highly crucial role in microclimate formation [52,53],
so it can be hypothesized that soil temperature further influences
the survival of host animals by affecting the growth of
vegetation and soil microbes, which ultimately leads to changes
in host-human transmission of the hantavirus. Furthermore, the
interaction of meteorological factors on HFRS was analyzed
by the Geodetector, and the interaction of the 2 factors was
found to be significantly higher than that of the factors alone.
Most of the other meteorological factors interacting with the
GST factor also showed enhanced effects, further illustrating
the importance of the GST factor.
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Limitations
The results of this study also have some limitations. The spatial
scale of this study was based on the monthly HFRS case
characteristics at the prefecture-level cities in Northeastern
China, which may miss some smaller-scale characteristics of
HFRS incidence at the county level. Moreover, the HFRS data
were obtained from the National Passive Surveillance System,
and some unreported data could not be collected. In addition,
the current research focused on the temporal and spatial
dynamics of HFRS in Northeastern China and has yet to include
the factors influencing the disease, such as rodent density,
socioeconomic level, and so on. In future studies, more factors
will be collected to analyze the relationship between HFRS and
environmental-social factors.

Conclusion
Climate factor fluctuations significantly shape the
spatiotemporal pattern of HFRS, especially the ground
temperature and precipitation factors. Prevention and
management should be further focused on high-risk provinces
and cities, such as the eastern part of Northeastern China. The
health department should make comprehensive prevention and
control policies and take measures in advance to prevent HFRS
outbreaks in summer and winter. This study will enhance the
understanding of meteorological effects of HFRS transmission
in Northeastern China over the last 15 years and is helpful to
the high-risk region for the scientific adoption of prevention
and control strategies of zoonotic disease.
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Abstract

Background: Even preceding the Supreme Court’s 2022 Dobbs v. Jackson Women’s Health Organization decision, patients
in the United States faced exceptional barriers to reach abortion providers. Abortion restrictions disproportionately limited abortion
access among people of color, young people, and those living on low incomes. Presently, clinics in states where abortion remains
legal are experiencing an influx of out-of-state patients and wait times for in-person appointments are increasing. Direct-to-patient
telehealth for abortion care has expanded since its introduction in the United States in 2020. However, the role of this telehealth
model in addressing geographic barriers to and inequities in abortion access remains unclear.

Objective: We sought to examine the amount of travel that patients averted by using telehealth for abortion care, and the role
of telehealth in mitigating inequities in abortion access by race or ethnicity, age, pregnancy duration, socioeconomic status, rural
residence, and distance to a facility.

Methods: We used geospatial analyses and data from patients in the California Home Abortion by Telehealth Study, residing
in 31 states and Washington DC, who obtained telehealth abortion care at 1 of 3 virtual abortion clinics. We used patients’
residential ZIP code data and data from US abortion facility locations to document the round-trip driving distance in miles, driving
time, and public transit time to the nearest abortion facility that patients averted by using telehealth abortion services from April
2021 to January 2022, before the Dobbs decision. We used binomial regression to assess whether patients reported that telehealth
was more likely to make it possible to access a timely abortion among patients of color, those experiencing food insecurity,
younger patients, those with longer pregnancy durations, rural patients, and those residing further from their closest abortion
facility.

Results: The 6027 patients averted a median of 10 (IQR 5-26) miles and 25 (IQR 14-46) minutes of round-trip driving, and 1
hour 25 minutes (IQR 46 minutes to 2 hours 30 minutes) of round-trip public transit time. Among a subsample of 1586 patients
surveyed, 43% (n=683) reported that telehealth made it possible to obtain timely abortion care. Telehealth was most likely to
make it possible to have a timely abortion for younger patients (prevalence ratio [PR] 1.4, 95% CI 1.2-1.6) for patients younger
than 25 years of age compared to those 35 years of age or older), rural patients (PR 1.4, 95% CI 1.2-1.6), those experiencing food
insecurity (PR 1.3, 95% CI 1.1-1.4), and those who averted over 100 miles of driving to their closest abortion facility (PR 1.6,
95% CI 1.3-1.9).

Conclusions: These findings support the role of telehealth in reducing abortion-related travel barriers in states where abortion
remains legal, especially among patient populations who already face structural barriers to abortion care. Restrictions on telehealth
abortion threaten health equity.
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Introduction

Distance has long been understood to be a key barrier to abortion
access in the United States. The distance that patients must
travel to the nearest abortion provider has increased substantially
in the wake of the July 2022 US Supreme Court’s Dobbs v.
Jackson Women’s Health Services decision, which has led to
abortion being banned in at least 14 states [1,2]. As a result,
providers in protected access states—states where abortion care
remains legally available—have experienced an influx of
out-of-state patients, which is increasing wait times to care, and
may force abortion seekers to travel farther than they would if
they could obtain care at the facility closest to their home [3].

Prior studies have found that the further a patient must travel
to a provider, the less likely they are to obtain a desired abortion
[4,5]. National data indicate that longer travel distances to care
due to a spike in antiabortion restrictions in the United States
in recent years have contributed to the decreased abortion rate
[6]. As of 2019, 20% of people who can get pregnant in the
United States lived 43 or more miles from an abortion provider
[7] and as of 2018, the United States had 27 “abortion deserts,”
that is, major cities with no abortion provider within 100 miles
[8]. These geographic barriers to abortion facilities exist even
within states where abortion is legal [9].

Research has also demonstrated that the impacts of state abortion
bans are experienced unequally. Increased distance poses
particular challenges for low-income patients due to the lower
likelihood of car ownership, loss of wages from the time needed
off work, transportation costs for gas or transit fare, as well as
the cost of lodging and childcare [10]. People living in rural
areas, the South, Midwest, and Mountain West; Black and
Hispanic individuals; and minors face greater distances to reach
an abortion provider [11,12]. Since the Dobbs decision, travel
times to abortion facilities have increased disproportionately
for Black and Indigenous populations [2].

However, direct-to-patient telehealth abortion may greatly
mitigate existing geospatial inequities in abortion access [10,13],
despite only being legal in 24 states and Washington, DC as of
September 2023 (although more states permit abortion care but
prohibit telehealth) [14,15]. In direct-to-patient telehealth
abortion, a clinician can interact with patients remotely through
videoconferencing or secure messaging and dispense abortion
medications via mail-order pharmacies. Prior to 2020, telehealth
for abortion was limited to clinic-to-clinic models with remote
patient-provider interactions that took place at medical facilities
with ultrasonography and other in-person tests [16-20]. Early
in the COVID-19 pandemic, professional organizations
including The American College of Obstetricians and
Gynecologists endorsed a telehealth abortion model [21]. Recent
studies have demonstrated the safety and effectiveness of this
model of abortion care that can take place without any visits to

a clinic or medical facility [22-25]. However, existing research
has not captured the travel averted due to telehealth access.

In addition to the potential benefits of direct-to-patient telehealth
(subsequently referred to as telehealth) in reducing
abortion-related travel, the role of these models in enabling
people to obtain a wanted, timely abortion is not well
understood. A study conducted in the Pacific Northwest found
that patients who used telehealth abortion services resided
further from an abortion facility than those who accessed
in-clinic care and that some patients chose telehealth even when
a clinic is geographically convenient, indicating a preference
for telehealth among some patients who obtained an abortion
[26]. It is critical to understand who benefits most from abortion
models that allow patients to carry out the entire abortion
process from home. Few studies have examined the extent to
which patients choose telehealth abortion when they have access
to in-clinic abortion or whether telehealth is making an otherwise
inaccessible abortion possible, therefore reducing barriers to
access.

Therefore, we aimed to estimate the amount of travel patients
avert by using a telehealth service for medication abortion
among a sample of patients who obtained abortions who
overwhelmingly resided in states that allow telehealth for
abortion care. We also aimed to understand the role that
telehealth plays in enabling people to obtain a timely abortion,
especially for those who face the greatest barriers to in-clinic
care.

Methods

Overview
We used data from the California Home Abortion by Telehealth
(CHAT) Study, a study that examines medication abortions
provided via telehealth from 3 US virtual clinics, defined as
telehealth abortion clinics without brick-and-mortar facilities:
Choix, Hey Jane, and Abortion on Demand. While the study
was initiated in California, it expanded as the virtual clinics
expanded their services to 20 states and Washington, DC. We
obtained anonymized clinical chart data from patients who
obtained abortion care from these clinics for a defined period
between April 2021 and January 2022. At the time of consent
to care with the virtual clinic, patients provided permission for
the telehealth provider to share their anonymized clinical records
with researchers in accordance with each clinic’s privacy policy.
All clinical data received were deidentified apart from ZIP code
(United States postal codes) and dates of service.

In addition, each virtual clinic invited patients who were
approved for abortion care during a defined period between
June 2021 and January 2022 to participate in a series of 3
surveys on the abortion provider’s telehealth platform. Directly
following the abortion intake, patients were directed to a page
containing detailed information about the study and, if
interested, patients provided electronic informed consent prior
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to their participation. The first survey was administered directly
following abortion intake, after obtaining informed consent.
Two follow-up surveys were administered within 4 weeks after
abortion intake. All surveys were completed on the virtual
clinics’ telehealth platforms to maximize continuity and survey
completion and minimize disruption for participants. Virtual
clinics continued to invite patients to complete surveys until
approximately 400 patients from each completed all 3 surveys.
These participant surveys were linked with their clinical records,
and all data were standardized and stored on a secure Research
Electronic Data Capture (REDCap; Vanderbilt University)
server [27]. We excluded records for abortions where the patient
did not take the abortion medications, surveys that were not
matched to a clinical chart, and patients with invalid ZIP codes.

Measures
Our key independent variables of interest reflected the amount
of travel to the nearest abortion provider averted by using
telehealth abortion services. Patient’s ZIP codes were recorded
in both the clinical chart data and in the surveys. For cases where
the clinical chart ZIP code (used for mailing the medications)
differed from the ZIP code reported in the survey, we retained
the survey ZIP codes with the rationale that some patients may
use addresses besides their home addresses for medication
delivery. Using ArcGIS (Esri), we first calculated the
centroid—the center point of all coordinate points inside the
ZIP code polygon—of each unique ZIP code of patients’
residences. Next, we used the Advancing New Standards in
Reproductive Health 2021 Abortion Facility Database to
establish the coordinates of publicly advertising US abortion
facilities [28]. We used the ArcGIS Find Nearest feature to
calculate the driving distance between the coordinates of the
centroid of each patient’s ZIP code and the coordinates of the
closest abortion facility in miles. We doubled the calculation
of 1-way driving distance in miles to calculate the total
round-trip driving distance averted in miles. This ArcGIS
calculation also generated 1-way travel time in minutes without
traffic, which we doubled to develop estimates of round-trip
travel time averted and converted to hours. We calculated public
transit travel time in hours between patients’ ZIP codes and
abortion providers’ geographic coordinates using the
gmapsdistance package in R (R Core Team) [29].

Our outcome of interest was a measure that reflected whether
telehealth made it possible to access an abortion in a timely
manner (Multimedia Appendix 1). The original item was
phrased: “If you didn't have an abortion through telehealth, what
would have happened?” Response options were: “I would have
gotten an abortion at a clinic soon;” “I would have gotten an
abortion at a clinic, but it would have been a while;” “I would
have continued the pregnancy;” “I don’t know what would have
happened;” or “something else.” If the patient responded with
“something else,” they could provide free-text responses. These
free-text responses included the following themes: patients
would have attempted to self-manage their abortion (primarily
seeking abortion pills through other channels), traveled out of
state, or sought abortion care at a clinic without a specified time
frame. We dichotomized this variable to reflect whether the
patient perceived that telehealth made it possible to have an
abortion in a timely manner (“I would have gotten an abortion

at a clinic, but it would have been a while;” “I would have
continued the pregnancy;” “I don’t know what would have
happened;” or “something else”), versus not (“I would have
gotten an abortion at a clinic soon”).

We also examined patient characteristics including: patient age
at the time of abortion screening (younger than 18, 18-24, 25-29,
30-34, and ≥35 years); pregnancy duration (<35, 35-49, 50-62,
and ≥63 days); self-reported race or ethnicity (Asian, Native
Hawaiian, or Pacific Islander; Black; Hispanic or Latinx; White;
multiracial, Native American, American Indian, or Alaska
Native; Middle Eastern or North African; or unknown); urban
versus suburban or rural residence based on the rural-urban
commuting area codes corresponding to the patient’s ZIP code
[30]; and the round-trip driving distance to the nearest abortion
facility (<5, 5-24, 25-49, 50-99, and ≥100 miles). In regression
analyses, we collapsed patient age (younger than 24, 25-29,
30-34, ≥35 years) due to small cell sizes.

Data Analysis
We first described the median, IQR, and total amounts of
round-trip driving distance, driving time, and public transit time
averted using telehealth for abortion across the clinical chart
sample. Next, we calculated median driving distances by the
patient characteristic examined and tested for differences in
driving distances by each characteristic using Kruskal-Wallis
tests.

We used bivariate binomial regression to estimate prevalence
ratios (PRs). We then calculated marginal estimates from these
binomial regression models to estimate the proportion of
participants within each category for whom telehealth made it
possible to have an abortion in a timely manner as prevalence
percentages (PPs). Analyses were conducted using ArcGIS
Online, Stata (version 17.0; StataCorp), and RStudio (version
2022.10.0; Posit, PBC).

Ethical Considerations
This study was approved by the University of California, San
Francisco institutional review board (20-32951). Clinical chart
data that were deidentified except for patients’ ZIP codes and
dates of service were obtained from participating virtual clinics
in accordance with their privacy policies. The subsample of
patients who participated in detailed surveys provided electronic
informed consent for their participation and were remunerated
with a US $50 electronic debit card after the completion of the
final survey. Clinical chart and survey data from participating
virtual clinics were standardized and stored on a secure REDCap
server [27].

Results

Overview
We obtained records for 6154 abortions provided by the virtual
clinics between April 2021 and January 2022. Of those, 120
did not take medications, and 7 patients listed ZIP codes from
which driving and transit distances could not be calculated,
leaving 6027 records included overall. Among these, 1600
patients also participated in CHAT Study baseline surveys. The
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ZIP codes in the dataset corresponded to 31 states and
Washington, DC.

Travel Averted
The 6027 patients in this analysis averted a median of 10 (IQR
4.5-26.0, range 0.13-566) miles of round-trip driving travel and
25 minutes (IQR 14.1-46.1 minutes, range <1 minute-9 hours)
of driving time each. Driving routes averted are depicted in
Figure 1 and illustrate the vast distances averted and the
distribution of these routes by region. This corresponded to a
total of 162,663 miles and 4195 hours of driving averted across
the sample (Multimedia Appendix 2). Next, we examined the

total public transit time averted for the 5116 (85%) patients for
whom public transit routes were available between patients’
home ZIP codes and the nearest abortion facility. Patients in
the sample averted a median of 1 hour 25 minutes (IQR 45.6
minutes-2 hours 30 minutes, range 2 minutes-48 hours) and a
total of 11,720 hours of public transit time. Among the
subsample of 1600 patients who completed surveys, patients
averted a median of 10 (IQR 4.5-24.6) miles and 25 (IQR
14.3-44.1) minutes of driving, and 1 hour 26 minutes (IQR 46.5
minutes-2 hours 26 minutes) of public transit time. In total, this
group of survey participants averted 41,746 miles and 1096
hours of driving, and 3070 hours of public transit time.

Figure 1. Driving routes to the closest abortion facility averted through telehealth (N=6027).

Sample Description
Characteristics of the clinical chart sample and of the survey
participants are presented in Table 1. Among the survey
subsample, most patients were 25-34 (51%, n=823) years of
age and had pregnancy durations between 5 and 7 weeks (55%,
n=885). Over half (53%, n=841) identified as White and in the
remaining sample 13% (n=203) identified as Hispanic or Latinx;
9% (n=148) identified as Black; 7% (n=105) as Asian, Native
Hawaiian, or Pacific Islander; and 19% (n=303) reported more
than 1 race or ethnicity, another race or ethnicity, or their race
or ethnicity was unknown. In total, 91% (n=1454) of the sample
resided in an urban area.

Next, we examined whether patients perceived that telehealth
made it possible to have an abortion in a timely manner.

Approximately one-fourth (23%, n=371) thought they would
have had an abortion at a clinic, but it would have taken some
time. Meanwhile, 17% (n=268) did not know what would have
happened, and 2% (n=29) said they would have continued the
pregnancy. The other 57% (n=903) of the sample thought they
would have gotten an abortion at a clinic soon.

We then evaluated differences in travel averted by patient
characteristics (Table 2). White patients averted the most driving
to the nearest abortion facility (median 12, IQR 5-30 miles),
while Asian, Native Hawaiian, or Pacific Islander patients
averted the least (median 8, IQR 3-16 miles). Urban residents
averted a median of 9 (IQR 4-19) miles of driving time, while
those living in rural areas averted a median of 83 (IQR 47-141)
miles. The driving miles patients averted did not differ by age,
pregnancy duration, or food insecurity.
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Table 1. Description of the clinical chart sample and survey subsample.

Survey subsample (n=1600), n (%)Clinical chart sample (n=6027), n (%)Factor

Age (years)

8 (0.5)30 (0.5)<18

448 (28.0)1458 (24.2)18-24

823 (51.4)3088 (41.2)25-34

321 (20.1)1451 (24.1)≥35

Pregnancy duration at abortion intake (days)

448 (28.0)1736 (28.8)<35

885 (55.3)3333 (55.3)35-49

229 (14.3)825 (13.7)50-62

38 (2.4)128 (2.1)≥63

Race or ethnicity

105 (6.6)270 (4.5)Asian, Native Hawaiian, or Pacific Islander

148 (9.2)413 (6.9)Black

203 (12.7)339 (5.6)Hispanic or Latinx

841 (52.6)2488 (41.3)White

303 (18.9)2517 (41.8)Multiracial, Native American, American Indian, or Alaska Native;
Middle Eastern or North African; or unknown

Food insecurity in past month

1148 (72.8)—aNo

428 (27.2)—Yes

Residence

146 (9.1)593 (9.8)Suburban or rural

1454 (90.9)5434 (90.2)Urban

Round-trip driving miles averted (miles)

437 (27.3)1705 (28.3)<5

775 (48.4)2765 (45.9)5-24

165 (10.3)698 (11.6)25-49

120 (7.5)467 (7.8)50-99

103 (6.4)392 (6.5)≥100

If you didn’t have an abortion through telehealth, what would have happened?

903 (56.9)—I would have gotten an abortion at a clinic soon

371 (23.4)—I would have gotten an abortion at a clinic, but it would have been a
while

29 (1.8)—I would have continued the pregnancy

15 (0.9)—Something else

268 (16.9)—I don’t know what would have happened

a—: not available.
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Table 2. Round-trip driving distance averted, by patient characteristics (N=1600).

Driving miles averted

P valueMedian (IQR)

.54Age (years)

14.5 (5.1-46.2)<18

9.5 (4.0-24.3)18-24

10.2 (4.4-24.0)25-34

11.4 (5.1-25.6)≥35

.12Pregnancy duration at abortion intake (day)

11.1 (4.7-25.0)<35

10.3 (4.6-23.4)35-49

8.8 (3.7-24.5)50-62

16.0 (6.3-57.5)≥63

.001Race or ethnicity

7.7 (3.4-15.6)Asian, Native Hawaiian, or Pacific Islander

9.8 (4.9-21.5)Black

8.3 (5.0-19.3)Hispanic or Latinx

12.0 (4.7-30.2)White

9.2 (4.4-19.4)Multiracial, Native American, American Indian, Alaska Native, Middle Eastern
or North African, or unknown

.96Food insecurity in past month

10.3 (4.6-23.6)No

10.2 (4.5-25.5)Yes

<.001Residence

9.3 (4.3-19.4)Urban

82.6 (47.2-140.7)Suburban or rural

The Role of Telehealth in Abortion Access
Next, we examined the differences in whether telehealth made
it possible to obtain an abortion in a timely manner by patient
characteristics and by the amount of travel averted (Table 3 and
Figure 2). Compared to patients who were 35 years of age or
older (PP 35.2%), telehealth was more likely to make abortion
possible for patients 24 years of age or younger (PP 48.3%, PR
1.4, 95% CI 1.2-1.6) and for those of 25-29 years of age (PP
47.6%, PR 1.4, 95% CI 1.1-1.6). Patients who experienced food
insecurity in the past month were more likely than those who
had not experienced food insecurity to have reported that
telehealth made a timely abortion possible (PP 51.2% vs 40.2%,
PR 1.3, 95% CI 1.1-1.4). When we examined differences by
race or ethnicity, patients who were Asian, Native Hawaiian,

or Pacific Islander were less likely to report that telehealth made
it possible to obtain a timely abortion than White patients (PP
30.5% vs 41.5%, PR 0.7, 95% CI 0.5-1.0). For patients who
lived in rural areas, telehealth was more likely to make timely
abortion care possible than those who resided in urban areas
(PP 56.9% vs 41.7%, PR 1.4, 95% CI 1.2-1.6). Compared to
those who averted 5-25 miles of driving to reach an abortion
provider (PP 39.3%), those who averted less than 5 miles of
round-trip driving (PP 47.7%, PR 1.2, 95% CI 1.1-1.4) or more
than 100 miles of round-trip driving (PP 62.4%, PR 1.6, 95%
CI 1.3-1.9) were more likely to perceive that telehealth made a
timely abortion possible than those that averted less travel. The
proportion of patients for whom telehealth made it possible to
have an abortion soon was similar across pregnancy duration
categories.
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Table 3. Associations between patient characteristics and whether telehealth made it possible to obtain a timely abortion (N=1586).

Marginal prevalence estimates (95% CI)Prevalence ratio (95% CI)Overall

Patient age (years) at abortion intake

48.3 (43.7-52.9)1.4 (1.2-1.6)<25

47.6 (42.8-52.4)1.4 (1.1-1.6)25-29

38.8 (34.0-43.5)1.1 (0.9-1.3)30-34

35.2 (30.0-40.4)Reference category>34

Pregnancy duration at abortion intake (days)

44.5 (39.9-49.1)Reference category<35

40.6 (37.4-43.9)0.9 (0.8-1.0)35-49

48.5 (42.0-55.0)1.1 (0.9-1.3)50-62

50.0 (34.1-65.9)1.1 (0.8-1.6)≥63

Food did not last in the last month

40.2 (37.4-42.9)Reference categoryNo

51.2 (45.9-56.5)1.3 (1.1-1.4)Yes

Race or ethnicity

30.5 (21.7-39.3)0.7 (0.5-1.0)Asian, Native Hawaiian, or Pacific Islander

43.8 (35.8-51.9)1.0 (0.9-1.3)Black

48.8 (41.9-55.6)1.2 (1.0-1.4)Hispanic or Latinx

41.9 (38.6-45.3)Reference categoryWhite

46.3 (40.7-52.0)1.1 (1.0-1.3)Multiracial, other, or unknown

Rural residence

41.7 (39.1-44.2)Reference categoryUrban

56.9 (48.9-65.0)1.4 (1.2-1.6)Suburban or rural

Round-trip driving miles averted (miles)

47.7 (43.0-52.4)1.2 (1.1-1.4)<5

39.3 (35.8-42.8)Reference category5-24

42.3 (34.7-49.9)1.1 (0.9-1.3)25-49

35.0 (26.5-43.5)0.9 (0.7-1.2)50-99

62.4 (52.9-71.8)1.6 (1.3-1.9)≥100

JMIR Public Health Surveill 2023 | vol. 9 | e45671 | p.2099https://publichealth.jmir.org/2023/1/e45671
(page number not for citation purposes)

Koenig et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Marginal estimates of the proportion for whom telehealth made it possible to obtain a timely abortion, by patient characteristics, calculated
from multivariable binomial regression (N=1586). NHPI: Native Hawaiian or Pacific Islander.

Discussion

Principal Findings
In this study, we found that direct-to-patient telehealth can be
an important tool to overcome disparities in abortion access.
While the expansion of telehealth is key to improving health
equity broadly, abortion care is largely siloed to abortion
facilities, which are few and far between and are now closing
in record numbers [31]. Therefore, the impact of telehealth on
improving equitable abortion access is even greater than for
other health care services.

We found that using a telehealth abortion model can avert
substantial driving distance and time for those with access to a
car and travel time for those who would have used public transit.
Our sample drew overwhelmingly from urban areas and from
protected access states. Even so, while most of our sample
resided close to an abortion facility, 15% lived 25 miles or
further, and 7% lived 50 miles or further. Therefore, telehealth
can expand the geographic reach of abortion services in states
where abortion remains legal.

Telehealth abortion fits within an environmental justice
framework, which views telehealth as a means of reducing the
carbon footprint of health care services and space as a key
component of health disparities [32,33]. Marginalized
communities disproportionately bear the brunt of both unequal
health policies and the unequal impacts of climate change. This
analysis elucidates the connection between environmental justice

and reproductive justice by examining abortion access within
this framework of geospatial and environmental inequality.

These results suggest that telehealth abortion is poised to address
health equity concerns across age, socioeconomic status, and
geospatial location. Young people face unique logistical and
privacy challenges, many of which can be alleviated by using
telehealth, which allows patients to maintain privacy and avoid
travel [34]. For low-income patients, the cost of abortion is
often a substantial barrier to care, which is only exacerbated
when coupled with the costs of associated travel [35]. Telehealth
abortion has the potential to address geographic inequities in
access to care for those living in abortion deserts or rural areas
within protected access states. These findings on telehealth
abortion fit within a broader literature that views telehealth as
beneficial for reducing health care costs [36], serving
underserved and rural patients [37,38], and easing the
convenience and comfort of health care provision [39,40].

Compared to the national population of patients who obtained
abortions during the same time period, patients in our sample
who obtained abortions by telehealth were more likely to be
older, White, and have higher socioeconomic statuses [41].
Thus, telehealth abortion may be reaching a subset of patients
who are more resourced or have higher technology literacy.
However, when patients were asked what would have happened
had they not obtained the telehealth abortion, we found that for
nearly half, telehealth made it possible to obtain timely abortion
care. Telehealth was more likely to play this instrumental role
in obtaining an abortion among patient populations who are
known to face the most structural barriers to abortion care, such
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as younger people, those experiencing food insecurity, those
residing in rural areas, and those who resided far from an
abortion facility [2,42]. Telehealth was less likely to make timely
abortion care possible for Asian patients than White patients,
perhaps due to urban residence and proximity to abortion
providers. Given that telehealth abortion care is situated within
a highly unequal health care landscape, there is interest in its
role in mitigating inequities in abortion access [43,44]. Our
results suggest that telehealth is playing different roles among
different demographic groups within our sample. More
specifically, while currently, White, urban patients might prefer
telehealth due to its convenience or privacy, many patients from
groups facing structural barriers to abortion care, such as people
of color, those living on lower incomes, those who are younger,
and those residing in rural areas, face greater distances to
abortion facilities and thus may rely on telehealth for abortion
access. These findings suggest that telehealth is key to
promoting equitable access to abortion care in the United States,
and expanding access to telehealth would be key for these
groups.

We found that for patients who resided more than 100 miles
from an abortion facility, telehealth was more likely to make it
possible to access timely abortion care. This finding echoes
prior research that has documented that geospatial barriers can
determine whether patients obtain wanted abortions [4,5]. These
results bolster the need for alternatives to in-clinic abortion care,
especially as geographic access to abortion facilities grows
increasingly unequal.

Limitations
This paper has several limitations. Our use of ZIP codes as the
location of patient residences reduces the accuracy of the travel
distances and travel times we calculated. This likely resulted in
overestimated distances and times for some patients and
underestimated distances and times for others; however, the net
misclassification remains unknown [45]. Only one-fourth of
patients elected to participate in the surveys, which may have
introduced selection bias and limited the generalizability of
these findings to the broader population of virtual clinic patients.
Some patients from restricted access states who traveled for
abortion care or used various mail-forwarding techniques may
have chosen not to disclose their true home ZIP codes. Further,
this analysis was conducted on data collected prior to the Dobbs
decision in June 2022, after which 14 states have banned

abortion care. Given the increased wait times for abortion care
that have resulted from widespread abortion restrictions, many
patients who seek in-person abortion care may need to travel
further than their closest abortion facility. Therefore, our
analysis may have underestimated the travel averted that we
documented in this study. The overwhelming majority of
patients in our sample resided in states that allow telehealth for
abortion care. Most other states have laws that prohibit telehealth
for abortion [15]. Our analysis, therefore, does not capture the
full range of travel that could be averted if telehealth abortion
care were available across the country. While we did not find
that telehealth was more likely to make a critical difference in
obtaining an abortion for people of color, this finding may be
limited by the racial composition of our sample, in which Black
and Hispanic patients, who face the greatest barriers to abortion
care, were greatly underrepresented compared to the population
of US patients who obtained abortions [41]. Despite these
limitations, this study highlights the benefits of telehealth
services by being among the first to use geospatial analysis to
examine the travel averted, across both driving and public transit
transportation, from using a telehealth model for abortion care.

Conclusions
This paper makes important contributions to a growing body
of work on telehealth abortion and the broader literature on
telehealth. Our findings support the role of telehealth abortion
in reducing travel distance, time, and costs, which in turn
mitigates the inequities embedded in abortion provision based
on geospatial location, socioeconomic status, and local abortion
policy. We found that telehealth can play a key role in accessing
an otherwise unobtainable or delayed abortion, especially for
marginalized patient populations. Future research should
examine how telehealth abortion services can be tailored to
improve health equity and digital inclusion. These findings may
help direct future policy on expanding access to telehealth
abortion, especially in the wake of the Dobbs decision, which
is continuing to exacerbate longstanding inequities in abortion
access. While states that ban abortion are unlikely to support
telehealth for abortion, there are 6 states that permit abortion
but restrict telehealth abortion care [14]. States invested in health
equity that want to safeguard access in an increasingly restricted
abortion landscape should legalize telehealth abortion. There
is a need for federal actions to protect patients who seek and
providers who dispense telehealth abortion care across state
lines.
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Abstract

Background: Other infectious diarrhea (OID) continues to pose a significant public health threat to all age groups in Fujian
Province. There is a need for an in-depth analysis to understand the epidemiological pattern of OID and its associated risk factors
in the region.

Objective: In this study, we aimed to describe the overall epidemic characteristics and spatiotemporal pattern of OID in Fujian
Province from 2005 to 2021 and explore the linkage between sociodemographic and environmental factors and the occurrence
of OID within the study area.

Methods: Notification data for OID in Fujian were extracted from the China Information System for Disease Control and
Prevention. The spatiotemporal pattern of OID was analyzed using Moran index and Kulldorff scan statistics. The seasonality of
and short-term impact of meteorological factors on OID were examined using an additive decomposition model and a generalized
additive model. Geographical weighted regression and generalized linear mixed model were used to identify potential risk factors.

Results: A total of 388,636 OID cases were recorded in Fujian Province from January 2005 to December 2021, with an average
annual incidence of 60.3 (SD 16.7) per 100,000 population. Children aged <2 years accounted for 50.7% (196,905/388,636) of
all cases. There was a steady increase in OID from 2005 to 2017 and a clear seasonal shift in OID cases from autumn to winter
and spring between 2005 and 2020. Higher maximum temperature, atmospheric pressure, humidity, and precipitation were linked
to a higher number of deseasonalized OID cases. The spatial and temporal aggregations were concentrated in Zhangzhou City
and Xiamen City for 17 study years. Furthermore, the clustered areas exhibited a dynamic spreading trend, expanding from the
southernmost Fujian to the southeast and then southward over time. Factors such as densely populated areas with a large <1-year-old
population, less economically developed areas, and higher pollution levels contributed to OID cases in Fujian Province.

Conclusions: This study revealed a distinct distribution of OID incidence across different population groups, seasons, and
regions in Fujian Province. Zhangzhou City and Xiamen City were identified as the major hot spots for OID. Therefore, prevention
and control efforts should prioritize these specific hot spots and highly susceptible groups.
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Introduction

Background
Diarrheal disease is the second leading cause of malnutrition
and death in children aged <5 years, with an estimated 1.7 billion
yearly cases of childhood diarrheal disease worldwide. China
ranked 11th among countries with the highest number of
diarrheal deaths among children aged <5 years [1]. Infectious
diarrhea is caused by a host of bacterial, viral, and parasitic
organisms [2], and other infectious diarrhea (OID) was defined
as infectious diarrhea other than cholera, dysentery, and typhoid
or paratyphoid fever [3]. In China, bacterial and viral pathogens,
such as Shigella, rotavirus, enterocathartic Escherichia coli,
Campylobacter jejuni, and Salmonella, are the most commonly
identified pathogens associated with OID [4].

OID incidence varies by region in China because of the broad
spectrum of pathogens; sociodemographic, environmental, and
meteorological factors; hygiene; and living habits [5-7].
Moreover, the seasonal pattern and spatial distribution of OID
also exhibit regional variations [8,9]. Understanding the role of
environmental and meteorological exposures in these variations
is critical for developing targeted public health interventions.
Therefore, our study sought to investigate the association
between county-level environmental and meteorological factors
and the occurrence of OID in Fujian Province.

Analyzing a substantial, 17-year time frame allowed us to
capture temporal variations, overall trends, and seasonal
fluctuations in OID incidence, facilitating the identification of
disease patterns over time and potential seasonality drivers,
such as specific meteorological factors. For instance,
temperature has been linked to increased diarrhea risk,
particularly for diarrhea caused by bacterial pathogens [10,11],
whereas heavy rainfall following dry periods may exacerbate
incidence [12]. In addition, long-term data analysis provides a
comprehensive understanding of epidemiological dynamics and
aids in the identification of preventive strategies and
interventions.

Spatial clustering methods, such as spatial scan statistics, local
indicators of spatial association (LISA), and the Getis-Ord local
Gi*(d) statistic, are commonly used for predicting disease risk
and examining cluster characteristics based on location, size,
and disease incidence [13]. In our study, we aimed to address
gaps in OID epidemiology in Fujian Province by
comprehensively examining its spatiotemporal distribution and
identifying local clusters. We used a combined approach that
integrated LISA and spatial scan statistics. This combination
ensures a comprehensive identification of the different aspects
of spatial patterns and logically consistent outcomes [14-16].

Moreover, recognizing the potential spatial clustering issues of
OID, our study adopted a multilevel analysis to investigate the

influence of sociodemographic and environmental factors.
Specifically, we explored the emerging concern in China
regarding potential human exposure to heavy metals through
the consumption of contaminated food. Studies conducted in
coastal areas have highlighted the primary exposure of soils
and foods to highly toxic pollutants, such as arsenic, cadmium,
and lead [17,18]. Soil and food pollution resulting from mining,
industrialization, and agricultural activities can exacerbate this
problem, leading to weakened immune systems [19] and
increased susceptibility to diarrheal pathogens.

Southern China, including Fujian Province on the southeastern
coast, experiences a typical monsoon climate characterized by
high humidity, temperature, and rainfall. This is the region
where the majority of OID-related public health emergencies
have been documented [20]. In addition, factors such as rapid
urbanization, the development of forestry and mining, and
prevalent raw seafood eating habits have emerged as potential
contributors to the recent rise in OID incidence. Despite the
significant burden of OID and the consistent ranking of OID
among the top 5 class C notifiable diseases in Fujian, a critical
gap persists in the understanding of its epidemiological pattern
in this region [21]. Although several studies have investigated
OID distribution in the southeastern coastal areas of China
[22,23], to the best of our knowledge, no comprehensive and
systematic research has been conducted on the spatial
distribution and clustering of OID at the county level in Fujian.
Therefore, there is a need for an in-depth analysis to understand
the epidemiological pattern of OID and its associated risk factors
in the region.

Objectives
The objective of this study was 2-fold. First, we aimed to
provide an overall description of the epidemic distribution
patterns and spatiotemporal distribution of OID in Fujian
Province from 2005 to 2021. Second, we aimed to explore the
linkage between sociodemographic and environmental factors
and the occurrence of OID within the study area. By
investigating these factors, we sought to enhance our
understanding of the epidemiological pattern of OID and inform
targeted interventions and preventive strategies to mitigate the
impact of OID on public health outcomes in Fujian Province.

Methods

Study Setting
Fujian Province is located on the southeastern coast of China
(23°33′–28°20′N, 115°50′–120°40′E) and consists of 6 coastal
prefecture-level cities (Nindea, Fuzhou, Putian, Quanzhou,
Xiamen, and Zhangzhou) and 6 mountainous cities (Nanping,
Sanming, and Longyan), including 85 county-level divisions
(Figure 1).
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Figure 1. Reported other infectious diarrhea cases at the county level in Fujian Province from January 1, 2005, to December 31, 2010. (A) Population
distribution. (B) Accumulated other infectious diarrhea distribution.

Data Sources
The original data on OID in Fujian Province from 2005 to 2021
were obtained from the reporting subsystem of the China
Information System for Disease Control and Prevention. OID
cases were reported by medical institutions at all levels using
the standard report card for infectious diseases, which includes
information such as age, sex, occupation, date of onset,
classification of disease, registration of residence, and residential
address. Residential type is determined by the registration of
residence and residential address. Permanent residents are
individuals whose registration of residence and residential
address are from the same county. The floating population inside
city consists of individuals from different counties but the same
city. The floating population inside province comprises
individuals from different counties and cities within the same
province, whereas the floating population outside province
includes individuals whose registration of residence is outside
Fujian Province. Cases of OID were diagnosed by physicians
based on the history of exposure, clinical manifestation, and
laboratory testing following the criteria issued by the National
Health Commission of the People’s Republic of China (WS
271-2007) [24]. Clinically diagnosed cases refer to those with
a clinical diagnosis alone, whereas confirmed cases refer to
those with both a clinical diagnosis and a pathogen diagnosis.

A total of 402,727 cases were registered in the China
Information System for Disease Control and Prevention between
January 1, 2005, and December 31, 2021. Suspected cases
without a confirmed diagnosis were excluded from the analysis
data set, leaving 388,636 confirmed OID cases for inclusion in
this study.

The population data used for calculating the incidence rate were
sourced from the Fujian Statistical Yearbook, which is officially

published on a yearly basis by the Fujian Provincial Bureau of
Statistics. County-level data were additionally collected,
including demographic factors (permanent residents, urban/rural
population, <1-year-old population, and <5-year-old population),
economic factors (gross domestic product [GDP] per capita;
primary, secondary, and tertiary sector GDP; urbanization level;
and highway density), and environmental factors (arsenic,
cadmium, chromium, copper, lead, and zinc contents of the soil
and fine atmospheric particles with a diameter of ≤2.5 μm
[PM2.5]).

Statistical Analysis

Time-Series Analysis
The characteristics of OID were summarized by frequency and
proportion, and the chi-square test was conducted and odds ratio
was calculated to evaluate the differences between subgroups,
with a significance level of P<.05. A time-series analysis based
on the additive decomposition model was performed to estimate
the seasonal effects on the reported OID cases in Fujian Province
from 2005 to 2021 using the following formula: Xt = seasonal
+ trend + random. Xt is the number of OID cases, and trend is
time expressed in weeks.

To investigate the short-term effects of meteorological factors
on OID, we collected daily data on average temperature (°C),
maximum temperature (°C), minimum temperature (°C),
atmospheric pressure at sea level (mm Hg), average relative
humidity (%), and precipitation (mm) from February 2005 to
December 2021. The meteorological data were obtained from
the daily meteorological data set publicly released by the website
Reliable Prognosis [25]. The website provides weather data
collected from ground weather stations through the International
Free Exchange System for Meteorological Data. The missing
data points were imputed using the mean of neighboring values.
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To capture the nonlinear relationships between meteorological
factors and OID notification cases, we used the generalized
additive model (GAM) [26]. We first aggregated weekly values
of meteorological factors from the daily data and then averaged
the weekly mean values in Fujian Province to derive weekly
variables. Then, we detrended the underlying patterns and
deseasonalized the weekly OID data. We used a nonparametric
spline fitting response model based on a GAM to estimate the
effect of meteorological factors on OID, using a Poisson model
with the following formula: y = α + s(x1) + s(x2) +... + s(xm)
+ ε, incorporates detrended OID data (y); the model intercept
(α); and smooth terms (s(x1), s(x2), and s(xm)) for each
predictor variable; in addition, a cyclic cubic regression spline
basis function (ε) is specified for the time variable. To select
smoothing parameters in the GAM, we used the restricted (or
residual) maximum likelihood method because the sample size
was small.

Spatial Autocorrelation Analysis
The global Moran index was used to detect the spatial
autocorrelation of OID cases in Fujian Province [27]. Significant
positive spatial autocorrelation of OID cases implies that the
distribution of OID cases is more spatially aggregated than a
random underlying spatial process. The Moran index is

calculated using the following equation: I = (n/S0)(∑
n
i=1∑

n
j=1

Wi,jZiZj)/(∑
n
i=1Zi

2), where Zi is the deviation of an attribute for
feature i from its mean (xi –`X), Wi,j is the spatial weight between
features i and j, n is the total number of features, and So is the
aggregate of all spatial weights.

The global Moran I ranges from −1 to 1, with 0 indicating the
null hypothesis of no clustering. A higher positive value of
Moran I indicates the clustering of OID cases, whereas a lower
negative value implies that neighboring areas are characterized
by dissimilar OID cases [28]. The queen contiguity method was
applied to define a weight matrix specifying the spatial
relationships in consideration of the irregularity in the shapes
and sizes of county-level divisions in Fujian [29].

In addition to global measures, local variations of OID cases’
spatial patterns were analyzed using a version of local Moran
I, and LISA was computed for each location [30]. LISA was
performed with 999 permutations to find core clusters and

outliers of counties with extreme OID cases unexplained by
random variation. As a result, LISA detects clusters as “hot
spots” (high-high), “cold spots” (low-low), and “spatial outliers”
(high-low or low-high) [31]. A P value <.05 for the cluster or
outlier is considered statistically significant.

Retrospective Space-Time Scan Statistics
The SatScan software (version 9.6) applying the Kulldorff
method of retrospective space-time analysis was used to identify
potential clusters with high rates that significantly exceeded the
OID incidence of nearby regions (P<.05). The space-time scan
statistics use geographical information and time-periodic
variable to explore temporal persistence and possible spatial
accumulation. An infinite number of discrete, cylindrical
windows are created by the space-time scan, with a circular
geographic base and height corresponding to time [32]. Each
cylindrical window was evaluated as a potential OID space-time
cluster. Assuming that the data followed a Poisson distribution,
the distribution and statistical significance of the space-time
clusters were analyzed through Monte Carlo replication under
the null hypothesis with the default 999 replications to ensure
adequate power for defining clustering. The most likely cluster
and a number of secondary potential clusters were reported.
The relative risk of OID in each cluster was calculated to
evaluate the risk of OID in the clustered areas using the
following formula [33]: RR= (c/e)/((C-c)/(C-e)), where c is the
total number of cases in a cluster, e is the number of expected
cases in a cluster, and C is the total number of observed cases
in Fujian Province.

The OID data from 2005 were used to determine the spatial
scanning windows by increasing from 1% to 50% of the
population at risk, and the value was limited to 17%, considering
no overlap of candidate clusters and covering the largest
high-incidence geographic areas [34]. Given that the periodicity
of the reported OID cases was approximately 2 to 3 months
(Figure 2), the temporal scanning window was set to 90 days.
Moreover, each candidate cluster had to include no less than 2
cases and have a minimum of 2 days. Age and sex were used
as 2 covariate variables for covariate adjustment in the scan
statistics [35]. The retrospective space-time scan statistics were
applied for each year of OID in Fujian Province from 2005 to
2021.
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Figure 2. The trend and seasonal decomposition analysis of other infectious diarrhea in Fujian Province (from January 1, 2005, to December 31, 2021).

Spatial Regression Analysis
Ordinary least regression (OLS) was used to determine the
relationship between OID incidence (of each county) and each
of the potential influencing factors (including demographic,
economic, and environmental factors). Considering the spatial
variation of the regression coefficient, geographical coordinates
were included as parts of the regression parameters.
Geographical weighted regression (GWR) is an effective method
for determining spatial variables by considering local-scale
features of geographical elements (county level in this study).
The GWR is computed as follows [36]:

yi = ∑kβk(ui, vi)xk,i + εi

. Corrected Akaike information criterion (AICc) [37] and R2

values, which consider model complexity and goodness of fit,
were used to evaluate the OLS and GWR models [38].

Generalized linear mixed model (GLMM) [39] was used to
investigate the factors influencing the occurrence of clustered
types of OID cases, distinguishing whether the OID cases fall
within the clustered areas (coded as “1”) or outside of them
(coded as “0”) at both individual and county levels. The
individual-level variables considered in the analysis were sex

(male or female), age (<1 year, 1-5 years, or ≥5 years), and
residential type. For the county-level variables (as mentioned
earlier), we selected predictors based on the variance inflation
factor to mitigate multicollinearity among the model terms. To
evaluate the goodness of fit, we used Akaike information
criterion (AIC) and Schwarz Bayesian information criterion
[40]. Among the different models tested, the model with the
lowest AIC and Bayesian information criterion values was
deemed to be the most suitable and informative.

All statistical analyses were performed using RStudio (version
1.4.1717) [41]; time-series regression analysis was performed
using the mgcv R package, spatial autocorrelation analysis was
performed using the spdep R package, geographically weighted
regression was performed using the GWmodel R package,
GLMM was performed using the lme4 R package, and the
choropleth maps representing the detected disease clusters were
generated using QGIS 3.20.2 Odense.

Ethical Considerations
The study was approved by the ethical review board of the
Fujian Center for Disease Control and Prevention (Fuzhou,
China; number 2020-029), and it was performed in accordance
with the principles of the Declaration of Helsinki. Consent to
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participate was not applicable because this study used OID
surveillance data. All data were anonymized and kept
confidential to protect the privacy of participants.

Results

Assessment of Case-Reporting Quality
The data set under analysis comprised 388,066 (99.9%) out of
388,636 cases with complete information on the following
epidemiological variables: sex, date of birth, occupation,
residential type, notification type, symptom onset date, date of
diagnosis, and date of data entry. A total of 570 cases without
detailed residential addresses were excluded for spatial and
spatiotemporal analysis purposes. The reporting delay (between
the date of diagnosis and date of data entry) was calculated for
all 388,636 cases, and the median (IQR) delay was 0 (−375 to
1) days. We further identified 1879 cases with a negative
reporting delay. However, for our subsequent analysis, we used
the diagnosis date, rendering the impact of the quality of
reporting delay insignificant.

Characteristics of the Reported OID Cases
From January 1, 2005, to December 31, 2021, a total of 388,636
OID cases were reported from 85 county-level divisions (12

cities, 29 districts, and 44 counties) in Fujian Province; the
reported OID cases were mainly from coastal areas (Figure 1).
Table 1 summarizes the characteristics of the reported OID
cases. Of the 388,636 patients with OID, 228,777 (58.9%) were
male. The median (IQR) age of the patients was 1 (0-24) year,
and 70.5% (273,988/388,636) of the patients were children aged
<5 years; patients aged <1 year (108,818/388,636, 28%)
accounted for the highest proportion of patients, followed by
patients aged 1 to 2 years (88,220/388,636, 22.7%).

Table 2 presents a comparison of the characteristics of patients
with OID aged <5 years and patients with OID aged >5 years.
The differences in sex, notification type, and residential type
between the 2 age groups were statistically significant (P<.001).
Males aged <5 years had 1.56 times higher odds of being
diagnosed with OID than those aged >5 years. Moreover,
patients aged <5 years had 6.03 times higher odds of confirming
OID through a clinical and pathogen diagnosis than those aged
>5 years. In addition, within the floating population (both within
city and province), children aged <5 years had 3.18 and 1.44
times higher odds, respectively, of having OID than those aged
>5 years.
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Table 1. Characteristics of other infectious diarrhea in Fujian Province from 2005 to 2021.

Patients with OID (N=388,636), n (%)Characteristics

Sex

228,779 (58.9)Male

159,857 (41.1)Female

Age (years)a

108,675 (28)0

88,230 (22.7)1

30,328 (7.8)2

15,736 (4)3

8713 (2.2)4

22,440 (5.8)5

49,080 (12.6)15

37,403 (9.6)40

28,031 (7.2)≥60

Notification type

140,140 (36.1)Confirmed case

248,496 (63.9)Clinically diagnosed case

Occupation

245,863 (63.3)Diaspora children

59,786 (15.4)Farmer

19,520 (5)Student

18,893 (4.9)Unemployed or housework or retired

14,648 (3.8)Childcare

1691 (0.4)Migrant worker

709 (0.2)Medical staff

20,755 (5.3)Others

6771 (1.7)Unknown

Residential type

275,768 (71)Permanent residents

112,868 (29)Floating population

94,159 (24.2)Inside city

11,790 (3)Inside province

6919 (1.8)Outside province

aAge was grouped under 1 year, 2 years, 3 years, etc.
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Table 2. Comparison of patients aged <5 years and patients aged >5 years in Fujian Province from 2005 to 2021a.

P valueORb (95% CI)Patients aged >5 years (n=136,954), n (%)Patients aged <5 years (n=251,682), n (%)Characteristics

<.001Sex

1.56 (1.53-1.59)70,340 (51.4)158,439 (63)Male

0.64 (0.63-0.66)66,614 (48.6)93,243 (37)Female

<.001Notification type

6.03 (5.92-6.15)17,573 (12.8)122,567 (48.7)Confirmed case

0.11 (0.11-0.11)119,381 (87.2)129,115 (51.3)Clinically diagnosed case

<.001Residential type

0.3 (0.29-0.31)113,959 (83.2)161,809 (64.3)Permanent residents

Floating population

3.18 (3.13-3.23)16,547 (12.1)77,612 (30.8)Inside city

1.44 (1.36-1.53)3354 (2.4)8436 (3.4)Inside province

0.65 (0.61-0.69)3094 (2.3)3825 (1.5)Outside province

aStatistical significance (chi-square test) between patients aged <5 years and patients aged >5 years was set at P<.05.
bOR: odds ratio.

Incidence and Trend Analysis of the Reported OID
Cases
The average annual incidence of OID was 60.3 (SD 16.7) per
100,000 people; the annual incidence of OID peaked in 2017
(at 88.3) and was lowest in 2005 (at 39.5). Table 3 shows the
incidence of OID by sex and age. The highest OID incidence
was reported in individuals aged <1 year (1362.1 per 100,000
people), followed by individuals aged <2 years (1055.5 per

100,000 people). Low incidence was observed in the individuals
aged 15 to 40 years and individuals aged 40 to 60 years (19.2
and 21.2 per 100,000 people, respectively). The average annual
incidence among males (71.4 per 100,000) was significantly
higher than that among females (52.5 per 100,000; P<.05).
Specifically, in the age groups >5 and ≥60 years, the incidence
among males was higher than that among females, whereas in
the age groups 15 and 40 years, the incidence among females
was significantly higher than that among males.

Table 3. The incidence of other infectious diarrhea in Fujian Province, stratified by age and sex, from January 1, 2005, to December 31, 2021.

FemaleMaleTotalAge (years)a

Average annual inci-
dence (per 100,000)

Reported cases,
n (%)

Average annual inci-
dence (per 100,000)

Reported cases,
n (%)

Average annual inci-
dence (per 100,000)

Reported cases,
n (%)

992.438,122 (23.8)1589.470,553 (30.8)1265.6108,673 (28)0

857.433,655 (21.1)1202.554,575 (23.9)1042.588,229 (22.7)1

304.211,814 (7.4)406.918,514 (8.1)354.130,328 (7.8)2

171.86247 (3.9)224.19489 (4.1)197.915,736 (4)3

98.63405 (2.1)131.65308 (2.3)114.08713 (2.2)4

24.38207 (5.1)36.214,233 (6.2)28.822,440 (5.8)5

19.124,804 (15.5)17.824,276 (10.6)18.549,080 (12.6)15

21.719,491 (12.2)19.417,912 (7.8)20.337,403 (9.6)40

35.514,112 (8.8)37.313,919 (6.1)35.128,031 (7.2)≥60

51.3159,856 (100)70.0228,777 (100)60.3388,633 (100)All

aAge was grouped under 1 year, 2 years, 3 years, etc.

The weekly accumulated number of reported OID cases in
Fujian Province presented a gyrating upward trend from 2005
to 2018, reaching a peak around July to August in 2017; showed
a downward trend until the beginning of 2020; and then rose
again (Figure 2, “trend”). The seasonal decomposition analysis
revealed an annual seasonal pattern (Figure 2, “seasonal”).
However, the peak months varied throughout the study period.

In 2005, 2006, 2010, 2012, and 2014, most OID cases were
reported in autumn (September-November); conversely, in 2007,
2008, 2009, 2013, 2015, 2016, 2017, 2018, and 2020, the peak
period was in winter (December-February). In 2019 and 2021,
the peak month was March (Figure 2, “data”). There was a clear
seasonal shift in the peak month for OID cases from autumn to
winter or spring between 2005 and 2020.
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Using meteorological data collected from February 2005 to
December 2021 (encompassing 882 weeks), the association
between the number of OID cases and meteorological factors
was examined. The GAM revealed that atmospheric pressure
at sea level (P<.001), humidity (P<.001), precipitation (P=.01),
and maximum temperature (P=.02) were significantly linked
to detrended OID data, whereas average temperature, minimum

temperature, and time (weeks) were not significantly related.
The results indicated that a higher maximum temperature,
atmospheric pressure, humidity, and precipitation were
associated with higher detrended OID data. The model explained

12.6% of the deviance in the data, and the adjusted R2 value
was 0.112. A summary of the GAM results, along with its
diagnostics, is presented in Table 4.

Table 4. GAMa of meteorological factors and other infectious diarrhea in Fujian Province (from February 4, 2005, to December 31, 2021).b

P valueReference dfdfVariable (smoothed)

.5980.005Time

.221.0381.024Average temperature

.02c3.1092.458Maximum temperature

.991.0011Minimum temperature

<.001d7.2946.052Atmospheric pressure

<.001d3.3492.62Relative humidity

.01c1.011.005Precipitation

N/AN/Ae0.112Adjusted R2

N/AN/A12.60Deviance explained, %

N/AN/A5216.9REMLf

N/AN/A882Number of weeks

aGAM: generalized additive model.
bIntercept: estimate=0.095, SE 3.065; P=.98.
cP<.05.
dP<.001.
eN/A: not applicable.
fREML: restricted maximum likelihood.

Spatial and Spatiotemporal Analysis of the Reported
OID Cases
The spatial autocorrelation analysis using the global Moran I
demonstrated a positive correlation (0.20-0.32, P<.001) of OID
cases from 2005 to 2020 (Table 5), indicating a significant
overall spatial autocorrelation. The localities with clusters of
OID cases were identified using local Moran I (LISA). Figure
3 displays the Moran scatterplot for the 17 study years
(2005-2021), which reveals that most event points were gathered
in the upper-right (high-high) quadrant, confirming the existence
of positive spatial autocorrelation among the counties based on
OID cases. The LISA cluster map depicted the locations of the
high clusters (high surrounded by high), low clusters (low
surrounded by low), and spatial outliers (mixture of high and
low clusters) in the OID cases.

In Figure 3, the LISA map for all study years (2005-2021) shows
that some counties on the south coast of Fujian Province

exhibited high-high clusters, whereas the northwest and middle
parts were found to be covered by low-low clusters. The yearly
LISA map revealed outstanding spatial clusters of OID cases
covering specific areas each year. From 2005 to 2007, the
clustered areas with the highest density of reported OID cases
(high-high) were primarily concentrated in Zhangzhou City,
and in 2008, these areas drifted northeastward to Xiamen City
and Quanzhou City. Other clustered areas with high OID rates
appeared in Ningde City from 2005 to 2011 and in Fuzhou City
from 2012 to 2019. Most of the high-low outliers were dispersed
in the middle part of Fujian Province (Sanming City and
Nanping City), mainly in 2016, 2020, and 2021; these high-low
areas were generally surrounded by low-low clusters, which
were mountainous areas. The low-high outliers appeared in the
same location in Ningde City (northern part) from 2006 to 2018.
The clusters and outliers were statistically significant based on
z test (P<.05).
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Table 5. The global Moran index of other infectious diarrhea in Fujian Province (from January 1, 2005, to December 31, 2021).

P valuez scoreMoran IYear

<.00112.200.222005

<.00111.660.212006

<.00112.880.242007

<.00111.900.232008

<.00115.510.302009

<.00112.820.252010

<.00112.000.232011

<.00110.840.212012

<.00111.240.222013

<.00112.320.232014

<.00114.490.282015

<.00114.580.282016

<.00116.550.322017

<.00115.400.292018

<.00113.870.262019

<.00111.310.202020

<.00116.530.312021

Figure 3. Moran scatterplot and local indices of spatial association cluster map of other infectious diarrhea at county level in Fujian Province (from
January 1, 2005, to December 31, 2021). A higher resolution version of the figure is available in Multimedia Appendix 1.

JMIR Public Health Surveill 2023 | vol. 9 | e45870 | p.2114https://publichealth.jmir.org/2023/1/e45870
(page number not for citation purposes)

Lu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 6 shows the most likely cluster of OID cases detected by
retrospective space-time scan statistics from 2005 to 2020 in
Fujian Province. The time frame was from September to
November (2005, 2006, and 2010), mid-June to mid-September
(2007), October to December (2008, 2009, and 2012-2014),
June to August (2011), January to March (2015-2017), August
to October (2018), July to September (2019), and mid-January
to mid-April (2020). The average radius of the most likely
clusters over the 17-year study period was 56.35 km. The
average number of counties included in the most likely cluster
was 9.76, with an average relative risk of 8.79.

The most likely clusters were assembled in the southern part of
Fujian Province, mainly in Zhangzhou City, Xiamen City, and
Quanzhou City (Figure 4). The most likely cluster was detected

in the north of Zhangzhou City and south of Xiamen in 2005
and 2006, respectively, and then moved southward to cover the
entire region of Zhangzhou City between 2007 and 2010. Again,
it moved northward to Xiamen City, covering the northern part
of Zhangzhou City and the southern part of Quanzhou City.

Figure 5 illustrates the frequency of OID most likely clusters
within districts based on retrospective space-time scan statistics.
Two counties in Zhangzhou City (Zhangpu and Longhai) were
detected 17 times (each year) using this method, and the median
(IQR) frequency for the occurrence of most likely clusters per
county was 4.5 (2.25-13.75) times. The southern regions of the
province exhibited the highest frequency of OID clusters,
whereas no most likely clusters were detected in the central,
western, or northeast districts during the study period.

Table 6. The most likely cluster of other infectious diarrhea detected using space-time scan statistics in Fujian Province (from January 1, 2005, to
December 31, 2021).

Population, nTotal counties, nP valueRelative riskExpected casesObserved cases, nRadius (km)PeriodYear

5,550,59413<.0016.12531.0271653.88September 5 to Decem-
ber 2

2005

5,624,30913<.0016.09554.1280853.88August 30 to November
27

2006

4,409,8669<.0015.11492.2221858.51June 17 to September 142007

5,622,87512<.0015.47648.4301097.44October 6 to December
31

2008

5,680,74912<.0014.02648.4231997.44October 3 to December
31

2009

5,739,61914<.0017.70550.6362872.07August 26 to November
23

2010

1,202,3543<.00115.4791.0132739.75May 29 to August 262011

3,497,1849<.0017.45372.1253245.67October 4 to December
31

2012

3,521,2509<.0017.58455.5315845.67October 6 to December
31

2013

3,521,2509<.0017.77379.6267845.67October 3 to December
31

2014

3,443,6389<.00111.87322.8335645.67January 1 to March 252015

3,474,9919<.00111.04350.2339445.67January 2 to March 312016

3,505,7939<.0019.16468.4385945.67January 2 to April 12017

9,479,99614<.0016.071228.5622663.89January 1 to March 292018

1,341,0113<.00115.82128.6189339.75July 29 to October 262019

1,341,9963<.00116.85104.4163039.75June 28 to September 252020

11,084,75816<.0015.921186.8585167.54January 16 to April 152021
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Figure 4. Annual spatial distribution of space-time clusters of other infectious diarrhea at county level in Fujian Province (from January 1, 2005, to
December 31, 2021). A higher resolution version is available in Multimedia Appendix 2.

Figure 5. Frequency of most likely cluster occurrence at county level in Fujian Province (from January 1, 2005, to December 31, 2021).

Risk Factors Related to OID Incidence
The relationship between OID incidence and the collected
county-level sociodemographic factors was analyzed using a
multivariate OLS regression model. The permanent resident
population showed a significantly positive association. By
contrast, the urban population, rural population, and <5-year-old
population showed a significantly negative association with
OID cases, and <1-year-old population was positively associated
with OID cases, although not statistically significantly.
Regarding economic factors, GDP per capita and primary
sector’s GDP were positively associated with OID cases. By

contrast, the secondary and tertiary sectors’ GDP and
urbanization levels were negatively associated with OID cases.
For environmental factors, the contents of arsenic, cadmium,
chromium, copper, lead, and zinc in the soil were included in
the OLS model, of which arsenic, chromium, and zinc were
negatively associated, and the others were positively associated.
Table 7 presents a summary of the multivariate OLS with model
diagnostics.

A locally linear, nonparametric estimation using the GWR was
used to cope with the OLS’s nonstationary nature. The adjusted

R2 values rose from 0.389 to 0.405 (Table 7), even if the GWR
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did not improve the model fit from the OLS model according
to the AICc values.

Table 8 and Table 9 summarized the results of GLMM. The
response variable “clustered type” in the GLMM indicated
whether the OID case is within the clustered areas (“1”) or
outside of them (“0”). The clustered areas corresponded to
counties that were detected at least once within the most likely
clusters from the previous analysis. The GLMM adopts a
binomial family with a logit link function, which is appropriate
for analyzing binary outcomes. The maximum likelihood method

(Laplace approximate) was used for estimation. The model
demonstrated good fit, as indicated by AIC=24,672.6 and
Bayesian information criterion=24,781.3. The results showed
that population density, urbanization level, and copper content
had positive estimates, suggesting that an increase in these
variables was associated with a higher likelihood of OID cases
being within the clustered areas. Conversely, arsenic, cadmium,
and chromium contents had negative estimates, implying that
a decrease in these variables was associated with a higher
likelihood of OID cases being outside the clustered areas.

Table 7. Multivariate ordinary squares regression and geographic weighted regression model results of other infectious diarrhea in Fujian Province

(from January 1, 2005, to December 31, 2021).a

Ordinary least regression (OLS) modelVariable

P valueSEΒ

Population

.03b0.0220.050Permanent resident

.03b0.021−0.046Urban

.03b0.022−0.049Rural

.080.0440.077<1 year old

.03b0.011−0.024<5 year old

Economic factor

.004d0.0030.009GDPc per capita

.932.6530.231Primary sector GDP

<.001d0.995−3.582Secondary sector GDP

.01b0.881−2.292Tertiary sector GDP

.0905.492−9.438Urbanization (%)

Environmental factor

<.001d16.157−55.301Arsenic content

.861.9840.363Cadmium content

.03b0.557−1.209Chromium content

.560.7590.442Copper content

.470.0250.019Lead content

.150.035−0.051Zinc content

N/AN/Af1208.861AICce

N/AN/A0.389Adjusted R2

N/AN/A1208.100AICc (GWRg)

N/AN/A0.405Adjusted R2 (GWR)

aIntercept: estimate=495.003, SE 317.773; P=.12.
bP<.05.
cGDP: gross domestic product.
dP<.01.
eAICc: corrected Akaike information criterion.
fN/A: not applicable.
gGWR: geographical weighted regression.
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Table 8. Fixed effects of generalized linear mixed model results of other infectious diarrhea in Fujian Province (from January 1, 2005, to December
31, 2021).

P valuez valueSEEstimateCoefficients

<.001−15.640.716−11.205Intercept

<.00123.210.1012.342Population density

<.00178.540.18714.706Urbanization (%)

<.001−32.470.387−12.556Arsenic content

<.00132.520.0321.044Cadmium content

<.001−58.070.122−7.059Chrome content

<.00111.490.1691.944Copper content

Table 9. Random effects of generalized linear mixed model results of other infectious diarrhea in Fujian Province (from January 1, 2005, to December
31, 2021).

SDVariancesRandom effects

0.4040.163Residential types

0.0490.002Age group

0.0560.003Sex

Discussion

Principal Findings
In this study, we investigated the overall epidemic
characteristics, spatiotemporal pattern, and risk factors
associated with the occurrence of OID in Fujian Province. By
analyzing 17 years of surveillance data, we identified the
clustering of OID cases in Zhangzhou City and Xiamen City,
with the clustering areas remaining relatively stable over time.
Our findings also revealed that densely populated areas with a
large <1-year-old population, less economically developed areas,
and higher pollution levels were associated with higher OID
incidence in the province. Moreover, high population density,
urbanization level, and cadmium and copper contents in the soil
could contribute to the clustering of OID.

The results highlighted the susceptibility of children aged <5
years; particularly, those aged 0 to 2 years accounted for a
significant proportion (196,905/388,636, 50.7%) of the OID
cases in Fujian Province. This finding aligns with previous
research indicating their susceptibility to OID [42-44]. Viral
pathogens such as rotavirus, adenovirus, norovirus, and
Salmonella were the 4 most common pathogens in China [45].
Specifically, rotavirus infection increased rapidly in children
aged <5 years [7,46]. Previous studies in Fujian Province have
also emphasized the significance of rotavirus as a causative
pathogen for acute gastroenteritis among children who are
hospitalized [47].

Temporal analysis revealed a steady increase in OID cases from
2005 to 2017, with a clear seasonal shift in OID cases from
autumn to winter/spring between 2005 and 2020. However,
since 2020, there has been subsequent stagnation in case
numbers, potentially linked to the impact of the COVID-19
pandemic. Behavioral interventions and policies implemented
during the pandemic to suppress the transmission of respiratory

infections [48] may have inadvertently reduced the transmission
of other infectious diseases, including OID.

Our study found that maximum temperature, atmospheric
pressure at sea level, average relative humidity, and precipitation
are positively associated with the reported OID cases in Fujian,
consistent with previous research in the coastal area of China
[22,49,50]. Infectious diarrhea is often caused by
microorganisms that are sensitive to environmental conditions
[51], and higher temperatures, atmospheric pressure, and
humidity may favor the survival and proliferation of
microorganisms causing diarrhea [52]. Moreover, increased
atmospheric pressure may reduce the dilution of airborne
pathogens, leading to an increased concentration of pathogens
and further increasing the likelihood of diarrhea transmission
[44]. In addition, variations in rainfall and temperature can
increase the risk of fecal contamination and diarrhea, particularly
during heavy rainfalls and floods. The observed seasonal shift
in OID cases from autumn to winter suggests a possible increase
in viral infections as the main cause of OID during the winter,
possibly owing to a more favorable environment for viral
pathogen transmission [53]. However, this hypothesis needs
further investigation.

Spatial analysis identified the presence of persistent “hot spots”
of OID cases, mainly concentrated in Zhangzhou City and
Xiamen City within the study period. These regions have a
subtropical monsoon climate, with factors such as high humidity,
temperature variation, heavy rainfall, and wind speed potentially
facilitating OID transmission [8,22,42]. The predominant
pathogen in these areas is rotavirus, which exhibits apparent
seasonality during the autumn-winter season [47]. Other risk
factors such as the consumption of raw seafood, which often
contains pathogens such as rotavirus, norovirus, and Vibrio
parahaemolyticus, have also been identified [54]. A study
conducted in Taiwan on Campylobacter gastroenteritis revealed
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an increased risk of campylobacteriosis in children associated
with seafood consumption [55].

In our study, almost 90% (15/17) of the most likely clusters
(except for those in 2007 and 2011) were detected in the autumn
and winter seasons, consistent with reported gastroenteritis
outbreaks caused by norovirus [56]. These results suggest that
viral pathogens and foodborne clustered infections are potential
contributors to the identified OID clusters in the spatiotemporal
analysis. Strengthening outbreak management capacities and
implementing robust prevention and control measures in
high-incidence areas are necessary. In addition, the high
prevalence of human intestinal protozoa [57] and significant
environmental pollution in both the land and adjacent sea areas
[58] may be associated with the 2 most clustered counties
(Zahngpu and Longhai) in Fujian Province found in this study.
Furthermore, the clustered areas exhibited a dynamic spreading
trend, expanding from the southernmost region to southeast and
gradually southward over time. Therefore, close monitoring of
the epidemic situation in the surrounding areas is essential.

Regression analysis indicated a positive association between
OID cases and factors such as densely populated areas with a
large >1-year-old population, less economically developed areas,
and higher pollution levels. Children aged <5 years are
susceptible to viral infectious diarrhea and are likely to further
damage their health [59]. Countermeasures, including rotavirus
vaccine [60], improvement of zinc nutriture [61], and dietary
counseling [62], have been proven to reduce the high burden
of childhood diarrhea. In coastal provinces, such as Fujian,
living habits that involve frequent contact with seafood could
be related to OID. Hygiene and cooked food education should
be enhanced in high-risk areas, such as Zhangzhou City. Poor
public health, poor water safety, fecal contamination, and
environmental pollution pose obstacles to diarrhea prevention
in economically underdeveloped areas [42]. Nevertheless, the
impact of social factors on diarrhea remains uncertain [63].
Therefore, further research is needed to explore the major
mechanisms underlying the association between infectious
diarrhea and certain social factors.

The findings from our study underscore the need for
implementing targeted prevention and control measures for OID
in Fujian, with a particular focus on susceptible populations,
such as young children. Furthermore, the health department
should prioritize improving the living environments in
Zhangzhou and Xiamen. Regular monitoring of the epidemic
characteristics of infectious diarrheal diseases, incorporating
meteorological factors into surveillance systems, and developing
early warning models can enhance preparedness and response
to outbreaks. This study’s findings contribute to the
understanding of the epidemic characteristics of OID in Fujian
Province and provide a vital foundation for informing future
risk assessments and facilitating early warning predictions of
this disease. Examining the impact of OID in Fujian Province
can provide valuable epidemiological insights and effective

prevention and control strategies that can be transferred to other
regions and countries facing similar challenges.

Limitations
Our study has several limitations. First, the lack of detailed
information on the etiology of OID cases hinders further
investigation into the pathogenesis of OID in infants and
children as well as the identification of specific pathogen-related
epidemic patterns. Hence, a province-wide pathogen monitoring
and surveillance system is needed, which would provide
valuable information for in-depth pathogen characterization.
Second, the power of cylindrical scan statistics could be limited
to the complex geographic landscape of Fujian Province. More
flexible shapes of scan statistics or the use of higher-resolution
geographical information can enhance the accuracy and
precision of the analysis. Third, although the GAM used in our
study captured some of the short-term effects of meteorological
factors on OID cases, it explained only a small proportion of
the overall variation. Therefore, more suitable forecasting
models should be considered to enhance the predictive ability.
Fourth, the regression models used to assess the association
between OID and risk factors had inherent limitations.
Furthermore, the lack of county-level meteorological and
socioeconomic data, such as public health resources, further
weakened the explanatory power of the regression model. Future
research should incorporate predictive models that forecast the
incidence of OID in the near and long term, considering the
impact of preventive measures. This approach would highlight
the importance of ongoing targeted interventions to control OID
and improve the health and well-being of susceptible
populations. Finally, owing to data limitations, we could not
directly assess the influence of the COVID-19 pandemic and
its subsequent nonpharmaceutical interventions on OID
transmission. Therefore, future research should explore the
intersection between the COVID-19 pandemic and OID to gain
a comprehensive understanding of the broader impact on public
health.

Conclusions
Our study revealed that the incidence of OID in Fujian Province
exhibits a distinct distribution across populations, seasons, and
regions. Notably, males and children aged >2 years are the most
susceptible to OID. Moreover, our analysis demonstrated a shift
in the seasonal peak of OID from autumn to winter or spring
between 2005 and 2020. Our findings indicated that maximum
temperature, atmospheric pressure, relative humidity, and
precipitation positively influence the short-term incidence of
OID. Zhangzhou City and Xiamen City were identified as the
major hot spots for OID in Fujian Province. Therefore, it is
essential to prioritize prevention and control efforts in these
identified hot spots and among highly susceptible groups. Our
findings provide valuable scientific evidence for policy makers
to develop targeted intervention measures for OID, considering
the specific disease pattern and geographical context.
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Abstract

Background: Cameron County, a low-income south Texas-Mexico border county marked by severe health disparities, was
consistently among the top counties with the highest COVID-19 mortality in Texas at the onset of the pandemic. The disparity
in COVID-19 burden within Texas counties revealed the need for effective interventions to address the specific needs of local
health departments and their communities. Publicly available COVID-19 surveillance data were not sufficiently timely or granular
to deliver such targeted interventions. An agency-academic collaboration in Cameron used novel geographic information science
methods to produce granular COVID-19 surveillance data. These data were used to strategically target an educational outreach
intervention named “Boots on the Ground” (BOG) in the City of Brownsville (COB).

Objective: This study aimed to evaluate the impact of a spatially targeted community intervention on daily COVID-19 test
counts.

Methods: The agency-academic collaboration between the COB and UTHealth Houston led to the creation of weekly COVID-19
epidemiological reports at the census tract level. These reports guided the selection of census tracts to deliver targeted BOG
between April 21 and June 8, 2020. Recordkeeping of the targeted BOG tracts and the intervention dates, along with COVID-19
daily testing counts per census tract, provided data for intervention evaluation. An interrupted time series design was used to
evaluate the impact on COVID-19 test counts 2 weeks before and after targeted BOG. A piecewise Poisson regression analysis
was used to quantify the slope (sustained) and intercept (immediate) change between pre- and post-BOG COVID-19 daily test
count trends. Additional analysis of COB tracts that did not receive targeted BOG was conducted for comparison purposes.

Results: During the intervention period, 18 of the 48 COB census tracts received targeted BOG. Among these, a significant
change in the slope between pre- and post-BOG daily test counts was observed in 5 tracts, 80% (n=4) of which had a positive
slope change. A positive slope change implied a significant increase in daily COVID-19 test counts 2 weeks after targeted BOG
compared to the testing trend observed 2 weeks before intervention. In an additional analysis of the 30 census tracts that did not
receive targeted BOG, significant slope changes were observed in 10 tracts, of which positive slope changes were only observed
in 20% (n=2). In summary, we found that BOG-targeted tracts had mostly positive daily COVID-19 test count slope changes,
whereas untargeted tracts had mostly negative daily COVID-19 test count slope changes.

Conclusions: Evaluation of spatially targeted community interventions is necessary to strengthen the evidence base of this
important approach for local emergency preparedness. This report highlights how an academic-agency collaboration established
and evaluated the impact of a real-time, targeted intervention delivering precision public health to a small community.
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Introduction

The SARS-CoV-2 pandemic made the dearth of resources and
experience to address the situation in local health departments
(LHDs) alarmingly apparent. Aggregated data at the state and
national levels are insufficiently granular for real-time strategic
local interventions. Small communities in particular suffer from
limited support and a long turnaround time for obtaining key
information needed to conduct effective surveillance and
intervention [1]. Texas-Mexico border counties, such as
Cameron County, with high burdens of underlying chronic
conditions, were heavily impacted by COVID-19
hospitalizations and deaths [2]. By the end of April 2020,
Cameron County reported 2.9% case fatalities, exceeding that
of its neighboring county, Hidalgo, reporting 0.8%, assuming
similarly accurate data for the 2 counties [3]. The LHD of the
City of Brownsville (COB), the largest city within Cameron
County, accounting for 43% of its total population, recognized
specific needs for COVID-19 information dissemination and
the resources for assessing community response. The large
percentage of the population without insurance, high poverty
rates, and elevated rates of type 2 diabetes and obesity (27%
and 50%, respectively) contributed substantially to high
morbidity and mortality [4,5]. An added obstacle was the
cultural and language barriers, given that 85.7% of households
speak a language other than English (usually Spanish) and
93.8% are of Hispanic heritage [4]. The COB public health
department recognized the limited resources and approached
UTHealth Houston School of Public Health, Brownsville
(UTHealth), with whom they had a long relationship, to form
a partnership to leverage each entity’s strengths to better serve
the community [6]. The collaboration began in early April 2020
and had UTHealth faculty and staff helping COB staff conduct
COVID-19 case reports and contact tracing tasks. Additionally,
weekly sharing of COB in-house COVID-19 case and testing
data were accessed by a UTHealth research team to provide
census tract-level data and reports to the COB. This team’s
innovative acquisition and use of local surveillance data
provided the opportunity to strategically target the efforts of
the community intervention named “Boots on the Ground”
(BOG).

LHDs are the first line of public health action in emergency
situations [7]. Their community interventions and actions result
in the most immediate response to public health crises. However,
resources to effectively implement real-time interventions and
assess their impact are rarely available. The “natural experiment”
nature of these interventions presents challenges for their
evaluation [8]. Experimental methods, such as randomized
controlled trials, are considered the gold standard of evaluation.
Randomized controlled trials require the random selection of
intervention and control groups, which would be costly,
impractical, and time-consuming, and raise ethical concerns in

regard to respecting community autonomy in crisis situations
[9]. Other valuable methods, such as interrupted time series
(ITS) studies have been pivotal in health and public policy for
evaluating the effects of community-based interventions [10].
ITS studies are used to establish the time series trend of a
particular outcome that has been interrupted by an intervention
at a specific point in time resulting in self-controlled study units
[11]. To our knowledge, there are currently no studies in relation
to spatially targeted community interventions for COVID-19
and very few for infectious diseases in general. A 2021
systematic review of spatially targeted community interventions
for infectious diseases identified only 10 studies conducted
since 1993, none of which properly addressed the evaluation of
the intervention [12].

We conducted a study to evaluate the impact of a targeted
community COVID-19 education outreach intervention on the
SARS-CoV-2 daily test counts by means of an ITS. These
findings could help public health professionals and policy
makers make authoritative, evidence-based decisions when
responding to similar public health crises.

Methods

Boots on the Ground
The first official confirmed COVID-19 case report in the COB
was on March 21, 2020. The city opened a municipal
SARS-CoV-2 testing site and began its BOG efforts to deliver
COVID-19 information to COB residents 2 days later [13]. The
initial delivery method of BOG was through blanket events
opened to all Brownsville residents at the city public libraries.
In early April, the COB joined efforts with epidemiological and
advanced statistical expertise at UTHealth, which gave rise to
the COVID-19 collaborative working group. Locally collected
COB COVID-19 case and testing data included geo-codable
but otherwise deidentified data and were securely shared among
these 2 working groups on a weekly basis. Applying geospatial
science methods, the UTHealth partners used these data to
deliver granular COVID-19 maps to the COB (48 census tracts).
By April 17, 2020, the first COB census tract COVID-19 case
maps (Figure 1) were uploaded by the UTHealth team, and on
a weekly basis thereafter.

The COB public health department then used these maps to
strategically target their BOG efforts at specific census tracts.
The COB epidemiologist selected the census tracts with the
highest case counts each week for BOG delivery. If census tracts
had similar case counts, the tract with higher obesity prevalence
was used to determine which tract was selected. The obesity
rates were obtained from the 2019 American Community Survey
5-year estimates [14]. A total of 8 bilingual (English and
Spanish) COB public health staff members went door-to-door
in the streets of selected census tracts, speaking to residents and
leaving packets of COVID-19 information at each house. The
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information packets were provided in English and Spanish and
contained educational information on COVID-19 signs and
symptoms as well as details regarding free local SARS-CoV-2
polymerase chain reaction testing sites and available testing

opportunities. This delivery method reached a total of 17,170
houses in 18 census tracts. Subsequently, on June 23, delivery
efforts shifted to broadcasting methods such as radio, social
media, vans with loudspeakers, and news outlets.

Figure 1. COVID-19 case count maps for City of Brownsville census tracts.

Data Sources
The outcome measures chosen to evaluate the impact of BOG
were the daily SARS-CoV-2 testing counts. COB COVID-19
testing sites immediately shared all their positive and negative
SARS-CoV-2 polymerase chain reaction testing data, which
included address information, with the COB. UTHealth experts
geocoded addresses to obtain census tract information for each
SARS-CoV-2 test, which was then aggregated each day for each
of the 18 census tracts. Given the duration of the targeted BOG,
from April 21 to June 8, we limited the ITS to only 14 days
before and after BOG delivery for each census tract. To avoid
a potential spillover effect in our results given the change in
BOG delivery method in the last census tract receiving targeted
BOG, we limit our time series to only 14 days before and after
targeted BOG. For the exposure information, we used the
electronic log of BOG efforts maintained by the COB
epidemiologist. This log contained the date of targeted BOG
delivery for each of the 18 selected census tracts. Based on the
log, we created indicator variables representing the pre- and
post-BOG day (0 and 1, respectively) status for each tract. An
additional variable was created for the time elapsed since BOG
delivery for each census tract for the 14 days before and after.
We also obtained census tract population size in R Studio’s (R
Foundation for Statistical Computing) tidycensus package using
2015-2019 American Community Survey data [14,15]. This
completed the data necessary to conduct the ITS analysis on
each of the census tracts.

Ethical Considerations
Data user agreements between the COB and UTHealth were
approved by city officials. Data privacy protocols were outlined
in the agreement. This study was approved by the UTHealth
Committee for the Protection of Human Subjects
(HSC-SPH-21-1089). This study was exempt from informed
consent given that aggregate level and not subject information
was being used.

Statistical Analysis
We hypothesized that the pre- and post-BOG COVID-19 daily
test count trend line slope and intercept would significantly
increase in BOG-targeted census tracts. For each census tract,
we have a series of count data with a known interruption point,
which makes piecewise Poisson regression the most suitable
model to test our hypothesis [16]. We fit a least squares
regression line to each time segment (ie, pre and post) of
COVID-19 daily counts, where the change point of the
regression line was the day the census tract received targeted
BOG, including an offset term of the log of the total population
for the census tract. The coefficients of interest in the model
were β2, which estimates the level or intercept (immediate)
change in the number of tests per day after the intervention, and
β3, which estimates the change in slope (sustained) trend post
BOG compared to the pre-BOG trend along with the P values
of the coefficients. Significance for the coefficients was set at
a P value of <.05. All statistical analyses were performed in R
Studio using the segmented package [17,18].
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Additional Analysis
To supplement the interpretation of the 18 census tract results,
we conducted an additional analysis. The analysis mentioned
above was applied to the 30 census tracts in the COB that did
not receive BOG during the targeted BOG phase. For these
census tracts, we set a date in the middle of the targeted BOG
phase as time 0 (May 18, 2020). This additional analysis
provided a comparison group to which we compared our targeted
BOG subset analysis results.

Results

During the targeted phase of BOG, which lasted from April 21
to June 8, 2020, a total of 18 of the 48 census tracts in the COB
received BOG outreach, as shown in Figure S1 in Multimedia
Appendix 1. To understand the distribution of the daily test
counts for each targeted BOG tract, we included Table S1 in
Multimedia Appendix 2 for reference. We obtained the 2

parameters of interest (β2 and β3) and their P values for each
of the piecewise models of the 18 BOG-targeted census tracts.
Using a significance P value threshold of <.05, significant
intercept change (β2) in testing was observed in 2 census tracts,
and significant slope (β3) change was observed in 5 census
tracts. A total of 4 of the 5 tracts with significant slope change
had an increase in the slope of the 2-week post-BOG COVID-19
daily test count compared to the pre-BOG slope. A summary
of the results is found in Tables 1 and 2.

In the additional analysis of the remaining 30 census tracts in
the COB that did not receive BOG outreach during the targeted
intervention period, 10 tracts had significant slope changes. A
total of 8 of the 10 significant slope changes seen in these census
tracts decreased, opposite to what was seen in the slope changes
in BOG-targeted census tracts. Table 3 shows the summary of
the significant findings and the direction of the coefficients for
both groups.

Table 1. Piecewise regression coefficients and P values for the change of immediate and sustained COVID-19 daily test count trends for 18 census
tracts in the City of Brownsville receiving Boots on the Ground outreach.

SustainedImmediateCensus tract

P valueβ3 coefficientP valueβ2 coefficient

.99–18.15.520.721

.611.55.46–0.762

.99–0.02.960.0053

.280.45.034.894

.99–21.44.48–0.765

.990.06.960.046

.210.43.95–0.057

.09–0.28.111.148

<.001–0.45.690.149

.540.27.62–0.4510

.24–19.98.43–0.6911

.830.77.06–2.5312

.430.09.73–0.2713

.110.48.251.4814

.020.34.920.0715

<.0010.18.001–1.5216

.0050.25.150.4417

<.0010.10.990.4518
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Table 2. Piecewise regression coefficients and P values for the change of immediate and sustained COVID-19 daily test count trends for 30 census
tracts in the City of Brownsville not receiving “Boots on the Ground” outreach.

SustainedImmediateCensus tract

P valueβ3 coefficientP valueβ2 coefficient

.120.11.061.261

.004–0.38.030.592

.540.18.08–1.023

.720.07.041.324

.57–0.43.900.065

<.001–0.21.011.286

.93–18.79.800.177

.800.37.190.798

.080.66.20–0.739

.160.15.760.2010

.99–0.17.92–0.0511

<.001–1.36<.0012.5012

.11–0.07.89–0.1613

<.001–1.41.55–0.3314

.01–0.42.051.2815

.002–0.18.88–0.0916

<.0010.59.850.0917

.47–0.95.95–0.0318

.400.23.75–0.3319

.94–0.06.041.3520

.901.02.530.5121

.081.17.022.0722

.290.93.860.1323

.990.52.640.4424

<.001–1.79<.001–2.8325

.78–0.48.14–0.9126

.37–20.65.50–0.6227

.830.12.540.6128

.37–1.10.25–0.7229

.0021.94.580.2330

Table 3. Direction of coefficients in the significant trend changes observed.

Did not receive targeted BOGReceived targeted BOGa

Sustained (n=10), nImmediate (n=8), nSustained (n=5), nImmediate (n=2), n

2741Positive impact

8111Negative impact

aBOG: Boots on the Ground.
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Discussion

Principal Findings
The use of local COVID-19 surveillance data, along with
collaboration between local public health departments and
academia to target a COVID-19 educational outreach
intervention, resulted in significant impacts on daily COVID-19
test counts. Most notable was the increase in the sustained trend
of testing observed after BOG in census tracts that received
targeted BOG. A total of 4 out of 5 census tracts showed
significant increased slope changes in testing trends, meaning
that the 2-week post-BOG COVID-19 daily test count slope
improved significantly from the 2-week pre-BOG slope.
Interestingly, the additional analysis of nontargeted BOG COB
census tracts was contrary to what we observed in the
BOG-targeted tracts. Here, only 20% (2/10) of the census tracts
showed a significant increase in sustained testing. This suggests
that daily COVID-19 test-seeking in BOG-targeted census tracts
saw a sustained improvement (2 weeks after intervention),
whereas test-seeking mostly declined in census tracts that did
not receive BOG. The perspective of a COB resident
documented in an autoethnographic analysis of BOG provides
some insight into our interesting findings [6]. The personal
method by which targeted BOG census tracts received tailored
information potentially reflected a sense of trust among
Brownsville residents and made them more receptive to act on
the information they were receiving. The long-term benefits of
this intervention were observed during the COVID-19 vaccine
rollout in early 2021. As BOG delivery shifted later to social
media and broadcasting delivery, a city-specific website called
BTX Cares was created and served as a trusted source of
SARS-CoV2 testing and vaccine information for COB residents
[19]. The trust built through the door-to-door delivery of BOG
and the use of BTX Cares for COVID-19 information resulted
in successful COVID-19 mass vaccination clinic events hosted
by the city.

Limitations
There are some limitations to consider in this study. Although
we did account for census tract population size, the short time

series evaluated prevented us from establishing or adjusting for
temporal or seasonal confounders that might arise in time series
analysis. The lack of a control group for comparison is an issue
to be considered in this case report. We addressed this limitation
by providing a comparison group—those census tracts in the
COB that did not receive targeted BOG outreach [20]. It is also
possible that selecting census tracts with higher rates of infection
also drove testing to some extent, but since the infection levels
were not dramatically different between tracts in this small city,
this effect is likely to have been limited. Our findings provide
grounds for further research in the delivery of translational
science through targeted public health.

Conclusions
The impact on LHDs of COVID-19 in 2020 was extraordinary
in its scale, gravity, and range of challenges it presented. Many
years of limited public health funding meant that many counties
and cities were underresourced, undertrained, and therefore
ill-prepared, for the crisis presented by the pandemic.
Addressing immediate needs requires collaboration and new
technology. Overall, this program was based on the cooperation
of the community with local authorities and with the academic
center and ultimately resulted in a trusted channel of
communication between city residents and public health
professionals that persisted during the COVID-19 vaccine
rollout. Combining academia and public health institutions was
one way to address the many issues. The actual process was in
fact inexpensive and relatively simple in overall execution, even
though analytic methods were relatively new and sophisticated.
This experience was based on a long-term relationship dating
back to the H1N1 influenza outbreak, when similarly, a lack of
local resources and data were considerable barriers to effective
interventions [1]. What we present here is a case for precision
public health that uses new technologies to improve local public
health efforts by generating tailored and spatially targeted
interventions. Our experiences and findings advocate not only
for strong agency-academic collaborations but also for
improved, granular population surveillance data sources on a
national scale that can be leveraged to target interventions and
deliver the correct intervention to the high-risk population in a
timely manner [21,22].
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Abstract

Background: Myopia is a serious public health issue. High school–aged adolescents in Beijing have an alarming prevalence
of myopia. Therefore, determining myopia protective factors is essential. Green space has a certain association with myopia
protective factors that can protect against myopia.

Objective: This study aims to examine the effects of green space around schools on individual myopia risk in high school–aged
adolescents and the school-level myopia prevalence.

Methods: Green space was measured using the normalized difference vegetation index (NDVI). A total of 13,380 samples of
51 high schools were selected from a 2021 Beijing Municipal Health Commission survey. Adolescent myopia was defined as a
spherical equivalent of ≤–1.00 diopters in the worse eye. Generalized linear mixed models with a binomial error structure were
used to analyze the effects of the NDVI on personal myopia risk and adjust them by other factors, such as demographics, exposure
time, and outdoor exercise. The effects of the NDVI on school-level myopia prevalence with adjusted demographics and the
relative position factors of trees were analyzed through quasibinomial regression.

Results: The overall prevalence of myopia was 80.61% (10,785/13,380, 95% CI 79.93%-81.27%). Although with a 0.1 increase
in the 500 and 1000 m buffer NDVIs adjusted by demographic and other factors, the high school–aged personal myopia risk
significantly dropped by 16% (odds ratio [OR] 0.84, 95% CI 0.73-0.97) and 12% (OR 0.88, 95% CI 0.79-0.99), respectively.
However, only the adjusted 500 m buffer NDVI (by demographics and the position of trees) with a 0.1 increase significantly
reduced the school-level myopia prevalence by 15% (OR 0.85, 95% CI 0.74-0.98). Subgroup analysis showed that the adjusted
effects of the 500 m buffer NDVI are significant in schoolgirls (OR 0.82, 95% CI 0.72-0.93), juniors (OR 0.82, 95% CI 0.72-0.94),
the Han nationality (OR 0.84, 95% CI 0.72-0.97), 1-year exposure (OR 0.84, 95% CI 0.71-0.99) and 3-year exposure (OR 0.78,
95% CI 0.65-0.94).

Conclusions: The greenness of a 500 m buffer around schools is associated with a lower personal myopia risk among adolescents
and a lower prevalence of myopia in schools. With regard to prevention and control activities, green space within a 500 m buffer
around schools is suggested as an independent protective factor for adolescent myopia.

(JMIR Public Health Surveill 2023;9:e42694)   doi:10.2196/42694
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Introduction

Myopia, the most common refractive error leading to
short-sightedness or nearsightedness [1,2], affects daily life and
increases the risk of blindness [3,4]. This serious public health
issue is likely to affect approximately half of the world's
population by 2050 [5]. Therefore, knowledge of the factors
affecting myopia is essential. The genetic and nongenetic factors
underlying myopia have been examined [6,7], and nongenetic
factors (multiple types) may be more important [8,9]. Research
has revealed that urbanization [10,11], outdoor exercise [12-14],
parental myopia [15,16], near-work (sustaining a close gaze for

reading and writing, using computers, or using small electronic
devices) time, body posture [17,18], sleep [19,20], eye care,
and diet [21] all impact myopia. These influences vary with
demographics [9,22,23] and geographical location [1]. Green
space is associated with these factors (Figure 1). Urbanization
is considered a risk factor for myopia, possibly due to less green
space in urban areas than in suburban or rural areas. Outdoor
exercise is a protective factor. More green space promotes more
outdoor exercise [24,25] and may reduce near-work time [14].
Moreover, people with higher levels of green space have a lower
prevalence of insufficient sleep [26,27]. Hence, greenness may
contribute to protection against myopia.

Figure 1. Based on previous studies, greenness may play a role in vision protection against myopia. The green and orange arrow lines indicate protective
and risk factors according to previous studies, respectively. Points b, c, e, f, and g represent the influencing factors on myopia, while points a and d
explain the associations between green space and influencing factors.

The school is the principal space for school-aged children and
adolescents. Previous studies have shown that the greenness
level of a campus and the surrounding environment significantly
impact students' physical and mental health [28-30]. Recently,
researchers have investigated the relationship between school
green space and students’ myopia [31-33]. Studies focusing on
the outdoor surrounding greenness within or around school
boundaries have found a negative association between green
space exposure and myopia among the school-aged population
[34]. However, the evidence for this effect on junior and senior
high school students is weak (eg, insufficient study quantity,
lacking consideration of trees’ distribution in green space).
Therefore, there are still gaps in the controlling strategies for
high school–aged students’ myopia with regard to green space
as a protective factor, and more research is warranted.

Our study focused on high school–aged adolescents in Beijing,
a population with an alarming prevalence of myopia (once
reaching 98.27% in a cross-sectional investigation of senior
grade 3 students) [35-37]. We hypothesized that the greenness
within or around the school can protect against myopia in the
junior and senior high school–aged population. We aimed to

determine (1) whether greenness significantly varies between
myopia and nonmyopia groups, (2) how greenness acts on
individual myopia risk and school myopia prevalence after
adjusting for other known influential factors, and (3) whether
the greenness protective effect is similar among demographic
subgroups. A clarification of these points could elucidate how
green space affects myopia in the high school–aged population
and potentially contribute to targeted myopia prevention and
intervention measures.

Methods

Study Population
The study sample was taken from the monitoring project for
common diseases (eg, myopia, obesity) in students and health
influence factors conducted by the Beijing Municipal Health
Commission in 2021. Various schools involved in this
monitoring project were randomly selected from all districts of
Beijing. Our study only focused on high school adolescents
(junior and senior high schools). We obtained myopia and
questionnaire data from 51 high schools and 13,380 students.
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Among the 51 schools, 28 (55%) schools were junior high
schools, 20 (39%) were senior high schools, and 3 (6%)
contained both junior and senior students. Since these 3 school
campuses were shared by junior and senior students, there were
48 school plots in total (Figure S1 in Multimedia Appendix 1).

Ethical Considerations
The study was approved by the Ethical Committee of the Peking
University Third Hospital (IRB00006761-M2021281) and
conducted according to the guidelines of the Declaration of
Helsinki.

Myopia Determination
The students included in this study underwent an
ophthalmological examination at the school infirmary. The
examinations were conducted in accordance with the standards
of myopia screening for children and adolescents issued by the
Beijing Center for Disease Prevention and Control. The
examinations included far-vision examination and refractive
examination and were performed by an ophthalmologist having
a Chinese national medical practitioner certificate in
ophthalmology. Refraction was detected using a desktop
noncycloplegic autorefractometer, and all refractometers were
accredited to the ISO 10342:2010 standard for ophthalmic
instruments and eye refractometers. Adolescent myopia was
defined as a spherical equivalent of ≤–1.00 diopters in the worse
eye. The worse eye was defined as the eye with the greatest
absolute value of the spherical equivalent of the refractive error.

School Green Space
We used the normalized difference vegetation index (NDVI)
to measure the schools’ green space. The NDVI value ranges
from –1 to 1; the higher the NDVI, the higher the level of school
green space. GF-2 satellite imagery (multispectral with 3.2 m
resolution) was used in our study to calculate the NDVI values.
In total, 25 single GF-2 cloud-free images (entirely covering
48 school plots and within 2 years around the myopia data
collection time) were selected (data searched from the China
Center for Resources Satellite Data and Application [38]).
Through radiometric calibration, atmospheric correction and
orthorectified (PRC parameters), these images were used to
determine the NDVI by brand calculation, according to the
following formula: NDVI = (NIR –RED)/(NIR + RED), where
RED is the red band and NIR is the near-infrared band. Next,
we extracted each plot’s average NDVI of buffers (ie, 500 and
1000 m) around the school (Figure S1 in Multimedia Appendix
1). In addition, we analyzed the positions of trees relative to
school (teaching) buildings by distinguishing the distribution
of trees separated from the buildings with a small space from
that with a large space.

Individual Factors
Demographic data were obtained, including birth data (used to
convert the sample’s age by the current month and year plus
the birth month and year), gender (male and female categories),
grade (representing exposure time to the school environment:
senior/junior grade 1, indicating 1 year of exposure time;
senior/junior grades 2 and 3, representing 2 and 3 years of
exposure time, respectively), nationality (Han nationality and
other categories), place of origin (urban, ie, 6 core urban

districts: Dongchen, Xicheng, Haidian, Shijingshan, Fengtai,
and Chaoyang [39]; suburban, ie, other 10 districts). In addition,
students’ heights and weights were collected to calculate their
BMI according to the “Screening for Overweight and Obesity
Among School-Age Children and Adolescents” protocol (WS/t
586—2018).

Information about students’outdoor exercise, including outdoor
time on general days (Q1), outdoor time during holidays (Q2),
preference for outdoor places at school (Q3), outdoor exercise
intensity (Q4), and the number of physical education (PE)
classes (Q5); near-work and body gestures, including
posture-related distance from the table (Q6) and distance from
the screen (Q7), adjusted chair height (Q8), parental control
(Q9), and use of electronic devices (Q10); eye care, including
the number of daily eye exercises at school (Q11) and the eye
rest interval (Q12); dietary and sleep factors, describing sugar
(Q13), fresh fruit (Q14), and fresh vegetables (Q15) consumed
in the past 7 days; and the average daily sleeping hours (Q16)
were acquired from the questionnaire (for details of questions
Q1-Q16, see Multimedia Appendix 2).

Statistical Analysis
We analyzed differences between myopia and nonmyopia groups
at the single-factor level. Categorical variables (ie, gender,
nationality, place of origin, exposure time, position of trees,
outdoor exercise factors [Q1-Q3], near-work and body gesture
factors [Q6-Q10], eye-care factors [Q11-Q12], and dietary
factors [Q13-Q15]) were analyzed using chi-square tests to
determine statistical significance, with a 2-sided P value of <.05
as the threshold. Numeric variables (ie, NDVI values, outdoor
exercise and sleep factors (Q4, Q5, Q16), age, and BMI) were
analyzed using the median Wilcoxon test (P<.05 was considered
significant).

Generalized linear mixed models with a binomial error structure
were used to test the effects of the NDVI on personal myopia
risk. The NDVI and all adjusted factors (ie, demographic factors,
outdoor exercise, near-work and body gestures, eye care, diet,
sleep, exposure time, and the position of trees) were considered
fixed effects. To control for the influence of school variation
on adolescents at the personal level, we set “school” as a random
factor. Moreover, to assess the influence of different NDVI
ranges and their adjusted effects, we developed 6 models.
Models 1a, 2a, and 3a represented the regressions of the NDVI
(within the school, 500 m buffer around the school, 1000 m
buffer around the school, respectively) to myopia. Based on
this, adjusted factors were added to Models 1b (ie, Model 1a
with the addition of adjusted factors), 2b (ie, Model 2a with the
addition of adjusted factors), and 3b (ie, Model 3a with the
addition of adjusted factors). For the random and fixed effects
for the adjusted NDVI of Models 1b, 2b, and 3b, see Figures
S1 and S2 in Multimedia Appendix 3. We used the tolerance
and variance inflation factor (VIF) to test collinearity among
variables, with tolerance>0.1 and VIF<5 considered as no
collinearity. We used the Durbin-Watson (DW) value to test
the independence of residuals (with a DW value not close to 0
or 4 meaning that the variables were independent). To analyze
the distinct performance of these effects in subgroups, we
performed the same generalized linear mixed models under
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different subgroups divided by school type, gender, nationality,
place of origin, and grade (converted to exposure time).

When considering the effects of the NDVI on myopia prevalence
at the school level, we first calculated each school’s myopia
prevalence (myopia students/total students in that school).
Second, 6 generalized linear models with a quasibinomial error
structure (the quasibinomial was used to replace the binomial
for existing overdispersion) were developed in the same way
as the regressions earlier. Models 4a, 5a, and 6a only considered
the NDVI of 3 buffer scales separately, and Models 4b, 5b, and
6b were the quasibinomial regressions (weighted with the
number of students in each school) of the NDVI (within the
school, 500 m buffer around the school, 1000 m buffer around
the school, respectively) to the school-level myopia prevalence
with adjusted factors (ie, the school’s average age, gender
[proportion of female students], place of origin [urban or
suburban], BMI, and position of trees).

Data analyses and visualization were performed using R version
4.1.3 (R Core Team), mainly using the sjplot [40], lme4 [41],
and ggplot2 [42] packages.

Results

Myopia Prevalence
The 13,380 students included in this study were aged 11.9-20.9
years (mean 14.86, SD 1.71), and among them, 6803 (50.84%)
were male and 6577 (49.16%) female. There were 7850

(58.67%) junior high school-aged students (n=2663, 33.92%,
grade 1, n=2610, 33.25%, grade 2, and n=2577, 32.83%, grade
3) and 5530 (41.33%) seniors (n=1908, 34.50%, grade 1,
n=1841, 33.29%, grade 2, and n=1781, 32.21%, grade 3). Of
the 13,380 adolescents, 5245 (39.20%) were from urban areas
and 8135 (60.80%) from suburban areas. In addition, 12,004
(89.72%) of these students were of Han nationality, and 1376
(10.28%) were of other nationalities. According to grade, the
exposure times in school were divided into 1, 2, and 3 years,
accounting for 4571 (34.16%), 4451 (33.27%), and 4358
(32.57%) of the students, respectively.

The overall myopia prevalence of the high school–aged students
was 80.61% (10,785/13,380, 95% CI 79.93%-81.27%). The
prevalence of myopia in seniors (4754/5530, 85.97%, 95% CI
84.03%-86.86%) was higher than that in juniors (6031/7850,
76.83%, 95% CI 75.88%-77.75%); see Table 1. With the
exception of nationality (P=.63) and BMI (P=.47), the
prevalence of myopia varied significantly with age, gender, and
place of origin (P<.001); see Table 1. Adolescents with myopia
were more likely to be (1) older (median age 14.78 years, IQR
13.75-16.46) compared to those without myopia (median age
14.05 years, IQR 13.01-15.60), (2) schoolgirls (myopia
prevalence 5548/6577, 84.4%, 95% CI 83.45%-85.21%)
compared to schoolboys (myopia prevalence 5237/6803, 77%,
95% CI 75.96%-77.96%), and (3) urban students (myopia
prevalence 4406/5245, 84%, 95% CI 82.98%-84.97%) compared
to suburban students (myopia prevalence 6379/8135, 78.4%,
95% CI 77.5%-79.29%).
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Table 1. Description of myopia and nonmyopia groups.

P valueaNonmyopia group (n=2595, 19.39%)Myopia group (n=10,785, 80.61%)Total (N=13,380)Characteristics

<.00114.05 (13.01-15.60)14.78 (13.75-16.46)14.63 (13.42-16.31)Age (years), median (IQR)

.4721.6 (18.8-25.7)21.4 (18.9-25.2)21.5 (18.9-25.3)BMI (kg/m3), median (IQR)

<.001Gender, n (%)

N/Ab1566 (60.35)5237 (48.56)6803 (50.84)Male

N/A1029 (39.65)5548 (51.44)6577 (49.16)Female

.63Nationality, n (%)

N/A2321 (89.44)9683 (89.78)12,004 (89.72)Han nationality

N/A274 (10.56)1102 (10.22)1376 (10.28)Other nationalities

<.001School type, n (%)

N/A1819 (70.10)6031 (55.92)7850 (58.67)Junior

N/A776 (29.90)4754 (44.08)5530 (41.33)Senior

<.001Place of origin, n (%)

N/A839 (32.33)4406 (40.85)5245 (39.20)Urban area

N/A1756 (67.67)6379 (59.15)8135 (60.80)Suburban area

<.001Exposure time (years), n (%)

N/A1064 (41.00)3507 (32.52)4571 (34.16)1

N/A870 (33.53)3581 (33.20)4451 (33.27)2

N/A661 (25.47)3697 (34.28)4358 (32.57)3

<.001Position of trees, n (%)

N/A839 (32.33)4018 (37.26)4857 (36.30)From buildings with a small
space

N/A1756 (67.67)6767 (62.74)8523 (63.70)From buildings with a large
space

aAge and the BMI were reported with P values in the Wilcoxon test. Other variables were reported with P values in the chi-square test.
bN/A: not applicable.

Factors Influencing the Prevalence of Myopia
We extracted the NDVI within each school boundary and of
the 500 and 1000 m buffers (Figure S2 in Multimedia Appendix
1). Significant differences were found in school greenness
between the myopia group and the nonmyopia group (P<.001);
see Figure 2. In the myopia group, the NDVI (1) within the
school (median 0.231, IQR 0.194-0.274), (2) within the 500 m
buffer (median 0.279, IQR 0.247-0.318), and (3) within the
1000 m buffer (median 0.281, IQR 0.248-0.331) was lower
compared to the nonmyopia group (median 0.232, IQR
0.2-0.279; median 0.285, IQR 0.253-0.335; and median 0.296,
IQR 0.249-0.351, respectively).

Furthermore, trees located too close to teaching buildings were
significantly associated with a higher myopia prevalence
(4018/4857, 82.73%, 95% CI 81.64%-83.77%) than trees at a
distance with enough space from the buildings (6767/8523,
79.4%, 95% CI 78.53%-80.25%); see Table 1. Moreover, there
were significant differences concerning other factors between
students with and without myopia (P<.001). Students without
myopia were likely associated with a higher outdoor level
(Q2-Q5), less near-work time with appropriate body posture
(Q6-Q8, Q10), better eye care (Q11-Q12), sufficient sleep time
(Q16), and high fresh-good intake (Q14); see Multimedia
Appendix 2.
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Figure 2. Differences in the NDVI between the myopia and nonmyopia groups. The probability density with the minimum, maximum, median, and
quartiles are shown in this figure. The red color represents the myopia group, and the blue color represents the nonmyopia group. “Wilcoxon, P<.001”
means a significant difference in the median by the Wilcoxon test. NDVI: normalized difference vegetation index.

Effects of Influencing Factors on Adolescent Myopia
Risk
According to the fixed effects of generalized linear mixed effect
models (Table 2), the NDVI of buffers around the school
significantly influenced the risk of adolescent myopia without
any adjusted factors. With a 0.1 increase in the NDVI of a 500
m buffer (odds ratio [OR] 0.74, 95% CI 0.61-0.89, Model 2a)
and a 1000 m buffer (OR 0.79, 95% CI 0.68-0.92, Model 3a)
surrounding the school, the adolescent myopia prevalence
decreased by 26% and 21%, respectively. However, the decrease
in myopia prevalence caused by the 500 m (OR 0.84, 95% CI
0.73-0.97, Model 2b) or the 1000 m (OR 0.88, 95% CI
0.79-0.99, Model 3b) buffer NDVI dropped by 16% and 12%,
respectively, due to the adjustment. In addition, neither the
NDVI (OR 0.84, 95% CI 0.66-1.06, Model 1a) nor the adjusted
NDVI (OR 0.88, 95% CI 0.75-1.04, Model 1b) within the school
showed a significant association with the adolescent myopia
risk.

Considering all adjusted factors (Table S1 in Multimedia
Appendix 4), similar effects of age, gender, exposure time, place
of origin, outdoor time during holidays (Q2), preference for
outdoor place (Q3), posture-related distance from the table while
doing near-work (Q6), and eye-rest interval (Q12) were found
to be significantly associated with myopia when adjusting the

500 and 1000 m buffer NDVI. Of these factors, age (OR 1.13,
95% CI 1.06-1.2, Models 2b and 3b) and female gender (OR
1.52, 95% CI 1.38-1.66, Models 2b and 3b) had positive
associations with myopia. A close range for reading (Q6; OR
1.22, 95% CI 1.03-1.44, Models 2b and 3b) and an eye-rest
interval of 30-60 minutes compared to 15 minutes or less (Q12;
OR 1.21, 95% CI 1.05-1.39, Models 2b and 3b) were risk factors
for myopia. The outdoor time on holidays was negatively
associated with the personal risk of myopia, and persisting in
maintaining the outdoor time on holidays reduced the personal
risk of myopia by 33% (OR 0.67, 95% CI 0.55-0.82, Models
2b and 3b) compared to hardly doing so. Spending break time
outdoors decreased the personal risk of myopia by 10% (OR
0.90, 95% CI 0.8-0.99, Models 2b and 3b) compared to spending
break time in the teaching building. In addition, suburbanization
was found to lower the personal risk of myopia by
approximately 20% when adjusted for NDVI effects (OR 0.81,
95% CI 0.68-0.96 for Model 2b and OR 0.8, 95% CI 0.67-0.95
for Model 3b). However, a 3-year exposure time caused a higher
myopia risk than a 1-year exposure time when considering the
500 or the 1000 m buffer NDVI (OR 1.38, 95% CI 1.18-1.63,
Model 2b and 3b), but no such significant difference was seen
between the 2- and 1-year exposures (OR 1.12, 95% CI
0.99-1.26 for Model 2b and OR 1.12, 95% CI 0.99-1.27 for
Model 3b).
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Table 2. Summary of the NDVIa effect at the personal level and the school level.

AdjustedcCrudeb

P valueOR (95% CI)eP valueORd (95% CI)e

Personal myopia risk

.150.88 (0.75-1.04).140.84 (0.66-1.06)Within the school

.020.84 (0.73-0.97).0010.74 (0.61-0.89)500 m buffer around the school

.040.88 (0.79-0.99).0020.79 (0.68-0.92)1000 m buffer around the school

School myopia prevalence

.440.94 (0.79-1.11).160.85 (0.67-1.06)Within the school

.020.85 (0.74-0.98)<.0010.73 (0.61-0.87)500 m buffer around the school

.050.89 (0.80-1.01).0010.79 (0.69-0.92)1000 m buffer around the school

aNDVI: normalized difference vegetation index.
bOdds ratios (ORs) of the NDVI (within the school, 500 m buffer around the school, 1000 m buffer around the school) regressed to the personal myopia
risk or the school-level myopia prevalence without multivariable adjustment.
cAdjusted ORs with multivariable adjustment.
dOR: odds ratio.
eOR (95% CI) of the NDVI within the school and of the 500 or 1000 m buffers around the school indicated a 0.1 change in value.

Furthermore, the 500 and 1000 m buffer NDVIs performed
differently in various subgroups (Figure 3). The 500 m or 1000
m buffer NDVI significantly influenced juniors (OR 0.82, 95%
CI 0.72-0.94 for the 500 m buffer and OR 0.87, 95% CI
0.77-0.97 for the 1000 m buffer), schoolgirls (OR 0.82, 95%
CI 0.72-0.93 for the 500 m buffer and OR 0.85, 95% CI
0.76-0.94 for the 1000 m buffer), and the the Han nationality
(OR 0.84, 95% CI 0.72-0.97 for the 500 m buffer and OR 0.88,
95% CI 0.78-0.99 for the 1000 m buffer). However, only the

500 m buffer NDVI had a significant association with the
suburban group (OR 0.81, 95% CI 0.7-0.94). Moreover,
considering the exposure time, the NDVI of buffers around the
school (OR 0.78, 95% CI 0.65-0.94 for the 500 m buffer and
OR 0.81, 95% CI 0.70-0.94 for the 1000 m buffer) significantly
influenced the 3-year exposure group, while only the NDVI of
the 500 m buffer around the school (OR 0.84, 95% CI 0.71-0.99)
significantly affect the 1-year exposure group.

JMIR Public Health Surveill 2023 | vol. 9 | e42694 | p.2138https://publichealth.jmir.org/2023/1/e42694
(page number not for citation purposes)

Zhang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 3. Effects of the NDVI among subgroups. The effect of the NDVI of buffers around the school were adjusted by demographic factors, outdoor
exercise, near-work time, body gestures, eye care, diet, sleep factors, and the position of trees. However, this figure only shows the adjusted effects of
the 500 and 1000 m buffer NDVIs surrounding the school. The lines describe the 95% CI range and the points show the OR values, while the yellow
color represents the NDVI of the 500 m buffer around the school and the deep-purple color represents the NDVI of the 1000 m buffer around the school.
NDVI: normalized difference vegetation index; OR: odds ratio.

Influence of the NDVI on School-Level Myopia
Prevalence
The school-level myopia prevalence was not significantly
affected by the NDVI within the school (OR 0.85, 95% CI
0.67-1.06, Model 4a); see Table 2, while it was distinctly

influenced by the 500 and 1000 m buffer NDVIs without any
adjusted factors (Table 2). With a 0.1 increase in the 500 and
1000 m buffer NDVIs, the prevalence of myopia at the school
level dropped by 27% (OR 0.73, 95% CI 0.61-0.87, Model 5a)
and 21% (OR 0.79, 95% CI 0.69-0.92, Model 6a), respectively.
However, after adjusting for age, gender, the BMI, place of
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origin, and the relative position of trees (Table S2 in Multimedia
Appendix 4), only the effects of the 500 m buffer NDVI were
still influential (Table 2), with its 0.1 increase significantly
reducing the school-level myopia prevalence by 15% (OR 0.85,
95% CI 0.74-0.98, Model 5b). Furthermore, in this situation,
the suburban (OR 0.82, 95% CI 0.65-1.02) area no longer
showed a significant adjusting effect, while age still had a
positive association with the school-level myopia prevalence
(OR 1.22, 95% CI 1.13-1.33); see Table S2 in Multimedia
Appendix 4.

Discussion

Principal Findings
This research shows the alarming overall prevalence of myopia
in senior and junior high school students in Beijing of
80.61%(10,785/13,380, 95% CI 79.93%-81.27%). However,
the protective effects of the 500 m buffer NDVI were found on
both the adolescent myopia risk (OR 0.84, 95% CI 0.73-0.97)
and the school-level myopia prevalence (OR 0.85, 95% CI
0.74-0.98), and it was significantly associated with schoolgirls
(OR 0.82, 95% CI 0.71-0.93), juniors (OR 0.82, 95% CI
0.72-0.94), the Han nationality (OR 0.84, 95% CI 0.72-0.97),
1-year exposure (OR 0.84, 95% CI 0.71-0.99), and 3-year
exposure (OR 0.78, 95% CI 0.65-0.94) myopia risk.

The prevalence of myopia in Beijing is reported to exceed the
average level of other Chinese mainland regions [43,44].
However, in the past decades, a series of actions have been
taken by the government to prevent myopia among school-aged
children and adolescents [45]. Some studies have noted that the
myopia prevalence in junior high school students and senior
students dropped from 2018 to 2020 according to cohort
investigations. Correspondingly, the green space area ratios of
Beijing from 2018 to 2020 were 48.44, 48.46, and 48.96,
respectively (Beijing Municipal Forestry and Parks Bureau
[46]). Despite the lack of direct evidence to determine the
associations between the decrease in the prevalence of myopia
and the yearly increasing green space ratio, the benefits of a
greener city for children’s and adolescents’ vision development
might be meaningful because this type of relationship has been
demonstrated at the national or regional level by meta-analysis
[47].

Our research found important associations between the green
space surrounding schools and students’ myopia, in line with
our hypothesis. Thus, more attention should be paid to myopia
among students in schools with less greenness around the
campus environment. The importance of green space within the
500 m buffer around schools for adolescents’ myopia was
emphasized in our study. Similarly, the greenness of the 500 m
buffer surrounding the school has been underlined for students’
social and health benefits in other studies [48,49]. We considered
that students probably tended to live close to their school to
minimize time costs or benefit from opportunities offered by
the school (school catchment areas probably encompass the
properties nearby) [50]. Thus, the 500 m buffer might also cover
the students’outside-school environments. This situation might
provide day-long exposure to greener space and reduce the risk
of myopia. Moreover, a greener environment could encourage

more outside activities after school, encouraging students to
enhance social connections with neighbors of the same age
instead of playing alone on electronic devices [51]. In addition,
with more green space outside schools, students may have
greener routes between school and home, and walking home
along an avenue with a tree canopy could be highly inspirational
[52]. Indeed, “commuting greenness” has been shown to help
reduce the need for spectacles [34]. Furthermore, the marked
variation in the prevalence of myopia between suburban and
urban schools did not occur when the effects of the NDVI of
buffers were considered. It is suggested that the greenness level
around schools rather than the urbanization of the location could
better determine the school prevalence of myopia. The effects
of green space around schools, especially the 500 m buffer,
need to be further stressed.

In addition, the effect of green space within the 500 m buffer
on myopia prevalence varied in different demographic
subgroups. Schoolgirls had a higher myopia prevalence and
were slightly more sensitive to the 500 m buffer NDVI than
schoolboys. This result showed marginalization, which is usually
reported in gender variation; that is, females are marginalized
with poor health outcomes but gain more than males from green
space exposure [53,54]. However, some studies note that
nonenvironmental factors affect myopia in schoolgirls and that
gender differences are the effect of puberty hormones, which
influence schoolgirls’ eye development progress and increase
the tendency to develop myopia [55]. Moreover, the NDVI of
the 500 m buffer around the school showed significant effects
on reducing personal myopia risk both in 1- and
3-year-exposure-time subgroups, but a 3-year exposure time
caused a higher myopia risk than a 1-year exposure time.
Although we lack evidence about the effects of exposure time
combined with the effects of green space on myopia, it could
suggest that students are more likely to benefit from a school
environment with adequate green surroundings. In addition, the
benefit level could rapidly rise initially when they first enter,
and then drop to a certain and steady level afterward. The
hypothesis about this trend is also mentioned in other studies
for the effects of green space on other health outcomes [56].

Our study also showed important results for other influencing
factors that were similar to previous studies. Time spent
outdoors has been shown to protect against myopia [14,57], and
previous studies have revealed the driving mechanisms. It
appears that light quality is a crucial factor in avoiding myopia
development, and people with myopia have significantly lower
daily light exposure [58,59]. Because the intensity of artificial
light in indoor environments is much lower than that in outdoor
environments [60], the shade from trees placed close to teaching
buildings might make the inner classroom darker, with poor
distribution of light, which may aggravate students’ refractive
error problems. However, some scholars believe that prolonged
exposure to a middle-level-light environment could achieve the
same protection against myopia as exposure to a strong-light
environment [61]. It is conceivable that the total light exposure
accumulated via outdoor activities in green space with medium
light intensity could effectively prevent and control myopia
development, while providing a visually comfortable
environment that is not harmful to the skin [62]. In addition,
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unlike daytime outdoor light exposure, some researchers suggest
that excessive artificial light at night (ALAN) exposure results
in myopia [63]. Green space has been identified as having a
negative correlation with ALAN [64] and may be a potential
protective factor for myopia that mitigates harmful night-light
doses for children and adolescents. Furthermore, previous
studies have investigated seasonal variation and myopia
development [65] and have found that myopia progression is
slower in the summer than in the winter. They explain this by
the association between outdoor light exposure and myopia.
However, these studies may have partly neglected the role of
seasonal plant landscape changes with more greenery and its
function in promoting more physical activity in the summer
than in the winter [66]. Thus, outdoor activities in greener spaces
might benefit eye development and protect against ametropia.

Importantly, this study highlighted the same beneficial factors
related to good eye care, such as reduction in near-work time
and better body posture, as other researchers [1]. These should
be key points for myopia prevention and control in Beijing.
Furthermore, some studies have summarized the control
activities that should be included in government policies,
school-based prevention, health sector screening and treatment,
and family support for prevention [45]. In view of our findings,
since adolescents lack outdoor time [67], we recommend that
adequate outdoor time in green space for adolescents should be
ensured by policy makers, educators, and parents. In addition,
the greenness around schools (particularly within the 500 m
buffer) should be improved by tree planting and canopy
provision, and the government should support these measures.
A higher level of greenness for schools is required because
campus green space provides further health benefits (eg,
improving mental well-being [28,29,68], reducing heat-related
illness [69]) beyond myopia reduction. However, the vegetation
distribution should be carefully considered. Creating a
vision-friendly campus could include a tree cover around the

playground or along inner paths, while leaving appropriate
spaces between trees and building edges.

Limitations
However, some limitations exist. First, we used cross-sectional
myopia data from 2021 as many online classes were conducted
during home quarantine due to the COVID-19 pandemic in
2020, which caused long periods of near-work on electronic
devices and less outdoor activity time, as well as an increased
prevalence of myopia [70-75]. Thus, the myopia prevalence
might be overvalued with fewer environmental influences.
Second, we lacked information about the green space exposure
level of the samples’ previous schools (ie, the NDVI and the
exposure duration of their previous schools). Therefore, the
exposure time in our study might be estimated inaccurately. In
addition, we did not include the myopia duration due to the lack
of access to students’ previous myopia data. Third,
noncycloplegic refractometry may overestimate the prevalence
of myopia in teenagers with active accommodation [76]. Fourth,
we did not consider other types of green space exposure, such
as the accessibility and visibility of greenness.

The NDVI (2D perspective) does not precisely represent human
vision greenness (3D perspective) [48], although it is an
effective indicator to measure the green space level and can
explain its effects on general health outcomes. Since a lack of
green view is significantly related to eye fatigue, a greenness
vision indicator should be considered. Future studies should
address these points.

Conclusion
To the best of our knowledge, this is 1 of the few studies to
clarify the effects of school green space with buffers and other
relevant factors on junior and senior high school students’
myopia prevalence. We emphasize that green space around
schools is an independent protective factor for adolescents’
myopia, and we suggest the importance of the appropriate
distribution of within-campus trees for myopia prevention.
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Abstract

Background: Particulate matter (PM) is detrimental to the respiratory and circulatory systems. However, no study has evaluated
the lag effects of weekly exposure to fine PM during the period from preconception to delivery on the risk of hypertensive disorders
of pregnancy (HDPs).

Objective: We set out to investigate the lag effect windows of PM on the risk of HDPs on a weekly scale.

Methods: Data from women with de novo HDPs and normotensive pregnant women who were part of the Peking University
Retrospective Birth Cohort, based on the hospital information system of Tongzhou district, were obtained for this study.
Meteorological data and data on exposure to fine PM were predicted by satellite remote sensing data based on maternal residential
address. The de novo HDP group consisted of pregnant women who were diagnosed with gestational hypertension or preeclampsia.
Fine PM was defined as PM2.5 and PM1. The gestational stage of participants was from preconception (starting 12 weeks before
gestation) to delivery (before the 42nd gestational week). A distributed-lag nonlinear model (DLNM) was nested in a Cox
regression model to evaluate the lag effects of weekly PM exposure on de novo HDP hazard by controlling the nonlinear relationship
of exposure–reaction. Stratified analyses by employment status (employed or unemployed), education level (higher or lower),
and parity (primiparity or multiparity) were performed.

Results: A total of 22,570 pregnant women (mean age 29.1 years) for whom data were available between 2013 and 2017 were
included in this study. The prevalence of de novo HDPs was 6.7% (1520/22,570). Our findings showed that PM1 and PM2.5 were
significantly associated with an elevated hazard of HDPs. Exposure to PM1 during the 5th week before gestation to the 6th
gestational week increased the hazard of HDPs. A significant lag effect of PM2.5 was observed from the 1st week before gestation
to the 6th gestational week. The strongest lag effects of PM1 and PM2.5 on de novo HDPs were observed at week 2 and week 6

(hazard ratio [HR] 1.024, 95% CI 1.007-1.042; HR 1.007, 95% CI 1.000-1.015, respectively, per 10 μg/m3 increase). The stratified
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analyses indicated that pregnant women who were employed, had low education, and were primiparous were more vulnerable to
PM exposure for de novo HDPs.

Conclusions: Exposure to PM1 and PM2.5 was associated with the risk of de novo HDPs. There were significant lag windows
between the preconception period and the first trimester. Women who were employed, had low education, and were primiparous
were more vulnerable to the effects of PM exposure; more attention should be paid to these groups for early prevention of de
novo HDPs.

(JMIR Public Health Surveill 2023;9:e41442)   doi:10.2196/41442

KEYWORDS

air pollution; PM2.5; PM1; hypertensive disorders of pregnancy; preconceptional period; lag effect; pregnancy; hypertension;
hypertensive disorders; risk; pollutants; exposure; maternal health; perinatal health; pollution

Introduction

A risk of multiple adverse health outcomes is attributable to
increased exposure to the ambient particulate matter (PM). Fine
PM is defined as ambient particles with an aerodynamic
diameter ≤2.5 μm or ≤1 μm, that is, PM2.5 and PM1, respectively.
PM is derived from a wide range of sources, such as forest fires,
coal combustion, industrial processes, and traffic emissions [1].
It is composed of various toxic pollutants, including organic
carbon, alkanes, metals, sulfates, and nitrates [2,3]. When people
inhale the air, fine PM can easily translocate the abovementioned
toxic pollutants across biological membranes from the
pulmonary alveoli to the blood circulation, further resulting in
systemic and tissue injury due to its physical characteristics of
tiny size and large surface area [4]. According to the World
Health Organization (WHO) air quality guidelines, about 92%
of people in the world are exposed to excessive fine PM. Not
long ago, the WHO updated the limit on exposure to fine PM,

decreasing it from 10 μg/m3 to 5 μg/m3, based on research
findings from the past 15 years. PM exposure is regarded as a
risk factor for cardiovascular diseases and adverse perinatal
outcomes [5,6]. An accumulating number of studies have used
in vitro and in vivo experiments to show that fine PM can induce
cardiovascular toxicity [7]. A recent global disease-burden study
also indicated that fine PM was associated with risks of low
birth weight, preterm birth, and neonatal and infant mortality,
particularly in low- and middle-income countries [8].

Emerging evidence indicates a link between PM exposure and
hypertensive disorders of pregnancy (HDPs), which are among
the leading risk factors for maternal and fetal morbidity and
mortality. Gestational hypertension (GH) and preeclampsia (PE)
belong to the de novo type of HDP, which accounts for over
85% of HDP diagnoses [9]. HDPs can not only become
complicated with proteinuria, edema, seizure, and liver and
kidney injury, but also result in a series of adverse pregnancy
outcomes, such as intrauterine growth restriction, preterm birth,
stillbirth placental abruption, and postpartum hemorrhage
[10,11]. In addition, HDPs have grown to become the second
leading cause of maternal death in China. Therefore, HDPs are
a significant public health problem in China in terms of maternal
health [12]. While the etiology of HDPs is still elusive, in recent
years an increasing number of researchers have focused on the
effects of the environment on cardiovascular health. They have
hypothesized that fine PM could result in HDPs via vascular
constriction, inflammation, and oxidative stress. However,

findings for an association between fine PM and HDPs are
inconsistent. A recent Chinese study showed that fine PM
exposure during the first trimester was associated with the risk
of HDPs [13]. On the other hand, an American study indicated
that fine PM exposure increased the development of HDPs
during the second trimester rather than the first trimester [14].
This inconsistency may originate from differing study
populations and exposure concentrations. Moreover, it has
become imperative to draw attention to fine PM exposure before
pregnancy. Based on the Developmental Origins of Health and
Disease paradigm, the window of sensitivity to fine PM
exposure could begin as far back as the preconception period
[15]. There is an increasing consensus that preconception
exposure to environmental contaminants can affect well-being
in pregnancy. Several studies have indicated that air pollution
exposure during the preconception period is associated with a
risk of termination of pregnancy [16] and gestational diabetes
mellitus [17]. The majority of previous studies only focused on
the association between air pollution and maternal health in
either specific trimesters or the total pregnancy [18,19]. The
dynamic association between fine PM exposure and HDPs at
different gestational weeks remains to be investigated in Chinese
populations. To our knowledge, no study has assessed the
association between weekly fine PM exposure, starting during
the preconception period, and HDPs, especially de novo HDPs.
If an association is shown, preconception precautions for fine
PM exposure will become essential practice for lowering the
risk of HDPs.

In this retrospective birth cohort study, we collected ambient
data on PM exposure and applied a distributed-lag nonlinear
model (DLNM) to examine the association between weekly PM
exposure during the period from preconception to delivery and
de novo HDPs. Additionally, we evaluated sensitivity lag
windows for fine PM for HDPs across different
sociodemographic strata.

Methods

Study Population
The study participants were pregnant women who were part of
the Peking University Retrospective Birth Cohort for whom
data were available in the hospital information system of
Tongzhou for the period between January 2013 and December
2017. All the participants received antenatal examinations and
gave birth at the Tongzhou Maternal and Child Health Care
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Hospital, which is the maternal health center for Tongzhou
district, Beijing. The sociodemographic and health details of
the participants were recorded at the antenatal examinations,
including maternal age (<35 years vs ≥35 years), employment
status (employed vs unemployed), parity (nulliparous vs
multiparous), prepregnancy weight, height, maternal education
level (high school or below, junior college, university or above),
maternal ethnicity (Han vs non-Han), first day of last menstrual
period, and delivery date. Prepregnancy BMI was calculated
by dividing weight (in kilograms) by height (in meters squared)
and categorized according to the WHO standards for Asian

women: underweight (BMI <18.5 kg/m2), normal weight (BMI

18.5-23 kg/m2), overweight (BMI 23-27.5 kg/m2), or obese

(BMI >27.5 kg/m2) [20]. The study data were extracted from
the electronic medical records of Tongzhou Maternal and Child
Health Care Hospital and were routinely reviewed by in-house
professional data engineers every week.

The inclusion criteria of this study were (1) a single gestation,
(2) an available residential address, (3) no history of previous
HDPs, and (4) a delivery date before the 42nd gestational week.
A total of 43,894 pregnant women met the inclusion criteria.
We excluded 21,324 pregnant women who met the following
exclusion criteria: (1) preexisting conditions, including
metabolic syndrome; hemolysis, elevated liver enzymes, slow
platelets; or hypertension before the HDP diagnosis; (2) missing
data for delivery date; (3) an age at delivery less than 18 years;
and (4) missing values for maternal age, ethnicity, education
level, employment status, or prepregnancy BMI. Finally, 22,570
women were included in this study. The flowchart in Multimedia
Appendix 1 shows the details of participant selection.

Outcome Measurements
The de novo HDP group was defined as patients who
experienced GH or PE during the current pregnancy. The
normotensive group was defined as those free of any diagnosis
of GH or PE and without a history of hypertensive disorders.
Information on the history of hypertensive disorders was
obtained from initial antenatal examination records. GH or PE
diagnoses were made by obstetricians in accord with the Chinese
Clinical Practice Guidelines, which are consistent with the
guidelines of developed countries [21]. International
Classification of Diseases–10 (ICD-10) codes were used to
define GH and PE (the ICD codes for GH and PE are described
in our previous study [22]). Medical records containing
information related to GH and PE were extracted for double
confirmation of the diagnosis and to obtain the week of disease
diagnosis.

Assessment of Ambient PM Exposure, Temperature,
and Relative Humidity
The pregnant women’s residential addresses were collected at
the initial antenatal examination. Each residential address was
transformed into longitude and latitude values to determine the
concentration of PM2.5 or PM1 in the center of the nearest 1 km
× 1 km area on a grid. Daily PM concentrations were calculated
at a spatial resolution of 1 km × 1 km in Beijing during the study
period using satellite remote sensing, meteorology, and land-use
information. Details of the calculations and validation of PM

daily concentration measurements have been reported previously
[23]. Data for daily temperature and relative humidity during
the study period were obtained from the National Oceanic and
Atmospheric Administration [24]. Average daily values for PM,
temperature, and relative humidity from preconception (12
before gestation) to delivery (42 gestational weeks) were used
to assess atmospheric exposure in our analysis.

Ethical Considerations
The study was approved by the Institutional Review Board of
Peking University Health Science Center (IRB00001052-21023).
All the study participants provided written consent. The study
data were anonymized to protect the privacy of the study
participants.

Statistical Analyses
The Student t test (2-tailed) and chi-square test were applied to
assess differences in the distribution of characteristics between
the subjects with HDPs and those who were normotensive. The
relationships among PM2.5, PM1, temperature and relative
humidity were assessed with the Pearson correlation test.

We followed the weekly exposure to PM1 and PM2.5 from the
12th week before gestation to the 42nd gestational week [25].
Cox proportional hazard models with a DLNM were used to
estimate the association between the weekly PM2.5 and PM1

exposures and the hazard of de novo HDPs. The basis of the
Cox proportional hazard model is the proportional hazards
assumption, which means that all the study participants had the
same hazard function. Our study complied with this assumption,
which means that the ratio of the hazards for any 2 individuals
was constant over time [26]. A DLNM was adopted to assess
the effects of weekly PM exposures on hazards for HDPs by
the “cross basic” function (cb) by constructing a 2D cross matrix
that included exposure doses and time to control for the lag
effect of PM exposure and the nonlinear relationship of
exposure–reaction. A natural spline with 3 degrees of freedom
was used to further accommodate the nonlinear effects of PM
exposure, temperature, and relative humidity. The maximum
number of lag weeks was set at 54 (from the 12th week before
gestation to the 42nd gestational week). The lag effect of PM
exposure was evaluated by the model as follows: ln(h(t,X)/h0(t))
= β1*Zt + β2*ns(temperature,3) + β3*ns(relative humidity,3)
+ β4*covariables. “ln(h(t,X)/h0(t))” indicates the hazard of de
novo HDPs at the specific lag week (t), and the filed event is
de novo HDP, noted as X. Zt represented the cross matrix of
PM at specific lag weeks. β2 and β3 are the regression
coefficients for temperature and relative humidity with 3 degrees
of freedom in the natural spline function. β4 is the coefficient
for the covariables, including maternal age, employment status,
prepregnancy BMI, maternal education level, parity, maternal
ethnicity, and conceptional year.

We also performed several sensitivity analyses to test the
consistency of the main results. First, we further used natural
splines with 4 and 5 degrees of freedom in the cross matrix to
assess the hazards of de novo HDPs. Second, considering the
clinical differences between GH and PE, we repeated our
analyses excluding GH patients to explore the independent
association between PM and PE. Meanwhile, stratified analyses
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were conducted across strata for differences in employment
status, parity, and maternal education level.

All statistical analyses were performed with R (version 4.0.0;
R Foundation for Statistical Computing). A 2-sided P value
<.05 was considered a significant difference.

Results

Characteristics of the Participants
There were 1520 participants with de novo HDPs and 21,050
normotensive participants in this study. Table 1 shows the

characteristics of the participants. The mean maternal age of
the pregnancies was 29.1 (SD 4.1) years. There were
3802/22,570 (16.8%) unemployed women, and 21,222/22,570
(94%) women of Chinese Han ethnicity. A higher percentage
of de novo HDPs was observed in the follow sociodemographic
strata: low education level, primiparity, and prepregnancy
overweight or obesity.

Table 1. Characteristics of mothers in the birth cohorts.

P valueHypertensive disorders of
pregnancy (n=1520)

Normotensive (n=21,050)Total (n=22,570)Characteristics

.1329.4 (4.4)29.1 (4.1)29.1 (4.1)Maternal age (years), mean (SD)

<.001Maternal age groups (years), n (%)

1314 (86.4)18,812 (89.4)20,126 (89.2)Younger than 35

206 (13.6)2238 (10.6)2444 (10.8)35 or older

.80Maternal ethnicity, n (%)

1432 (94.2)19,790 (94)21,222 (94)Han

88 (5.8)1260 (6)1348 (6)Non-Han

<.001Parity, n (%)

1098 (72.2)14,222 (67.6)15,320 (67.9)Primiparous

422 (27.8)6828 (32.4)7250 (32.1)Multiparous

<.001Maternal education level, n (%)

533 (35.1)6357 (30.2)6890 (30.5)Low

987 (64.9)14,693 (68.8)15,680 (69.5)High

.80Employment status, n (%)

1267 (83.4)17,501 (83.1)18,768 (83.2)Employed

253 (16.6)3549 (16.9)3802 (16.8)Unemployed

<.001Prepregnancy BMI, n (%)

79 (5.2)2293 (10.9)2372 (10.5)Underweight

577 (38)11,455 (54.4)12,032 (53.3)Normal weight

589 (38.8)5901 (28)6490 (28.8)Overweight

275 (18.1)1401 (6.7)1676 (7.4)Obesity

Characteristics of PM Exposure
The distribution of PM2.5, PM1, temperature, and relative
humidity is summarized in Multimedia Appendix 2. The average

concentration of PM2.5 was 74.2 (SD 53.2) μg/m3, ranging from

8.5 to 398 μg/m3. The concentration of PM1 ranged from 16.0

to 75.1 μg/m3. Mean temperature and relative humidity were

13.5 °C (SD 11.0 °C) and 54.7% (SD 18.2%). Figure 1 presents
the daily fluctuation in PM2.5 and PM1 concentration from
January 2013 to December 2017, revealing seasonal fluctuations
in PM2.5 and PM1 exposure. Meanwhile, PM2.5 and PM1 were
strongly correlated (r=0.80). The Pearson correlations among
PM2.5, PM1, temperature, and relative humidity are depicted in
Multimedia Appendix 3.
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Figure 1. The level of particulate concentration by week. A and B show the daily level of PM1 and PM2.5, respectively, from 2013 to 2017. PM:
particulate matter.

Association of Weekly Exposure to PM With HDPs

Figure 2 shows that a 10 μg/m3 increase in PM1 and PM2.5 was
associated with de novo HDPs in 2D and 3D plots. The hazard
of de novo HDPs was associated with PM1 exposure from the
5th week before gestation to the 6th gestational week, and the
strongest effect of PM1 exposure was observed in the 2nd
gestational week (HR 1.024, 95% CI 1.007-1.042; Figure 2A).
Figure 2B depicts the effects of PM1 exposure on de novo HDPs
with different exposure levels and different lag weeks, with a

significant single peak by lag week from preconception to the
first trimester (from lag 36 weeks to lag 47 weeks). For PM2.5,
the significant lag window was from the 1st week before
gestation to the 6th gestational week and the maximum lag
effect of PM2.5 was found in the 6th gestational week (HR 1.007,
95% CI 1.000-1.015, Figure 2C). Similarly, we also observed
a significant single peak from lag 36 weeks to lag 43 weeks
when we assessed the association between PM2.5 exposure and
de novo HDPs for different exposure doses and lag weeks
(Figure 2D).
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Figure 2. The lag effect of PM on hypertensive disorders of pregnancy in 2D and 3D plots. A and B show the association between PM1 and de novo
hypertensive disorders of pregnancy in 2D and 3D plots, respectively. C and D show the association between PM2.5 and de novo hypertensive disorders
of pregnancy in 2D and 3D plots, respectively. HR: hazard ratio; PM: particulate matter.

Sensitivity Analyses
We conducted two sensitivity analyses to assess the consistency
of the sensitivity windows for PM1 and PM2.5 for de novo HDP
hazard. First, using natural splines with 4 and 5 degrees of
freedom for the lag constraint, we observed similar results, that
is, the significant lag windows for PM1 and PM2.5 spanned the
preconception period and the first trimester (Multimedia
Appendix 4). Furthermore, we excluded patients with GH to
explore the independent association between PM and PE.
Multimedia Appendix 5 shows a result consistent with our
primary analyses, that is, that the lag windows for PM1 and
PM2.5 spanned the preconception period and the first trimester.

Stratified Analyses
In the stratified analyses, we estimated the effects of PM on de
novo HDPs across differences in employment status, parity,
and maternal education level. In terms of PM1, a significant
sensitivity window for de novo HDPs was observed for
employed, primiparous, and low educational status women
(Figure 3). Similar findings are shown in Figure 4: women who
were employed, primiparous, or had a low education level were
more sensitive to PM2.5 exposure across the preconception
period and the first trimester.
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Figure 3. The stratified associations between PM2.5 and de novo hypertensive disorders of pregnancy for different maternal characteristics. A and B
show the association in unemployed and employed women, respectively. C and D show the association in multiparous and primiparous women,
respectively. E and F show the association in women with higher and lower education status, respectively. HR: hazard ratio; PM: particulate matter.
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Figure 4. The stratified associations between PM1 exposure and de novo hypertensive disorders of pregnancy for different maternal characteristics. A
and B show the association in unemployed and employed women, respectively. C and D show the association in multiparous and primiparous women,
respectively. E and F show the association in women with higher and lower education status, respectively. HR: hazard ratio; PM: particulate matter.

Discussion

Principal Results
This study found that the significant lag windows for PM1 and
PM2.5 were from the 5th week before gestation to the 6th
gestational week and the 1st week before gestation to the 6th
gestational week, respectively, in terms of the de novo HDP
hazard. The findings remained robust in sensitivity analyses,
which reexamined the associations using different degrees of
freedom and after excluding patients with GH. Stratified
analyses indicated that pregnant women who were employed,
primiparous, or had a lower education level were more sensitive
to PM1 and PM2.5 exposure in the prepregnancy period and the
first trimester.

In recent years, numerous studies have evaluated the association
between air pollution and cardiovascular health during
pregnancy. However, there has been no study to assess the
adverse effect of preconception air pollution on gestational
health in terms of de novo HDPs. We adopted a time-serial
study design to explore the weekly effects of PM1 and PM2.5

from the preconception period to delivery. To our knowledge,
this is the first study to focus on the detrimental association

between PM during both the preconception and gestational
periods and de novo HDPs. During the study period, the average

exposure to PM2.5 was 74.2 μg/m3, which is more than 2-fold

higher than the recommended maximum level of 35 μg/m3 set
by the National Ambient Air Quality Standards organization
[27]. Moreover, exposure to PM showed seasonal fluctuations,
peaking in winter and spring. Considering that our participants
were mainly northern Chinese living in Beijing, the capital of
China, the high concentration of PM can be attributed to central
heating and a dense population.

In this study, the prevalence of de novo HDPs was 6.7%
(1520/22,570). However, a lower prevalence (5%) of HDPs was
reported in a recent study conducted in Shanghai [13]. In
comparison with the Shanghai study, the pregnant subjects in
our study were exposed to a higher concentration of PM
pollution. Since both Beijing and Shanghai have populations
of over 24 million and similar demographic compositions, the
prevalence of HDPs is unlikely to have been influenced by
differences in industrialization or urbanization between these
two megacities. The difference in HDP prevalence might be
partially explained by the higher PM exposure in the north due
to the climate difference and use of central heating.
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In our time-serial study, we observed that the women were
sensitive to PM1 and PM2.5 during the preconception period and
the first trimester. Our PM exposure measurements were at the
week scale, which is more precise than previous studies that
have used the trimester scale. Previous studies have made
inconsistent findings on the association between fine PM and
HDPs. Among 4 US studies, one in California [28] and one in
Florida [14] observed that PM2.5 exposure was associated with
HDPs during pregnancy. However, studies conducted in Rhode
Island [29] and New York [30] failed to observe significant
associations. There are some potential explanations for these
inconsistent results. First, the latitudinal difference may have
influenced the temperature and humidity in the different regions.
A recent national cohort study indicated that temperature was
positively associated with the risk of HDPs during pregnancy
[31]. Second, exposure measurement bias may have resulted in
a false-negative association. Third, ethnicity differences can
affect the association between PM and HDPs. A national
cross-sectional study from 2007 to 2018 showed that there was
a racial difference in the prevalence of HDPs in the United
States [32]. Our study participants mainly lived in Beijing, and
94% were members of the Chinese Han population. Meanwhile,
we described our method for high-precision air pollution
measurement in a previous study [23]. Our results are consistent
with those of the Shanghai study, which had a similar ethnicity
and urbanization profile. Thus, climate, measurement, and
ethnicity differences were well controlled in our study.

Furthermore, we used a DLNM model, which allowed an
examination of the lag effect of PM on HDPs at the week scale,
rather than the previously used trimester scale, to improve the
precision of the search for the most sensitive gestational week.
We also considered potential bias in the model parameters by
testing the consistency of our results with different degrees of
freedom. Based on the robust results from our sensitivity
analyses, we consider that bias from model parameters was not
likely. Additionally, our second sensitivity analysis excluding
the patients with GE further showed that exposure to fine PM
during the preconception period and first trimester was
independently associated with the risk of PE. PE is one of the
leading causes of adverse pregnancy outcomes, accounting for
10% to 15% of maternal deaths and 15% to 20% of preterm
births [33,34]. Early identification of PE risk in clinical practice
remains a difficult problem [35]. Our environmental evidence
for an association between fine PM exposure and PE might

indicate the need for preconception PE prevention to consider
environmental hazards.

Considering the strong link with maternal characteristics and
gestational blood pressure [36], we further investigated the
effects of PM1 and PM2.5 on HDPs across different maternal
characteristics, including employment status, parity, and
education level. Among employed women, exposure to PM was
significantly associated with the risk of HDPs. PM exposure
also elevated the risk of HDPs in women who were primiparous
and had a low education level, which indicates that women with
these maternal characteristics have a higher risk of HDPs with
exposure to PM.

Strengths and Limitations
There are several strengths of this study. First, to our knowledge,
this was the first to adopt the Cox proportion model with a
DLNM to estimate the week-scale sensitivity window to PM
for HDPs in a Chinese population. HDPs are a major cause of
adverse maternal and prenatal outcomes [37]. However, the
identification of risk factors for HDPs has been limited due to
complex confounders. Previous studies primarily explored the
association between PM and HDPs in a specific trimester
[38,39]. Our study analyzed the specific gestational weeks and
improved the precision of the sensitivity window. Second, this
was the first study to cover the effect of air pollution, starting
from the preconception period, on de novo HDPs. Our findings
reconfirmed the necessity of focusing on air pollution before
pregnancy in terms of de novo HDPs. Third, the large sample
size of this study made it possible to determine the effects of
PM on subtypes of HDP in stratified analyses.

Some limitations must be noted. First, all the participants were
residents of Beijing. The lag windows for PM1 and PM2.5 should
be tested in different regions to increase generalizability.
Second, PM is a mixture of types of air pollution. The effects
of specific PM components should be further explored in future
studies.

Conclusions
Exposure to PM1 and PM2.5 was associated with the risk of de
novo HDPs. The significant lag windows for PM exposure were
between the preconception period and the first trimester. Women
who were employed, had a lower education level, or were
primiparous were more vulnerable to the effects of PM exposure
on the risk of HDPs; more attention should be paid to these
groups for the early prevention of de novo HDPs.
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Abstract

Background: It is well-known that secondhand smoke exposure in childhood or adolescence is positively associated with
morbidity and mortality. However, less is known about the current status of and most recent trends in secondhand smoke exposure
among adolescents in China.

Objective: We aimed to assess recent changes in the prevalence of secondhand smoke exposure among adolescents in China
using nationally representative data.

Methods: We used data from 2 repeated national cross-sectional surveys conducted in 2013-2014 and 2019. A total of 155,117
students (median age 13.5 years) in 2013-2014 and 147,270 students (median age 13.1 years) in 2019 were included in this study.
Sociodemographic factors and secondhand smoke exposure information were collected via a standardized questionnaire. Exposure
was defined as secondhand smoke exposure ≥1 day during the past 7 days at home or in public places. Other frequencies of
secondhand smoke exposure (ie, ≥3 days, ≥5 days, and every day) during the past 7 days were also assessed. The weighted
prevalence of secondhand smoke exposure was calculated according to the complex sample design for surveys.

Results: The prevalence of secondhand smoke exposure in any place (home or public places ≥1 day during the past 7 days)
decreased from 2013-2014 (72.9%, 95% CI 71.5%-74.3%) to 2019 (63.2%, 95% CI 62%-64.5%), as did exposure at home
(2013-2014: 44.4%, 95% CI 43.1%-45.7%; 2019: 34.1%, 95% CI 33.1%-35.2%) and in public places (2013-2014: 68.3%, 95%
CI 66.9%-69.6%; 2019: 57.3%, 95% CI 56%-58.6%). The prevalence of secondhand smoke exposure decreased with increased
gross domestic product per capita in each of the 2 survey years irrespective of exposure frequency or location. The prevalence
of exposure at other frequencies (ie, ≥3 days, ≥5 days, or every day during the past 7 days) also decreased in any place, at home,
and in public places. Secondhand smoke exposure was associated with higher school grade level (ninth vs seventh grade: odds
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ratio [OR] 1.76, 95% CI 1.68-1.84), gender (boys vs girls: OR 1.18, 95% CI 1.15-1.22), urban status (urban vs rural: OR 1.10,
95% CI 1.01-1.19), and cigarette smoking (yes vs no: OR 6.67, 95% CI 5.83-7.62).

Conclusions: Although the prevalence of secondhand smoke exposure among Chinese adolescents declined from 2013-2014
to 2019, it remains unacceptably high. More effective strategies and stronger action are needed in China to further, and dramatically,
curb secondhand smoke exposure among adolescents.

(JMIR Public Health Surveill 2023;9:e40782)   doi:10.2196/40782

KEYWORDS

secondhand smoke exposure; trends; adolescents; China; secondhand smoke; youth

Introduction

Background
Tobacco products, especially combustible ones, are harmful not
only to users’ health but also the health of nonsmokers who are
exposed to secondhand smoke [1]. The World Health
Organization (WHO) reports that exposure to secondhand smoke
leads to 1.2 million deaths annually [2]. There is no safe or
risk-free level of secondhand smoke exposure for children and
adolescents [3], and more than 65,000 children die each year
from diseases related to secondhand smoke exposure [2].
Secondhand smoke exposure occurs in various environments
(at home or in any public place) and causes short-term damage
in childhood (eg, slowed lung growth, worsened asthma,
respiratory infections, and sudden infant death syndrome) [1],
a long-term burden of cardiovascular disease [4], and mortality
in adulthood [5].

China has the largest number of tobacco consumers in the world.
Although the prevalence of current tobacco smoking decreased
from 1990 to 2019 (males: –18.2%; females: –20.9%) among
individuals aged 15 years or older in China, the prevalence of
current tobacco smoking remained high in 2019 (males: 49.7%;
females: 3.54%) [6]. Secondhand smoke exposure remains a
serious public health concern in China despite evidence that
has suggested the prevalence of secondhand smoke exposure
in the workplace declined from 55.2% in 2010 to 45.3% in 2015
among Chinese nonsmokers aged 16 to 60 years [7]. In addition,
national data from 2013 to 2016 showed that 41.7% (95% CI
40.9%-42.3%) of Chinese youth aged 6 to 17 years were
exposed to secondhand smoke at home ≥1 day during the past
7 days [8]. This prevalence of secondhand smoke exposure
among Chinese adolescents was higher than the global average
level (72.9% vs 62.9%, respectively) [9].

Although considerable work on tobacco control has been
undertaken in China in recent years, including the protection
of teenagers from secondhand smoke exposure [10,11], there
are no contemporary data on the prevalence of secondhand
smoke exposure among adolescents in this country. Moreover,
most previous studies only reported the prevalence of
secondhand smoke exposure at home and public places in
general [9,12,13]; no studies were able to precisely categorize
the types of public places where exposure occurs. Such data are
needed to monitor and guide effective interventions to protect
adolescents from secondhand smoke exposure.

Objectives
Using repeated nationally representative data, we aimed to assess
trends in the prevalence of secondhand smoke exposure between
2013-2014 and 2019 according to different locations (at home,
in closed public places, in open public places, and on public
transportation).

Methods

Study Participants
We used repeated cross-sectional data on secondhand smoke
exposure collected from the Global Youth Tobacco Survey
(GYTS)-China, which was a part of the GYTS conducted in
China from October 1, 2013, to April 1, 2014, and the China
National Youth Tobacco Survey (NYTS), conducted from May
1, 2019, to December 31, 2019. Each of these 2 national surveys
was a national, representative, school-based, cross-sectional
survey administered to middle school students. Both surveys
used similar sampling, questionnaires, and survey methodologies
and covered 31 provinces, autonomous regions, and
municipalities (hereafter referred to as “provinces”) in China.
Both surveys used the same 3-stage stratified cluster random
sampling strategy. In the first stage, surveillance points were
randomly selected from each province, stratified by urban-rural
area by probability proportional to size sampling proportional
to population size, to be nationally representative, with a total
of 336 surveillance points in 2013-2014 and 347 surveillance
points in 2019. In the second stage, 3 middle schools were
randomly selected at each surveillance point. In the third stage,
1 class was randomly selected from each grade of the selected
school. All students in the selected class were eligible to
participate. The median age of the study population was 13.5
years in 2013-2014 and 13.1 years in 2019.

Definition of Secondhand Smoke Exposure
Exposure to secondhand smoke at home was assessed with the
question “During the past 7 days, on how many days have
people smoked in your presence, in your home?”; exposure in
closed public places was assessed with the question “During
the past 7 days, on how many days have people smoked in your
presence in closed public places other than in your home (such
as school buildings, conference halls, gymnasiums, bars, shops,
restaurants, shopping malls, movie theaters, etc.)?”; exposure
in open public places was assessed with the question “During
the past 7 days, on how many days have people smoked in your
presence in open public places (such as playgrounds, sidewalks,
entrances to buildings, parks, bus stops, parks, etc.)?”; exposure
on public transportation was assessed with the question “During
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the past 7 days, on how many days have people smoked in your
presence in any public transportation vehicles (such as trains,
buses, or taxicabs, etc.)?” In addition to reporting on secondhand
smoke exposure in the individual public places mentioned above,
we also unified heterogeneous information by combining
exposure that was reported in closed public places, in open
public places, and on public transportation together as one
variable: “public places.” Moreover, we also combined exposure
at home and public places as “any place.” Exposure to
secondhand smoke at any location (ie, at home, in closed public
places, in open public places, on public transportation, in any
public place, or in any place) was defined as exposure to
secondhand smoke on ≥1 day during the past 7 days. We also
assessed different frequencies (≥3 days, ≥5 days, and every day
during the past 7 days) of secondhand smoke exposure based
on the students’ responses. To ensure each participant
understood that the question was asked about secondhand smoke
from others, rather than from themselves, each question was
explained by the trained investigators beforehand.

Cigarette smoking was defined as smoking on ≥1 day during
the past 30 days with the question “During the past 30 days, on
how many days did you smoke cigarettes?” [14]. Exposure to
secondhand smoke in schools was assessed with the question
“During the past 30 days, did you see anyone smoke inside the
school building or outside on school property?” Attitude on the
hazards of secondhand smoke exposure was assessed with the
question “Do you think the smoke from other people’s cigarettes
smoking is harmful to you?” with the corresponding answers
“Definitely not, probably not, probably yes, and definitely yes.”
Participants were classified into groups based on whether the
gross domestic product (GDP) per capita of their province was
low, middle, or high. For 2013-2014 (when the exchange rate
was US $1=RMB 6.08), the GDP categories were RMB
<35,000, RMB 35,000 to 50,000, and RMB >50,000,
respectively. For 2019 (when the exchange rate was US
$1=RMB 6.98), the categories were RMB <50,000, RMB 50,000
to 70,000, and RMB >70,000, respectively. Further details of
the GDP per capita in 2013 and 2019 in China are available
online [15,16].

Ethical Considerations
Both surveys (2013-2014 and 2019) were approved by the
National Health Commission, and the proposal and protocols
were reviewed by the Institutional Review Board of the Chinese
Center for Disease Control and Prevention (202008). All
participating students gave oral informed consent. Our study
did not contain any identifiable information from individual
participants.

Statistical Analysis
The national, regional, and subgroup (by sex, residence, GDP
per capita category, and cigarette smoking status) prevalence
with the 95% CI of secondhand smoke exposure in 2013-2014
and 2019 among adolescents was calculated with consideration
of sampling weights, strata, and primary sampling units from
each survey. The absolute change rate with 95% CI in the
prevalence of secondhand smoke exposure was calculated as
the prevalence in 2013-2014 subtracted from the prevalence in
2019. The chi-square trend test was used to compare differences
in prevalence by school grade, sex, residence, region, GDP per
capita category, and cigarette smoking status between 2013-2014
and 2019. Multivariable logistic regression models were used
to assess the association between secondhand smoke exposure
and its potential influencing factors (school grade, sex,
residence, region, GDP per capita category, and cigarette
smoking status). All analyses were conducted using SAS (SAS
Institute). Two-sided P values <.05 were considered statistically
significant.

Results

Participant Characteristics
Table 1 presents the demographic data from the 2 national
surveys conducted in 2013-2014 and 2019. In 2019, the
proportions of adolescents who were in a higher school grade
(ninth grade), resided in a rural region, and were current
cigarette users were somewhat lower than in 2013-2014. Data
from 155,117 adolescents (boys: n=82,057, 52.9%) in the
2013-2014 survey and 147,270 adolescents (boys: n=78,789,
53.5%) in the 2019 survey were included in this study.
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Table 1. Demographics of 2 national surveys conducted in 2013-2014 (n=155,117) and 2019 (n=147,270).

95% CIPrevalence in 2019, %95% CIPrevalence in 2013-2014, %

Grade

34.2-35.334.832.5-33.733.1Seventh

33.1-33.933.532.9-33.733.3Eighth

31.2-32.331.732.9-34.433.6Ninth

Sex

53.1-5453.552.3-53.552.9Boys

46-46.946.546.5-47.747.1Girls

Residence

34.1-38.536.326-29.827.9Urban

61.5-65.963.770.2-7472.1Rural

Region

9.8-12.411.19.4-11.810.6North

26.3-30.628.424.7-27.926.3East

15.9-20.618.315.8-18.417.1Central

11.9-14.813.312.5-16.814.6South

14.2-17.91615.3-18.616.9Southwest

6.5-8.17.37.3-9.48.3Northwest

5-6.15.55.1-7.26.1Northeast

Gross domestic product per capita category

25.1-28.92725.5-29.527.5Low

36.2-41.138.636.4-40.338.4Middle

32.1-36.634.432-36.334.2High

Cigarette smoking

95.6-96.696.193.5-94.694.1No

3.4-4.43.95.4-6.55.9Yes

Trends in Prevalence of Secondhand Smoke Exposure
The overall prevalence of secondhand smoke exposure in any
place (on ≥1 day during the past 7 days) decreased from
2013-2014 (72.9%, 95% CI 71.5%-74.3%) to 2019 (63.2%,
95% CI 62%-64.5%), while the prevalence of secondhand smoke
exposure at home decreased from 44.4% (95% CI 43.1%-45.7%)
in 2013-2014 to 34.1% (95% CI 33.1%-35.2%) in 2019, as did
secondhand smoke exposure in public places (2013-2014:
68.3%, 95% CI 66.9%-69.6%; 2019: 57.3%, 95% CI
56%-58.6%), as shown in Tables 2, 3, and 4. The prevalence
was high in any place, in public places, and at home across all
31 provinces, with the prevalence of secondhand smoke
exposure in public places higher compared to exposure at home
in each province in both 2013-2014 and 2019 (Figure 1 and
Multimedia Appendix 1, Tables S1-S4). The prevalence
exceeded 60% in 2019 in 25 of 31 provinces. The 5 provinces
where the prevalence was much higher than other provinces
were Yunnan (75.1%, 95% CI 66.2%-84%), Hunan (73.6%,
95% CI 68.9%-78.3%), Beijing (73.2%, 95% CI 69.5%-76.9%),
Shanghai (72.5%, 95% CI 62.5%-82.5%), and Gansu (70.2%,
95% CI 62.5%-78%). The prevalence of secondhand smoke

exposure also decreased according to different exposure
frequencies and locations. For example, there was a downward
trend in daily exposure in any place (from 31%, 95% CI
29.9%-32.1% in 2013-2014 to 24.7%, 95% CI 23.8%-25.7%
in 2019), at home (from 14.2%, 95% CI 13.6%-14.8% in
2013-2014 to 12.4%, 95% CI 11.8%-13% in 2019), and in public
places (from 25.1%, 95% CI 24.2%-26% in 2013-2014 to
18.7%, 95% CI 17.8%-19.5% in 2019), as shown in Tables 2,
3, and 4 and Multimedia Appendix 1, Table S5.

The prevalence of secondhand smoke exposure increased as
school grade increased regardless of exposure frequency (≥1
day, ≥3 days, ≥5 days, or 7 days during the past 7 days), location
(any place, home, or public place), and survey year (2013-2014
or 2019). The prevalence of secondhand smoke exposure
decreased as GDP per capita category increased irrespective of
exposure frequency, location, or survey year (Tables 2, 3, and
4 and Multimedia Appendix 1, Table S5). The prevalence of
exposure was higher among boys (vs girls), current cigarette
smokers (vs nonsmokers), and adolescents who lived in an urban
region (vs rural region, except for secondhand smoke exposure
at home). A higher prevalence of secondhand smoke exposure
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was observed in the northwest, south, and southwest regions,
with lower exposure in the east and northeast regions (Tables
2, 3, and 4). A downward trend in the prevalence of secondhand
smoke exposure in any type of public place (closed public

places, open public places, and public transportation) and in
schools on ≥1 day during the past 7 days was also observed
(Multimedia Appendix 1, Tables S6-S7 and Figure S1).

Table 2. Trends in the prevalence of secondhand smoke exposure in any place (on ≥1 day during the past 7 days) by age, sex, residence, region, gross
domestic product per capita category, and status of cigarette smoking among Chinese adolescents from 2013-2014 to 2019.

95% CIAbsolute change in
prevalence, %

95% CIPrevalence in
2019, %

95% CIPrevalence in
2013-2014, %

–11.8 to –8.1–9.862 to 64.563.271.5 to 74.372.9Overall

Grade

–12.6 to –7.7–1054 to 57.655.864 to 67.365.7Seventh

–10.9 to –6.2–8.364.5 to 67.666.173.5 to 76.274.3Eighth

–12.1 to –8.7–10.367.2 to 69.768.577.5 to 79.978.7Ninth

Sex

–12.3 to –8.7–10.464 to 66.765.474.4 to 7775.5Boys

–11.3 to –7.2–9.259.4 to 62.260.868.3 to 71.469.9Girls

Residence

–13.3 to –8.9–1161.7 to 65.363.573.3 to 75.674.4Urban

–12 to –7–9.461.4 to 64.863.170.5 to 74.272.4Rural

Region

–15.2 to –4.9–10.158.8 to 67.36370.3 to 75.973.1North

–12.6 to –5.4–957 to 62.959.966.8 to 7168.9East

–15.2 to –8.8–1261.5 to 66.46473.9 to 7875.9Central

–8.6 to 5.3–1.763.1 to 69.466.361.8 to 73.867.8South

–16.4 to –8.5–12.562.1 to 68.265.275.1 to 79.877.5Southwest

–17.3 to –7.8–12.663.1 to 69.566.375.4 to 82.378.9Northwest

–18.5 to –10.5–14.557.8 to 64.761.273.8 to 77.675.7Northeast

Gross domestic product per capita category

–13.6 to –6.7–10.162.6 to 68.165.473.4 to 77.475.4Low

–13.5 to –8.8–11.162.3 to 65.76473.4 to 76.675Middle

–12 to –4.6–8.358.4 to 63.160.766.2 to 71.969High

Current cigarette smoking

–11.1 to –8.1–9.660.6 to 63.361.970.1 to 72.971.5No

–2 to 1.1–0.592.6 to 9593.893.3 to 9594.1Yes
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Table 3. Trends in the prevalence of secondhand smoke exposure at home (on ≥1 day during the past 7 days) by age, sex, residence, region, gross
domestic product per capita category, and status of cigarette smoking in Chinese adolescents from 2013-2014 to 2019.

95% CIAbsolute change in
prevalence, %

95% CIPrevalence in
2019, %

95% CIPrevalence in
2013-2014, %

–12 to –8.7–10.433.1 to 35.234.143.1 to 45.744.4Overall

Grade

–11 to –7.3–9.129.3 to 31.830.538.2 to 40.939.6Seventh

–12.1 to –8.1–10.134.7 to 37.33644.4 to 47.746.1Eighth

–13.4 to –9.8–11.534.9 to 37.336.146.2 to 48.947.5Ninth

Sex

–12.3 to –8.9–10.534.8 to 37.13645.1 to 47.846.4Boys

–12 to –8.4–10.230.9 to 33.23240.8 to 43.542.1Girls

Residence

–12.3 to –8.3–10.331.8 to 34.633.242.1 to 44.843.5Urban

–12.5 to –8–10.233.2 to 36.134.643.1 to 46.544.8Rural

Region

–15.3 to –5.4–10.432.1 to 39.235.642.6 to 49.446North

–10.6 to –5.5–830 to 33.231.637.7 to 41.639.6East

–15.3 to –9–12.131.5 to 35.933.743.7 to 4845.8Central

–8.9 to –4.6–2.234.1 to 423834.9 to 45.540.2South

–19 to –10.7–14.832.7 to 38.735.747.7 to 53.250.5Southwest

–20.4 to –11.1–15.729.8 to 36.433.145.7 to 52.148.9Northwest

–17.2 to –10.8–1430.8 to 3532.944.6 to 49.246.9Northeast

Gross domestic product per capita category

–15.2 to –8.6–11.934.4 to 39.53746.9 to 50.948.9Low

–13.3 to –8.7–1132.2 to 35.233.742.9 to 46.444.7Middle

–11.4 to –5.4–8.430.8 to 3432.438.2 to 43.340.8High

Current cigarette smoking

–11.7 to –8.5–10.131.7 to 33.732.741.5 to 4442.8No

–4.6 to 0.7–1.964.1 to 68.466.366.6 to 69.768.2Yes
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Table 4. Trends in the prevalence of secondhand smoke exposure in public places (on ≥1 day during the past 7 days) by age, sex, residence, region,
gross domestic product per capita category, and status of cigarette smoking among Chinese adolescents from 2013-2014 to 2019.

95% CIAbsolute change in
prevalence, %

95% CIPrevalence in
2019, %

95% CIPrevalence in
2013-2014, %

–12.9 to –9.1–1156 to 58.657.366.9 to 69.668.3Overall

Grade

–13.8 to –9–11.447.1 to 50.648.958.6 to 61.860.2Seventh

–12.2 to –7.3–9.758.4 to 61.760.168 to 71.569.8Eighth

–13 to –9.3–11.162.3 to 6563.673.5 to 75.974.7Ninth

Sex

–13.7 to –10–11.958.1 to 60.959.570 to 72.571.3Boys

–12.2 to –8.1–10.153.4 to 56.254.863.4 to 66.464.9Girls

Residence

–14.5 to –9.9–12.255.8 to 59.557.668.6 to 7169.8Urban

–13.1 to –8.1–10.655.3 to 58.957.165.9 to 69.467.6Rural

Region

–16.2 to –5.9–1152.4 to 60.956.664.7 to 70.567.6North

–13.6 to –6.3–9.950.7 to 56.653.761.5 to 65.663.5East

–16.4 to –9.6–1356 to 6158.569.2 to 73.771.5Central

–10.7 to 2.5–4.155.8 to 61.658.757 to 68.662.8South

–17.4 to –9.1–13.357 to 63.460.270.8 to 75.973.4Southwest

–18.3 to –8.2–13.258.1 to 65.661.971.8 to 78.375.1Northwest

–19.1 to –10.8–14.952 to 58.855.468.2 to 72.570.3Northeast

Gross domestic product per capita category

–14.7 to –7.5–11.156.8 to 62.359.568.3 to 72.770.5Low

–14.8 to –9.9–12.456.6 to 60.258.469.1 to 72.370.7Middle

–13.1 to –5.8–9.451.9 to 56.754.361 to 66.463.7High

Current cigarette smoking

–12.6 to –8.8–10.754.6 to 57.255.965.2 to 67.966.5No

–3.9 to 0.2–1.988.2 to 91.589.990.4 to 92.891.6Yes
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Figure 1. Trends in the geographical distribution of secondhand smoke exposure (on ≥1 day during the past 7 days) at home, in public places, and in
any place among Chinese adolescents from 2013-2014 to 2019.

Association Between Secondhand Smoke Exposure
and Potential Factors
In the multivariable logistic regression analysis, adolescents
were more likely to be exposed to secondhand smoke in the
combined data set (2013-2014 and 2019) if they were in a higher
school grade (ninth vs seventh grade: odds ratio [OR] 1.76, 95%

CI 1.68-1.84), were boys (boys vs girls: OR 1.18, 95% CI
1.15-1.22), lived in an urban setting (urban vs rural: OR 1.10,
95% CI 1.01-1.19), and were a current cigarette smoker (smoker
vs nonsmoker: OR 6.67, 95% CI 5.83-7.62). These results were
largely independent of survey year (2013-2014 or 2019; Table
5).
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Table 5. Multivariable odds ratios and 95% CIs for factors associated with secondhand smoke exposure (on ≥1 day during the past 7 days) among
Chinese adolescents. All variables listed in the table were introduced into logistic regression models.

In public places, odds ratio (95% CI)At home, odds ratio (95% CI)In any place, odds ratio (95% CI)

Total20192013-2014Total20192013-2014Total20192013-2014

Grade

1.001.001.001.001.001.001.001.001.00Seventh

1.52 (1.45-
1.59)

1.55 (1.45-
1.65)

1.50 (1.40-
1.59)

1.27 (1.22-
1.32)

1.26 (1.18-
1.33)

1.28 (1.23-
1.34)

1.50 (1.44-
1.58)

1.52 (1.42-
1.62)

1.49 (1.40-
1.60)

Eighth

1.83 (1.74-
1.91)

1.77 (1.65-
1.90)

1.89 (1.77-
2.01)

1.29 (1.25-
1.34)

1.23 (1.17-
1.30)

1.34 (1.28-
1.40)

1.76 (1.68-
1.84)

1.66 (1.56-
1.78)

1.86 (1.75-
1.99)

Ninth

Sex

1.001.001.001.001.001.001.001.001.00Girls

1.18 (1.11-
1.20)

1.16 (1.11-
1.20)

1.25 (1.20-
1.30)

1.10 (1.08-
1.12)

1.12 (1.09-
1.16)

1.10 (1.06-
1.14)

1.18 (1.15-
1.22)

1.16 (1.12-
1.20)

1.23 (1.19-
1.30)

Boys

Residence

1.001.001.001.001.001.001.001.001.00Rural

1.10 (1.02-
1.19)

1.11 (0.99-
1.23)

1.22 (1.10-
1.35)

0.96 (0.89-
1.03)

0.99 (0.91-
1.08)

1.01 (0.92-
1.10)

1.10 (1.01-
1.19)

1.09 (0.98-
1.22)

1.22 (1.09-
1.37)

Urban

Region

1.001.001.001.001.001.001.001.001.00North

0.94 (0.80-
1.10)

0.97 (0.78-
1.21)

0.92 (0.75-
1.13)

0.89 (0.77-
1.01)

0.93 (0.77-
1.12)

0.86 (0.71-
1.03)

0.93 (0.79-
1.09)

0.96 (0.77-
1.21)

0.91 (0.73-
1.14)

East

1.12 (0.96-
1.31)

1.11 (0.89-
1.37)

1.20 (0.98-
1.46)

1.00 (0.87-
1.15)

0.95 (0.78-
1.16)

1.07 (0.9-
1.28)

1.09 (0.93-
1.28)

1.06 (0.85-
1.32)

1.18 (0.95-
1.46)

Central

0.98 (0.82-
1.16)

1.14 (0.92-
1.40)

0.83 (0.64-
1.07)

0.97 (0.82-
1.14)

1.16 (0.92-
1.47)

0.81 (0.65-
1.01)

0.99 (0.82-
1.19)

1.20 (0.95-
1.52)

0.80 (0.61-
1.05)

South

1.19 (1.02-
1.39)

1.12 (0.90-
1.41)

1.28 (1.06-
1.54)

1.07 (0.94-
1.23)

0.97 (0.79-
1.18)

1.17 (0.98-
1.39)

1.13 (0.96-
1.33)

1.06 (0.84-
1.34)

1.24 (1.01-
1.51)

Southwest

1.34 (1.12-
1.59)

1.24 (0.97-
1.58)

1.42 (1.14-
1.77)

1.06 (0.92-
1.23)

0.90 (0.73-
1.12)

1.18 (0.98-
1.42)

1.26 (1.05-
1.51)

1.15 (0.90-
1.45)

1.37 (1.07-
1.77)

Northwest

1.03 (0.89-
1.20)

0.94 (0.75-
1.17)

1.10 (0.93-
1.30)

1.00 (0.88-
1.13)

0.90 (0.75-
1.07)

1.05 (0.89-
1.25)

1.02 (0.87-
1.20)

0.91 (0.72-
1.15)

1.13 (0.94-
1.34)

Northeast

Gross domestic product per capita category

1.001.001.001.001.001.001.001.001.00Low

0.99 (0.89-
1.11)

0.99 (0.85-
1.14)

0.99 (0.85-
1.16)

0.91 (0.82-
1.00)

0.95 (0.82-
1.09)

0.87 (0.76-
0.99)

0.98 (0.87-
1.10)

0.99 (0.85-
1.15)

0.96 (0.81-
1.14)

Middle

0.88 (0.77-
1.00)

0.87 (0.74-
1.02)

0.86 (0.70-
1.06)

0.89 (0.79-
1.00)

0.88 (0.75-
1.03)

0.88 (0.75-
1.04)

0.88 (0.76-
1.01)

0.87 (0.73-
1.03)

0.86 (0.69-
1.07)

High

Current cigarette smoking

1.001.001.001.001.001.001.001.001.00No

5.39 (4.80-
6.05)

6.10 (5.08-
7.32)

4.53 (3.89-
5.28)

3.04 (2.87-
3.22)

3.65 (3.36-
3.96)

2.51 (2.31-
2.73)

6.67 (5.83-
7.62)

8.07 (6.60-
9.87)

5.31 (4.45-
6.35)

Yes

Trends in Attitude Toward Secondhand Smoke
Exposure
We observed no change in the proportion of adolescents who
thought secondhand smoke exposure was harmful to them
between the surveys (2013-2014: 73.9%, 95% CI 73.3%-74.5%;
2019: 73.7%, 95% CI 72.7%-74.8%). This observation was
consistent across subgroups by grade, residence, region, and
GDP per capita category. However, we noted fewer girls and

cigarette smokers and more boys, proportionally, considered
smoking to be harmful in 2019 compared to 2013-2014
(Multimedia Appendix 1, Table S8).
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Discussion

Principal Findings
A decrease in the prevalence of secondhand smoke exposure
occurred from 2013-2014 to 2019 among middle school–aged
students in China. This decline was observed irrespective of
sex, residence, region, provincial economic level, and location
of exposure (in any place, at home, and in public places).
However, the prevalence remained high in 2019 (63.2% in any
place, 34.1% at home, and 57.3% in public places), highlighting
the need for more effective strategies to control tobacco use and
further curtail secondhand smoke exposure in China.

To the best of our knowledge, this is the first study to assess in
detail the latest information on the prevalence of secondhand
smoke exposure and trends in this exposure among adolescents
in China using nationally representative data. Overall, in 2019
the prevalence (on ≥1 day during the past 7 days) was 34.1%
(95% CI 33.1%-35.2%) at home, which is higher than in the
United States (25.3%, 95% CI 23.4%-27.3%), while the
prevalence of exposure was similar on public transportation
between the 2 countries (China: 23.4%, 95% CI 22.3%-24.4%;
United States: 23.3%, 95% CI 21.4%-25.4%) [17]. The
prevalence of exposure to secondhand smoke was 57.3% (95%
CI 56%-58.6%) in public places and 63.2% (95% CI
62%-64.5%) in any place in 2019, which was higher than in
many other countries [9,18,19]. In addition, nearly a quarter
(24.7%, 95% CI 23.8%-25.7%) of adolescents were exposed to
secondhand smoke in any place daily, one-tenth (12.4%, 95%
CI 11.8%-13%) at home and one-fifth (18.7%, 95% CI
17.8%-19.5%) in public places. Data from the 2010-2018 GYTS
among 711,366 adolescents aged 12 to 16 years in 142 countries
showed that the global prevalence of secondhand smoke
exposure (on ≥1 day) was 33.1% (95% CI 32.1%-34.1%) at
home, 57.6% (95% CI 56.4%-58.8%) in public places, and
62.9% (95% CI 61.7%-64.1%) in any place; the daily exposure
prevalence was 12.3% (95% CI 11.7%-13%) at home, 23.5%
(95% CI 22.5%-24.5%) in public places, and 32.5% (95% CI
31.5%-33.6%) in any place [9]. While these data highlight the
fact that secondhand smoke exposure remains a serious public
health issue worldwide, our data, using the same instruments
of exposure measurement, show that exposure in China is
comparatively much higher.

One advantage of our data over previous studies is that our
exposure assessment was able to further categorize the types of
public places where exposure occurred. It is obvious that the
health risk should be higher for exposure in enclosed public
places than open public places. Our findings showed that the
prevalence in enclosed public places (45.8%) was similar to
that in open public places (48.6%) in 2019, although the
prevalence was lower on public transportation (23.4%). Another
important finding is that in 2019 nearly 50% of adolescents
were exposed to secondhand smoke in schools, suggesting that
many school staff are cigarette smokers who not only set a bad
example for students, but also expose students to their
secondhand smoke. These data reinforce the fact that
secondhand smoke exposure among adolescents remains a
serious public health issue, especially in public places, and

identifies key exposure sites outside of the home that could be
targeted for intervention.

We observed that the prevalence of secondhand smoke exposure
increased as school grade increased, which can be explained as
older adolescents from higher grades being more accepting of
tobacco use among their peers and being more likely to smoke
themselves; both factors increase the probability of secondhand
smoke exposure [14,20]. We also found that the prevalence of
exposure decreased when moving from low to high provincial
GDP per capita categories, as others have shown [21,22]. This
might be partly explained by lower awareness of the harm of
secondhand smoke exposure among adolescents in lower GDP
per capita regions than higher GDP per capita regions.
Moreover, many economically developed municipalities, such
as Beijing and Shanghai, have implemented stricter smoke-free
policies than other municipalities or provinces. Notably,
however, there was little difference observed in the prevalence
of secondhand smoke exposure among adolescents across the
7 geographical regions. These findings further emphasize the
fact that secondhand smoke exposure among adolescents
remains a serious concern across mainland China. We found
that almost all adolescent cigarette smokers (89.9%) were
exposed to secondhand smoke (≥1 day during the past 7 days),
although exposure was also high in adolescents who did not
smoke cigarettes (55.9%). These data are consistent with those
from other studies showing a positive relationship between
secondhand smoke exposure and cigarette smoking [20,23].
This finding further suggests that preventing smoking among
adolescents would help lower the prevalence of secondhand
smoke exposure among this population.

Of note, the prevalence of secondhand smoke exposure among
adolescents decreased by approximately 10% from 2013-2014
to 2019 regardless of location (in any place, at home, and in
public places). In 2005, China ratified the WHO Framework
Convention on Tobacco Control (FCTC), which came into force
on January 9, 2006 [24]. Since then, a series of tobacco control
measures have been drafted in China. In 2007, the Inter-Ministry
Coordination and Steering Committee for Implementation of
WHO FCTC was established under the State Council [25]. In
2009, the Ministry of Finance and State Taxation Administration
decided to adjust the taxation of tobacco products. In 2000
(when the exchange rate was US $1=RMB 8.28), the tax rate
was 45% for tobacco products priced RMB ≥50/carton and 30%
for products priced RMB <50/carton; in 2009 (when the
exchange rate was US $1=RMB 6.81), the rates were 56% for
products priced RMB ≥70/carton and 36% for products priced
RMB <70/carton) [26]. To protect youth from secondhand
smoke exposure, the General Office of the Ministry of Education
further strengthened tobacco control in schools (ie, strengthening
tobacco control propaganda and education, ensuring that
teachers set a good example for students, and establishing a
perfect system for tobacco control) in 2010 [27]. Based on the
actions above, China has made some progress in tobacco control.
It was reported that the prevalence of secondhand smoke
exposure among mainly adult people aged ≥15 years declined
from 55.2% (95% CI 50.4%-59.9%) in 2010 to 45.3% (95% CI
41.4%-49.2%) in 2015 [7]. Despite these efforts, tobacco control
is only slowly improving in China. We found that the prevalence

JMIR Public Health Surveill 2023 | vol. 9 | e40782 | p.2168https://publichealth.jmir.org/2023/1/e40782
(page number not for citation purposes)

Ma et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


of secondhand smoke exposure at home and in public places is
still unacceptably high. To investigate whether a hygiene
intervention for Chinese smokers in households with young
children would lead to a reduction of secondhand smoke
exposure among children, 180 families were randomly divided
into an intervention group (n=98 families) and a control group
(n=82 families). The results suggested that a smoking hygiene
intervention might be an effective measure in reducing the
prevalence of secondhand smoke exposure among children [28].
Smoke-free car laws have also been tested as rational and
effective measures in reducing secondhand smoke exposure
among youth [29,30]. Furthermore, we found that nearly
three-fourths of adolescents are aware of the harms to them of
secondhand smoke. Feng et al [31] reported that 68.5% of adult
nonsmokers and 60.6% of adult smokers believed that
secondhand smoke exposure could cause lung cancer. This
provides a solid foundation for national smoke-free legislation.
These findings call for stronger action to promote the process
of achieving a smoke-free world.

Limitations
Although our study has several strengths (2 surveys were
conducted in a nationally representative sample of Chinese
adolescents and followed strict quality assurance and control
procedures to ensure the validity and reliability of the data; to
our knowledge, this study reports the most recent prevalence
and trend estimates of secondhand smoke exposure among
adolescents in mainland China), several limitations should be
noted. First, the prevalence of secondhand smoke exposure was
estimated by self-report, which is subject to recall bias.

However, the questions used to collect the exposure data have
been tested with good reliability and adequate validity [32,33].
Further studies using objective biomarkers of secondhand smoke
exposure (eg, plasma, saliva, or urinary cotinine or other nicotine
biomarkers) could improve the reliability of our results. Second,
each of the 2 surveys was a school-based survey, and our
estimates of prevalence are conservative given that risk
behaviors among those who leave school may be higher than
among those who remain in school [34]. Third, only middle
school students were included in our analyses; thus, our findings
could not be directly generalized to youth in other age groups.
Fourth, our study did not provide enough information on
secondhand smoke exposure (eg, exposure to different types of
tobacco and exposure duration per day). Fifth, data from Taiwan,
Hong Kong, and Macao were missing, thus limiting the
generalizability of our findings to adolescents throughout China.
Sixth, a causal association should not necessarily be inferred,
because this study had a cross-sectional design. Seventh, many
other factors influencing secondhand smoke exposure, such as
social, economic, and individual factors, were not considered
in this study.

Conclusions
Although the prevalence of secondhand smoke exposure among
Chinese adolescents has declined from 2013-2014 to 2019,
exposure remains unacceptably high. These findings suggest
more effective strategies and stronger action, especially in public
places, but also at home, are needed in China to further curtail
secondhand smoke exposure among adolescents.
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Abstract

Background: In the past few decades, liver disease has gradually become one of the major causes of death and illness worldwide.
Hepatitis is one of the most common liver diseases in China. There have been intermittent and epidemic outbreaks of hepatitis
worldwide, with a tendency toward cyclical recurrences. This periodicity poses challenges to epidemic prevention and control.

Objective: In this study, we aimed to investigate the relationship between the periodic characteristics of the hepatitis epidemic
and local meteorological elements in Guangdong, China, which is a representative province with the largest population and gross
domestic product in China.

Methods: Time series data sets from January 2013 to December 2020 for 4 notifiable infectious diseases caused by hepatitis
viruses (ie, hepatitis A, B, C, and E viruses) and monthly data of meteorological elements (ie, temperature, precipitation, and
humidity) were used in this study. Power spectrum analysis was conducted on time series data, and correlation and regression
analyses were performed to assess the relationship between the epidemics and meteorological elements.

Results: The 4 hepatitis epidemics showed clear periodic phenomena in the 8-year data set in connection with meteorological
elements. Based on the correlation analysis, temperature demonstrated the strongest correlation with hepatitis A, B, and C
epidemics, while humidity was most significantly associated with the hepatitis E epidemic. Regression analysis revealed a positive
and significant coefficient between temperature and hepatitis A, B, and C epidemics in Guangdong, while humidity had a strong
and significant association with the hepatitis E epidemic, and its relationship with temperature was relatively weak.

Conclusions: These findings provide a better understanding of the mechanisms underlying different hepatitis epidemics and
their connection to meteorological factors. This understanding can help guide local governments in predicting and preparing for
future epidemics based on weather patterns and potentially aid in the development of effective prevention measures and policies.
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Introduction

Hepatitis, which describes an inflammation of the liver, is one
of the most common diseases in the world. Hepatitis can be
caused by a variety of factors. However, viruses are the most
prevalent cause. Hepatitis A [1-4], B [5-9], C [10-14], and E
[1,15-18] are the 4 most common types of hepatitis in China,
and they are caused by the hepatitis A [19,20], B [21], C [22,23],
and E viruses (HAV, HBV, HCV, and HEV), respectively. The
hepatitis viruses can survive for a long time in a variety of harsh
environments and have a strong resistance to external factors
[24]. Hepatitis A and E are transmitted through the digestive
tract via fecal-oral transmission and contaminated food or water
[25,26]. Hepatitis B and C are spread through the blood or bodily
fluids of an infected person, mother-to-child transmission, and
sexual transmission [8,27-29]. In 2020, the number of confirmed
cases of hepatitis A, B, C, and E in Guangdong Province was
1594, 18,4524, 28,068, and 2070, respectively. This represents
an increase of 1.10 times, 1.15 times, 1.23 times, and a decrease
of 0.75 times, respectively, compared to statistics from 2013.
Hepatitis A, B, and C showed an upward trend, whereas hepatitis
E showed a downward trend.

Viruses can be transmitted in 2 ways: horizontal and vertical
transmission. Horizontal transmission involves the transmission
of a virus from one person to another within the same
generation, while vertical transmission refers to the transmission
of viruses from mother to child. Hepatitis infections often show
an age-dependent property, with more severe symptoms
observed in adults [19]. People exposed to HBV through
horizontal transmission often develop self-limited acute
infections, while people who contract the virus from their
mothers through vertical transmission tend to become chronic
HBV carriers [21]. This difference in infection severity may be
due to the difference in immune response between adults and
young children [21]. The infection of hepatitis also showed
genotype-dependent properties. For example, in HEV, there are
4 genotypes (HEV 1-4) [30]. The prevalence of HEV1 and
HEV2 in developing regions have led to large-scale outbreaks.
If infection occurs during pregnancy, it leads to severe hepatitis.
In contrast, HEV3 and HEV4 are mainly observed in developed
regions and are common in both humans and animals, with pigs
as the main host [15].

Recrudescence at a fixed frequency is a common feature of
infectious diseases throughout the world [31-34]. Previous
research has shown that hepatitis epidemics in China exhibit
oscillatory properties at a national level [35,36]. Natural forces
(eg, temperature [37] and natural disasters [38]) might drive
this oscillatory infection. Several examples have shown that
epidemics, such as measles [39], pertussis [40-44], influenza
[45], and rabies [46-48], can have oscillations. However,
whether the oscillatory phenomena of hepatitis epidemics were
influenced by environmental factors remains unclear.

In light of the above, in this study, we aimed to explore the
oscillatory properties of the hepatitis epidemic in Guangdong
(20°13'-25°31' N and 109°39'-117°19' E) as well as the potential
natural contributors to the oscillatory outbreaks. We obtained
data for the period from January 2013 to December 2020 on 4
notifiable infectious diseases caused by hepatitis viruses
(including HAV, HBV, HCV, and HEV) in Guangdong and the
meteorological elements (eg, temperature, precipitation, and
humidity) in the same time frame. Power spectrum analysis was
conducted on these data to capture the oscillatory strength of
the outbreaks. We then explored the relationship between
meteorological elements and oscillatory properties based on the
regression and correlation analyses.

Methods

Data and Sources
Time series data on available monthly reported and confirmed
cases of 4 hepatitis diseases (A, B, C, and E) were obtained for
Guangdong province in China’s mainland, from January 2013
to December 2020, from the Health Commission of Guangdong.
The data set is available to the public around the world and is
reported monthly. Monthly reported data of meteorological
elements (eg, temperature, precipitation, and humidity) of
Guangdong province from January 2013 to December 2020
were obtained from the China Statistical Yearbook 2014-2021.
The meteorological factors included in this study are continuous
values and vary with time, which would directly reflect the
actual natural conditions each month. This data set is also
available to the public around the world and is reported annually.

Ethical Considerations
For this study, the data we used are open to the public. Our
study did not involve any interventions in human participants.
This study was approved by the ethics committee of Beijing
Sport University, China (2022142H).

Power Spectrum Analysis
We used spectrum analysis to quantify fluctuations and the
recurrence of epidemics. Similar methods have been used in
classic and modern studies in the field of public health
[35,36,49], medicine [50-53], and biological research [54,55].
The power spectral density for each infectious disease was
computed via the multitaper method using the Chronux toolbox
[56], an open-source data analysis toolbox [57]. The definition
of the peak in the power spectrum is the ratio of the power in a
specific frequency (eg, once or twice a year) and the power in
the surrounding frequencies (0.75-1.25 and 1.75-2.25). In this
study, a ratio larger than 3 was considered an obvious oscillatory
peak.

Tuning Curves for Monthly Infected Cases
The tuning curve of monthly infected cases depicts the basic
character of disease outbreaks, providing a direct view of the
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situation each month based on the historical data. We took the
monthly average number of infected cases of each hepatitis
epidemic and computed them into a tuning curve (equation 1).
Each type of hepatitis epidemic in this study has a tuning curve,
and the periodic pattern within a year would be obvious based
on it.

In this equation, N represents the number of the year.

Tuning Curves for Meteorological Factors
The tuning curve of meteorological factors (eg, temperature,
precipitation, and humidity) depicts the basic character of natural
conditions, providing a direct view of the situation each month
based on historical data. We computed the monthly average of
meteorological factors into a tuning curve (equation 2). Each
meteorological factor in this study has a tuning curve, and the
periodic pattern within a year is obvious based on it.

In this equation, N represents the number of the year.

Regression Analysis
The regression model was shown as equation 3.

In this equation, β represents the regression coefficients of the
model, and y(t) represents the number of cases with hepatitis
infection. The regression analysis was conducted using the
regress function in MATLAB (2020a) [58].

Correlation Analysis
We used the Pearson correlation to measure the relationship
between infected cases and meteorological elements. The
correlation analysis was conducted using the corr function in
MATLAB (2020a).

Results

Periodic Phenomena of Hepatitis Epidemics in
Guangdong, China
This study analyzed the monthly data of confirmed cases of 4
hepatitis diseases in Guangdong from January 2013 to December
2020 (Figure 1). Time series data of the 4 hepatitis epidemics
(A, B, C, and E) in Guangdong is shown in Figure 1A. It is clear
that all hepatitis epidemics in Guangdong have obvious
oscillatory patterns based on their power spectrum (Figure 1B),
which shows different peaks (eg, peaking once, twice, or 3 times
a year). However, for the oscillatory patterns, the hepatitis E
epidemic (the fourth row in Figure 1B) differs from the other
3 hepatitis epidemics (first 3 rows in Figure 1B). Hepatitis A,
B, and C epidemics show 2 main peaks (occurring once and 3
times per year) in the power spectrums, whereas the hepatitis
E epidemic, in addition to the cycle of outbreaks once a year,
will have another cycle of outbreaks twice a year.

Figure 1. Periodic phenomena of hepatitis epidemics with power spectrum. Left map shows the geological location of Guangdong. (A) shows the
monthly incidences of hepatitis A, B, C, and E viruses (HAV, HBV, HCV, and HEV) and its spectrogram from January 2013 to December 2020 in
Guangdong. (B) The power spectrum of time series data shown in panel A. The y-axis is the relative power, which is defined as power(f)/max(power(f)).
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Periodic Phenomena of Meteorological Elements in
Guangdong, China
Meteorological elements might be a potential contributor to the
periodic phenomenon of the epidemic; therefore, we also
conducted the power spectrum analysis of the time series data

of temperature, precipitation, and humidity in Guangdong
province (Figure 2A and Figure 2B). All 3 meteorological
elements in Guangdong exhibit evident oscillatory patterns
throughout time, indicating that the epidemics and
meteorological elements may be correlated.

Figure 2. Meteorological elements of hepatitis epidemics with power spectrum. Left map shows the geological location of Guangdong. (A) The monthly
time series meteorological elements (temperature, precipitation, and humidity) and its spectrogram from January 2013 to December 2020 in Guangdong.
(B) The power spectrum of time series data shown in panel A. The y-axis is the relative power, which is defined as power(f)/max(power(f)).

Relationship Between the Periodic Characteristics of
Hepatitis Infection and Meteorological Elements in
Guangdong, China
From the observation of the average infected cases of the
hepatitis epidemic (first row in Figure 3) and the average

meteorological elements (first column in Figure 3), hepatitis
infections may be influenced by several natural factors. We then
investigated the relationship between hepatitis epidemics and
meteorological elements in Guangdong in detail based on
multiple analysis approaches.
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Figure 3. Relationship between infected cases of hepatitis epidemic and meteorological elements. Top row: the tunning curves for the number of
infected cases of 4 hepatitis epidemics over a year, with the grey area denoting the standard error of mean. Left column: the tunning curves for an index
of natural factors for each month of each year. Rows 2-4 show scatter plots between the number of cases of each hepatitis type and temperature,
precipitation, and humidity, respectively. Each column represents a different type of hepatitis. The red square in each plot indicates conditions that
showed significant results in both correlation and regression analyses. HAV: hepatitis A virus; HBV: hepatitis B virus; HCV: hepatitis C virus; HEV:
hepatitis E virus.

From the correlation analysis, we discovered a substantial
positive association between temperature and the incidence of
HAV (P<.001), HBV (P<.001), and HCV (P<.001), showing
that the warmer the temperature, the more infected patients there
are. Precipitation was positively correlated with HAV (P=.005)
and HEV (P=.03), indicating that the more rainfall there is, the
higher the incidence of HAV and HEV. Humidity was positively
correlated with HAV (P=.047), HBV (P=.01), HCV (P=.009),
and HEV (P=.003), showing that the more humid the
environment is, the greater the prevalence of hepatitis A, B, C,
and E (Figure 3). No additional significant findings were
identified. The correlation analysis revealed that temperature
had the most significant correlation with HAV, HBV, and HCV,
while humidity had the most significant correlation with HEV
(depicted by the red square in Figure 3). Since humidity is often
affected by precipitation, to further validate their relationship
and exclude the influence of other factors (eg, precipitation),
we built 2 regression models to investigate how meteorological
factors predict the number of hepatitis infections, with and
without precipitation as a variable.

From the regression analysis between the number of hepatitis
infections and meteorological factors (Table 1), we first checked
collinearity by variance inflation factor.

All the variance inflation factors are in the range from 1.5 to 2
(ie, 1.64, 1.93, and 1.78). The correlation coefficients among

the 3 meteorological factors (ie, temperature, precipitation, and
humidity) were lower than 0.8 (temperature and precipitation:
0.59; temperature and humidity: 0.54; and precipitation and
humidity: 0.63, respectively), which would not be affected by
collinearity. In the first regression model, using 3 meteorological
factors to predict the number of hepatitis infections, the
coefficients of temperature in the prediction of hepatitis A, B,
and C were significantly positive (hepatitis A: F=6.995; P<.001,
hepatitis B: F=5.428; P=.001, and hepatitis C: F=8.66; P<.001)
but not significant for the coefficients of precipitation and
humidity, suggesting that temperature can positively predict the
incidence of hepatitis A, B, and C and is the main contributor
to these 3 epidemics. In terms of the hepatitis E epidemic
(F=4.74; P=.004), we found a significant positive coefficient
for humidity (P=.004) and a weak but significant negative
coefficient for temperature (P=.03), indicating that a more humid
and less warm environment can predict higher incidences of
hepatitis E. The second regression model that excluded
precipitation as a predictor showed a result that was consistent
with the model with 3 predictors, except that the significance
level was more robust for humidity to predict HEV infections
(Table 2).

In sum, we found that warmer temperatures can predict a higher
prevalence of hepatitis A, B, and C in Guangdong. Meanwhile,
higher humidity and lower temperature can both predict a higher
prevalence of hepatitis E.
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Table 1. Statistics for the regression analysis (temperature, precipitation, and humidity).

Hepatitis E virusHepatitis C virusHepatitis B virusHepatitis A virusRegression anlysis

t valueCoefficientt valueCoefficientt valueCoefficientt valueCoefficient

—49.96—1425.52—10320.51—a106.94β0

2.2d–2.054.41b27.593.29c127.783.71b1.809β1(temperature)

0.760.0251.02–0.220.77–1.040.040.001β2(precipitation)

2.93c2.800.241.570.5120.010.31–0.155β3(humidity)

aNot applicable.
bP<.001.
cP<.01 (β1(temperature) for HBV: P=.001; β3(humidity) for HEV: P=.004).
dP<.05 (P=.03)

Table 2. Statistics for the regression analysis (temperature and humidity).

Hepatitis E virusHepatitis C virusHepatitis B virusHepatitis A virusRegression anlysis

t valueCoefficientt valueCoefficientt valueCoefficientt valueCoefficient

—21.88—1675.11—11489.05—a106.23β0

–2.03d–1.784.34b25.153.25c116.3654.06b1.816β1(temperature)

3.70b3.13–0.25–1.390.186.113–0.34–0.146β2(humidity)

aNot applicable.
bP<.001.
cP<.01 (P=.001).
dP<.05 (P=.04).

Discussion

Principal Findings
In this study, we found that hepatitis epidemics (A, B, C, and
E) have different oscillatory properties, and hepatitis A, B, and
C in Guangdong have a stronger association with temperature,
while hepatitis E showed a stronger association with humidity.
Different types of hepatitis will have different periodic
characteristics and different associations with different natural
environments, which is crucial for epidemic prevention and
management. Understanding the temporal characteristics of
infectious diseases is essential for effective epidemic prevention,
as it may inform the development and implementation of
appropriate policies and strategies.

Comparison With Prior Work
To our knowledge, this is the first study to investigate the
periodic characteristics of the hepatitis epidemics and their
relationship with natural factors, which fills a gap in this field.
Previous works have mainly focused on descriptive statistics,
detailing the number of infections without describing the precise
time characteristics [1,3,18], such as oscillations. Some studies
showed that hepatitis epidemics have strong oscillations at a
national level [36], but they have not been refined to a more
detailed geographical scale (eg, at province levels).

Another issue is the influence of meteorological factors on
hepatitis epidemics. HAV and HEV are 2 distinct viruses.
Although HAV and HEV share similarities in their fecal-oral

transmission route [25,26], our results demonstrate that hepatitis
A and E epidemics have different relationships with
meteorological factors (hepatitis A epidemic being associated
with temperature and hepatitis E epidemic being associated with
humidity). This result indicates that even though the 2 viruses
share similar transmission modes, the relationship with natural
indicators is not necessarily the same, which further indicates
that they have unique transmission mechanisms that are not
shared, such as host ranges and genotypes.

First, the host range of HAV is limited to humans and several
nonhuman primates [59]. There is a tendency for people to
engage in more social activities during warmer weather, which
increases the likelihood of HAV transmission. In contrast, HEV
infects a variety of animal species, including deer, rabbits, and
mollusks, but it primarily infects pigs [15,30,60]. Higher
humidity is harmful to the health of pigs [61], which will
increase contact between pigs and people employed in
occupations related to pigs, leading to an increase in HEV
infections among the animals and humans who come into contact
with an infected animal. Additionally, runoff from outdoor pig
farms can contaminate surface water as well as crops that receive
this surface water [60]. Higher humidity can increase the risk
of HEV contamination of surface water from outdoor pig farms
and other sources, and heavy rainfall can lead to the spread of
contaminated water to crops and other areas, potentially
increasing the incidence of HEV infections. For these reasons,
it might be of general value to further investigate water
contamination during periods of high rainfall to better
understand this phenomenon. Nonetheless, it remains important
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to implement measures to prevent contamination of water
sources and monitor water quality, especially in areas with high
levels of outdoor pig farming or other potential sources of
contamination.

Second, there are 4 main genotypes of HEV. Genotypes 1 and
2 cause outbreaks or epidemics in humans [62], while genotypes
3 and 4 primarily infect various mammalian species, such as
pigs and sheep, but can also infect humans and lead to sporadic
cases of hepatitis E. Climate change can affect the environment
[63], potentially impacting the quality of water and food sources.
For example, the outbreak of HEV genotype 4 infection is more
likely to be caused by contaminated tap water rather than
contaminated food and contaminated water network on days
with heavy rainfall [64]. However, this is not the case for HAV.

Further research is needed to confirm these hypotheses using
detailed biological experiments. Previous studies on how
temperature affects viral transmission have been equivocal. For
example, norovirus prevalence was associated with low water
temperatures [65,66], but enterovirus 71 [67] infections began
to rise at temperatures above 13°C and declined at temperatures
higher than approximately 26°C, exhibiting a V-shaped
relationship with the temperature. This phenomenon indicates
that transmission patterns are likely influenced by a combination
of biological, environmental, and behavioral factors.

Limitations
One limitation of our study is the limited data. Despite being a
representative province, our study only includes a single
province in China. In the future, we will further obtain more
data and apply similar methods to assess infectious diseases in
more regions with varying climates. Even though we have made
explorations, several factors remain unclear and cannot be
addressed at present. For example, hepatitis A and E have
similar propagation principles, but their oscillatory strength is
very different in Guangdong Province. In the future,
higher-dimensional data will be required to provide more clarity.
Another potential limitation is that we did not explore the
interaction of the variables and the potential nonlinear
relationships in the regression model, which should be
considered in other studies in the future, where necessary.

Conclusions
Our study makes a link between climate change and the
recurrence of infectious disease epidemics, enabling us to predict
the magnitude of the epidemics based on various weather
conditions. It is essential for local meteorological and medical
departments to collaborate closely to prepare for the prevention
and control of various epidemics. Additionally, the general
public should be informed about the impact of different weather
conditions on the spread of disease so that they can take
appropriate measures to reduce the spread of viruses.
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Abstract

Background: Associations between short-term exposure to ambient particulate matter (PM) air pollutants and mortality or
hospital admissions have been well-documented in previous studies. Less is known about the associations of hourly exposure to
PM air pollutants with ambulance emergency calls (AECs) for all causes and specific causes by conducting a case-crossover
study. In addition, different patterns of AECs may be attributed to different seasons and daytime or nighttime periods.

Objective: In this study, we quantified the risk of all-cause and cause-specific AECs associated with hourly PM air pollutants
between January 1, 2013, and December 31, 2019, in Shenzhen, China. We also examined whether the observed associations of
PM air pollutants with AECs for all causes differed across strata defined by sex, age, season, and the time of day.

Methods: We used ambulance emergency dispatch data and environmental data between January 1, 2013, and December 31,
2019, from the Shenzhen Ambulance Emergency Centre and the National Environmental Monitor Station to conduct a time-stratified
case-crossover study to estimate the associations of air pollutants (ie, PM with an aerodynamic diameter less than 2.5 µm [PM2.5]
or 10 µm [PM10]) with all-cause and cause-specific AECs. We generated a well-established, distributed lag nonlinear model for
nonlinear concentration response and nonlinear lag-response functions. We used conditional logistic regression to estimate odds
ratios with 95% CIs, adjusted for public holidays, season, the time of day, the day of the week, hourly temperature, and hourly
humidity, to examine the association of all-cause and cause-specific AECs with hourly air pollutant concentrations.

Results: A total of 3,022,164 patients were identified during the study period in Shenzhen. Each IQR increase in PM2.5 (24.0

µg/m3) and PM10 (34.0 µg/m3) concentrations over 24 hours was associated with an increased risk of AECs (PM2.5: all-cause,
1.8%, 95% CI 0.8%-2.4%; PM10: all-cause, 2.0%, 95% CI 1.1%-2.9%). We observed a stronger association of all-cause AECs
with PM2.5 and PM10 in the daytime than in the nighttime (PM2.5: daytime, 1.7%, 95% CI 0.5%-3.0%; nighttime, 1.4%, 95% CI
0.3%-2.6%; PM10: daytime, 2.1%, 95% CI 0.9%-3.4%; nighttime, 1.7%, 95% CI 0.6%-2.8%) and in the older group than in the
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younger group (PM2.5: 18-64 years, 1.4%, 95% CI 0.6%-2.1%; ≥65 years, 1.6%, 95% CI 0.6%-2.6%; PM10: 18-64 years, 1.8%,
95% CI 0.9%-2.6%; ≥65 years, 2.0%, 95% CI 1.1%-3.0%).

Conclusions: The risk of all-cause AECs increased consistently with increasing concentrations of PM air pollutants, showing
a nearly linear relationship with no apparent thresholds. PM air pollution increase was associated with a higher risk of all-cause
AECs and cardiovascular diseases–, respiratory diseases–, and reproductive illnesses–related AECs. The results of this study may
be valuable to air pollution attributable to the distribution of emergency resources and consistent air pollution control.

(JMIR Public Health Surveill 2023;9:e47022)   doi:10.2196/47022

KEYWORDS

particulate matter air pollution; ambulance emergency calls; AECs; environmental epidemiology; public health; air pollution;
environmental data; patient data

Introduction

It is well-known that exposure to ambient particulate matter
(PM) causes huge public health burdens due to substantial excess
morbidity and mortality [1]. Over the past decade, a growing
number of epidemiological studies have examined associations
between short-term exposure to air pollutants and the incidence
of cardiovascular disease (ie, acute coronary syndrome and
myocardial infarction) [2-9]. China’s government has established
several policies to control air pollution with great effort, and
the severity of air pollution has been eliminated to some extent.
However, with continued urbanization and climate change, air
pollution still requires focused efforts [10,11]. Therefore, the
burden of disease associated with air pollutants is substantial
and should be the focus of further research.

Although previous studies have documented the effects of
short-term daily air pollution exposure on cardiovascular
diseases, less is known about the effects of hourly air pollution
exposure using a case-crossover study design. Moreover, most
comprehensive studies on air pollutants’ health effects have
focused on cardiovascular or respiratory diseases–related
mortality or hospital admissions, with limited evidence on
assessing all-cause health impacts on ambulance emergency
calls (AECs). Di et al [12] conducted a study that included
22,433,862 case-days and 76,143,209 control-days and found

that each short-term increase of 10 μg/m3 was statistically
significantly associated with a relative increase of 1.05% (95%
CI 0.95%-1.15%) in the daily mortality rate from 2000 to 2012.
Ito et al [13] conducted a time-series study that observed a
positive association between PM with an aerodynamic diameter
less than 2.5 µm [PM2.5], daily deaths, and emergency
hospitalizations for cardiovascular diseases in New York City.
AECs may serve as a more sensitive indicator of the health
effects of air pollutants and a more appropriate signal for
syndromic surveillance [14,15]. In addition, different patterns
of AECs may be attributed to different seasons and daytime or
nighttime periods. Identifying these potential patterns can be
useful in helping people avoid exposure, but more evidence is
needed. Although a few previous studies investigated hourly
PM air pollutants’ association with disease onset, limitations
such as a small sample size with a short period, the lack of
all-cause disease as a variable, and only focusing on PM2.5

should not be ignored. For example, one Canadian study that
only included 500,302 individuals found that exposure to

elevated hourly PM2.5 during wildfire seasons was associated
with increased odds of dispatches related to respiratory and
cardiovascular conditions over 5 years [16]. Therefore, it is
imperative to conduct a time-stratified case-crossover study that
includes a relatively large sample size with a long study period
to investigate the associations of PM air pollutants with all-cause
and cause-specific AECs. In this study, we quantified the risk
of all-cause and cause-specific AECs associated with hourly air
pollutants (ie, PM2.5 and PM with an aerodynamic diameter less
than 10 µm [PM10]) between January 1, 2013, and December
31, 2019, in Shenzhen, China. We also examined whether the
observed associations of PM air pollutants with AECs for all
causes differed across strata defined by sex, age, season, and
the time of day.

Methods

Study Population
Shenzhen is a major city located in the Pearl River Delta region
of China, adjacent to Hong Kong. As one of the country’s 4
province-level municipalities, Shenzhen has a population of
17.68 million and a gross domestic product per capita of CNY
¥173,700 (US $24,446) as of 2021. The Shenzhen Center for
Prehospital Care developed the 120 Emergency Medical
Services system in 1994, which includes 73 emergency networks
and 103 emergency stations. In 2022, the center received
2,278,232 all-cause emergency calls, an increase of 41.96%
from the previous year, and had 295,295 emergency dispatches,
an increase of 14.23% from the previous year. Shenzhen has a
subtropical monsoon climate that is typical of southern areas
of China. We recruited individuals aged >18 years who called
the emergency ambulance to reach the hospital, and those with
time records linked to transfer were eligible to be included
during the period from 2013 to 2019. We used ambulance
emergency dispatch data and environmental data between
January 1, 2013, and December 31, 2019, from the Shenzhen
Ambulance Emergency Centre and the National Environmental
Monitor Station, which included patients’ self-reported medical
claims, the time of AECs, prehospital diagnosis, demographic
characteristics, and hourly air pollutant concentrations. Each
call in the emergency data set was linked to a patient care report
that was completed by the attending paramedics.
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Study Design
We used a time-stratified case-crossover study design to estimate
the associations of PM pollutants (ie, PM2.5 and PM10) with
all-cause and cause-specific AECs. Each patient was exposed
to PM pollutants before the hour in which the AEC occurred,
compared to control periods of the same individual when the
AEC did not occur [17,18]. This study design allows for the
elimination of potential confounding from all known and
unknown time-invariant factors (ie, age, sex, ethnicity,
behavioral factors, and socioeconomic status) and covariant
factors that vary slowly, such as seasonality [19]. We determined
that each case index hour was the hour in which the AEC
occurred (ie, case period), and we used 3 or 4 control index
hours to match this hour by the same hour of the day, day of
the week, month, and year with the case index hour to control
for long-term time trends [12]. For example, if the first AEC
occurred at 6 AM on Monday, May 20, 2013, we would define
6 AM on Monday, May 20, 2013, as the case index hour and 6
AM on all other Mondays in May 2013 (May 6, 13, and 27) as
the control index hours.

Environmental Data Ascertainment
We obtained hourly concentrations of air pollutants (ie, PM2.5

and PM10) from the National Environmental Monitor Station
during the study period. The station provides real-time data on
criteria air pollutants across all nationally controlled monitoring
stations operated by the China National Environmental
Monitoring Centre with strict standard data quality control
procedures. To facilitate communication, we first defined each
IQR increase as the difference between the 25th and 75th
percentile of air pollutant concentrations [20]. We also defined
the extreme concentration (ie, PM2.5 and PM10) as the maximum
concentration equal to the 97.5th percentile of concentrations
over the study period. We calculated a population-weighted
average of each IQR concentration increase and the maximum
hourly concentration for each hour [21].

AECs Ascertainment
We combined patients’ self-reported medical claims and
prehospital diagnosis as the final diagnosis. Our primary
outcome was all-cause AECs, which we further classified into
3 cause-specific categories: AECs related to cardiovascular
diseases, respiratory diseases, and reproductive illnesses. For
instance, we classified hypertension, acute ischemic stroke,
myocardial infarction, ischemic heart disease, acute coronary
syndrome, and unstable angina as cardiovascular
diseases–related AECs, whereas calls due to lung diseases,
bronchitis, respiratory difficulties, and asthma were categorized
as respiratory diseases–related AECs. Similarly, calls related
to pregnancy, abortion, or other reproductive disorders were
classified as reproductive illnesses–related AECs. Additionally,
we created a separate category for AECs due to injury,
poisoning, mental health disorders, endocrine disorders, and
digestive disorders. We were careful to exclude any vague
claims such as dizziness, abdominal pain, discomfort,
unconsciousness, headache, and allergy while generating disease
stratification. We excluded patients who had both missing
self-reported claims and missing prehospital diagnoses. We

extracted the relevant demographic information (ie, age, sex,
and year) and admission date for each diagnosis. We calculated
cause-specific AECs by 24 hours and all-cause AECs by age
to reflect the hourly distribution of AECs.

Statistical Analysis
We generated a well-established, distributed lag nonlinear model
for nonlinear concentration-response and nonlinear lag-response
functions [16]. We modeled the concentration-response function
using a natural cubic B-spline with 1 or 2 knots to account for
potential nonlinear relationships. We also modeled the
lag-response function using a linear function with 1 or 2 knots
placed on the log scale of lags up to 48 hours. We used
conditional logistic regression to estimate odds ratios (ORs)
with 95% CIs, examining the association of all-cause and
cause-specific AECs with hourly air pollution concentration.
The following covariates were adjusted in our main models:
natural spline functions with 3 degrees of freedom for
temperature and humidity, public holidays, and the day of the
week. We converted ORs with 95% CIs to percentage changes
in the risk of all-cause and cause-specific AECs associated with
each IQR increase in air pollutant concentrations [20,22,23].
The following equations were used:

Percentage change IQR = (eβ × IQR – 1) × 100% (1)

Lower 95% CI = (e[β – 1.96 × SE] × IQR – 1) × 100% (2)

Upper 95% CI = (e[β + 1.96× SE] × IQR – 1) × 100% (3)

where β is the regression coefficient.

We conducted several stratified analyses by age (18-64 vs ≥65
years), sex (male vs female), season (warm vs cool), and the
time of day (daytime vs nighttime) to examine potential effect
modifications. The warm season ranged from March to October
and the cool season ranged from November to February in
Shenzhen. Nighttime is defined as being from 8:00 PM to 7:00
AM in the next day, and daytime is defined as being from 8:00
AM to 7:00 PM within one day [20]. Missing rates of PM air
pollutants were less than 0.51%, and we filled in missing data
by using the next or previous entry.

We conducted a number of sensitivity analyses to assess the
robustness of our results. First, we examined the correlations
between several air pollutants to estimate the multicollinearity.
Second, we repeated the main analyses based on exposure to
the extreme concentration, rather than using only each IQR
increase, to observe the robustness of the exposure metric. Third,
we used variable key modeling parameters, including modelling
the concentration-response functions using a natural B-spline
with 3 internal knots for all-cause AECs and 2 or 3 knots for
cause-specific AECs and the lag-response function using a
natural cubic B-spline with 4 knots for all-cause AECs and 2
or 3 knots for cause-specific AECs placed on the log scale of
lags up to 48 hours.

All analyses were performed in R (version 4.2.1; R Foundation
for Statistical Computing). The survival package was used for
conditional logistic regression, and the dlnm package was used
for the distributed lag nonlinear model.

JMIR Public Health Surveill 2023 | vol. 9 | e47022 | p.2186https://publichealth.jmir.org/2023/1/e47022
(page number not for citation purposes)

Zhou et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Ethics Approval
Ethics approval and consent to participate in this project was
approved by the Peking University Health Science Center
Institutional Review Board (PUIRB-YS2023123). Informed
consent was obtained from all participants prior to questionnaire
administration.

Results

A total of 3,022,164 patients were identified during the study
period in Shenzhen: 64.3% (n=1,942,832) were male, 81.5%
(n=2,462,968) were aged 20-64 years, 21.1% (n=636,288) made
AECs due to cardiovascular diseases, and 51.4% (n=1,553,480)
called the ambulance in the daytime (Table 1). The average

hourly concentrations of PM2.5 (32.2 µg/m3) and PM10 (49.6

µg/m3) before the index hour were well above the recently

updated World Health Organization Global Air Quality

Guidelines 2021 [24] (annual average: PM2.5, 5.0 µg/m3; PM10,

10.0 µg/m3; Table S1 in Multimedia Appendix 1). AECs due
to cardiovascular diseases rode 2 crests at 9:00 AM and 8:00
PM over 24 hours, the fluctuations of AECs due to respiratory
diseases were relatively gentle, and AECs due to reproductive
illnesses peaked at 3:00 AM and 11:00 PM (Figure 1). We found
significant differences in all-cause and cause-specific AECs
between daytime and nighttime, stratified by age (Table 2). For
example, the proportion of all-cause AECs was 34.5%
(n=128,928) in the ≥65 years group and 49% (n=90,792; <20
years) and 54.1% (n=1,333,684; 20-64 years) in the younger
groups at nighttime. We found that all-cause AECs reached
their zeniths at 7:00 AM and 9:00 AM in the ≥65 years group,
and the 20-64 years group reached their peaks at 6:00 AM and
10:00 PM over 24 hours (Figure S1 in Multimedia Appendix
1).

Table 1. Baseline characteristics of populations in Shenzhen from 2013 to 2019.

Patient (N=3,022,164), n (%)Baseline characteristics

Age (years)

185,152 (6.1)<20

2,462,968 (81.5)20-64

373,884 (12.4)≥65

Sex

1,942,832 (64.3)Male

1,079,256 (35.7)Female

Cases by year

355,816 (11.8)2013

385,232 (12.7)2014

399,756 (13.2)2015

429,948 (14.2)2016

465,060 (15.4)2017

475,104 (15.7)2018

511,248 (17)2019

Cases by types of AECsa

636,288 (21.1)Cardiovascular

137,960 (4.6)Respiratory

208,408 (6.9)Reproductive

2,039,508 (67.4)Othersb

Time of dayc

1,553,480 (51.4)Daytime

1,468,684 (48.6)Nighttime

aAEC: ambulance emergency call.
bOthers: ambulance emergency calls due to injury, poisoning, mental health disorders, endocrine disorders, and digestive disorders.
cTime of day: daytime is from 8:00 AM to 7:00 PM within one day; nighttime is from 8:00 PM to 7:00 AM in the next day.
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Figure 1. The distribution of different types of ambulance emergency calls among 3,022,164 patients over 24 hours in Shenzhen from 2013 to 2019.
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Table 2. Percentage of all types of ambulance emergency calls (AECs) by the time of day and age group in Shenzhen from 2013 to 2019 (N=3,022,164).

P valueNighttimea, n (%)Daytimea, n (%)AECs

Total population

<.0011,553,480 (51.4)1,468,684 (48.6)All-cause

<.001254,620 (40)381,668 (60)Cardiovascular

<.00160,868 (44.1)77,072 (55.9)Respiratory

<.001128,924 (61.9)79,484 (38.1)Reproductive

<20 years group

<.00190,792 (49)94,360 (51)All-cause

<.00113,204 (37.3)22,208 (62.7)Cardiovascular

<.0018920 (45)1,0916 (55)Respiratory

<.0014552 (55.7)3620 (44.3)Reproductive

20-64 years group

<.0011,333,684 (54.1)1,129,284 (45.9)All-cause

<.001180,048 (41.2)257,016 (58.8)Cardiovascular

<.00132,628 (47.8)35,624 (52.2)Respiratory

<.001121,716 (62.8)72,188 (37.2)Reproductive

≥65 years group

<.001128,928 (34.5)244,956 (65.5)All-cause

<.00161,360 (37.5)102,436 (62.5)Cardiovascular

<.00119,320 (38.8)30,532 (61.2)Respiratory

———bReproductive

aDaytime is from 8:00 AM to 7:00 PM within one day; nighttime is from 8:00 PM to 7:00 AM in the next day.
bNot applicable.

There were moderate to high correlations among air pollutants
(Table S2 in Multimedia Appendix 1). PM2.5 was positively
correlated with PM10, nitrogen dioxide, ozone, and sulfur
dioxide (Spearman r=0.93, 0.61, 0.56, and 0.62, respectively),
and PM10 was positively correlated with PM2.5, nitrogen dioxide,
ozone, and sulfur dioxide (Spearman r=0.93, 0.64, 0.52, and
0.66, respectively).

We found associations of exposure to PM2.5 and PM10 with a
higher incidence of all-cause AECs in the concurrent hour. After
that, the associations gradually eliminated and became not
statistically significant after approximately 15 to 48 hours (Table
3), so we decided to use the duration of 0 to 24 hours to derive
the risk estimates (Figures 2 and 3). Each IQR increase in the

concentrations of PM2.5 (24.0 µg/m3) and PM10 (34.0 µg/m3) in
24 hours was associated with a higher risk of AECs (PM2.5:
all-cause, 1.8%, 95% CI 0.8%-2.4%; cardiovascular diseases,
1.9%, 95% CI 0.2%-3.1%; respiratory diseases, 2.5%, 95%CI
–0.9% to 6.1%; reproductive illnesses, 1.9%, 95% CI
1.0%-4.8%; PM10: all-cause, 2.0%, 95% CI 1.1%-2.9%;
cardiovascular diseases, 2.0%, 95% CI 0.6%-3.4%; respiratory
illnesses, 2.9%, 95% CI –0.6% to 6.6%; reproductive illnesses,
2.1%, 95% CI 0.8%-5.1%; Table 3 and Figures 2 and 3).

Figures 4 and 5 show the concentration-response curves of
all-cause and cause-specific AECs for PM2.5 and PM10. The

risk of all-cause AECs increased consistently with increasing
concentrations of PM air pollutants, showing a nearly linear
relationship with no apparent thresholds. In general, the risk of
all-cause and cause-specific AECs increased dramatically with
the accumulated concentration of PM2.5 and PM10. The
magnitude of the associations varied slightly for the
cardiovascular diseases–related AECs, whereas the association
had a difference in respiratory diseases– and reproductive
illness–related AECs.

In stratified analyses, we observed a stronger association of
all-cause AECs with PM2.5 and PM10 in the daytime than in the
nighttime (PM2.5: daytime, 1.7%, 95% CI 0.5%-3.0%; nighttime,
1.4%, 95% CI 0.3%-2.6%; PM10: daytime, 2.1%, 95% CI
0.9%-3.4%; nighttime, 1.7%, 95% CI 0.6%-2.8%) and in the
older group than the younger group (PM2.5: 18-64 years, 1.4%,
95% CI 0.6%-2.1%; ≥65 years, 1.6%, 95% CI 0.6%-2.6%;
PM10: 18-64 years, 1.8%, 95% CI 0.9%-2.6%; ≥65 years, 2.0%,
95% CI 1.1%-3.0%; Table 4). For subtypes of AECs, we found
stronger associations of respiratory diseases– and reproductive
illnesses–related AECs with PM2.5 and PM10 in the daytime
than in the nighttime and weaker associations of cardiovascular
diseases–related AECs with PM2.5 and PM10 in the daytime than
in the nighttime (Table 4). Cardiovascular diseases–related
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AECs with PM2.5 and PM10 had stronger association in the older
group than in the younger group (Table 4).

A series of sensitivity analyses showed that the results were
consistent with each IQR increase when the extreme

concentration was considered as the exposure metric (Tables
S3 and S4 and Figures S2-S7 in Multimedia Appendix 1). The
results were consistent when we adopted an alternative number
of knots or degrees of freedom for the distribution of air
pollution concentration.

Table 3. Risk of ambulance emergency calls (AECs) associated with each IQRa increase in PM2.5b and PM10c concentration over different lags in
Shenzhen from 2013 to 2019. The models were adjusted for public holidays, days of the week, hourly temperature, and hourly humidity.

0-48 hours, percentage
change (95% CI)

0-36 hours, percentage
change (95% CI)

0-24 hours, percentage
change (95% CI)

0-12 hours, percentage
change (95% CI)

AECs

PM10PM2.5PM10PM2.5PM10PM2.5PM10PM2.5

1.7 (0.9 to
2.6)

1.3 (0.5 to
2.2)

1.8 (0.9 to
2.8)

1.4 (0.5 to
2.4)

2.0 (1.1 to
2.9)

1.8 (0.8 to
2.4)

1.8 (1.0 to
2.6)

1.7 (0.9 to
2.6)

All-cause

1.8 (0.3 to
3.3)

1.4 (–0.1 to
2.9)

1.9 (0.3 to
3.6)

1.4 (–0.2 to
3.1)

2.0 (0.6 to
3.4)

1.9 (0.2 to
3.1)

1.8 (0.4 to
3.2)

1.8 (0.3 to
3.2)

Cardiovascular

1.8 (–0.9 to
6.7)

1.1 (–1.5 to
5.9)

2.2 (–0.6 to
6.7)

2.4 (–1.3 to
6.3)

2.9 (–0.6 to
6.6)

2.5 (–0.9 to
6.1)

2.0 (–1.4 to
5.5)

2.0 (–1.4 to
5.5)

Respiratory

2.8 (–0.2 to
5.9)

2.5 (–0.5 to
5.5)

1.9 (–1.2 to
5.1)

1.4 (–1.6 to
4.6)

2.1 (0.8 to
5.1)

1.9 (1.0 to
4.8)

2.3 (0.1 to
5.3)

2.3 (0.3 to
5.3)

Reproductive

aIQR: IQR of PM2.5 was defined as the 25th to 75th percentile (24.0 µg/m3); IQR of PM10 was defined as the 25th to 75th percentile (34.0 µg/m3).
bPM2.5: particulate matter less than 2.5 µm in diameter.
cPM10: particulate matter less than 10 µm in diameter.

Figure 2. Lag structures for the associations of all-cause ambulance emergency calls with each IQR increase in PM2.5 and PM10 concentration over
lags of up to 24 hours in Shenzhen from 2013 to 2019. The overall lag structure curves are calculated using a linear with 2 knots placed on the log scale
of lags to model the lag-response association. The solid black lines are the average percentage change in the risk of all-cause ambulance emergency

calls with each IQR increase in PM2.5 and PM10 concentration (24.0 µg/m3 and 34.0 µg/m3, respectively), and the dotted lines are the 95% CIs. PM2.5

and PM10: particulate matter less than 2.5 and 10 µm in diameter, respectively.
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Figure 3. Lag structures for the associations of ambulance emergency calls due to cardiovascular, respiratory, and reproductive diseases with each IQR
increase in PM2.5 and PM10 concentration over lags of up to 24 hours in Shenzhen from 2013 to 2019. A and D represent cardiovascular diseases, B
and E represent respiratory diseases, and C and F represent reproductive illnesses. The overall lag structure curves are calculated using a linear with 1
or 2 knots placed on the log scale of lags to model the lag-response association. The black solid lines are the average percentage change in the risk of
ambulance emergency calls due to cardiovascular, respiratory, and reproductive diseases with each IQR increase in PM2.5 and PM10 concentration (24.0

µg/m3 and 34.0 µg/m3, respectively), and the dotted lines are the 95% CIs. PM2.5 and PM10: particulate matter less than 2.5 and 10 µm in diameter,
respectively.

Figure 4. Cumulative concentration-response curves for the association of all-cause ambulance emergency calls with PM2.5 and PM10 over lags of up
to 24 hours in Shenzhen from 2013 to 2019. The cumulative exposure-response curves are calculated using a natural B-spline with 2 knots to model
the exposure-response association. The black solid lines are the average percentage change in the risk of all-cause ambulance emergency calls, and the
dotted lines are the 95% CIs. PM2.5 and PM10: particulate matter less than 2.5 and 10 µm in diameter, respectively.

JMIR Public Health Surveill 2023 | vol. 9 | e47022 | p.2191https://publichealth.jmir.org/2023/1/e47022
(page number not for citation purposes)

Zhou et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 5. Cumulative concentration-response curves for the associations of ambulance emergency calls due to cardiovascular, respiratory, and
reproductive diseases with PM2.5 and PM10 over lags of up to 24 hours in Shenzhen from 2013 to 2019. A and D represent cardiovascular diseases, B
and E represent respiratory diseases, and C and F represent reproductive illnesses. The cumulative exposure-response curves are calculated using a
natural B-spline with 1 or 2 knots to model the exposure-response association. The black solid lines are the average percentage change in the risk of
ambulance emergency calls due to cardiovascular, respiratory, and reproductive diseases with PM2.5 and PM10, and the dotted lines are the 95% CIs.
PM2.5 and PM10: particulate matter less than 2.5 and 10 µm in diameter, respectively.
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Table 4. Risk of ambulance emergency calls associated with each IQRa increase in PM2.5b and PM10c concentrations over lags of 0-24 hours, stratified
by sex, age, season, and the time of day, in Shenzhen from 2013 to 2019. The models were adjusted public holidays, days of the week, hourly temperature,
and hourly humidity.

Reproductive illnesses, percent-
age change (95% CI)

Respiratory diseases, percent-
age change (95% CI)

Cardiovascular diseases,
percentage change (95% CI)

All-cause, percentage
change (95% CI)

Subgroups

PM10PM2.5PM10PM2.5PM10PM2.5PM10PM2.5

Sex

2.3 (–0.6 to
5.2)

2.0 (–0.8 to
4.9)

2.8 (–0.8 to
6.5)

2.5 (–1.2 to
6.4)

1.9 (0.5 to
3.4)

1.6 (0.1 to
3.0)

1.8 (0.9 to
2.6)

1.5 (0.7 to
2.3)

Male

2.3 (–0.6 to
5.3)

2.1 (–0.7 to
5.0)

2.8 (–0.8 to
6.5)

2.6 (–1.2 to
6.5)

1.9 (0.5 to
3.4)

1.6 (0.2 to
3.1)

1.8 (1.0 to
2.7)

1.5 (0.7 to
2.4)

Female

Age group (years)

3.7 (–2.1 to
9.9)

2.0 (–0.8 to
4.9)

2.7 (–0.8 to
6.4)

2.3 (–1.2 to
5.9)

1.9 (0.5 to
3.4)

1.4 (0.1 to
2.8)

1.8 (0.9 to
2.6)

1.4 (0.6 to
2.1)

18-64

2.5 (–1.2 to
6.3)

1.9 (–1.5 to
5.6)

2.8 (–1.1 to
6.8)

2.4 (–1.6 to
6.6)

2.2 (0.6 to
3.8)

1.7 (0.2 to
3.3)

2.0 (1.1 to
3.0)

1.6 (0.6 to
2.6)

≥65

Seasond

3.7 (–2.6 to
10.4)

3.6 (–2.3 to
9.8)

2.8 (–1.3 to
7.0)

2.6 (–0.9 to
6.2)

1.2 (–0.4 to
2.8)

0.6 (0.2 to
2.8)

1.8 (0.9 to
2.7)

1.5 (0.7 to
2.3)

Warm

2.6 (–6.5 to
12.5)

1.0 (–2.8 to
5.1)

1.6 (–3.3 to
6.7)

1.3 (–2.6 to
5.4)

–12.0 (–34.0
to 9.4)

1.6 (–0.2 to
3.4)

–6.4 (–21.2
to 6.4)

1.4 (–2.7 to
3.6)

Cool

Time of daye

2.2 (–2.7 to
7.3)

1.5 (–3.0 to
6.3)

3.1 (–1.4 to
7.9)

2.7 (–2.1 to
7.7)

1.5 (0.2 to
3.9)

1.4 (–0.1 to
3.2)

2.1 (0.9 to
3.4)

1.7 (0.5 to
3.0)

Daytime

5.3 (–3.4 to
14.7)

5.7 (–2.9 to
15.2)

2.9 (–3.0 to
9.2)

1.6 (–3.0 to
8.4)

1.9 (–0.4 to
4.2)

1.6 (–1.7 to
3.8)

1.7 (0.6 to
2.8)

1.4 (0.3 to
2.6)

Nighttime

aIQR: IQR of PM2.5 was defined as the 25th to 75th percentile (24.0 µg/m3); IQR of PM10 was defined as the 25th to 75th percentile (34.0 µg/m3).
bPM2.5: particulate matter less than 2.5 µm in diameter.
cPM10: particulate matter less than 10 µm in diameter.
dSeason: warm season is from 1st April 1 to October 31 of each year; cool season is from November 1 to 31 March 31 of each year.
eTime of the day: daytime is from 8:00 AM to 7:00 PM within one day; nighttime is from 8:00 PM to 7:00 AM in the next day.

Discussion

Principal Findings
We observed the associations of transient exposure to air
pollutants with an increased risk of all-cause AECs, without
any discernible threshold effects. The associations were stronger
for PM2.5 than for PM10. In addition, the risks were apparent
and statistically significant within 0-4 hours after exposure to
the air pollutants. The excess relative risks showed substantial
differences between the time-of-day strata.

Our findings were consistent with a robust body of previous
studies demonstrating the positive associations of hourly air
pollutants with all-cause and cause-specific AECs
[15,16,23,25-30]. However, much of the existing evidence has
focused on assessing the associations between cardiovascular
diseases–related hospital admissions and exposures at the daily
timescale through time-series analyses [31,32]. We have filled
these knowledge gaps and generalized these results to the
emergency medical service setting, as this study demonstrated
that AECs may serve as a sensitive and timely marker of the
adverse health effects of air pollution.

Given the use of different exposure metrics, time periods, study
designs, and analytical strategies, our results cannot be compared
directly across studies. For example, an analysis of Shenzhen
AECs between January 18, 2013, and December 31, 2016, found

that each 10 µg/m3 increase in PM2.5 and PM10 was associated
with a 1.44% (95% CI, 0.70-2.19%) and 0.95% (95% CI,
0.39-1.51%) increase in hourly AECs over 5 hours, respectively
[23]. In another study in Shenzhen [25], the authors observed
positive associations of exposure to PM2.5 with an increased
risk of emergency department visits across different lag days
using daily excessive concentration hours and the daily mean
metric. In contrast, relatively weak effects were found for hourly
peak PM2.5. Rao et al [33] conducted a case-crossover study by
using British Columbia Emergency Health Service data from
2010 to 2015 in Canada and showed a positive association
between cardiovascular disease–related AECs and PM2.5

exposure (OR 1.007, 95% CI 0.997-1.031), and there was a
slight increase in the odds of respiratory disease–related AECs
at 1.005 (95% CI 0.998, 1.013) over 48 hours. Another study
conducted by Ai et al [15] between 2014 and 2016 found that

each 10 µg/m3 increase in PM2.5 and PM10 was associated with
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a 0.19% (95% CI 0.03-0.35%) and 0.13% (95% CI, 0.02-0.24%)
increase of all-cause AECs, respectively, whereas no significant
effects of PM2.5 and PM10 on cardiovascular morbidity were
found.

We observed significant effects during the first 24 hours after
exposure to the PM pollutants. Several human and animal
studies have shown that acute exposure to PM may enhance
thrombogenicity through various pathways, including platelet
activation, oxidative stress, and the interplay between
interleukin-6 and tissue factors [30,34,35]. A few studies have
also identified the possible pathways, including endothelial
dysfunction, inflammation, dyslipidemia, and autonomic and
vascular dysfunction [33,36].

The stratified analyses showed stronger associations of air
pollutants with cardiovascular diseases–related AECs in the
nighttime than in the daytime, which is in line with existing
evidence [22,37]. This may be due to low atmospheric pressure
that always occurs during the night (from 1:00 AM to 5:00 AM).
Moreover, we found several significant season differences in
associations of PM air pollutants with respiratory
diseases–related AECs, which could be explained by the virus
or allergen being more active in the warm season. Our analysis
observed stronger associations of all-cause AECs in the daytime,
this could be explained by people often spending more time
outdoors during the day and that the associations were estimated
based on fixed-site monitors [20]. In addition, there were no
associations of air pollutants with AECs stratified by sex in our
study. These results were in line with previous literature [7,17],
indicating that all patients, regardless of sex, seem to be at higher
AEC risks after transient exposure to air pollution.

This study has several limitations. First, we used the individual
weighted average of hourly air pollution concentrations as a
proxy for personal exposure. Although there is some degree of
exposure misclassification that may lead to the underestimation
of associations, this limitation may not be avoidable in most
time-series studies [22,38-40]. Second, we used prehospital
diagnosis rather than medical diagnosis with specific
International Classification of Disease codes because data on
the final clinical diagnosis were not available. However, we
defined our subtypes of AECs using the Medical Priority
Dispatch System [16,41], which should not substantially bias
our results. Third, we did not have detailed information on the
locations of environmental monitoring stations and the proximity
of roads, making it challenging to explore the possible effect
modification of the associations. Fourth, we were unable to
match the monitor station measurements to the closest patient

because we were unable to acquire patients’ location
information. Therefore, we used the average city-level PM
concentration as the exposure for patients in this study. Although
the impact of this limitation is likely minimal, we plan to gather
and analyze this association in future studies [20].

This study has some strengths. First, the Shenzhen Ambulance
Emergency Centre provided high-quality data covering most
hospitals in Shenzhen. The large sample size and
individual-level data allowed us to conduct comprehensive
statistical analyses to maximize the validity of the study results.
Second, the time-stratified case-crossover study design
facilitated causal inference of the study results by adjusting for
time-invariant confounding [18,40]. Third, we collected hourly
data on air pollutants when all-cause or cause-specific AECs
occurred, which characterized the subdaily time effects of
exposure to AECs.

Air pollution–related AECs are considered as a public health
problem. This study provides the distributions of all-cause and
cause-specific AECs over 24 hours and the associations of each
IQR increase with AEC risks. The adverse health effects of air
pollution are preventable through a combination of reducing
exposure, reducing susceptibility, and improving adaptive
capacity. In the context of public health preparedness for air
pollution, local government response systems should typically
provide air pollution–related information to the public, develop
strategies to reduce air pollution–related risks, and allocate
emergency ambulance resources equitably. It is also important
for hospitals and emergency centers to adapt their procedures
to meet the increased demands associated with air pollution.
For example, local health systems need not only to allocate
more resources (ie, health care providers and medical facilities)
to general emergency care but also to increase the capacity of
health care providers to provide specialized emergency care (ie,
cardiovascular and respiratory diseases) at night because of the
stronger associations of PM air pollutants found during
nighttime hours.

Conclusion
PM air pollutants were associated with a higher relative risk of
all-cause AECs and cardiovascular diseases–, respiratory
diseases–, and reproductive illnesses–related AECs. The risk
of all-cause AECs increased consistently with increasing
concentrations of PM air pollutants, showing a nearly linear
relationship with no apparent thresholds. The results of this
study may be valuable to air pollution attributable to the
distribution of emergency resources and consistent air pollution
control.
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Abstract

Background: Drowning is a serious public health problem worldwide. Previous epidemiological studies on the association
between meteorological factors and drowning mainly focused on individual weather factors, and the combined effect of mixed
exposure to multiple meteorological factors on drowning is unclear.

Objective: We aimed to investigate the combined effects of multiple meteorological factors on unintentional drowning mortality
in China and to identify the important meteorological factors contributing to drowning mortality.

Methods: Unintentional drowning death data (based on International Classification of Diseases, 10th Edition, codes W65-74)
from January 1, 2013, to December 31, 2018, were collected from the Disease Surveillance Points System for Guangdong, Hunan,
Zhejiang, Yunnan, and Jilin Provinces, China. Daily meteorological data, including daily mean temperature, relative humidity,
sunlight duration, and rainfall in the same period were obtained from the Chinese Academy of Meteorological Science Data
Center. We constructed a time-stratified case-crossover design and applied a generalized additive model to examine the effect of
individual weather factors on drowning mortality, and then used quantile g-computation to estimate the joint effect of the mixed
exposure to meteorological factors.

Results: A total of 46,179 drowning deaths were reported in the 5 provinces in China from 2013 to 2018. In an effect analysis
of individual exposure, we observed a positive effect for sunlight duration, a negative effect for relative humidity, and U-shaped
associations for temperature and rainfall with drowning mortality. In a joint effect analysis of the above 4 meteorological factors,
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a 2.99% (95% CI 0.26%-5.80%) increase in drowning mortality was observed per quartile rise in exposure mixture. For the total
population, sunlight duration was the most important weather factor for drowning mortality, with a 93.1% positive contribution
to the overall effects, while rainfall was mainly a negative factor for drowning deaths (90.5%) and temperature and relative
humidity contributed 6.9% and –9.5% to the overall effects, respectively.

Conclusions: This study found that mixed exposure to temperature, relative humidity, sunlight duration, and rainfall was
positively associated with drowning mortality and that sunlight duration, rather than temperature, may be the most important
meteorological factor for drowning mortality. These findings imply that it is necessary to incorporate sunshine hours and temperature
into early warning systems for drowning prevention in the future.

(JMIR Public Health Surveill 2023;9:e46792)   doi:10.2196/46792

KEYWORDS

drowning; exposure mixture; quantile g-computation; environmental epidemiology; meteorological factor

Introduction

Drowning is the process of experiencing respiratory impairment
from submersion or immersion in liquid [1]; it is a serious public
health problem worldwide. The World Health Organization
(WHO) reported that an estimated 236,000 people died from
drowning in 2019. Globally, drowning is the third leading cause
of death by unintentional injury, accounting for 7% of all
injury-related deaths [2]. Despite the downward trend in
drowning mortality rates [3], there are still considerable
disparities across countries. Developed countries tend to have
lower drowning mortality; for example, in the United States,
the drowning mortality rate was 1.23 per 100,000 from 2010 to
2019 [4]. However, developing regions, like Southeast Asia,
are the regions with the highest drowning mortality rates in the
world. In the last decades, China has made great progress in
drowning prevention and control, and the drowning mortality
rate has decreased from 15.09 per 100,000 in 1990 to 3.97 per
100,000 in 2019 [5]; however, this is still a high drowning
burden compared with most other countries.

Prior studies on drowning mainly focused on epidemiological
characteristics or risk factor analysis [6-8], clinical first aid
[9,10], and intervention policy assessment [11,12]. Few studies
have investigated the association of meteorological factors with
drowning. Among these few studies, several reports indicate
that there is a clear seasonal distribution of drowning deaths,
with the highest drowning mortality in the summer [13]. The
summer heat itself may not increase the risk of drowning, but
it may lead to changes in behavior that increase susceptibility
to drowning, such as increased water-related activities, increased
alcohol consumption, or decreased use of personal flotation
devices [14]. In terms of humidity, several studies report that
high relative humidity (RH) at high temperatures significantly
increases body temperature and increases the chance that people
engage in water-related activities such as swimming [15], which
in turn leads to an increased risk of drowning. Flooding due to
extremely heavy rainfall is also an important cause of drowning
mortality. For example, in July 2021, a flood occurred in Henan
Province, China, due to persistent extremely heavy rainfall, and
this incident resulted in hundreds of drowning deaths [16]. Even
though there is no research on the association between duration
of sunlight (DS) and drowning, there is research illustrating the
importance of daylight hours for those who plan to enjoy
swimming in a lake or outdoor pool, thereby potentially

increasing the chance of drowning [17]. These studies focused
on the effects of single weather factors on drowning. However,
in the real world, people are exposed to multiple weather factors
simultaneously, not only one at a time. Regrettably, no prior
studies have examined the combined effects of exposure to
multiple meteorological factors on drowning.

Indeed, it is a challenge to quantify the combined effects of
multiple meteorological exposure factors on drowning using
traditional statistical models. In order to reduce collinearity in
the model, previous multivariate regression models, such as
linear regression, generalized linear regression, and generalized
additive models (GAMs) have usually explored the association
between a single or limited environmental factors and health
outcomes. However, this approach could not accurately reveal
the true impact of multiple environmental exposures [18]. In
recent years, several advanced statistical methods, such as
quantile g-computation, have been developed to examine the
joint health effects of exposure mixture [19], which provides
an opportunity for combined-effect analysis of exposure mixture
in environmental epidemiology. Quantile g-computation not
only allows for nonlinear correlation analysis, but also calculates
the positive and negative weights contributed by each exposure.

This study aimed to investigate the combined effects of multiple
meteorological factors, including mean temperature (MT), RH,
DS, and rainfall, on drowning mortality based on a data set from
5 provinces in China using a quantile g-computation model [19]
and to further quantify the relative importance of each
meteorological factor. Our findings may provide scientific
information for developing an early warning system for
drowning based on multiple meteorological factors to prevent
drowning in the context of global warming.

Methods

Data Collection
In this study, the study sites in China were Guangdong Province
in south China, Hunan Province in the middle part of the
Yangtze River, Zhejiang Province on the southeast coast of
China, Yunnan Province in southwest China, and Jilin Province
in northeast China. Guangdong and Hunan are both regions
with rich sunlight, heat, and water resources. Zhejiang Province
is rich in marine resources. Both Jilin and Yunnan provinces
have many rivers and lakes.
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Drowning mortality data from January 1, 2013, to December
31, 2018, in these 5 Chinese provinces were collected from the
Provincial Disease Surveillance Points System. The information
on each death included the date of death, cause of death, address,
gender, age, education level, and cause of death code. In the

International Classification of Diseases, 10th Edition (ICD-10),
the codes W65 to 74 are unintentional drowning deaths,
excluding drownings due to cataclysms or transportation
accidents. The spatial distribution of drowning deaths in the 5
provinces is shown in Figure 1.

Figure 1. Spatial distribution of drowning deaths at the district and county level in 5 provinces. (A) Yunnan Province; (B) Jilin Province; (C) Hunan
Province; (D) Zhejiang Province; (E) Guangdong Province.

Daily meteorological data, including daily MT, RH, DS, and
rainfall from 2013 to 2018 were collected from the China
Meteorological Science Data Center, which collects data from
698 meteorological surveillance points across the country [20].
In order to obtain accurate daily MT and RH at a county level,
we used Australian National University Splines (ANUSPLIN)
thin plate smoothing [21] to interpolate station meteorological
data to form raster data for daily MT and RH with a resolution
of 0.01° × 0.01°. In the spatial interpolation model, we
introduced latitude, longitude, and altitude as independent
variables. The interpolation was validated using the 10-fold
crossover method with good prediction accuracy, as previously
described [22]. Daily mean DS and rainfall amount were
calculated by averaging the values of all stations in each city
because these 2 weather factors returned inaccurate data from
interpolation in our preliminary analysis.

Air pollution might be a confounding factor, so we also collected
data on fine particulate matter (PM2.5) as a representative of
air pollutants to control for possible confounding effects. Daily
air pollution data (ie, PM2.5) were derived from the National
Urban Air Quality Real-Time Release Platform [23]. Because
the air pollution surveillance points did not completely cover

our study provinces, the land use regression method, based on
the random forest model, was used to predict ambient air
pollutants; the model showed good prediction capability [24].

Ethics Approval
Ethical approval was obtained from the Medical Research Ethics
Committee of Guangdong Provincial Center for Disease Control
and Prevention (2019025), and all procedures followed the
ethical standards specified by the institution.

Statistical Analysis
This study used a case-crossover design based on temporal
stratification, which was further adapted from the case-crossover
design of Levy et al [25]. The basic principle is to stratify time
so that each case with an outcome is treated as a case group,
while exposures in the same year, month, and day of the week
are treated as controls, meaning that each case has 3 to 4
controls, thereby effectively controlling for confounding factors,
including long-term trends, gender, and age, and effectively
avoiding control selection bias in the original case-crossover
design and enabling unbiased estimates to be obtained. This
research design has been widely used to investigate the effects
of short-term environmental exposure on population health,
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especially in the field of health-effect assessment of
meteorological factors [26] and air pollution [27].

Descriptive analyses were represented by numbers, means,
maximum values, minimum values, and medians (quartiles),
respectively. Spearman correlation was used to examine the
correlations between meteorological factors and PM2.5.

Few previous studies have reported the effects of wind speed
and air pressure on drowning. Moreover, after preliminary
analysis, we observed that wind speed and air pressure had little
effect on drowning mortality (Multimedia Appendix 1).
Therefore, these 2 weather factors were not included in the
joint-effect analysis. In our study, we first conducted individual
meteorological factor analysis using a GAM [28] after adjusting
for confounding factors (ie, PM2.5) to assess the individual
effect of each meteorological factor (MT, RH, DS, and rainfall)
on drowning mortality. The GAM equation is as follows:

Logit(case)=s(Variable,df)+s(PM2.5,df)+α,

where Logit() is the connection function, case indicates the case
type with 1 for cases and 0 for controls; Variable represents the
meteorological factors to be analyzed, that is, MT, RH, DS and
rainfall; PM2.5 is the concentration of PM2.5; s() is the
nonparametric smoothing function, which is used to fit the
nonlinear relationship between meteorological factors (ie, PM2.5
and drowning, respectively), with 3 degrees of freedom selected
by generalized cross-validation [29]; and α denotes the intercept
term.

Second, in order to further estimate the joint effect of multiple
meteorological factor exposure on drowning mortality, we used
a quantile g-computation model [30]. Quantile g-computation
is a new approach to estimate the joint effects of exposure
mixture [19]. It has been used to evaluate the change in health
outcome for each quantile of mixed exposure to multiple
environmental factors [31-33], and it does not require the same
effect directions between exposure variables and outcome [18].
In this study, the model was implemented through categorizing

MT, RH, DS, and rainfall in quartiles, , coded as 0, 1, 2, and
3. The mixture is first fitted nonlinearly to drowning and then
linearized according to the results. The quantile g-computation
model equation is as follows (confounders Z could also be
included):

where (the change in drowning for a 1-unit change in all
exposures) and each meteorological factor is given a negative
or positive weight. The quantile g-computation estimator of the
exposure response, ψ, is the sum of the regression coefficients
across the included exposures. If all βj are in the same direction,
then the weight for each component (indexed by k) is defined

as , which is the proportion of the effect due to that
component and sums to 1.0. If factors have different directions
of effect, then the weights are interpreted as the proportion of

the positive or negative partial effect, and the positive and
negative weights together sum to 2.0 [32]. After obtaining
regression coefficients for 71 cities, values from different cities
were combined using meta-analysis to obtain the
exposure-response relationship between exposure mixture and
drowning risk. The results of the nonlinear fit were expressed
as exposure response curves.

The linearized results were expressed in terms of excess risk
(ER) with the 95% CI. The formula for ER is as follows:

ER = [exp(β) – 1] × 100%

where β is the effect of exposure mixture in meta-analysis.

Moreover, we used the quantile g-computation model to conduct
subgroup analysis by sex (male, female), age group (<25 years,
25-64 years, ≥65 years) and season (the cold season, from
October to March, and the warm season, from April to
September). The following formula was used for the
between-group variability test:

where b1 and b2 are the effect estimates of the 2 groups,
respectively, and SE1 and SE2 are the SEs of the estimated
effects of the 2 groups, respectively [34].

Sensitivity analysis was performed by changing the parameters
of the model as well as by adjusting the confounding factors in
order to verify the stability and reliability of the model. In the
GAM, we conducted a sensitivity analysis by changing the
degrees of freedom (df=2,4,5) for MT, RH, DS, and rainfall. In
the quantile g-computation model, model 1 removed the
confounding factor PM2.5 for sensitivity analysis. Model 2,
model 3, and model 4 used 2-day, 3-day, and 4-day moving
averages for MT, RH, and PM2.5 for sensitivity analysis.

All tests were conducted 2-sided, and effects with P<.05 were
considered statistically significant. All analyses were conducted
with R (version 4.1.0; R Foundation for Statistical Computing)
and the mgcv, qgcomp, mvmeta, and metafor R packages.

Results

Descriptive Analysis
There were 46,179 drowning deaths in the 5 Chinese provinces
from 2013 to 2018, with an average of 21 and a maximum of
68 drowning deaths per day. Each city had an average of 1
drowning death per day, with a maximum of 10 deaths (Table
1). A total of 17,408 people died from drowning during the
summer seasons. The number of drowning deaths was the
highest in Hunan Province and the lowest in Jilin Province. The
number of drowning deaths was much higher for males
(n=29,805, 64.5%) than females (n=16,374, 35.5%). The daily
MT, RH, rainfall and PM2.5 during the study period were 20.4

°C, 76.7%, 4.5 mm, and 37.6 µg/m3, respectively (Table 2).

JMIR Public Health Surveill 2023 | vol. 9 | e46792 | p.2201https://publichealth.jmir.org/2023/1/e46792
(page number not for citation purposes)

Liu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 1. Descriptive statistics of meteorological factors and daily drowning deaths by season, province, sex, and age group from 2013 to 2018.

Drowning deaths per day, nDrowning deaths over-
all (n=46,179), n (%)

Characteristics

Maximum (to-
tal=68)

P75
c (to-

tal=26)
P50

b (to-
tal=19)

P25
a (to-

tal=14)

Minimum (to-
tal=3)

Mean (to-
tal=21.1)

1021111.3N/AdIn each city

Season

68322620626.529,145 (63.1)Warm

40191512315.617,034 (36.9)Cold

Sex

4918128113.629,805 (64.5)Male

25107517.516,374 (35.5)Female

Age (years)

2695316.413,827 (30)≤24

27107517.816,918 (36.6)25-64

2397517.115,434 (33.4)≥65

aP25: 25th percentile.
bP50: 50th percentile.
cP75: 75th percentile.
dN/A: not applicable.

Table 2. Descriptive statistics of meteorological factors from 2013 to 2018.

MaximumP75
cP50

bP25
a

MinimumMeanMeteorological factors

33.027.121.815.40.120.6Average temperature (°C)

95.284.277.970.650.676.9Relative humidity (%)

13.98.85.61.30.05.3Sunlight duration (hours)

35.02.70.20.00.02.9Rainfall (mm)

302.947.631.520.73.638.1PM2.5 (µg/m3)

aP25: 25th percentile.
bP50: 50th percentile.
cP75: 75th percentile.

Individual Effect of Meteorological Factors on
Drowning Mortality
Among the 4 meteorological factors, the strongest correlation
was observed between RH and DS (r=–0.61; P<.05; Multimedia
Appendix 2). As shown in Figure 2, in an individual-effect
analysis, there were U-shaped relationships between MT, rainfall
and drowning mortality, with the lowest risk at 15.4 °C for MT

and 16.6 mm for rainfall, respectively. RH was negatively
associated with drowning mortality, while DS was positively
associated with drowning mortality.

In the sensitivity analysis of the GAM, the relationship curves
for MT, RH, DS, and rainfall with drowning deaths changed
little after changing the degrees of freedom in the spline
function. (Multimedia Appendix 3)
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Figure 2. The associations of daily mean temperature, relative humidity, sunlight duration, and rainfall with drowning mortality in generalized additive
models. Solid lines represent the exposure-response curve; dotted lines represent the 95% CI.

Combined Effect of Multiple Meteorological Factors
on Drowning Mortality
In the exposure mixture analysis using quantile g-computation,
mixed exposure to the 4 meteorological factors was
approximately linearly associated with the risk of drowning.
The risk tended to increase with each percentile (Figure 3).
Meanwhile, we conducted an effect modification analysis of
city-level characteristics and found that the risk of drowning
caused by meteorological exposure mixture was higher in cities
with higher population density, while urban gross domestic
product, latitude, longitude, and altitude were found to have
only weak modification effects (Multimedia Appendix 4).

After linearization, we observed a 2.99% (95% CI
0.26%-5.80%) drowning mortality increase per quartile rise in
the 4 meteorological factors (Figure 4). Subgroup analyses
showed that the effect for males was higher than for females
with a statistically significant difference (Z=2.21; P=.03). The
risk of drowning was heterogeneous across age groups in
combined effects. Although those aged 25 to 64 years had the
highest risk (ER 4.56%, 95% CI 0.07%-9.25% per quartile rise
in the 4 meteorological factors), the difference among all age
groups was not statistically significant. The drowning risk
attributed to mixed exposure to the 4 weather factors in the
warm season seemed higher than in the cold season, but the
difference was also not statistically significant (Z=1.61; P=.11).

Figure 5 further shows the relative contribution of each
meteorological factor to the combined effect. Sunlight duration
had a positive weight with a much higher proportion among all
subgroups: 93.1%, 94.1%, 100%, 88.9%, 83.1%, and 83.9%
for the total population, males, females, and people aged 0 to
24 years, 25 to 64 years, and ≥65 years, respectively. RH
negatively contributed to the combined effect in the total
population (9.5%), females (26%), males (9.9%), and young
people aged 0 to 24 years (43.2%) and positively contributed
in people aged 25 to 64 years (12.4%) and ≥65 years (16.1%).
Temperature contributed positively in the total population
(6.9%), males (5.9%), the population aged 0 to 24 years (11.1%),
and the population aged 25 to 64 years (4.5%), while it made a
negative contribution in females (17.8%) and people aged ≥65
years (37.2%). Rainfall always contributed negatively to
drowning mortality among all populations (90.5%, 90.2%,
56.2%, 56.8%, 100%, and 62.8% for the total population, males,
females, people aged 0 to 24 years, 25 to 64 years, and ≥65
years, respectively; Figure 5).

In a quantile g-computation model sensitivity analysis, the
results were basically stable whether adjusting or not adjusting
for PM2.5 in the model. The excess risk of drowning increased
when moving averages of each weather factor were used in the
model (Multimedia Appendix 5).
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Figure 3. Exposure-response relationships between meteorological exposure mixture and drowning risk in 71 cities from a quantile g-computation
analysis. The line is the exposure response curve, and the blue shaded area is the 95% CI at each percentile.

Figure 4. Excess risk (as a percentage) of drowning mortality per quartile increase in mixed daily mean temperature, relative humidity, sunlight duration,
and rainfall in 71 cities.
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Figure 5. Weights representing the proportion of the positive or negative partial effect of each meteorological factor in quantile g-computation model
by sex and age group.

Discussion

Principal Findings
In this study, we examined the combined effect of daily MT,
RH, DS, and rainfall on drowning mortality in China. We found
that for every quartile increase in meteorological factors, the
risk of drowning death in the population increased by 2.99%.
We also observed that the 4 meteorological factors had a
positively combined effect on drowning mortality in all
subgroups except those aged 0 to 24 years; adults aged 25 to
64 years may be more susceptible to mixed exposure to the 4
meteorological factors. Moreover, we showed that DS, rather
than MT, was the most important meteorological factor
contributing to drowning mortality. These findings have
important public health implications for developing an early
warning system to reduce drowning mortality in the context of
global warming.

Results Interpretation and Implications
An increasing number of epidemiological studies have examined
the relationship between exposure to single meteorological
factors and the risk of drowning. Consistent with our findings,
a study conducted by Chauvin et al [35] reported an increase in
the risk of drowning death as ambient temperature rose. When
the human body is exposed to high temperatures, the blood
vessels in the skin dilate rapidly and sweating increases to
accelerate the discharge of excess heat; when entering the water,
heavy sweating could lead to electrolyte deficiencies, and
swimming in water at this time may lead to dangerous reactions,
such as convulsions [36]. Therefore, high temperatures increase
the risk of drowning. Additionally, alcohol consumption at high
temperatures is an important risk factor for drowning [37,38],
as this could affect physiological reactions and behavioral
patterns, thereby increasing the risk of drowning. A prior study
reported that alcohol consumption was positively correlated
with MT [39]. Individuals that consume alcohol have an
increased risk of drowning due to greater skin blood flow and
sweating. Also, alcohol can cross the human cerebrovascular

barrier directly and affect mental and cognitive performance,
and the heat sensation associated with alcohol consumption
may increase exposure to water [40]. For instance, an Australian
study reported that there was a higher tendency to see people
consuming alcohol alongside rivers on hot days [41].

To date, we have not found any study on the association of RH
with drowning mortality. Among prior studies, RH is often
treated as a confounding variable in the model fitting [42,43].
In our study, we observed that RH was negatively associated
with the risk of drowning in an individual analysis of
meteorological factors and negatively contributed to drowning
mortality in most subgroups in a combined-effect analysis. The
underlying mechanism of this finding is unclear and requires
further in-depth studies in the future.

In terms of DS, existing studies mainly focus on sunlight
exposure and skin cancer or suicide [44-46]. The combined
effect analysis in our study shows that DS was the most
important weather factor in increasing drowning mortality in
all subgroups. Possible explanations for this are that (1) longer
daylight hours may be associated with higher temperatures,
thereby increasing opportunities for water activities, and (2)
light has the neurobiological effect of interacting with the brain
serotonin system and may influence serotonin-related behavior
[46]. Finally, when daylight hours are short, people are less
likely to be active outside and are likely to reduce their contact
with bodies of water, which in turn may lead to a decreased
incidence of drowning.

We further observed that rainfall was a negative factor for
unintentional drowning risk in the combined-effect analysis.
Previous studies have shown a negative correlation between
rainfall and physical activity and a positive association with
sedentary time during weekdays [47]. Therefore, rainfall might
make it more difficult for people to work outdoors, which in
turn may reduce the chance of contact with bodies of water. In
contrast, Murray and Carter [48] showed that high rainfall
(180.55 mm to 202.25 mm) was associated with increased
drowning deaths in Fiji. The rainfall amount in this study was
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less than 35 mm, which is more likely to reduce people’s
willingness to go outside; thus, we observed a reduced risk of
drowning. In addition, the deaths in this study did not include
flood-related drownings or disaster drownings.

In the stratified analysis, we further observed that males
exhibited higher risk than females when exposed to
meteorological mixed factors, which is consistent with previous
studies. For example, the risk of drowning death is 1.67 times
higher in men than women on hot days [14]. Compared to
females, males are more likely to work in hot outdoor
environments, resulting in potentially greater access to bodies
of water and higher risk of drowning. We also observed that for
people aged 0 to 24 years, there was no statistically significant
association between mixed exposure to the 4 meteorological
factors and drowning. This is contrary to previous studies. For
instance, a study in Shanghai reported that drowning deaths
among children aged 0 to 14 years mainly occurred in the hot
season, while other age groups showed less seasonality in
drowning [49]. Possible reasons for this are that the young
population is more likely to be influenced by individual
personality traits (eg, an active and strong spirit for exploring
outside) and behavioral patterns and less influenced by external
weather factors and the environment; on the other hand, children
also end up in bodies of water due to unintentional falls and
fights. Meteorological exposure mixture had the greatest effect
on people aged 25 to 64 years; one possible explanation for this
finding was that adults were more likely to consume alcohol in
hot weather, and drinking alcohol increases exposure to water
[50]. Moreover, this age group is the main workforce, with a
high chance of occupational exposure to bodies of water, which
may increase drowning deaths [51].

Several previous studies have estimated the risk of drowning
associated with exposure to a single meteorological factor.
However, people are exposed to a variety of meteorological
factors simultaneously, so it is important to use an exposure

mixture approach to measure the combined effects of weather
factors on human health. In this study, we estimated the
combined effects of 4 weather factors using a quantile
g-computation model. This model helps design potential public
health interventions for specific sources of exposure [19].

Multiple sectors in the government, such as education
departments, health departments, and meteorological
departments, should collaborate to develop an early warning
system taking into account DS as a potentially critical weather
factor to reduce the risk of drowning in the high-risk season. In
addition, in areas with a high risk of drowning, governments
should provide adequate and safe swimming places to reduce
the possibility of people going into dangerous waters for
recreation.

Limitations
This study has several limitations that must be noted. First, due
to the lack of individual exposure data, we used meteorological
data obtained by spatial interpolation as a proxy in each city,
and there may be some exposure misclassification bias. Second,
although this study is based on 5 provinces, which are to some
extent nationally representative, extrapolation of the results
needs to be done with caution. Third, drowning is influenced
by family factors and socioeconomic factors, which were not
included in this study. Finally, we only included unintentional
drowning (ICD-10 codes W65-74) in this study, which excludes
drowning due to cataclysm (ICD-10 codes X34-X39) and
transportation accidents (ICD-10 codes V01-V99). This may
not adequately reflect the true number of drowning deaths [52].

Conclusion
This study shows that mixed exposure to the 4 weather factors
was positively associated with drowning mortality, which was
primarily driven by DS and MT. This finding implies that it is
necessary to incorporate sunshine hours and temperature into
early warning systems for drowning in the future.
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Abstract

Background: Indoor air pollution has been reported to have adverse effects on the eye; however, the health effects of exposure
to cooking with solid fuels on visual impairment remain unclear in China.

Objective: We aimed to examine the association between cooking with solid fuels and visual impairment, including distance
visual impairment (DVI) and near visual impairment (NVI).

Methods: Data were obtained from the China Health and Retirement Longitudinal Study, a nationwide survey of adults aged
over 45 years who were enrolled in 2011 (Wave 1) and followed up in Wave 2 (2013), Wave 3 (2015), and Wave 4 (2018). We
used Cox proportional hazards models to determine the association between solid fuels use and visual impairment. Additionally,
the impact of switching cooking fuel types on vision function were examined through wave-specific data analysis (Wave 1 and
Wave 4). Interaction and subgroup analyses were performed to explore the potential effect modifiers. Data were collected using
the stratified multistage random sampling method and further analyzed using SPSS 27.0 and R 4.2.1 statistical software packages.

Results: A total of 9559 middle-aged and older Chinese adults without visual impairment at baseline were included in the study,
with 51.2% (n=4914) of the participants reporting that they cooked with solid fuels. During the follow-up period, 2644 (27.5%)
and 3130 (32.6%) participants developed DVI and NVI, respectively. Compared with the clean fuel users, participants who cooked
with solid fuels had a higher risk of DVI (hazards ratio [HR] 1.38, 95% CI 1.28-1.50) and NVI (HR 1.18, 95% CI 1.10-1.27). In
addition, switching the cooking fuel type from clean to solid fuels was associated with an elevated risk of DVI (HR 1.51, 95%
CI 1.15-1.98) and NVI (HR 1.39, 95% CI 1.06-1.82) compared to persistently using clean fuels during the follow-up period,
although no protective effect of switching from solid to clean fuels on NVI was found (P=.52). In subgroup analysis, we found
that cooking with solid fuels increased the risk of DVI in participants younger than 65 years (HR 1.41, 95% CI 1.28-1.55), men
(HR 1.45, 95% CI 1.28-1.65), urban residents (HR 1.41, 95% CI 1.08-1.75), and smokers (HR 1.43, 95% CI 1.25-1.64). By
contrast, negative effects of cooking with solid fuels on NVI were found in nonsmokers (HR 1.21, 95% CI 1.11-1.33) and urban
residents (HR 1.20, 95% CI 1.10-1.37).

Conclusions: Cooking with solid fuels was associated with an increased risk of visual impairment among middle-aged and
older Chinese adults. These findings indicate that promoting the utilization of clean fuels is conducive to reducing the burden of
visual impairment for the public.

(JMIR Public Health Surveill 2023;9:e43914)   doi:10.2196/43914
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Introduction

Incomplete and inefficient combustion of solid fuels (including
biomass and coal) is the primary cause of indoor air pollution,
affecting approximately half the global population [1].
Prolonged exposure to indoor air pollution has many negative
impacts on individuals’ health, such as causing respiratory
disease, cancer, and eye problems, and is the foremost cause of
premature death in developing countries [2]. Among the many
human organs that could be affected by indoor air pollution,
the eyes are directly exposed to the emissions from solid fuel
combustion, including high levels of fine particulate matter
(PM2.5) and carbon monoxide. These emissions would stimulate
the production of reactive oxygen species, which can seriously
impair the viability of eye cells and accelerate oxidation of the
lens [3]. Moreover, the hazardous materials resulting from solid
fuel combustion can also affect the body’s cardiovascular
circulation system, leading to increased intraocular pressure
through the aqueous humor.

Eye problems such as tearing, redness, itching, and stinging are
widely reported to be linked to indoor air pollution [3,4]. A
recent large cohort study provided evidence that prolonged
exposure to indoor air pollution, which was mainly attributed
to cooking with solid fuels, would increase the risk of major
eye diseases (eg, conjunctiva disorders, cataracts) [5]. Moreover,
long-term exposure to eye problems and eye diseases could
result in severe visual impairment and even blindness [6-8].
Based on these findings [3-8], it is hypothesized that indoor air
pollution exposure may be an environmental risk factor
associated with visual impairment.

An estimated 2.2 billion people globally have visual
impairments, with nearly half of these cases being preventable
or untreated [9]. Untreated vision loss could have significant
and lasting effects on a person’s ability to perform daily
activities and access public services [10]. In China, the most
populous country in the word, 30%-50% of adults over the age
of 80 years and 7%-20% of adults over the age of 50 years were
estimated to have visual impairments [11], ranking second in
years lived with disability among all health impairments. As
the population is aging rapidly, the burden of visual impairment
is predicted to continue to rise [10,12].

Given the widespread use of solid fuels in China [13], evidence
on the association of solid fuel use and visual impairment is
urgently needed for policy makers to take effective actions to
relieve the burden of visual impairment by promoting cleaner
household energy.

To fill the above knowledge gap on the link between solid fuel
use and visual impairment among Chinese adults, we performed
this study to assess the longitudinal association between

self-reported cooking with solid fuels and visual impairment in
a nationally representative sample obtained from the China
Health and Retirement Longitudinal Study (CHARLS). This
prospective cohort study assessed the impact of indoor air
pollution on visual impairment among middle-aged and older
Chinese adults from 2011 to 2018 for the first time and also
examined the effects of switching cooking fuel types on vision
function over time.

Methods

Study Population
This nationwide population-based cohort study utilized data
from the CHARLS, which was implemented by the National
School of Development of Peking University. An unbiased and
representative sample was obtained by proportional and
multistage stratified sampling [14]. In the first stage, all counties
in China were stratified by region. Regions were divided by
urban districts or rural counties and per capita statistics on gross
domestic product. Using the probability-proportional-to-size
sampling technique, 150 county-level units were randomly
chosen from the sampling frame. In the second stage, three
primary sampling units (PSUs) were selected in each county
based on a probability proportional to the population size. In
the third stage, a random sample of 24 households was selected
among all the households mapped in each selected PSU. Finally,
for each selected household, one resident aged ≥45 years and
their spouse were randomly selected as the participants in the
survey. Briefly, the CHARLS survey included Chinese residents
from 450 communities covering 150 county-level units in 28
provinces. From May 2011 to March 2012, a total of 17,708
residents with a response rate above 80% participated in the
baseline survey (Wave 1). CHARLS respondents are followed
every 2 years through a face-to-face computer-assisted personal
interview to obtain individual information on sociodemographic
characteristics, lifestyle behaviors, indoor air pollution, health
status, and other factors of interest. Interviewers helped
respondents who had sight problems by reading the questions
in the standardized questionnaire during the interview process.
To date, follow-up survey data are available for Wave 2 (2013),
Wave 3 (2015-2016), and Wave 4 (2018) of CHARLS.

We used the data from all four waves to examine the relationship
between solid fuel use and visual impairment; a total of 9559
individuals were selected based on the following exclusion
criteria: (1) 650 lost to follow-up in Wave 2, Wave 3, and Wave
4; (2) 171 had missing data on cooking fuels in Wave 1; (3) 126
self-reported other cooking fuels in Wave 1; (4) 1376 had
missing data on visual function in Wave 1; (5) 5343 had visual
impairment in Wave 1; and (6) 443 had missing data on visual
function during the follow-up period (Wave 2/Wave 3/Wave
4) (Figure 1).
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Figure 1. Flowchart of the selection process of participants. CHARLS: China Health and Retirement Longitudinal Study.

In addition, we used the wave-specific data of Wave 1 and Wave
4 to examine the association between switching the fuel type
and visual impairment; 7998 individuals were selected based
on the following exclusion criteria: (1) 3310 lost to follow-up
in Wave 4; (2) 116 had missing data on cooking fuels in Wave
1; (3) 103 self-reported other cooking fuels in Wave 1; (4) 1016
had missing data on visual function in Wave 1; (5) 4579 had
visual impairment in Wave 1; (6) 452 had missing data on visual
function in Wave 4; (7) 19 had missing data on cooking fuels
in Wave 4; and (8) 115 self-reported other cooking fuels in
Wave 4.

Vision Assessment
Individuals’distance vision was assessed by self-reported visual
status when recognizing friends across the street (while wearing
corrective lenses or glasses, if applicable) and personal near
vision was assessed by self-reported visual status when reading
regular newspapers (while wearing glasses or corrective lenses,
if applicable). Possible responses to these questions were “poor,”
“fair,” “good,” “very good,”, and “excellent.” Those reporting
“poor” for near and distance vision were defined as having near
visual impairment (NVI) and distance visual impairment (DVI),
respectively. Those reporting “excellent,” “very good,” “good,”
or “fair” were defined as having no visual impairment (reference
group). Visual impairment assessment and categorization were
performed in accordance with previous studies [15-17].

Assessment of Cooking With Solid Fuels
The question “What are your main sources of cooking fuels?”
was used to assess indoor cooking fuel types. At baseline,
reporting “coal,” “crop residue,” and “wood” was defined as
cooking with solid fuels. The main types of solid fuels were
classified into coal and biomass (“crop residue” and “wood”).
Reporting “liquefied petroleum,” “natural gas,” “electricity,”
and “marsh gas” was defined as cooking with clean fuels. We
compared data from respondents who reported cooking with
clean fuels to those of the solid fuel users. In addition, we
collected information on self-reported cooking fuel types in

Wave 4, which had an additional choice of “do not cook”
compared to the answers regarding the baseline question. We
categorized “do not cook” as clean fuel, and assessed the
association of switching cooking fuel types with visual
impairment. Therefore, participants could be classified as
switching from solid fuels to clean fuels or from clean fuels to
solid fuels.

Covariates
Baseline demographics (including age, gender, marital status,
education level, residence) and health-related status (including
smoking status, alcohol drinking, sleep duration, BMI, and
chronic diseases) were included as covariates in our analyses.
We classified cohabitation and marriage as married. Education
level was divided into illiteracy (0 years) and others (≥1 year).
Residence was divided into rural and urban areas [18]. BMI

was calculated as weight divided by the square of height (kg/m2)
[19]. Alcohol drinking was classified into drinker and
nondrinker. Smoking status was classified into smoker and
nonsmoker. Dyslipidemia, chronic lung disease, hypertension,
heart disease, diabetes, and cancer were identified by
self-reported physician diagnoses.

Statistical Analysis
The baseline characteristics are described according the type of
cooking fuels. Continuous variables were summarized as mean
(SD) and were compared with independent t tests. Categorical
variables were summarized as frequencies (percentages) and

were compared with the χ2 test. A Cox proportional hazard
model was performed to assess the effects of solid fuel use on
visual impairment. We also compared data of participants who
switched from clean fuels to solid fuels or from solid fuels to
clean fuels with those who persistently used clean or solid fuels
through wave-specific analysis. The proportional hazard
assumption was examined using the Schoenfeld residual test.
Model 1 was an unadjusted model. Model 2 was adjusted for
age, gender, BMI, marital status, education level, residence,
alcohol drinking, smoking status, and sleep duration. Model 3
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was further adjusted for hypertension, dyslipidemia, diabetes,
cancer, chronic lung disease, and heart disease based on Model
2. The percentage of missing covariates was less than 5% for
all covariates, which conformed to an arbitrary missingness
pattern. We used multiple imputation to account for these
missing values. The Markov chain Monte Carlo method was
used to analyze the complete data set and interpolate each
missing value five times to obtain five complete data sets.
Statistical analysis was then performed on each filled data set
separately and the combined results of the five analyses were
used to select the data set with the largest relative efficiency
value. Additionally, we performed subgroup analyses and
interactions analysis stratified by age, sex, residence area, and
smoking status to assess potential effect modifications. The
sensitivity analysis was conducted by excluding participants
who reported not cooking in Wave 4 to ensure that our findings
were robust. Cox proportional hazards model results are
presented as hazard ratios with 95% CIs. Statistical analyses
were performed using SPSS 27.0 and R 4.2.1 software.
Two-tailed P values less than .05 were considered statistically
significant.

Ethical Considerations
The CHARLS was approved by the Research Ethics Committee
of Peking University (IRB00001052-11015). This survey was
anonymous and the answers are protected by privacy law.

Written informed consent clarifying the study purposes was
obtained from each participant before completing the interview.

Results

Characteristics of the Study Participants
A total of 9559 participants without visual impairment at
baseline were included. The average age of included participants
was 57.7 (SD 9.5) years and 50.3% of them were women.
Overall, 51.2% (n=4914) of the participants primarily cooked
with solid fuels (Table 1), and 15.3% (n=1469), 13.6%
(n=1309), 18.4% (n=1770), 1.4% (n=137), 10.8% (n=1035),
and 40.5% (n=3879) of the participants reported cooking with
liquefied petroleum, natural gas, electricity, marsh gas, coal,
and crop residue/wood burning at baseline, respectively.
However, only 32.1% of the participants reported cooking with
solid fuels in Wave 4, including 5.6% cooking with coal and
26.5% cooking with crop residue/wood burning (see Multimedia
Appendix 1). In general, participants who reported cooking with
solid fuels at baseline were more likely to be current smokers
and reported less sleep time, lower educational levels, and lower
BMI compared with clean fuel users. Significantly more
participants living in rural areas and those suffering from chronic
lung diseases used solid fuels (both P<.001). Additionally,
significantly more individuals with hypertension, diabetes, and
dyslipidemia used clean fuels for cooking rather than solid fuels
(P=.04, P<.001, and P<.001, respectively).
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Table 1. Baseline characteristics of the participants according to cooking fuel type.

P value for differenceClean fuels (n=4685)Solid fuels (n=4914)Total (N=9599)Characteristic

.1856.9 (9.5)58.3 (9.6)57.7 (9.5)Age (years), mean (SD)

.57Sex, n (%)

2313 (49.4)2455 (50.0)4768 (49.7)Male

2372 (50.6)2459 (50.0)4831 (50.3)Female

<.001Education (years), n (%)

742 (15.8)1508 (30.7)2250 (23.4)0

3943 (84.2)3406 (69.3)7349 (76.6)≥1

.37Marital status, n (%)

4209 (89.8)4387 (89.3)8596 (89.6)Married

476 (10.2)527 (10.7)1003 (10.4)Others

<.001Residence, n (%)

2616 (55.8)4570 (93.0)7186 (74.9)Rural

2069 (44.2)344 (7.0)2413 (25.1)Urban

<.00123.7 (3.2)23.1 (3.4)23.4 (3.3)BMI (kg/m2), mean (SD)a

<.001Smoking status, n (%)

1756 (37.5)2038 (41.5)3794 (39.5)Smoker

2929 (62.5)2876 (58.5)5805 (60.5)Nonsmoker

.18Alcohol consumption, n (%)

1641 (35.0)1656 (33.7)3297 (34.3)Drinker

3044 (65.0)3258 (66.3)6302 (65.7)Nondrinker

.001Sleep duration (hours), n (%)b

2103 (45.2)2367 (48.5)4470 (46.9)<7

2553 (54.8)2515 (51.5)5068 (53.1)≥7

.04Hypertension, n (%)c

1069 (22.9)1030 (21.1)2099 (22.0)Yes

3602 (77.1)3851 (78.9)7453 (78.0)No

<.001Diabetes, n (%)d

265 (5.7)174 (3.6)439 (4.6)Yes

4388 (94.3)4689 (96.4)9077 (95.4)No

<.001Dyslipidemia, n (%)e

499 (10.8)327 (6.8)826 (8.7)Yes

4128 (89.2)4488 (93.2)8616 (91.3)No

.50Cancer, n (%)f

42 (0.9)37 (0.8)79 (0.8)Yes

4631 (99.1)4849 (99.2)9480 (99.2)No

<.001Chronic lung disease, n (%)g

332 (7.1)512 (10.5)844 (8.8)Yes

4340 (92.9)4378 (89.5)8718 (91.2)No

.23Heart disease, n (%)h

500 (10.7)486 (10.0)986 (10.3)Yes
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P value for differenceClean fuels (n=4685)Solid fuels (n=4914)Total (N=9599)Characteristic

4166 (89.3)4398 (90.0)8564 (89.7)No

aData missing from 425 participants.
bData missing from 61 participants.
cData missing from 47 participants.
dData missing from 83 participants.
eData missing from 157 participants.
fData missing from 40 participants.
gData missing from 37 participants.
hData missing from 49 participants.

Association Between Cooking With Solid Fuels and
Visual Impairment
During the follow-up period, 2644 (27.5%) and 3130 (32.6%)
of the 9599 total participants reported DVI and NVI,
respectively (Table 2). The effects of cooking with solid fuels
on visual impairment are presented in Table 2. In the crude
model, using solid fuels for cooking elevated the risk of DVI
and NVI. The findings from Model 1 and Model 2 were
consistent with those of the crude model. After adjusting for
extensive confounders (Model 3), we found that participants
who cooked with solid fuels had a significantly increased risk
of DVI and NVI. In addition, compared with the clean fuel

users, the participants who cooked with coal had a significantly
increased risk of DVI and NVI. Moreover, cooking with biomass
significantly increased the risk of DVI and NVI (see Multimedia
Appendix 2).

Through the wave-specific data, we found that participants who
switched their cooking type from clean to solid fuels had a 51%
elevated risk of DVI and a 39% elevated risk of NVI compared
with the persistent clean fuel users. However, there was no
evidence of an impact of switching from solid to clean fuels on
NVI (P=.52). After excluding participants who reported not
cooking in Wave 4, our findings remained robust (see
Multimedia Appendix 3).
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Table 2. Longitudinal association of cooking fuel type, switching fuel type, and visual impairment among middle-aged and older Chinese adults.

Model 3d, HR
(95% CI)

Model 2c, HR
(95% CI)

Model 1a, HRb

(95% CI)

Events/incidence rate (per
1000 person-years)

Participants,
n

Variable

Distance visual impairment (DVI)

Cooking fuel type (N=9559)

N/AN/AN/Ae1064 (39.8)4685Clean fuel (reference)

1.38 (1.28-1.50)1.36 (1.26-1.47)1.42 (1.31-1.53)1580 (58.1)4914Solid fuel

Switching fuel type (N=7998)

From solid to clean fuels

N/AN/AN/A462 (29.6)2237Persistent use of solid fuels
(reference)

0.85 (0.74-0.98)0.85 (0.74-0.98)0.84 (0.73-0.96)338 (25.0)1931Solid to clean fuels use

From clean to solid fuels

N/AN/AN/A419 (17.2)3496Persistent use of clean fuels
(reference)

1.51 (1.15-1.98)1.48 (1.13-1.93)1.60 (1.22-2.09)62 (26.6)334Clean to solid fuels use

Near visual impairment (NVI)

Cooking fuel type (N=9559)

N/AN/AN/A1371 (53.4)4685Clean fuel (reference)

1.18 (1.10-1.27)1.18 (1.10-1.26)1.20 (1.11-1.28)1759 (65.8)4914Solid fuel

Switching fuel type (N=7998)

From solid to clean fuels

N/AN/AN/A414 (26.5)2237Persistent use of solid fuels
(reference)

0.96 (0.83-1.11)0.96 (0.83-1.10)0.96 (0.83-1.10)346 (25.6)1931Solid to clean fuels use

From clean to solid fuels

N/AN/AN/A456 (18.7)3496Persistent use of clean fuels
(reference)

1.39 (1.06-1.82)1.38 (1.06-1.81)1.44 (1.10-1.88)61 (26.2)334Clean to solid fuels use

aModel 1: Unadjusted.
bHR: hazard ratio.
cModel 2: Adjusted for age, gender, BMI, marital status, years of education, residence, smoking status, alcohol consumption, and sleep duration.
dModel 3: Further adjusted for hypertension, dyslipidemia, diabetes, cancer, chronic lung disease, and heart disease based on Model 2.
eN/A: not applicable.

Subgroup Analyses on the Association Between
Cooking With Solid Fuels and Visual Impairment
We performed analyses of interactions and subgroups on the
relationship between using solid fuels for cooking and visual

impairment in Model 3 (Table 3). We found that cooking with
solid fuels had an increased risk of DVI among participants
younger than 65 years, men, urban residents, and smokers.
However, cooking with solid fuels resulted in a higher risk of
NVI for nonsmokers and urban residents.
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Table 3. Subgroup analysis of the association between solid fuel use and visual impairment among middle-aged and older Chinese adults.

NVIbDVIaCooking with solid
fuel, n

Subgroups

P value for interactionHR (95% CI)dEvents, nP value for interactionHRc (95% CI)dEvents, n

.06<.001Age (years)

1.17 (1.08-
1.26)

13131.41 (1.28-1.55)10823657<65

1.21 (1.04-
1.42)

4461.27 (1.10-1.48)4981257≥65

.17.01Sex

1.19 (1.07-
1.33)

8061.45 (1.28-1.65)6672455Male

1.16 (1.06-
1.28)

9531.34 (1.21-1.48)9132459Female

<.001<.001Residence

1.20 (1.10-
1.37)

931.41 (1.08-1.75)83344Urban

1.05 (0.97-
1.14)

16661.16 (1.06-1.27)14974570Rural

<.001<.001Smoking status

1.12 (0.99-
1.26)

6781.43 (1.25-1.64)5852038Smoker

1.21 (1.11-
1.33)

10811.36 (1.23-1.49)9952876Nonsmoker

aDVI: distance visual impairment.
bNVI: near visual impairment.
cHR: hazard ratio.
dAdjusted for age, gender, BMI, marital status, years of education, residence, smoking status, alcohol consumption, sleep duration, hypertension,
dyslipidemia, diabetes, cancer, chronic lung disease, and heart disease.

Discussion

Summary of Findings
This study demonstrated that cooking with solid fuels increased
the risks of visual impairment, with an adverse effect of solid
fuel use found for both DVI and NVI, especially for participants
living in urban areas. Moreover, switching from clean to solid
fuels was demonstrated to increase the risk of DVI and NVI
compared to the persistent use of clean fuel. These main findings
are consistent with evidence from previous studies conducted
in countries neighboring China. In India, the older population,
who are highly reliant on using unclean cooking fuel, had a
higher prevalence of visual impairment [20]. In Nepal, the
incidence of cataracts was two-fold higher in women using
biomass for cooking compared to that of women using clean
fuel [21]. This study thus adds to the accumulating evidence of
adverse vision health consequences potentially arising from the
use of unclean cooking fuels in low- and middle-income
countries [22].

The essential mechanisms of the impacts of solid fuel utilization
on visual impairment are undefined [23]. One possible reason
is that burning solid fuels produces high levels of gaseous
pollutants that increase the risk of eye diseases and may lead
to vision impairment. On the one hand, PM2.5 is the primary

pollutant in solid fuel smog, which represents a mixture of
thousands of harmful chemicals such as heavy metals and
polycyclic aromatic hydrocarbons [24]. A previous study

showed that for each 1 μg/m3 rise in ambient PM2.5 exposure,
the risk of glaucoma increased by 6% [25]. Free radicals
accelerate the oxidation of the lens when the eye organ is
directly exposed to the fumes of solid fuel, which results in an
increased risk of cataracts [26] as the leading cause of vision
impairment or loss worldwide [27,28]. On the other hand,
incomplete combustion of solid fuel produces carbon monoxide,
which is harmful to the eyes due to hypoxia [29]. Another
possibility is that indoor air pollutants resulting from solid fuel
combustion can affect the body’s cardiovascular system and
the effect on the aqueous humor can lead to increased intraocular
pressure. Moreover, when burning solid fuels, the anterior eyes
are more susceptible to damage from sparks, wood dust, or
sharp wood and the consequent ocular trauma would increase
the risk of vision impairment [30,31]. Heat exposure associated
with burning solid fuels may be another potential risk factor for
eye diseases [32,33], which would contribute to the development
of age-related cataracts and the early onset of presbyopia if the
transient temperature elevation in the lens recurs over many
years. In addition, previous studies have linked long-term solid
fuel use to diabetes [34], depression [35], and cognitive
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impairment [36], which were reported as potential risk factors
affecting vision health.

Previous studies observed that women were more likely to
develop eye diseases linked to solid fuel use [37-39], suggesting
that as women traditionally played a vital role in cooking, they
had observably higher indoor air pollution exposure. However,
our study showed that men cooking with solid fuels appeared
to be at a higher risk of DVI than women. This result is
consistent with the cross-sectional study from India, which
failed to find that the visual impairment risk associated with
use of unclean cooking fuels was higher for women and in
households without a separate kitchen or ventilation [20]. One
possible reason for this inconsistency might be differences in
the study populations. In our study, most of the individuals were
retirees aged over 60 years, who tend to spend most of their
time at home, which would increase the frequency of couples
cooking together. This situation thereby increases the exposure
to indoor air pollution caused by the use of solid fuels for men.
Moreover, there is no doubt that the smoking rate is much higher
among men than among women and there may be an interaction
between vision impairment and solid fuel use due to the apparent
gender difference in smoking habits.

More harmful impacts of cooking with solid fuels on NVI were
noted among urban residents. Rural areas are usually less
economically developed and have a lower population density
than urban areas. Higher industrialization in urban areas may
increase the risk of visual impairment since rapid
industrialization would result in worse indoor air pollution and
associated health outcomes [40]. Additionally, the higher
population density in urban areas leads to a lower living space
per capita, which may elevate the indoor pollutant concentration
[41]. Despite some households having installed ventilation
devices to prevent severe indoor air pollution, the level of air
pollutants in domestic kitchens using solid fuels remains high
[42]. In addition, switching cooking fuels from solid to clean
fuels failed to decrease the risks of cataracts and conjunctiva
disorders compared to the persistent use of solid fuels [5].
Taking this into consideration, it is necessary to call on the
general public to use clean energy to reduce indoor air pollution
and promote healthy vision, especially in rural areas.

Simultaneously, an interesting result emerging from our study
was that switching from clean fuels to solid fuels could increase
the risk of visual impairment compared with the continued use
of clean fuels. The switch of cooking fuels from clean fuels to
biomass fuels might be related to the migration from urban to
rural areas among older people in China, which has been a

prevalent trend in recent years [43,44]. Older adults generally
prefer solid fuels more than younger adults and they are
consequently more prone to the adverse effects of indoor air
pollution. A cohort study with a 3-year follow-up period found
that cooking with biomass fuels was associated with a higher
risk of visual impairment among older Chinese adults with a
mean baseline age of 82.56 years [43]. The persistent formation
of lens fibers and the relative thickening of the lens cortex are
important features during the aging process, resulting in changes
in the refractive index of the lens [45]. This would in turn result
in a higher risk of visual impairment when older adults change
their cooking fuels from clean to solid fuels as their eyes may
not be able to adapt to the sudden deterioration of air quality
caused by solid fuels. Therefore, public health policies and
investments that support cleaner household energy can
effectively reduce the key sources of ambient air pollution,
especially by avoiding the persistent use of solid fuels or
switching from clean fuels to solid fuels, to further relieve the
burden on visual impairment.

Limitations
This study has several limitations. First, with the rapid
development of modernization, urbanization, and
industrialization in China over the past three decades, more and
more rural residents have gradually begun to use clean energy.
Some of the participants in this study may have switched from
solid to clean fuels prior to the baseline assessment, which would
lead to an underestimate of the impact of solid fuels on visual
function. Second, individual visual acuity and the exposure
level to household pollutants cannot be accurately estimated
due to data unavailability; thus, further research should use an
objective assessment to verify the data and adjust for lead-time
bias [46]. Third, there remain some potential confounders that
we were unable to measure that could also have an impact,
including occupational dust [31], heat exposure [33], or sunlight
[47].

Conclusion
Overall, our study demonstrated that using solid fuels for
cooking was significantly associated with elevated risks of
visual impairment among Chinese adults aged over 45 years,
especially among participants living in urban areas. Furthermore,
switching the cooking fuel type from clean to solid fuels may
also significantly increase the risk of visual impairment.
Therefore, this study highlights the value of promoting the
availability of household clean fuels and encouraging the
consistent use of clean fuels to decrease the burden of visual
impairment.
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Abstract

Background: There is limited evidence regarding the adverse impact of particulate matters (PMs) on multiple body systems
from both epidemiological and mechanistic studies. The association between size-fractionated PMs and mortality risk, as well
as the burden of a whole spectrum of causes of death, remains poorly characterized.

Objective: We aimed to examine the wide range of susceptible diseases affected by different sizes of PMs. We also assessed
the association between PMs with an aerodynamic diameter less than 1 µm (PM1), 2.5 µm (PM2.5), and 10 µm (PM10) and deaths
from 36 causes in Guangzhou, China.

Methods: Daily data were obtained on cause-specific mortality, PMs, and meteorology from 2014 to 2016. A time-stratified
case-crossover approach was applied to estimate the risk and burden of cause-specific mortality attributable to PMs after adjusting
for potential confounding variables, such as long-term trend and seasonality, relative humidity, temperature, air pressure, and
public holidays. Stratification analyses were further conducted to explore the potential modification effects of season and
demographic characteristics (eg, gender and age). We also assessed the reduction in mortality achieved by meeting the new air
quality guidelines set by the World Health Organization (WHO).

Results: Positive and monotonic associations were generally observed between PMs and mortality. For every 10 μg/m3 increase
in 4-day moving average concentrations of PM1, PM2.5, and PM10, the risk of all-cause mortality increased by 2.00% (95% CI
1.08%-2.92%), 1.54% (95% CI 0.93%-2.16%), and 1.38% (95% CI 0.95%-1.82%), respectively. Significant effects of
size-fractionated PMs were observed for deaths attributed to nonaccidental causes, cardiovascular disease, respiratory disease,
neoplasms, chronic rheumatic heart diseases, hypertensive diseases, cerebrovascular diseases, stroke, influenza, and pneumonia.

If daily concentrations of PM1, PM2.5, and PM10 reached the WHO target levels of 10, 15, and 45 μg/m3, 7921 (95% empirical
CI [eCI] 4454-11,206), 8303 (95% eCI 5063-11,248), and 8326 (95% eCI 5980-10690) deaths could be prevented, respectively.
The effect estimates of PMs were relatively higher during hot months, among female individuals, and among those aged 85 years
and older, although the differences between subgroups were not statistically significant.
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Conclusions: We observed positive and monotonical exposure-response curves between PMs and deaths from several diseases.
The effect of PM1 was stronger on mortality than that of PM2.5 and PM10. A substantial number of premature deaths could be
preventable by adhering to the WHO’s new guidelines for PMs. Our findings highlight the importance of a size-based strategy
in controlling PMs and managing their health impact.

(JMIR Public Health Surveill 2023;9:e41862)   doi:10.2196/41862

KEYWORDS

size-fractionated particulate matter; cause-specific mortality; cardiovascular disease; respiratory disease; neoplasm; attributable
burden

Introduction

With the rapid socioeconomic development and fast
urbanization, air pollution—particularly the particulate matters
(PMs)—has become the biggest environmental challenge to
human health globally [1]. According to the recent assessment
of the global burden of disease, PMs accounted for over 4.1
million deaths [2]. As the largest developing country, China
faces a disproportionately high health burden due to PM
pollution [3]. The improvement of air pollution control policies
warrants an in-depth knowledge and quantification of the health
impact of PMs.

PMs consist of discrete particles that vary in size, which is an
important characteristic influencing their hazardous effects.
PMs with aerodynamic diameters less than 1 µm (PM1), 2.5 µm
(PM2.5), and 10 µm (PM10) have been studied extensively due
to their ability to enter and deposit in the respiratory tract.
Previous epidemiological investigations have identified the
harmful impact of PM10 and PM2.5 on human health [4,5]. In
recent years, PM1 has also raised increasing concerns due to
emerging evidence indicating higher health risks associated
with PMs of smaller sizes [6-9].

Prior studies mainly focused on the impact of size-fractionated
PMs on mortality from common chronic diseases (ie, circulatory
and respiratory diseases) [1,3,4,6]. Although less explored, PMs
have been linked to an increased risk of developing and dying
from diabetes and pancreatic cancer [5,10]. The risk of dying
from external causes, including intentional self-harm, was also
associated with increased levels of PMs [11]. There is limited
evidence to suggest that PMs might also affect other systems,
such as digestive, nervous, and genitourinary systems [12,13].
Mechanistic studies have revealed that environmental exposures
can cause oxidative stress and inflammation, genomic and
epigenetic alterations, mitochondrial dysfunction, endocrine
disruption, altered intercellular communication, altered
microbiome communities, and impaired nervous system function
[14]. We, therefore, hypothesize that size-fractionated PMs can
increase the risk of death from diseases involving multiple
human body systems, and this excess risk might vary depending
on the size of PMs.

We performed a comprehensive evaluation of the relationship
between size-fractionated PMs and cause-specific mortality
using granular data collected from Guangzhou, a city in China
highly polluted by PMs, with PM1 and PM2.5 concentrations

reaching as high as 122 μg/m3 and 150 μg/m3 during our study

period. Our aim was to examine the wide range of susceptible
diseases affected by different sizes of PMs. Specifically, we
examined deaths from 10 broad categories of causes (ie, all
cause, nonaccidental, cardiovascular, respiratory, digestive,
genitourinary, nervous system, endocrine system, external
causes, and neoplasms), along with their 26 subcategories. These
categories were assumed to be affected by PMs based on
existing evidence, as mentioned earlier.

Methods

Health Data
Daily mortality data and weekly counts of influenza-like illness
(ILI) for the years 2014-2016 were collected from the
Guangzhou Center for Disease Control and Prevention. The
causes of death were coded according to the International
Classification of Diseases, Tenth Revision. All-cause and
nonaccidental mortality were defined using the codes A00-Z99
and A00-R99 (from the International Classification of Diseases,
Tenth Revision), respectively. We also extracted data regarding
deaths due to cardiovascular (I00-I99), respiratory (J00-J99),
digestive (K00-K93), and genitourinary diseases (N00-N99),
together with diseases of the nervous system (G00-G99) and
endocrine system (D50-D89 and E00-E90). Data on deaths from
external causes (V01-Y89) and neoplasms (C00-D48) were also
collected. In addition, 26 subcategories within the previously
mentioned 10 broad disease categories were also considered
(Table S1 in Multimedia Appendix 1). In addition, daily counts
of deaths were further categorized by age group (≤64, 65-74,
75-84, and ≥85 years) and gender.

Environmental Data
Daily concentrations of PM1 during the 2014-2016 period were
collected from the monitoring stations of the Chinese
Atmosphere Watch Network in Guangzhou [15,16]. Data for
PM2.5 and PM10 were obtained from Guangzhou Bureau of
Environmental Protection, together with data for other air
pollutants, including ozone, sulfur dioxide, nitrogen dioxide,
and carbon monoxide. We averaged the daily concentrations
for each pollutant from 11 fixed-site monitoring stations in
Guangzhou (Figure S1 in Multimedia Appendix 1). China
Meteorological Data Service Center provided the daily
meteorological data in Guangzhou, containing daily relative
humidity (%); minimum, mean, and maximum temperatures

(oC); and air pressure (hPa).

JMIR Public Health Surveill 2023 | vol. 9 | e41862 | p.2225https://publichealth.jmir.org/2023/1/e41862
(page number not for citation purposes)

Yang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.2196/41862
http://www.w3.org/Style/XSL
http://www.renderx.com/


Ethical Considerations
This study involved only a secondary analysis of daily
aggregated and deidentified data, and it is classified as exempt
from institutional review board approval according to the
Chinese legal documents on ethics review issued by the National
Health Commission of the People’s Republic of China
(document number: 4; 2023) [17].

Statistical Analyses
We conducted a time-stratified case-crossover method to
evaluate the impact of PMs (PM1, PM2.5, and PM10) on mortality
[11,18]. The following quasi-Poisson function accounting for
overdispersion was used to assess the relationship between
size-fractionated PMs and cause-specific mortality:

where Yt is the observed number of daily deaths on day t; α is
the model intercept; Stratat denotes the time stratum variable
used to control for seasonality and long-term trend; NS
represents the natural cubic spline function, with 3 dfs for
relative humidity (RHt) and air pressure (PREt) and 6 dfs for
mean temperature (TEMPt); λ , γ, and η are the vectors of
coefficients. β denotes the changes in mortality risk per every

10 μg/m3 increase in the concentrations of PM pollutants [3,5,6].
Given that influenza could potentially confound the association
between air pollution and health [19], the daily average of ILIt

occurrence was also included in the model. Relative risk
[RR=exp(β)] was estimated from the model and the impact of
PMs was expressed as the percentage change [(RR-1) × 100%]

in the daily number of mortality associated with a 10 μg/m3

increment in PMs.

Furthermore, a smoothing spline function with 3 dfs was used
to evaluate the exposure-response relationship between PMs
(PM1, PM2.5, and PM10) and mortality risk. We also conducted
a sensitivity analysis by changing the dfs (5-9) to test the
robustness of the association. To investigate the lag patterns of
PMs, we fitted the models using different single lags. Moving
average approach was further applied to capture the cumulative
lag effects of PMs.

To estimate the excess mortality burden caused by
size-fractionated PMs with daily concentrations higher than the
recommended target, we considered 5 target levels of PM2.5

and PM10 as per the World Health Organization’s (WHO) new
air quality guidelines. The air quality guideline level and 4

interim targets for PM2.5 are 15, 25, 37.5, 50, and 75 μg/m3,
respectively, while for PM10, they are 45, 50, 75, 100, and 150

μg/m3, respectively [20]. There are no officially announced
target levels for PM1 yet; however, given the high correlation
between PM1 and PM2.5 and the fact that they are both secondary

pollutants emitted from some common sources [21], we assumed
the percentiles of the PM1 target levels to be the same as those
of the PM2.5 target levels. We were able to identify the PM1

target levels (10, 20, 30, 40, and 55 μg/m3) by locating these
percentiles within the PM1 distribution (Table S2 in Multimedia
Appendix 1). The death burden due to PMs was calculated by
combining the relative risk of PMs associated with their daily
concentrations and the corresponding observed daily number
of deaths. The total number of deaths attributable to each
specific PM target was computed by summing the excess deaths
when daily PM concentrations exceeded that target. The
empirical CI (eCI) for the attributable deaths was estimated
using Monte Carlo simulation with 1000 replications [5,22].

Stratification analyses were conducted to explore the potential
modification effects of season (cold period: November-April;
warm period: May-October) and demographical characteristics
(gender and age) on the relationship between PMs and mortality.
The z statistic was performed to test the statistical difference
between the 2 relative risks obtained from the subgroup analyses
[23,24].

Sensitivity Analyses
The robustness of our main findings was examined by several
analytical strategies. First, we changed the dfs for daily
meteorological variables from 3 to 6. Second, we changed the
dfs for the time variable from 3 to 9 per year. Finally, to test
the confounding influence of other air pollutants, we performed
the two-pollutant models by separately introducing a pair of air
pollutants that are not highly correlated, thus avoiding
collinearity (Spearman correlation coefficient <0.7) [3,25]. All
the data analyses were conducted using the R software (version
4.0.1; R Core Team), and a 2-sided P value less than .05 was
considered statistically significant.

Results

Summary of Descriptive Statistics
In total, there were 146,459 all-cause deaths from 2014 to 2016
in Guangzhou. The number of deaths was 138,396 for
nonaccidental causes, including 56,587 circulatory deaths,
21,395 respiratory deaths, 4587 deaths from digestive diseases,
1303 from nervous system diseases, 1930 from genitourinary
diseases, 8052 from external causes, 5469 from endocrine
diseases, and 41,709 from neoplasms. The average
concentrations of daily PM1, PM2.5, and PM10 were 28 (SD 13)

μg/m3, 38 (SD 21) μg/m3, and 56 (SD 28) μg/m3, respectively
(Table 1 and Table S1 In Multimedia Appendix 1). The
correlation coefficients between PM1, PM2.5, PM10, and other
air pollutants were less than 0.7, except for nitrogen dioxide.
Temperature and relative humidity were negatively correlated
with PMs, while air pressure was positively correlated with
PMs (Table S3 in Multimedia Appendix 1).
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Table 1. Summary statistics of environment and mortality data from 2014 to 2016 in Guangzhou, China.

Maximum, nPercentileaMinimum, nMean (SD)Variables

P95P75P50P25P5

Air pollutants

122573625169328 (16)PM1
b (μg/m3)

1507748332215638 (21)PM2.5 (μg/m3)

190108704835241056 (28)PM10 (μg/m3)

254163107724216478 (47)Ozone (μg/m3)

3822161295313 (6)Sulfur dioxide (μg/m3)

14677523931221343 (17)Nitrogen dioxide (μg/m3)

2.51.310.80.70.60.40.9 (0.2)Carbon monoxide (mg/m3)

Meteorological variables

313027241711322 (6)Temperature (oC)

9893878074623179 (10)Relative humidity (%)

102810161010100410009949861005 (7)Air pressure (hPa)

Daily deaths

25117414813011810286134 (23)All cause

2381661401241109680126 (22)Nonaccidental

11575595042352152 (13)Circulatory disease

473224191511620 (6)Respiratory disease

128543104 (2)Digestive disease

73210001 (1)Nervous disease

84321002 (1)Genitourinary disease

1712975307 (3)External causes

159653105 (2)Endocrine diseases

5849423833271738 (6)Neoplasms

aP5, P25, P50, P75, and P95 denote the 5th, 25th, 50th, 75th, and 95th percentiles.
bPM1: particulate matters with an aerodynamic diameter less than 1 µm.

Lag Pattern Effects of PMs on Mortality
The lag pattern effects of PM1, PM2.5, and PM10 on mortality
risk manifested similar patterns, with estimates peaking at lag
1 or lag 2 for all-cause and nonaccidental mortality as well as

for deaths from circulatory diseases, respiratory diseases, and
neoplasms. The effects generally lasted for 4 days (Figure 1);
however, the effects were statistically nonsignificant at different
lag days for other diseases.
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Figure 1. The percentage change (%) of cause-specific mortality associated with a 10 μg/m3 increase in size-fractionated particulate matters (PMs) on
lag days 0-10. The vertical red, blue, and black lines denote the effect estimates of PM1, PM2.5, and PM10, respectively, on mortality across lag days.

Dose-Response Relationships Between
Size-Fractionated PMs and Mortality
The association between size-fractionated PMs and mortality
at lag days 0-3 were generally positive and monotonically

increasing (Figure 2). Similar associations were obtained when
using 5-9 dfs for the spline function (Figures S2-S4 in
Multimedia Appendix 1).
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Figure 2. The concentration-response curves of size-fractionated particulate matters (PMs) and cause-specific mortality on lag days 0-3, using a 3-df
smoothness for particulate matters. Red, blue, and black lines denote the PM1-mortality, PM2.5-mortality, and PM10-mortality associations, respectively;
the shaded areas represent the 95% CIs. RR: relative risk.

Diseases Sensitive to Size-Fractionated PMs

For every 10 μg/m3 increment in 4-day average concentrations
of PM1, PM2.5, and PM10, the risk of all-cause mortality
increased by 2.00% (95% CI 1.08%-2.92%), 1.54% (95% CI
0.93%-2.16%), and 1.38% (95% CI 0.95%-1.82%), respectively.
The increments in nonaccidental mortality were similar across
the 3 PMs (2.06%, 1.59%, and 1.41%). The largest effect
estimates were observed for cardiovascular diseases (2.78%,
2.25%, and 1.85%) and respiratory diseases (2.61%, 2.53%,
and 2.21%). The association between size-fractionated PMs and

deaths from neoplasms were marginally significant, with effect
estimates of 1.55% (95% CI 0.11%-3.01%), 0.69% (95% CI
–0.28% to 1.67%), and 0.71% (95% CI 0.01%-1.40%; Figure
3 and Table S4 in Multimedia Appendix 1). The effect estimates
of all size-fractionated PMs were statistically nonsignificant for
deaths from nervous system diseases, digestive system diseases,
genitourinary diseases, external causes, and endocrine diseases.
For specific subcategories, significant effect estimates of PMs
were detected among deaths due to chronic rheumatic heart
diseases, hypertensive and cerebrovascular diseases, stroke
(notably ischemic stroke), influenza, and pneumonia.
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Figure 3. Percentage change (%) of cause-specific mortality per 10 μg/m3 increase in PM1, PM2.5, and PM10 on lag days 0-3. For each cause, point
estimates (dots) and 95% CIs (horizontal lines) are shown. Red lines indicate statistically significant estimates. PM: particulate matter.

PMs’ Effects on Mortality by Season and Individual
Characteristics
In the subgroup analyses by season, age, and gender, we found
a slightly greater impact of PM1 on mortality in hot months
compared to cold ones. The mortality risk of PM1 was higher
among older people, particularly for those aged ≥85 years. The
effect estimates of PM1 were slightly stronger in female

individuals compared to their male counterparts for overall and
nonaccidental mortality and deaths from neoplasms. However,
the opposite trend was observed for cardiovascular diseases and
respiratory diseases (Table 2). A similar trend by seasons and
individual characteristics was observed for PM2.5 and PM10

(Tables S5 and S6 in Multimedia Appendix 1). However, the
differences in mortality risks of PM between subgroups (ie,
season, age, and gender) were not statistically significant
(P>.05).
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Table 2. Percentage change in mortality per 10 μg/m3 increase in PM1 on lag days 0-3, stratified by season, age group, and gender.

Causes of death (%, 95% CI)Variables

NeoplasmsRespiratoryCardiovascularNonaccidentalAll cause

1.55 (0.11 to 3.01)2.61 (0.63 to 4.63)2.78 (1.46 to 4.13)2.06 (1.13 to 3.00)2.00 (1.08 to 2.92)Total

Season

1.29 (–0.35 to 2.96)2.56 (0.36 to 4.81)2.14 (0.69 to 3.63)1.74 (0.70 to 2.79)1.66 (0.64 to 2.69)Cold

2.27 (–0.38 to 5.00)2.79 (–1.20 to 6.95)5.18 (2.44 to 8.00)3.13 (1.29 to 5.00)3.11 (1.31 to 4.94)Hot

Age (years)

0.61 (–1.46 to 2.72)2.70 (–3.94 to 9.79)2.21 (–0.83 to 5.34)1.49 (–0.07 to 3.07)1.22 (–0.24 to 2.70)0-64

2.55 (–0.30 to 5.48)–0.87 (–6.20 to 4.75)1.74 (–1.21 to 4.78)1.47 (–0.39 to 3.36)1.50 (–0.32 to 3.35)65-74

1.04 (–1.58 to 3.74)2.91 (–0.15 to 6.07)2.85 (0.84 to 4.90)2.21 (0.75 to 3.69)2.17 (0.73 to 3.63)75-84

4.87 (0.17 to 9.78)3.28 (0.33 to 6.31)3.45 (1.23 to 5.72)2.77 (1.14 to 4.42)2.83 (1.22 to 4.47)≥85

Gender

1.05 (–0.71 to 2.83)2.96 (0.41 to 5.57)3.49 (1.81 to 5.20)1.96 (0.86 to 3.08)1.88 (0.81 to 2.97)Male

2.43 (0.04 to 4.89)2.15 (–0.73 to 5.11)2.07 (0.26 to 3.90)2.20 (0.92 to 3.50)2.16 (0.90 to 3.44)Female

As presented in Table 3, the excess all-cause deaths advanced
by PM1 were 7921 (95% eCI 4454-11,206), 6790 (95% eCI
3704-9611), 4899 (95% eCI 2696-6971), 3053 (95% eCI
1790-4393), and 1278 (95% eCI 711-1831), respectively, when
the daily concentrations exceeded the target levels of 10, 20,

30, 40, and 55 μg/m3. For PM2.5, the excess death burden was
8303 (95% eCI 5063-11,248), 7194 (95% eCI 4183-9833), 5504
(95% eCI 3245-7620), 3717 (95% eCI 2242-5171), and 1352
(95% eCI 840-1861), with daily concentrations exceeding the

WHO targets (15, 25, 37.5, 50, and 75 μg/m3), respectively

(Table S7 in Multimedia Appendix 1). For PM10, 8326 (95%
eCI 5980-10,690), 7565 (95% eCI 5130-9602), 4487 (95% eCI
3068-5843), 1991 (95% eCI 1360-2582), and 299 (95% eCI
209-384) deaths were caused, with daily concentrations

exceeding the WHO targets (45, 50, 75, 100, and 150 μg/m3),
respectively (Table S8 in Multimedia Appendix 1). Therefore,
5.4%, 5.7%, and 5.7% of all deaths in Guangzhou were
preventable by reaching the lowest target levels of PM1, PM2.5,
and PM10, respectively.

JMIR Public Health Surveill 2023 | vol. 9 | e41862 | p.2231https://publichealth.jmir.org/2023/1/e41862
(page number not for citation purposes)

Yang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 3. The number of deaths from cause-specific disease (95% empirical CI) advanced by particulate matters (PM) with an aerodynamic diameter
less than 1 µm (PM1) with the concentrations exceeding the target levels from 2014 to 2016.

PM1 targets (μg/m3)Cause of death

5540302010

1278 (711 to 1831)3053 (1790 to 4393)4899 (2696 to 6971)6790 (3704 to 9611)7921 (4454 to 11,206)All cause

1246 (714 to 1719)2977 (1617 to 4230)4776 (2592 to 6768)6616 (3672 to 9204)7717 (4206 to 11,288)Nonaccidental

727 (428 to 1057)1704 (970 to 2372)2688 (1455 to 3861)3682 (1998 to 5241)4263 (2374 to 6097)Circulatory disease

444 (245 to 609)1060 (588 to 1497)1669 (1014 to 2367)2292 (1300 to 3199)2659 (1481 to 3744)Chronic rheumatic heart
diseases

97 (–2 to 178)221 (17 to 412)346 (11 to 625)474 (4 to 858)547 (–43 to 1020)Hypertensive diseases

152 (–51 to 375)355 (–182 to 879)561 (–166 to 1271)767 (–284 to 1836)886 (–402 to 2048)Ischemic heart disease

33 (–135 to 184)76 (–308 to 400)118 (–457 to 619)160 (–612 to 887)185 (–688 to 962)Acute ischemic heart disease

45 (–116 to 178)104 (–249 to 429)164 (–415 to 666)223 (–550 to 896)257 (–595 to 1033)Acute myocardial infarction

45 (–104 to 180)104 (–218 to 406)163 (–410 to 661)221 (–439 to 894)255 (–549 to 1051)Myocardial infarction

115 (–43 to 247)271 (–56 to 586)433 (–111 to 944)596 (–147 to 1262)691 (–218 to 1501)Chronic ischemic heart dis-
ease

–19 (–89 to 35)–46 (–224 to 79)–76 (–363 to 137)–107 (–473 to 178)–125 (–581 to 229)Other forms of heart disease

434 (246 to 597)1035 (553 to 1422)1628 (862 to 2271)2234 (1287 to 3179)2592 (1426 to 3681)Cerebrovascular

222 (63 to 367)532 (150 to 848)836 (318 to 1333)1140 (369 to 1858)1320 (359 to 2125)Stroke

81 (–10 to 161)192 (–27 to 382)305 (–60 to 597)412 (–53 to 809)474 (–44 to 948)Intracerebral hemorrhagic
stroke

104 (11 to 187)256 (32 to 446)405 (31 to 722)558 (39 to 1003)651 (55 to 1148)Ischemic stroke

26 (–7 to 49)61 (–14 to 110)96 (–27 to 182)135 (–31 to 254)157 (–49 to 293)Arteries, arterioles, and cap-
illaries

261 (68 to 438)600 (161 to 1014)942 (261 to 1585)1295 (316 to 2231)1506 (366 to 2603)Respiratory disease

147 (9 to 262)335 (38 to 616)527 (15 to 974)724 (77 to 1344)840 (73 to 1572)Influenza and pneumonia

105 (–40 to 225)246 (–90 to 534)386 (–121 to 815)531 (–105 to 1137)618 (–199 to 1370)Chronic lower respiratory
disease

83 (–48 to 195)195 (–98 to 466)305 (–209 to 729)419 (–257 to 991)487 (–258 to 1168)Chronic obstructive pul-
monary disease

–1 (–90 to 73)–2 (–201 to 156)–3 (–293 to 232)–3 (–390 to 315)–4 (–417 to 346)Other respiratory diseases

–75 (–176 to 8)–183 (–434 to 27)–299 (–704 to 15)–415 (–923 to 8)–482(–1132 to 46)Digestive disease

12 (–35 to 45)28 (–76 to 109)44 (–156 to 167)59 (–173 to 238)68 (–214 to 270)Esophagus, stomach, and
duodenum

–46 (–118 to 8)–101 (–262 to 17)–166 (–430 to 34)–234 (–598 to 59)–274 (–706 to 58)Liver

–33 (–88 to 4)–90 (–226 to 13)–147 (–376 to 6)–202 (–538 to 29)–231 (–613 to 25)Other digestive diseases

33 (–11 to 63)78 (–29 to 154)124 (–45 to 247)172 (–48 to 332)201 (–52 to 398)Nervous disease

–41(–113 to 19)–95 (–269 to 46)–152 (–430 to 72)–208 (–569 to 115)–241 (–650 to 102)Genitourinary disease

–41 (–112 to 14)–95 (–263 to 47)–152 (–423 to 72)–208 (–591 to 74)–241 (–721 to 94)Urinary disease

–29 (–96 to 16)–67 (–217 to 24)–106 (–359 to 47)–146 (–453 to 74)–171 (–509 to 67)Renal failure

33 (–81 to 136)78 (–225 to 314)127 (–282 to 546)177 (–424 to 736)206 (–560 to 865)External causes

–28 (–98 to 18)–67 (–226 to 46)–109 (–348 to 65)–151 (–490 to 93)–176 (–616 to 118)Road traffic injury

10 (–33 to 39)25 (–84 to 96)40 (–116 to 160)57 (–153 to 221)67 (–202 to 252)Intentional self-harm

28 (–78 to 111)64 (–186 to 273)102 (–278 to 438)140 (–415 to 620)162 (–420 to 707)Endocrine diseases

37 (–46 to 105)82 (–118 to 253)128 (–163 to 353)174 (–264 to 526)201 (–312 to 608)Diabetes

247 (13 to 462)620 (86 to 1144)1029 (44 to 1947)1458 (223 to 2676)1724 (128 to 3348)Neoplasms
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PM1 targets (μg/m3)Cause of death

5540302010

2 (–37 to 31)6 (–102 to 87)10 (–186 to 153)14 (–289 to 212)17 (–275 to 254)Pancreas

Sensitivity Analyses
In the sensitivity analyses, when we used 3-6 dfs for relative
humidity, mean temperature, and air pressure and spline function
with 5-9 dfs per year for calendar days, the effect sizes remained
stable. In the two-pollutant models, after separately including
ozone, sulfur dioxide, and carbon monoxide in the main model,
the effect estimations of PMs on mortality remained similar and
statistically significant (Figures S5-S7 in Multimedia Appendix
1).

Discussion

Principal Findings
To the best of our knowledge, this is the first investigation to
assess the associations between size-fractionated PM exposure
and deaths from a wide range of causes within the same
population. In comparison to PM10 and PM2.5, we observed a
stronger association between PM1 and mortality risk from
cardiorespiratory diseases and neoplasms. Among more specific
diseases, significant effect estimates of PM1 were found among
deaths due to hypertensive diseases, chronic rheumatic heart
diseases, stroke (notably ischemic stroke), influenza, and
pneumonia. Over 5% of all deaths were caused by PMs, with
the daily concentrations exceeding the target levels in the
WHO’s air quality guidelines.

Comparison With Prior Work
Consistent with previous research [8,26-28], we found that the
health risk increased with the shrinkage in PM size, with PM1

ranking the highest in effect estimates. For instance, Zhang et

al [8] revealed that for every 10 μg/m3 increment in PM1, PM2.5,
and PM10, the hospital admissions due to cardiovascular diseases
increased by 6.7%, 4.5%, and 3.4%, respectively. This gradient
in health risk might be mainly attributed to the different particle
sizes of PMs, which affect their deposition and absorption in
the lungs [7,29]. As the particle size decreases, the surface area
increases, leading to a greater catalytic effect on the generation
of active oxygen. Smaller molecular size is also conducive to
cell absorption, which may further cause the production of high
reactive oxygen species, DNA damage, and an increase in
interleukin 8 [30]. It is important to note that the relationships
between size-fractionated PMs and cause-specific mortality
were mostly monotonical in our study, suggesting no safe
threshold for these PM pollutants and that any efforts to reduce
the PM levels could achieve appreciable health benefits.

A large number of diseases were suscepitable to
size-fractionated PMs in our study, most of them originating
from cardiorespiratory systems. Previous studies mainly focused
on the broad categories of diseases and found similar
results—the mortality risk was highest for circulatory and
respiratory diseases in general [9]. For the subcategories of

causes of deaths, significant impact was detected among deaths
due to hypertensive diseases, chronic rheumatic heart diseases,
stroke (notably ischemic stroke), influenza, and pneumonia for
all size-fractionated PMs. This highlights the importance of
prioritizing resource allocations during exposure periods and
raising awareness of self-protection among patients with these
diseases.

It is interesting to note the positive association between PMs
and cancer mortality. Attribution bias might partially explain
this finding, that is, the incorrect recording of cause of death as
cancer, rather than recording the actual causes, if there is a
diagnosis of cancer in a person’s medical history. In other words,
the risk of dying from comorbidities (eg, cardiorespiratory
diseases and infection) in patients with cancer increases during
highly polluted days, but the cause of death may be falsely
assigned to cancer. This bias is almost inevitable, even in
developed countries, where death registration data are fairly
good [31]. Meanwhile, we cannot exclude the possibility that
there is a true relationship between short-term exposure to PMs
and cancer mortality. Indeed, there are studies showing the acute
impact of PMs on cancer hospitalization and mortality [32,33].
However, we acknowledge that the underlying mechanism
remains poorly characterized. Although it is unknown whether
this elevated risk of death among patients with cancer is due to
competing mortality or cancer-specific mortality, the message
is clear—patients with cancer could be vulnerable when exposed
to air pollution, and significant efforts are needed to raise
awareness among these populations and provide the
much-needed protective measures.

Furthermore, the association of size-fractionated PMs with
mortality varied by season, age group, and gender. The mortality
risks of PMs were stronger during warm seasons, which is in
line with previous findings [6,9]. The sources of PMs varied at
different temperature levels, and PM1 may be present in more
toxic forms in warmer seasons, potentially transmiting faster
and staying longer in the air [34]. During warm seasons, people
are prone to open windows and go outdoors more frequently
[35], and the absorption of air pollutants may also be enhanced
through the temperature regulation system (eg, by increasing
sweating, minute ventilation, and cardiac output) [34]. People
aged 85 years and older were the most vulnerable to PMs. With
the rapid aging in Guangzhou, the death burden is set to increase
if stricter controls on air pollution are unavailable in the coming
years. The gender effect varies by different health outcomes.
For instance, Hu et al [6] (2018) and Yin et al [9] (2020) found
that the effect of PM1 on all-cause mortality among female
individuals was larger than that in their male counterparts. Yin
et al [27] (2020) reported a stronger impact of PM1 on male
individuals for circulatory diseases. The varying impact of PMs
between genders may be partly explained by the biological
differences between male and female individuals, such as
different gas-blood barrier permeability, particle deposition
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efficiency, and hormonal status [27]. Another reason may be
due to between-gender demographic and behavioral differences,
including occupational type, smoking, and lifestyle, which may
modify the PM-mortality relationship [6].

Limitations
Some limitations of this study need to be noted. First, there
might be diagnostic errors, and therefore, misclassification in
the specific causes of death. However, the influence is likely to
be small in our study because several quality control measures
are available in the Guangzhou death registration system to
ensure the accuracy of death classifications [36]. Second, we
estimated the death burden of size-fractionated PMs by using
several recommended target levels as the reference. However,
since no safe threshold was detected for all PMs, our calculations
are largely conservative in terms of the health benefits that can
be achieved by reducing PMs levels. Finally, as an ecological

study, we were unable to explore the individual-level
PM-mortality association or control for potential covariates at
an individual level, such as smoking habits and occupational
exposures. Therefore, the causal relationship cannot be tested
in our study. Our study was mainly intended to generate
hypotheses on their association, and further research is warranted
to test and validate these findings.

Conclusions
Our study indicates that smaller particles are more hazardous
to human health. Among specific diseases, significant effect
estimates of PM1 were found for deaths due to hypertensive
diseases, chronic rheumatic heart diseases, stroke, influenza,
and pneumonia. Our findings highlight the importance of
size-based strategies in the control of PMs and management of
their health impact.
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Abstract

Background: Soil-transmitted helminths (STHs) are widely distributed throughout the world. Various factors, including the
environment, socioeconomic characteristics, and access to water and sanitation, play an important role in the spread and persistence
of these parasites within communities. They, in turn, affect the growth and development of members of the community, especially
children. Studies in the northern provinces of Argentina have shown variable prevalence of STHs, but the factors associated with
their presence have not been completely elucidated.

Objective: This cross-sectional study aimed to identify the socioeconomic and environmental factors related to STH infection
in indigenous villages located in Puerto Iguazú (Misiones), Argentina.

Methods: Between 2018 and 2019, stool samples were collected from individuals ≥1 year residing in 3 villages: Mini-Marangatú,
Yriapú, and Fortín Mbororé. Standard parasitological methods were used to determine STH prevalence. Standardized questionnaires
were used to assess participants’ habits, customs, and household characteristics, and environmental data were obtained through
satellite imagery. Multilinear regression with Akaike information criterion stepwise variables was used to explore relevant
associations.

Results: A total of 342 individuals from the 3 villages participated in this study. The prevalence of STHs varied across villages:
89.6% (43/48), in Mini-Marangatú, 80.8% (101/125) in Yriapú, and 68.5% (115/169) in Fortín Mbororé. Notably, there was a
significant difference in hookworm infection among the villages (P=.02). The analysis highlighted the significant influence of
specific environmental factors on STH presence and spatial distribution, particularly in relation to hookworm infection. Vegetation
patterns represented by the Vegetation Heterogeneity Index, created ad hoc for this study, emerged as a critical factor, with 2
significant predictors related to it (P=.002 and P=.004) alongside impervious surface density with a significant predictor (P<.001).

The multilinear regression model yielded a high F test score (F108=4.75, P<.001), indicating a strong fit (R2=0.5465). Furthermore,
socioeconomic factors, including walking barefoot in houses with dirt floors and overcrowding, were significantly correlated
with hookworm infection intensity (P<.001 and P=.001, respectively). We also used the multilinear regression model to calculate

hookworm infection intensity (F110=21.15, P<.001; R2=0.4971).

Conclusions: Our study underscores the complexity of STH transmission, as villages with similar living conditions and
environmental characteristics displayed varied STH prevalence and spatial distribution. Specific environmental factors, such as
vegetation pattern and impervious surface density, played major roles in STH presence, demonstrating the crucial relationship
between environmental factors and hookworm infection distribution. Moreover, our findings emphasize the significant influence
of socioeconomic factors on hookworm infection intensity. By gaining insights into this complex interplay, our research contributes
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to a better understanding of STH transmission characteristics, thereby informing targeted public health interventions for effective
control.

(JMIR Public Health Surveill 2023;9:e41568)   doi:10.2196/41568

KEYWORDS

soil-transmitted helminths; hookworm; prevalence; intensity: distribution: Iguazú; Argentina

Introduction

Soil-transmitted helminth (STH) infections are the most
prevalent among the neglected tropical diseases (NTDs)
worldwide, affecting over 1.5 billion people as of 2023 [1].
These diverse diseases have an enormous impact on individuals,
families, and communities in low- and middle-income countries,
and they constitute a serious obstacle to socioeconomic
development and quality of life, leading to loss of productivity
and exacerbating poverty [2]. NTDs are mainly prevalent in
tropical and subtropical areas, where they mostly affect
impoverished communities and disproportionately affect women
and children [2,3]. STHs are intestinal parasites (IPs), with the
most common species affecting humans being Ascaris
lumbricoides, Trichuris trichiura, and the hookworms Necator
americanus and Ancylostoma duodenale [4]. Although
Strongyloides stercoralis is a common STH in Latin America
and the Caribbean, it is not included in this group due to its
complex life cycle and specific characteristics for diagnosis,
quantification, and treatment [5,6].

Previous studies have shown the involvement of different factors
in the transmission of STHs, including socioeconomic factors,
such as the Human Development Index; nutritional and
immunological factors; and environmental factors, such as the
Normalized Difference Vegetation Index (NDVI) and the
Enhanced Vegetation Index (EVI) [7-9]. All these factors exert
an economic impact on the population and thus also play a role
in the perpetuation of poverty [10,11].

Argentina has a heterogeneous prevalence of STHs (between
0% and 88.9%) throughout the country, and the northeast and
northwest provinces of Misiones, Chaco, or Salta are identified
as endemic [12-16], with varying rates of infection depending
on socioeconomic status, sanitary and environmental conditions,
and access to water [16-19]. Despite its high prevalence of
STHs, Argentina does not currently have a deworming program
as approved by the World Health Assembly (WHA) through
resolution WHA54.19 [20].

The Misiones province is composed of 10,218 indigenous people
from the Mbyá-Guaraní ethnic group distributed among 116

communities that live mostly in rural areas [21,22] under
precarious and poor sanitary conditions, with high rates of
malnutrition among children [17]. IPs are highly endemic in
this area, especially among indigenous communities [23], with
varying prevalence rates depending on age, hygiene habits,
access to water and basic sanitation, and nutritional conditions,
among others [16,17,24]. These factors can cause or aggravate
malnutrition, leading to anemia and growth delays in children
[18,25].

Geographic information system (GIS), remote sensing (RS),
and digital elevation model (DEM) technologies provide
information to identify and analyze determinants of disease
distribution, thereby facilitating the development of risk
prediction models in relation to environmental variables. This,
in turn, aids the design of strategies to identify and prevent these
infections. In this study, we collected parasitological and
socioeconomic data from different Mbyá-Guaraní villages of
Puerto Iguazú, Misiones, Argentina, as well as environmental
variables, to determine the main factors associated with STH
infection in this region.

Methods

Study Area
Puerto Iguazu is a city located in the province of Misiones in
northeastern Argentina. It is naturally divided by the Paraná
and Iguazú Rivers, which act as the physical borders between
Argentina, Brazil, and Paraguay. According to the most recent
national census data, the city has over 42,800 inhabitants [26].

This study was carried out in the rural area of Puerto Iguazú,
around the city´s periphery, where Mbyá Guaraní indigenous
communities have settled into 3 villages: Fortín Mbororé,
Mini-Marangatú, and Yriapú. Previous studies in this area have
shown a high prevalence of IPs, specifically STHs [12,16,27].
Moreover, these villages are adequately sized to enable the
enrollment of enough participants to explore the relationship
between STH infection and its determinants, with 200 families
in Fortín Mbororé, 35 in Mini-Marangatú, and 100 in Yriapú
(Figure 1).
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Figure 1. Map of the study area. Points represent each of the georeferenced households from the 3 villages included in the study, Fortín Mbororé,
Mini-Marangatú, and Yriapú, which are adjacent to Puerto Iguazú, Misiones, Argentina. Map created using QGIS with overlay imagery from OpenTopoMap
(CC-BY-SA) via the QuickMapServices plugin (version 0.19.29). Copyright belongs to OpenStreetMap contributors [28]. Map data are from August
27, 2021.

The family subsistence economy of the communities that
participated in this study is from guided tours organized to visit
the village, handcrafts, and social plans [12]. These communities
share similar water and sanitation conditions and are
homogeneous in their economic status, with low monthly
incomes. Living conditions are characterized by a lack of water
and sanitation [19]. Houses are scattered, surrounded by
vegetation, and made of adobe bricks with unimproved roofs
and dirt floors.

Study Design
Stool samples were collected from participants from all 3
villages. The households were visited, georeferenced, and
characterized using a questionnaire. Stool containers were
provided, along with verbal instructions on how to collect the
samples, and retrieved on the following day. The fresh samples
were transported without a fixative in a refrigerated icebox and
kept at 4 °C in the lab until analysis within 24 hours of
collection. The inclusion criteria were based on age (participants
had to be at least 1 year of age) and willingness to participate,
evidenced through the informed consent process. Individuals
who lived or worked for long periods of time outside the study
area and those with conditions that impaired an understanding
of the consent process were excluded from the study.
Considering that the area is in the tropical forest biome, which
involves deforestation of tropical and subtropical forests for
agriculture, the extension of grasslands may affect the viability

of STH eggs and larvae. Nevertheless, several publications have
suggested that the forest mass is in the process of forest
transition, where the recovery of natural systems such as forests
is taking place [29].

Ethics Approval
The institutional review board of the Ministry of Health of the
Province of Misiones approved this study protocol and consent
forms (171403/2018). Written consent was obtained from all
the parents/guardians for children under 16 years of age. All
individuals aged 16 years and older are considered adults in
Argentina; therefore, written consent was obtained from them
directly.

Parasitological Analysis
The collected stool samples were analyzed using the Ritchie
concentration technique, Baermann concentration, and
Kato-Katz technique to measure the infection intensity of STH,
as previously described [12]. The parasitological parameters
used were the prevalence of IPs and the intensity of STH
infections in eggs per gram of feces.

Living Conditions and Environmental
Characterization
Habits, customs, and household characteristics were analyzed
at the household level using GIS. The variables, which were
collected using a standardized questionnaire, are summarized
in Table 1.
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Table 1. Variables analyzed at individual, household, and village levels.

ResultsDescriptionVariables

From none to university levelEducation level of house-
hold inhabitants

Education

Formal employment, public sector, tourism, animal farming, crafts, and social plans,
among others

Source of incomeIncome

Dogs, cats, chickens, pigs, ducks, and otherPresence of pets or animal
farming

Animal farming

Public system, private health insurance, and prepaid health insurance, among othersType of health insuranceHealth coverage

Household characteristics

Wood, branches, adobe, and metal sheetsType of materialRoof

Wood, cement, dirt, bricks, and adobeType of materialWall

Wood, dirt floor, cement, and smoothed floorType of materialFloor

None, public network, generator, and otherSource of electricityElectricity

Borehole, tap water, well, and otherFor human consumption,
cooking, or washing

Water source

Boiling, chemical treatment, and otherAny type of treatmentWater treatment

Open defecation or latrineExcretal disposalExcreta disposal

Gas stove or oven, electric stove, wood stove, and otherSource of heat for cookingCooking

Municipal system, burning, burying, and otherType of disposalGarbage disposal

Behavioral aspects

Yes or noUse of footwearBarefoot

Yes or noPractice of handwashing be-
fore eating and after defeca-
tion

Hand washing

Environmental and geographical data were collected using RS
together with DEM. From the RS, the Soil-Adjusted Vegetation
Index (SAVI), Vegetation Heterogeneity Index (VHI), Enhanced
Normalized Difference Impervious Surfaces Index (ENDISI),
and Bare Soil Index (BSI) were obtained. From the DEM, the

Topographic Position Index (TPI) and Topographic Wetness
Index (TWI) were calculated. The characteristics and sources
of these indices are detailed in Table 2 and Multimedia
Appendix 1.
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Table 2. Environmental and geographical indices used to determine their association with the presence of soil-transmitted helminths (STH) in villages
from Puerto Iguazú, Misiones, Argentina.

CharacteristicsSourceIndex

30-m resolution DEMa from the

IGNb [31]

Topographic Position Index [30] • This index measures the altitude of a point with respect to its surround-
ing area.

• Positive values indicate that the central point is located higher than
its average surroundings (such as ridges and hilltops), negative values
indicate a position lower than the average (valley and sinkholes), and
a near-zero value indicates a flat or continuous slope.

• The index used is a multiscale mean of 100-, 200- and 500-meter
radii.

30-m resolution DEM from IGN
[31]

Topographic Wetness Index [32] • It identifies potential points of water accumulation (humidity) based
on topographic elements.

• This index is used as a proxy for the measurement of soil humidity.

2019 mean annual surface re-
flectance from Sentinel 2 imagery
[34], retrieved and processed with

GEEc [35]

Soil-Adjusted Vegetation Index [33] • This is a modification of the Normal Density Vegetation Index, which
corrects for the brightness of the soil when vegetation is scarce.

• It is used to estimate the quantity, quality, and development of vege-
tation through RSd.

2019 mean annual surface re-
flectance from Sentinel 2 imagery
[34], retrieved and processed with
GEE [35]

Vegetation Heterogeneity Index • The index is used to identify areas of more or less vegetation with
respect to their surroundings (80 m radius).

• The SD of these values was also mapped to show the heterogeneity
of the vegetation in the study area. Low values indicate a subtle
variation, while high levels show abrupt changes in the vegetation
around each household.

2019 mean annual surface re-
flectance from Sentinel 2 imagery
[34], retrieved and processed with
GEE [35]

Enhanced Normalized Difference
Impervious Surfaces Index [36]

• It detects impervious surfaces (buildings, asphalted roads, etc).
• A threshold of 0.15 was applied to set a value of 1 for impervious

areas and 0 for other surfaces.
• This binary map was used to get a map with the imperviousness index

within a radius of 500 m for each household, with continuous values
from 0 to 1.

2019 mean annual surface re-
flectance from Sentinel 2 imagery
[34], retrieved and processed with
GEE [35]

Bare Soil Index [37] • This index combines blue, red, and infrared bands to capture varia-
tions in the soil.

• Short infrared and red bands are used to quantify the mineral compo-
sition of the soil, while blue bands and infrared bands are used for
vegetation cover.

• Values range between −1 and 1, with higher values indicating bare
soil.

aDEM: digital elevation model.
bIGN: Instituto Geográfico Nacional (National Geographical Institute).
cGEE: Google Earth Engine.
dRS: remote sensing.

Statistical Analyses
Data were analyzed using Stata 12 software (StataCorp) and
RStudio (R Foundation for Statistical Computing). Measures
were evaluated using proportion with 95% CIs and means with
SDs. The chi-square test was used to compare significant
associations between different variables. The age variable was
categorized into 5 groups: group 1 (0-5 years), group 2 (6-10
years), group 3 (11-20 years), group 4 (21-40 years), and group
5 (>40 years).

To determine the spatial distribution of STH infection in the
study area, an algorithm based on the kernel density estimation
(KDE) [38-40] technique was used to identify areas where
infection was more prevalent than expected, assuming a
homogenous distribution (null hypothesis), by calculating the

difference from it using the SD as the unit of measurement.
Therefore, positive or negative values indicated higher or lower
values of infection than expected under the null hypothesis.
With the main results and this same method (a quartic kernel
shape and bandwidth of 200 m), the distribution of other
variables was calculated: intensity of hookworm infection,
households with dirt floors where inhabitants walked barefoot,
and households with overcrowding. Variables that showed a
significant correlation with the presence and intensity of
hookworm infection were then used in a multiple linear
regression analysis [41]. Predictors of infection were selected
using a stepwise method that selected the best predictors using
the Akaike information criterion. Values were considered
significant at P<.05, with a 95% CI. The full statistical report
is available in Multimedia Appendix 2.
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Results

Study Population
A total of 342 individuals from the 3 villages participated in
this study and provided stool samples: 169 (49.4%) individuals
from Fortin Mbororé, 125 (44.5%) from Yriapú, and 48 (14%)
from Mini-Marangatú. The population distribution in the 3
communities was 53.8% (91/168) men and 46.2% (78/169)
women in Fortin Mbororé, 56.8% (71/125) men and 43.2%
(54/125) women in Yriapú, and 50% (24/48) for both sexes in
Mini-Marangatú. The mean age of participants was 21 (SD
17.9) years in Fortin Mbororé, 10.4 (SD 11.43) years in Yriapú,
and 15 (SD 12.21) years in Mini-Marangatú.

Prevalence of IPs
The overall prevalence of IPs in the 3 villages was 95.8%
(46/48) in Mini-Marangatú, 95.2% (119/125) in Yriapú, and

91.1% (154/169) in Fortín Mbororé. Protozoan infection ranged
from 87.5% (42/48) in Mini-Marangatú to 81.6% (102/125) in
Yriapú, while helminth infections were highest in
Mini-Marangatú (44/448, 91.7%), followed by Yriapú (104/125,
83.2%) and lower in Fortin Mbororé (126/169, 74.6%) (Table
3). The STH prevalence was 68.1% (115/169) in Fortín
Mbororé, 80.8% (101/125) in Yriapú, and 89.6% (43/48) in
Mini-Marangatú. Infection caused by T. trichiura was only
detected in Mini-Marangatú village, with only 1 (2.1%) case,
and no A. lumbricoides infections were detected in this village.
The most prevalent STH was hookworm, reaching statistically

different infection rates (χ2
2=7.6, P=.02) between the 3 villages:

Mini-Marangatú (42/48, 87.5%), Yriapú (92/125, 73.6%), and
Fortín Mbororé (114/169, 67.5%). The descriptive characteristics
of STH infections in the 3 villages are provided in Table 3.

Table 3. Descriptive characteristics and prevalence of intestinal parasites in individuals from Fortin Mbororé, Yriapú, and Mini-Marangatú.

Mini-MarangatúYriapúFortin MbororéCharacteristics

15 (12.21)10.4 (11.43)21 (17.9)Age (years), mean (SD)

1-491-541-87Age range

Gender, n (%)

24 (50)54 (43.2)78 (46.2)Female

24 (50)71 (56.8)91 (53.8)Male

42 (87.5); 74.2-94.4102 (81.6); 73.7-87.5138 (81.7); 75-86.8Prevalence of protozoans, n (%); range (95% CI)

22 (45.8);32-60.473 (58.4); 49.5-66.869 (40.8); 33.6-48.5Entamoeba coli

3 (6.3);1.9-18.312 (9.6);5.5-16.318 (10.7); 6.8-16.3Entamoeba complex

12 (25); 14.5-39.624 (19.2); 13.1-27.219 (11.2); 7.3-17Entamoeba hartmanni

10 (20.8); 11.3-35.213 (10.4); 6.1-17.234 (20.1); 14.7-26.9Endolimax nana

1 (2.1); 0.3-14.22 (1.6);0.4-6.310 (5.9); 3.2-10.7Iodamoeba butschlii

6 (12.5); 5.6-25.816 (12.8); 7.9-206 (3.6); 1.6-7.7Chilomastix mesnili

14 (29.2); 17.8-4438 (30.4); 22.9-39.140 (23.7); 17.8-30.7Giardia intestinalis

32 (66.7); 51.8-78.856 (44.8); 36.2-53.793 (55); 47.4-62.4Blastocystis spp.

44 (91.7); 79.2-96.9104 (83.2); 75.5-88.8126 (74.6); 67.4-80.6Prevalence of helminths, n (%); range (95% CI)

—a5 (4); 1.7-9.43 (1.8); 0.6-5.4Enterobius vermicularis

6 (12.5); 5.6-25.836 (28.8); 21.5-37.528 (16.6); 11.6-23Hymenolepis nana

1 (2.1); 0.3-14.2——Trichuris trichiura

—21 (17.2); 11.4-25.13 (1.8); 0.6-5.4Ascaris lumbricoides

42 (87.5); 74.2-94.492 (73.6); 65.1-80.7114 (67.5); 60-74.2Hookworm

14 (29.2); 17.8-4444 (35.48); 27.5-44.411 (6.5); 3.6-11.4Strongyloides stercoralis

a—: not available.

Hookworm infection was higher in the age groups ranging from
0 to 5 years and from 6 to 10 years in Yriapú and lower in Fortin
Mbororé, especially in the western area located near the urban
area of Puerto Iguazú. Moreover, statistical differences between

age groups were observed within Fortin Mbororé (χ2
4=27.9,

P<.001) and Mini-Marangatú (χ2
4=17.5, P=.002). Mixed

infections with different STH species were also observed (Tables

4 and 5), together with the intensity of infection. Trichuris
trichiura and A. lumbricoides were present mainly as
light-intensity infections. On the other hand, heavy-intensity
hookworm infections were detected in all 3 villages. The highest
rate of individuals with heavy infections (22/42, 52.4%) were
found in Mini-Marangatú, but no statistical differences were
observed between the types of intensity.
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Table 4. Intensity of soil-transmitted helminth (STH) infections in individuals from Fortin Mbororé, Yriapú, and Mini-Marangatú.

Mini-Marangatú, n (%)Yriapú, n (%)Fortin Mbororé, n (%)Infections

HeavyModerateLightHeavyModerateLightHeavyModerateLight

22 (52.4)5 (11.9)15 (35.7)20 (21.7)11 (12)61 (66.3)35 (30.7)12 (10.5)67 (58.8)Hookworm

———3 (14.3)6 (28.6)12 (57.1)1 (33.3)—a2 (66.7)A. lumbricoides

——1 (100)——————T. trichiura

a—: not available.

Table 5. Number of mixed soil-transmitted helminth (STH) infections in individuals from Fortin Mbororé, Yriapú, and Mini-Marangatú.

Mini-Marangatú, n (%)Yriapú, n (%)Fortin Mbororé, n (%)Mixed STH infections

13 (92.9)37 (56.9)10 (76.9)Hookworm/S. stercoralis

—a19 (29.2)3 (23.1)Hookworm/A. lumbricoides

—9 (13.9)—Hookworm/S. stercoralis/A. lumbricoides

1 (7.1)——Hookworm/S. stercoralis/T. trichiura

a—: not available.

Living Conditions
Living conditions between the villages were usually similar.
The average number of inhabitants per household was 5.3 for
Fortin Mbororé, 5.1 for Yriapú, and 5.8 for Mini-Marangatú.
Most households had a single room for sleeping; therefore,
overcrowding was common. Generally, houses were made of
wooden walls and dirt floors—90% (43/48) in Mini-Marangatú
and 50% (61/121) in Yriapú. In the case of Fortin Mbororé, this
figure was reduced to 35% (58/166) since 40% (66/166) of the
households had cement floors. Practically the entire population,
both children and adults from all 3 villages, walked barefoot.
Although 22.9% (38/166) of households practiced open
defecation, most had a latrine that consisted of a simple ground
excavation. With respect to the source of drinking water, all the
families in Mini-Marangatú obtained their water from boreholes,
along with 75% (92/121) in Yriapú and 49% (81/166) in Fortin
Mbororé. Family incomes were low and precarious, mostly
coming from animal farming, crafts, or social plans. In the newer
village of Mini-Marangatú, which branched off from Fortin
Mbororé, 60% (99/166) of the families obtained their income
from crafts.

Only the type of floor was observed to be associated with
hookworm transmission, with a significantly higher prevalence

of hookworm found in individuals from Yriapú village living

in dirt floor houses (χ2
3=8.8, P=.03). Lack of sanitation and

hygiene, water source, the use of a latrine with simple ground
excavation, and source of income were not related to a higher
prevalence of hookworms. Walking barefoot and living in
overcrowding conditions were significantly related to the
intensity of hookworm infection (P<.001 and P=.003,
respectively; F110=46.2, P<.001), indicating the significance of

the model (R2=0.46).

Environmental Characterization
Figure 2 shows the distribution of the different environmental
indices in the study area. TPI helps discriminate between areas
that are depressed and those that have some prominence and
thus are less prone to accumulating water, and TWI detects
hydrological flow paths and thus proximity to streaming water
and other bodies of water. The values of these 2 indices indicate
that the study area was irregular with depressed areas and small
hills (Figure 2A), with many water courses running through it,
including the Mbocay stream (Figure 2B). Yriapú is located at
the edge of a slightly depressed area, while Fortin Mbororé is
divided into 2 parts by the Mbocay stream. Both sides of the
village are on flat ground. Mini-Marangatú is located close to
the crest of a small hill.
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Figure 2. Distribution of the different indexes used in the study area from Puerto Iguazú, Misiones, Argentina. (A) Topographic Position Index (TPI).
(B) Topographic Wetness Index (TWI). (C). Soil-Adjusted Vegetation Index (SAVI). (D) Vegetation Heterogeneity Index (VHI). (E) Enhanced
Normalized Difference Impervious Surface Index (ENDISI). (F) Bare Soil Index (BSI). Map created using QGIS with background imagery from Google
Maps via the QuickMapServices plugin (version 0.19.29). Copyright 2021 Google. Map data 2021 Google.

For the presence of vegetation, SAVI and VHI were used, with
SAVI measuring vigor and VHI estimating the heterogeneity
of the vegetation landscape. As depicted in Figures 2C and D,
some differences in the distribution of the SAVI were observed
between the villages. Western Fortin Mbororé had lower values
than the central area of the village, while both Mini-Marangatú
and Yriapú were surrounded by more vigorous vegetation
(Figure 2C). Through the VHI, the difference between bare soil
and the presence of vegetation was greatest in Mini-Marangatú
and very small in Fortin Mbororé. The other 2 indices, ENDISI
and BSI, were used to indicate the presence of bare soil (Figure
2E and 2F) but with different focuses: ENDISI on urbanized
areas and BSI on natural soil. Again, Fortin Mbororé had a
greater presence of bare soil around the houses, especially in
the western area where households were located close to the

urban city of Puerto Iguazú, whereas both Yriapú and
Mini-Marangatú had patches of bare soil and vegetation.

Spatial Distribution of STH
The KDE technique was used to analyze the spatial distribution
of STH in the study area and observe differences between the
villages. As shown in Figure 3A, the distribution of
hookworm-positive individuals was not entirely homogenous,
and the differences in the SD were not pronounced and were
present throughout the entire study area. There was a slight
concentration of cases in Mini-Marangatú, followed by Yriapú.
Some differences were observed within Fortin Mbororé, where
households closer to the urbanized area of Puerto Iguazú
(northwest) had lower values than those farther away
(southwest).
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Figure 3. Spatial distribution obtained using the kernel density estimation (KDE) technique for (A) hookworm infection, (B) hookworm intensity, (C)
Strongyloides stercoralis infection, (D) Ascaris lumbricoides infection, (E) households with dirt floors where inhabitants walk barefoot, and (F) households
with overcrowding. Map created using QGIS with background imagery from Google Maps via the QuickMapServices plugin (version 0.19.29). Copyright
2021 Google. Map data 2021 Google.

With respect to the intensity of hookworm infection (Figure
3B), positive cases from Yriapú were mostly of light intensity,
while higher-intensity cases were clustered only in the southern
area of Yriapú. Although the prevalence of other STH was lower
than that of hookworm, the KDE analysis also showed a
heterogeneous distribution, with a marked difference in the SD
of S. stercoralis, showing a high concentration of positive cases
in Yriapú and Mini-Marangatú compared to Fortin Mbororé
(Figure 3C). Ascaris lumbricoides infections were detected
mostly in Yriapú village (Figure 3D).

Figure 3E shows the distribution of households with dirt floors
and individuals who usually walk barefoot. Given that many
houses in Fortin Mbororé had cement floors, the difference in
the SD was more evident in Mini-Marangatú and southwestern
Fortin Mbororé compared to Yriapú. The distribution of
households with overcrowding (Figure 3F) was homogeneous
in the study area, although there was a clustering in Yriapú.

The multivariate model used to identify the factors most related
to the distribution of hookworm in the study area selected the
following predictors: mean VHI, SD of VHI, and ENDISI and
households with dirt floors and individuals who walk barefoot.
In this model, only the environmental variables were
significantly associated (P<.001) with the presence of hookworm
infection, which explained 56% (248/342) of the variability
observed in the distribution of cases in the study area
(F108=34.75, P<.001). The predictors for hookworm intensity

selected by the multivariate model were the distribution of dirt
floor households with individuals that walked barefoot and
households with overcrowding. Both variables showed a
significant association (P<.001) with the intensity of hookworm
infection and predicted 45% (153/342) of the variability
observed in the distribution of the cases.

Discussion

Principal Findings
This study uncovers factors associated with the presence and
intensity of STH infection, especially hookworm, in rural areas
of Puerto Iguazú. The high prevalence observed coincides with
previous studies in other rural areas of the region [5,15,42,43],
as well as a higher prevalence in the infant population [3,5].
Hookworm prevalence was above 70% in all villages (114/169
in Fortín Mbororé, 92/125 in Yriapú, and 42/48 in
Mini-Marangatú), with the highest prevalence observed in
Mini-Marangatú, located in the easternmost area.

In the multivariate analysis for hookworm infection, barefoot
walking and overcrowding were implicated in an increase in
the intensity of infection, while the type of household floor
material was associated with an increase in transmission. These
results coincide with those already observed in other studies
[12,44,45]. Although other studies indicate that hygienic
conditions, water, type of latrine, and level of education are
related to a higher hookworm prevalence [16,19,46-48], in this
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study, these factors did not show statistical significance. These
different results may be due to the uniformity of these variables
throughout the different villages since most of the households
shared the same characteristics. Moreover, although the villages
were independent population centers managed by their own
community leader or cacique, they were relatively close to each
other, thus sharing similar environmental and economic
conditions.

Since hygienic conditions have been shown to greatly influence
transmission through the fecal-oral route [19], as in the case of
A. lumbricoides, the proximity to the Mbocay stream in the
villages of Fortin Mbororé (eastern zone) and Mini-Marangatú
could have generated different A. lumbricoides infection rates
between the villages. In addition, the high density of
construction observed in the western area of Fortin Mbororé,
through the ENDISI, may have affected the transmission of this
parasite, given that low humidity can hinder egg embryonation
[9].

With respect to environmental factors and their predictors,
previous studies have highlighted the role of humidity,
temperature, and soil type in the transmission of STH
[16,45,48,49]. Higher humidity and temperature have been
shown to be favorable conditions for the survival of heterogonic
stages of S. stercoralis [50,51]. A joint analysis of the TPI and
TWI allowed us to determine that the village of Yriapú is
situated in a depressed area with higher humidity accumulation,
which could be a factor behind the high prevalence of S.
stercoralis observed in this village. Available studies also show
the association of humidity and vegetation indices in the
prevalence of S. stercoralis [52].

To analyze the effect of vegetation on the transmission of STH,
the VHI, which was developed specifically for this study, helped
identify areas with more or less vegetation with respect to each
surrounding household. The algorithm is similar to the TPI;
however, instead of elevation, the data source is a vegetational
index (in this case, SAVI). High values of this index around
households were associated with increased hookworm infection,
which indicates the importance not only of the vigorousness of
vegetation but also its distribution pattern in the landscape of
the study area. High values of this index around the
Mini-Marangatú households coincided with the highest
prevalence of hookworm in this area. These vegetation and
humidity indices, which demonstrate the influence of vegetation
on hookworm distribution, coincided with the risk of hookworm
infection in areas of VHI values reported in other studies
[44,49,53].

Previous studies suggested that infection is more probable in
households surrounded by bare soil, among other factors
[52,54-56]. Fortin Mbororé has bare soil surrounding its houses,
especially in the western area located close to the urbanized
area of the city. Although bare soil is an environmental factor
that has been shown to be associated with STH infections, this
area had lower hookworm infection rates.

The ENDISI aids in detecting impervious surfaces, particularly
the amount of water stored. The survival of hookworm larvae
depends on the soil’s water-retaining properties. When the soil
dries out, the water is restricted to the thin film around individual
soil particles, and the infective larval stage remains quiescent
in the moisture film until it makes contact with its host [57].
The lower hookworm infection rates observed in Fortin Mbororé
may be because this area is highly influenced by the ENDISI
since urban development and infrastructure density modify soil
permeability and moisture. This can have a negative effect on
the persistence and survival of this type of parasite, which
requires humidity to survive and develop its larval stages
[51,58].

In general, villages sharing similar living conditions and
environmental characteristics contributed to the high infection
rates observed. This study demonstrated that living conditions
play a role in the intensity of hookworm infection, and
environmental variables are significantly associated with its
presence. However, the specific differences observed in certain
areas aid in elucidating how human development and social and
sanitary conditions may influence lower infection rates among
individuals and villages located in endemic areas. Evidence
from previous studies and the results obtained herein show that
environmental factors such as temperature, vegetation, and
humidity play a role in the presence and maintenance of STHs
in the soil. Therefore, environmental changes caused by climate
change could modify the distribution of these parasites, although
deforestation, bare soil, high temperature, and lack of humidity
could restrict their presence.

The limitations of this study include the sensitivity of the
techniques used to detect STHs since low burdens of infection
could be missed. Additionally, in this area, hookworm was the
most prevalent STH; therefore, studies conducted in areas with
a greater presence of other species of the group would be
beneficial. Further studies in more heterogeneous communities
with similar environmental characteristics could help aid our
understanding of the socioeconomic and building characteristics
that determine the presence and intensity of STH infections.

Conclusion
This study, conducted in an endemic area for STHs, especially
hookworms, reinforces the importance of the environment in
the establishment of this group of parasites, which require
passage through the soil for their development. Additionally,
we observed that living conditions, like walking barefoot, having
dirt floors, or overcrowding, are associated with the intensity
of hookworm infection. Given that environmental variables
cannot be changed, it is important to work on those aspects that
can be modified, such as the characteristics of the house, the
availability of water and sanitation, and periodic deworming as
suggested by the World Health Organization deworming
guidelines [59].
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Abstract

Background: According to previous reports, obesity especially visceral fat has become an important public health problem,
causing an estimation of 20.5 disability-adjusted life years per 1000 inhabitants. Those who exercised for 1 or 2 days per week
and reached the recommended 150 minutes of moderate physical activity (PA) per week have been defined as “weekend warriors”
(WWs). Although the benefits of PA in suppressing obesity have been widely studied, the association of WWs with the Visceral
Adiposity Index (VAI) and the difference between WW activity and regular PA are yet to be explored.

Objective: This study aims to explore the association between WW activity and other PA patterns with VAI in US adults.

Methods: The National Health and Nutrition Examination Survey 2007-2016 data set was used, and the analytic sample was
limited to adults 20 years and older who had complete information about VAI, PA patterns, and other covariates, including
demographic characteristics, behavioral factors, and disease conditions. Participants’ characteristics in different PA pattern groups

were tested using the Rao and Scott adjusted χ2 test and ANOVA. Univariate and multivariate stepped linear regression models
were then used to explore the association between the PA pattern and VAI. Finally, stratified analyses and interaction effects
were conducted to investigate whether the association was stable among subgroups.

Results: The final sample included 9642 adults 20 years or older, which is representative of 158.1 million noninstitutionalized
US adults, with 52.15% (n=5169) being male and 70.8% (n=4443) being non-Hispanic White. Gender, age group, race, education
level, income level, marital status, smoking status, alcoholism, VAI, cardiovascular disease, and diabetes were all correlated with
the PA pattern, but no relationship between hypertension and PA pattern was observed. After adjusting for demographic covariates,
smoking status, alcoholism, cardiovascular disease, diabetes, and hypertension, WW and regularly active adults had a β of .307
(95% CI –0.611 to –0.003) and .354 (95% CI –0.467 to –0.241), respectively, for reduced VAI when compared with inactive
adults, but no significant effect of lowering VAI (β=–.132, 95% CI –0.282 to 0.018) was observed in insufficiently active adults
when compared with inactive adults. Besides, no significant difference was exhibited between WW adults and regularly active
adults (β=.047, 95% CI –0.258 to 0.352), suggesting WW adults had the same benefit of decreasing VAI as regularly active
adults. Stratified analyses results exhibited that WW activity was related to reduced VAI in female adults aged 20-44 years who
were non-Hispanic Black, other, or multiracial; high school or General Educational Development education; and never married,
and the association between PA pattern and VAI remained stable in all demographic subgroups.

Conclusions: Compared with inactive adults, WWs could reduce VAI, and there was no significant difference between WWs
and regular active adults in decreasing VAI. Our study provides compelling evidence of the beneficial effect of WW activity on
visceral obesity.

(JMIR Public Health Surveill 2023;9:e41973)   doi:10.2196/41973
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Introduction

Physical activity (PA) has been proven to be beneficial by a
number of studies, including for reducing chronic disease risk,
improving mental state, and prolonging life [1-3]. The World
Health Organization recommended that people aged 18 to 64
years should perform at least 150 minutes of moderate-intensity
aerobic exercise per week, 75 minutes of high-intensity aerobic
exercise per week, or an equivalent combination [4].
Randomized clinical trials have also shown that short-term
periodic intermittent PA could improve cardiopulmonary health
and other health outcomes, such as blood lipid levels and obesity
[5].

In contrast to those who did 30 minutes of moderate-intensity
PA for 5 days per week, those who did all exercise on 1 or 2
days per week were usually defined as “weekend warriors”
(WWs) [6,7]. As society has become more fast paced worldwide,
participating in sports frequently may be less suitable for a busy
lifestyle, which has caused a gradual increase in the proportion
of WWs. However, at present, the scientific community still
knows little about WWs and whether their exercise schedule is
more beneficial than inactivity or if WW activity had the same
benefits as regularly active (RA) adults.

According to previous reports, obesity, especially visceral fat,
has become an important public health problem, causing an
estimation of 20.5 disability-adjusted life years per 1000
inhabitants. The economic impact of care for comorbidities
associated with obesity could amount to US $2.158 billion. [8].
Obesity is related with various diseases, including cardiovascular
disease (CVD), prodrome diabetes, type 2 diabetes mellitus
(T2DM), hypertension, hyperlipidemia, sleep apnea, and some
malignant tumors [9]. BMI as a routine weight measurement
index has been widely used in scientific research [10,11].
However, BMI focuses on measuring overweight, which is not
a reliable index to estimate body fat distribution. In contrast,
the Visceral Adiposity Index (VAI) is a simple gender-specific

indicator of visceral fat dysfunction, which can estimate body
fat distribution. Moreover, VAI could be used as a risk predictor
of functional impairment and disease, including for CVD,
T2DM, nonalcoholic cirrhosis, or erectile dysfunction [12-18].
According to previous research, it is widely accepted that PA
could reduce BMI and prevent obesity [10,19,20]. However,
the association of WW activity with VAI and the difference
between WW activity and regular PA remain to be explored.

Therefore, we obtained data from the National Health and
Nutrition Examination Survey (NHANES) to conduct an
analysis concerning WW activity and VAI. Through this
research, we would like to make the public aware of the benefits
of PA on VAI and make suggestions on how to reduce VAI to
further reduce various metabolic disease risks. At the same time,
the impact of different modes of PA on VAI is an interesting
research direction. We also used large-scale data to analyze the
different PA modes and VAI so as to provide guidance on the
choice of PA mode.

Methods

Study Population
Data was derived from the six continuous NHANES cycles
from 2007-2008 to 2017-2018, which is a nationally
representative population-based survey for assessing adult and
child health and nutritional status in the United States [21]. The
examination components consisted of medical, dental, and
physiological measurements, and laboratory tests, which were
supervised by trained medical personnel. Furthermore, the
adoption of various modern equipment and compensation for
the participants enabled the NHANES to collect reliable and
high-quality data.

The total sample size of adults from the 2007 to 2018 cycle was
9642. Additional details on the study design, sampling, and
exclusion criteria are described in Figure 1.

Figure 1. Flowchart of study design. NHANES: National Health and Nutrition Examination Survey; VAI: Visceral Adiposity Index.

Ethics Approval
All participants in NHANES provide informed consent and
NHANES is approved by the research ethics review board of
the Centers for Disease Control and Prevention [22].

Outcome Ascertainment
The VAI was measured with the following sex-specific formula:
VAI = [waist circumference (WC) / 39.68 + (1.88 * BMI)] *
(triglycerides / 1.03) * (1.31 / high-density lipoprotein
cholesterol [HDL-C]) for males and VAI = [WC / 36.58 + (1.89
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* BMI)] * (triglycerides / 0.81) * (1.52 / HDL-C) for females,
in which triglycerides and HDL-C were expressed in mmol/L,

WC expressed in cm, and BMI expressed in kg/m2 [23]. The
Cobas 6000 Chemistry Analyzer is optimized for workloads
using a combination of photometric and ion-selective electrode
determinations (c501 module), and electrochemiluminescence
technology in the detection of triglyceride concentration [24].
HDL-C was measured with a magnesium/dextran sulfate
solution that was first added to the specimen to form
water-soluble complexes with non–HDL-C fractions [25].

PA and Other Covariates
PA in this study was assessed with a PA questionnaire in which
participants were asked about the frequency and duration of
vigorous and moderate sports, fitness, and recreational activities
for at least 10 continuous minutes in a typical week. PA was
calculated with the combination of frequency (times per week)
and duration (duration per time), and total PA was calculated
with the formula 2 * vigorous PA + moderate PA, since 1 minute
of vigorous-intensity activity was defined as equivalent to 2
minutes of moderate-intensity activity according to PA
guidelines [4]. Therefore, PA patterns were categorized into the
following: inactive (no vigorous or moderate PA), insufficiently
active (<150 minutes per week of total PA), WW (at least 150
minutes per week of total PA in 1 or 2 sessions), and RA (at
least 150 minutes per week of total PA in more than 2 sessions).

Based on previous studies, covariates in this study included
demographic data such as gender (male, female), age (20-44,
45-64, ≥65 years), race (non-Hispanic White, non-Hispanic
Black, Mexican Americans, and other or multiracial races),
education level (less than high school graduate, high school
degree or equivalent, more than high school degree), income
level (measured with as the ratio of family income to poverty
[PIR]: low income PIR≤1.3, middle income 1.3<PIR<3.5, or
high income PIR≥3.5), marital status (married or living with
partner; divorced, separated, or widowed; never married).
Behavioral risk factors included smoking status (never smoked,
former smoker, current smoker) and alcoholism (yes, no). CVD
was defined as a self-reported congestive heart failure, coronary
heart disease, angina, myocardial infarction, or stroke diagnosed
by a professional doctor. Diabetes was defined as a fasting
plasma glucose ≥126 mg/dL, 2-hour plasma glucose ≥200
mg/dL, hemoglobin A1c ≥6.5%, or self-reported diabetes
diagnosed by a professional doctor. Hypertension was defined
as an average systolic pressure ≥140 mm Hg and diastolic
pressure ≥90 mm Hg in 3 tests [26-29].

Statistical Analysis
According to analytic guidelines published by the National
Center for Health Statistics, stratum and primary sampling units
were taken into account for the complex, multistage, probability
sampling design. Since 6 consecutive cycles were derived from
NHANES, the 2-year mobile examination center weight divided
by 6 was adopted to be representative of the general population.

Initially, participants’ characteristics in different groups were

tested using the Rao and Scott [30] adjusted χ2 test and
ANOVA. Univariate and multivariate binary stepped logistic
regression models were then used to explore the association
between PA pattern and depression risk. Model 1 was
nonadjusted, while model 2 was adjusted for demographic data.
Model 3 was adjusted for demographic data, behavioral factors,
and disease condition. Finally, a stratified analyses and
interaction effect were conducted to investigate whether the
association was stable among subgroups. Statistical analyses
were performed using the Stata software (version 16.0,
StataCorp LLC). All statistical tests were 2-sided, and
significance was considered at α=.05.

Results

Characteristics of Study Participants
As described in Figure 1, 16,059 participants with complete
information about VAI and PA pattern were enrolled in the
study, and 1542, 2417, 10, 2464, and 884 participants were
excluded because of incomplete information about income level,
marital status, smoking status, alcoholism, and hypertension,
respectively. The final sample included 9642 adults 20 years
and older, which is representative for 158.1 million
noninstitutionalized US adults, with 52.15% (n=5169) being
male and 70.8% (n=4443) being non-Hispanic White.

The characteristics of participants in different PA pattern groups
are presented in Table 1. Gender, age group, race, education
level, income level, marital status, smoking status, alcoholism,
VAI, CVD, and diabetes were all correlated with the PA pattern,
but no relationship between hypertension and the PA pattern
was observed. To be more specific, WW adults were more likely
to be male, be aged 20-44 years, be non-Hispanic White, have
some college or above, have a PIR≥3.5, be married or living
with a partner, have never smoked, have lower VAI, be
nonalcoholic, have CVD, and have diabetes.

JMIR Public Health Surveill 2023 | vol. 9 | e41973 | p.2253https://publichealth.jmir.org/2023/1/e41973
(page number not for citation purposes)

Wang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 1. Participants characteristics according to physical activity pattern.

P valueRegularly active
(n=3124)

Weekend warrior
(n=190)

Insufficiently active
(n=1474)

Inactive (n=4854)Overall (n=9642)Characteristics

<.001Gender, n (%)

1771 (54.69)151 (73.45)704 (47.96)2543 (50.70)5169 (52.15)Male

1353 (45.31)39 (26.55)770 (52.04)2311 (49.30)4473 (47.85)Female

<.001Age group (years), n (%)

4609 (51.70)146 (51.70)625 (44.00)1694 (38.09)4074 (44.82)20-44

971 (33.98)40 (33.98)536 (38.23)1877 (41.42)3424 (37.78)45-64

544 (14.32)4 (0.02)313 (17.77)1283 (20.49)2144 (17.40)≥65

<.001Race, n (%)

1491 (73.00)56 (56.44)704 (74.21)2192 (68.37)4443 (70.80)Non-Hispanic White

571 (8.34)49 (14.54)278 (8.30)979 (10.53)1877 (9.43)Non-Hispanic Black

394 (6.84)38 (12.87)180 (6.42)786 (9.50)1398 (8.08)Mexican American

668 (11.83)47 (16.16)312 (11.07)897 (11.61)1924 (11.69)Other or multiracial

<.001Education level, n (%)

361 (6.65)41 (17.34)209 (9.41)1508 (22.15)2119 (14.26)Less than high school
graduate

604 (17.26)45 (19.08)329 (21.90)1248 (27.14)2226 (22.49)High school graduate

2159 (76.08)104 (63.58)936 (68.69)2098 (50.71)5297 (63.25)Some college or above

<.001Income level, n (%)

693 (13.88)60 (23.01)345 (15.78)1818 (27.11)2916 (20.30)PIRa≤1.3

1083 (30.92)76 (40.50)568 (35.15)1933 (38.94)3660 (35.41)1.3<PIR<3.5

1348 (55.20)54 (36.48)561 (49.07)1103 (33.95)3066 (44.29)PIR≥3.5

<.001Marital status, n (%)

1880 (64.80)104 (55.50)912 (66.87)2949 (64.26)5845 (64.72)Married or living with
partner

532 (14.69)23 (12.00)312 (16.70)1201 (21.02)2068 (17.80)Divorced, separated, or
widowed

712 (20.51)63 (32.51)250 (16.43)704 (14.73)1729 (17.48)Never married

<.001Smoking status, n (%)

1740 (56.30)113 (63.09)779 (53.79)2168 (45.36)4800 (51.12)Never

853 (28.67)28 (14.75)425 (29.20)1343 (27.18)2649 (27.82)Former

531 (15.03)49 (22.16)270 (17.01)1343 (27.46)2193 (21.07)Current

<.001Alcoholism, n (%)

2704 (87.98)164 (87.88)1256 (85.23)3858 (79.79)7982 (83.85)No

420 (12.02)26 (12.12)218 (14.77)996 (20.21)1660 (16.15)Yes

<.001Cardiovascular disease, n (%)

2906 (93.97)184 (98.70)1348 (93.72)4199 (89.12)8637 (91.85)No

218 (6.03)6 (1.30)126 (6.28)655 (10.88)1005 (8.15)Yes

<.001Diabetes, n (%)

2683 (89.95)178 (94.75)1213 (87.48)3615 (79.69)7689 (85.04)No

441 (10.05)12 (5.25)261 (12.52)1239 (20.31)1953 (14.96)Yes

.17Hypertension, n (%)

3049 (97.99)184 (98.12)1425 (96.72)4697 (97.23)9355 (97.44)No
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P valueRegularly active
(n=3124)

Weekend warrior
(n=190)

Insufficiently active
(n=1474)

Inactive (n=4854)Overall (n=9642)Characteristics

75 (2.01)6 (1.88)49 (3.28)157 (2.77)287 (2.56)Yes

<.0011.68 (2.33)1.71 (1.72)1.95 (1.84)2.24 (3.04)1.98 (2.61)
Visceral Adiposity Index, 
(SD)

aPIR: ratio of family income to poverty.

Relationship Between PA Pattern and VAI
The results of the binary univariate and multivariate logistic
regression models of PA pattern on VAI were presented in Table
2 and Figure 2, and all models revealed a significantly lower
VAI among WW and RA adults when compared with inactive
adults. After adjusting for demographic covariates, smoking
status, alcoholism, CVD, diabetes, and hypertension, WW and

RA adults’ VAI reduced by 0.307 (95% CI –0.611 to –0.003)
and 0.354 (95% CI –0.467 to –0.241), respectively, but no
significant effect was observed for VAI reduction (β=–.132,
95% CI –0.282 to 0.018) in insufficiently active adults.
Moreover, no significant difference was exhibited between WW
adults and RA adults, suggesting WW adults had the same
benefit of decreasing VAI as RA adults.

Table 2. The relationship between physical activity pattern and Visceral Adiposity Index in adults.

Model 3cModel 2bModel 1aCharacteristics

P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)

N/AReferenceN/AReferenceN/AdReferenceInactive

.08–.132 (–0.282 to 0.018).01–.212 (–0.374 to –0.049).001–.291(–0.463 to –0.118)Insufficiently active

.04–.307 (–0.611 to –0.003).005–.434 (–0.732 to –0.135).001–.535 (–0.830 to –0.239)Weekend warrior

<.001–.354 (–0.467 to –0.241)<.001–.441 (–0.556 to –0.326)<.001–.557 (–0.671 to –0.443)Regularly active

N/AReferenceN/AReferenceN/AReferenceRegularly active

<.001.354 (0.241 to 0.468)<.001.440 (0.326 to 0.556)<.001.557 (0.443 to 0.671)Inactive

.008.222 (0.060 to 0.385).007.229 (0.063 to 0.395).001.266 (0.106 to 0.426)Insufficiently active

.76.047 (–0.258 to 0.352).96.007 (–0.294 to 0.309).89.022 (–0.287 to 0.332)Weekend warrior

aModel 1 was the univariate model in which no covariates were adjusted.
bModel 2 was adjusted for demographic covariates, including gender, age group, race, education level, income level, and marital status.
cModel 3 was additionally adjusted for smoking status, alcoholism, cardiovascular disease, diabetes, and hypertension.
dN/A: not applicable.
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Figure 2. The forest plot of PA pattern and the Visceral Adiposity Index in adults. PA: physical activity.

Stratified Analyses According to Demographic
Characteristics
To better understand the association between PA pattern and
VAI in various subgroups, we conducted stratified analyses
according to demographic characteristics. As described in Table
3, the WW activity pattern was related to a reduced VAI in

female participants aged 20-44 years who were non-Hispanic
Black, other, or multiracial, had a high school degree or General
Educational Development, and were never married. The results
of the interaction analyses revealed that all P values did not
reach the significant level, indicating that the association
between PA pattern and VAI remained stable in all demographic
subgroups.
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Table 3. The relationship between physically activity pattern and Visceral Adiposity Index in subgroupsa.

P value for
interaction

Regularly active, β (95%
CI)

Weekend warrior, β
(95% CI)

Insufficiently active, β
(95% CI)

InactiveCharacteristics

.17Gender

–.373 (–0.547 to –0.199)–.229 (–0.636 to 0.177)–.123 (–0.363 to 0.118)ReferenceMale

–.327 (–0.502 to –0.151)–0.621 (–0.902 to
–0.339)

–.152 (–0.334 to 0.030)ReferenceFemale

.61Age group (years)

–.425 (–0.603 to –0.247)–.388 (–0.776 to 0.000)–.262 (–0.483 to –0.041)Reference20-44

–.269 (–0.558 to 0.021)–.314(–0.883 to 0.259)–.055 (–0.361 to 0.250)Reference45-64

–.375 (–0.554 to –0.195)–.251 (–0.608 to 0.107)–.053 (–0.345 to 0.240)Reference≥65

.28Race

–.390 (–0.548 to –0.233)–.270 (–0.744 to 0.204)–.148(–0.345 to 0.049)ReferenceNon-Hispanic White

–.236 (–0.447 to –0.026)–.345 (–0.600 to –0.089)–.136 (–0.316 to 0.045)ReferenceNon-Hispanic Black

–.198 (–0.578 to 0.183)–.384 (–1.430 to 0.661)–.414 (–0.744 to –0.083)ReferenceMexican American

–.370 (–0.615 to –0.125)–.493 (–0.928 to –0.059).093 (–0.243 to 0.429)ReferenceOther or multiracial

.99Education level

–.369 (–0.684 to –0.053)–.154 (–0.722 to 0.414)–.243 (–0.539 to 0.053)ReferenceLess than high school graduate

–.361 (–0.596 to –0.125)–.446 (–0.805 to –0.086)–.241 (–0.533 to 0.052)ReferenceHigh school graduate or GEDb

–.351 (–0.499 to –0.202)–.271 (–0.727 to 0.184)–.098 (–0.300 to 0.105)ReferenceSome college or above

.58Income level

–.414 (–0.651 to –0.177)–.225 (–0.660 to 0.211)–.293 (–0.541 to –0.044)ReferencePIRc≤1.3

–.220 (–0.474 to 0.034)–.166 (–0.781 to 0.450)–.111 (–0.388 to 0.166)Reference1.3<PIR<3.5

–.429 (–0.587 to –0.272)–.392 (–0.822 to 0.037)–.108 (–0.323 to 0.107)ReferencePIR≥3.5

.16Marital status

–.448 (–0.603 to –0.295)–.188 (–0.722 to 0.347)–.099 (–0.295 to 0.097)ReferenceMarried or living with partner

–.145 (–0.478 to 0.188)–.287 (–0.767 to 0.194)–.255 (–0.541 to 0.032)ReferenceDivorced, separated, or wid-
owed

–.168 (–0.437 to 0.101)–.412 (–0.657 to –0.167)–.121 (–0.474 to 0.231)ReferenceNever married

aThe models were adjusted for demographic characteristics, behavioral factors, and disease conditions.
bGED: General Educational Development.
cPIR: ratio of family income to poverty.

Discussion

With NHANES, we found that the WW exercise pattern in US
adults is helpful to reduce VAI compared with no exercise. In
particular, there was no difference between WWs and RA adults,
suggesting that WW activity had the same VAI reduction effect
as regular activity. Moreover, stratified analysis and interaction
analysis confirmed the stability of the results. This might suggest
for people who cannot exercise regularly that WW activity could
reduce visceral obesity and improve health.

To the best of our knowledge, this is the first analysis to explore
the impact of PA patterns, especially of WWs, on VAI. At
present, most studies focus on the influence of the sedentary
behaviors and leisure time PA (LTPA) ratio on disease or health
status [31,32]. Through a cohort study of a nationally
representative sample of US cancer survivors, it was found that

the combination of sedentary and physical inactivity was
associated with the high risk of death [2]. Including the mode
of PA adds to the analysis of the LTPA ratio and concerns not
only the duration but also the frequency of exercise. Therefore,
the NHANES database was used in this study to determine the
effects of WW and other PA patterns on visceral fat distribution
with VAI.

We took inactivity as the reference. In model 1, no covariates
were considered, and insufficiently active, WW, and RA adults
had reduced VAI. In model 2, after adjusting for demographic
data, the results were similar to the univariate analysis. In model
3, WW and RA adults had reduced VAI after adjusting for
demographic data, behavioral factors, and disease conditions,
while no significant difference was observed in insufficiently
active adults and inactive adults. In detail, RA adults had the
largest negative correlation with VAI (β=–.35; P<.001), and
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WW adults also had an obvious negative correlation (β=–.31;
P=.047). Eekelen et al [33] found that moderate-to-vigorous
PA (MVPA) was associated with less body fat, visceral fat, and
liver fat. Mild PA seems to be associated with less body fat but
not visceral fat or liver fat. This suggests that exercise would
preferentially reduce visceral fat compared to caloric restriction,
which might be because visceral fat is more metabolically active
and sensitive to lipolytic activation in the adrenal system.
Similarly, inactive and insufficiently active adults had elevated
VAI when compared with RA adults. Nevertheless, no
significant difference was observed in WW and RA adults,
indicating the importance of PA duration rather than frequency.

Moreover, the linear regression showed other influencing factors
of VAI (see Multimedia Appendix 1 for details). Using no
exercise or regular exercise as a reference, age, race, income,
marriage, smoking, and diabetes all had an impact on VAI. In
the age group, there was no difference in VAI between those
aged 20-44 years and those aged 45-64 years, but adults 65
years or older were significantly negatively correlated with VAI,
which might be caused by emaciation in older adults. Cameron
et al [11] reported the interaction between age and PA. They
found that a decrease in BMI and body fat percentage was
greater in the older adult group than in the younger group, which
was consistent with our results.

Our results showed that non-Hispanic Black participants were
more likely to reduce VAI than non-Hispanic White participants.
Some studies found that, after correcting for total fat mass,
Black women had less visceral adipose tissue than White
women, while White people had more visceral adipose tissue
than African American people [10]. African American people
were more likely to reduce visceral adipose tissue, which
supported our results.

There was no difference between middle-income and
low-income groups on VAI, while the VAI of the high-income
group was significantly lower than that of the low-income group.
Ameye and Swinnen [34] reported that obesity varies with
income but in a nonlinear way. Overall, obesity in low-income
countries increased with greater income but was not related with
income in middle-income countries, while it decreases with
greater income in high-income countries. Since our data set was
from the United States, it was in line with Ameye and Swinnen
[34], and it may be related to social stigma around overweight
and good medical resources in high-income countries.

Unmarried people were more likely to reduce VAI than married
people. According to Lee et al [35], the prevalence of abdominal
obesity in married participants was higher than those with other
marriage statuses, which was consistent with our results. This
marriage-related difference might be due to the fact that
marriage increased the frequency of meals and snacks, thus
increasing total energy consumption. Compared with married
people, unmarried people were more eager to lose weight and
maintain weight to make themselves more attractive for future
marriage.

Smokers might have higher VAI than nonsmokers. Wehby et
al [36] used a sample of 1057 mothers from Norway and found

a heterogeneous effect of smoking on BMI. With an increase
in smoking, BMI would increase at low/medium BMI levels,
while BMI would decrease at high BMI levels. They observed
genetic effects on the relationship between smoking and
increased BMI, and gene analysis (eg, CHRNA3) had consistent
evidence that increased BMI was related with smoking, which
may explain our results.

Participants who were diabetic could increase VAI more than
those without diabetes. According to Haslam’s [37] review,
experimental results showed that after 6 months of overfeeding,
the BMI of young men without a family history of diabetes

would increase to 28.0 kg/m2, and the levels of fasting plasma
insulin, glucose, and triglyceride would also increase reversibly,
thereby impairing glucose tolerance. About 90% of patients

with type 2 diabetes had a BMI greater than 23.0 kg/m2. Patients
who are diabetic might take drugs that cause weight gain, while
vulnerable individuals who are already obese may take drugs
that cause hypoglycemia.

VAI has been proven by many studies to be a predictor of
cardiovascular and metabolic diseases such as hypertension,
T2DM, CVD, and nonalcoholic fatty liver disease. Therefore,
we planned to conduct a structural equation model in the next
study to analyze the mediation effect of VAI: whether the
activity pattern might affect VAI and related diseases. This
future research direction would improve the relationship between
exercise, diet, and visceral obesity, and further specify the
analysis of activity and diet patterns.

There were several advantages in this study. First, we adopted
a large-scale data set including 9642 participants, thus ensuring
representativeness. Second, the topic of activity and obesity
was specified in this study, thus the association between visceral
obesity and different exercise modes. Finally, this study used
a hierarchical linear regression method to analyze the covariates
of VAI in detail. However, there were still some limitations.
First, this study was based on a cross-sectional investigation,
which could not infer the causal relationship between activity
patterns and VAI. Second, there are many factors related to
VAI, and the variables included in this study are limited. Third,
since this study focused on the activity patterns, it did not further
explore the relationship between exercise intensity,
exercise/sedentary ratio, and VAI, which could be explored in
the next study.

In conclusion, although the benefits of physical activities were
well known, many people had limited time to engage in
activities, and MVPA only accounted for 5% of the total time
for daytime activities. Therefore, the role of WW activity is
worth researching. According to our results, we found that,
compared with no activity, WWs could reduce VAI, and there
was no difference between WWs and RA adults, indicating that
WW activity is worth promoting for people who cannot exercise
regularly. This research also suggested that the duration of PA
was more important than the frequency of activity. With this
study, we want to make the public aware of the benefits about
WW PA and encourage those who are tired from work but want
to keep healthy to exercise during the weekend to reduce VAI.
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The data sets generated or analyzed during this study are available from the corresponding author on reasonable request.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Other risk factors of Visceral Adiposity Index.
[DOCX File , 15 KB - publichealth_v9i1e41973_app1.docx ]

References
1. Ando S, Koyama T, Kuriyama N, Ozaki E, Uehara R. The association of daily physical activity behaviors with visceral

fat. Obes Res Clin Pract 2020;14(6):531-535. [doi: 10.1016/j.orcp.2020.10.004] [Medline: 33168484]
2. Whitaker KM, Pereira MA, Jacobs DR, Sidney S, Odegaard AO. Sedentary behavior, physical activity, and abdominal

adipose tissue deposition. Med Sci Sports Exerc 2017 Mar;49(3):450-458 [FREE Full text] [doi:
10.1249/MSS.0000000000001112] [Medline: 27749387]

3. Prince S, Kristjansson E, Russell K, Billette J, Sawada M, Ali A, et al. Relationships between neighborhoods, physical
activity, and obesity: a multilevel analysis of a large Canadian city. Obesity (Silver Spring) 2012 Oct;20(10):2093-2100
[FREE Full text] [doi: 10.1038/oby.2011.392] [Medline: 22262164]

4. Piercy K, Troiano RP, Ballard RM, Carlson SA, Fulton JE, Galuska DA, et al. The physical activity guidelines for Americans.
JAMA 2018 Nov 20;320(19):2020-2028 [FREE Full text] [doi: 10.1001/jama.2018.14854] [Medline: 30418471]

5. Courtemanche C, Tchernis R, Ukert B. The effect of smoking on obesity: evidence from a randomized trial. J Health Econ
2018 Jan;57:31-44. [doi: 10.1016/j.jhealeco.2017.10.006] [Medline: 29179027]

6. O'Donovan G, Sarmiento OL, Hamer M. The rise of the "Weekend Warrior". J Orthop Sports Phys Ther 2018
Aug;48(8):604-606. [doi: 10.2519/jospt.2018.0611] [Medline: 30064334]

7. Gubelmann C, Vollenweider P, Marques-Vidal P. Of weekend warriors and couch potatoes: socio-economic determinants
of physical activity in Swiss middle-aged adults. Prev Med 2017 Dec;105:350-355 [FREE Full text] [doi:
10.1016/j.ypmed.2017.10.016] [Medline: 28988999]

8. Gil-Rojas Y, Garzón A, Hernández F, Pacheco B, González D, Campos J, et al. Burden of disease attributable to obesity
and overweight in colombia. Value Health Reg Issues 2019 Dec;20:66-72. [doi: 10.1016/j.vhri.2019.02.001] [Medline:
31035116]

9. Conway B, Rene A. Obesity as a disease: no lightweight matter. Obes Rev 2004 Aug;5(3):145-151. [doi:
10.1111/j.1467-789X.2004.00144.x] [Medline: 15245383]

10. Camhi S, Bray G, Bouchard C, Greenway F, Johnson W, Newton R, et al. The relationship of waist circumference and
BMI to visceral, subcutaneous, and total body fat: sex and race differences. Obesity (Silver Spring) 2011 Feb;19(2):402-408
[FREE Full text] [doi: 10.1038/oby.2010.248] [Medline: 20948514]

11. Cameron N, Godino J, Nichols JF, Wing D, Hill L, Patrick K. Associations between physical activity and BMI, body fatness,
and visceral adiposity in overweight or obese Latino and non-Latino adults. Int J Obes (Lond) 2017 Jun;41(6):873-877
[FREE Full text] [doi: 10.1038/ijo.2017.49] [Medline: 28220040]

12. Xu C, Ma Z, Wang Y, Liu X, Tao L, Zheng D, et al. Visceral adiposity index as a predictor of NAFLD: a prospective study
with 4-year follow-up. Liver Int 2018 Dec;38(12):2294-2300. [doi: 10.1111/liv.13941] [Medline: 30099825]

13. Nusrianto R, Tahapary DL, Soewondo P. Visceral adiposity index as a predictor for type 2 diabetes mellitus in Asian
population: a systematic review. Diabetes Metab Syndr 2019;13(2):1231-1235. [doi: 10.1016/j.dsx.2019.01.056] [Medline:
31336469]

14. Hudzik B, Nowak J, Szkodziński J, Zubelewicz-Szkodzińska B. Visceral adiposity in relation to body adiposity and
nutritional status in elderly patients with stable coronary artery disease. Nutrients 2021 Jul 09;13(7):2351 [FREE Full text]
[doi: 10.3390/nu13072351] [Medline: 34371863]

15. Keum N, Lee D, Kim R, Greenwood D, Giovannucci E. Visceral adiposity and colorectal adenomas: dose-response
meta-analysis of observational studies. Ann Oncol 2015 Jun;26(6):1101-1109 [FREE Full text] [doi: 10.1093/annonc/mdu563]
[Medline: 25480876]

16. Fujiwara N, Nakagawa H, Kudo Y, Tateishi R, Taguri M, Watadani T, et al. Sarcopenia, intramuscular fat deposition, and
visceral adiposity independently predict the outcomes of hepatocellular carcinoma. J Hepatol 2015 Jul;63(1):131-140 [FREE
Full text] [doi: 10.1016/j.jhep.2015.02.031] [Medline: 25724366]

17. Bolat MS, Kocamanoglu F, Ozbek ML, Buyukalpelli R, Asci R. Can high Visceral Adiposity Index be a risk factor for
sexual dysfunction in sexually active men? J Sex Med 2020 Oct;17(10):1926-1933. [doi: 10.1016/j.jsxm.2020.06.014]
[Medline: 32712095]

JMIR Public Health Surveill 2023 | vol. 9 | e41973 | p.2259https://publichealth.jmir.org/2023/1/e41973
(page number not for citation purposes)

Wang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v9i1e41973_app1.docx&filename=52f5aae257b28a141b4c853f88fbe089.docx
https://jmir.org/api/download?alt_name=publichealth_v9i1e41973_app1.docx&filename=52f5aae257b28a141b4c853f88fbe089.docx
http://dx.doi.org/10.1016/j.orcp.2020.10.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33168484&dopt=Abstract
https://europepmc.org/abstract/MED/27749387
http://dx.doi.org/10.1249/MSS.0000000000001112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27749387&dopt=Abstract
https://europepmc.org/abstract/MED/22262164
http://dx.doi.org/10.1038/oby.2011.392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22262164&dopt=Abstract
https://europepmc.org/abstract/MED/30418471
http://dx.doi.org/10.1001/jama.2018.14854
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30418471&dopt=Abstract
http://dx.doi.org/10.1016/j.jhealeco.2017.10.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29179027&dopt=Abstract
http://dx.doi.org/10.2519/jospt.2018.0611
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30064334&dopt=Abstract
https://serval.unil.ch/notice/serval:BIB_FEFF13C36BEF
http://dx.doi.org/10.1016/j.ypmed.2017.10.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28988999&dopt=Abstract
http://dx.doi.org/10.1016/j.vhri.2019.02.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31035116&dopt=Abstract
http://dx.doi.org/10.1111/j.1467-789X.2004.00144.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15245383&dopt=Abstract
https://europepmc.org/abstract/MED/20948514
http://dx.doi.org/10.1038/oby.2010.248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20948514&dopt=Abstract
https://europepmc.org/abstract/MED/28220040
http://dx.doi.org/10.1038/ijo.2017.49
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28220040&dopt=Abstract
http://dx.doi.org/10.1111/liv.13941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30099825&dopt=Abstract
http://dx.doi.org/10.1016/j.dsx.2019.01.056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31336469&dopt=Abstract
https://www.mdpi.com/resolver?pii=nu13072351
http://dx.doi.org/10.3390/nu13072351
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34371863&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0923-7534(19)31791-0
http://dx.doi.org/10.1093/annonc/mdu563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25480876&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0168-8278(15)00141-5
https://linkinghub.elsevier.com/retrieve/pii/S0168-8278(15)00141-5
http://dx.doi.org/10.1016/j.jhep.2015.02.031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25724366&dopt=Abstract
http://dx.doi.org/10.1016/j.jsxm.2020.06.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32712095&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


18. Bagyura Z, Kiss L, Lux Á, Csobay-Novák C, Jermendy Á, Polgár L, et al. Association between coronary atherosclerosis
and visceral adiposity index. Nutr Metab Cardiovasc Dis 2020 May 07;30(5):796-803 [FREE Full text] [doi:
10.1016/j.numecd.2020.01.013] [Medline: 32127334]

19. Ross R, Soni S, Houle S. Negative energy balance induced by exercise or diet: effects on visceral adipose tissue and liver
fat. Nutrients 2020 Mar 25;12(4):891 [FREE Full text] [doi: 10.3390/nu12040891] [Medline: 32218121]

20. Nigatu Haregu T, Khayeka-Wandabwa C, Ngomi N, Oti S, Egondi T, Kyobutungi C. Analysis of patterns of physical
activity and sedentary behavior in an urban slum setting in Nairobi, Kenya. J Phys Act Health 2016 Aug;13(8):830-837.
[doi: 10.1123/jpah.2015-0510] [Medline: 26998581]

21. Xia F, Li Q, Luo X, Wu J. Association between urinary metals and leukocyte telomere length involving an artificial neural
network prediction: Findings based on NHANES 1999-2002. Front Public Health 2022;10:963138 [FREE Full text] [doi:
10.3389/fpubh.2022.963138] [Medline: 36172207]

22. NCHS Ethics Review Board (ERB) approval. Centers for Disease Control and Prevention. URL: https://www.cdc.gov/
nchs/nhanes/irba98.htm#print [accessed 2022-12-28]

23. Amato M, Giordano C, Galia M, Criscimanna A, Vitabile S, Midiri M, AlkaMeSy Study Group. Visceral Adiposity Index:
a reliable indicator of visceral fat function associated with cardiometabolic risk. Diabetes Care 2010 Apr;33(4):920-922
[FREE Full text] [doi: 10.2337/dc09-1825] [Medline: 20067971]

24. Triglycerides laboratory procedure manual. Centers for Disease Control and Prevention. URL: https://wwwn.cdc.gov/nchs/
data/nhanes/2017-2018/labmethods/TRIGLY-J-MET-508.pdf [accessed 2022-12-28]

25. Direct HDL laboratory procedure manual. Centers for Disease Control and Prevention. URL: https://wwwn.cdc.gov/nchs/
data/nhanes/2017-2018/labmethods/HDL-J-MET-508.pdf [accessed 2022-12-28]

26. Montgomery J, Lu J, Ratliff S, Mezuk B. Food insecurity and depression among adults with diabetes: results from the
National Health and Nutrition Examination Survey (NHANES). Diabetes Educ 2017 Jun;43(3):260-271 [FREE Full text]
[doi: 10.1177/0145721717699890] [Medline: 28436293]

27. Gay IC, Tran DT, Paquette DW. Alcohol intake and periodontitis in adults aged ≥30 years: NHANES 2009-2012. J
Periodontol 2018 Jun;89(6):625-634. [doi: 10.1002/JPER.17-0276] [Medline: 29572839]

28. ALHarthi SS, Natto ZS, Midle JB, Gyurko R, O'Neill R, Steffensen B. Association between time since quitting smoking
and periodontitis in former smokers in the National Health and Nutrition Examination Surveys (NHANES) 2009 to 2012.
J Periodontol 2019 Jan;90(1):16-25. [doi: 10.1002/JPER.18-0183] [Medline: 30102767]

29. Menke A, Casagrande S, Geiss L, Cowie CC. Prevalence of and trends in diabetes among adults in the United States,
1988-2012. JAMA 2015 Sep 08;314(10):1021-1029. [doi: 10.1001/jama.2015.10029] [Medline: 26348752]

30. Rao JNK, Scott AJ. On simple adjustments to chi-square tests with sample survey data. Ann Stat 1987 Mar 1;15(1):260-271.
[doi: 10.1214/aos/1176350273]

31. Hobbs M, Griffiths C, Green M, Jordan H, McKenna J. P56 Associations between the physical activity and food environment
and obesity: a cross sectional study of UK adults. J Epidemiol Community Health 2016 Sep 13;70(Suppl 1):A78.2-A7A78.
[doi: 10.1136/jech-2016-208064.155]

32. Edimo Dikobo SJ, Lemieux I, Poirier P, Després JP, Alméras N. Leisure-time physical activity is more strongly associated
with cardiometabolic risk than occupational physical activity: Results from a workplace lifestyle modification program.
Prog Cardiovasc Dis 2022 Dec 21 [FREE Full text] [doi: 10.1016/j.pcad.2022.12.005] [Medline: 36565734]

33. Winters-VAN Eekelen E, VAN DER Velde JHPM, Boone SC, Westgate K, Brage S, Lamb HJ, et al. Objectively measured
physical activity and body fatness: associations with total body fat, visceral fat, and liver fat. Med Sci Sports Exerc 2021
Nov 01;53(11):2309-2317 [FREE Full text] [doi: 10.1249/MSS.0000000000002712] [Medline: 34081059]

34. Ameye H, Swinnen J. Obesity, income and gender: The changing global relationship. Global Food Secur 2019
Dec;23:267-281. [doi: 10.1016/j.gfs.2019.09.003]

35. Lee J, Shin A, Cho S, Choi J, Kang D, Lee J. Marital status and the prevalence of obesity in a Korean population. Obes
Res Clin Pract 2020;14(3):217-224. [doi: 10.1016/j.orcp.2020.04.003] [Medline: 32418738]

36. Wehby GL, Murray JC, Wilcox A, Lie RT. Smoking and body weight: evidence using genetic instruments. Econ Hum Biol
2012 Mar;10(2):113-126 [FREE Full text] [doi: 10.1016/j.ehb.2011.09.002] [Medline: 22024417]

37. Haslam D. Obesity and diabetes: the links and common approaches. Prim Care Diabetes 2010 Jul;4(2):105-112. [doi:
10.1016/j.pcd.2010.04.002] [Medline: 20447884]

38. NHANES 2017-2018. Centers for Disease Control and Prevention. URL: https://wwwn.cdc.gov/nchs/nhanes/
continuousnhanes/default.aspx?BeginYear=2017 [accessed 2022-12-28]

Abbreviations
CVD: cardiovascular disease
HDL-C: high-density lipoprotein cholesterol
LTPA: leisure time physical activity
MVPA: moderate-to-vigorous physical activity
NHANES: National Health and Nutrition Examination Survey

JMIR Public Health Surveill 2023 | vol. 9 | e41973 | p.2260https://publichealth.jmir.org/2023/1/e41973
(page number not for citation purposes)

Wang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://linkinghub.elsevier.com/retrieve/pii/S0939-4753(20)30046-6
http://dx.doi.org/10.1016/j.numecd.2020.01.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32127334&dopt=Abstract
https://www.mdpi.com/resolver?pii=nu12040891
http://dx.doi.org/10.3390/nu12040891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32218121&dopt=Abstract
http://dx.doi.org/10.1123/jpah.2015-0510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26998581&dopt=Abstract
https://europepmc.org/abstract/MED/36172207
http://dx.doi.org/10.3389/fpubh.2022.963138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36172207&dopt=Abstract
https://www.cdc.gov/nchs/nhanes/irba98.htm#print
https://www.cdc.gov/nchs/nhanes/irba98.htm#print
https://europepmc.org/abstract/MED/20067971
http://dx.doi.org/10.2337/dc09-1825
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20067971&dopt=Abstract
https://wwwn.cdc.gov/nchs/data/nhanes/2017-2018/labmethods/TRIGLY-J-MET-508.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/2017-2018/labmethods/TRIGLY-J-MET-508.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/2017-2018/labmethods/HDL-J-MET-508.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/2017-2018/labmethods/HDL-J-MET-508.pdf
https://europepmc.org/abstract/MED/28436293
http://dx.doi.org/10.1177/0145721717699890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28436293&dopt=Abstract
http://dx.doi.org/10.1002/JPER.17-0276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29572839&dopt=Abstract
http://dx.doi.org/10.1002/JPER.18-0183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30102767&dopt=Abstract
http://dx.doi.org/10.1001/jama.2015.10029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26348752&dopt=Abstract
http://dx.doi.org/10.1214/aos/1176350273
http://dx.doi.org/10.1136/jech-2016-208064.155
https://linkinghub.elsevier.com/retrieve/pii/S0033-0620(22)00157-8
http://dx.doi.org/10.1016/j.pcad.2022.12.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36565734&dopt=Abstract
https://europepmc.org/abstract/MED/34081059
http://dx.doi.org/10.1249/MSS.0000000000002712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34081059&dopt=Abstract
http://dx.doi.org/10.1016/j.gfs.2019.09.003
http://dx.doi.org/10.1016/j.orcp.2020.04.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32418738&dopt=Abstract
https://europepmc.org/abstract/MED/22024417
http://dx.doi.org/10.1016/j.ehb.2011.09.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22024417&dopt=Abstract
http://dx.doi.org/10.1016/j.pcd.2010.04.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20447884&dopt=Abstract
https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=2017
https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=2017
http://www.w3.org/Style/XSL
http://www.renderx.com/


PA: physical activity
PIR: ratio of family income to poverty
RA: regularly active
T2DM: type 2 diabetes mellitus
VAI: Visceral Adiposity Index
WC: waist circumference
WW: weekend warrior
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Abstract

Background: Food prepared out of home is typically energy-dense and nutrient-poor. Online food delivery services have become
a popular way to purchase such food. The number of accessible food outlets through these services can influence how frequently
they are used. Anecdotally, food outlet access through online food delivery services increased in England between 2020 and
2022, in the context of the COVID-19 pandemic. However, the extent to which this access changed is poorly understood.

Objective: We aimed to investigate monthly changes in online access to food prepared out of home in England in the context
of the first 2 years of the COVID-19 pandemic compared with November 2019 and the extent to which any changes were associated
with deprivation.

Methods: In November 2019 and monthly between June 2020 and March 2022, we used automated data collection to construct
a data set containing information about all food outlets in England registered to accept orders through the leading online food
delivery service. Across postcode districts, we identified the number and percentage of food outlets registered to accept orders
and the number that was accessible. We used generalized estimating equations (adjusted for population density, the number of
food outlets in the physical food environment, and rural/urban classification) to investigate the change in outcomes compared
with prepandemic levels (November 2019). We stratified analyses by deprivation quintile (Q).

Results: Across England, the summed number of food outlets registered to accept orders online increased from 29,232 in
November 2019 to 49,752 in March 2022. Across postcode districts, the median percentage of food outlets registered to accept
orders online increased from 14.3 (IQR 3.8-26.0) in November 2019 to 24.0 (IQR 6.2-43.5) in March 2022. The median number
of food outlets accessible online decreased from 63.5 (IQR 16.0-156.0) in November 2019 to 57.0 (IQR 11.0-163.0) in March
2022. However, we observed variation by deprivation. In March 2022, the median number of outlets accessible online was 175.0
(IQR 104.0-292.0) in the most deprived areas (Q5) compared with 27.0 (IQR 8.5-60.5) in the least deprived (Q1). In adjusted
analyses, we estimated that the number of outlets accessible online in the most deprived areas was 10% higher in March 2022
compared with November 2019 (incidence rate ratios: 1.10, 95% CI 1.07-1.13). In the least deprived areas, we estimated a 19%
decrease (incidence rate ratios: 0.81, 95% CI 0.79-0.83).

Conclusions: The number of food outlets accessible online increased only in the most deprived areas in England. Future research
might attempt to understand the extent to which changes in online food access were associated with changes in online food
delivery service use and the possible implications on diet quality and health.

(JMIR Public Health Surveill 2023;9:e41822)   doi:10.2196/41822
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Introduction

Purchasing and consuming food prepared out of home has
become increasingly popular in many countries [1]. This food
accounted for over 50% of total food expenditure in the United
States in 2018 [2], and more than one-quarter of total food and
beverage expenditure in the United Kingdom between 2015 and
2017 [3]. Food prepared out of home is often energy-dense
[4,5], with the majority of items that are served by large chain
restaurants exceeding recommended levels for sodium, fat,
saturated fat, or sugars [6]. In turn, more frequent consumption
of food prepared out of home has been positively associated
with bodyweight [7]. Online food delivery services are now an
established way of purchasing such food [8]. It is plausible,
therefore, that the use of these services has implications for
dietary practices, obesity, and health [9].

When using online food delivery services (such as UberEats),
customers receive aggregated information about all food outlets
that will deliver to them based on their location. Customers then
select a food outlet and place and pay for their order on a single
platform. Orders are forwarded to food outlets where meals are
prepared before being delivered by couriers working for them
or the online food delivery service [9]. As in the physical food

environment [10], there is evidence that the number of food
outlets accessible to individuals online (ie, the number that will
deliver to them) can influence online food delivery service use.
Among adults living in the United Kingdom, only those with
the highest number of food outlets accessible online (between
182 and 879 outlets) self-reported any online food delivery
service use in the previous week [11]. Even before the
COVID-19 pandemic, the potential for this food-purchasing
practice was not equally distributed across England, where the
adjusted mean number of food outlets accessible online in 2019
was over 100 in the most deprived areas, compared with 70 in
the least deprived areas [12]. This difference could contribute
to known socioeconomic inequalities in diet-related health [13].

Government responses to the COVID-19 pandemic with respect
to out of home food retail varied across countries worldwide.
The Supplemental Nutrition Assistance Program was extended
to include digital food retail in the United States [14], and the
rules regarding the delivery of food prepared out of home and
alcohol were relaxed in Australia [15]. In the United Kingdom,
emergency regulations that allowed bars, cafés, pubs, and
restaurants to offer a takeaway food service without specific
permission were in place between March 2020 and March 2022
[16-18]. Further details are shown in Table 1.
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Table 1. Details of selected emergency regulations introduced, action taken, and broader events in England in relation to the COVID-19 pandemic and
food outlets selling food prepared out of home.

Emergency regulations introduced, action taken, and broader eventsTime

Before March
2020

• Food outlets in the physical food environment operated with a primary use based on their core business operations. The pri-
mary use of hot food takeaway outlets would be to serve food prepared out of home for off-premises consumption after pre-

viously receiving Local Authoritya planning permission to operate.
• Other establishments (bars, cafés, pubs, and restaurants) could offer a hot food takeaway service in addition to their primary

use but would need Local Authority planning permission to do so.
• All food outlets with a customer-facing premises in the physical food environment could feasibly register to accept orders

online regardless of their primary use without Local Authority planning permissionb.

March 2020 • Bars, cafés, pubs, and restaurants were forced to close for on-premises food consumption as part of first national lockdownc.
• Emergency regulations allowed bars, cafés, pubs, and restaurants to offer a hot food takeaway service in addition to their

primary use introduced.

July 2020 • Bars, cafés, pubs, and restaurants were allowed to reopen for on-premises food consumption but only with table service and
with restricted capacity.

August 2020 • The Eat Out to Help Out scheme that offered a 50% discount on meals, up to £10 (US $12) per person, every Monday,
Tuesday, and Wednesday between August 3 and 31 was introduced for on-premises food consumption.

November 2020 • Bars, cafés, pubs, and restaurants were forced to close for on-premises food consumption as part of second national lockdownc.
• Emergency regulations introduced in March 2020 were extended until March 2022.

December 2020 • Bars, cafés, pubs, and restaurants were allowed to reopen for on-premises food consumption but only with table service and
with restricted capacity.

January 2021 • Bars, cafés, pubs, and restaurants were forced to close for on-premises food consumption as part of third national lockdownc.

April 2021 • Bars, cafés, pubs, and restaurants were allowed to reopen for on-premises food consumption but only with table service and
with restricted capacity.

July 2021 • Restrictions necessitating table service only and capacity limits for on-premises food consumption inside bars, cafés, pubs,
and restaurants ended.

March 2022 • Emergency regulations introduced in March 2020 ended.

After March
2022

• Bars, cafés, pubs, and restaurants should revert to their primary use and should stop offering a hot food takeaway service if
adopted as part of emergency regulations. To continue offering an additional hot food takeaway service, Local Authority
planning permission would be required.

• All food outlets with customer-facing premises in the physical food environment can feasibly register to accept orders online
regardless of their primary use without Local Authority planning permission.

aLocal Authorities are administrative bodies that operate at a subnational and subregional level.
bRegistration to accept orders through online food delivery services remained viable regardless of any subsequent action or change.
cAs part of lockdown orders in England, individuals were instructed to remain at home.

With regard to the link between the information outlined in
Table 1 and online food delivery services, food sold through
these services is typically prepared in the kitchens of food outlets
that are customer facing in the physical food environment [9].
The location of these premises is socioeconomically distributed
in England, with higher numbers and concentrations in more
deprived areas [19]. As such, in more deprived areas, it is
possible that a greater number of existing food outlets chose to
operate within emergency regulations introduced during the
COVID-19 pandemic and registered to accept orders online. In
turn, this could influence absolute and relative levels of online
food accessibility and aforementioned inequalities.

First, we aimed to investigate changes in levels of online access
to food prepared out of home in England during the first 2 years
of the COVID-19 pandemic. Second, we aimed to identify the

extent to which any changes were associated with area-level
deprivation.

Methods

In this study, we built on our previous research that investigated
cross-sectional associations between deprivation and online
food outlet access in England [12]. Given that we have
previously reported our methods in full, in this study we provide
an overview.

Study Setting, Period, and Analytic Scale
The setting for our study was England, and the study period
was from November 2019 to March 2022, which coincided with
the end of emergency regulations introduced during the
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COVID-19 pandemic (Table 1). Data were not collected between
December 2019 and May 2020, meaning that first available data
after November 2019 were from June 2020.

We completed analyses at the postcode district level because
this reflects how food outlets registered to accept orders online
delineated where they would deliver to in November 2019.
Postcode districts are contained in the first half of full postcodes.
For example, for the postcode CB2 0QQ, the postcode district
is CB2. Postcode districts have an average size of 33 square
miles [20] and a median population of 23,610 (IQR
13,320-34,560) [21].

We used postcode district boundary data from 2012, sourced
from the United Kingdom Data Service [22], to map postcode
districts in a Geographic Information System (GIS; ArcGIS
version 10.7.1; ESRI Inc). We considered 2118 postcode
districts eligible for inclusion in our analyses, reflecting those
with boundaries entirely within or intersecting the border of
England.

Exposure Measure
We modeled our exposure measure (time) based on the
frequency of data collection for our outcomes (monthly). We
investigated changes in each of our outcomes over time
compared with baseline (November 2019).

Outcome Measures

Data Source and Collection
For each outcome, we collected data from an online food
delivery service that was considered to be the UK market leader,
Just Eat. In 2019, approximately 30,000 food outlets in the
United Kingdom were registered to accept orders through this
service, and there were approximately 170 million orders placed
by customers [23,24]. In pilot analyses conducted in 2020, only
a minority of food outlets registered to accept orders through
Deliveroo (the next largest online food delivery service platform
in the United Kingdom) were not also registered to accept orders
through Just Eat [12]. Therefore, we collected data from Just
Eat as a representation of online food delivery services. We
refer to our data source as “the online food delivery service”
hereafter.

In November 2019 and then monthly between June 2020 and
March 2022, we used a web-browser extension to identify and
collect the postcode of all food outlets in England that were
registered to accept orders through the online food delivery
service [25].

Number of Food Outlets Registered to Accept Orders
Online
To accept orders through the online food delivery service, food
outlets must register with them. In doing so, food outlets will
have information about their business displayed on the online
food delivery service platform irrespective of the location where
they would deliver. We used Doogal (a free-to-use web service)
to geocode the postcode of each food outlet identified during
data collection [26] and excluded those that could not be
geocoded (monthly range 0.08%-1.40%). We then mapped the
locations of food outlets in our GIS based on supplied

coordinates and counted the number located in each postcode
district boundary.

Number of Food Outlets Accessible Online
In November 2019, June 2020, and July 2020, food outlets
registered to accept orders online published the postcode districts
that they would deliver to as their delivery areas. After July
2020, the online food delivery service no longer published this
information. Therefore, between August 2020 and March 2022,
after we searched the online food delivery service website by
a given postcode district, we identified unique food outlets that
appeared in our search results. We counted this number to
determine those that would be accessible for a given population
living in each postcode district (this is the number of food outlets
that could be ordered from). Although we used 2 approaches,
resultant data used in the outcome construction were the same.

Percentage of Food Outlets Registered to Accept Orders
Online
We compared the number of food outlets registered to accept
orders online with the number of outlets located in the physical
food environment of the same postcode district. In doing so,
we estimated the percentage of food outlets registered to accept
orders online.

For the denominator (the number of outlets located in the
physical food environment of a postcode district), we used the
Ordnance Survey Points of Interest (OS POI) data set. These
are commercial data containing information about retailers
across multiple sectors, collated from more than 170 suppliers
[27]. We extracted information for the following food outlet
classifications: “Fast food and takeaway outlets” (food outlets
selling food for off-premises consumption); “Fast food delivery
services” (food outlets selling food for delivery, not explicitly
online); “Fish and Chip shops” (food outlets selling a traditional
British cuisine, typically for off-premises consumption);
“Restaurants” (food outlets selling food for on-premises
consumption); “Pubs, Bars, Inns” (establishments that primarily
serve alcohol, that can also sell food for on-premises
consumption); and “Cafe, Snack Bars & Tea Rooms” (food
outlets selling food with no distinguishable consumption
location). We selected these classifications based on a priori
knowledge that they included food outlets typically registered
to accept orders online and to reflect emergency regulations
introduced during the COVID-19 pandemic (Table 1). We used
coordinates supplied with OS POI data to map the locations of
food outlets in our GIS. These coordinates have a stated
accuracy of 1 meter [27].

We matched monthly data from the online food delivery service
with OS POI data collected quarterly (Multimedia Appendix
1). We did not match individual food outlets listed in each data
set, meaning that this outcome is the number of food outlets
registered to accept orders online (based on data from the online
food delivery service) as a percentage of the number of food
outlets in the physical food environment (based on OS POI data
set). Although we report a percentage, we acknowledge that in
the strictest sense, we did not calculate it as such. We bounded
this measure between 0% and 100% because the number of food
outlets registered to accept orders online should not exceed the
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number of food outlets in the physical food environment. When
the percentage exceeded 100%, it represented that a retailer not
classified as a food outlet in OS POI data (according to our
included classifications) was registered to accept orders online.
We excluded postcode districts when this occurred (n=3).

Covariates
Food sold through online food delivery services is typically
prepared in the kitchens of food outlets located in the physical
food environment. Therefore, online food outlet access might
be a function of physical food outlet access. We used OS POI
data to account for the number of food outlets in the physical
food environment when we did not use it as the denominator
(ie, for the percentage of food outlets registered to accept orders
online).

We used data from the 2019 Index of Multiple Deprivation to
measure relative deprivation. This is a compound measure that
includes metrics across the following domains: income
deprivation, employment deprivation, crime, health deprivation
and disability, education, skills and training deprivation, barriers
to housing and services, and living environment deprivation
[28]. Deprivation values are available for lower super output
areas (LSOAs) in England, which are administrative boundaries
with a mean residential population of 1500 people [21]. We
calculated the mean Index of Multiple Deprivation value of
LSOAs within, and intersecting, the boundary of each postcode
district. For analyses, we split postcode districts into quintiles
(Qs) of deprivation, with Q5 being the most deprived.

We used data from the 2011 rural/urban classification to
categorize postcode districts as “rural,” when LSOAs within or
intersecting their boundary were most frequently rural
(populations <10,000 people within combined settlements, most
of whom lived in rural-related areas), or “urban,” when
intersecting LSOAs were most frequently urban (populations
>10,000 people within combined settlements, most of whom
lived in urban-related areas) [29]. We used data from the 2011
UK census [30] to identify the number of individuals who
usually lived in a postcode district. Of the 2118 postcode
districts, data for rural/urban classification and population
density were available for 2097 (99%) and 2088 (95.4%)
postcode districts, respectively, and did not change over the
study period.

Statistical Analysis

Overview
We used the longitudinal analysis (“xt”) suite of tools in Stata
(version 16.1; StataCorp) to complete statistical analysis [31].
We report findings from the start (November 2019) to the end
(March 2022) of the study period in the Results section. Findings
for all time points (November 2019 and then monthly between
June 2020 and March 2022) are available in Multimedia
Appendix 1.

Descriptive Statistics
For each measure, we calculated the median (IQR) or the mean
(SD) and the percentage change from baseline at each time
point.

Inferential Statistics
We used generalized estimating equations (GEE) to investigate
changes in each outcome over time (the exposure measure).

We completed a complete case analysis, whereby included
postcode districts had complete data on all relevant measures.
Data for count-based outcomes (the number of food outlets
registered to accept orders online and the number of food outlets
accessible online) were not normally distributed and were
overdispersed. We used negative binomial GEE to account for
this. Negative binomial GEE report incidence rate ratios (IRRs)
and 95% CIs. In the context of this study, IRRs are the expected
change in the outcome value at each time point compared with
the baseline value (November 2019). For the percentage of food
outlets registered to accept orders online, we rescaled the data
to be between 0 and 1 and specified a binomial distribution [32].
Model coefficients for this outcome are the change at each time
point compared with baseline values. We first completed
unadjusted analyses and then analyses adjusted for covariates.
For the number of food outlets registered to accept orders online
and the number of food outlets accessible online, we included
population density, rural/urban classification, and the number
of food outlets in the physical food environment as covariates
in our adjusted model. For the percentage of food outlets
registered to accept orders online, we only included population
density and rural/urban classification as covariates.

We report the findings from our adjusted models in the Results
section, and our unadjusted models in Multimedia Appendix 1.
From our adjusted models, we also estimated the mean count
from IRRs and the mean percentage from coefficients and report
these in the Results section. We report the respective IRRs and
coefficients in Multimedia Appendix 1.

Associations With Deprivation
For each outcome, we included an interaction term between
time and deprivation in our adjusted GEE and completed a post
hoc test for significance (with statistical significance set at P<.01
to account for multiple testing). When interaction terms were
significant, we completed analyses stratified by deprivation. In
November 2019, there were inequalities in access to food outlets
selling food prepared out of home online [12]. For each
outcome, we calculated a slope index of inequality measure at
baseline (November 2019) and at the end of the study period
(March 2022) to investigate how inequalities changed over time.
This measure of inequality is the difference in the respective
outcome between the least and most deprived areas, estimated
using linear regression [33,34].

Ethical Considerations
Our study relied on publicly available data. Research ethics
committee approval was not required.

Results

Overview
A descriptive summary of online food access in England is
shown in Table 2 and Tables S1-S8 in Multimedia Appendix
1.
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Table 2. Descriptive summary of online food accessibility at the postcode district level in England, stratified by deprivation quintilea.

England, median (IQR)Deprivation quintile, median (IQR)

5 (most deprived)4321 (least deprived)

Number of food outlets registered to accept orders onlineb

Count

7.0 (1.0 to 21.0)24.0 (12.0 to 39.0)13.0 (3.0 to 25.0)6.0 (1.0 to 18.0)4.0 (1.0 to 12.0)3.0 (1.0 to 8.0)November
2019

13.0 (3.0 to 34.0)35.0 (20.0 to 59.0)21.0 (4.0 to 41.0)10.0 (2.0 to 29.0)8.0 (1.0 to 21.0)5.0 (1.0 to 15.0)March 2022

Change from baseline (%)c

65.4 (33.3 to 100.0)57.9 (34.0 to 87.5)62.8 (33.3 to
100.0)

66.7 (30.0 to
106.3)

69.0 (33.3 to
120.0)

80.0 (22.2 to
120.0)

March 2022

Number of food outlets accessible onlined

Count

63.5 (16.0 to 156.0)164.0 (87.0 to
273.0)

86.0 (12.0 to
190.0)

62.0 (8.5 to
134.5)

38.0 (10.0 to
96.0)

37.0 (14.0 to
70.5)

November
2019

57.0 (11.0 to 163.0)175.0 (104.0 to
292.0)

95.0 (13.0 to
217.0)

50.0 (6.5 to
133.5)

27.0 (6.0 to
103.0)

27.0 (8.5 to 60.5)March 2022

Change from baseline (%)c

0.0 (−32.0 to 33.3)13.1 (−7.9 to 33.8)13.8 (−18.2 to
52.5)

−1.1 (−35.0 to
33.2)

−7.5 (−48.8 to
28.6)

−12.7 (−48.6 to
20.0)

March 2022

Percentage of food outlets registered to accept orders onlinee

Percent (%)

14.3 (3.8 to 26.0)27.8 (19.7 to 37.4)20.4 (6.5 to 30.8)12.5 (1.9 to 23.5)8.7 (1.5 to 19.0)7.9 (2.2 to 14.9)November
2019

24.0 (7.7 to 41.0)41.9 (30.7 to 52.4)30.8 (11.3 to 46.6)20.5 (5.3 to 36.6)14.9 (4.1 to 33.3)13.2 (4.7 to 25.9)March 2022

Change from baseline (%)c

55.3 (23.0 to 96.1)44.8 (22.4 to 75.8)53.0 (24.8 to 88.9)55.1 (24.0 to
98.9)

62.0 (25.0 to
106.2)

70.7 (16.7 to 116)March 2022

aData are reported as median (IQR); postcode districts are small geographical units used for mail routing in England.
bFood outlets in the physical food environment registered to accept orders through the UK market leading online food delivery service.
cBaseline=November 2019.
dFood outlets registered to accept orders through the UK marketing leading online food delivery service that would deliver to a given postcode district.
eCalculated as the number of food outlets registered to accept orders through the UK market leading online food delivery service compared with the
number of the physical food environment.

Number of Food Outlets Registered to Accept Orders
Online
The summed number of food outlets registered to accept orders
online in England increased from 29,232 in November 2019 to
49,752 in March 2022, equating to 70.2% growth (Figure 1).

The median number of food outlets registered to accept orders
online per postcode district was 7.0 (IQR 1.0-21.0) in November
2019 and 13.0 (IQR 3.0-34.0) in March 2022. The median
percent change from baseline (November 2019) per postcode
district was 65.4 (IQR 33.3-100.0) in March 2022. The overall
increase in the number of food outlets registered to accept orders
was significant at each time point in our adjusted model (Table
S10 in Multimedia Appendix 1 provides the IRRs), and there
was significant effect modification by deprivation (P<.001).

Estimated means calculated from IRRs of our adjusted negative
binomial GEE are shown in Figure 2. At each level of
deprivation, we observed that the estimated number of outlets
registered to accept orders online had initially increased from
baseline levels (November 2019); this decreased immediately
after June 2020 and was then followed by a more consistent
upward trend. The estimated number was consistently highest
in the most deprived areas (Q5) and lowest in the least deprived
(Q1). Absolute growth over time was also highest in the most
deprived areas. For these areas, the estimated number was 39.1
outlets at the end of the study period, compared with 24.6 outlets
at baseline, whereas for the least deprived areas, this was 6.6
and 3.5 outlets, respectively. The slope index of inequality
between the least and most deprived areas was 5.0 (95% CI
4.5-4.5) outlets at baseline, and 7.8 (95% CI 7.0-8.6) outlets in
March 2022.
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Figure 1. Summed number (count) of food outlets registered to accept orders online in England between November 2019 and March 2022. Shaded
bars represent time points reported in the Results section: baseline (November 2019) and end (March 2022). No data were available from December
2019 to May 2020.

Figure 2. Estimated mean number (count) of food outlets registered to accept orders online in England, stratified by deprivation Q, where Q5 represents
the most deprived postcode districts. Estimated number calculated from IRRs of a negative binomial generalized estimated equation adjusted for
population density, rural/urban classification, and the number of food outlets in the physical food environment. In all, 2067 postcode districts were
included. IRR: incidence rate ratio; Q: quintile.
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Number of Food Outlets Accessible Online
The median number of food outlets accessible online per
postcode district was 63.5 (IQR 16.0-156.0) in November 2019
and 57.0 (IQR 11.0-163.0) in March 2022. The median percent
change from baseline per postcode district was 0.0 (IQR −32.0
to 33.3) in March 2022. The overall decrease in the number of
food outlets accessible online was significant at each time point
in our adjusted model (Table S12 in Multimedia Appendix 1
provides the IRRs), and there was a significant effect
modification by deprivation (P<.001). Estimated means
calculated from the IRRs of our adjusted negative binomial
GEE are shown in Figure 3. At each level of deprivation, we

observed that the estimated number of food outlets accessible
online had decreased from baseline in June 2020. Although this
was followed by an upward trajectory, the estimated number
remained lower than baseline in less deprived areas (Q1-Q3)
but surpassed baseline in those in the 2 upper Qs of deprivation
(Q4 and Q5). For the most deprived areas (Q5), the estimated
number increased from 181.9 outlets in November 2019 to 200.0
outlets in March 2022, and this contributed to an increasing gap
in online food outlet access between the least and most deprived
areas. The slope index of inequality between the least and most
deprived areas was 32.0 (95% CI 28.1-35.9) outlets at baseline
and 37.3 (95% CI 31.8-42.9) outlets in March 2022.

Figure 3. Estimated mean number (count) of food outlets accessible online in England, stratified by deprivation Q, where Q5 represents the most
deprived postcode districts. Estimated number calculated from IRRs of a negative binomial generalized estimated equation adjusted for population
density, rural/urban classification, and the number of food outlets in the physical food environment. In all, 2067 postcode districts were included. IRR:
incidence rate ratio; Q: quintile.

Percentage of Food Outlets Registered to Accept
Orders Online
The median number of food outlets registered to accept orders
online as a percentage of the number of food outlets in the
physical food environment per postcode district was 14.3 (IQR
3.8-26.0) in November 2019 and 24.0 (IQR 6.2-43.5) in March
2022. The median percent change from baseline per postcode
district was 55.3 (IQR 23.0-96.1) in March 2022. The overall
increase in the percentage of food outlets registered to accept
orders online was significant at each time point in our adjusted
model (Table S14 in Multimedia Appendix 1 provides the
coefficients), and there was a significant effect modification by
deprivation (P<.001). Estimated means calculated from the
coefficients of our adjusted GEE are shown in Figure 4. We

observed an initial increase from baseline in June 2020 that was
followed by a slight decline, a second increase that equaled or
surpassed previous levels, and then another decline before a
more stable increase. Although this trend was evident across
all levels of deprivation and the estimated percentage was
significantly increased at each level of deprivation by the end
of the study period, the magnitude varied. Nevertheless, the
estimated mean percentage was the highest in the most deprived
areas (40.0% in March 2022 compared with 27.4% in November
2019), with these areas also having a higher growth over time
in absolute terms, compared with other areas. The slope index
of inequality between the least and most deprived areas was
4.5% (95% CI 4.1-4.9) at baseline and 5.9% (95% CI 5.4-6.5)
in March 2022.
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Figure 4. Estimated mean percentage (%) of food outlets registered to accept orders online in England, stratified by derivation Q, where Q5 represents
the most deprived postcode districts. Estimated percentage calculated from coefficients of a generalized estimating equation adjusted for population
density and rural/urban classification. In all, 2065 postcode districts were included. Q: quintile.

Discussion

Summary of Findings
To the best of our knowledge, our study was the first to examine
changes in levels of online food access across an entire country
during the COVID-19 pandemic. We identified an increase in
the number of food outlets registered to accept orders online,
reaching approximately 50,000 in England by March 2022.
There was a parallel increase in the percentage of food outlets
in the physical food environment registered to accept orders
online. In contrast, the number of food outlets accessible online,
that is, those that would deliver to a given population living in
a postcode district, was on average lower in March 2022 than
before the COVID-19 pandemic. The magnitude of change for
all measures of online food access varied by level of deprivation.
The most deprived postcode districts consistently had the highest
number and percentage of food outlets registered to accept
orders online. Importantly, contrary to the trend for England as
a whole, only in the most deprived postcode districts was the
number of food outlets accessible online higher in March 2022
than at baseline. We did not observe this for postcode districts
at any other level of deprivation, with the number decreasing
in less deprived areas. As a result, there is some evidence that
existing socioeconomic inequalities in the opportunity to use
online food delivery services to purchase food prepared out of
home widened over time.

Comparison With Prior Work
Our finding that an increased number of food outlets had
registered to accept orders online in the first 2 years of the
COVID-19 pandemic aligns with the reports presented in
business and news media from major online food delivery
services operating in England [35,36]. Moreover, the decrease
in July 2020 accords with contemporaneous reports of food
outlet closures and decreased order volume through online food
delivery services [37]. For the most part, after July 2020, we
observed an increase in the number of food outlets registered
to accept orders online. As opportunities for on-premises food
consumption were limited by national stay-at-home orders
imposed in March 2020, followed by periods of time with
restrictions on the capacity for on-premises dining, food outlet
owners perhaps made a strategic business decision to register
to accept orders online as a way to generate revenue.

For England as a whole, we identified an overall decline in the
number of food outlets accessible online (ie, the number that
will deliver to a given population living in a postcode district)
between November 2019 and March 2022. This is in contrast
to the increased number of food outlets registered to accept
orders over the same period (irrespective of whom they would
deliver to). The decline we observed was particularly
pronounced in the early stages of the COVID-19 pandemic,
which might have reflected a period of transition among those
that had only recently registered to accept orders online. Food
outlets unaccustomed to food delivery plausibly operated with
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a more limited delivery radius to ensure they could fulfill
customer orders. Moreover, at this time, there was broader
workforce capacity instability owing to self-isolation rules,
unclear restrictions on maximum travel distances legally
allowed, and concerns for online food delivery service courier
safety [38]. All of which might have contributed to the
implementation of limited delivery areas.

Although the initial decline in the number of food outlets
accessible online was followed by an increase at all levels of
deprivation, it was only among more deprived areas, and
particularly the most deprived, that the number eventually
surpassed prepandemic levels over the period of our study. The
number of food outlets accessible online was already the highest
in the most deprived areas in England before the pandemic [12].
However, we found evidence of an increasing divergence
between the most and least deprived areas, suggesting that
inequality in online food access widened during the period of
our study. A perceived lack of demand in less deprived areas
might have meant that registered food outlets chose not to
include them in their delivery areas. Moreover, the delivery of
food sold through online food delivery services is mostly
completed by couriers on bicycles. As such, there is a natural
limit in the distance that can be traveled while maintaining food
quality. In rural, less deprived areas, this challenge might be
insurmountable. Regardless, given that the number of food
outlets accessible online is positively associated with online
food delivery service use [11], it is possible that food-purchasing
practices, diet, and health were negatively influenced during
the COVID-19 pandemic, especially among populations living
in more deprived areas. Although adults living in the United
Kingdom self-reported a decrease in their diet quality during
the COVID-19 pandemic [39], evidence on changes in the
frequency of having food prepared out of home delivered is
inconsistent [40]. Further research is required to understand the
extent to which the changes in online food outlet access we
observed were associated with changes in online food delivery
service use during the same period and subsequent implications
for diet and health. This future research could incorporate further
measures of food access, for example, accounting for the
affordability of food sold, which is recognized by online food
delivery service customers as being an important consideration
preceding use [41]. It is plausible that it is not financially viable
for populations living in the most deprived areas to use online
food delivery services despite the increase in the number of
food outlets accessible, especially owing to the increase in the
cost of living in the United Kingdom and elsewhere [42].

The number of food outlets registered to accept orders online
as a percentage of the number of food outlets in the physical
food environment had increased by the end of the study period.
However, this increase was only apparent after a period of
instability. Owners of food outlets with customer-facing
premises in the physical food environment reported that although
being registered to accept orders online was a way for customers
to access their food when on-premises food consumption and
travel was restricted, simultaneously managing orders placed
in-person and online was difficult [38]. If food outlets that did
not previously accept orders online only did so out of necessity
when on-premises food consumption was restricted, it is

plausible that they subsequently deregistered when restrictions
ended. This scenario would partly explain the successive
increases and decreases that coincided with the start and end of
restrictions introduced during the COVID-19 pandemic (Figure
4).

Although the relative change over time with respect to the
percentage of food outlets registered to accept orders online
was consistent across all levels of deprivation, the absolute
change was highest in the most deprived areas, which led to a
widening of absolute inequality in online access to food prepared
out of home. Food sold through online food delivery services
is typically prepared in the kitchen facilities of food outlets
located in the physical food environment [9]. Our finding is
likely a reflection of the existing urban form in the most
deprived areas in England, which is characterized by a high
density and concentration of food outlets [43,44]. Although we
cannot be certain, if more food outlets were operating within
emergency regulations introduced during the COVID-19
pandemic, more outlets may have also registered to accept orders
online. Our findings therefore provide evidence to suggest that
the introduction of emergency regulations at least partly
contributed to widening inequality in this exposure.

There remains considerable scope for the percentage of food
outlets in the physical food environment that are registered to
accept orders online to increase. This emphasizes the coexisting
and overlapping nature of digital and physical food
environments, which together provide multiple opportunities
to purchase energy-dense, nutrient-poor food [45]. However,
there are likely to be natural limits to growth because all food
outlets do not necessarily need or want to register to accept
orders online. In fact, the relative stability from June 2021
onward suggests that a plateau might have already occurred.
An important limitation of this paper is that we do not have
additional prepandemic data that would allow us to account for
any existing trends in analyses. Nevertheless, our findings and
associated data can contribute to future surveillance of
longer-term trends.

Possible Implications for Public Health and Policy
Urban planning has been used by over half of local authorities
in England to promote the creation of healthier physical food
environments, specifically by preventing new takeaway food
outlets from opening [46]. To our knowledge, restrictions
targeted specifically at online food delivery services are not in
place. Although not yet fully clear, similar to the physical food
environment, interventions to restrict access to food prepared
out of home through these services might be increasingly
necessary in the future [47,48]. At this point, public health
interventions that do not necessarily attempt to restrict online
food access but instead attempt to mitigate the potential public
health burden posed by online food delivery service use possibly
represent the most appropriate route to regulation. For example,
changing the nutritional composition of food sold inside outlets
would be expected to have a crossover effect and also change
food sold online. Additionally, in England, in 2022, mandatory
calorie labeling of non–prepacked food and soft drinks was
introduced for retailers that operate with more than 250
employees, which meant that this information had to be
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displayed both inside food outlets and on the platforms of online
food delivery services [49,50]. The introduction of this
regulation recognizes the role of the digital food environment
in the purchase of food prepared out of home. Research in the
future could seek to further understand if and how regulations
in the physical food environment can be extended to the digital
food environment.

Furthermore, there has been evolution in the preparation location
for the food sold through online food delivery services. This is
best demonstrated by the development of facilities known as
dark kitchens [51]. These facilities allow food businesses to
register to accept orders through online food delivery services
and prepare meals for delivery without the financial costs of
having a customer-facing premises. To date, there is only limited
evidence on the dark kitchen business model, which may not
be generalizable beyond the data collection context of a single
London borough [52]. Nevertheless, the development of these
facilities plausibly influenced our findings related to the
percentage of food outlets registered to accept orders online.
Future research might seek to understand the public health
implications of the dark kitchen business model, including how
it uniquely contributes to the number of food outlets accessible
online.

Methodological Considerations and Limitations
Our data collection spanned 2 years and allowed us to closely
monitor trends in important metrics of online food outlet access.
In doing so, we present new baseline levels for future
assessment. Nevertheless, our study is not without limitations.
Our analysis was observational, and we cannot definitively
conclude that the changes we observed were due to the
COVID-19 pandemic. We also do not have sufficient
prepandemic data that would allow underlying or existing trends
to be accounted for in analyses. This is particularly the case for
changes between November 2019 and June 2020 when we had
no data, and we could not determine whether changes coincided
with the COVID-19 pandemic.

We completed data collection at a single time point on a monthly
basis. If food outlets were only registered to accept orders or
accessible in the intervening period, they might not have been
returned in our searches. However, the changes in the number
of food outlets accessible online that we observed, especially
the initial decrease in June 2020, is similar to reports of food
outlet closures and decreased order volume at this time [37].

We did not track individual food outlets over the study period.
Instead, we studied the total number of food outlets registered
to accept orders at any given time point. This means that we
are unable to comment on the number that were newly registered
during the COVID-19 pandemic. It would be interesting for
future work to investigate the extent to which food outlets that
registered only during this period remained registered.

Our findings demonstrate potential online food outlet access.
For this to be realized, any given individual must be an online
food delivery service customer. As such, our findings do not
necessarily translate into realized individual-level online food
outlet access [53].

We used postcode districts as our unit of analysis and
acknowledge the possibility that our findings are subject to the
modifiable areal unit problem. Although the spatial unit that
we adopted for analyses has the potential to introduce bias [54],
our approach was data driven to allow consistency with our
previous research [12]. Relatedly, using postcode districts as
our unit of analysis also meant that we were limited to using
boundary data from 2012. These data were not temporally
aligned with further covariate data that were the most recently
published or collected.

Conclusions
We investigated changes in multiple measures of food access
through online food delivery services during the first 2 years
of the COVID-19 pandemic. We identified that the number of
food outlets in England that were registered to accept orders
online increased. In parallel, the number of food outlets
registered to accept orders online as a percentage of the number
of food outlets in the physical food environment increased.
Although the number of food outlets that could be accessed
decreased for the whole of England, trends differed by the level
of deprivation. The number of outlets decreased compared with
prepandemic levels in the least deprived areas and increased to
surpass prepandemic levels only in the most deprived.

Overall, then, we identified considerable changes in measures
of online food accessibility during a period when on-premises
food consumption was often restricted. Our data from March
2022 represent a new baseline to which future changes in
measures of online food accessibility can be investigated. Future
research might attempt to understand the extent to which the
changes we identified were associated with the changes in online
food delivery service use and, in turn, the implications for diet
quality and health.
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Abstract

Background: Despite the release of updated metrics for Life’s Essential 8 (LE8), key indicators for assessing cardiovascular
health (CVH) status, there is currently no report on their distribution among Chinese children.

Objective: This study aimed to assess the nationwide distribution of CVH in Chinese school-aged children using LE8 scores
and analyze temporal changes in these scores over time.

Methods: Participants aged 7 to 19 years from 11 waves (between 1989 and 2018) of the China Health and Nutrition Survey
were included in this study. LE8 components were grouped into 2 domains of health behaviors (diet, physical activity, nicotine
exposure, sleep) and health factors (BMI, blood lipids, blood glucose, blood pressure). Scores of overall CVH and each LE8
metric were calculated individually. Temporal changes were assessed with joint point regression models by rural and urban living
residence. The causal relationships between health behaviors and health factors that changed the most over time were built with
cross-lagged panel models.

Results: A total of 21,921 participants, 52.6% (n=11,537) of whom were male, who had data for at least 4 CVH components
were included in the analysis. The mean age was 13 (SD 3.6) years. The overall CVH score remained stable in most regions, with
the lowest found in Shandong from East China, which had a mean between 67 (SD 10.9) and 67.2 (SD 12.4). In contrast, the
highest score was found in Guizhou from Southwest China, with a mean between 71.4 (SD 10.8) and 74.3 (SD 10.3). In rural
areas, the diet score decreased significantly from 1997 onward with a speed of 0.18 (95% CI: 0.15-0.21; P<.001) per year, and
the BMI score decreased significantly from 2005 onward with a speed of 0.56 (95% CI 0.44-0.68; P<.001) per year. In urban
areas, the diet score decreased from 1994 onward with a speed of 0.03 (95% CI: 0.001-0.07; P=.04) per year, and the BMI score
decreased from 2002 onward with a speed of 0.63 (95% CI 0.47-0.79; P<.001) per year. The sleep score dropped constantly in
both urban and rural areas, with a speed of 0.69 (95% CI 0.58-0.80; P<.001) and 0.69 (95% CI: 0.52-0.86; P<.001) per year,
respectively. A decline in the diet score led to a decline in the BMI score with a coefficient of 0.190 (95% CI 0.030-0.351; P=.02),
while a decline in the BMI score led to a decline in sleep health with a coefficient of 0.089 (95% CI 0.010-0.168; P=.03).

Conclusions: Chinese school-aged children and adolescents were generally of moderate CVH status, but mutual influences
existed between CVH metrics. Dietary interventions should be prioritized for promoting overall CVH in the future.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death and
disability in the world, in large part because of risk factors
modifiable by changes in behavior [1,2]. Individuals with an
unfavorable cardiovascular health (CVH) status during
childhood are more likely to develop subclinical atherosclerosis
and subsequent CVD later in life [3]. Controlling and reducing
CVD-related mortality and morbidity are not only one of the
key indicators of the United Nations’ Sustainable Development
Goals [2] but also one of the top priorities of the 2030 Healthy
China Plan [4].

Although the overall CVD mortality has stalled in recent years,
especially in middle- and low-income countries [5], efficient
prevention strategies could further effectively reduce
age-adjusted death rates due to CVD [6,7]. This points to the
importance of recognizing, evaluating, and maintaining overall
CVH.

The newly released Life’s Essential 8 (LE8), key measures for
improving heart health released by the American Heart
Association, provide a comprehensive tool to evaluate overall
CVH status and specific metrics of CVH behaviors or factors.
Compared with the previous version, Life’s Simple 7 [8], the
new version provides not only classifications of CVH status but
also continuous scores that are helpful for both cross-sectional
and longitudinal analyses on differences and trends in CVH
status distribution. The revised version incorporates newly
identified risk factors, such as sleep health, alongside metrics
that have demonstrated stronger associations with long-term
CVD, such as the replacement of total cholesterol with
non–high-density lipoprotein (HDL) cholesterol [9,10].

The newly released metrics have garnered significant attention
in the field of CVH research. However, prior studies have not
addressed either the national distribution of CVH status among
Chinese school-aged children or the temporal changes in CVH
metrics over time. Accordingly, in this study, we collected data
pertaining to children and adolescents aged 7 to 19 years from
waves spanning 1989 to 2018 in the China Health and Nutrition
Survey (CHNS). We aimed to analyze temporal trends and
geographical variations in CVH in Chinese school-aged children.
Additionally, we aimed to investigate whether changes in health
behaviors over the past 3 decades have had an impact on health
factors.

Methods

Study Participants
The study data were obtained from 11 waves of the CHNS, an
open prospective cohort study carried out by the University of
North Carolina at Chapel Hill in partnership with the National
Institute for Nutrition and Health of the Chinese Center for
Disease Control and Prevention [11]. The baseline survey was

conducted in 1989 and followed up in 1991, 1993, 1997, 2000,
2004, 2006, 2009, 2011, 2015, and 2018, respectively.

This project covered 15 provinces (autonomous regions and
municipalities) including Heilongjiang, Liaoning (did not
participate in 1997), Jiangsu, Shandong, Henan, Hubei, Hunan,
Guangxi, Guizhou, Beijing, Shanghai, Chongqing, Shaanxi,
Zhejiang, and Yunnan. Notably, Heilongjiang only participated
from 1997 onward; Beijing, Chongqing, and Shanghai
participated from 2011 onward; and Zhejiang, Yunnan, and
Shaanxi participated from 2015 onward. A multistage, stratified,
clustered random method was used for sampling. Based on the
national administrative regions, a weighted sampling scheme
was used to randomly select 2 cities and 4 counties from each
province. Next, 2 urban and 2 suburban neighborhoods were
randomly selected in each city, and 1 township and 3 villages
were randomly selected in each county. Urban neighborhoods
in the cities and townships in the counties were grouped into
urban areas, and suburban neighborhoods in the cities and
villages in the counties were grouped into rural areas. More
design details are described elsewhere [11,12].

Study Measurements

Dietary Survey
A 3-day consecutive 24-hour-dietary recall method was
employed to gather information on the consumption of all foods
and drinks. Due to notable variations in the Chinese diet between
weekdays and weekends, we recorded the consumption for 2
workdays and 1 weekend day. After training, investigators
conducted face-to-face interviews, asking participants about
their food and beverage intake over the past 24 hours for 3
consecutive days. Simultaneously, a household weighing method
was used to document the consumption of cooking oil and
condiments over the corresponding 3 days. The allocation of
cooking oil and condiment consumption to individuals was
based on how often they cooked at home, meal proportions, and
the ratio of individual energy intake to household energy intake.
To minimize the recall bias, respondents were asked to write
down what they ate and drank every day.

Food items were categorized according to the categories outlined
in the China Food Composition Tables. In this study, the term
“milk” referred to the equivalent of liquid milk, encompassing
various dairy and dairy products converted based on the protein
content of every 100 grams of the edible portion. The category
“beans” included soybeans, other legumes, and their products.
The intakes of soybean flour and soybean milk were converted
into the equivalent of soybeans, considering the protein content
of every 100 grams of the edible portion. Salt intake consisted
of sodium chloride (NaCl) from cooking salt, paste, and sauce.

Anthropometric Measurements
The participants’height, weight, systolic blood pressure (SBP),
and diastolic blood pressure (DBP) were measured by trained
investigators. Height was recorded to the nearest 0.1 centimeters.
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Weight was recorded to the nearest 0.1 kilograms. BMI was

calculated as weight (kg)/height2 (m2).

Blood Sample Collection
In the years 2009, 2015, and 2018, the CHNS project collected
fasting venous blood samples from participants aged 7 years
and above. The fasting plasma glucose (FPG) concentration
was measured using the GOD-PAP (glucose
oxidase-phenol-4-aminoantipyrineenzymatic) method (Randox
Laboratories Ltd). Glycated hemoglobin (HbA1c) levels were
measured using a high-performance liquid chromatography
system (model HLC-723 G7; Tosoh Corp). Participants’
diagnosis of diabetes mellitus was confirmed based on doctor
diagnoses, as reported by participants themselves or by their
parents in cases where adolescents could not answer. Total
cholesterol and HDL cholesterol were measured using the
CHOD-PAP (cholesterol oxidase: P-aminophenazone) method
(Kyowa Medex Co Ltd). Non-HDL cholesterol was calculated
as the difference between total cholesterol and HDL cholesterol.

Nicotine Exposure
Nicotine exposure was assessed through active smoking and
secondhand smoke exposure. Active smoking was categorized
into three groups: (1) individuals who had never smoked, (2)
those who had smoked at any point or had quit smoking for
more than 30 days, and (3) those who were currently smoking
or had quit smoking within the last 30 days. Secondhand smoke
exposure was defined as living with people who smoke.

Physical Activity
Physical activity data, comprehensively collected in this project
since 2000, were obtained through questionnaires. Physical
activity encompassed occupational, domestic, travel, and leisure
activities.

Sleep Duration Data
Sleep duration data, including both night sleep time and daytime
sleep time, were collected from questionnaires as part of the
study.

Quantification of CVH Components
The methods for measuring, evaluating, and quantifying the 8
CVH components are displayed in Tables S1 and S2 of
Multimedia Appendix 1. These methods closely aligned with
the original LE8 metrics tailored for children and adolescents
under the age of 19 years. The 8 components comprised of 4
health behaviors (diet, physical activity, nicotine exposure, and
sleep health) and 4 health factors (BMI, non-HDL cholesterol,
FPG, and blood pressure), as defined by the LE8 reference.
Furthermore, sleep health was evaluated in accordance with the
Healthy China Initiative (2019-2030), which recommends a
sleep duration of 10 hours for primary school students, 9 hours
for secondary school students, and 8 hours for high school
students. Age and sex-specific BMI percentiles were generated
based on growth references from the World Health Organization
[13]. SBP and DBP were transformed into age, sex, and
height–specific percentiles, and evaluated based on the
American Academy of Pediatrics’ Clinical Practice Guideline

for Screening and Management of High Blood Pressure in
Children and Adolescents, released in 2017 [14].

Statistical Analyses
Each of the LE8 components was scored on a scale ranging
from 0 to 100, with the total CVH score calculated as the
average of the 8 component scores. Overall CVH scores between
80 and 100 were categorized as high CVH, scores between 50
and 79 were categorized as moderate CVH, and scores between
0 and 49 were classified as low CVH. The mean and SD were
calculated for continuous variables, and numbers and
percentages were calculated for categorical variables. The
median and IQR were reported for non-HDL cholesterol.
Geographical regions were categorized as North China,
Northeast China, East China, Central China, Southwest China,
and Northwest China according to codes for the administrative
divisions of the People’s Republic of China (GB/t 2260), as
outlined in Table S3 of Multimedia Appendix 1. Joint point
regression models were used to analyze the differences in CVH
scores over time, considering rural or urban living residence.
Adjustments were made for the children’s age and sex as
appropriate. Since scores for both health behaviors and health
factors decreased sharply after 2004, cross-lagged panel models
were applied to explore causal relationships between changes
in health behaviors and health factors. Model fit was evaluated
based on the Comparative Fit Index and Tucker-Lewis Index
scores greater than 0.95, with a root mean squared error of
approximation less than 0.05 being indicative of good fit [15].
All statistical analyses were performed using Stata software
(version 14.0; StataCorp). The associations were considered
significant at 2-sided P<.05.

Ethics Approval
This study was approved by the institutional review board of
the University of North Carolina at Chapel Hill and the National
Institute for Nutrition and Health of the Chinese Center for
Disease Control and Prevention (2018-004). Participants aged
7 to 17 years provided signed informed consent from themselves
and their guardians, while participants aged 18 years and above
provided their own signed informed consent forms to participate
in the original surveys. The data for our study were completely
deidentified and did not contain any information that could be
traced back to the individual participants.

Results

In total, 21,921 (77%) out of 28,477 participants, 52.6%
(n=11,537) of them male, aged between 7 and 19 (mean 13, SD
3.6) years, with data for at least 4 CVH components, were
included in the study analysis. Among the participants, 6071
(27.7%) were from urban areas. Demographic characteristics,
as well as CVH status, are detailed in Table 1 by geographic
regions, and comparisons of demographic characteristics
between the excluded and included children are displayed in
Table S4 of Multimedia Appendix 1. The sample distribution
at each research wave is displayed in Table S5 of Multimedia
Appendix 1.
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Table 1. Demographic characteristics of participants by geographic regions.

Difference
(P value)

Northwest
China
(n=463)

Southwest
China
(n=3830)

Central China
(n=10,208)

East China
(n=4271)

Northeast
China
(n=2746)

North Chi-
na (n=403)

OverallCharacteristics

<.001136 (29.4)992 (25.9)2561 (25.1)1418 (33.2)643 (23.4)321 (79.7)6071 (27.7)Urban area, n (%)

.803239 (51.6)2005 (52.4)5420 (53.1)2242 (52.5)1418 (51.6)213 (52.9)11,537 (52.6)Male sex, n (%)

<.00112.2 (3.2)12.9 (3.6)13 (3.6)13.1 (3.6)13.1 (3.5)12.6 (3.5)13 (3.6)Age (years), mean (SD)

<.00126.7 (7.4)27.2 (7.7)28.2 (8.7)28.9 (9.4)30.1 (10.4)28.8 (10.8)28.4 (9)Diet score, mean (SD)

<.001Physical activity, n (%)

157 (34.7)1292 (40.3)2343 (29.2)907 (26.7)615 (26.9)163 (40.7)5477 (30.8)≥420 min

17 (3.8)133 (4.2)318 (4)132 (3.9)86 (3.8)15 (3.7)701 (4)360 to 419 min

21 (4.6)207 (6.5)395 (4.9)156 (4.6)142 (6.2)19 (4.7)940 (5.3)300 to 359 min

22 (4.9)219 (6.8)443 (5.5)182 (5.4)150 (6.6)25 (6.2)1041 (5.9)240 to 299 min

75 (16.6)596 (18.6)1482 (18.5)534 (15.7)499 (21.8)73 (18.2)3259 (18.3)120 to 239 min

83 (18.3)413 (12.9)1575 (19.6)728 (21.5)446 (19.5)55 (13.7)3300 (18.6)1 to 119 min

78 (17.2)346 (10.8)1469 (18.3)755 (22.3)350 (15.3)51 (12.7)3049 (17.2)Never

<.001Cigarette use, n (%)

208 (99.5)1763 (91.4)4629 (94.4)2203 (98.2)1348 (94.4)205 (99.5)10356 (94.8)Never tried

—4 (0.2)5 (0.1)1 (0)3 (0.2)—a13 (0.1)Tried but >30 days ago

1 (0.5)163 (8.5)271 (5.5)39 (1.7)77 (5.4)1 (0.5)552 (5.1)Used within 30 days

<.0018.4 (1.1)8.9 (1.1)8.8 (1.2)8.6 (1.2)8.5 (1.2)8.4 (1.1)8.7 (1.2)Sleep per night (hours), mean
(SD)

<.001149.5
(16.2)

143.1
(16.3)

145 (16.5)149.8
(16.7)

150.9
(16.5)

153 (17.6)146.6 (16.8)Height (cm), mean (SD)

<.00142.8 (14.1)37.6 (15.1)38.1 (13.2)43.8 (14.7)43.5 (14.6)48.8 (17.1)40.1 (14.4)Weight (kg), mean (SD)

<.00118.7 (3.6)17.7 (3)17.5 (3)19 (3.4)18.6 (3.4)20.2 (4.3)18 (3.2)BMI (kg/m2), mean (SD)

<.00184.3 (32.1)94 (30.9)95.5 (32.5)99.8 (38.3)96.2 (30.9)104.6
(45.8)

94.9 (33.3)Non-HDLb cholesterol (mg/dL),
median (IQR)

<.00190.1 (8.4)90 (11.5)91.3 (17.5)88.6 (9.9)86.9 (17.1)91.2 (10.5)89.9 (13.9)Fasting plasma glucose (mg/dL),
mean (SD)

<.001100.4
(13.5)

96.8 (13.1)98.9 (13)102.6
(13.7)

102.6
(13.9)

106.4
(11.7)

99.9 (13.5)Systolic blood pressure (mmHg),
mean (SD)

<.00166.7 (8.7)63.7 (9.6)64.7 (9.5)66.6 (9.8)68 (10.4)68.5 (7.6)65.4 (9.8)Diastolic blood pressure
(mmHg), mean (SD)

During the past 3 decades, the overall CVH score remained
stable in most of the involved provinces, with the lowest score
observed in Shandong from East China, with a mean between
67 (SD 10.9) and 67.2 (SD 12.4). The highest score was
observed in Guizhou from Southwest China, with a mean
between 71.4 (SD 10.8) and 74.3 (SD 10.3). The most significant
change in overall CVH status was observed in Heilongjiang
from Northeast China, with scores increasing from a mean of
64.1 (SD 11.1) to 71.1 (SD 10.3). Health behavior scores, though
much lower than overall scores, showed a gradual increase

during the decades. The greatest increase was found in Guizhou
from Southwest China and Hunan from Central China, with
health behavior scores increasing from a mean of 50.8 (SD 18.1)
to 60.2 (SD 14.3) and from 46.8 (SD 17.5) to 56.7 (SD 15.7),
respectively. Conversely, health factor scores decreased across
all areas, with the biggest decline found in Liaoning from
Northeast China (mean 92.3, SD 13.8 to mean 84, SD 17.8) and
Shandong from East China (mean 91.6, SD 14.5 to mean 83.6,
SD 16.7). Temporal changes in CVH scores by province are
shown in Figure 1.
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Figure 1. Distribution and temporal change of overall cardiovascular health (CVH) status in Chinese school-aged children and adolescents from 1989
to 2018 based on natural breaks (Jenks) classification. A. Life’s Essential 8 score (1989-1998); B. Health behavior score (1989-1998); C. Health factor
score (1989-1998); D. Life’s Essential 8 score (1999-2008); E. Health behavior score (1999-2008); F. Health factor score (1999-2008); G. Life’s Essential
8 score (2009-2018); H. Health behavior score (2009-2018); I. Health factor score (2009-2018).

Regarding specific CVH metrics, the healthy diet score
consistently remained the lowest for all research waves and in
all 6 geographical regions. Worsened sleep health was observed

in all geographical regions, while worsened BMI was
particularly prominent in North and Northeast China (Figure 2
and Figure S1 in Multimedia Appendix 1).
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Figure 2. Changes in cardiovascular health metrics for Chinese school-aged children and adolescents from 1989 to 2018 by geographic region.

Joint point regression models were then applied to analyze the
temporal changes in CVH metrics. Although similar trends were
observed in both rural and urban areas, time lags in break points
were identified for several metrics (Figure 3). Generally, overall
CVH scores and health behavior scores displayed linear growth
trends in both rural and urban areas. Total health factor scores
decreased faster in rural areas since 2005, with a speed of 0.53
(95% CI 0.44-0.62; P<.001) per year, and in urban areas since
2003, with a speed of 0.50 (95% CI 0.39-0.61; P<.001).
Decreases in diet scores became more significant in rural areas

since 1997, with a speed of 0.18 (95% CI 0.15-0.21; P<.001)
and in urban areas since 1994, with a speed of 0.03 (95% CI
0.001-0.07; P=.04). The decrease in BMI scores became more
pronounced in rural areas since 2005, with a speed of 0.56 (95%
CI 0.44-0.68; P<.001) and in urban areas since 2002, with a
speed of 0.63 (95% CI 0.47-0.79; P<.001). Constant decreases
were observed in sleep health scores, with a speed of 0.69 (95%
CI 0.58-0.80; P<.001) in rural areas and 0.69 (95% CI 0.52-0.86;
P<.001) in urban areas.
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Figure 3. Joint point regression analysis of time trends in cardiovascular health scores in Chinese school-aged children and adolescents from 1989 to
2018. Where a joint point was recognized, S1 referred to the slope before the joint point, and S2 referred to the slope after the joint point. S: slope.

Cross-lagged panel models were constructed between health
behaviors (including diet, physical activity, and sleep health)
and health factors (including BMI and blood pressure health)
during the study waves spanning 2004 to 2008, 2009 to 2013,
and 2014 to 2018 (Figure 4). The results indicated that lowered

BMI health between 2004 and 2008 resulted in lowered sleep
health between 2009 and 2013, with a coefficient of 0.089 (95%
CI 0.010-0.168; P=.03). Concurrently, lowered diet scores from
2004 to 2008 resulted in lowered BMI health from 2009 to 2013,
with a coefficient of 0.190 (95% CI 0.030-0.351; P=.02).

Figure 4. Cross-lagged standard regression coefficient of sleep health, diet health, BMI, and blood pressure health between 2009 and 2013 and 2014
and 2018. BP: blood pressure.*Indicated to P<.05.

Discussion

Principal Findings
To our knowledge, this is the first study examining CVH status
and its temporal changes over the past decades in Chinese
school-aged children and adolescents using the new LE8 metrics.
From 1989 to 2018, the overall LE8 score remained relatively
stable at a moderate level. Simultaneously, the overall score for
health behaviors moderately increased, while that of health
factors declined significantly over time. Therefore, we inferred

that Chinese children and adolescents may face a prolonged
downward trend in overall CVH status in the future.

The overall level of CVH scores in Chinese children in the
recent decade was compatible with those of children in the
United States, ranging between 64.6 and 74.1, depending on
the metrics used for calculation [16]. Both groups shared
suboptimal performance in diet, but Chinese children and
adolescents had relatively lower scores in health behaviors such
as physical activity and sleep health. The initiation of CVD and
related diseases in childhood underscores the critical importance
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of LE8 metrics, turning childhood and youth into new frontiers
for CVD prevention [17]. As the behavioral change theory has
emphasized, changes in human behavior should be based on
education, enhanced self-motivation, and adequate external
support, eventually resulting in changes in health outcomes
[18,19]. Early and sustained multicomponent educational
programs that focus on health promotion in children and
adolescents could represent a critical window of opportunity to
potentially prevent disease in later life [20].

The results of our analysis indicated that the overall CVH level
was lower in the eastern part of China compared to the western
part, similar to findings reported for Chinese adults from the
2021 Report on Cardiovascular Health and Disease in China
[21,22]. In contrast with reports from countries in North
America, where lower CVH status is typically associated with
less favorable economic conditions [23], we found poorer CVH
status in areas with better economic conditions in China. This
may be attributed to wider socioeconomic gaps and the
prevalence of unhealthy lifestyles in urban and higher-income
areas [24]. However, further research is needed for a more
detailed exploration of the social determinants of CVH.

Several metrics in the LE8 were particularly noteworthy in this
study, highlighting persistently low diet quality, fluctuating
levels of physical activity, and persistent declines in sleep and
BMI health. Of more concern is that although there was a time
lag between urban and rural areas, the trend and speed of the
simultaneous decline in rural areas for these indicators were
comparable—or even greater than—that of urban areas.

Enhancing physical fitness in school-aged children and
adolescents has been a top priority for the Chinese government.
The State Council of the People’s Republic of China’s initiatives
“Suggestions on Strengthening Youth Sports and Enhancing
Youth Physical Fitness,” released in 2007 [25], and the
“Sunshine Sports Program,” which encourages all school-aged
children and adolescents to have at least 1 hour of outdoor
physical activity, have been implemented. Nationwide survey
findings from both our analysis and the Chinese National Survey
on Students’ Constitution and Health showed a significant
improvement in weekly exercise hours and physical fitness
during the following years [26,27]. However, our analysis
reveals that physical activity scores have continued to decline
since 2011, primarily due to lower scores in Northwest China.
The geographical imbalance in policy implementation is evident
and should be addressed in future efforts.

Sleep health has drawn attention in some high-income countries,
and public health initiatives have been implemented to promote
better sleep health [28,29]. In the United States, national surveys
indicate an improvement in sleep duration due to earlier
bedtimes and longer sleep durations in various segments of the
population [30]. Insufficient sleep can directly impact growth
and development in children and adolescents, acting as a
medium to spread the adverse effects of modern social
development on CVH through its impact on the endocrine
system [31-34].

A population-based analysis found a causal cycle between poor
diet, worsened BMI, and shortened sleep time, as all 3 metrics
have experienced significant decreases during the latest decade.

This suggests that overall CVH in Chinese children and
adolescents could soon worsen. The LE8 guideline emphasizes
that overall CVH status depends not on a single metric but on
a combination of all 8 metrics. Emphasizing certain aspects
when policymaking could lead to joint improvements in other
metrics, making it crucial to avoid geographical biases in policy
implementations.

Our study results indicate that it might be cost-effective and
quicker to prioritize diet health interventions for CVH
promotion, as diet could impact other CVH metrics both directly
and indirectly. Moreover, comprehensive intervention strategies
tailored to specific regional conditions are needed for further
CVH promotion, emphasizing the need for developing
evidence-based behavior change techniques [35].

It is important to note that our study only reflects the temporal
change and distribution of CVH status in school-aged children
and adolescents until 2018. Since then, a series of government
policies, including the “Healthy China Initiative (2019-2030),”
“Implementation Plan for Obesity Prevention and Control in
Children and Adolescents,” and “Implementation Plan for
Comprehensive Prevention and Control of Myopia in Children
and Adolescents,” have been released to guide health promotion
programs targeting Chinese children and adolescents. Key
factors such as the prevalence of obesity and myopia were listed
as part of assessment indicators to ensure that local governments
attach enough importance to them. Dietary health was also
addressed in nearly all the aforementioned policies, with related
health education packages to aid in implementation. With such
a strong driving force, we anticipate significant improvements
in CVH and overall health status for Chinese school-aged
children and adolescents by 2030, setting a valuable example
for other countries.

Limitations
This study has several limitations. First, although the study data
originated from one of China’s largest and longest-standing
nationwide studies of child and adolescent health status, there
is an inherent bias in sample selection. Approximately 23%
(n=6556) of the participants from the original data set were
excluded due to missing data (mainly from blood samples or
surveys before 2000). Although the excluded participants were
not likely to have influenced the findings of this study, which
focuses on CVH changes in the past 20 years, we are unable to
ascertain if they would influence the overall CVH scores and
their trends before 2000. Nevertheless, the original CHNS
sample was not designed to be representative of China but rather
to capture a diverse range of economic and demographic
circumstances [12] Therefore, caution should be taken when
generalizing these findings. Despite these limitations, based on
the setting of the original survey, our study results still provide
valuable insights into the changing trends of CVH status among
children and adolescents from different socioeconomic
development levels in China.

Second, although the original CHNS was designed to be a
prospective cohort study, our study adopted a multiwave
cross-sectional study design due to the lack of personal
information. Therefore, the analyses were conducted at the
population level, and further studies with individual-level data
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could provide confirmation of the reported population-level
data. Third, concerns about the reliability of the self-reported
dietary data have been raised in the scientific community, and
we observed lower reported energy intakes in many Chinese
children in our previous studies. However, given the complexity
of the Chinese diet, objective dietary survey methods are still
being developed.

Conclusions
Based on the latest LE8 metrics, Chinese school-aged children
and adolescents generally exhibited a moderate level of CVH
over the past decades. Poor performance in health behaviors,
including diet, sleep, and physical activity may contribute to
worsening overall CVH in the future. Therefore, policies and
interventions addressing diet health may be the breakthrough
point for promoting overall CVH status in Chinese children and
adolescents.

 

Acknowledgments
The China Health and Nutrition Survey (CHNS) survey was supported by the Eunice Kennedy Shriver National Institute of Child
Health and Human Development (R01-HD30880 and R01-HD38700); National Institute on Aging (R01-AG065357); National
Heart, Lung, and Blood Institute (R01- HL108427I); National Institutes of Health (NIH) Fogarty International Center
(D43-TW009077); Carolina Population Center (P2C-HD050924 and P30-AG066615) from 1989 to 2019; and the Ministry of
Finance of the People’s Republic of China. This work was supported by the National Natural Science Foundation (81673192 to
JM, 81903344 to BD and 82204067 to XW) and Postdoctoral Research Specialization of Vanke School of Public Health, Tsinghua
University (2022BH011 to XW).

The authors greatly appreciated the colleagues and primary health care staff from the CHNS investigation groups for their hard
work on data collection. We would also like to express our gratitude to Professor Zhiqiang Wang, who provided generous support
when drafting this manuscript.

Data Availability
Partial data from 1989 to 2011 are available upon request to the corresponding author. The remaining data are not publicly
available.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Supplementary figures and tables.
[DOCX File , 119 KB - publichealth_v9i1e45564_app1.docx ]

References
1. Benjamin EJ, Virani SS, Callaway CW, Chamberlain AM, Chang AR, Cheng S, American Heart Association Council on

Epidemiology Prevention Statistics Committee Stroke Statistics Subcommittee. Heart disease and stroke statistics-2018
update: A report from the American Heart Association. Circulation 2018 Mar 20;137(12):e67-e492 [FREE Full text] [doi:
10.1161/CIR.0000000000000558] [Medline: 29386200]

2. Reddy KS, Mathur MR. Global burden of CVD. In: Handbook of Global Health. Cham, Switzerland: Springer; May 12,
2021.

3. Pool LR, Krefman AE, Labarthe DR, Greenland P, Juonala M, Kähönen M, et al. The timing and sequence of cardiovascular
health decline. Am J Prev Med 2021 Oct;61(4):545-553. [doi: 10.1016/j.amepre.2021.04.010] [Medline: 34238623]

4. Bei Y, Yang T, Xiao J. Cardiovascular medicine in China: what can we do to achieve the Healthy China 2030 plan? BMC
Med 2018 Aug 24;16(1):132 [FREE Full text] [doi: 10.1186/s12916-018-1133-4] [Medline: 30139358]

5. Ma L, Chen W, Gao R, Liu LS, Zhu ML, Wang YJ, et al. China cardiovascular diseases report 2018: an updated summary.
J Geriatr Cardiol 2020 Jan;17(1):1-8 [FREE Full text] [doi: 10.11909/j.issn.1671-5411.2020.01.001] [Medline: 32133031]

6. Hyattsville (MD). Health, United States, 2017: With Special Feature on Mortality. In: National Center for Health Statistics.
US: National Center for Health Statistics; 2018.

7. Jagannathan R, Patel SA, Ali MK, Narayan KMV. Global updates on cardiovascular disease mortality trends and attribution
of traditional risk factors. Curr Diab Rep 2019 Jun 20;19(7):44. [doi: 10.1007/s11892-019-1161-2] [Medline: 31222515]

8. Lloyd-Jones DM, Hong Y, Labarthe D, Mozaffarian D, Appel LJ, Van HL, et al. Defining and setting national goals for
cardiovascular health promotion and disease reduction: the American Heart Association's strategic impact goal through
2020 and beyond. Circulation 2010 Feb 2;121(4):586-613 [FREE Full text] [doi: 10.1161/CIRCULATIONAHA.109.192703]
[Medline: 20089546]

JMIR Public Health Surveill 2023 | vol. 9 | e45564 | p.2285https://publichealth.jmir.org/2023/1/e45564
(page number not for citation purposes)

Wang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v9i1e45564_app1.docx&filename=2f5b559bdcd65a1884e344b8bf8de907.docx
https://jmir.org/api/download?alt_name=publichealth_v9i1e45564_app1.docx&filename=2f5b559bdcd65a1884e344b8bf8de907.docx
https://www.ahajournals.org/doi/abs/10.1161/CIR.0000000000000558?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/CIR.0000000000000558
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29386200&dopt=Abstract
http://dx.doi.org/10.1016/j.amepre.2021.04.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34238623&dopt=Abstract
https://bmcmedicine.biomedcentral.com/articles/10.1186/s12916-018-1133-4
http://dx.doi.org/10.1186/s12916-018-1133-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30139358&dopt=Abstract
https://europepmc.org/abstract/MED/32133031
http://dx.doi.org/10.11909/j.issn.1671-5411.2020.01.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32133031&dopt=Abstract
http://dx.doi.org/10.1007/s11892-019-1161-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31222515&dopt=Abstract
http://circ.ahajournals.org/cgi/pmidlookup?view=long&pmid=20089546
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.192703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20089546&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


9. Brunner FJ, Waldeyer C, Ojeda F, Salomaa V, Kee F, Sans S, et al. Application of non-HDL cholesterol for population-based
cardiovascular risk stratification: results from the Multinational Cardiovascular Risk Consortium. Lancet 2019
Dec;394(10215):2173-2183. [doi: 10.1016/s0140-6736(19)32519-x]

10. Juonala M, Wu F, Sinaiko A, Woo JG, Urbina EM, Jacobs D, et al. Non-HDL cholesterol levels in childhood and carotid
intima-media thickness in adulthood. Pediatrics 2020 Apr;145(4):1-9 [FREE Full text] [doi: 10.1542/peds.2019-2114]
[Medline: 32209701]

11. Zhang B, Zhai FY, Du SF, Popkin BM. The China Health and Nutrition Survey, 1989-2011. Obes Rev 2014 Jan;15 Suppl
1(0 1):2-7 [FREE Full text] [doi: 10.1111/obr.12119] [Medline: 24341753]

12. Popkin BM, Du S, Zhai F, Zhang B. Cohort Profile: The China Health and Nutrition Survey--monitoring and understanding
socio-economic and health change in China, 1989-2011. Int J Epidemiol 2010 Dec;39(6):1435-1440 [FREE Full text] [doi:
10.1093/ije/dyp322] [Medline: 19887509]

13. de Onis M. Development of a WHO growth reference for school-aged children and adolescents. Bull World Health Organ
2007 Sep 01;85(09):660-667. [doi: 10.2471/blt.07.043497]

14. Flynn JT, Kaelber DC, Baker-Smith CM, Blowey D, Carroll AE, Daniels SR, Subcommittee on Screening and Management
of High Blood Pressure in Children. Clinical practice guideline for screening and management of high blood pressure in
children and adolescents. Pediatrics 2017 Sep;140(3). [doi: 10.1542/peds.2017-1904] [Medline: 28827377]

15. Ehrminger M, Brunet-Gouet E, Cannavo A, Aouizerate B, Cussac I, Azorin J, FondaMental Advanced Centers of Expertise
in Bipolar Disorders (FACE-BD) Collaborators, et al. Longitudinal relationships between cognition and functioning over
2 years in euthymic patients with bipolar disorder: a cross-lagged panel model approach with the FACE-BD cohort. Br J
Psychiatry 2021 Feb;218(2):80-87. [doi: 10.1192/bjp.2019.180] [Medline: 31407639]

16. Lloyd-Jones DM, Ning H, Labarthe D, Brewer L, Sharma G, Rosamond W, et al. Status of cardiovascular health in US
adults and children using the American Heart Association’s new “Life’s Essential 8” Metrics: prevalence estimates from
the National Health and Nutrition Examination Survey (NHANES), 2013 through 2018. Circulation 2022 Sep
13;146(11):822-835. [doi: 10.1161/circulationaha.122.060911]

17. Abrignani MG, Lucà F, Favilli S, Benvenuto M, Rao CM, Di Fusco SA, Cardiovascular Prevention Area‚ Young Cardiologists
Area‚ Paediatric Cardiology Task Force of the Associazione Nazionale Medici Cardiologi Ospedalieri (ANMCO)‚ Heart
Care Foundation. Lifestyles and cardiovascular prevention in childhood and adolescence. Pediatr Cardiol 2019 Aug
24;40(6):1113-1125. [doi: 10.1007/s00246-019-02152-w] [Medline: 31342115]

18. Gardner B, Rebar A. Habit formation and behavior change. Oxford Res Encycl Psychol 2019:26. [doi:
10.1093/acrefore/9780190236557.013.129]

19. Beauchamp MR, Crawford KL, Jackson B. Social cognitive theory and physical activity: mechanisms of behavior change,
critique, and legacy. Psychol Sport Exerc 2019 May;42:110-117. [doi: 10.1016/j.psychsport.2018.11.009] [Medline:
30872122]

20. Fernandez-Jimenez R, Al-Kazaz M, Jaslow R, Carvajal I, Fuster V. Children present a window of opportunity for promoting
health: JACC review topic of the week. J Am Coll Cardiol 2018 Dec 25;72(25):3310-3319 [FREE Full text] [doi:
10.1016/j.jacc.2018.10.031] [Medline: 30527619]

21. Ma L, Wang Z, Fan J, Hu S. Epidemiology and management of hypertension in China: an analysis using data from the
Annual Report on Cardiovascular Health and Diseases in China (2021). Chin Gen Pract 2022;25(30):3715-3720. [doi:
10.12114/j.issn.1007-9572.2022.0502]

22. Hu SS, The Writing Committee Of The Report On Cardiovascular Health And Diseases in China. Report on cardiovascular
health and diseases in China 2021: an updated summary. J Geriatr Cardiol 2023 Jun 28;20(6):399-430 [FREE Full text]
[doi: 10.26599/1671-5411.2023.06.001] [Medline: 37416519]

23. Movsisyan N, Vinciguerra M, Medina-Inojosa J, Lopez-Jimenez F. Cardiovascular diseases in Central and Eastern Europe:
a call for more surveillance and evidence-based health promotion. Ann Glob Health 2020 Feb 26;86(1):21 [FREE Full text]
[doi: 10.5334/aogh.2713] [Medline: 32166066]

24. Patel N, Kalra R, Bhargava A, Arora G, Arora P. Ideal cardiovascular health among American adults after the economic
recession of 2008-2009: insights from NHANES. Am J Med 2019 Oct;132(10):1182-1190.e5 [FREE Full text] [doi:
10.1016/j.amjmed.2019.06.004] [Medline: 31278932]

25. Suggestions on strengthening youth sports and enhancing youth physical fitness. State Council of the People's Republic of
China. 2007. URL: http://www.gov.cn/gongbao/content/2007/content_663655.htm [accessed 2022-08-18]

26. Dong Y, Lau PWC, Dong B, Zou Z, Yang Y, Wen B, et al. Trends in physical fitness, growth, and nutritional status of
Chinese children and adolescents: a retrospective analysis of 1·5 million students from six successive national surveys
between 1985 and 2014. Lancet Child Adolesc Health 2019 Dec;3(12):871-880. [doi: 10.1016/s2352-4642(19)30302-5]

27. Department of Physical Health and Arts Education, Ministry of Education. Release report of the Eighth National Survey
on Student Physical Fitness and Health. Chin J Sch Health 2021;42(9):1281-1282. [doi:
10.16835/j.cnki.1000-9817.2021.09.001]

28. Chaput J. The integration of pediatric sleep health into public health in Canada. Sleep Med 2019 Apr;56:4-8. [doi:
10.1016/j.sleep.2018.06.009] [Medline: 30076116]

JMIR Public Health Surveill 2023 | vol. 9 | e45564 | p.2286https://publichealth.jmir.org/2023/1/e45564
(page number not for citation purposes)

Wang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.1016/s0140-6736(19)32519-x
https://europepmc.org/abstract/MED/32209701
http://dx.doi.org/10.1542/peds.2019-2114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32209701&dopt=Abstract
https://europepmc.org/abstract/MED/24341753
http://dx.doi.org/10.1111/obr.12119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24341753&dopt=Abstract
https://europepmc.org/abstract/MED/19887509
http://dx.doi.org/10.1093/ije/dyp322
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19887509&dopt=Abstract
http://dx.doi.org/10.2471/blt.07.043497
http://dx.doi.org/10.1542/peds.2017-1904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28827377&dopt=Abstract
http://dx.doi.org/10.1192/bjp.2019.180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31407639&dopt=Abstract
http://dx.doi.org/10.1161/circulationaha.122.060911
http://dx.doi.org/10.1007/s00246-019-02152-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31342115&dopt=Abstract
http://dx.doi.org/10.1093/acrefore/9780190236557.013.129
http://dx.doi.org/10.1016/j.psychsport.2018.11.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30872122&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0735-1097(18)38908-3
http://dx.doi.org/10.1016/j.jacc.2018.10.031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30527619&dopt=Abstract
http://dx.doi.org/10.12114/j.issn.1007-9572.2022.0502
https://europepmc.org/abstract/MED/37416519
http://dx.doi.org/10.26599/1671-5411.2023.06.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37416519&dopt=Abstract
https://europepmc.org/abstract/MED/32166066
http://dx.doi.org/10.5334/aogh.2713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32166066&dopt=Abstract
https://europepmc.org/abstract/MED/31278932
http://dx.doi.org/10.1016/j.amjmed.2019.06.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31278932&dopt=Abstract
http://www.gov.cn/gongbao/content/2007/content_663655.htm
http://dx.doi.org/10.1016/s2352-4642(19)30302-5
http://dx.doi.org/10.16835/j.cnki.1000-9817.2021.09.001
http://dx.doi.org/10.1016/j.sleep.2018.06.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30076116&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


29. Hale L, Troxel W, Buysse DJ. Sleep health: an opportunity for public health to address health equity. Annu Rev Public
Health 2020 Apr 02;41(1):81-99 [FREE Full text] [doi: 10.1146/annurev-publhealth-040119-094412] [Medline: 31900098]

30. Basner M, Dinges D. Sleep duration in the United States 2003-2016: first signs of success in the fight against sleep deficiency?
Sleep 2018 Apr 01;41(4):1-16. [doi: 10.1093/sleep/zsy012] [Medline: 29325164]

31. St-Onge M, Grandner MA, Brown D, Conroy MB, Jean-Louis G, Coons M, et al. Sleep duration and quality: impact on
lifestyle behaviors and cardiometabolic health: a scientific statement from the American Heart Association. Circulation
2016 Nov;134(18). [doi: 10.1161/cir.0000000000000444]

32. Serin Y, Acar Tek N. Effect of circadian rhythm on metabolic processes and the regulation of energy balance. Ann Nutr
Metab 2019 Apr 23;74(4):322-330 [FREE Full text] [doi: 10.1159/000500071] [Medline: 31013492]

33. Al-Rawi N, Madkour M, Jahrami H, Salahat D, Alhasan F, BaHammam A, et al. Effect of diurnal intermittent fasting
during Ramadan on ghrelin, leptin, melatonin, and cortisol levels among overweight and obese subjects: A prospective
observational study. PLoS One 2020 Aug 26;15(8):e0237922 [FREE Full text] [doi: 10.1371/journal.pone.0237922]
[Medline: 32845924]

34. Xu Y, Yu Y, Huang Y, Wan Y, Su P, Tao F, et al. Exposure to bedroom light pollution and cardiometabolic risk: A cohort
study from Chinese young adults. Environ Pollut 2022 Feb 01;294:118628. [doi: 10.1016/j.envpol.2021.118628] [Medline:
34883146]

35. Michie S, West R, Sheals K, Godinho CA. Evaluating the effectiveness of behavior change techniques in health-related
behavior: a scoping review of methods used. Transl Behav Med 2018 Dec 01;8(2):212-224 [FREE Full text] [doi:
10.1093/tbm/ibx019] [Medline: 29381786]

Abbreviations
CHNS: China Health and Nutrition Survey
CHOD-PAP: cholesterol oxidase: P-aminophenazone
CVD: cardiovascular disease
CVH: cardiovascular health
DBP: diastolic blood pressure
FPG: fasting plasma glucose
GOD-PAP: glucose oxidase-phenol-4-aminoantipyrineenzymatic
HbA1c: glycated hemoglobin
HDL: high-density lipoprotein
LE8: Life’s Essential 8
NaCl: sodium chloride
SBP: systolic blood pressure

Edited by A Mavragani, T Sanchez; submitted 12.01.23; peer-reviewed by TC Chan, Y Jianrong; comments to author 18.05.23; revised
version received 02.06.23; accepted 24.08.23; published 23.10.23.

Please cite as:
Wang X, Dong B, Huang F, Zhang J, He R, Du S, Zhang J, Ma J, Wang H, Zhang B, Liang W
Temporal Trends in Cardiovascular Health Status Among Chinese School-Aged Children From 1989 to 2018: Multiwave Cross-Sectional
Analysis
JMIR Public Health Surveill 2023;9:e45564
URL: https://publichealth.jmir.org/2023/1/e45564 
doi:10.2196/45564
PMID:37870895

©Xijie Wang, Bin Dong, Feifei Huang, Ji Zhang, Rongxin He, Shufa Du, Jiguo Zhang, Jun Ma, Huijun Wang, Bing Zhang,
Wannian Liang. Originally published in JMIR Public Health and Surveillance (https://publichealth.jmir.org), 23.10.2023. This
is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR Public Health and Surveillance, is properly cited. The complete bibliographic
information, a link to the original publication on https://publichealth.jmir.org, as well as this copyright and license information
must be included.

JMIR Public Health Surveill 2023 | vol. 9 | e45564 | p.2287https://publichealth.jmir.org/2023/1/e45564
(page number not for citation purposes)

Wang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://www.annualreviews.org/doi/abs/10.1146/annurev-publhealth-040119-094412?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1146/annurev-publhealth-040119-094412
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31900098&dopt=Abstract
http://dx.doi.org/10.1093/sleep/zsy012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29325164&dopt=Abstract
http://dx.doi.org/10.1161/cir.0000000000000444
https://doi.org/10.1159/000500071
http://dx.doi.org/10.1159/000500071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31013492&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0237922
http://dx.doi.org/10.1371/journal.pone.0237922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32845924&dopt=Abstract
http://dx.doi.org/10.1016/j.envpol.2021.118628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34883146&dopt=Abstract
http://europepmc.org/abstract/MED/29381786
http://dx.doi.org/10.1093/tbm/ibx019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29381786&dopt=Abstract
https://publichealth.jmir.org/2023/1/e45564
http://dx.doi.org/10.2196/45564
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37870895&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Associations of Country-Specific and Sociodemographic Factors
With Self-Reported COVID-19–Related Symptoms: Multivariable
Analysis of Data From the CoronaCheck Mobile Health Platform

Elke Humer1, PD, PhD; Thomas Keil2,3,4, Prof Dr; Carolin Stupp2,3; Winfried Schlee5,6, Prof Dr; Manfred Wildner3,7,

Prof Dr; Peter Heuschmann2,8, Prof Dr; Michael Winter2, Dr rer nat; Thomas Probst1*, Prof Dr; Rüdiger Pryss2*, Prof
Dr
1Department for Psychosomatic Medicine and Psychotherapy, University for Continuing Education Krems, Krems, Austria
2Institute of Clinical Epidemiology and Biometry, University of Würzburg, Würzburg, Germany
3State Institute of Health, Bavarian Health and Food Safety Authority, Erlangen, Germany
4Institute of Social Medicine, Epidemiology and Health Economics, Charité – Universitätsmedizin Berlin, Berlin, Germany
5Department of Psychiatry and Psychotherapy, University of Regensburg, Regensburg, Germany
6Eastern Switzerland University of Applied Sciences, St Gallen, Switzerland
7Pettenkofer School of Public Health, University of Munich, Munich, Germany
8Clinical Trial Center Würzburg, University Hospital Würzburg, Würzburg, Germany
*these authors contributed equally

Corresponding Author:
Rüdiger Pryss, Prof Dr
Institute of Clinical Epidemiology and Biometry
University of Würzburg
Am Schwarzenberg Haus A15
Würzburg, 97078
Germany
Phone: 49 931201 ext 46471
Email: pryss_r@ukw.de

Abstract

Background: The COVID-19 symptom-monitoring apps provide direct feedback to users about the suspected risk of infection
with SARS-CoV-2 and advice on how to proceed to prevent the spread of the virus. We have developed the CoronaCheck mobile
health (mHealth) platform, the first free app that provides easy access to valid information about the risk of infection with
SARS-CoV-2 in English and German. Previous studies have suggested that the clinical characteristics of individuals infected
with SARS-CoV-2 vary by age, gender, and viral variant; however, potential differences between countries have not been
adequately studied.

Objective: The aim of this study is to describe the characteristics of the users of the CoronaCheck mHealth platform and to
determine country-specific and sociodemographic associations of COVID-19–related symptoms and previous contacts with
individuals infected with COVID-19.

Methods: Between April 8, 2020, and February 3, 2022, data on sociodemographic characteristics, symptoms, and reports of
previous close contacts with individuals infected with COVID-19 were collected from CoronaCheck users in different countries.
Multivariable logistic regression analyses were performed to examine whether self-reports of COVID-19–related symptoms and
recent contact with a person infected with COVID-19 differed between countries (Germany, India, South Africa), gender identities,
age groups, education, and calendar year.

Results: Most app users (N=23,179) were from Germany (n=8116, 35.0%), India (n=6622, 28.6%), and South Africa (n=3705,
16.0%). Most data were collected in 2020 (n=19,723, 85.1%). In addition, 64% (n=14,842) of the users were male, 52.1%
(n=12,077) were ≥30 years old, and 38.6% (n=8953) had an education level of more than 11 years of schooling. Headache, muscle
pain, fever, loss of smell, loss of taste, and previous contacts with individuals infected with COVID-19 were reported more
frequently by users in India (adjusted odds ratios [aORs] 1.3-8.3, 95% CI 1.2-9.2) and South Africa (aORs 1.1-2.6, 95% CI
1.0-3.0) than those in Germany. Cough, general weakness, sore throat, and shortness of breath were more frequently reported in

JMIR Public Health Surveill 2023 | vol. 9 | e40958 | p.2288https://publichealth.jmir.org/2023/1/e40958
(page number not for citation purposes)

Humer et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:pryss_r@ukw.de
http://www.w3.org/Style/XSL
http://www.renderx.com/


India (aORs 1.3-2.6, 95% CI 1.2-2.9) compared to Germany. Gender-diverse users reported symptoms and contacts with confirmed
COVID-19 cases more often compared to male users.

Conclusions: Patterns of self-reported COVID-19–related symptoms and awareness of a previous contact with individuals
infected with COVID-19 seemed to differ between India, South Africa, and Germany, as well as by gender identity in these
countries. Viral symptom–collecting apps, such as the CoronaCheck mHealth platform, may be promising tools for pandemics
to support appropriate assessments. Future mHealth research on country-specific differences during a pandemic should aim to
recruit representative samples.

(JMIR Public Health Surveill 2023;9:e40958)   doi:10.2196/40958

KEYWORDS

COVID-19; COVID-19 symptoms; gender; India; South Africa; Germany; symptoms; app; information; English; sociodemographic;
weakness; muscle pain; pain; age; education

Introduction

The emergence of COVID-19, caused by SARS-CoV-2
infection, has led to a major ongoing public health crisis
worldwide [1]. By April 2022, the COVID-19 pandemic had
been associated with more than 6 million deaths out of more
than 500 million confirmed cases worldwide [2]. To contain
the spread of the virus, various prevention strategies, such as
lockdowns, quarantine, and stringent hygiene practices, have
been adopted in countries worldwide [3]. The transmission of
SARS-CoV-2 occurs primarily through contact with infected
individuals via respiratory droplets and aerosols [4,5]. Symptoms
vary widely, with fever, cough, and fatigue among the most
common [6,7], while loss of smell and loss of taste were
described as the most prominent COVID-19 symptoms until
2021, before the Omicron variant became prevalent [7-9].
Symptoms may appear after an incubation period of 2-18 days
after contact with the virus [3,10]. Viral shedding may occur 3
days before the onset of symptoms, and more than 50% of
SARS-CoV-2 transmissions are reported to occur in
asymptomatic infected individuals [11]. Therefore, early
identification and isolation of individuals infected with
COVID-19 is particularly important to reduce transmission
[12,13]. To effectively prevent and manage COVID-19 cases
(eg, by detecting clusters) at the population level, various mobile
health (mHealth) apps have been developed [3,14].
Symptom-monitoring apps aim to determine whether the user
may be infected with SARS-CoV-2 by asking a series of
screening questions that include symptoms, such as fever, cough,
and pain, and by documenting potential contacts with infected
individuals. These apps aim to provide the user with information
about the potential risk of being infected and to give advice
about further behavior, such as avoiding physical contact with
others or wearing a face mask to reduce the spread [3]. Some
evidence exists suggesting that the reported clinical
characteristics of individuals infected with SARS-CoV-2 vary
by age, gender, variant of the virus, and type of reporting system
(eg, self-reports vs clinician reported) [7,11,15-17]; however,
possible differences between countries have not yet been
sufficiently investigated. Since health systems operate differently
worldwide (eg, centralized vs decentralized) and have responded
differently to the pandemic itself, such country-specific
comparisons are important [18]. Official COVID-19 data often
do not reflect differences between countries, because they are
subject to various uncertainties, such as small numbers of

COVID-19 tests and shortcomings in the monitoring systems
of countries with limited resources. Therefore, studies comparing
cross-national cases run the risk of arriving at incorrect
conclusions [19].

In the beginning, the CoronaCheck app was intended to enable
symptom monitoring to offer quick advice to those affected.
This advice needed to follow the official recommendations of
the Robert Koch Institute as the National German Public Health
Institute so that those affected could assess their symptoms to
the best of the current knowledge and to complement the official
support hotlines. Another goal was to provide certain segments
of the population with easier access to information than through
a telephone hotline. These included adolescents, people with
hearing problems who may not fully understand the telephone
voice, and migrants or tourists without sufficient language skills
for a hotline in the local language.

CoronaCheck is an open-science mHealth platform with 109,603
installations and 88,537 completed questionnaires as of February
3, 2022. The app was developed in the first months of the
COVID-19 pandemic in Germany in collaboration with
university partners from Bavaria and software companies. The
app is based on the TrackYourHealth platform [20,21] and is
guided by the information and official recommendations of
health authorities. The goal is to provide users with quick and
easy-to-perform symptom screening and documentation of
contact information to identify their risk of infection with
SARS-CoV-2 [22]. CoronaCheck adheres to the Medical Device
Regulations (MDR) and has been released on the official app
stores of Google (April 30, 2020, 8:25 p.m.) and Apple (April
24, 2020, 12:47 p.m.). The app collects anonymous information
about users' sociodemographic characteristics,
COVID-19–related symptoms, and recent close contact with
an infected individual to provide direct feedback to users. This
includes recommendations on how individuals should act, such
as seeking medical advice, avoiding contact with others, and
taking other protective measures. This study aims to describe
the CoronaCheck user characteristics based on data from
Germany, India, and South Africa and to determine associations
of self-reports of COVID-19–related symptoms and previous
contacts with individuals infected with COVID-19 with country,
sociodemographic characteristics (gender identity, age group,
educational level), calendar year, and user status (reported for
oneself vs reported for another person).
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Methods

Ethical Considerations
The study was approved by the Ethics Committee of the
University of Würzburg (ethical approval no. 71/20-me) and
the university’s data protection officer and was carried out in
accordance with the General Data Protection Regulations of the
European Union [23]. To have their anonymous data included
in this study, all app users had to provide informed consent and
agree that the data can be used for research purposes. With
regard to data protection, users were also given comprehensive
information at the beginning, and this information can also be
viewed at any time [24].

Experimental Design
CoronaCheck was developed in a scientific collaboration
between 2 German university partners from Bavaria and
software companies and is based on the openly available
information about SARS-CoV-2 and corresponding
recommendations of the Robert Koch Institute, the German
national health authority [22]. CoronaCheck combines the ideas
of patient-reported outcomes and mobile sensing with direct
feedback from the app to users based on their answers to the
questions. The overall goal is to provide a quick test that can
be easily performed at any time and with any change in
symptoms. In developing the app, it was important to comply
with the MDR. The app was released in the official app stores
of Google and Apple and complies with the MDR.

On April 8, 2020 (10 weeks after the first COVID-19 cases were
reported in Germany), data collection from this app began in
Germany, followed by the first data from South Africa and India
on April 24 and 28, 2020, respectively.

Ascertainment of Demographic Information
We collected data on age (years, categorized in 10-year intervals
up to 79 years, ie, ≤9, 10-19, 20-29, 30-39, 40-49, 50-59, 60-69,
70-79, ≥80 years), gender identity (male, female, diverse, not
specified), educational level (defined by years of schooling in
4 categories: ≤9 years, 10-11 years, ≥12 years, and “not
reported” if users did not answer this question), and the
information for whom the questionnaire was filled out (oneself,
another person, not specified).

Ascertainment of COVID-19–Associated Symptoms
Participants were asked about the presence of 11 different
COVID-19–related symptoms in the past 24 hours (yes/no):

fever (defined as a temperature of 37.5 °C or more), sore throat,
stuffed or runny nose, cough, loss of smell, loss of taste,
shortness of breath, headache, muscle or joint pain, diarrhea,
and general weakness. In the case of diarrhea, the symptom was
assessed only in the first 2 months (April-June 2020), before it
was deleted in accordance with the recommendations of the
Robert Koch Institute.

Assessment of Close Contact With a Confirmed Case
of COVID-19
We asked participants whether they or the person for whom
they completed the questionnaire had had close contact with a
person with confirmed COVID-19 in the past 14 days (yes, no,
or not specified). We did not ask whether this confirmed case
was based on a polymerase chain reaction (PCR) test, a medical
diagnosis (including clinical radiology tests), or other
information.

App Development and Illustrations
The app was developed based on the TrackYourHealth platform
[20,21]. This always consists of a native iOS (Objective C) and
a native Android (Java) app as well as a server backend. The
latter includes a relational database and interface for mobile
apps. The interface is based on the representational state transfer
(REST) architectural style, and the connection to the apps is
carried out via an encrypted secure sockets layer (SSL) channel
[25]. The apps include a questionnaire for the COVID-19
self-check and a module that calculates the feedback for the
symptoms. The module consists of the server-side calculation
and a component in the apps that displays the feedback.
Furthermore, 2 other modules are enabled in the app, one that
displays general news located on the server and one that
provides tips about COVID-19. The tips are intended to make
everyday life easier and can also be evaluated by users in terms
of their usefulness. Finally, the app provides information about
the team, privacy, and declarations of conformity. The server
for the data acquisition is located at the Service Center Medical
Informatics at the University Hospital in Würzburg (SMI), and
the app has been published in the official stores of Apple and
Google. The last thing to mention is that all information (ie, the
questionnaire, feedbacks, tips, news) is cached on the mobile
devices, but server-side changes appear as an update in the app.
Figure 1 shows screenshots of the app. The first screenshot
shows the screen to start the test, the second the test in action,
the third the feedback screen, the fourth the list of tips, and the
fifth a detail page for a tip.
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Figure 1. App illustration: screenshots of (1) Start Check, (2) Questionnaire, (3) Feedback Module, (4) Tips, and (5) Detailed Tip.

Data Management
Only participants who met the following criteria were included
in the final analysis: provided consent to use data for research
purposes; answered questions about age, user status, and gender
identity; provided GPS data; and answered questions about
previous contacts (in the past 14 days) with a person infected
with COVID-19 and the presence or absence of the 11 symptoms
listed before. In case the app was used multiple times by a single
person, only the first recording was used. It should be noted
that every time a questionnaire is filled out, the GPS location
is saved, provided that the user gives their consent. The location
permission is regulated by the operating system (Android or
iOS). We do not store the raw location, but we process the data
we receive from the operating system to make it more
coarse-grained, and only store a value with an accuracy of 11.1
km. The level of detail with which we store the GPS sensor data
was determined in discussions with all stakeholders, the
institutional review board, and relevant laws and regulations.
Further, only data from countries with more than 3000 users
(Germany, India, and South Africa) were included in the
statistical analyses. Data from other countries were
comparatively small (each <600 users). The educational level
was categorized into 3 groups (<12 years, ≥12 years, missing).
Since most reports were collected in 2020 and the first variants
of concern emerged around the turn of 2020/2021 [26], we
defined 2 categories (2020 and 2021/2022) for the calendar year
variable.

Statistical Analysis
Descriptive statistics were conducted to describe the
CoronaCheck user characteristics. To compare
sociodemographic characteristics (gender identity, age,
education), calendar year, and user status among app users from
Germany, India, South Africa, and other countries, chi-square
tests were applied. Chi-square tests and Fisher exact tests were
performed to compare the proportion of users who reported
COVID-19–related symptoms and contact with a person infected
with COVID-19 between 3 countries (Germany, India, and
South Africa), gender identity (3 categories), educational level

(3 categories), calendar years (2020 vs 2021/2022), and user
status (symptoms reported for oneself vs another person).
Univariate logistic regressions were calculated to assess the
associations between reporting COVID-19–related symptoms
and reporting contact with a person who tested positive for
COVID-19 with country, gender, age (in 10-year categories),
calendar year, educational level, and user status. Multivariable
logistic regression was conducted to adjust the data for country,
gender identity, age, calendar year, education level, and user
status. Odds ratios (ORs) and their 95% CIs were estimated to
assess the statistical uncertainty. All statistical analyses were
performed using SPSS version 26 (IBM Corp), and all tests
were 2-tailed.

Results

Study Population
From April 8, 2020, to February 3, 2022, we received a total of
88,537 recordings. Recordings with missing GPS data
(n=29,449, 33.3%), missing consent that data can be used for
research purposes (n=30,836, 34.8%), or missing information
about age (n=2001, 2.3%), gender identity (n=1927, 2.2%), or
user status (n=10,039, 11.3%) were excluded. Only the first
recording per person was included in the case of multiple use.
After applying these exclusion criteria, 23,179 recordings
remained. All recordings included answers on the questions
about previous contact (in the past 14 days) with a person
infected with COVID-19 and the presence or absence of the 11
symptoms listed before. Most recordings were from Germany
(n=8116, 35.0%), India (n=6622, 28.6%), and South Africa
(n=3705, 16.0%). Recordings from 131 other countries ranged
from 1 (0.004%) to 595 (2.6%) per country and were
summarized into 1 group, “other countries” (n=4736, 20.4%).

The characteristics of the sample stratified by country are
summarized in Table 1. In short, about half of the users were
younger than 30 years old, with a higher proportion of young
people using the app in India than in Germany. On average,
35.5% (n=8218) of the users were women, with the lowest
proportion of women using the app in India.
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The 4736 (20.4%) app users from “other countries” were
excluded from further analysis, yielding a final analytic cohort

of 18,443 (79.6%) individuals.

Table 1. Characteristics of CoronaCheck app users stratified by country.

Total (N=23,179), n (%)CountryCharacteristics

Other countries
(n=4736, 20.4%), n (%)

South Africa (n=3705,
16.0%), n (%)

India (n=6622,
28.6%), n (%)

Germany (n=8116,
35.0%), n (%)

Gender identity (P<.001)

14,842 (64.0)3305 (69.8)2082 (56.2)4686 (70.8)4769 (58.8)Man

8218 (35.5)1406 (29.7)1611 (43.5)1893 (28.6)3308 (40.8)Woman

119 (0.5)25 (0.5)12 (0.3)43 (0.6)39 (0.5)Diverse

Age (years; P<.001)

11,102 (47.9)2507 (52.9)1982 (53.5)4649 (70.2)1964 (24.2)< 30

7227 (31.2)1480 (31.4)1469 (39.6)1556 (23.5)2722 (33.5)30-49

4850 (20.9)749 (15.8)254 (6.9)417 (6.3)3430 (42.3)≥50

Education (years; P<.001)

7939 (34.3)1372 (29.0)891 (24.0)1849 (27.9)3827 (47.2)<12

8953 (38.6)1970 (41.6)1906 (51.4)2047 (30.9)3030 (37.3)≥12

6287 (27.1)1394 (29.4)908 (24.5)2726 (41.2)1259 (15.5)Missing

Calendar year (P<.001)

19,723 (85.1)3740 (79.0)3094 (83.5)5805 (87.7)7084 (87.3)2020

3456 (14.9)996 (21.0)611 (16.5)817 (12.3)1032 (12.7)2021/2022

User status (P<.001)

20,067 (86.6)4032 (85.1)3314 (89.4)5222 (78.9)7499 (92.4)Reported for oneself

3112 (13.4)704 (14.9)391 (10.6)1400 (21.1)617 (7.6)Reported for another
person

Occurrence of COVID-19–Related Symptoms and
Close Contact With an Infected Person
Of the 18,443 recordings collected in Germany, India, and South
Africa, the 3 most frequent self-reported symptoms were
headache (n=5351, 29.0%), cough (n=5219, 28.3%), and general
weakness (n=4592, 24.9%), followed by muscle pain (n=4131,
22.4%), runny nose (n=3984, 21.6%), fever (n=3815, 20.7%),
and sore throat (n=3646, 19.8%). Shortness of breath (n=2852,
15.5%), loss of smell (n=2224, 12.1%), loss of taste (n=2161,
11.7%), and diarrhea (n=136, 0.7%) were reported less
frequently.

In 5105 (27.7%) of the 18,443 recordings collected in the 3
countries, the app users reported close contact with someone
infected with SARS-CoV-2 in the past 14 days.

Exploration of Country Differences
We found differences between the 3 countries in all symptoms
(Figure 2 and Multimedia Appendix 1, Tables S1 and S2). We

observed higher odds of reporting headache, cough, general
weakness, muscle pain, fever, sore throat, shortness of breath,
and loss of smell and taste: the adjusted odds ratios (aORs) were
1.27-7.10 (95% CI 1.17-7.95) for app users from India compared
to Germany. In contrast, app users from India reported diarrhea
less frequently than those from Germany (aOR 0.05, 95% CI
0.02-0.12). App users from South Africa were more likely to
report headache, muscle pain, fever, and loss of smell and taste
(aORs 1.11-2.56, 95% CI 1.00-2.98), while they were less likely
to report runny nose (aOR 0.76, 95% CI 0.68-0.84) and diarrhea
(aOR 0.03, 95% CI 0.01-0.12) than users from Germany. App
users from India were significantly more likely to have
knowledge of close contact with a person positive for
SARS-CoV-2 in the past 14 days compared to Germany (aOR
8.33, 95% CI 7.53-9.21). To a lesser extent, this was also the
case for app users from South Africa compared to Germany
(aOR 2.12, 95% CI 1.89-2.38).
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Figure 2. aORs and their 95% CIs stratified by the country of the CoronaCheck app users. aOR: adjusted odds ratio.

Exploration of Sociodemographic Differences

Gender Identity Differences
Our results showed gender identity differences for all symptoms
except diarrhea (Figure 3 and Multimedia Appendix 1, Tables
S3 and S4). Women app users reported fever less often (aOR
0.78, 95% CI 0.72-0.85) and headache, general weakness,
muscle pain, runny nose, and sore throat more often (aORs

1.07-1.55, 95% CI 1.00-1.65) compared to men. Except for
diarrhea, gender-diverse users reported COVID-19–related
symptoms more often compared to men (aORs 1.64-4.14, 95%
CI 1.08-6.53). Women were less likely than men to know of
recent contact with a person infected with SARS-CoV-2 (aOR
0.76, 95% CI 0.70-0.82). Gender-diverse users had 5.16 times
higher odds (95% CI 3.18-8.36) of reporting close contact with
a person infected with SARS-CoV-2 in the past 14 days
compared to app users who were men.

Figure 3. aORs and their 95% CIs stratified by the gender identity of the CoronaCheck app users. aOR: adjusted odds ratio.
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Age Effects
Older persons were less likely to report headache, cough, general
weakness, runny nose, fever, sore throat, and loss of smell (aORs
0.86-0.96, 95% CI 0.84-0.99, per 10-year category), whereas

they were more likely to report muscle pain (aOR 1.03, 95%
CI 1.01-1.05, per 10-year category; Table 2). Older persons
were less likely to report close contact with a person positive
for SARS-CoV-2 in the past 14 days (aOR 0.87, 95% CI
0.85-0.89, per 10-year category).

Table 2. Unadjusted ORsa and aORsb by 10-year age category (N=18,445).c

aOR (95% CI)Unadjusted OR (95% CI)Variable

0.87 (0.85-0.89)0.84 (0.82-0.86)Headache

0.90 (0.89-0.92)0.85 (0.84-0.87)Cough

0.96 (0.94-0.99)0.87 (0.86-0.89)General weakness

1.03 (1.01-1.05)0.96 (0.94-0.98)Muscle pain

0.86 (0.84-0.88)0.87 (0.85-0.89)Runny nose

0.92 (0.90-0.94)0.76 (0.74-0.77)Fever

0.87 (0.85-0.89)0.84 (0.82-0.86)Sore throat

0.99 (0.97-1.02)0.91 (0.89-0.93)Shortness of breath

0.95 (0.92-0.98)0.81 (0.79-0.83)Loss of smell

0.98 (0.95-1.02)0.83 (0.81-0.86)Loss of taste

0.92 (0.84-1.01)1.17 (1.08-1.28)Diarrhea

0.87 (0.85-0.89)0.71 (0.70-0.73)Contact with infected person

aOR: odds ratio.
baOR: adjusted odds ratio.
cThe multivariable regression model was adjusted for country, gender identity, calendar year, education, and user status.

Differences Concerning the Educational Level
App users with at least 12 years of school education reported
headache, general weakness, muscle pain, runny nose, and sore

throat more often compared to users with 11 or fewer years of
education (aORs 1.09-1.39, 95% CI 1.00-1.51; Figure 4 and
Multimedia Appendix 1, Tables S5 and S6).

Figure 4. aORs and their 95% CIs stratified by educational level (years of schooling). aOR: adjusted odds ratio.

Exploration of Differences Between Calendar Years
Most COVID-19–associated symptoms were more likely to be
reported by app users in 2021/2022 compared to 2020 (aORs

1.11-1.33, 95% CI 1.01-1.46; Figure 5 and Multimedia
Appendix 1, Tables S7 and S8). The occurrence of runny nose
and shortness of breath was not associated with the calendar
year.
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The reporting of close contact with someone infected with
SARS-CoV-2 in the past 14 days was more likely in 2021/2022

compared to 2020 (aOR 1.37, 95% CI 1.23-1.52).

Figure 5. aORs and their 95% CIs stratified by the year of using the CoronaCheck app. aOR: adjusted odds ratio.

Exploration of Differences Concerning the Status of
the Person (Reported for Oneself vs for Others)
We found differences between persons for whom symptoms
were reported for all symptoms except diarrhea (Figure 6 and
Multimedia Appendix 1, Tables S9 and S10).

Symptoms as well as close contact with a person positive for
SARS-CoV-2 in the past 14 days were more often reported
when the data were entered for another person compared to for
oneself (aORs 1.28-2.09, 95% CI 1.17-2.31).

Figure 6. aORs and their 95% CIs stratified by user status (ie, user-reported symptoms for another person or for oneself). aOR: adjusted odds ratio.

Discussion

Principal Findings
Our study showed that self-reported COVID-19–related
symptoms and reports of previous contact with individuals
infected with COVID-19 vary by country, gender identity, age,
calendar year, education, and user status.

Overall, the most frequently reported symptoms were headache,
cough, and general weakness. Symptoms commonly included
in COVID-19 case definitions, such as shortness of breath and
fever [27,28], were less frequently reported by app users.
Especially app users from India (compared to Germany), as
well as gender-diverse (compared to men) users were more
likely to report COVID-19–related symptoms and previous
close contact with infected individuals.
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Comparison With Prior Work
Our findings regarding the occurrence of common symptoms,
such as headache, general weakness, and runny nose, are
consistent with previous studies. Specifically, previous studies
in individuals infected with PCR-confirmed SARS-CoV-2 have
shown that fatigue, headache, malaise, myalgia, and upper
respiratory symptoms (sore throat, cough, sneezing, rhinitis)
occur early after symptom onset, whereas symptoms considered
more characteristic of COVID-19, such as lower respiratory
and chemosensory symptoms, occur later [17,29,30].

Our study showed differences in self-reported COVID-19
symptoms primarily between Germany, India, and South Africa.
App use from India and South Africa was associated with a
disproportionately high likelihood of experiencing
COVID-19–related symptoms and knowledge of close contact
with an infected person. Specifically, the likelihood of reporting
contact with a person infected with COVID-19 was 8.3-fold
higher among users from India compared to Germany. Most
symptoms were also more likely to be reported by users from
India than by German users. World Health Organization (WHO)
official data on confirmed COVID-19 cases show conflicting
results, with higher numbers of confirmed cases and deaths per
capita in Germany than in India and South Africa [2]. In more
detail, by the beginning of February 2022, the cumulative
confirmed COVID-19 cases amounted to 15% of the German
population, higher than in South Africa (6%) and India (3%).
The discrepancy is likely due to several factors of uncertainty
in the COVID-19 data, such as the low number of COVID-19
tests and deficiencies in surveillance systems in India that result
in underreporting of infections and deaths [31]. Studies that
compare cross-national cases run the risk of reaching incorrect
conclusions [19]. Thus, a higher likelihood of reporting a
previous contact with a person testing positive for COVID-19
in our study and the reporting of symptoms associated with
COVID-19 suggest that there is substantial underreporting bias
in the existing data from India. In addition, higher odds of
reporting previous contact with a person positive for COVID-19
(OR 2.12) as well as higher odds of reporting several symptoms
were observed for app users from South Africa compared to
Germany. Although South Africa is the country that performs
the most COVID-19 testing among African countries and is one
of the few countries that produces vital statistics, it is likely that
the number of COVID-19 cases and deaths is underestimated
[32]. The findings suggest that effective management of the
pandemic is particularly difficult in countries with limited
resources, inadequate testing, and weak health systems.

Gender identity differences were found in this study. Several
symptoms were more likely to be reported by women and
gender-diverse users than by men. Exceptions to the general
assumption that women are more likely to report symptoms
than men were observed for fever. Previous studies of
individuals testing positive for COVID-19 support the
assumption that women are more likely than men to be affected
by headache and sore throat, as well as rhinitis [15,17,33,34].
Results regarding muscle pain [15,17] are equivocal, and fever
seems to be less prevalent in women [33]. Female users less
frequently reported contact with a person positive for COVID-19
compared to male users. Previous studies highlight that women

are more willing to adhere to protective measures [35,36], which
might be 1 explanation for the lower odds of self-reported
contact with an infected person in women individuals and
possibly also to the overall lower proportion of women app
users.

The impact of COVID-19 on COVID-19 symptoms in
gender-diverse individuals has not been well captured; however,
the more than 5-fold increase in the likelihood of gender-diverse
users reporting prior contact with an individual who tested
positive for COVID-19, as well as the higher odds of reporting
symptoms observed in this study, is supported by the notion
that gender-diverse individuals are more vulnerable to
COVID-19, which extends to the areas of increased barriers to
COVID-19 transmission prevention strategies, decreased
physical and mental health, and barriers to health services [37].
As such, the higher odds of reporting contact with persons
infected with COVID-19 corroborates the reported reduced
options of gender-diverse individuals to practice physical
distancing, as they are more likely to be essential workers,
requiring in-person work and often commuting by public
transport [37]. Other discussed aspects are the higher behavioral
risks, such as substance use and smoking, which are common
among gender-diverse people [38]. Studies have also reported
a higher risk for chronic health conditions, such as diabetes, in
gender-diverse individuals [39], and they often face barriers to
health care services [40]. Greater vaccination hesitancy has also
been reported, likely associated with medical mistrust due to
the historical mistreatment of gender-diverse individuals [37].
Thus, all these factors might place this population at greater
risk for COVID-19–related illness. Considering these previous
reports as well as the findings of the study at hand,
gender-diverse individuals seem to be among those minorities
most strongly affected by the COVID-19 pandemic.

Older age was found to be associated with a lower likelihood
of reporting contact with a person infected with COVID-19. In
support of this finding, previous studies have found an
association between older age and self-reported adherence to
COVID-19 public health measures [41]). Reports of age-related
differences in the clinical presentation of patients with
COVID-19 suggest that older patients with COVID-19 are more
likely to have general symptoms (fever, fatigue, gastrointestinal
symptoms) than specific symptoms (loss of smell and taste)
[17,33,34]. In this study, the odds of reporting almost all
COVID-19–related symptoms decreased with increasing age.
Given the lower likelihood of being a contact in older
individuals, it can be surmised that the proportion of app users
infected with COVID-19 was lower among older users, which
likely contributed to their lower frequency of reported
symptoms.

The increased odds of reporting contact with someone who
tested positive for SARS-CoV-2 in 2021/2022 compared to
2020 is supported by the increased transmission of the variants
of concern, which predominated from 2021 onward. The Alpha
variant (B.1.1.7), first identified in the United Kingdom at the
end of 2020; the Beta variant (B.1.351), first identified in South
Africa at the end of 2020; the Delta variant (B.1.617.2), first
identified in India at the end of 2020; and the Omicron variant
(B.1.1.529), first identified in South Africa at the end of 2021,
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have roughly 50% increased transmission [11]. In addition, the
higher odds of reporting symptoms after 2020 compared to the
year in which the SARS-CoV-2 wild-type virus was dominant
might be due to the increased disease severity of the Alpha,
Beta, and Delta variants [26].

In this study, the person for whom the symptom check was used
affected the outcome: the likelihood of reporting contact with
a person positive for COVID-19 and various COVID-19–related
symptoms was higher when the app was used to check
symptoms for another person. Thus, it appears that the app was
used more frequently for other individuals when there was a
specific suspicion of infection. Differences in reporting systems
have been observed previously, with a higher percentage of
symptoms reported in self-reports than in physician reports [7].
Therefore, the use of a self-report app seems to be an appropriate
method for recording COVID-19–related symptoms.

Strengths
Our study had several strengths. First, data were collected over
a long time interval that began early in the pandemic. Data were
collected across different countries, with considerable
differences in health care systems, economic status, and
governmental regulations to combat the spread of the virus,
therefore increasing the generalizability of the findings. The
number of gender-diverse individuals among app users also
allowed us to identify the specifics of symptoms reported by
COVID-19 among gender minorities. In addition, it was possible
to develop the app in a relatively short period and adapt it to
the MDR, which meant that, among other things, special
consideration was given to the risks involved in using the app.
The app made use of GPS measurements when users allowed
it, which shows that such measurements are also welcomed by
many users. Finally, the content of the app was based on the
recommendations of the Robert Koch Institute, the national
public health institute in Germany. We therefore regularly
adapted the app to the changing official recommendations.

Limitations
Our study also had some limitations that need to be noted. First,
objective data on whether app users tested positive for
COVID-19 or not were not available. Thus, we were not able
to validate the subjectively reported information about
COVID-19 test positivity. Moreover, no objective data were
available if the infected contact person of the user had a positive
COVID-19 test; however, the corresponding question asked
specifically about contact with a person who was a confirmed
case.

Second, all information about specific symptoms was
self-reported by the users, which was not validated by, for
example, doctors’ diagnoses. In those cases where the
questionnaire was filled out for another person, the validity of
the data is further limited. This especially applied to the
youngest and oldest app users, where a higher proportion of
reported information was not entered by themselves (51.5%

among children ≤9 years old and 21.1% among the elderly ≥80
years old vs 12.1% among 10-79-year-old persons).

Third, participants’ socioeconomic status was limited to the
information about the years of education in school. This
information was further limited by the high number of missing
entries as well as by differences in the educational systems
between countries.

Fourth, we had to adjust the app several times to meet the
changing official recommendations of the German public health
authority, the Robert Koch Institute, over the course of the
pandemic. Therefore, during the overall time of app usage,
especially in the early phase of the pandemic, some information
was slightly differently presented to users. For example, the
question regarding diarrhea was only administered for the first
2 months before it was removed.

Furthermore, as data collection was based on a mobile app,
results might not be generalized to individuals with lower
affinity for digital health apps. In concrete terms, this also means
that information and selection bias must be taken into account.
However, observer and recall bias can be reduced to some extent
by an app in terms of patient-reported outcomes. Therefore,
app-based data have strengths as well as weaknesses that need
to be considered. Moreover, mHealth apps are always not just
tools but also social phenomena that create a feedback loop
between app and user, which means that users continuously
adjust their behavior as they use the app. However, since the
CoronaCheck app has collected a comparatively large amount
of data in different cultures compared to other mHealth apps,
certain differences may have been balanced out in the sense of
generalization. Finally, it should be mentioned that apps that
are made available on multiple mobile operating systems will
also always generate differences in the resulting data, as the
user interface is never completely identical.

Conclusion
Our app-based results indicated country-specific differences in
COVID-19–related symptom patterns. It seems that self-reported
COVID-19–related symptoms and awareness about previous
contacts with individuals infected with COVID-19 are more
likely among app users from India and South Africa (compared
to users from Germany), as well as in gender-diverse (compared
to male) users. Symptom assessment tools could play a positive
role in the context of widespread infectious diseases. In general,
with COVID-19, we saw that the way symptoms were reported
and the way infection and COVID-19 deaths were defined were
different [42]. For future pandemics, app-based global data
collection, such as that of CoronaCheck, is another tool to better
equip us and support appropriate assessments.

Future mHealth research on country-specific differences during
a viral pandemic should aim to recruit representative samples.
If pseudonymous assessments are possible, studies should collect
information about symptoms, confirmed testing, and adherence
to public health recommendations longitudinally.
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Abstract

Background: Long COVID induces a substantial global burden of disease. The pathogenesis, complications, and epidemiological
and clinical characteristics of patients with COVID-19 in the acute phase have been evaluated, while few studies have characterized
the epidemiology, symptomatology, and risk factors of long COVID symptoms. Its characteristics among patients with COVID-19
in the general population remain unaddressed.

Objective: We examined the prevalence of long COVID symptoms, its symptom patterns, and its risk factors in 4 major Chinese
cities in order to fill the knowledge gap.

Methods: We performed a population-based, multicenter survey using a representative sampling strategy via the Qualtrics
platform in Beijing, Shanghai, Guangzhou, and Hong Kong in June 2022. We included 2712 community-dwelling patients with
COVID-19 and measured the prevalence of long COVID symptoms defined by the World Health Organization (WHO), and their
risk factors. The primary outcomes were the symptoms of long COVID, with various levels of impact. A descriptive analysis of
the prevalence and distribution of long COVID symptoms according to disease severity was conducted. A sensitivity analysis of
increasing the number of long COVID symptoms was also conducted. Univariate and multivariate regression analyses were
performed to examine the risk factors of severe long COVID symptoms, including age, gender, marital status, current occupation,
educational level, living status, smoking habits, monthly household income, self-perceived health status, the presence of chronic
diseases, the use of chronic medication, COVID-19 vaccination status, and the severity of COVID-19.

Results: The response rate was 63.6% (n=2712). The prevalence of long COVID, moderate or severe long COVID, and severe
long COVID was 90.4% (n=2452), 62.4% (n=1692), and 31.0% (n=841), respectively. Fatigue (n=914, 33.7%), cough (n=865,
31.9%), sore throat (n=841, 31.0%), difficulty in concentrating (n=828, 30.5%), feeling of anxiety (n=817, 30.2%), myalgia
(n=811, 29.9%), and arthralgia (n=811, 29.9%) were the most common severe long COVID symptoms. From multivariate
regression analysis, female gender (adjusted odds ratio [aOR]=1.49, 95% CI 1.13-1.95); engagement in transportation, logistics,
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or the discipline workforce (aOR=2.52, 95% CI 1.58-4.03); living with domestic workers (aOR=2.37, 95% CI 1.39-4.03); smoking
(aOR=1.55, 95% CI 1.17-2.05); poor or very poor self-perceived health status (aOR=15.4, 95% CI 7.88-30.00); ≥3 chronic
diseases (aOR=2.71, 95% CI 1.54-4.79); chronic medication use (aOR=4.38, 95% CI 1.66-11.53); and critical severity of
COVID-19 (aOR=1.52, 95% CI 1.07-2.15) were associated with severe long COVID. Prior vaccination with ≥2 doses of COVID-19
vaccines was a protective factor (aOR=0.35-0.22, 95% CI 0.08-0.90).

Conclusions: We examined the prevalence of long COVID symptoms in 4 Chinese cities according to the severity of COVID-19.
We also evaluated the pattern of long COVID symptoms and their risk factors. These findings may inform early identification
of patients with COVID-19 at risk of long COVID and planning of rehabilitative services.

(JMIR Public Health Surveill 2023;9:e42315)   doi:10.2196/42315
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Introduction

COVID-19 has posed an unprecedented challenge to public
health worldwide. As of July 9, 2022, more than 551 million
cases and 6.3 million deaths have been reported [1]. Apart from
the acute phase of the infection, the disease may also manifest
as persistent, lingering symptoms known as long COVID [2-5].
The World Health Organization (WHO) has defined long
COVID as a condition that occurs in patients with COVID-19
usually 3 months from the onset of the disease, with symptoms
that last for at least 2 months and that the symptoms could not
be attributed to an alternative diagnosis [6]. These long-term
symptoms could exert a devastating effect [7], as they could
involve multiple organ systems, and have been linked to
psychosocial consequences [8]. A study has found that almost
10% of people with COVID-19 reported long COVID stmptoms
4-12 weeks after the infection [9,10].

The impact of long COVID symptoms has been observed even
in patients with mild COVID-19, patients who do not require
respiratory support or intensive care, moderate-to-severe cases
among hospitalized patients who turn out to have cleared
SARS-CoV-2 and have been discharged from hospitals,
mild-to-moderate cases in outpatient clinics, and even children
[11]. It has been reported that a substantial proportion of patients
with COVID-19 continue to suffer from long-term adverse
effects involving almost all bodily systems, including
respiratory, gastrointestinal, neuropsychiatric, cardiovascular,
and dermatological systems [12]. A recent study performed by
our team showed that approximately 76% of patients with
COVID-19 suffered from long COVID symptoms, including
fatigue, poor memory, and hair loss, within 6 months of hospital
admission [13].

The prevalence of long COVID symptoms appeared not only
in Hong Kong and other Chinese cities but also across different
countries [14]. For example, a study in Germany described
different symptoms of long COVID, including headache, cough,
shortness of breath, fatigue, dysosmia or anosmia, brain fog, or
cognitive impairment [15]. Similar to these studies, the pattern
of long COVID symptoms and their impacts have been
investigated. For example, fatigue was the most common
symptom in patients who had long COVID irrespective of the
severity of their initial infection. Patients who had severe fatigue
between 3 and 6 months might not encounter symptom
improvement or resolution in the long term. Even those patients

who had mild COVID-19 could develop long-term symptoms,
including cough, fatigue, low-grade fever, shortness of breath,
headaches, chest pain, muscle pains and weakness, metabolic
disruption, neurocognitive difficulties, and gastrointestinal upset
[3]. Long COVID symptoms could largely affect health-related
quality of life and activities of daily living [16,17].

There could be many contributing factors that lead to prolonged
patient recovery, such as deconditioning, relapse or reinfection,
weak or absent antibody response, inflammatory and other
immune reactions, and posttraumatic stress [3]. Risk factors
that are associated with sociodemographic characteristics are
important. These include gender, employment status, marital
status, religion, multimorbidity, and living status [18-21].

Although the pathogenesis, complications, and epidemiological
and clinical characteristics of patients with COVID-19 in the
acute phase have been evaluated [22,23], few studies have
characterized the epidemiology, symptomatology, and risk
factors of long COVID. Previous studies examining these
attributes are relatively few, mainly focused on hospitalized
patients, or used a convenience sampling strategy [8]. In
addition, the timing of assessment varied from 14 days to 6
months—or was not even reported—which is not consistent
with the time frame of long COVID proposed by WHO, which
is 3 months after COVID-19 infection [6]. In a recent review
by Crook et al [8], 1 of the top priorities of research includes
the precision epidemiology and risk factors of long COVID.

Hence, we aimed to fill these knowledge gaps by evaluating
the prevalence of long COVID symptoms in 4 major Chinese
cities using a representative sampling methodology. We also
examined the distribution of COVID-19 symptoms and explored
the risk factors of long COVID symptoms. We hypothesized
that age, gender, the presence of chronic diseases, the use of
chronic medications, the severity of COVID-19, and not
receiving COVID-19 vaccines are associated with the occurrence
of long COVID symptoms based on findings from recent studies
[18,24,25].

Methods

Study Design
This was a cross-sectional survey of patients with COVID-19,
aged ≥18 years, and residing in 4 cities of China: Beijing,
Shanghai, Guangzhou, and Hong Kong. The study was launched
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on June 2, 2022, and closed on June 28, 2022. We used Qualtrics
[26], an online survey platform. Inclusion criteria included age
≥18 years, with a diagnosis of COVID-19 from January 2020
to June 2022 in Beijing, Shanghai, Guangzhou, or Hong Kong.
We excluded subjects without a history of COVID-19 infection.
The survey collected the dates of COVID-19 vaccination,
COVID-19 diagnosis, and recovery.

Ethical Considerations
The Survey and Behavioural Research Ethics Committee of the
Chinese University of Hong Kong approved the study (approval
no. SBRE-21-0730). All eligible participants provided digital
informed consent via electronic means at the beginning of the
survey. The survey did not collect personally identifiable
information, and we encrypted email addresses collected for
survey distribution as anonymized respondent identities. All
respondents’ data were recorded in an anonymous manner with
a unique internally generated reference key. We assured the
respondents of the anonymous, confidential nature of the study,
where only aggregate data would be reported. We strictly
adhered to the data privacy policy in the approved study
protocol.

Survey Instrument
An expert panel consisting of epidemiologists, physicians, public
health professionals, professors, and biostatisticians composed
and validated the survey. The survey was pilot-tested to optimize
coherence and clarity and was subsequently revised according
to the pilot findings. During the curation of survey items, we
referred to published studies that used validated survey
instruments for long COVID symptoms [13,27]. The survey
comprised 31 questions and required a median of 13 minutes
to complete. The information sheet of the survey provided
background information about COVID-19. The survey was
delivered in traditional Chinese for participants in Hong Kong
and simplified Chinese for respondents in the other 3 cities of
mainland China. Before commencement of the survey,
prospective participants confirmed that they were aged 18 years
or older and had previously been diagnosed with COVID-19.

The survey collected respondents’ sociodemographic
information, past medical history, use of chronic medications,
history of COVID-19 vaccines received, and severity of
COVID-19. The survey contained several parts: First, we
collected the respondents’ sociodemographic information,
including gender, marital status, employment status, types of
jobs, educational level, living status, smoking habits, income
level, self-reported health status, and long-term medication. In
addition, we asked for the dates of positive and negative
COVID-19 tests, the severity of COVID-19, the number of
COVID-19 vaccines that were received, and the dates of taking
vaccination. To identify the severity of COVID-19, we used
the COVID-19 WHO severity classification [28] to assign
respondents to 4 categories (mild, moderate, severe, and critical)
based on the presence of pneumonia (eg, adults with clinical
signs of pneumonia, respiratory rate>30 breaths/minute, severe
respiratory distress, or SpO2<90% on room air; WHO mentioned
that a diagnosis can be made on clinical grounds with the
assistance of chest imaging, such as radiograph, computed
tomography (CT) scan, or ultrasound), hypoxia requiring

oxygen, the need for mechanical ventilation, and a history of
admission to the intensive care unit (ICU) due to COVID-19.

The respondents’medical history before and after the diagnosis
of COVID-19 was also collected. Respondents were asked
whether they had certain types of diseases before diagnosis (yes
or no), the year of disease diagnosis, whether they took
medications for the diseases (yes or no), and an open-ended
field allowing them to document their medications. Medical
conditions on the survey were infection, tumor, metabolic
diseases, hematological disorders, mental illness, nervous system
disease, circulatory system disease, respiratory disease, digestive
disease, reproductive and urinary diseases, pregnancy
complications, immune system disease, skin and subcutaneous
tissue diseases, and musculoskeletal and connective tissue
disease, which have been used in previous studies on the
association between comorbidities and COVID-19 infection
[29].

We also inquired about the presence of COVID-19 symptoms
encountered by the respondents that were persistent for at least
3 months after COVID-19 infection. Referring to previous
surveys [13,27], we listed 30 common symptoms: fatigue, fever,
chills, inability to perform exercise, night sweats, hair loss,
headache, dizziness, chest pain, rapid heartbeat, cough, sputum,
sore throat, runny nose, dyspnea, arthralgia, myalgia, nausea,
vomiting, diarrhea, abdominal pain, stomachache, anosmia, loss
of taste, blurred vision, difficulty in concentration, difficulty in
fall into asleep, feeling anxious, feeling sad, and memory
problems. An open-ended field allowed the respondents to
document other symptoms. These symptoms also appeared in
“Symptoms of Infection with Coronavirus-19 (SIC),” which is
a comprehensive patient-reported outcome measure developed
to evaluate vaccines and treatment for COVID-19 [30]. To
capture clinically meaningful symptoms, we assigned a 4-point
Likert scale to assess the impact of the symptoms on the
respondents’ activities of daily living: 1 (no impact), 2 (little
impact), 3 (moderate impact), and 4 (high impact). In addition,
we classified the symptoms according to the bodily systems
involved.

Sampling Strategy
The sample partners of Qualtrics randomly selected eligible
respondents for the study, aiming for national representation
through routers and a sophisticated application programming
interface (API). To enhance the representativeness of the survey,
we used a simple random sampling strategy to recruit potential
participants by trying to match population demographics to our
survey. The study collected data on the population of each city,
and eligible participants were randomly selected and invited to
complete the survey. The survey was accessed through the
website, a smartphone, or other e-devices. Data scrubbing was
subsequently performed after receiving all survey responses to
remove unfavorable data, optimizing data accuracy and
reliability. A more detailed survey methodology has been
described elsewhere [26].

Outcome Variables and Sample Size
The primary outcome variable was the prevalence of long
COVID symptoms, moderate or severe long COVID symptoms,
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and severe long COVID symptoms. We defined these 3 outcome
variables as having at least 1 symptom with any degree of
impact, at least 1 symptom with moderate or severe impact, and
at least 1 symptom with severe impact, respectively. The
secondary outcomes included the distribution of long COVID
symptoms and their patterns. We assumed the proportion of the
primary outcome as 50%, which provided a maximum sample
size for each group. From the formula precision=1.96 × √[(p)
× (1 – p)/N], where "p" refers to proportion of the primary
outcome, a sample size of approximately 550 respondents would
achieve a precision level of 0.04 for each city, so a total of 2200
respondents were required.

Statistical Analysis
We conducted a descriptive analysis of the prevalence and
distribution of long COVID symptoms according to their
severity. As the prevalence of self-reported long COVID
symptoms was high, we also conducted a sensitivity analysis
of increasing the number of long COVID symptoms. The
proportion of long COVID symptoms, moderate or severe long
COVID symptoms, and severe long COVID symptoms was
computed for each city. To examine the risk factors of severe
long COVID symptoms, we performed univariate and
multivariate regression analyses with the primary outcome as
a binary variable. The covariates included age, gender, marital
status, current occupation, educational level, living status,
smoking habits, monthly household income, self-perceived
health status, the presence of chronic diseases, the use of chronic
medication, COVID-19 vaccination status, and the severity of
COVID-19. We classified the respondents’ occupations based
on the recommendation by the Environmental Modelling Group
(EMG) [31]. We entered all covariates with P<.25 in univariate
analysis into the regression model and evaluated their statistical

significance defined as P<.05. We tested for variable interaction
and multicollinearity in the regression analysis.

Results

Participant Characteristics
We received 7161 total entries and screened out 3862 (53.9%)
surveys due to ineligibility. A total of 830 (11.6%) surveys were
overquota, and quality control was performed on 248 (3.5%)
surveys. There were 4024 (56.2%) complete surveys, and 1312
(32.6%) were removed by data scrubbing. The total sample size
achieved was 2712 (37.9%), with a response rate of 63.6%. The
number of respondents from Beijing, Shanghai, Guangzhou,
and Hong Kong was 725 (26.7%), 718 (26.5%), 715 (26.4%),
and 554 (20.4%), respectively. Among them, the majority
(n=2182, 80.5%) were aged 25-44 years, female (n=1626,
60.0%), married (n=2422, 89.3%), engaged in full-time jobs
(n=2612, 96.3%), and with a tertiary or higher educational level
(n=2547, 93.9%). Most respondents engaged in occupations at
high risk for COVID-19, including the catering industry (n=533,
19.7%), followed by transportation, logistics, and the discipline
workforce (n=344, 12.7%) and the health care sector (n=201,
7.4%) [18]. Most were living with their spouse (n=2400, 88.5%)
or children (n=2230, 82.2%), were nonsmokers (n=1817,
67.0%), and were approximately equally distributed according
to their monthly household income in the strata HK $10,000 to
≥$60,000 (US $1275.04-$7650.22). The majority perceived
their health as good (n=994, 36.7%) or average (n=952, 35.1%),
followed by very good (n=466, 17.2%), poor (n=256, 9.4%),
and very poor (n=44, 1.6%). Around 2515 (92.7%) respondents
did not use chronic medications, and 335 (12.3%) reported at
least 2 chronic conditions before COVID-19 diagnosis (Table
1).
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Table 1. Respondent characteristics (N=2712).

Respondents, n (%)Characteristics

Age (years)

139 (5.1)18-24

1150 (42.4)25-34

1032 (38.1)35-44

302 (11.1)45-54

71 (2.6)55-64

18 (0.7)≥65

Gender

1086 (10.2)Male

1626 (60.0)Female

Marital status

277 (10.2)Single

2422 (89.3)Married

10 (0.4)Divorced

3 (0.1)Widowed

Job status

2612 (96.3)Full-time

52 (1.9)Part-time

19 (0.7)Retired

16 (0.6)Housewife

13 (0.5)Others

Current occupation: higher-exposure group

533 (19.7)Catering industry

201 (7.4)Health care sector

344 (12.7)Transportation, logistics, discipline workforce

Current occupation: lower-exposure group

6 (0.2)Government or community

53 (2.0)Finance/insurance/banking

189 (7.0)IT/construction/manufacturing

94 (3.5)Student

177 (6.5)Unemployed/retired

74 (2.7)Housewife

Educational level

11 (0.4)Primary or below

154 (5.7)Secondary

2547 (93.9)Tertiary or above

Living witha

2230 (82.2)Children

2400 (88.5)Spouse

44 (1.6)Domestic worker

111 (4.1)Single

180 (6.6)Others
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Respondents, n (%)Characteristics

Smoking status

1817 (67.0)Nonsmoker

709 (26.1)Ex-smoker quitted for ≥1 year

186 (6.9)Smoker

Monthly household income (HK $/US $b)

128 (4.7)<10,000/<1275.04

584 (21.5)10,000-19,999/1275.04-2549.95

747 (27.5)20,000-29,999/2550.07-3824.98

697 (25.7)30,000-59,999/3825.11-7650.09

542 (20.0)≥60,000/≥7650.22

6 (0.2)Receiving a living allowance

8 (0.3)Refused to answer

Self-perceived health status

466 (17.2)Very good

994 (36.7)Good

952 (35.1)Average

256 (9.4)Poor

44 (1.6)Very poor

Chronic medication use

2515 (92.7)No

197 (7.3)Yes

Number of chronic conditions before COVID-19 confirmed

1988 (73.3)0

389 (14.3)1

90 (3.3)2

245 (9.0)≥3

aThe total proportion was more than 100% as we allowed multiple responses.
bHK $1=US $0.13.

Severity of COVID-19
Most respondents suffered from pneumonia at the time of
COVID-19 diagnosis (n=2141, 78.9%), required hospital
admission for COVID-19 management (n=1944, 71.7%), needed
oxygen due to COVID-19 (n=1427, 52.6%), and received
antiviral agents (n=1747, 64.4%); see Multimedia Appendix 1,
Table S1. A significant proportion necessitated artificial
ventilation (n=986, 36.4%) and admission to the ICU (n=940,
34.7%). Up to 1552 (57.2%) of them had severe or critical
COVID-19, and 1160 (42.8%) had mild or moderate severity
of COVID-19. Most of the respondents had received vaccination
before COVID-19 diagnosis, with the majority having taken 3
or more doses of Coronavac-Sinovac (n=1525, 56.2%),
following by those who had taken 2 doses of Coronavac-Sinovac
(n=786, 29.0%). There were about 169 (6.2%) respondents who
had taken 2 or more doses of Pfizer-BioNTech.

Long COVID Symptoms
Multimedia Appendix 1, Table S2, shows the distribution of
long COVID symptoms. The highest proportion of respondents
suffered from fatigue (n=914, 33.7%), cough (n=865, 31.9%),
sore throat (n=841, 31.0%), difficulty in concentrating (n=828,
30.5%), feeling of anxiety (n=817, 30.2%), myalgia (n=811,
29.9%), arthralgia (n=811, 29.9%), sputum production (n=789,
29.4%), and difficulty in falling asleep (n=792, 29.2%); see
Figure 1. The prevalence of having long COVID symptoms of
any severity, moderate or high severity, and high severity was
90.4% (n=2452), 62.4% (n=1692), and 31.0% (n=841),
respectively. The symptoms were qualified in terms of
self-perceived severity, and sensitivity analysis of using 2 or
more symptoms showed a better estimate of long COVID
syndrome/disorder (Figure 2). These prevalence figures were
the highest in Hong Kong (n=541, 97.7%, n=385, 69.5%, and
n=194, 35.0%, respectively) and Shanghai (n=662, 92.2%,
n=461, 64.2%, and n=287, 40.0%, respectively), followed by
Guangzhou (n=630, 88.1%, n=451, 63.1%, and n=212, 29.7%,
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respectively) and Beijing (n=619, 85.4%, n=395, 54.5%, and
n=148, 20.4%, respectively); see Figure 3. The prevalence
figures were the highest in the second wave (from July to
December 2020; n=67, 91.8%, n=48, 65.8%, and n=16, 21.9%,
respectively) and the third wave (from January to June 2021;
n=453, 91.7%, n=329, 66.6%, and n=175, 35.4%, respectively),
followed by the first wave (from January to June 2020; n=122,
90.4%, n=64, 47.4%, and n=36, 26.7%, respectively), the fifth

wave (from January to June 2022; n=1446, 90.1%, n=998,
62.2%, and n=503, 31.3%, respectively), and the fourth wave
(from July to December 2021; n=364, 89.9%, n=253, 62.5%,
and n=111, 27.4%, respectively); see Multimedia Appendix 1,
Figure S1. A slightly negative correlation was found between
the timing of COVID-19 and the number of long COVID
symptoms (β=–.046, P=.016), supporting that long COVID
symptom numbers decline with a longer duration of follow-up.

Figure 1. Distribution of long COVID symptoms. The highest proportion of respondents suffered from fatigue (n=914, 33.7%), cough (n=865, 31.9%),
sore throat (n=841, 31.0%), difficulty in concentrating (n=828, 30.5%), feeling of anxiety (n=817, 30.2%), myalgia (n=811, 29.9%), arthralgia (n=811,
29.9%), sputum production (n=789, 29.4%), and difficulty in falling asleep (n=792, 29.2%).

Figure 2. The prevalence of having long COVID symptoms of any severity, moderate or high severity, and high severity was 90.4% (n=2452), 62.4%
(n=1692), and 31.0% (n=841), respectively. The symptoms were qualified in terms of self-perceived severity, and sensitivity analysis of using more
than 1 symptom showed a better estimate of long COVID syndrome/disorder.

Figure 3. Prevalence of long COVID with severity. These prevalence figures were the highest in Hong Kong (n=541, 97.7%, n=385, 69.5%, and n=194,
35.0%, respectively) and Shanghai (n=662, 92.2%, n=461, 64.2%, and n=287, 40.0%, respectively), followed by Guangzhou (n=630, 88.1%, n=451,
63.1%, and n=212, 29.7%, respectively) and Beijing (n=619, 85.4%, n=395, 54.5%, and n=148, 20.4%, respectively).
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Factors Associated With Long COVID Symptoms of
Moderate-to-High Severity
From multivariate regression analysis (Table 2), female subjects
(adjusted odds ratio [aOR]=1.49, 95% CI 1.13-1.95); patients
engaged in transportation, logistics, or the discipline workforce
(aOR=2.52, 95% CI 1.58-4.03); patients living with domestic
workers (aOR=2.37, 95% CI 1.39-4.03); smokers/ex-smokers
(aOR=1.55, 95% CI 1.17-2.05); respondents with poor or very
poor self-perceived health status (aOR=15.4, 95% CI

7.88-30.00); those with more chronic diseases (1 chronic
disease: aOR=1.92, 95% CI 1.24-2.97; 2 chronic diseases:
aOR=2.71, 95% CI 1.21-6.05; ≥3 chronic diseases: aOR=2.71,
95% CI 1.54-4.79); chronic medication use (aOR=4.38, 95%
CI 1.66-11.53); and critical severity of COVID-19 (aOR=1.52,
95% CI 1.07-2.15) were associated with the development of
severe long COVID. Prior COVID-19 vaccination with
Coronavac-Sinovac (aOR=0.35, 95% CI 0.14-0.90, P=.03) or
Pfizer-BioNTech (aOR=0.22, 95% CI 0.08-0.63, P=.005) for
at least 2 doses was a protective factor.
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Table 2. Risk factors of severe long COVID (N=1030).

P valueaORb (95% CI)P valuecORa (95% CI)Respondents, n (%)Characteristics

Age (years)

.3371 (reference).1671 (reference)417 (60.5)35-44

.6861.15 (0.59-2.22).0641.62 (0.97-2.69)57 (71.3)18-24

.5081.09 (0.84-1.42).4520.92 (0.74-1.14)372 (58.5)25-34

.1080.71 (0.47-1.08).4181.14 (0.83-1.56)138 (63.6)45-54

.5671.20 (0.65-2.20).3971.25 (0.75-2.10)46 (65.7)≥55

Gender

N/A1 (reference)N/Ac1 (reference)357 (57.3)Male

.0041.49 (1.13-1.95).0221.27 (1.04-1.55)673 (63.0)Female

Marital status

N/AN/AN/A1 (reference)925 (60.8)Married

N/AN/A.8021.04 (0.75-1.44)105 (61.8)Single/divorced/widowed

Current occupation: higher-exposure group

<.0011 (reference)<.0011 (reference)206 (63.4)Catering industry

.9410.98 (0.58-1.65).4660.85 (0.54-1.33)63 (59.4)Health care sector

<.0012.52 (1.58-4.03)<.0013.04 (2.01-4.58)205 (84.0)Transportation, logistics, discipline workforce

Current occupation: lower-exposure group

.4050.39 (0.04-3.52).8760.87 (0.14-5.26)3 (60.0)Government or community

.5421.32 (0.54-3.23).9241.04 (0.46-2.33)18 (64.3)Finance/insurance/banking

.0010.36 (0.20-0.64).0240.58 (0.36-0.93)44 (50.0)IT/construction/manufacturing

.8311.10 (0.45-2.70).6101.20 (0.60-2.41)27 (67.5)Student

.0780.60 (0.34-1.06).7470.92 (0.57-1.49)56 (61.5)Unemployed/retired

.8511.07 (0.52-2.19).9531.02 (0.54-1.93)30 (63.8)Housewife

Educational level

N/A1 (reference)N/A1 (reference)73 (70.2)Secondary or below

.0730.62 (0.37-1.05).0460.64 (0.42-0.99)957 (60.3)Tertiary or above

Living status

N/A1 (reference).5131.09 (0.84-1.41)856 (61.2)Children

N/AN/A.9791.00 (0.73-1.36)916 (60.9)Spouse

N/AN/A.3580.83 (0.56-1.23)63 (56.8)Single

.0012.37 (1.39-4.03).0551.54 (0.99-2.38)70 (70.0)Domestic workers/others

Smoking status

N/A1 (reference)N/A1 (reference)618 (55.0)Nonsmoker

.0021.55 (1.17-2.05)<.0012.16 (1.74-2.69)412 (72.5)Smoker

Monthly household income (HK $/US $d)

.0601 (reference).0111 (reference)44 (69.8)<10,000/<1275.04 or Comprehensive Social Security Assistance
(CSSA)/Disability Allowance (DA)

.8110.92 (0.47-1.82).0510.56 (0.32-1.00)218 (56.6)10,000-19,999/1275.04-2549.95

.7901.10 (0.55-2.17).0510.57 (0.32-1.00)264 (56.8)20,000-29,999/2550.07-3824.98

.2141.55 (0.78-3.11).4300.79 (0.44-1.41)244 (64.7)30,000-59,999/3825.11-7650.09

.5261.25 (0.62-2.53).4240.79 (0.44-1.41)260 (64.7)≥60,000/≥7650.22

Self-perceived health status
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P valueaORb (95% CI)P valuecORa (95% CI)Respondents, n (%)Characteristics

<.0011 (reference)<.0011 (reference)109 (39.6)Very good

.0131.51 (1.09-2.09).0641.32 (0.98-1.76)279 (46.3)Good

<.0015.06 (3.58-7.13)<.0014.45 (3.29-6.01)467 (74.5)Average

<.00115.4 (7.88-30.0)<.00120.5 (11.1-37.9)175 (93.1)Poor/very poor

Presence of chronic diseases

<.0011 (reference)<.0011 (reference)711 (54.5)0

.0031.92 (1.24-2.97)<.0012.44 (1.68-3.55)117 (74.5)1

.0152.71 (1.21-6.05).0013.43 (1.64-7.16)37 (80.4)2

.0012.71 (1.54-4.79)<.0016.88 (4.27-11.08)165 (89.2)≥3

Chronic medication use

N/A1 (reference)N/A1 (reference)955 (59.2)No

.0034.38 (1.66-11.5)<.00110.3 (4.15-25.7)75 (93.8)Yes

Vaccination status

.0731 (reference).1951 (reference)30 (83.3)No vaccine taken

.0750.36 (0.12-1.11).0420.35 (0.13-0.96)40 (63.5)Coronavac-Sinovac, 1 dose

.0300.35 (0.14-0.90).0080.31 (0.13-0.74)877 (60.4)Coronavac-Sinovac, ≥2 doses

.1390.17 (0.02-1.77).2360.30 (0.04-2.20)3 (60.0)Pfizer-BioNTech, 1 dose

.0050.22 (0.08-0.63).0110.29 (0.11-0.75)59 (59.0)Pfizer-BioNTech, ≥2 doses

.0160.22 (0.07-0.76).0230.28 (0.09-0.84)21 (58.3)Others

Severity of COVID-19

.0091 (reference)<.0011 (reference)134 (47.9)Mild

.8110.96 (0.69-1.34).0931.28 (0.96-1.71)286 (54.1)Moderate

.1501.34 (0.90-1.98)<.0012.15 (1.53-3.01)191 (66.3)Severe

.0181.52 (1.07-2.15)<.0012.59 (1.93-3.48)419 (70.4)Critical

acOR: crude odds ratio.
baOR: adjusted odds ratio.
cN/A: not applicable.
dHK $1=US $0.13.

Discussion

Principal Findings
This multicenter survey involving 4 Chinese cities showed that
the prevalence of long COVID symptoms was high for
symptoms of any severity, moderate or high severity, and high
severity. We reported the most common long COVID symptoms
and their distribution, as well as the risk factors of long COVID
symptoms. Notably, COVID-19 vaccination was associated
with a protective effect on the development of long COVID
symptoms.

The prevalence of long COVID symptoms was high across
different cities. Several studies have reported different incidence
rates of long COVID symptoms at different observation periods,
including 76% of patients at 6 months [5], 32.6%-87.0% of
patients at 60 days [32,33], and 96% of patients at 90 days [34].
A study conducted in the Chinese city of Wuhan included 2469
patients who had confirmed COVID-19 and were discharged

from the hospital between January and May 2020. Those who
required high-flow nasal cannula (HFNC), noninvasive
mechanical ventilation (NIV), or invasive mechanical ventilation
(IMV) were more likely to suffer from long COVID symptoms
and complications that affected their quality of life, including
limitations in their mobility, usual activities, and mental health
[14]. These findings were compatible with our results in which
patients with critical severity of COVID-19 were more likely
to have severe long COVID symptoms. The prevalence of long
COVID symptoms was also common in other countries. For
instance, a study found that 62% of 89 interviewed patients in
the United Kingdom had long COVID symptoms for over 3
months, 52% for 6 months, and 49% for 9 months after their
hospital admission [35]. In France, 51% of patients presented
with at least 1 symptom after their COVID-19 diagnosis.
Regarding severity, 20% of the patients required ICU care,
including IMV, vasopressors, and extracorporeal membrane
oxygenation during COVID-19 [31]. By using the same WHO
definition of COVID-19 severity, a study in Turkey reported
47.5% of the participants suffering from 1 or more persistent
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symptoms, including outpatient and inpatient clinics, irrespective
of disease severity. Most studies have reported high prevalence
rates of long COVID symptoms, including Spain, Bangladesh,
the United Kingdom, the United States, Nigeria, and Denmark
[5].

In addition, research on the prevalence of long COVID
symptoms has begun. Apart from respiratory symptoms, fatigue
and neuropsychiatric symptoms have been the most frequently
reported manifestations of long COVID. The UK Office for
National Statistics (ONS) estimated the 5-week prevalence of
fatigue to be 11.9% among patients with COVID-19 [36]. One
cross-sectional study concluded that 92.9% and 93.5% of
hospitalized and nonhospitalized patients with COVID-19,
respectively, suffered from ongoing fatigue for 79 days
following illness onset [17]. The exact mechanism of its
appearance after COVID-19 is currently speculative. This has
been attributed to dysfunctional inflammatory response
pathways [37]. In addition, a repertoire of central, peripheral,
and psychological factors might play a role [8], including
congestion of the glymphatic system, hypometabolism in the
frontal lobe and cerebellum, and direct SARS-CoV-2 infection
of skeletal muscle fibres and neuromuscular junctions [8]. With
regard to neuropsychiatric symptoms, the underlying mechanism
may be related to glial cell activation, which damages neurons,
in addition to hyperinflammatory and hypercoagulable states
leading to increased risk of thrombotic events. These could lead
to infiltration of blood-derived substances and leukocytes to the
brain parenchyma [8].

The risk factors of long COVID symptoms have not been
extensively studied. In some studies, certain factors that increase
the risk of COVID-19 do not seem to increase the risk of long
COVID [8]. For instance, although the male sex has been found
to be a risk factor for contracting COVID-19, the ONS reported
that the prevalence of any long COVID symptoms is higher in
women than that in men (23.6% vs 20.7%) [36]. This
observation is consistent with our findings where the female
gender was associated with a significantly higher risk of severe
long COVID symptoms.

Across different regions, studies have shown that particular
occupational groups may be at higher risk of contracting
COVID-19, which in turn may affect the risk of long COVID
symptoms. High-risk occupations included those engaged in
health care, public service, public transportation, material
moving, elementary services, and other essential sectors with
workers reporting higher rates of mortality. A study conducted
across 46 states in the United States found that the per capita
age-standardized mortality rate among essential workers was
30.4 per 100,000 individuals compared to workers in
nonessential industries (15.5 per 100,000 individuals) [38]. As
the risk of long COVID symptoms was associated with
employment in transportation, logistics, and the discipline
workforce in this study, this could be attributed to increased
exposure to SARS-CoV-2, leading to a higher likelihood of
experiencing persisting symptoms.

Living status, which was also regarded as an environmental risk
factor, has also been examined by other studies on COVID-19
infection and long COVID symptoms. Despite a poor living

environment, such as low air quality and transportation
insecurity, environmental exposure to social contact that was
affected by sociodemographic characteristics is also associated
with the risk of COVID-19 infection. This might increase the
risk of suffering from long COVID symptoms. These exposures
include cohabitation and living in overcrowded housing [18].
There is a lack of studies that investigate the relationship
between COVID-19 infection or long COVID symptoms and
the living status of domestic workers, while our study showed
that it is a significant risk factor. This may be due to
environmental exposure to social contact.

Previous meta-analyses have demonstrated an increased risk of
severe COVID-19 and death in current and former smokers
compared to nonsmokers [39,40]. However, smoking is not a
confirmed risk factor for long COVID symptoms and has only
been shown to be a predictor (P>.001) of longer symptom
duration [41]. Our findings also demonstrated that smoking
prevalence is associated with a higher risk of long COVID
symptoms. Smoking may potentially be a risk factor for some
long COVID symptoms as smokers tend to have a greatly
weakened immune and cardiovascular system, thus increasing
their susceptibility to various health complications.

Multimorbidity with pre-existing health conditions [42],
particularly asthma [43], has displayed a heightened risk of
developing persistent symptoms and increased risk of
COVID-19 fatality [44]. Multimorbidity has been positively
associated with medication use, with 50% of adults in
high-income countries taking up to 5 medications or more
[45,46]. Poorer perceived health status may be considered a risk
factor for long COVID symptoms, as observed in a study
wherein 87% of the participants had a good self-reported health
status before the pandemic but 83.3% reported moderate-to-poor
self-reported health 6 months after initial onset [24]. This is
further supported by a cohort study conducted in the Netherlands
3 months following recovery, where the health status of patients
with COVID-19 was generally reported to be poor, with
significant impairment in the domains of functional impairment
(64%), fatigue (69%), and quality of life (72%) [47].

COVID-19 vaccination, including Coronavac-Sinovac and
Pfizer-BioNTech, had protective effect on the development of
long COVID symptoms. A community-based study in the United
Kingdom that included 6729 patients with any severity of long
COVID symptoms found that vaccine doses are associated with
significant reduction in experiencing long COVID symptoms
(first vaccine dose: 12.8% decrease, P<.001; second vaccine
dose: 8.8% decrease, P=.003) [48]. Vaccination is able to
prevent reinfection among patients with long COVID symptoms,
as persons who take a single vaccine dose have equal or higher
antibody titers than those who do not take any vaccination,
which is consistent with our study findings [25]. The impact of
vaccination on long COVID symptoms could vary among
respondents or between different vaccine types; however, the
vaccinated population does have a lower chance of suffering
from long COVID symptoms compared with those who have
not been vaccinated [25,48,49].
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Strengths and Limitations
This study was relatively large scale as compared to other
surveys, and it adopted a representative sampling strategy
involving 4 major cities in China. The response rate was high
relative to other similar studies, thus enhancing its
generalizability to other settings. Nevertheless, several
limitations should be addressed. First, its cross-sectional nature
did not allow a cause-and-effect relationship to be established
due to the possibility of reverse causality. However, the
objective of this study was to identify independent risk factors
instead of causes of long COVID. In addition, there existed
potential recall bias as some study participants self-reported the
presence of long COVID symptoms, especially those with an
earlier diagnosis of COVID-19. It should also be noted that the
definition of long COVID is different across various authorities,
with the National Institute for Health and Care Excellence
(NICE) and the US Centers for Disease Control and Prevention
(CDC) using 4-12 weeks and 4 weeks, respectively, as the time
frame of its persistent symptoms. Furthermore, there could be
residual confounders in our multivariate regression analysis,
and these could vary according to different cities where the
management strategies for COVID-19 might be different. In
particular, it is unknown whether the study participants received
certain treatments to relieve their long COVID symptoms at the
initial stage of the development, thus reducing their risk of long
COVID symptoms. Lastly, as in most surveys, not all potential

study participants in the sampling frame were eligible before
the recruitment process. In addition, the older population who
may have a substantially higher burden of both COVID-19 and
long COVID symptoms were underrepresented in this study.
As the survey had to be completed through e-devices, relatively
fewer older people were included as a higher proportion of them
did not know how to use e-devices. Future study on the
prevalence of long COVID in the older population is warranted.

Conclusion
We examined the prevalence of long COVID symptoms in 4
Chinese cities and the effect of the severity of COVID-19. We
also examined the pattern of long COVID symptoms, as well
as the risk factors, including gender, occupational groups, living
status, lifestyle, multimorbidity, and vaccination status. Fatigue,
cough, sore throat, difficulty in concentration, feeling of anxiety,
myalgia, and arthralgia are the most common severe long
COVID symptoms. The female gender; engagement in
transportation, logistics, or the discipline workforce; living with
domestic workers; smoking; poor self-perceived health status;
chronic diseases; chronic medication use; and critical severity
of COVID-19 are associated with severe long COVID. Prior
vaccination with ≥2 doses of COVID-19 vaccines is a protective
factor. Our findings may inform early identification of patients
with COVID-19 at risk of long COVID and planning of
rehabilitative services.
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Abstract

Background: Globally, men who have sex with men (MSM) continue to bear a disproportionately high burden of HIV infection.
Rwanda experiences a mixed HIV epidemic, which is generalized in the adult population, with aspects of a concentrated epidemic
among certain key populations at higher risk of HIV infection, including MSM. Limited data exist to estimate the population size
of MSM at a national scale; hence, an important piece is missing in determining the denominators to use in estimates for policy
makers, program managers, and planners to effectively monitor HIV epidemic control.

Objective: The aims of this study were to provide the first national population size estimate (PSE) and geographic distribution
of MSM in Rwanda.

Methods: Between October and December 2021, a three-source capture-recapture method was used to estimate the MSM
population size in Rwanda. Unique objects were distributed to MSM through their networks (first capture), who were then tagged
according to MSM-friendly service provision (second capture), and a respondent-driven sampling survey was used as the third
capture. Capture histories were aggregated in a 2k–1 contingency table, where k indicates the number of capture occasions and
“1” and “0” indicate captured and not captured, respectively. Statistical analysis was performed in R (version 4.0.5) and the
Bayesian nonparametric latent-class capture-recapture package was used to produce the final PSE with 95% credibility sets (CS).

Results: We sampled 2465, 1314, and 2211 MSM in capture one, two, and three, respectively. There were 721 recaptures
between captures one and two, 415 recaptures between captures two and three, and 422 recaptures between captures one and
three. There were 210 MSM captured in all three captures. The total estimated population size of MSM above 18 years old in
Rwanda was 18,100 (95% CS 11,300-29,700), corresponding to 0.70% (95% CI 0.4%-1.1%) of total adult males. Most MSM
reside in the city of Kigali (7842, 95% CS 4587-13,153), followed by the Western province (2469, 95% CS 1994-3518), Northern
province (2375, 95% CS 842-4239), Eastern province (2287, 95% CS 1927-3014), and Southern province (2109, 95% CS
1681-3418).

Conclusions: Our study provides, for the first time, a PSE of MSM aged 18 years or older in Rwanda. MSM are concentrated
in the city of Kigali and are almost evenly distributed across the other 4 provinces. The national proportion estimate bounds of
MSM out of the total adult males includes the World Health Organization’s minimum recommended proportion (at least 1.0%)
based on 2012 census population projections for 2021. These results will inform denominators to be used for estimating service
coverage and fill existing information gaps to enable policy makers and planners to monitor the HIV epidemic among MSM
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nationally. There is an opportunity for conducting small-area MSM PSEs for subnational-level HIV treatment and prevention
interventions.

(JMIR Public Health Surveill 2023;9:e43114)   doi:10.2196/43114

KEYWORDS

population size; men who have sex with men; nationwide; capture-recapture; RDS; three-source; Rwanda; HIV

Introduction

Globally, men who have sex with men (MSM) continue to bear
a disproportionately high burden of HIV infection [1]. In
sub-Saharan Africa, same-sex behaviors have become an area
of interest for HIV research. The results from recent studies
indicate the widespread existence of MSM groups across
sub-Saharan Africa and high rates of HIV infection among this
population [2]. As countries approach HIV epidemic control in
sub-Saharan Africa, attention has shifted to key affected
populations, including female sex workers (FSW), people who
inject drugs (PWID), transgender women, and MSM who are
at a higher risk of HIV acquisition [3].

These key populations account for less than 5% of the global
population, but they and their sexual partners comprised 70%
of new HIV infections in 2021 [4]. MSM living in sub-Saharan
African countries, where homosexual activity has often been
severely criminalized, are hard to reach with HIV prevention
programs. Currently, the risk of getting an HIV infection is
nearly five times higher among MSM in countries where there
is criminalization for homosexuality compared to that for MSM
in countries where no criminalization for homosexuality occurs
[5].

Biologically, unprotected receptive anal sex poses a much higher
risk than unprotected receptive vaginal sex, whether the
receptive partner is male or female; the risk of HIV transmission
during anal intercourse may be approximately 18 times greater
than that during vaginal intercourse [1]. By this fact, MSM are
at an extremely high risk of becoming infected with HIV. The
global estimated HIV prevalence among MSM is 21%, with
6% in sub-Saharan countries, ranging from 3.8% up to 31%
[6,7]. In addition, people with marginalized sexual or gender
identities or behaviors sometimes lack the ability to protect
themselves from HIV infection due to structural factors,
including self-stigmatization, discrimination, and lack of access
to information and services [8]. The prevalence ratios are
particularly elevated in West and Central Africa as well as in
low-prevalence countries [9].

Rwanda is in the East African region, bordering four countries:
Tanzania, Uganda, the Democratic Republic of the Congo, and
Burundi. The country is divided into five administrative regions,
including four provinces, the city of Kigali, and 30 districts as
another subnational unit level. Rwanda experiences a mixed
HIV epidemic, which is generalized in the adult population,
with an adult (15-49 years) HIV prevalence stabilized at around
2.6%, and aspects of a concentrated epidemic among specific
key populations at higher risk of HIV infection, with a rate of
45% among FSWs [10] and 6.5% among MSM [11]. In Rwanda,
MSM are considered one of the key populations for HIV

prevention and care in the HIV and AIDS national strategic plan
[12].

Although the national strategic plan suggests a special emphasis
on key populations and that the epidemic is likely concentrated
among these populations, limited data exist to estimate the actual
population size at the national scale [12]. To date, no nationwide
study has been performed to estimate the number of MSM in
Rwanda. However, the Project San Francisco study performed
in 2018 using a service multiplier and unique object identifier
approach estimated the size of MSM in the city of Kigali and
surrounding areas to be 8411, ranging between 6760 and 11,151
[11]. Lack of reliable estimates of the MSM national population
size misses important information to determine the denominators
to estimate need, coverage, and the spread of new infections
that policy makers and planners use to monitor HIV epidemic
control.

In response to this information gap, we performed a national
population size estimation of MSM in Rwanda from October
to December 2021, aimed at providing national-level and
provincial-level estimates.

Methods

Study Population
The study population included adult males aged 18 years and
older who self-reported as gay/bisexual or having had anal sex
with a male in the last 12 months and lived primarily in Rwanda
during the past 12 months. By living primarily in Rwanda, we
refer to having spent most of their time in Rwanda over the last
12 months, regardless of any possibility of traveling out of the
country. The study excluded any MSM who were not willing
to voluntarily participate.

Study Design and Setting
Estimating the size of hard-to-reach populations has long been
a challenging task due to the fact that sampling frames often do
not exist for these populations, some populations are dynamic
both in time and space, and members may be afraid to identify
themselves in the community. There are multiple methods
suggested to estimate the size of populations without a sampling
frame, including venue-based sampling [13], time-location
sampling [14], respondent-driven sampling (RDS) [15],
multiplier methods [16], the network scale-up method [17],
successive sampling-population size estimation [18], and
capture-recapture (CRC) [19]. No gold-standard method
currently exists, and many methods have been used, each with
different strengths and weaknesses.

The CRC method has been shown to be useful in estimating the
size of hard-to-reach populations [20-22]. Based on its statistical
foundation, CRC, as an empirical population size estimate (PSE)
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method, produces PSEs with higher precision. Research suggests
that, compared with two-source CRC, conducting CRC with
multiple (three or more) sampling/capture rounds strengthens
the design, produces more robust estimates, and relaxes the
CRC requirement (assumption) of sample independence [23].
The CRC method is increasingly being used by several
researchers in epidemiology and public health [24-26], and this
method was previously used to estimate the national size
estimate of FSWs in Rwanda, demonstrating that acquired
implementation experiences are crucial for such estimates [27].

We used the three-source capture-recapture (3S-CRC) method
to estimate the size of MSM in Rwanda. CRC consists of
marking a random portion of the population of interest at the
first encounter. Subsequently, another portion of the population
is drawn to observe how many were marked initially. The greater
the number of those tagged, the smaller the PSE. Tagging can
be replicated multiple times as desired. The 3S-CRC approach
has been shown to be a robust method in estimating a population
without a sampling frame, such as FSWs, MSM, and PWID
[28], and is described elsewhere in more detail [29]. The MSM
3S-CRC began with a capture stage. During this stage, members
of the MSM population were “encountered” and then “marked”
by providing a memorable and easily identifiable gift with a
specific design that is hard to find on the local market. After a
1-week interval, a second capture (recapture) was initiated by
offering MSM-friendly services to MSM countrywide. During
the third capture (recapture), an RDS approach was used [30,31]
with specific questions incorporated to identify those MSM
encountered during the previous capture occasions.

During capture one, MSM key informants were selected by
MSM community-based organizations (CBOs) to facilitate the
distribution of unique objects within MSM associations and
groups and those who are neither members of any association
nor MSM group. A list of MSM associations and groups was
developed with their corresponding numbers of members in all
provinces of the country: 14 from Eastern province, 12 from
the city of Kigali, 10 from Southern province, and 8 from each
of the Northern and Western provinces. Each province was
assigned a different unique color of the unique objects to be
distributed. The number of objects to be distributed within each
association or group was determined by the probability
proportional to the association or group size; within an
association or a group, systematic sampling was found to be
appropriate to determine who receives the unique object
according to the existing list of MSM association or group
members. The approach comprises determining a sampling
interval as well as a random start on the list of MSM association
or group members.

Each selected MSM member within an association or a group
was given three unique objects: one for himself and another
two to hand out to other MSM he knows but who do not belong
to any association or group. The distribution process for unique
objects within an MSM association or group was facilitated by
a well-trained team of distributors with MSM key informants’
support. Branded keychains valued at no more than US $3 were
used as unique objects. MSM were provided with the study
objectives and advised to keep the received unique objects in a

safe place as they may be asked to show them later for
verification. This activity took 1 week to be completed.

There were possibilities that some objects could not be
successfully distributed and not returned as well as multiple
objects given to the same person. To minimize any related bias
on the PSEs, a debrief was given to the MSM key informant as
well as the MSM association/group members focusing on study
objectives; eligibility criteria to receive the object; object
distribution process; and key considerations, including
prompting the object receiver to check if he had not been
approached by someone else in the same study context to avoid
duplication. In addition, the monetary value of the unique object
was set to US $3 to minimize the intention for the object
distributor to keep the objects for themselves or the object
receiver being willing to receive more than one object. The
object distribution process was monitored daily by the object
distributor and MSM key informant to report the number of
objects distributed successfully as well as those not successfully
distributed, which were returned physically.

The following week, capture two was initiated, where MSM
were tagged using selected specific MSM-friendly services.
The selection process for services was facilitated by MSM key
informants and their CBOs. Given that MSM are given health
services through usual health facilities but equipped with
MSM-friendly settings and packages, the latter were used to
offer specific MSM-friendly services, including distribution of
condoms and lubricants. For this purpose, 23 health facilities
were selected across the country where an MSM key informant
and a health worker who usually serve MSM at the same facility
were assigned to provide the selected service to MSM and to
record corresponding information in the study purposes. The
key informant role was to serve as the receptionist and to
facilitate screening to create a welcoming and friendly
environment for MSM, while the health worker served to
provide services and record necessary information. Prior to the
second capture, community mobilizers served on the mobilizing
of upcoming service provision to MSM to increase awareness
and to break the fear and stigma of participation. Those who
accepted the offered services were counted as captured and were
asked whether they had received the distributed unique object
during the previous week. Responses (yes/no) were recorded
depending on whether the MSM had the gift with him or was
able to correctly identify the unique object received.

Capture two was followed by the Integrated Behavioral and
Biological Surveillance Survey (IBBSS) using RDS [32], which
served as the opportunity for the third capture. RDS is a variant
of chain-referral sampling that employs Markov-chain theory
and the theory of biased networks to reduce biases generally
associated with chain-referral methods [31]. It was proven that
even though sampling begins with a purposively chosen group
of initial subjects, as is the case for most chain-referral samples,
the composition of the ultimate sample is wholly independent
of those initial subjects [33]. During capture three, all MSM
recruited by their peers using the RDS approach were counted
as captured. There were eight study sites distributed according
to the administrative provinces: one in each of the Northern,
Southern, and Eastern provinces; two in the Western province;
and three in the city of Kigali. MSM who met the study
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eligibility criteria and were well-connected and respected among
their MSM peers were selected as seeds and marked the
beginning of each referral chain. During this study, the
investigator contacted the seed via the implementing partners,
including nongovernmental organizations and CBOs working
with the MSM population. Three seeds were selected at each
study site for a total of 24 seeds.

During the RDS survey, participants were asked whether they
had received unique objects during capture one and/or had
received provided services during capture two during the second
week of study implementation. Several prompts were used to
confirm prior participation, including having received the object
physically or being able to correctly identify the received object
on a laminated card with images of multiple objects. MSM were
not allowed to participate more than once in the same round;
an interoperable fingerprint system was used to verify that each
participant was recorded only once during capture three and to
detect any duplication within the same site and across all study
sites.

Fingerprint machines were installed at each study site and
connected to the internet for easy and real-time data
synchronization. Once a fingerprint was recorded, it was
automatically converted into alpha-numerical codes and
transferred to the central server to synchronize all study
site–level data. With this installed system, we could identify
any MSM trying to reregister his fingerprint at the same site or
at a different site. The fingerprint machines converted the
recorded fingerprints into alpha-numerical codes with no reverse
backway possibility, and then the alpha-numerical codes were
stored as participant identifiers to ensure participants’
confidentiality.

Sample Size and Sampling
For the first two initial captures, the sample size was based on
Rwanda Population-Based HIV Impact Assessment 2019 [34],
where the proportion of all males aged 18+ years with at least
one male sexual partner in the last 12 months by province
(0.30% for the city of Kigali, and 0.16%, 0.08%, 0.24%, and
0.24% for the Eastern, Northern, Southern, and Western
provinces, respectively) was obtained to estimate the pooled
and provincial-level stratified sample size. Assuming a design
effect of 1.5, a precision of 0.5%, and adjusting for a 15% loss
of coupons estimated from a previous CRC-related study [27],
we calculated the required minimum sample size. We estimated
a total of 2705 objects needed to be distributed across provinces
as follows: 803 in the city of Kigali, 586 in Western province,
658 in Southern province, 219 in Northern province, and 439
in Eastern province during each of the first two captures.

For the RDS survey, the sample size calculation was based on
the results from the previous IBBSS conducted in Rwanda in
2020. The formula for the sample size calculation for an RDS
study was used according to the method of Salganik [35],
assuming an MSM HIV prevalence of 11.3% in the city of
Kigali, 6.4% in Western province, 1.4% in Southern province,
3.1% in Northern province, and 1.2% in Eastern province; a
design effect of 1.5; precision w 0.025; and a nonresponse rate
of 10%. We estimated the required minimum total sample size
of 2210 across the country distributed by province as follows:

1027 in the city of Kigali, 613 in Western province, 141 in
Southern province, 308 in Northern province, and 121 in Eastern
province.

All of the estimated sample sizes for each capture and the
statistical power were validated using MS-CRC Power Analysis
of the shinyrecap application [36].

Data Management
Data were captured using 3 electronic forms (capture one,
capture two, and capture three forms) using tablets with
data-entry forms designed using Open Data Kit (ODK) [37].
The tablets were password-protected to ensure that only the
study team had access to the data. Other data were captured
using Microsoft Excel sheets, which were also
password-protected. Data cleaning, entailing deduplication,
review of data consistency, and completion of any missing data,
was performed daily.

Unique identifiers were used to ensure that study participants
were only enrolled once. Once data were deduplicated, all
identifiers were removed prior to creating the final data sets for
analysis.

Statistical Analysis
In preparation for analysis, participant-level data from ODK
were exported into R v.4.0.5 for Windows, and cleaning steps
were performed based on preset exclusion criteria and logical
flow. Data were analyzed by province. Aggregated data sets
detailing counts of each capture/recapture combination were
produced for each subset. The Bayesian nonparametric
latent-class model, which is flexible and able to accommodate
various forms of heterogeneity in capture probabilities, was
used to produce the final PSE with 95% credible sets (CS) from
aggregate data sets.

All analyses were performed using the latent-class model for
capture-recapture (LCMCR) package in R v.4.0.5 for Windows
[38,39]. LCMCR is a novel Bayesian nonparametric method
for estimating the size of hard-to-reach populations from CRC
data. This method is based on a Dirichlet process mixture,
capable of accommodating complex patterns of heterogeneity
of captures, and can transparently modulate its complexity
without a separate model selection step [40,41]. The Bayesian
nonparametric latent-class approach posits that the population
is divided into several groups with members in each group
having the same homogeneous capture probability. The number
of homogeneous strata in a population is uncertain and
covariates that identify those classes may not be available. Thus,
the strata are said to be latent and strata identities are treated as
missing data. Estimation is naturally accomplished using
mixtures of distributions [42].

Uninformative priors (ie, those with minimal influence on the
inference and dominated by the likelihood function) were
specified for the Dirichlet process parameters α and γ (0.25,
0.25). We used K=5 latent classes; 10,000 samples from the
posterior distribution were drawn with a burn-in of 10,000
iterations and a thinning interval of 1000 iterations to specify
the Markov Chain Monte Carlo (MCMC) sampling.
Convergence of the MCMC sampling was assessed using trace
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plots and a histogram of the posterior probability distribution
for population size.

Median PSEs with 95% CS for 3S-CRC were produced overall
and by province. To facilitate the interpretation of results and
application of estimates for programs, the highest density
intervals (HD Interval package in R) are presented. Analysis
outputs include the median PSEs with 95% CS.

Ethical Considerations
The survey received ethical approval from the local Institutional
Review Board, Rwanda National Ethics Committee. It was also
reviewed in accordance with the US Centers for Disease Control
and Prevention (CDC) human research protection procedures
and was determined to be research with CDC nonengaged. For
the PSE study component, we received a waiver of the informed
consent requirement for all MSM participants because no
personally identifiable information was collected; however,
verbal consent was sought since the data collected were
restricted to only recording whether the MSM accepted the gift
during subsequent capture.

Since same-sex relationships remain stigmatized in Rwanda,
we anticipated a small risk of physical and/or verbal violence
in cases where a study participant was identified in the
community. Therefore, the study investigator ensured that the
study was conducted anonymously to protect the identity of

participants and ensure confidentiality of the data collected; no
names or any other personally identifiable information were
recorded anywhere. Completed questionnaires (identifying
individuals by only identification numbers) were kept with the
study coordinator during the fieldwork. All forms containing
any study information were kept in a locked cabinet accessible
by only authorized study personnel. Additionally, the electronic
data set identified by the unique code was password-protected
and accessed by authorized personnel using a computer backed
up to a server located at Rwanda Biomedical Center.
Furthermore, for all study members participating in human
subjects research and data collection, it was a requirement for
the study team to have participated in trainings on human
subjects research, confidentiality, and interviewing techniques
before commencing study activities. A confidentiality agreement
was signed by all study investigators, coinvestigators, and data
collectors.

Results

Capture One
Keychains with unique designs were distributed to the MSM
through their corresponding associations, groups, and key
informants (Figure 1). Table 1 summarizes the results from
capture one; a total of 2465 out of the 2723 objects (90.53%)
were successfully distributed.

Figure 1. Example of a unique object (keychain) distributed in capture one.

Table 1. Provincial-level object distribution breakdown.

Objects not distributed successfully and returned, nObjects successfully distributed, nObjects assigned, nLocation

78558636Eastern province

9885894City of Kigali

16150166Northern province

70515585Southern province

85357442Western province

25824652723Total
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Capture Two
MSM-friendly services were provided at 23 health facilities
that typically have a key population service package
countrywide. Lubricants and condoms were distributed during
the capture-two period, during which a total of 1340 of the
anticipated 2705 MSM (49.54%) came for health services at

health facilities. Out of the 1340 MSM who came for the
services, 1314 (98.06%) met the inclusion criteria and were
offered the services, and among them, 721 (54.87%) were
identified as having received the distributed unique object during
the previous week. Table 2 provides the province-level
breakdown for capture two.

Table 2. Provincial-level service provision among men who have sex with men (MSM) in capture two.

MSM received distributed
unique object during the
previous week, n

MSM received of-
fered services, n

MSM received at
health facility, n

Anticipated MSM to be
offered services, n

Health facilities,
n

Location

2113373434395Eastern province

1854975108035City of Kigali

425282191Northern province

1952912916587Southern province

1261641685865Western province

72113141340270523Total

Capture Three
During capture three, RDS was used for participant recruitment.
Every MSM recruited during RDS was screened for eligibility
and considered as captured during capture three once he
consented to participate. A total of 2211 MSM were captured

during this capture occasion. Among those captured during
capture three, 422 (19.09%) were identified as having received
distributed unique objects during capture one, whereas 415
(18.77%) were identified as having received MSM-friendly
services during capture two. Table 3 provides the
provincial-level breakdown for capture three.

Table 3. Provincial-level data among men who have sex with men (MSM) in capture three.

MSM received both
unique object and MSM-
friendly services, n

MSM received provid-
ed MSM-friendly ser-
vices, n

MSM received dis-
tributed unique ob-
ject, n

MSM captured, nAnticipated MSM to
be captured, n

Location

366450126121Eastern province

421241281,0211027City of Kigali

41820303308Northern province

285442152141Southern province

100155182609613Western province

21041542222112210Total

Population Size Estimation
Overall, we sampled 2465, 1314, and 2211 MSM in capture
one, two, and three, respectively. There were 721 recaptures
between captures one and two, 415 recaptures between captures
two and three, and 422 recaptures between captures one and
three. There were 210 MSM captured in all three captures. The
Venn diagram in Figure 2 provides the summary results for all
three capture occasions and overlaps.

Before conducting the CRC analysis, we explored dependency
between captures by testing for homophily in the RDS
recruitment chain based on the capture history variable, finding
a homophily value of 1.016596, which indicates nondependency.

The trace plot in Figure 3 presents the simulation results over
10,000 samples, demonstrating the population size distribution

for a converging simulation result based on the random noise
shape observed between the values 10,000 and 20,000 on the
Y-axis. Figure 4 presents the posterior distribution (ie,
population size distribution) provided by the model.

The final MSM PSEs for the overall and provincial levels are
presented in Table 4. The median from the posterior probability
distribution is used as the point estimate and 95% CS are used
to describe uncertainty.

We estimated the overall population of MSM in Rwanda to be
18,100 (95% CS 11,300-29,700), with the majority living in
the city of Kigali (7842, 95% CS 4587-13,153). The MSM PSEs
were similar for the remaining 4 provinces (Northern, Southern,
Eastern, and Western provinces).
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Figure 2. Venn diagram representing individual capture results and overlaps between capture occasions. Numbers represent the numbers of men who
have sex with men captured at each round.

Figure 3. Trace plot for the population size estimate.

Figure 4. Histogram of the posterior probability distribution for population size.
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Table 4. Population size estimate (PSE) of men who have sex with men, Rwanda 2022.

Median PSE (95% CSb)Proportion estimatea, % (95% CI)Location

2287 (1927-3014)0.3 (0.3-0.5)Eastern province

7842 (4587-13,153)2.7 (1.6-4.6)City of Kigali

2375 (842-4239)0.5 (0.2-1.0)Northern province

2109 (1681-3418)0.4 (0.3-0.6)Southern province

2469 (1994-3518)0.3 (0.3-0.5)Western province

18,100 (11,300-29,700)0.7 (0.4-1.1)Overall

aProportion estimates of men were based on the 2012 Census data by National Institute of Statistics of Rwanda 2021 population size projections.
bCS: credibility set.

Discussion

This MSM PSE presents the first use of the 3S-CRC approach
to estimate MSM population size on a nationwide scale in
Rwanda. The 3S-CRC method provided an estimate for MSM
in the city of Kigali of 7842 (95% CS 4587-13,153), which was
similar to the previous estimate obtained by “Project San
Francisco” of 8411 (95% CS 6760- 11,151) [11]. The slight
differences in the 2018 and 2021 Kigali MSM PSEs can be
explained by considering the geographical coverage and
difference in methodologies used. The distribution of MSM in
each of the remaining 4 provinces was fairly uniform and lower
than the estimates in Kigali. Differences in estimates of the
MSM population size distribution across the country may also
reflect long-term movement patterns among MSM, from rural
to urban as well as from smaller to larger urbanized contexts
[43].

To some degree, MSM size estimates are influenced by the
proportion of MSM who may have decided to not participate
in the study due to potential privacy concerns, a potentially
significant element given the burden of stigma and
heteronormative behavioral expectations (eg, marriage and
parenting) for MSM in Rwanda. Our overall MSM PSE
represents 0.7% (95% CI 0.4%-1.1%) of the total adult male
population in Rwanda based on 2012 Census data collected by
National Institute of Statistics of Rwanda 2021 population size
projections. The 2020 World Health Organization (WHO) and
Joint United Nations Program on HIV/AIDS (UNAIDS)
technical brief recommends the revision of the MSM PSE for
those countries, using an MSM PSE less than 1% of total adult
males based on the region [28]. The UNAIDS monitoring system
through 2019 estimated a global median proportion of adult
men who had sex with another man in the previous year of 1.9%
across 38 low- or middle-income countries, and this proportion
was estimated at 1.45% in Eastern and Southern Africa, where
Rwanda is located [44,45]. Accordingly, the estimate from the
current study aligns with the WHO recommendation regarding
MSM PSEs [7].

Different approaches are being used for size estimation of hidden
populations, each with various strengths and limitations, and
there is currently no consensus on a gold-standard method [46].
The traditional CRC method employs two captures; however,
extra captures can be added to increase the number of data points
from which estimates are created, resulting in more stable and

robust PSEs [47]. The 3S-CRC method has been commonly
used in epidemiology to estimate the size of key populations
targeted by health interventions for certain health conditions
owing to its mathematically grounded and defensible results
[23,48,49]. Several studies have used the 3S-CRC method to
estimate the size of certain population groups without a sampling
frame, including FSW, MSM, and PWID [28,50-52]. The final
estimate for this study was based on the 3S-CRC data set. In
summary, four major assumptions must be met for CRC to give
reliable population estimates: individual captures are
independent, the population is closed, the capture history is
correct for all members of the target population, and the chance
of getting caught is homogeneous [53].

To minimize dependencies between captures, we used different
distribution settings for each capture occasion. During the first
capture, members of the MSM population were tagged by the
keychain provided through their corresponding associations,
groups, and key informants. In the second capture, MSM were
tagged by being offered MSM-friendly services through health
facilities that usually serve MSM nationwide. In the third
capture, we used the RDS method, in which all recruited MSM
were considered as captured. For all three captures, a 1-week
time interval was used between two consecutive capture
occasions to minimize recall bias and to fulfill the population
closeness assumption. At each capture of the first two capture
rounds, unique object distribution and MSM-friendly services
provision procedures included a random aspect to ensure that
the chance of getting caught was homogeneous. However, our
estimates might be limited with missing a random sampling
aspect during the third capture round where RDS was used.

There are several plausible constraints to the design of our
estimation activity. A possible limitation is the underlying
3S-CRC assumptions that might have influenced the validity
of our findings, leading to reduced accuracy of population sizes
and wide confidence ranges. In particular, we employed unique
objects as a tagging strategy to protect the anonymity of sampled
populations. However, not all individuals were carrying the
received object at the subsequent capture occasion, complicating
the identification of recaptures. Furthermore, we had to assume
that the person presenting the object is the same person who
received the object (an essential limitation present in anonymous
sampling–based CRC). We tried to mitigate these limitations
by offering the opportunity to identify the correct object from
a laminated card with several pictures including the correct
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unique object for those presenting without unique objects. There
was a possibility of guessing or having seen the object and
therefore biasing the PSE downward. To overcome possible
participation duplicates at enrollment during the third capture,
a biometric system using fingerprint identification was installed
and employed across all study sites. We also acknowledge any
possible selection bias that might have been influenced by the
established study inclusion criteria.

The key strength of our study is that it is powered to provide
national- and provincial-level PSEs for MSM in Rwanda for
the very first time. Sampling considered administrative
provinces as strata and targeted 28 (out of 30) districts in
Rwanda, which are nationally representative and reflective of
the demography. The selected districts included key urban areas
with a high likelihood of expanding the catchment to include
participation by MSM based in rural areas. Furthermore, during
the third capture occasion, RDS was used giving more
confidence in reaching MSM with lower social visibility.

The final estimate of the MSM population size in Rwanda is
based on a Bayesian approach to account for the complex
patterns of heterogeneity between captures and the aggregation

of homogeneous strata into latent classes. While other statistical
techniques make reasonably strong assumptions about the
structure of the joint distribution of capture patterns, the
latent-class Bayesian method is a model-averaging strategy that
seeks to estimate the joint distribution as directly as feasible
from the data [40].

In conclusion, this study provides, for the first time, an estimated
population size of MSM aged 18 years and above in Rwanda.
The results will allow national programs and implementation
partners to invest in HIV services at a level that is commensurate
with need, coverage, and new infections. These data enable
policy makers and planners to monitor HIV epidemic control
nationwide, specifically among the MSM population, and to
plan for other health services such as the prevention and
treatment of sexually transmitted infections, among others.
While these estimates are usable at the national and provincial
levels, further work is needed on small-area estimation to align
the PSE results with the intended HIV treatment and prevention
interventions at subnational levels among MSM. Furthermore,
we acknowledge that there are still limitations of estimating
some hard-to-reach MSM groups, which is another potential
area for further research.
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Abstract

Background: Gout is a common and debilitating condition that is associated with significant morbidity and mortality. Despite
advances in medical treatment, the global burden of gout continues to increase, particularly in high–sociodemographic index
(SDI) regions.

Objective: To address the aforementioned issue, we used age-period-cohort (APC) modeling to analyze global trends in gout
incidence and prevalence from 1990 to 2019.

Methods: Data were extracted from the Global Burden of Disease Study 2019 to assess all-age prevalence and age-standardized
prevalence rates, as well as years lived with disability rates, for 204 countries and territories. APC effects were also examined in
relation to gout prevalence. Future burden prediction was carried out using the Nordpred APC prediction of future incidence
cases and the Bayesian APC model.

Results: The global gout incidence has increased by 63.44% over the past 2 decades, with a corresponding increase of 51.12%
in global years lived with disability. The sex ratio remained consistent at 3:1 (male to female), but the global gout incidence
increased in both sexes over time. Notably, the prevalence and incidence of gout were the highest in high-SDI regions (95%
uncertainty interval 14.19-20.62), with a growth rate of 94.3%. Gout prevalence increases steadily with age, and the prevalence
increases rapidly in high-SDI quantiles for the period effect. Finally, the cohort effect showed that gout prevalence increases
steadily, with the risk of morbidity increasing in younger birth cohorts. The prediction model suggests that the gout incidence
rate will continue to increase globally.
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Conclusions: Our study provides important insights into the global burden of gout and highlights the need for effective
management and prophylaxis of this condition. The APC model used in our analysis provides a novel approach to understanding
the complex trends in gout prevalence and incidence, and our findings can inform the development of targeted interventions to
address this growing health issue.

(JMIR Public Health Surveill 2023;9:e45943)   doi:10.2196/45943

KEYWORDS

gout; prevalence; age-period-cohort analysis; Global Burden of Disease Study 2019; prediction; Bayesian age-period-cohort
analysis; Norped age-period-cohort analysis

Introduction

Background
Gout is a ubiquitous chronic disease caused by an elevation of
urate concentrations in articular and nonarticular structures. It
can lead to highly intensive pain, lingering discomfort, and
inflammation, as well as limited range of motion at the joints,
with a high population burden [1]. With a high recurrence rate,
many patients cannot undergo standard therapy, which leads to
poor health-related quality of life [2]. Besides the increased
personal financial burden, direct and indirect annual financial
burdens exist for those who cannot control gout well [3]. Patients
with cardiovascular disease who have also been diagnosed with
gout have higher mortality rates, regardless of age, sex, and
comorbidities factors [4]. The mortality gap of gout, which is
the association with premature death, has stayed consistent over
2 decades [5,6].

Despite the heavy population burden, especially in the
high–sociodemographic index (SDI) countries, the latest studies
only focused on the regional or short-period gout burden [7-10].
Because of technological advancements, people’s lifestyles have
changed dramatically over the past 2 decades. The tendency
and pattern of gout have changed owing to the lifestyle changes
worldwide, even with treatment recommendations by many
rheumatological societies. However, health policies have not
provided any effective action strategies to cope with the steadily
increasing trend of gout incidence [11-13]. To break through
the barrier, it is essential to provide different approaches
regarding the epidemiology of gout to evaluate public health
development over time. In this regard, an analysis of prevalence
trends, with a particular focus on their associations with
age-period-cohort (APC) effects, has the potential to delineate
the success of different aspects of health care delivery and
identify the remaining treatment gaps [14,15].

Using the APC model, we can potentially mine ethnic disparities
and geographic differences, as well as the effectiveness of the
monitoring system. As the comparison of collinearity factors
should be determined through the additional constraints [16].
This is a valid model for providing valuable insight into various
public health issues. It could compare the efficiency of health
care provision of different regions and identify the emblematic
countries or regions that have acted efficiently on gout
prevalence [17-20].

Objectives
This study aims to use the APC model to analyze the global-,
regional-, and national-level prevalence of gout. The Nordpred

and Bayesian APC (BAPC) prediction models were used to
estimate future gout incidence. Although Jeong et al [21] have
analyzed the global burden of gout and its associations with
various factors such as sex, age, and region, as well as risk
factors such as obesity and potential genetic factors, using
Global Burden of Disease (GBD) Study 2019 data, this study
aims to analyze global trends in gout incidence and prevalence
and discuss local health care delivery to learn what may lead to
novel action for better management in the future [21]. Therefore,
by analyzing the GBD Study 2019 data from 1990 to 2019 by
age, sex, and SDI, we have provided an in-depth gout report.

Methods

Overview
All data were extracted from the GBD Study 2019 [22], which
provides descriptive epidemiological data on 369 diseases and
injuries in 204 countries and territories from 1990 to 2019,
including incidence, prevalence, mortality, years of life lost,
years lived with disability (YLD), and disability-adjusted life
years [23]. To identify the data source from a systematic review
of published studies, searches of government and international
organization websites, published reports, and primary data
sources were undertaken, and librarians reviewed each data
source. Diagnosis codes from both the International
Classification of Diseases, Ninth Revision (ICD-9; 274.x), and
the International Classification of Diseases, Tenth Revision
(ICD-10; M10.x), were used to identify cases of gout in the
GBD Study 2019 data set. The search terms used included acute
gout, gouty arthropathy, gouty neuritis, and primary gout.
According to the American College of Rheumatology diagnostic
criteria for gout, the gold standard consists of checking for the
presence of monosodium urate crystals in the synovial fluid of
the affected joint.

Ethical Considerations
This study used data from the GBD Study 2019, which was
approved by the institutional review board of the University of
Washington School of Medicine. As this is a secondary analysis
of existing data, no additional human participant research ethics
review or informed consent was required. The original data
collection obtained informed consent from study participants
or was granted exemptions by the institutional review board.
Study data were anonymized and deidentified to protect the
privacy and confidentiality of study participants.
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Analysis of Overall Temporal Trends
Using all-age prevalence (number) and age-standardized
prevalence rates, we assessed the temporal trend in gout
prevalence over the study period from 1990 to 2019.
Age-standardized population prevalence was calculated using
the global data from the GBD Study 2019. Measuring
age-standardized population prevalence can provide a method
that compares prevalence among countries and SDI quantiles
with different populations. As they provide an indirect insight
into epidemiological severity, YLD data were examined using
an age-standardized YLD rate for the study period from 1990
to 2019. YLD refers to the number of years that an individual
with an illness that affects their quality of life, in this case, a
patient with a confirmed diagnosis of gout, survives until death
[24].

APC Analysis
The APC model was used mainly to analyze gout morbidity
trends and predict future gout burden. The model considers 3
factors: age, period, and cohort. Time trends of diseases are
usually explained by age effects, period effects, and cohort
effects, as well as random variation. The critical problem of
descriptive epidemiology in this case was to describe the APC
results of disease occurrence under the condition of gout rates.
In the APC model, the period effect refers to the change of
human factors affecting the gout rate in the population, such as
the development of disease diagnosis technology, screening and
early detection, changes in disease definition and registration,
and treatment improvement. These human factors may affect
disease rates in different periods, resulting in period effects.
The age effect is one of the most critical determinants of disease
occurrence. The cohort effect refers to changes in disease rates
caused by different levels of exposure to risk factors in different
generations. The APC model estimates the APC effects by SDI
quintiles. The age effect uses longitudinal and cross-sectional
age curves, representing age-related gout prevalence; fitted
temporal trends display the period effect, period risk ratio, and
period deviations; and cohort effects are displayed using cohort
RR, local drifts, and cohort deviations. In the APC model, net
drifts represent the overall trend in prevalence or incidence over
time, whereas local drifts reflect the trends within a specific
time period or age group. Age effects measure the changes in
prevalence or incidence associated with aging, period effects
refer to changes that affect all age groups at a particular time
point, and cohort effects reflect the changes in prevalence or
incidence for individuals born in the same year. The model also
included the issue of covariance among age, period, and cohort,
which was addressed by the identifiability constraint that the
sum of the APC coefficients must equal 0. However, this
constraint can lead to difficulties in estimating the separate APC
effects. To address this issue, the estimable functions approach
is used, which involves combining linear constraints on the
APC coefficients to estimate these effects. Specifically, the
sum-to-0 constraint is used to estimate the net drifts (long-term
trends) and local drifts (deviations from the long-term trends)
for each effect. The net drifts correspond to the overall change
in the outcome over time, whereas the local drifts correspond
to the deviations from the overall change. The APC model can
thus provide insights into the unique APC effects on gout

prevalence and incidence over time. In the case of gout, the
model grouped age effect into 10-year intervals, period effect
into 5-year intervals, and cohort effect into 5-year intervals to
simplify the analysis. The x intercept for the cohort effect is set
at the year 1945, and the reference choice (the baseline for
comparison) is indicated with a dashed line.

Prediction Model
To reflect the trends in gout burden, the number of new cases
of gout from 2019 to 2042 was predicted using a Nordpred APC
analysis by sex. The R software (R Foundation for Statistical
Computing) package Nordpred was used for this analysis, which
takes into account changing rates and changing population
structures, as demonstrated in previous studies [25]. In addition,
to facilitate comparison with the predicted results, we calculated
the absolute number of events that would occur if the rates
remained stable (baseline reference), decreased by 1% per year
(optimistic reference), or increased by 1% per year (pessimistic
reference) based on actual observed rates in 2019. To validate
the stability of the prediction results, we performed a sensitivity
analysis using the BAPC model integrated nested Laplace
approximations (INLA) with the BAPC and INLA packages in
R.

Statistical Analysis
Our study used the APC model to analyze gout morbidity and
mortality trends and predict future gout burden. The APC model
estimates the time trend of prevalence within each age group,
expressed as the annual percentage change of age-specific
prevalence, reflecting the birth cohort effect trend, whereas
Jeong et al [21] used counts, age-standardized rates,
age-standardized percentage changes of prevalence, incidence,
and YLD to quantify global trends in the burden of gout using
the GBD Study 2019 standard population from 1990 to 2019.
The Wald chi-square test results indicate whether there is a birth
cohort effect and whether the test results are statistically
different. An important implication is that a single
age-standardized rate curve and estimated annual percentage
change value do not adequately describe the time trend in each
age group. A drift absolute value of >1% is considered a material
change, which is tested by the Wald chi-square test. All analyses
were 2-sided, and statistical significance was considered at
P<.05. Statistical analysis was conducted using R software
(version 3.6.3), and the result was presented using 95%
uncertainty intervals (UIs).

Results

Global and Regional Trends in Gout Incidence From
1990 to 2019
The global population of individuals with gout increased in the
past 30 years from 22 million (95% UI 17.52-27.37) to 53
million (95% UI 43.38-66.34). The growth rate of gout incidence
was 63.44% (95% UI 57.33%-68.78%). YLD increased from
0.69 million (95% UI 0.44-99.37) to 1.67 million (95% UI
1.07-2.39). The growth rate of global YLD was 51.12% (95%
UI 45.91%-56.51%). The sex ratio stayed consistent at 3:1 (male
to female), but the gout incidence kept increasing over time.
The number of male individuals with gout increased from 16
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million (95% UI 13.22-20.68) to 40 million (95% UI
32.75-50.10). The growth rate of gout incidence in male
individuals was 70.15% (95% UI 64.55%-75.74%). The number
of female individuals with gout increased from 5.3 million (95%
UI 4.25-6.75) to 13.2 million (95% UI 106.03-163.79), and the
growth rate of gout incidence in female individuals was 68.70%
(95% UI 63.70%-73.43%). In the high- and middle-SDI regions,

the number of individuals with gout skyrocketed from 7 million
(95% UI 5.67-8.84) to 17 million (95% UI 14.19-20.62) and
from 6 million (95% UI 4.64-7.26) to 15 million (95% UI
12.28-19.40), respectively, with growth rates of 94.3% (95%
UI 84.33%-107.15%) and 90.46% (81.34%-98.45%),
respectively (Figure 1; Table 1).

Figure 1. The age effect for gout is shown with all sociodemographic index (SDI) quantiles on total prevalence cases (number) and prevalence rate
per 100,000 population from (A) 1990 to (B) 2019. The age effect is shown with all SDI quantiles on years lived with disability (YLD; number) and
the YLD rate per 100,000 population from (C) 1990 to (D) 2019. The global tendency under the age effect on both gender.
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Table 1. Trends in gout prevalence and years lived with disability (YLD) across sociodemographic index (SDI) quintiles from 1990 to 2019.a

Low SDI, 1990-
2019

Low-middle SDI,
1990-2019

Middle SDI, 1990-
2019

High-middle
SDI, 1990-2019

High SDI, 1990-
2019

Global, 1990-2019

All-age incidence

105.05 (83.22-
130.97)-246.51
(196.23-307.16)

265.61 (210.77-
331.26)-635.63
(505.79-796.65)

585.1 (464.74-
726.11)-1549.82
(1228.03-1940.43)

538.4 (428.55-
671.04)-1239.95
(981.62-1549.99)

711.33 (566.90-
884.13)-1713.24
(1419.06-
2061.89)

2206.37 (1751.87-
2737.37)-5387.18
(4338.32-6634.23)

Cell number×10,000, n

(95% UIb)

16.23 (13.61-
18.94)

60.86 (55.38-
65.70)

74.35 (65.47-
82.43)

82.60 (75.02-
89.65)

71.46 (62.62-
81.17)

63.44 (57.33-
68.78)

Annual change, %
(95% UI)

All-age prevalence rate

198.91 (157.58-
247.98)-246.51
(196.23-307.16)

235.13 (186.58-
293.25)-360.34
(286.73-451.62)

340.82 (270.71-
422.96)-646.68
(512.41-809.67)

468.00 (372.51-
583.30)-866.85
(686.26-1083.60)

865.35 (689.65-
1075.57)-1690.61
(1400.31-
2034.66)

412.42 (327.46-
511.67)-696.25
(857.42-6634.23)

Rate per 100,000, n
(95% UI)

11.47 (9.38-
13.71)

53.25 (50.48-
58.90)

90.46 (81.34-
98.45)

84.66 (78.25-
89.98)

94.32 (84.33-
107.15)

69.24 (63.79-
74.51)

Annual change, %
(95% UI)

YLD

3.29 (2.07-4.73)-
7.75 (4.84-11.22)

8.34 (5.24-
12.01)-19.88
(12.40-28.57)

18.61 (11.70-
26.86)-48.85
(30.57-70.67)

16.93 (10.60-
24.45)-38.83
(24.16-55.90)

21.92 (13.93-
31.51)-52.03
(33.75-73.50)

69.12 (43.74-
99.37)-167.4
(106.80-239.34)

Cell number×10,000, n
(95% UI)

17.96 (13.66-
22.58)

43.12 (37.42-
49.04)

57.33 (48.88-
65.49)

60.64 (53.55-
66.88)

65.90 (56.91-
77.24)

51.12 (45.91-
56.51)

Annual change, %
(95% UI)

APCc model estimates

0.1497 (0.1382-
0.1613)

0.3088 (0.2879-
0.3297)

0.7075 (0.6497-
0.7654)

0.9507 (0.9014-
1)

1.596 (1.5332-
1.6588)

0.85 (0.80-0.89)Annual net driftd of
prevalence, % (95% CI)

Age-standardized prevalence rate

406.42 (324.02-
512.66)-424.68
(339.15-532.13)

403.01 (324.18-
502.21)-439.20
(351.05-550.29)

507.06 (405.34-
632.91)-597.19
(476.09-740.10)

492.64 (393.93-
611.45)-624.81
(495.85-778.15)

711.83 (565.01-
887.95)-1041.01
(862.79-1244.91)

532.99 (425.35-
657.86)-652.24
(528.56-798.60)

Rate per 100,000, n
(95% UI)

5.74 (4.43-7.15)10.56 (9.15-
12.03)

19.79 (17.53-
21.97)

28.97 (26.99-
30.76)

47.95 (40.56-
57.67)

23.69 (21.65-
26.25)

Annual change, %
(95% UI)

Age-standardized YLD rate

12.48 (7.93-
18.03)-13.11
(8.27-19.07)

12.44 (7.88-
18.03)-13.59
(8.61-19.60)

15.89 (9.95-22.93)-
18.70 (11.89-
26.99)

15.41 (9.67-
22.17)-19.62
(12.31-28.20)

22.03 (13.87-
31.73)-32.05
(20.59-44.73)

16.55 (10.44-
23.79)-20.23
(12.91-28.88)

Rate per 100,000, n
(95% UI)

12.68 (9.27-
16.21)

15.99 (12.58-
19.37)

20.72 (17.16-
24.47)

33.70 (29.86-
37.29)

43.04 (35.31-
52.93)

25.94 (23.40-
28.94)

Annual change, %
(95% UI)

aAge-standardized mortality rate is computed by direct standardization with the global standard population in the Global Burden of Disease Study 2019.
bUI: uncertainty interval.
cAPC: age-period-cohort.
dNet drifts are estimates derived from the age-period-cohort model and denote overall annual percentage change in mortality, which captures the
contribution of the effects from calendar time and successive birth cohorts.

Global and Regional Trends in Gout Prevalence From
1990 to 2019
The gout prevalence trends are similar to the incidence trends.
The global all-age prevalence rate increased from 412.42 (95%
UI 327.46-511.67) to 696.25 (95% UI 857.42-6634.23) per
10,000 population, and the age-standardized prevalence rate
increased from 532.99 (95% UI 425.35-657.86) to 652.24 (95%
UI 528.56-798.60) per 10,000 population (Figure 2; Table 1).

The high-SDI quantiles have the highest increase in prevalence
from 711.83 (95% UI 565.01-887.95) to 1041.01 (95% UI
862.79-1244.91) per 10,000 population, an increase of 47.95%,
followed by the high-middle–SDI quantiles, where the
age-standardized prevalence increased from 492.64 (95% UI
393.93-611.45) to 624.81 (95% UI 495.85-778.15) per 10,000
population. The prevalence depends on the regions’ SDI
development (Figure 3; Table 1).
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Figure 2. The period effect for gout is shown with all sociodemographic index (SDI) quantiles on (A) total prevalence cases (number) and age-standardized
prevalence rate per 100,000 population and (B) years lived with disability (YLD; number) and standardized YLD rate per 100,000 population. The
global tendency under the age effect on both sexes is shown as line charts.

Figure 3. (A) The all-age prevalence for gout in 2019 in 204 countries and territories. (B) Net drift of gout prevalence from 1990 to 2019 in 204
countries and territories.
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APC Effects on Gout Prevalence
To extend the previous studies, we used the APC model to
analyze gout burden [21]. Globally, the prevalence of the age
effect increases steadily from the age of 30 years in both sexes.
The prevalence rises the most readily in high-SDI quintiles
across all age groups compared with other quintiles.

Regarding the period effect, gout prevalence witnessed a growth
tendency across most SDI quintiles over the study period, with
only low-SDI countries remaining nearly constant over the past
2 decades. High-SDI, high-middle–SDI, and middle-SDI
countries had the most notable increase in period prevalence
rates across the period from 1990 to 2019. By contrast, low-SDI
and low-middle–SDI countries stayed relatively stable in terms
of prevalence rates. Surprisingly, in terms of the period effect,

the gout prevalence rate in female individuals was higher than
that in male individuals across the period from 2003 to 2015 in
low-middle–SDI, middle-SDI, and high-middle–SDI countries.
Still, the data showed that the gout prevalence rate in male
individuals was higher than that in female individuals (Figure
1).

The morbidity is increased and the younger age population is
readily exposed to the risk factor. The growth of cohort effects
was remarkable in high-SDI countries. High-SDI countries had
progressively increasing morbidity rates among those born after
1900. The sex ratio has shifted in middle-SDI and
high-middle–SDI countries, where female individuals have a
higher morbidity rate than male individuals in terms of the
cohort effect (Figure 4).
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Figure 4. Age-period-cohort effects on gout prevalence by sociodemographic index (SDI) quintiles. (A) Age effects are shown by the fitted longitudinal
age curves of prevalence (per 100,000 person-years) adjusted for period deviations. (B) Period effects are shown by the relative risk of prevalence
(prevalence rate ratio) and computed as the ratio of age-specific rates from 1990 to 1994 (the referent period) to 2015-2019. (C) Cohort effects are
shown by the relative risk of prevalence and computed as the ratio of age-specific rates from the 1925 cohort to the 2015 cohort, with the referent cohort
set at 1960. The dots and shaded areas denote prevalence rates and prevalence rate ratios, respectively, and their corresponding 95% CIs.

APC Effects in Typical Countries or Regions
Several countries or regions across SDI quintiles displayed
significant developments in gout morbidity by APC effects
around the world. The United States showed a trend typical of
high-SDI countries, where growing gout prevalence was

measured across all age groups. In Japan, another example of
a high-SDI country, increased morbidity stood out for its notable
net drift and demonstrated an emerging transition in the age
distribution of morbidity. Moreover, China had a shift in the
age distribution of morbidity, with significantly increased risk
in those born after 1970, and the gout prevalence increased
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dramatically after 2003 in this middle-SDI country. Regarding
low-SDI countries, Ethiopia showed a similar phenomenon to
that in high-SDI countries because the prevalence kept growing
over time. People aged <75 years had significant local drift in
terms of being diagnosed with gout. People born after 2000 had
a significantly higher risk of developing gout (Figure 5A).

Countries displaying relatively unfavorable APC effects on
prevalence are shown in Figure 5B. Sweden, a high-SDI country,

showed increasing risk throughout the age effect, but the period
effect reduced the prevalence. In addition, people born after
2000 in Sweden have a lower risk of developing gout. New
Zealand and Norway showed a descending trend in the period
effect but rebooted the prevalence rate after 2008. By contrast,
Taiwan showed the opposite result, with the prevalence rate
consistently decreasing after 2003.
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Figure 5. Favorable (A) and unfavorable (B) age-period-cohort effects on exemplar countries across sociodemographic index (SDI) quintiles. Age
distribution of deaths shows the relative proportion of morbidity from each age group from 1990 to 2019. Local drifts indicate the annual percentage
change in prevalence rate (%) across 5-year age groups (from 0-4 to 65-69 years). Age effects are represented by the fitted longitudinal age curves of
prevalence (per 100,000 person-years) adjusted for period deviations. Period effects are represented by the relative risk of prevalence (prevalence rate
ratio) and computed as the ratio of age-specific rates in each period compared with the referent period from 1990 to 1994. Cohort effects are represented
by the relative risk of prevalence (prevalence rate ratio) and computed as the ratio of age-specific rates in each cohort compared with the referent 1960
cohort. The shaded areas indicate the corresponding 95% CIs of each point estimate. See high-resolution image in Multimedia Appendix 1.

Trends in Gout Incidence Over Time
The predicted incidence rates of gout per 100,000 population
were calculated using the Nordpred APC prediction for different

SDI regions (Figure 6). Overall, the predicted incidence rates
of gout increased over time in all regions. The global predicted
incidence rate increased from 92.79 per 100,000 population in
the period from 1990 to 1992 to 123.83 per 100,000 population
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in the period from 2038 to 2042. The highest predicted incidence
rate was observed in the high-SDI quantiles region, with a
predicted incidence rate of 156.28 per 100,000 population in
the period from 2038 to 2042. The lowest predicted incidence
rate was observed in the low-SDI quantiles region, with a
predicted incidence rate of 19.16 per 100,000 population in the
period from 2038 to 2042. There were also notable differences
in the predicted incidence rates among regions; for instance,

the predicted incidence rates in the high-middle–SDI quantiles
region were consistently lower than those in the high-SDI
quantiles region but higher than those in the middle-SDI
quantiles and low-middle–SDI quantiles regions. Similarly, the
predicted incidence rates in the low-middle–SDI quantiles region
were consistently lower than those in the middle-SDI quantiles
region but higher than those in the low-SDI quantiles region.

Figure 6. Trends in gout by Nordpred age-period-cohort prediction model in (A) global scale. To minimize the scale bias, the plots were separated as
follows: (B) global scale, (C) high–sociodemographic index (SDI) quantiles, (D) high-middle–SDI quantiles, (E) middle-SDI quantiles, (F) low-middle–SDI
quantiles, and (G) low-SDI quantiles.

Overall, the number of cases of gout increased over time in all
regions. Globally, in 2023, a total of 10,016,336 cases were
reported, which is projected to increase to 12,082,807 cases in
2035. The low-SDI quantiles region had the lowest number of
cases, with 490,786.4 cases reported in 2018, which is projected
to increase to 788,807.5 cases in 2042. There were also notable
differences in the number of cases among regions; for instance,
the high-SDI quantiles region had the second highest number
of cases, with 2,242,423 cases reported in 2018, which is
projected to increase to 2,395,031 cases in 2035. The
low-middle–SDI quantiles region had a slightly higher number
of cases than the middle-SDI quantiles region, but the trend is
expected to reverse by 2035, with the middle-SDI quantiles
region projected to have more cases (Multimedia Appendix 2).

The BAPC prediction model was used as a sensitivity analysis
to validate the findings from the APC analysis. Consistent with

the APC analysis, the BAPC prediction model suggested that
there would be an overall increase in the age-standardized
incidence of the disease from 1990 to 2042 across all 6 regions.
The highest increase in age-standardized incidence is expected
to occur in the high-middle–SDI quantiles, with the incidence
increasing from 64.30 per 100,000 population to 137.14 per
100,000 population. The high-SDI quantiles are also expected
to experience a significant increase in age-standardized
incidence, from 91.68 per 100,000 population to 146.51 per
100,000 population. The middle-SDI quantiles are expected to
see an increase from 39.44 per 100,000 population to 81.48 per
100,000 population. The low-middle–SDI quantiles are expected
to experience an increase from 39.86 per 100,000 population
to 61.54 per 100,000 population. The low-SDI quantiles are
expected to experience the smallest increase in age-standardized
incidence, from 15.99 per 100,000 population to 26.49 per
100,000 population. Overall, the BAPC prediction model
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suggests that there will be a significant increase in the incidence
of the disease across all regions, with the highest increases

occurring in regions with higher-SDI quantiles (Figure 7).

Figure 7. Trends in gout by Bayesian age-period-cohort prediction model in (A) global scale, (B) high–sociodemographic index (SDI) quantiles, (C)
high-middle–SDI quantiles, (D) middle-SDI quantiles, (E) low-middle–SDI quantiles, and (F) low-SDI quantiles.

Discussion

Principal Findings
Gout is among the most common chronic rheumatic and
inflammatory arthritis diseases worldwide. Understanding trends
in gout prevalence is key for governments to distribute health
care resources better [26]. Despite gout having a low mortality
rate and high curable rates without comorbidities, gout
prevalence has steadily increased globally owing to inadequate
management by both medical professionals and patients in many
countries [27,28]. The net drift in the majority of high-SDI
quantiles increased most readily in terms of both period and
cohort effects. To our knowledge, this is the first study using
the APC model to analyze global trends in gout prevalence,
enabling comparisons among different countries and predictions
of future incidence. Compared with previous publications [7,21],
our study advances the field by providing a more comprehensive
and nuanced understanding of gout prevalence trends and
contributing to public health knowledge through future burden
estimations. To be precise, the analysis of age effects, period
effects, and cohort effects allowed us to determine the
prevalence trends by period and birth cohort in individual
regions, providing an in-depth evaluation of the quality of the
health care system with regard to gout management. The model
allowed a comparison among countries and the discovery of
some countries or regions with effective interventions. By
highlighting these responsive quantiles, we hope that inspiration
will strike for a novel or potential idea to better manage gout.

This study illustrates the increase in gout prevalence over time
from 1990 to 2019. This tendency would not change, according
to our APC model prediction. The major challenge was that the
highest gout prevalence occurred in the high-SDI quantiles
where the quality of medical care is outstanding. This is an
indication, perhaps, that advanced interventions and techniques
are not sufficient to solve the problem; rather, this points to the

need for the entire medical system to work together. With
populations increasing worldwide and with an increase in the
aging population, the situation regarding gout prevalence is
delicately poised. This analysis of the gout burden in different
regions, therefore, is important from the point of view of
learning how the medical system works in countries that have
demonstrated superior management of gout.

A previous study reported the global gout burden during the
period from 1990 to 2010 [8]. With a 9-year data gap, it is
necessary to perform updated research to learn trends in gout
prevalence and identify the challenges our health system may
face in the future. In addition, it is essential to evaluate the
effectiveness of the gout management strategies used during
the period from 2010 to 2019. Compared with the Disease
Modelling Meta-Regression model, the APC model could divide
data into 3 spatially varying parameters with conditioning. The
conditioning order-dependent model was validated on the
spatially varying coefficients; therefore, the model was available
for the individual country calculations [16]. Consequently, the
APC model was more favorable with regard to the
Watanabe-Akaike information criterion than the model with
independent random effects [29].

Our analysis of gout prevalence estimates suggests that many
low- and middle-income countries, especially those with a high
SDI, have had an increasing gout prevalence tendency. Still,
the low-SDI countries have relatively stable conditions regarding
gout prevalence. We also found that people born after 2000
were more likely to develop gout than those born after 1900,
suggesting that awareness of health care resources and education
for gout are insufficient [7]. It is possible that patients who
experience gout flares may be ashamed of admitting their
lifestyles, including the excessive intake of purine-rich foods
and alcohol, and this may be combined with low health literacy,
because of which they do not receive sufficient information on
gout [30]. Most patients with gout visit inpatient clinics only
for relief of gout flares, and it has been suggested that the weak
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relationship between the physician and the patient with gout is
leading to treatment nonadherence [31,32]. Another possible
explanation for the higher likelihood of gout development
among individuals born after 2000 compared with those born
after 1900 is the improvement in people’s standard of living
and dietary habits, which may have led to an earlier onset of
gout [33]. This highlights the importance of considering multiple
factors when analyzing the trends in gout prevalence and the
burden of gout.

Age-standardized prevalence and YLD can provide a clear
picture for comparisons among different economic countries or
regions. Because of the varying population structure in different
SDI countries and regions, we should interpret the results
carefully. In lower-SDI countries, citizens tend to have shorter
life expectancy and higher birth rates; therefore, the all-age
prevalence is relatively lower than the standardized-age
prevalence [34,35]. To cope with the actual situation, health
care systems may consider investing more resources in gout
flare services, especially effective treatment. However, the aging
population structure is one of the common social issues in
higher-SDI countries. Although the standardized-age prevalence
is lower than the all-aged prevalence, because older adults have
become a prominent part of the population and also because of
rising obesity rates, the health burden would keep increasing.
Prevention and long-term management are key to coping with
the situation [36,37].

Although the standardized-age prevalence of chronic diseases
is lower among younger age groups, the increasing prevalence
of obesity and the aging population in the United States has
contributed to a considerable health burden. As one of the
high-SDI countries, the United States has experienced the most
substantial incidence and prevalence rates in the world, with an
estimated 1 million cases [38]. Although the United States
provides one of the best medical services in the world, gout is
the most common inflammatory arthritis disease with significant
morbidity and mortality [39]. Gout management strategies,
including monitoring and treatment options, are far from enough.
According to our results, gout prevalence in the United States
has yet to plateau. The rates of obesity, hypertension, and
chronic kidney disease keep rising because of the aging
population and longer life expectancy [40-42]. As a result, the
quality of life may not be improved even with advanced medical
services.

In contrast to the United States, Japan, a high-SDI country, has
a lower prevalence rate, despite a steadily increasing trend.
Japanese traditionally favor purine-rich foods, including seafood,
miso, soy sauce, and umami broth [43]. A possible reason for
Japan having a lower prevalence rate than the United States is
the country’s treat-to-target approach to gout [44,45]. The
Japanese medical profession has suggested that patients who
present with hyperuricemia and those without symptoms should
undergo urate-lowering therapy because hyperuricemia is the
etiology causing gout flares [46]. This approach is one of the
breakthrough ideas for gout prevention. Checking for the
presence of urate in the blood during routine examination may
be a possible way to control and prevent gout.

China is the world’s second most populous country, with a
population of 1.4 billion. The prevalence of gout in China was
lower than that of the United States and European countries in
1990, the reasons for which are differences in genetic factors
and exposure [7]. In addition, in 1990, China’s public health
institutions were undeveloped, and most public health workers
had a poor opinion of the whole system [47]. Therefore, it
became a challenge to collect national-level data; as a result,
detection accuracy was unsatisfactory, and it remained so until
the public health system was reformed. Subsequently, because
of rapid westernization and urbanization, the Chinese changed
their lifestyles; thus, gout prevalence kept rising in this
large-population country with higher diagnosis accuracy.
However, various degrees of urbanization and levels of quality
of hospitals in different regions or provinces could lead to an
extensive range of prevalence [48-50]. It has been reported that
the obesity rate could reflect gout prevalence indirectly [51];
thus, it may be an index for the public health professional for
the surveillance and prediction of gout prevalence. In low and
middle tropical countries, the focus is mainly on infectious
diseases and parasites, with insufficient epidemiological
surveillance. Because of the younger population, the
noncommunicable disease burden is underestimated in these
regions. After age standardization, the mortality rate in low and
middle tropical countries is more severe than that in high-income
countries owing to lack of proper management and health
education [52]. To better distribute resources, governments
should financially support public health institutions to screen
for a curable chronic disease, which is gout in this case [53].

A few countries such as Sweden and Taiwan showed a
descendant trend in gout prevalence in terms of the period effect.
However, several studies have reported that gout management
in these countries was not satisfactory owing to the low rate of
urate-lowering therapy use, long-term management issues, and
poor gout management education [54-56]. Kuo et al [56]
explained that the phenomenon could be due to statistical bias,
including the delay in prevalence reaction time, short follow-up
time, and overestimation of incidence rates from previous
studies. However, our APC model presented the period effect
from 1990 to 2019; therefore, the length of the follow-up period
is sufficient. Besides the education level, ethnic differences,
income, and occupation, the possible reason for the
aforementioned phenomenon is the different levels of diagnostic
certainty [26,57]. In addition, these countries have improved
health care systems with regard to gout management because
the government provides public data for researchers to study
the disease. In Sweden, the Skåne Healthcare Register provides
nationwide data for rheumatologists to study gout. Therefore,
the rheumatologists could analyze the data with different
dimensions, including by region and population [54,58-62]. In
Taiwan, the researchers focused on the comorbidities caused
by gout [63-68]. As mentioned previously, the mortality gap
has stayed consistent over 2 decades. Gout complications could
also affect the quality of life catastrophically. Research is
necessary to understand and analyze the relationship between
gout and its complications. It is also essential to explore the
correlations between gout and other diseases. These studies are
not only for academic use but also for practical use in the future.
Although gout prevalence showed a descendant trend in Sweden,
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the Swedish public health professional is not satisfied regarding
the prevalence and incidence of gout in the country [69].
Therefore, awareness should be created of chronic inflammatory
arthritis prevalence on a worldwide level, and immediate action
should be taken, including gout management education for both
patients and healthy populations.

Although gout is a chronic disease, the primary management
involves short-term symptomatic treatment [70,71]. Chronic
diseases are often established integrated health care systems
with multidisciplinary input [72]. It could prevent comorbidity
effectively with the advanced policy science [73]. Primary health
care for chronic diseases involves different approaches. At
outpatient clinics, patients receive comprehensive advice
regarding, for example, nutrition intake, individual
susceptibility, body weight, and behavior changes. As gout is
caused by multiple factors, the individual approach, such as
nursing case management, shows significantly positive results
[74]. Regarding health care system approaches, a medical record
network set up among hospitals can play an important role. A
patient’s medical history could track gout flare frequency, which
could enable evaluation of the effectiveness of the management
strategy. Of note, a patient’s medical history is a record of their
lifestyle in the past (eg, alcohol use and body weight). Hence,
the establishment of a medical record network may help to
provide effective support for, and monitoring of, patients with
gout [75]. It has been reported that low medication adherence
among patients with gout is due to time constraints, cost, and
scarcity of incentives [76]. Technology could help to overcome
these barriers; for example, mobile phone apps and personal
activity tracker tools could provide a novel approach to helping
patients to change health behaviors [77]. Monitoring patients’
health state remotely, improving patient convenience, and
protecting patient privacy could enhance patient medication
adherence. It may also be meaningful for health care
departments to refer to the policy on, and the management of,

other common chronic disease (eg, cardiovascular disease,
diabetes mellitus, and asthma).

Limitations
This study includes limitations. First, limited primary data could
be obtained for analysis because the data was modeled in a
higher setting by the Institute for Health Metrics and Evaluation,
an independent global health research center at the University
of Washington, which coordinated the GBD Study 2019.
Therefore, the results are heavily dependent on the GBD Study
2019 results data. It is essential to ensure the quality of
country-level data collection for a health system because the
public health professional can evaluate the effectiveness of the
local guideline and policy with in-depth studies. Cohort studies
and prospective studies are essential for studying health issues
in various populations. An epidemiological study could be
combined with pharmacology, mental health, etiology, and
genetic studies. Second, the APC model was the mathematical
approach used. However, it does not fully reflect the realistic
situation. Therefore, the results should be interpreted with
caution.

Conclusions
Our study provides important insights into the global burden of
gout and highlights the need for effective management and
prophylaxis of this condition. The APC model used in our
analysis provides a novel approach to understanding the complex
trends in gout prevalence and incidence. Gout prevalence in the
global population has increased significantly over the past 3
decades, particularly in high-SDI regions. Our study also
identified an increasing trend in gout incidence, which is
predicted to continue in the coming years. These findings
emphasize the urgency of addressing the inadequate strategies
for management and prevention of gout in many countries. To
cope with the increasing gout prevalence, we recommend the
integration of multidisciplinary input and the establishment of
medical record networks to improve gout management.
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Multimedia Appendix 1
High-resolution image for Figure 5.
[PDF File (Adobe PDF File), 8676 KB - publichealth_v9i1e45943_app1.pdf ]

Multimedia Appendix 2
Trends in observed (dashed lines) and predicted (solid lines) gout in number of incidence cases in the (A) global scale, (B)
high–sociodemographic index (SDI) quantiles, (C) high-middle–SDI quantiles, (D) middle-SDI quantiles, (E) low-middle–SDI
quantiles, and (F) low-SDI quantiles. Shading indicates whether the rate remained stable (baseline reference), decreased by 1%
per year (optimistic reference, lower limit), or increased by 1% per year (pessimistic reference, upper limit) based on the observed
rate in 2019.
[PNG File , 536 KB - publichealth_v9i1e45943_app2.png ]
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Abstract

Background: Men who have sex with men (MSM) who practice chemsex have a higher likelihood of engaging in risky sexual
behaviors and higher rates of HIV infection and other sexually transmitted infections (STIs) than those who do not.

Objective: This trial aimed to evaluate the effectiveness of a web-based intervention in reducing the sexual harms of chemsex
among MSM.

Methods: The study was a 2-arm, assessor-blinded, randomized, parallel-group trial with a 3-month follow-up period. The
study was conducted in the year 2021 in Hong Kong. Underpinned by the theory of planned behaviors and a harm reduction
approach, the intervention consisted of interactive components and knowledge-based information about chemsex. Participants
in the control group received brief information and content about sexual violence. The primary outcome was self-efficacy in
refusing risky sexual behaviors and chemsex, as measured by the Condom Self-Efficacy Scale (CSES), Self-Efficacy for Sexual
Safety (SESS) instrument, and Drug Avoidance Self-Efficacy Scale (DASES). The secondary outcomes included intentions to
have chemsex, actual engagement in chemsex, HIV and other STI testing, and condom use in the last 3 months. All outcomes
were self-reported. An online structured questionnaire was used to collect data.

Results: In total, 316 MSM enrolled in the study. The intervention group demonstrated a significantly larger improvement in
condom-use self-efficacy (as measured by CSES scores; time-by-group interaction: β=4.52, 95% CI 2.03-7.02; P<.001), self-efficacy
for sexual safety (as measured by SESS scores; time-by-group interaction: β=2.11, 95% CI 0.66-3.56; P=.004), and drug avoidance
self-efficacy (as measured by DASES scores; time-by-group interaction: β=6.98, 95% CI 1.75-12.22; P=.009). Regarding the
secondary outcomes, participants in the intervention group demonstrated a significantly larger reduction in the likelihood of
having engaged in chemsex in the last 3 months (time-by-group interaction: odds ratio [OR]=0.23, 95% CI 0.10-0.53; P=.001)
and likelihood of having had the intention to engage in chemsex in the last 3 months (time-by-group interaction: OR=0.37, 95%
CI 0.18-0.78; P=.009). Participants in the intervention group also showed a significantly larger increase in the likelihood of having
undergone HIV testing in the last 3 months (time-by-group interaction: OR=3.08, 95% CI 1.72-5.54; P<.001).

Conclusions: This study suggests that a web-based intervention with a harm reduction approach can enhance the self-efficacy
of MSM in refusing risky sexual behaviors and chemsex and improve the uptake of HIV testing. We also provide initial evidence
that such interventions can reduce both the intention of MSM to engage in chemsex and their actual engagement in chemsex.

Trial Registration: ISRCTN Registry ISRCTN20134522; https://www.isrctn.com/ISRCTN20134522.
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Introduction

“Chemsex” is defined as the use of psychoactive substances
before or during planned sex to facilitate, initiate, prolong,
sustain, or intensify the sexual encounter [1,2]. There is no
universal and systematic definition of types of chemsex drugs
because the drugs used might vary based on place and time [3].
Nonetheless, there are 4 substances typically associated with
chemsex: methamphetamine, mephedrone,
γ-butyrolactone/γ-hydroxybutyric acid, and ketamine [4].
Chemsex occurs across sexual orientations and genders but is
considerably more common among men who have sex with
men (MSM) [5-7]. A systematic review reported that the
prevalence of recent (within the last 6 months) engagement in
chemsex among MSM populations is high, with estimates
ranging from 9.9% to 93.7% (according to 12 studies) [8].
Motivations for engagement in chemsex vary. A systematic
review reported that MSM engage in chemsex because it can
increase their stamina and arousal levels, allowing them to
engage in sex for sustained periods; the lowering of inhibitions
induced by chemsex can also provide a more immediate and
sustained interaction with sex partners [2].

Empirical studies have reported that the practice of risky sexual
behaviors is prevalent among MSM who engage in chemsex.
A systematic review reported that the prevalence of condomless
sex ranged from 17% to 100% among MSM who engaged in
chemsex [8]. A study in the Netherlands also reported that the
participating MSM who engaged in chemsex were significantly
more likely to practice condomless anal sex than the MSM who
did not (84.3% vs 61.1%, respectively; P<.001) [9]. According
to a qualitative study conducted in the United Kingdom, MSM
perceive condomless sex as the norm during chemsex [10].
Chemsex is also associated with group sex, fisting, and a higher
number of sexual partners [8,11,12]. Robust evidence suggests
that chemsex is strongly associated with high-risk sexual
behaviors linked to the risk of acquisition of HIV and other
sexually transmitted infections (STIs).

MSM who engage in chemsex experience higher rates of HIV
infection, other STIs, and hepatitis C infection than those who
do not [4]. A cohort study in Canada reported that practicing
chemsex is linked to an increased incidence of gonorrhea and
chlamydia and that this effect is stronger for people who use
multiple chemsex substances [13]. A study in the United
Kingdom reported that the rate of new HIV diagnoses is
significantly higher in MSM who practice chemsex than in those
who do not (8.6% vs 1.8%, respectively) [12]. The study also
reported that MSM who practice chemsex have higher odds of
having a serodiscordant HIV-positive sex partner (adjusted odds
ratio [OR]=6.83) [12]. The high frequency of STIs among
chemsex users highlights the importance of primary, secondary,
and tertiary prevention of STIs and chemsex among MSM.

Globally, “undetectable equals untransmittable (U=U)” and
pre-exposure prophylaxis (PrEP) have become important
elements in HIV prevention programs [14]. However, the uptake
of U=U and PrEP has been limited and slow in the Asia-Pacific
region [14]. It was reported that U=U has not yet been widely
applied in clinical settings in the Asia-Pacific region to empower
people living with HIV to use antiretroviral treatments to achieve
and maintain their untransmittable status and to live normal
sexual and social lives [14]. However, there has been no
systematic study evaluating the use of U=U in Hong Kong.
According to the most recent review of the HIV/AIDS situation
in Hong Kong, sexual transmission remained the major mode
of HIV transmission [15].

In addition, even though PrEP is a very effective HIV prevention
method [16], unequal access to PrEP services continues to
negatively affect many people who could benefit from it
worldwide. It was estimated that just under 1 million people
had initiated oral PrEP by 2020, which is far less than the 2020
Joint United Nations Programme on HIV/AIDS target of 3
million [17]. Furthermore, access to PrEP is still highly
concentrated in a small number of countries. By the end of 2020,
fewer than 20 countries recorded more than 10,000 PrEP
initiations [17]. In Asia, which was the source of nearly 20%
of the world’s HIV infections in 2019, only a few countries (eg,
Thailand and Vietnam) have implemented national guidelines
outlining PrEP as an HIV prevention strategy [17,18]. Moreover,
another study estimated that Southeast Asia contributes less
than 5% of all the PrEP initiations recorded worldwide [19].
Despite increasing scientific evidence on its effectiveness and
safety, international recommendations, and the rising global
adoption of PrEP in HIV prevention, PrEP is currently not
available as a part of public health care services in Hong Kong.
People in Hong Kong can only obtain PrEP in the private sector
at a very high cost (about HK $8000/month [US $1032]) or
purchase it from other countries [20]. In areas where the
availability of PrEP is still limited, behavioral interventions to
promote safer sexual practices, such as consistent condom use
and regular HIV testing, still play an important role in HIV
prevention.

eHealth, health services and information delivered electronically
through the internet (eg, through a website) [21], has become
a commonly used modality for health promotion. A systematic
review of the process evaluation of 8 eHealth interventions
reported that eHealth interventions targeting sexual risk and
substance use are acceptable for MSM across different
sociodemographic groups [22]. Another systematic review and
meta-analysis of 46 studies supported the effectiveness of
eHealth privacy interventions in promoting HIV-preventive
behaviors, such as condom use and STI testing, among MSM
[23]. Thanks to the well-established internet access that most
people have worldwide, one of the most important advantages

JMIR Public Health Surveill 2023 | vol. 9 | e42902 | p.2350https://publichealth.jmir.org/2023/1/e42902
(page number not for citation purposes)

Choi et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://dx.doi.org/10.2196/42902
http://www.w3.org/Style/XSL
http://www.renderx.com/


of eHealth is the high degree of accessibility it offers by granting
access to remotely located people [24]. Moreover, compared
with face-to-face interventions, eHealth interventions provide
greater anonymity, privacy, and accessibility, which are
particularly relevant and important for promoting sexual health
among MSM.

Although several systematic reviews have provided robust
evidence about the effectiveness of eHealth interventions in
improving sexual health among MSM [23,25,26], there has
been no study related to chemsex and its prevention. To address
this knowledge gap, this study aimed to evaluate the
effectiveness of a web-based intervention in reducing the sexual
harms of chemsex among MSM, with the objectives of
strengthening the self-efficacy of MSM in refusing risky sexual
behaviors and chemsex, reducing both their intention to engage
in chemsex and their actual chemsex behaviors, enhancing
consistent condom use during both sober and drug-influenced
sex, and increasing motivation toward the practice of regular
HIV and STI testing.

We hypothesized that the web-based intervention could increase
participants’ self-efficacy in refusing risky sexual behaviors
and chemsex, reduce both the intention to engage in chemsex
and actual chemsex behaviors, enhance consistent condom use,
and increase the uptake of HIV and STI testing.

Methods

Study Design
This study was a 2-arm, assessor-blinded, randomized,
parallel-group trial with a 3-month follow-up period. The trial
protocol has been published [27] and registered. There were no
important changes to the methods and study content after trial
commencement.

Study Participants and Setting
The study participants were enrolled using convenience
sampling from June 15, 2021, to November 5, 2021. To ensure
that we could recruit the required number of study participants
from diverse backgrounds, potential participants were
approached using social media (eg, Instagram). Local
nongovernmental organizations that target MSM populations
in Hong Kong also helped recruit potential participants based
on their existing networks. Participants were eligible for
inclusion in the trial if they self-identified as cis-male MSM
aged ≥18 years with internet access and the ability to read and
understand Chinese.

Screening, Baseline Assessment, and Randomization
An online screening questionnaire was used to screen the study
participants for eligibility. Eligible participants were asked to
sign an electronic consent form and use their email addresses
to register for the study. They also needed to set a personal
password to gain access to the study intervention. After
completing these steps, the participants were asked to complete
an online baseline questionnaire. After completing the baseline
questionnaire, participants were randomly assigned to either
the intervention group or the control group via a
computer-generated block randomization procedure (with a

block size of 4 with no stratification) with a 1:1 randomization
ratio. The computer-generated sequence was created by the
independent programmer who developed the online platform.
The online platform conducted masking and allocation
concealment. All participants and research team members were
blinded to the allocation sequence before the allocation. After
randomization, the study participants were automatically guided
to the web content associated with their allocation.

Interventions
The intervention was divided into 2 parts. The first part involved
an interactive component. Enrolled participants were first invited
to complete 2 quizzes to review their level of understanding of
chemsex. The quizzes assessed how much the participants knew
about chemsex. Each quiz contained 10 multiple-choice
questions. The 2 sets of quizzes differed in terms of the level
of difficulty. Participants received their score after completing
the quiz. In the second part, participants were given
knowledge-based information about chemsex and its potential
risks and legal consequences. The side effects of different
chemsex substances were also covered. Additionally, the
participants were presented with information about how they
could protect themselves from contracting HIV and other STIs
and regarding local resources for emotional support and HIV
and STI testing.

The contents of the intervention were developed based on the
theory of planned behaviors [28,29]. For example, the
interventions aimed to (1) lower participants’ desire to engage
in chemsex by enhancing their knowledge of chemsex (eg,
regarding its side effects, risks, and legal consequences) and
(2) improve the consistency of participants’ condom use by
enhancing their attitude toward and knowledge about condom
use. Also, the contents of the intervention aimed to intervene
from the perspective of harm reduction, primarily with regard
to sexual harm. Because it is difficult for current chemsex users
to withdraw from drug use over a short period, being empowered
to carry out safer sex practices, even in drug-influenced
situations, may be a more realistic way to lower the risks
associated with HIV and STI transmission. For example,
checklists of what to pay attention to before, during, and after
chemsex were provided to foster responsible attitudes toward
and practices of chemsex. The safety precautions an individual
can take to reduce harm related to chemsex practice were also
emphasized. Participants in the intervention group were expected
to spend only 30 minutes to 45 minutes to complete the overall
intervention.

The control group was offered brief information and educational
content about sexual violence, which was not relevant to the
chemsex intervention component. There was no interactive
component in the control group. The details of the intervention
and control groups are shown in Multimedia Appendix 1.

Study participants had unlimited access to their allocated content
during the study period. However, the content was only available
to participants with a registered email address and password to
minimize contamination between the intervention and control
groups.
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Outcomes
The primary outcome was self-efficacy in refusing risky sexual
behaviors and chemsex. As there was no well-established study
instrument to specifically assess this primary outcome, the
traditional Chinese version of the Condom Self-Efficacy Scale
(CSES) [30], Self-Efficacy for Sexual Safety (SESS) instrument
[31], and Drug Avoidance Self-Efficacy Scale (DASES) [32]
were used to measure the primary outcome.

The CSES is a 14-item instrument covering 3 domains: (1)
consistent condom use, (2) correct condom use, and (3) condom
use communication. The total score ranges from 14 to 70, with
a higher score indicating a higher level of condom use efficacy
[30]. The Cronbach alpha coefficient of the CSES was 0.94 in
the current sample. The SESS is a 7-item instrument for
assessing participants’ confidence in practicing safer sex. The
total score ranges from 7 to 35, with a higher score indicating
a higher level of self-efficacy for safe sex [31]. The Cronbach
alpha coefficient of the SESS was 0.89 in the current sample.
The DASES was used to assess drug avoidance self-efficacy.
It includes 16 items assessing abstinence self-efficacy across
different high-risk situations. The total score ranges from 16 to
112, with a higher score indicating a higher level of self-efficacy
for resisting drug use [32]. The Cronbach alpha coefficient of
the DASES was 0.89 in the current sample.

The secondary outcomes included (1) an intention to have
chemsex in the last 3 months, (2) actual engagement in chemsex
in the last 3 months, and (3) HIV and other STI testing in the
last 3 months. We assessed and evaluated participants’ intentions
to have chemsex in the last 3 months because we wanted to
supplement the outcomes relating to their actual engagement
in chemsex. It is known that people who intend to have chemsex
do not necessarily eventually engage in chemsex. Therefore,
their intentions to have chemsex in the past 3 months were
assessed. For participants who engaged in chemsex in the last
3 months, data were collected on the (4) practice of condomless
sex during non-chemsex in the last 3 months and (5) practice
of condomless sex during chemsex in the last 3 months.

All study outcomes were self-assessed at baseline and 3-month
follow-up interviews through an online structured questionnaire.
The online questionnaire was pilot tested. A trained research
assistant would send reminders (via email or instant messaging)
to the study participants to ask them to complete the follow-up
interview. There was no change to trial outcomes after the study
commenced.

Sample Size
To detect a small-to-moderate between-group difference (Cohen
d=0.4) in the primary outcome through an independent samples
t test and to achieve a power of 80% at a .05 level of 2-sided
significance, at least 200 participants (100 participants in each
group) were required. Based on a systematic review of eHealth
interventions about HIV and STI prevention among MSM [26],
we estimated that the dropout rate would be 20%. Therefore, at
least 250 participants would need to be recruited. G*Power was
used to calculate the sample size.

Statistical Analysis
Descriptive statistics were used to summarize the
sociodemographic characteristics and study outcomes of the
participants at each time point. Baseline characteristics and
study outcomes (1) between the intervention and control groups
and (2) between participants who completed the study and those
who did not (dropouts) were compared using Fisher exact tests
for categorical variables or an independent samples t test for
continuous variables.

The intention-to-treat principle was applied. Linear mixed
effects models were used to assess the differential change in
continuous outcomes (ie, scores on the CSES, SESS, and
DASES). Similarly, generalized linear mixed effects models
with logit links were used to analyze the binary outcomes (ie,
intention to have chemsex, actual engagement in chemsex,
undergone HIV testing, undergone other STI testing, practice
of condomless sex during non-chemsex, and practice of
condomless sex during chemsex in the last 3 months). Time,
group, and interaction between group and time were included
as independent variables. Mixed effects models can
accommodate missing data and do not require imputation of
missing observations, providing a natural way to deal with
missing values or dropouts. For the main analysis, no covariates
were put in the models. To supplement the main analysis,
complete case analysis was conducted. Statistical analysis was
performed using SPSS version 25.0 (IBM Corp, Armonk, NY).
All statistical tests were 2-tailed, with a 5% level of statistical
significance. The data set and analyses were checked by 2
researchers.

Ethics
The study was approved by the Institutional Review Board of
the University of Hong Kong/Hospital Authority Hong Kong
West Cluster (HKU/HA HKW IRB; reference number: UW
20-650). Electronic informed consent was obtained from each
study participant. Study information such as aims, nature of the
study, and brief overview of the content of the intervention were
provided in the consent form. This trial followed the
CONSORT-EHEALTH statement (Multimedia Appendix 2)
and the International Conference of Harmonisation Guidelines
for Good Clinical Practice. Study data were de-identified. Only
the research team had access to the study data. We established
a hotline and email account for enquiries and support.

Results

In total, 316 participants were enrolled and randomized into
intervention (n=158) and control (n=158) groups. However, 41
participants (22 participants in the intervention group and 19
participants in the control group) did not complete the follow-up
survey. The overall dropout rate was 13.0%, (41/316), and there
was no significant difference in the dropout rate between the
intervention group and control group. Figure 1 shows the
CONSORT flow diagram.

JMIR Public Health Surveill 2023 | vol. 9 | e42902 | p.2352https://publichealth.jmir.org/2023/1/e42902
(page number not for citation purposes)

Choi et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. CONSORT flow diagram.

Participant Characteristics
Table 1 shows the study participants’ baseline characteristics.
The mean age was 27.34 (SD 6.77) years. Of the 316
participants, 265 (83.9%) were homosexual, and 51 (16.1%)
were bisexual. Regarding relationship status, 172 (54.4%) of
the 316 participants were in a relationship or married, and 144
(45.6%) participants were single. Of the 316 participants, 199
(63.0%) were employed full-time, and 117 (37.0%) were not
employed full-time. Regarding income, 167 (52.8%) of the 316
participants had a monthly personal income less than HK
$20,000, and 149 (47.2%) had a monthly personal income of
at least HK $20,000.

In total, 104 (32.9%) of the 316 participants had undergone HIV
testing in the last 3 months, while 64 (20.3%) of the 316

participants had undergone other STI testing in the last 3 months.
Regarding chemsex, 57 (18.0%) of the 316 participants had
intended to have chemsex in the last 3 months, while 84 (26.6%)
of the 316 participants had engaged in chemsex during their
lifetime and 51 (16.1%) of the 316 participants had engaged in
chemsex in the last 3 months.

No significant heterogeneity of the demographic data and study
outcomes was found between the intervention group and control
group, except for relationship status and HIV testing in the last
3 months. No significant heterogeneity of the demographic data
and study outcomes was found among those who completed
the study (non-dropout) versus those who did not complete the
study (dropouts), except for sexual orientation and chemsex in
the last 3 months (Multimedia Appendix 3).
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Table 1. Baseline characteristics and study outcomes of the study participants.

P valueaControl group
(n=158)

Intervention group
(n=158)

Total (n=316)Characteristics and outcomes

Baseline sociodemographic characteristics

.2526.90 (6.55)27.78 (6.98)27.34 (6.77)Age (years), mean (SD)

.76Sexual orientation, n (%)

131 (82.9)134 (84.8)265 (83.9)Homosexual

27 (17.1)24 (15.2)51 (16.1)Bisexual

.009Relationship status, n (%)

98 (62.0)74 (46.8)172 (54.4)In a relationship/married

60 (38.0)84 (53.2)144 (45.6)Single

.77Educational level, n (%)

132 (83.5)129 (81.6)261 (82.6)Bachelor degree or above

26 (16.5)29 (18.4)55 (17.4)Less than a bachelor degree

.99Employment status, n (%)

100 (63.3)99 (62.7)199 (63.0)Employed full-time

58 (36.7)59 (37.3)117 (37.0)Not employed full-time

.65Monthly personal income (HK $), n (%)

72 (45.6)77 (48.7)149 (47.2)≥20,000

86 (54.4)81 (51.3)167 (52.8)<20,000

.90Chemsex (lifetime), n (%)

43 (27.2)41 (25.9)84 (26.6)Yes

115 (72.8)117 (74.1)232 (73.4)No

Primary outcomes

.4125.70 (6.07)25.13 (6.08)25.42 (6.07)Self-Efficacy for Sexual Safety Scale, mean (SD)

Condom Self-Efficacy Scale, mean (SD)

.5111.75 (2.82)11.54 (2.82)11.65 (2.82)Consistent Use subscale

.9923.87 (4.98)23.87 (4.74)23.87 (4.86)Correct Use subscale

.5919.28 (4.32)19.01 (4.45)19.15 (4.38)Communication subscale

.7154.90 (11.24)54.43 (11.04)54.66 (11.12)Total score

.0886.03 (20.20)81.91 (21.27)83.97 (20.81)Drug Avoidance Self-Efficacy Scale, mean (SD)

Secondary outcomes

.76Had chemsex in the last 3 months, n (%)

24 (15.2)27 (17.1)51 (16.1)Yes

134 (84.8)131 (82.9)265 (83.9)No

.99Intended to have chemsex in the last 3 months, n (%)

29 (18.4)28 (17.7)57 (18.0)Yes

129 (81.6)130 (82.3)259 (82.0)No

.006Underwent HIV testing in the last 3 months, n (%)

64 (40.5)40 (25.3)104 (32.9)Yes

94 (59.5)118 (74.7)212 (67.1)No

.21Underwent other STIb testing in the last 3 months, n (%)

37 (23.4)27 (17.1)64 (20.3)Yes

121 (76.6)131 (82.9)252 (79.7)No
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P valueaControl group
(n=158)

Intervention group
(n=158)

Total (n=316)Characteristics and outcomes

.49Had condomless sex during non-chemsex in the last 3 months (n=51)c, n (%)

24 (100)25 (92.6)49 (96.1)Yes

0 (0)2 (7.4)2 (3.9)No

.11Had condomless sex during chemsex in the last 3 months (n=51)c, n (%)

24 (100)23 (85.2)47 (92.2)Yes

0 (0)4 (14.8)4 (7.8)No

Study dropouts

.74Participants who completed the follow-up interview, n (%)

139 (88.0)136 (86.1)275 (87.0)Yes 

 19 (12.0)22 (13.9)41 (13.0)No 

aFisher exact test for categorical variables or independent t test for continuous variables.
bSTI: sexually transmitted infection.
cOnly participants who engaged in chemsex in the last 3 months answered the questions about condom use. At the baseline assessment, 51 participants
had chemsex in the last 3 months.

Primary Outcomes
The effects of the intervention on the study outcomes are
summarized in Table 2. Regarding the SESS, the intervention
group demonstrated significantly larger improvement in
self-efficacy for sexual safety (time-by-group interaction:
β=2.11, 95% CI 0.66-3.56; P=.004). The intervention group

also demonstrated significantly larger improvement in condom
use self-efficacy (as measured by their total CSES score;
time-by-group interaction: β=4.52, 95% CI 2.03-7.02; P<.001)
and drug avoidance self-efficacy (as measured by the DASES;
time-by-group interaction: β=6.98, 95% CI 1.75-12.22; P=.009).
The results of the CSES subscale scores are shown in
Multimedia Appendix 4.
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Table 2. Mixed effects models for comparison of study outcomes.

P valued,eGroup ×
time effect,

βa or ORb,c

(95% CI)

Control groupIntervention groupOutcomes

P valueWithin-group
change from

baseline, βa or

ORb (95% CI)

Results, mean

(95% CI)a or

n (%)b

P valueWithin-group
change from

baseline, βa or

ORb (95% CI)

Results, mean

(95% CI)a or n

(%)b

Primary outcomes

Self-Efficacy for Sexual Safety Scalef

N/AN/AN/AN/A25.70 (24.75
to 26.65)

N/AN/Ag25.13 (24.18 to
26.08)

Baseline

.0042.11 (0.66 to
3.56)

.011.35 (0.33 to
2.37)

27.05 (26.16
to 27.94)

<.0013.46 (2.43 to
4.48)

28.59 (27.69 to
29.49)

Follow-up

Condom Self-Efficacy Scale: total scoreh

N/AN/AN/AN/A54.90 (53.15
to 56.64)

N/AN/A54.43 (52.69 to
56.17)

Baseline

<.0014.52 (2.03 to
7.02)

.091.53 (–0.23 to
3.29)

56.43 (54.83
to 58.03)

<.0016.05 (4.28 to
7.82)

60.48 (58.87 to
62.09)

Follow-up

Drug Avoidance Self-Efficacy Scalei

N/AN/AN/AN/A86.03 (82.79
to 89.28)

N/AN/A81.91 (78.67 to
85.16)

Baseline

.0096.98 (1.75 to
12.22)

.252.16 (–1.53 to
5.85)

88.19 (85.11
to 91.28)

<.0019.15 (5.43 to
12.86)

91.06 (87.94 to
94.17)

Follow-up

Secondary outcomes

Had chemsex in the last 3 months

N/AN/AN/AN/A24 (15.2)N/AN/A27 (17.1)Baseline

.0010.23 (0.10 to
0.53)

.341.17 (0.85 to
1.59)

24 (17.3).0010.26 (0.12 to
0.58)

7 (5.1)Follow-up

Intended to have chemsex in the last 3 months

N/AN/AN/AN/A29 (18.4)N/AN/A28 (17.7)Baseline

.0090.37 (0.18 to
0.78)

.430.88 (0.65 to
1.21)

23 (16.5).0010.33 (0.17 to
0.65)

9 (6.6)Follow-up

Underwent HIV testing in the last 3 monthsj

N/AN/AN/AN/A57 (38.5)N/AN/A37 (24.2)Baseline

<.0013.08 (1.72 to
5.54)

.0060.59 (0.40 to
0.86)

35 (26.9).011.81 (1.16 to
2.84)

48 (36.6)Follow-up

Underwent other STIk testing in the last 3 months

N/AN/AN/AN/A37 (23.4)N/AN/A27 (17.1)Baseline

.231.46 (0.78 to
2.76)

.931.02 (0.69 to
1.51)

33 (23.7).111.49 (0.91 to
2.44)

32 (23.5)Follow-up

Had condomless sex during non-chemsex in the last 3 months (n=31)l

N/AN/AN/AN/A22 (91.7)N/AN/A4 (57.1)Baseline

<.0010.01 (0.002
to 0.07)

<.001175.39 (40.00
to 769.70)

24 (100).291.88 (0.57 to
6.13)

5 (71.4)Follow-up

Had condomless sex during chemsex in the last 3 months (n=31)l

N/AN/AN/AN/A19 (79.2)N/AN/A3 (42.9)Baseline
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P valued,eGroup ×
time effect,

βa or ORb,c

(95% CI)

Control groupIntervention groupOutcomes

P valueWithin-group
change from

baseline, βa or

ORb (95% CI)

Results, mean

(95% CI)a or

n (%)b

P valueWithin-group
change from

baseline, βa or

ORb (95% CI)

Results, mean

(95% CI)a or n

(%)b

.412.76 (0.23 to
32.83)

.082.90 (0.87 to
9.65)

22 (91.7).068.00 (0.92 to
69.55)

6 (85.7)Follow-up 

aPrimary outcomes.
bSecondary outcomes, with “no” as the reference category.
cOR: odds ratio.
dLinear mixed effects models for primary outcomes, with the control group as the reference category. Baseline characteristics were not adjusted in the
models.
eGeneralized linear mixed-effects models for secondary outcomes, with logit links that were used to analyze the binary outcomes and the control group
as the reference category. Baseline characteristics were not adjusted in the models.
fThe total score ranges from 7 to 35, with a higher score indicating a higher level of self-efficacy for safe sex.
gN/A: not applicable.
hThe total score ranges from 14 to 70, with a higher score indicating a higher level of condom use efficacy.
iThe total score ranges from 16 to 112, with a higher score indicating a higher level of self-efficacy to resist drug use.
jParticipants who reported being HIV-positive at the baseline assessment were excluded from the analysis.
kSTI: sexually transmitted infection.
lOnly participants who engaged in chemsex in the last 3 months answered the questions about condom use. At the follow-up assessment, only 31
participants had chemsex in the last 3 months.

Secondary Outcomes
Participants in the intervention group demonstrated significantly
larger reductions in the likelihood to have engaged in chemsex
in the last 3 months (time-by-group interaction: OR=0.23, 95%
CI 0.10-0.53; P=.001) and intention to engage in chemsex in
the last 3 months (time-by-group interaction: OR=0.37, 95%
CI 0.18-0.78; P=.009). Participants in the intervention group
also showed a significantly larger increase in the likelihood to
have undergone HIV testing in the last 3 months (time-by-group
interaction: OR=3.08, 95% CI 1.72-5.54; P<.001). However,
no significant group-by-time interaction effect was observed
on the outcome of other STI testing in the last 3 months (P=.23).
During the follow-up interviews, only 31 participants reported
engaging in chemsex in the last 3 months. A statistically
significant group-by-time interaction effect was observed for
the outcome of condomless sex during non-chemsex in the last
3 months (P<.001). No significant group-by-time interaction
effect was observed on the outcome of condomless sex during
chemsex in the last 3 months (P=.41). The results of the
between-group differences in all study outcomes at each time
point are shown in Multimedia Appendix 5. Given that there
was a statistically significant difference in relationship status
between the intervention group and control group at the baseline
assessment, an adjusted analysis was conducted (Multimedia
Appendix 6). The results of the complete case analysis (n=275)
are shown in Multimedia Appendix 7. The results are consistent
with those of the main analysis.

Discussion

Principal Findings
In this randomized controlled trial, we found that a web-based
intervention with a harm reduction approach could enhance the
self-efficacy of MSM in refusing risky sexual behaviors and
chemsex. The intervention enhanced HIV testing but had no
effects on other STI testing. Importantly, we found that the
intention of MSM to engage in chemsex and their actual
engagement in chemsex can also be reduced by the intervention.
However, it should be noted that, given the small sample size
of participants who reported engaging in chemsex in the last 3
months during the follow-up interviews, the findings related to
condom use might not be reliable and should be interpreted with
caution. Nonetheless, the clinical significance and academic
merits of the findings are substantial because this study has
provided one of the very first pieces of evidence on the
effectiveness of eHealth interventions in reducing the sexual
harm of chemsex among MSM, which echoes the recent review
by Strong and colleagues [33] that called for more action and
identified a need for more harm reduction interventions related
to chemsex. In addition, one important feature of the trial was
that the contents of the intervention were relatively brief.
Participants in the intervention group were expected to spend
only 30 minutes to 45 minutes to complete the overall
intervention. Such digitally delivered brief interventions can be
easily disseminated to hard-to-reach populations such as MSM
who practice chemsex, in a cost-effective manner.

The intervention in the current trial was developed through a
harm reduction approach because most qualitative evidence
suggests that many MSM prefer reducing the harm associated
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with drug use (eg, by learning how to better manage their use)
instead of abstaining altogether [33,34]. Furthermore, while
highlighting what kinds of tailored interventions can assist in
the reduction of harm, Herrijgers and colleagues [35] showed
in their schematic overview that MSM were exposed to different
degrees of harm before, during, and after chemsex events. To
meet the actual needs of MSM, the intervention contents of the
current trial were developed in a comprehensive manner,
addressing the different aspects of harm related to chemsex
[33,35]. We also added interactive content (quizzes and instant
feedback) to the intervention because a meta-analysis of 12
studies reported that a new media intervention using interactive
components yielded significant effects on condom use, while
interventions using only static content did not yield positive
effects on enhancing condom use [36].

Compared with the control group, the intervention group
demonstrated statistically significant effects on the primary
outcomes with a small-to-moderate effect size (in Multimedia
Appendix 7) and on most secondary outcomes (ie, HIV testing,
intention to have chemsex, and actual engagement in chemsex).
Our findings are in line with those reported by a systematic
review and meta-analysis of 46 studies, which supported the
effectiveness of eHealth interventions in promoting
HIV-preventive behaviors among MSM with a small effect size
[23]. Coupled with previous studies [23], our study further
supports the benefits of eHealth interventions to reduce risky
sexual behaviors among MSM, which ultimately decreases the
burdens of HIV and other STIs in the MSM population.

Even though PrEP has provided a new means of harm reduction
(ie, primary HIV prevention) in the context of chemsex [33],
the uptake of PrEP has remained low in some regions, such as
Southeast Asia. A study reported that only 1% had ever used
PrEP among MSM in Hong Kong [20]. In geographic areas
where the availability of PrEP and access to it are still limited,
eHealth interventions to promote safer sexual practice and
regular HIV testing still play an important role in HIV
prevention. Therefore, this trial still has significant public health
implications for helping to control the burgeoning HIV epidemic
among MSM.

Another important benefit of the current study is that the
intervention was found to reduce the participants’ intention to
have chemsex and their actual engagement in chemsex. Given
that chemsex tends to be hidden and private and that those who
practice chemsex are difficult to reach [37], eHealth
interventions can provide MSM with a private, anonymous, and
easily accessible platform offering supportive care and useful
information. The current study provides empirical evidence for
governments, health authorities, and other stakeholders to put
more resources into delivering chemsex-preventive interventions
and care using online platforms. Also, more implementation
research is needed to plan how to position and scale up eHealth
interventions regarding chemsex alongside other
community-based HIV-preventive interventions.

This study found no significant effect on other STI testing,
implying that future interventions should strengthen the
components intended to encourage MSM to undergo regular
STI testing. Nonetheless, the negative result could be explained

by the substantial reduction in the availability of sexual health
services during the COVID-19 pandemic [38]. A study in
Australia reported that chlamydia and gonorrhea testing dropped
significantly during the COVID-19 pandemic [39]. Unlike HIV
self-testing, which is available through the government,
community-based organizations, and registered pharmaceutical
stores [40], MSM in Hong Kong might have experienced
difficulty undergoing other forms of STI testing during the
pandemic. Also, the attitudes and perceptions toward the
consequences of other STIs among MSM could have led to the
insignificant finding [41]. Specifically, according to a qualitative
study among MSM in Hong Kong, the MSM community is less
cautious about other STIs because they are curable and treatable
[42]. However, given the rising number of other STIs in MSM,
there is an urgent need to strengthen STI screening and care for
MSM [43].

Limitations
There are several limitations and implications for further studies.
First, social media, such as Instagram, was used to recruit
participants. An online screening survey and electronic consent
forms were also used in this study. Participants who were not
technology-savvy may thus have been excluded in the
recruitment phase. Therefore, the study findings may not be
applicable to those who are not technology-savvy and those
with low eHealth literacy. Second, study participants were not
blinded to group allocation. The study might be subject to
performance bias, as participant knowledge of group allocation
may have affected their behaviors. Third, we only evaluated
participants’ intention to have chemsex in the last 3 months.
Further studies should assess their intention to have chemsex
in the future such as in the next 3 months. Fourth, the study
outcomes were measured 3 months after the baseline, so the
long-term sustainability of the intervention remains unknown.
Trials with a longer follow-up period are needed to evaluate the
sustained effect of eHealth interventions in enhancing the
self-efficacy of MSM in refusing risky sexual behaviors and
chemsex. Also, an analysis of the cost-effectiveness of eHealth
interventions for chemsex should be considered. Fifth, we did
not record information about the study participants’engagement,
such as the duration or frequency of their visits. These
parameters should be recorded in the future to further investigate
how study engagement impacts the effectiveness of
interventions. Sixth, during the follow-up interviews, the number
of people who had engaged in chemsex in the last 3 months was
small (n=31), which might have affected the statistical power
and precision of some of the secondary outcomes. Seventh,
qualitative interviews should be conducted to obtain qualitative
feedback from study participants in the future. Finally, similar
trials should be developed and tested in other geographic areas
to provide more empirical evidence to support the effectiveness
of such interventions in enhancing the self-efficacy of MSM in
refusing risky sexual behaviors and chemsex.

Conclusion
This study suggests that a web-based intervention with a harm
reduction approach can enhance the self-efficacy of MSM in
refusing risky sexual behaviors and chemsex and improve HIV
testing in the 3-month follow-up interview. We also provide
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initial evidence that such interventions can reduce both the
intention of MSM to engage in chemsex and their actual

engagement in chemsex.
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Abstract

Background: Health-related research on sexual minority populations in China is lacking, and research on sexual and gender
minority women (SGMW, including transgender women and persons of other gender identities assigned female at birth of all
sexual orientations, and cisgender women with nonheterosexual orientations) is even less. Currently, there are limited surveys
related to mental health in Chinese SGMW, but there are no studies on their quality of life (QOL), no studies comparing the QOL
of SGMW with that of cisgender heterosexual women (CHW), and no studies on the relationship between sexual identity and
the QOL as well as associated mental health variables.

Objective: This study aims to evaluate the QOL and mental health in a diverse sample of Chinese women and make comparisons
between SGMW and CHW and then investigate the relationship between sexual identity and the QOL through the role of mental
health.

Methods: A cross-sectional online survey was conducted from July to September 2021. All participants completed a structured
questionnaire containing the World Health Organization Quality of Life–abbreviated short version (WHOQOL-BREF), the 9-item
Patient Health Questionnaire (PHQ-9), the 7-item Generalized Anxiety Disorder scale (GAD-7), and the Rosenberg Self-Esteem
Scale (RSES).

Results: In total, 509 women aged 18-56 years were recruited, including 250 (49.1%) CHW and 259 (50.9%) SGMW. Independent
t tests showed that the SGMW reported significantly lower levels of QOL, higher levels of depression and anxiety symptoms,
and lower self-esteem than the CHW. Pearson correlations showed that every domain and the overall QOL were positively
associated with mental health variables, with moderate-to-strong correlations (r range 0.42-0.75, P<.001). Multiple linear
regressions found that participants belonging to the SGMW group, current smokers, and women with no steady partner were
associated with a worse overall QOL. The mediation analysis found that depression, anxiety, and self-esteem significantly
completely mediated the relationship between sexual identity and physical, social, and environment domains of the QOL, while
the relationship between sexual identity and the overall QOL and psychological QOL was partially mediated by depression and
self-esteem.

Conclusions: The SGMW had poorer levels of QOL and a worse mental health status than the CHW. The study findings affirm
the importance of assessing mental health and highlight the need to design targeted health improvement programs for the SGMW
population, who may be at higher risk of a poor QOL and mental health.

(JMIR Public Health Surveill 2023;9:e42203)   doi:10.2196/42203

KEYWORDS

quality of life; depression; anxiety; self-esteem; sexual and gender minority women; mental health; mediation analysis; China;
minority; women; survey; social
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Introduction

Public health surveillance systems, to date, have focused on
cisgender heterosexual (CH) individuals, whose gender identity
is consistent with their sex assigned at birth and who are sexually
or romantically attracted to people of the opposite sex, while
people with other gender and sexual orientation identities have
historically been less visible [1]. In general, all non-CH
individuals could be characterized as sexual and gender minority
(SGM) populations. Specifically, gender minorities include but
are not limited to people who are transgender (whose gender
identity and sex assigned at birth do not correspond), gender
queer (whose gender identity falls outside the traditional gender),
gender fluid (whose gender identity is not fixed), gender
questioning (who are unsure about or are exploring their gender
identity), and other nonbinary genders outside of the traditional
gender binary of male and female. Similarly, sexual orientation
minorities include but are not limited to homosexual (gay and
lesbian, people who are primarily sexually or romantically
attracted to people of the same sex or gender as themselves),
bisexual (attraction to multiple genders), pansexual (attraction
to all genders/regardless of gender), and asexual (who
experience little or no sexual attraction to others) or other
nonheterosexual orientations.

A growing body of research has explored health disparities
among people of different sexual orientations, and sexual
minority populations have consistently been found to report
worse health outcomes than their CH peers, especially in the
area of mental health [2-9]. Specifically, studies investigating
mental health and its relationship with sexual orientations have
shown that sexual minority populations are more likely to
experience mental health problems than CH individuals, with
depression and anxiety being the most commonly diagnosed
mental health disorders [3,10-16]. In a comprehensive
meta-analysis of large samples, sexual minority populations
were twice as likely to suffer from depression and anxiety as
CH individuals [17]. It is worth noting that from a gender
perspective, mental disorders are more commonly diagnosed
in women than in men globally [18,19], so relevant research on
women is crucial. Even in the field of research on SGM
populations, more attention has been paid to males than females
[20]; therefore, sexual and gender minority women (SGMW,
including transgender women and persons of other gender
identities assigned female at birth of all sexual orientations, and
cisgender women with nonheterosexual orientations) need more
public health attention.

As emphasized by the World Health Organization (WHO),
mental health is “not just the absence of mental disorder” but
“a state of well-being in which individuals realize their own
potential and can cope with normal stresses of life” [19]. In
other words, a healthy mental state is not only the absence of
depression, anxiety, or other symptoms but also the presence
of positive components of well-being. Self-esteem, literally
defined as the degree to which individuals believe themselves
to be valuable or adequate [21], is one such essential component
and strongly related to happiness [22]. Similar to gender
differences in mental disorders, a meta-analysis of self-esteem
also revealed that women report lower levels of self-esteem

than men [23]. Although high levels of self-esteem are
associated with positive self-attitudes and are protective against
adverse mental health outcomes [24], low levels of self-esteem,
more commonly reported by people belonging to sexual minority
populations [25], increase the likelihood of mental health
difficulties.

In addition to mental health, a poor quality of life (QOL) has
been shown to be positively associated with adverse mental
health outcomes [26]. The QOL is widely used to present
individuals’ perceptions of their physical and psychological
health, social relationships, and environment [27]. However,
there is compelling evidence that sexual minority populations
are more likely to report a poorer QOL than CH individuals
[28], especially psychological QOL [29]. To promote the overall
health of SGM populations, it is not sufficient to only examine
differences in the incidence of mental disorders and levels of
the QOL without understanding the in-depth relationships and
mechanisms among them. A recent review examining mediators
of the depression disparities between sexual minority and CH
populations suggested that the psychological process may also
play a role, but this has been understudied to date [30], and
more mediation analyses are needed.

Health-related research on SGMW is growing slowly worldwide
[31-33], but there is less research on Chinese SGMW. According
to published data from Western countries, sexual minority
women experience a higher incidence of mental health disorders,
including anxiety and depression, and also generally report a
worse QOL than cisgender heterosexual women (CHW) [34,35].
A recent scoping review summarizing the holistic health of
homosexual and bisexual Chinese over the past 20 years showed
that the academic attention given to the male population is much
higher than that given to female groups (96.46% vs 1.32%,
respectively) [20]. Although there are limited surveys
investigating the mental health of SGMW in China, results
regarding depression and anxiety are less consistent among
women from different countries with varied sexual identities
[13,36-38]. Furthermore, there is currently no research on the
QOL of Chinese SGMW and the relationship between sexual
identity and the QOL, highlighting the need to research the
health of women, especially SGMW in China.

The associations between sexual identity and the QOL as well
as mental health vary across studies conducted in different
countries, and there are currently no studies aimed at explaining
these relationships among Chinese SGM populations, let alone
SGMW. Therefore, this study aims to first examine the QOL
and mental health of Chinese adult women of different sexual
identities, with mental health variables including depression
and anxiety as well as self-esteem, and then investigate the
relationships between sexual identity and the QOL through the
role of mental health variables in the Chinese context. Our main
hypotheses were as follows: (1) SGMW in China may report
lower levels of the QOL and more mental health disorders
compared to CHW, (2) a better mental health status may
positively be associated with higher levels of the QOL, and (3)
mental health variables mediate the effect of sexual identity on
the QOL.
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Methods

Participants and Procedures
This was a cross-sectional study conducted online in China.
Given the relative sensitivity and invisibility of our study
population under the influence of traditional Chinese culture,
multiple recruitment methods were used, including (1)
convenient recruitment via 4 popular nongovernmental
organizations (NGOs) serving female or SGM populations in
mainland China (TrueSelf, r&B bisexual community, Period
Pride China, and the Wuhan LGBT Center); (2)
respondent-driven recruitment, where respondents were
encouraged to help recruit potential peers through their network
of connections [39,40]; and (3) social platform recruitment by
releasing the study poster to some popular online communities.

Eligible participants included Chinese women who were (1) at
least 18 years old; (2) self-identified as “female,” either
cisgender or transgender women or gender nonbinary individuals
whose sex assigned at birth was female; and (3) able to read
and understand Mandarin. Data were collected using an online
survey platform (Wenjuanxing), and data collection was initiated
after informed consent was obtained.

Ethical Considerations
Ethical approval was obtained from the Human Research Ethics
Committee (HREC) of the University of Hong Kong (reference
no. EA210325). All participants provided informed consent.

Study Instruments
Participants who consented to join the study were asked to fill
out all the following questionnaires in Mandarin.

The 9-Item Patient Health Questionnaire
The 9-item Patient Health Questionnaire (PHQ-9) is a depression
module that measures the presence and severity of depression
symptoms over the past 2 weeks according to the Diagnostic
and Statistical Manual of Mental Disorders IV (DSM-IV)
criteria for assessing symptoms of depression [41]. The PHQ-9
is a self-report questionnaire, and each item ranges from 0 (not
at all) to 3 (nearly every day), with a summed score ranging
from 0 to 27. The Chinese version of the PHQ-9 has been
previously evaluated for reliability and validity, showing that
it is a valid and efficient tool for screening depression [42]. This
study used this Chinese version of the PHQ-9, and the Cronbach
α of the scale among the study sample was .91.

The 7-Item Generalized Anxiety Disorder Scale
The 7-item Generalized Anxiety Disorder scale (GAD-7) is a
self-reported screening tool to identify anxiety symptoms in the
past 2 weeks. Each of the 7 items is scored from 0 (not at all)
to 3 (nearly every day), and the GAD-7 scale score ranges from
0 to 21 [43]. The Chinese version of GAD-7 has been previously
validated and is commonly used [44,45]. This study used this
Chinese version, and the Cronbach α of the scale among the
study sample was .94.

The Rosenberg Self-Esteem Scale
The Rosenberg Self-Esteem Scale (RSES) is a 10-item
self-report scale evaluating an individual’s self-esteem [21].

Each item is answered using a 4-point Likert scale ranging from
1 (strongly agree) to 4 (strongly disagree), while half items are
reverse-scored ranging from 1 (strongly disagree) to 4 (strongly
agree). The Chinese version of the questionnaire has been
previously validated [46-49], and this study used this Chinese
version to measure participants’ self-esteem. All scores of the
10 items are summed as a global score on a continuous scale,
and higher scores indicate lower overall self-esteem. In this
study, the Cronbach α of the scale was .77.

The World Health Organization Quality of
Life–Abbreviated Short Version
The World Health Organization Quality of Life–abbreviated
short version (WHOQOL) is a QOL assessment tool developed
by the WHOQOL Group and includes 100 items on a 5-point
scale [27]. Based on that, an abbreviated short version of the
WHOQOL instrument (WHOQOL-BREF) has been developed
and is widely used in assessing the QOL of the public [50,51].
The WHOQOL-BREF contains 26 items in total, including 2
(8%) overall items and 24 (92%) facet items on 4 domains:
physical (7, 29%, items), psychological (6, 25%, items), social
relationships (3, 13%, items), and environment (8, 33%, items).
Regarding the scoring, there are 3 negatively phrased items
(items 3, 4, and 26) that should be reversed before calculating
the scores. The mean score of items within each domain is used
to calculate the domain score, and each domain score can be
transformed into a score ranging from 4 to 20, with higher scores
representing a better QOL [27,51,52]. The Chinese version of
the WHOQOL-BREF has been previously validated [51] and
was used in this study. In this study, the Cronbach α coefficient
of the total scale was .93 and of the 4 subscales was .79, .88,
.68, and .83, respectively.

Sociodemographic Information
All participants completed a set of sociodemographic items,
including their basic information (age, employment,
race/ethnicity, education level, income, relationship status) and
their sexual identity (gender identity and sexual orientation
identity).

Sample Size Justification
The sample size calculation was performed using G*Power 3.1
[53]. To detect a statistically significant difference between
CHW and SGMW using the independent samples t test with
80% power, 5% level of significance (2-tailed), and a Cohen d
effect size of 0.3, a minimum sample size of 352 participants
was needed.

Statistical Analysis
Descriptive statistics (counts and percentages, means, and SDs)
were used to illustrate participants’demographic characteristics,
QOL, and mental health outcomes.

Comparisons Between SGMW and CHW
To compare the scores of mental health variables (PHQ-9,
GAD-7, RSES) and the QOL (WHOQOL-BREF) between
SGMW and CHW, independent t tests were conducted and the
Cohen d effect size was also calculated, with cut-offs of 0.2,
0.5, and 0.8 for small, medium, and large effect sizes,
respectively [54]. To compare the percentages of participants’
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demographic characteristics, chi-square tests were conducted.
Pearson correlations were used to identify the correlations
between mental health variables and the QOL, and the
correlations were defined as strong (≥0.5), moderate (≥0.3 and
<0.5), or weak (<0.3). One-way ANOVA was performed to
compare the mean scores in 5 sexual orientation groups. Next,
multiple linear regression analyses were performed to identify
factors associating mental health and the QOL separately.

Parallel Mediation Analysis
To examine mediating effects, we used a bootstrapping
technique using the PROCESS macro [55], and parallel
mediation models were assessed. We implemented 5000
bootstrap samples for the percentile bootstrap CI, and a 95%
confidence level was used. We proposed the effects of sexual
identity (independent X: sexual minority vs majority) through
3 mediating mental health variables (parallel mediators: M1,
depression; M2, anxiety; and M3, self-esteem) on the QOL
(dependent Y: physical QOL, psychological QOL, social
relationship QOL, environment QOL, and overall QOL). The
existing literature has suggested that many sociodemographic
factors are associated with the QOL [55-57], so age, income,

alcohol use, smoking status, and relationship status were
included as covariates to control for their potential effects in
the mediation analysis.

As shown in Figure 1, “a” is the effect of the independent
variable (X) on mental health (mediators M1-M3), “b” is the
effect of mental health (M1-M3) on the QOL (Y), “c” is the
total effect of X on Y, and c’ is the direct effect of X on Y. An
indirect effect was considered significant if the CI did not
contain 0. If the indirect effect is significant, it means that there
is a mediation effect. Meanwhile, if the direct effect disappears,
then there is complete mediation, whereas if the direct effect
remains, then there is partial mediation [58]. Thus, we expected
that sexual minority status would be positively associated with
mental disorders (higher levels of depression and anxiety but
lower levels of self-esteem) and, in turn, be negatively associated
with the QOL.

Data were analyzed using IBM Statistical Package for the Social
Sciences (SPSS) version 27.0, and the PROCESS macro version
4.1 for SPSS was used to conduct the mediation analysis [55].
All significance tests were 2-tailed, and findings with P<.05
were considered statistically significant.

Figure 1. Proposed parallel mediation model; a: effect of the independent variable (X) on mental health (M1-M3), b: effect of mental health on QOL
(Y), c: total effect of X on Y, c’: direct effect of X on Y. M: mediator; QOL: quality of life.

Results

Demographic Characteristics of Study Participants
Of the 524 questionnaires collected between July and September
2021, 15 (2.9%) were unqualified since they were cisgender
male (9/15, 60%) or less than 18 years old (4/15, 27%) or invalid
data with all same answers (2/15, 13%), resulting in a total of
509 (97.1%) adult women enrolled in the study with no missing
data. Specifically, 250 (49.1%) were CHW and categorized as
the CHW group, while 259 (50.9%) were either sexual
orientation or gender minority women and categorized as the
SGMW group. The sexual orientation and gender identity of
participants are shown in Table 1.

The mean age of the overall sample was 25.57 (SD 5.77) years,
ranging from 18 to 56 years (Table 2). The mean age of the
CHW was 26.75 (SD 6.31) years and was 24.43 (SD 4.94) years
for the SGMW. Most participants were Han people (n=466,
91.6%) in the age group of 21-30 years (n=347, 68.2%) and had
college or bachelor’s degrees (n=284, 55.8%), and around
two-fifths were full-time students (n=222, 43.6%). About half
of the women were single, and half had a steady partner (n=258,
50.7%, vs n=251, 49.3%), and a total of 248 (48.7%) women
had full-time jobs. One-third of the women (n=178, 35.0%)
never had a drink before, and the majority (n=428, 84.1%) had
never smoked or had already quit smoking. Notably, 9 (1.8%)
participants had a history of drug use.
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Table 1. Frequency distribution of participants by gender and sexual orientation identity (N=509).

Sexual orientation identity, n (%)Gender identity

TotalOthersaPansexualBisexualHeterosexualHomosexual

436 (85.7)28 (5.5)33 (6.5)74 (14.5)250 (49.1)b51 (10.0)Cisgender women

13 (2.6)2 (0.4)1 (0.2)1 (0.2)1 (0.2)8 (1.6)Transgender women

28 (5.5)1 (0.2)12 (2.4)4 (0.8)1 (0.2)10 (2.0)Gender queer

7 (1.4)1 (0.2)2 (0.4)4 (0.8)00Gender fluid

25 (4.9)7 (1.4)4 (0.8)5 (1.0)7 (1.4)2 (0.4)Other gender nonbinaryc

509 (100.0)39 (7.7)52 (10.2)88 (17.3)259 (50.9)71 (13.9)Total

aOther minority sexual orientation identities, including asexual, gynephilia/femininity, and all other nonheterosexual orientations.
bThe cisgender heterosexual women (CHW) group in this study comprised 250 (49.1%) women. Correspondingly, the other 259 (50.9%) sexual
orientation and gender minority women were categorized as the sexual and gender minority women (SGMW) group.
cThis group included gender questioning (someone who is unsure about or is exploring their gender identity), no gender, and other nonbinary genders
that are noncisgender and beyond social norms.
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Table 2. Characteristics of the study sample with comparisons.

CHWb (n=250, 49.1%)SGMWa (n=259, 50.1%)Overall (N=509)Characteristics

Age (years), n (%)

33 (13.2)61 (23.6)94 (18.5)18-20

176 (70.4)171 (66.0)347 (68.2)21-30

31 (12.4)25 (9.7)56 (11.0)31-40

10 (4.0)2 (0.8)12 (2.4)41-56

26.75 (6.31)24.43 (4.94)25.57 (5.77)Mean age, mean (SD); P<.001c

Number of friends, n (%)

96 (66.7)48 (33.3)144 (28.3)0

58 (37.7)96 (62.3)154 (30.3)1-5

24 (32.4)50 (67.6)74 (14.5)6-10

15 (34.9)28 (65.1)43 (8.4)11-20

20 (50.0)20 (50.0)40 (7.9)21-50

15 (55.6)12 (44.4)27 (5.3)51-100

22 (81.5)5 (18.5)27 (5.3)>100

47.22 (135.14)20.14 (71.40)33.44 (108.28)Mean numbers of friends around, mean (SD); P=.005

Education, n (%); P<.001

12 (4.8)21 (8.1)33 (6.5)High school and below

117 (46.8)167 (64.5)284 (55.8)College/bachelor

121 (48.4)71 (27.4)192 (37.7)Graduate degree and above

Ethnic, n (%); P=.12

224 (89.6)242 (93.4)466 (91.6)Han people

26 (10.4)17 (6.6)43 (8.4)Others (Muslim, Zhuang people, etc)

Employment, n (%); P<.001

10 (4.0)29 (11.2)39 (7.7)Unemployed

104 (41.6)118 (45.6)222 (43.6)Full-time student

19 (7.6)23 (8.9)42 (8.3)Organization officer

74 (29.6)29 (11.2)103 (20.2)Professional/technical personnel

10 (4.0)7 (2.7)17 (3.3)Administrative personnel

14 (5.6)19 (7.3)33 (6.5)Service personnel

19 (7.6)34 (13.1)53 (10.4)Others (famers/freelancers)

Monthly income (CNY/US $d), n (%);P<.001

120 (48.0)162 (62.5)282 (55.4)≤CNY 5000.00/US $743.89

130 (52.0)97 (37.5)227 (44.6)>CNY 5000.00/US $743.89

Relationship, n (%); P<.001

136 (54.4)115 (44.4)251 (49.3)Have a steady partner

114 (45.6)144 (55.6)258 (50.7)Have no steady partner(s)

Alcohol use, n (%); P<.001

110 (44.0)68 (26.3)178 (35.0)Never drank before

140 (56.0)191 (73.7)331 (65.0)Current alcohol user

Drug use, n (%); P=.10

248 (99.2)252 (97.3)500 (98.2)Never used before
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CHWb (n=250, 49.1%)SGMWa (n=259, 50.1%)Overall (N=509)Characteristics

2 (0.8)7 (2.7)9 (1.8)Have used drug before

Smoking, n (%); P<.001

240 (96.0)188 (72.6)428 (84.1)Never smoked or have quit smoking

10 (4.0)71 (27.4)81 (15.9)Current smoker

aSGMW: sexual and gender minority women. The percentages for this column were all calculated with 259 SGMW as the denominator.
bCHW: cisgender heterosexual women. The percentages for this column were all calculated with 250 CHW as the denominator.
cAll P values were reported by conducting comparisons performing independent t tests or chi-square tests.
dCNY 1=US $0.15.

QOL and Mental Health Among Study Participants
With Comparisons
Table 3 shows the mean scores of the QOL (as measured by the
WHOQOL-BREF) and mental health outcomes (as measured
by the PHQ-9, GAD-7, and RSES) for our study participants.
The mean QOL scores of each domain in the overall sample
were ranked as follows: physical QOL (mean 14.05, SD 2.71),
psychological QOL (mean 13.74, SD 3.13), environment QOL
(mean 13.74, SD 2.68), and social relationship QOL (mean

13.62, SD 3.07). The mean scores of mental health variables in
the overall sample were 7.85 (SD 5.92) for depression, 6.00
(SD 5.23) for anxiety, and 28.86 (SD 4.66) for self-esteem. All
comparisons indicated that compared to the CHW group, the
SGMW group reported significantly lower levels of overall
QOL (52.77 vs 57.61) and QOL in all domains, lower levels of
self-esteem (28.04 vs 29.72), but higher levels of depression
(9.16 vs 6.50) and anxiety (5.49 vs 4.77) symptoms (all P<.01).
The comparisons among 5 different sexual orientation groups
were also conducted (Multimedia Appendix 1).

Table 3. QOLa and mental health of the study participants with comparisons.

Cohen d

(SGMW-CHW)

P valueCHWc

(n=250, 49.1%)

SGMWb

(n=259, 50.9%)

Overall (N=509)QOL and mental health

QOL (WHOQOL-BREFd), mean (SD)

–0.43<.00114.63 (2.39)13.49 (2.87)14.05 (2.71)Physical

–0.54<.00114.57 (2.65)12.94 (3.35)13.74 (3.13)Psychological

–0.40<.00114.23 (2.61)13.02 (3.35)13.62 (3.07)Social relationship

–0.33<.00114.18 (2.35)13.32 (2.90)13.74 (2.68)Environment

–0.50<.00157.61 (8.34)52.77 (10.69)55.15 (9.90)Total score

Mental health, mean ( SD)

0.46<.0016.50 (5.11)9.16 (6.36)7.85 (5.92)Depression (PHQ-9e)

0.37<.0015.04 (4.77)6.93 (5.49)6.00 (5.23)Anxiety (GAD-7f)

–0.37<.00129.72 (4.18)28.04 (4.95)28.86 (4.66)Self-esteem (RSESg)

aQOL: quality of life.
bSGMW: sexual and gender minority women.
cCHW: cisgender heterosexual women.
dWHOQOL-BREF: World Health Organization Quality of Life–abbreviated short version.
ePHQ-9: 9-item Patient Health Questionnaire.
fGAD-7: 7-item Generalized Anxiety Disorder scale.
gRSES: Rosenberg Self-Esteem Scale.

Correlations Between the QOL and Mental Health
Pearson correlations between the QOL and depression, anxiety,
and self-esteem are displayed in Table 4. As hypothesized, both
depression and anxiety symptoms were significantly negatively

associated with all domains of the QOL as well as the overall
QOL, with moderate-to-strong correlations (r range –0.42 to
–0.68, all P<.001). Self-esteem was significantly positively
associated with all domains of the QOL as well as the overall
QOL, with all strong correlations (r range 0.52-0.75, all P<.001).
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Table 4. Correlations between the QOLa and mental health variables.

QOL (WHOQOL-BREFb)Mental health

Total scoreEnvironmentSocial relationshipPsychologicalPhysical

Depression (PHQ-9c)

–0.68–0.47–0.52–0.67–0.66r value

<.001<.001<.001<.001<.001P value

Anxiety (GAD-7d)

–0.58–0.45–0.42–0.55–0.56r value

<.001<.001<.001<.001<.001P value

Self-esteem (RSESe)

0.710.520.530.750.60r value

<.001<.001<.001<.001<.001P value

aQOL: quality of life.
bWHOQOL-BREF: World Health Organization Quality of Life–abbreviated short version.
cPHQ-9: 9-item Patient Health Questionnaire.
dGAD-7: 7-item Generalized Anxiety Disorder scale.
eRSES: Rosenberg Self-Esteem Scale.

Regressions of the QOL and Mental Health
Tables 5-12 display the results of multiple linear regressions.
The identity of being a sexual minority woman had a significant
negative association with the QOL in all domains as well as the
overall QOL (all P<.01). In the regression models of mental
health variables, belonging to the SGMW group was associated
with more severe depression (P=.002) and anxiety (P=.02)
symptoms as well as lower self-esteem levels (P=.02). The

current smoking status was significantly negatively associated
with the overall QOL and all other domains of the QOL except
social relationship QOL. Regarding the regressions of mental
health variables, the current smoking status was significantly
associated with higher levels of depression (P<.001) and anxiety
(P=.006) and lower levels of self-esteem (P=.002). Furthermore,
having a steady partner was found to be significantly positively
associated with the overall QOL (P=.006), psychological QOL
(P=.02), and social relationship QOL (P<.001).

Table 5. Regressions of sexual identity on the physical QOLa.

Physical QOL (R-square=7.9%)Characteristics

95% CIP valueCoefficient

0.27 to 1.26.0030.77Sexual identity (CHWb vs SGMWc)

–0.04 to 0.05.930.00Age

–0.90 to 0.10.12–0.40Alcohol user (yes vs no)

–0.79 to 2.79.271.00Drug user (yes vs no)

–1.53 to –0.15.02–0.84Current smoker (yes vs no)

0.00 to 1.05.0520.52Income (≥CNY 5000/US $743.89d vs below)

–0.07 to 0.89.090.41Have a steady partner (vs no)

aQOL: quality of life.
bCHW: cisgender heterosexual women.
cSGMW: sexual and gender minority women.
dCNY 1=US $0.15.
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Table 6. Regressions of sexual identity on the psychological QOLa.

Psychological QOL (R-square=11.3%)Characteristics

95% CIP valueCoefficient

0.56 to 1.69<.0011.13Sexual identity (CHWb vs SGMWc)

–0.03 to 0.07.480.02Age

–0.68 to 0.46.70–0.11Alcohol user (yes vs no)

–1.40 to 2.66.540.63Drug user (yes vs no)

–2.16 to –0.60.001–1.38Current smoker (yes vs no)

–0.16 to 1.03.150.43Income (≥CNY 5000/US $743.89d vs below)

0.10 to 1.19.020.64Have a steady partner (vs no)

aQOL: quality of life.
bCHW: cisgender heterosexual women.
cSGMW: sexual and gender minority women.
dCNY 1=US $0.15.

Table 7. Regressions of sexual identity on the social relationship QOLa.

Social relationship QOL (R-square=9.7%)Characteristics

95% CIP valueCoefficient

0.35 to 1.46.0020.90Sexual identity (CHWb vs SGMWc)

–0.12 to –0.01.01–0.07Age

–1.16 to –0.04.04–0.60Alcohol user (yes vs no)

–3.45 to 0.56.16–1.45Drug user (yes vs no)

–1.51 to 0.04.06–0.74Current smoker (yes vs no)

–0.32 to 0.86.370.27Income (≥CNY 5000/US $743.89d vs below)

0.57 to 1.64<.0011.10Have a steady partner (vs no)

aQOL: quality of life.
bCHW: cisgender heterosexual women.
cSGMW: sexual and gender minority women.
dCNY 1=US $0.15.

Table 8. Regressions of sexual identity on the environment QOLa.

Environment QOL (R-square=4.4%)Characteristics

95% CIP valueCoefficient

0.17 to 1.17.0080.67Sexual identity (CHWb vs SGMWc)

–0.08 to 0.02.20–0.03Age

–0.50 to 0.51.970.01Alcohol user (yes vs no)

–2.01 to 1.59.82–0.21Drug user (yes vs no)

–1.44 to –0.05.04–0.74Current smoker (yes vs no)

–0.12 to 0.94.130.41Income (≥CNY 5000/US $743.89d vs below)

–0.19 to 0.78.230.30Have a steady partner (vs no)

aQOL: quality of life.
bCHW: cisgender heterosexual women.
cSGMW: sexual and gender minority women.
dCNY 1=US $0.15.
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Table 9. Regressions of sexual identity on the overall QOLa.

Overall QOL (R-square=10.3%)Characteristics

95% CIP valueCoefficient

1.68 to 5.26<.0013.47Sexual identity (CHWb vs SGMWc)

–0.24 to 0.09.37–0.08Age

–2.91 to 0.71.23–1.10Alcohol user (yes vs no)

–6.47 to 6.43.99–0.02Drug user (yes vs no)

–6.19 to –1.21.004–3.70Current smoker (yes vs no)

–0.26 to 3.54.091.64Income (≥CNY 5000/US $743.89d vs below)

0.72 to 4.18.0062.45Have a steady partner (vs no)

aQOL: quality of life.
bCHW: cisgender heterosexual women.
cSGMW: sexual and gender minority women.
dCNY 1=US $0.15.

Table 10. Regressions of sexual identity on mental health (depression).

Depression (R-square=8.5%)Characteristics

95% CIP valueCoefficient

–2.82 to –0.66.002-1.74Sexual identity (CHWa vs SGMWb)

–0.17 to 0.03.16-0.07Age

–0.24 to 1.95.120.86Alcohol user (yes vs no)

–5.91 to 1.89.31-2.01Drug user (yes vs no)

0.99 to 4.00.0012.50Current smoker (yes vs no)

–1.18 to 1.12.95-0.03Income (≥CNY 5000/US $743.89c vs below)

–1.47 to 0.63.43-0.42Have a steady partner (vs no)

aCHW: cisgender heterosexual women.
bSGMW: sexual and gender minority women.
cCNY 1=US $0.15.

Table 11. Regressions of sexual identity on mental health (anxiety).

Anxiety (R-square=6.9%)Characteristics

95% CIP valueCoefficient

–2.07 to –0.15.02-1.11Sexual identity (CHWa vs SGMWb)

–0.12 to 0.06.46-0.03Age

0.09 to 2.04.031.06Alcohol user (yes vs no)

–5.81 to 1.13.19-2.34Drug user (yes vs no)

0.53 to 3.21.0061.87Current smoker (yes vs no)

–1.35 to 0.70.53-0.33Income (≥CNY 5000/US $743.89c vs below)

–1.61 to 0.25.15-0.68Have a steady partner (vs no)

aCHW: cisgender heterosexual women.
bSGMW: sexual and gender minority women.
cCNY 1=US $0.15.
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Table 12. Regressions of sexual identity on mental health (self-esteem).

Self-esteem (R-square=7.8%)Characteristics

95% CIP valueCoefficient

0.15 to 1.86.021.01Sexual identity (CHWa vs SGMWb)

–0.08 to 0.08.970.00Age

–0.82 to 0.91.920.04Alcohol user (yes vs no)

–1.50 to 4.66.311.58Drug user (yes vs no)

–3.10 to –0.72.002-1.91Current smoker (yes vs no)

0.42 to 2.23.0041.33Income (≥CNY 5000/US $743.89c vs below)

–0.23 to 1.43.160.60Have a steady partner (vs no)

aCHW: cisgender heterosexual women.
bSGMW: sexual and gender minority women.
cCNY 1=US $0.15.

Mediation Effects Between Sexual Identity and the
QOL via Mental Health
Figures 2-6 and Table 13 show the effects of parallel mediation
analyses and the corresponding unstandardized effect
coefficients of mental health on the relationship between sexual
identity status and the QOL. As demonstrated, individuals’
sexual identity was significantly associated with depression
(β=–1.72, P=.002), anxiety (β=–1.12, P=.02), and self-esteem
(β=.93, P=.03). As mediators, depression and self-esteem were
significantly associated with the QOL in all domains as well as
the overall QOL (β ranging from –.07 to –.68 and .19 to .98,
respectively; all P<.05), while anxiety was only significantly
associated with the QOL in the environment domain (β=–.07,
P=.04). Likewise, the indirect effects of depression, anxiety,

and self-esteem were only significant (95% CI did not contain
0) in the environment domain of the QOL, while the indirect
effects of depression and self-esteem were significant in all
other domains of the QOL as well as the overall QOL, indicating
that anxiety is only a mediator in the environment domain but
not in other aspects. After considering the mediation effects of
depression, anxiety, and self-esteem, the direct effects (c’)
between sexual identity and the physical QOL (β=.20, P=.28),
social relationship QOL (β=.35, P=.14), and environment QOL
(β=.21, P=.32) were no longer statistically significant,
supporting complete mediation effects. In contrast, the direct
effects between sexual identity and the psychological QOL
(β=.44, P=.02) and the overall QOL (β=1.20, P=.04) remained
statistically significant, supporting partial mediation effects.

Figure 2. Parallel mediation model for the physical QOL. M: mediator; QOL: quality of life.
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Figure 3. Parallel mediation model for the psychological QOL. M: mediator; QOL: quality of life.

Figure 4. Parallel mediation model for the social relationship QOL. M: mediator; QOL: quality of life.
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Figure 5. Parallel mediation model for the environment QOL. M: mediator; QOL: quality of life.

Figure 6. Parallel mediation model on the overall QOL. M: mediator; QOL: quality of life.
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Table 13. Mediation effects of mental health on the relationship between sexual identity and the QOLa.

Indirect effect (a×b)M→Y (b1, b2, b3)dX→Mb (a1, a2, a3)cDirect effect (c’)Total effect (c)Dependent variable
(Y)

95% CISEβSEP valueβSEP valueβSEP valueβSEP valueβe

Sexual identity → physical QOL (X→Y1)

0.12 to 0.65.13.37.03<.001–.21.55.002–1.72.18.28.20.25.004.74X→M1→Y1

–0.08 to 0.08.04.00.03.92.00.49.02–1.12——————fX→M2→Y1

0.02 to 0.35.08.17.02<.001.19.43.03.93——————X→M3→Y1

Sexual identity → psychological QOL (X→Y2)

0.11 to 0.61.13.35.03<.001–.20.55.002–1.72.18.02.44.29<.0011.09X→M1→Y2

–0.12 to 0.03.04–.03.03.30.03.49.02–1.12——————X→M2→Y2

0.03 to 0.63.15.33.02<.001.36.43.03.93——————X→M3→Y2

Sexual identity → social relationship QOL (X→Y3)

0.11 to 0.59.12.33.03<.001–.19.55.002–1.72.24.14.35.28.004.83X→M1→Y3

–0.18 to 0.03.05–.05.04.18.05.49.02–1.12——————X→M2→Y3

0.02 to 0.41.10.21.03<.001.23.43.03.93——————X→M3→Y3

Sexual identity → environment QOL (X→Y4)

0.01 to 0.28.07.12.03.02–.07.55.002–1.72.22.32.21.25.02.60X→M1→Y4

0.00 to 0.20.06.08.03.04–.07.49.02–1.12——————X→M2→Y4

0.02 to 0.37.09.19.03<.001.21.43.03.93——————X→M3→Y4

Sexual identity → overall QOL (X→Y5)

0.37 to 2.06.431.17.09<.001–.68.55.002–1.72.59.041.20.91<.0013.26X→M1→Y5

–0.26 to 0.21.11–.01.09.91.01.49.02–1.12——————X→M2→Y5

0.09 to 1.75.42.91.07<.001.98.43.03.93——————X→M3→Y5

aQOL: quality of life.
bM: mediator.
ca1, a2, and a3 are the effects of the sexual identity (X) on the mental health mediators depression (M1), anxiety (M2), and self-esteem (M3), respectively.
dCorrespondingly, b1, b2, and b3 are the effects of M1, M2, and M3, respectively, on the QOL (Y).
eUnstandardized coefficients (β) are reported. Bootstrap sample size=5000.
fNot applicable.

Discussion

Principal Findings
The QOL is widely used to describe individuals’ perceptions
of general and holistic health [27,52]. SGMW in this study
reported significantly lower levels of overall and
domain-specific QOL, higher levels of depression and anxiety,
and lower levels of self-esteem compared to CHW. Our findings
are consistent with several large-scale reviews of the mental
health of sexual minority populations in Western countries
[3,10], all suggesting that people belonging to sexual minorities
are at higher risk of mental health disorders. Meanwhile, our
study findings are consistent with the findings in Hong Kong,
both showing that Chinese sexual minority populations report
poorer levels of the QOL than CH people [28]. In terms of
positive mental health, the CHW in our study reported
significantly higher levels of self-esteem than the SGMW, which
may be related to the fact that the CH identity is mainstreamed
and encouraged in Chinese society, suggesting the need to

consider specific social contexts when exploring the health of
SGM populations.

In terms of cultural issues affecting the QOL and mental health
of SGMW in China, it is critical to consider the deep-rooted
traditional Confucian Chinese culture that highly values family
and inheritance. Specifically, being a member of SGM
populations in China is associated with internalized homophobia
and stressful feelings in the face of social expectations
[25,59,60], which is found to be negatively correlated with
lower self-evaluation [61] and social well-being [62]. Compared
to the twentieth century, the living conditions of sexual minority
populations in China do not seem to have changed much and
lesbians have always been more hidden and invisible than gays
[63]. According to a recent national survey on sexuality in
China, for women born in the 1980s and 1990s (similar to the
age group of the population surveyed in this study), 30.3% and
18.1%, respectively, believe homosexual sex is always wrong,
and both rates are higher among men in the same age groups
[64].
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Furthermore, despite a similar cultural background, the overall
participants in our study (mainly from mainland China) scored
lower than SGMW in Taiwan using the same RSES [25], which
may be related to the differences in policy—same-sex marriage
has been legalized in Taiwan since 2019 [65]. However,
governments in mainland China, Hong Kong, and Macau do
not recognize same-sex marriage, which may further lead the
sexual minority populations to feel isolated and fear social
condemnation [60]. Despite the fact that homosexuality is no
longer classified as a pathology under the Chinese Classification
of Mental Disorders since 2001 [66], the SGMW in our study
reported a more worrisome QOL and mental health disorders
than the CHW. Thus, future researchers should not only pay
attention to SGM populations’ current health status but also
fully consider social contexts and living environments before
designing adaptive health improvement interventions.

Both correlation and regression analyses in this study showed
that the overall QOL as well as the QOL in each domain are
significantly associated with depression, anxiety, and
self-esteem, which is in line with previous studies. Specifically,
depression was shown to negatively impact the QOL in our
study, as has been seen in similar pathway analysis studies in
other populations [67]. Previous studies have also suggested
that people with anxiety report an impaired QOL compared to
the general population [68], and both depression and anxiety
play an important role in the QOL [69], supporting our study
results. On the hypothesized mediation effects of mental health,
our results indicated that sexual identity not only directly affects
the QOL but also indirectly impacts the QOL through the
complete or partial mediating effects of mental health variables,
which is consistent with previous studies supporting the
mediation effects of mental health [56,70]. The pathways from
sexual identity to a reduced QOL shown in our study can be
attributed to depression, anxiety, and self-esteem. SGMW
reported higher levels of depression and anxiety but lower levels
of self-esteem than CHW, which was subsequently related to
lower levels of the QOL. To minimize the negative effects of
sexual identity on the QOL, mental health may be promoted
through interventions targeting SGMW.

Given the prior neglect of the health status of SGM populations
and the worrisome levels of the QOL and mental health among
SGMW, the participants in this study, our results also have
significant implications for professional practice. It is
recommended that health and social care professionals
proactively attend to the mental health of people belonging to
sexual minorities when designing or providing interventions.
Notably, we found that the proportions of current smokers and
alcohol users were significantly higher in SGMW than in CHW,
which is supported by previous studies [71-74]. As shown in
the multiple linear regressions, current smokers had poorer
levels of the QOL in each domain as well as the overall QOL,
which is also consistent with the review conclusions that
smoking is negatively associated with the QOL [75]. In addition,
the current smoking status was significantly associated with all
mental health outcomes in this study, as indicated by higher
levels of depression and anxiety and lower levels of self-esteem
in current smokers compared to nonsmokers, so the substance
use among SGMW in China requires more attention and

corresponding improvement programs are needed. Existing
evidence shows that smoking cessation is associated with
reduced depression and anxiety and could significantly improve
the QOL as well [76]. With regard to specific smoking cessation
programs for SGM populations, a review summarized that
interventions targeting SGM populations are more effective
than those targeting the general population [74] and a connection
to specific sexual minority communities could protect young
sexual minority women in the United States from the risk of
smoking [71]; therefore, further research to examine whether
sexual minority community engagement can reduce the
likelihood of smoking among Chinese SGM populations is
warranted.

Although there were no significant associations between having
a steady partner and mental health variables in our study, being
in a steady relationship was found to be significantly positively
associated with the overall QOL, psychological QOL, and social
relationship QOL. Such findings that the relationship status
could positively affect the QOL are consistent with a published
review showing that being in a relationship with a regular
partner is a protective factor for health [77], so future
interventions that take relationship factors into account may be
promising. There is also ample evidence that social support has
protective effects on the mental health and QOL of sexual
minority populations [9,29,78,79], and perceived support from
participants’ partners is related to lower risk of depression
among SGMW [25]. In contrast, stressors, such as victimization
and lower social or family support, may contribute to higher
levels of depression among sexual minority populations
compared to CH individuals [30]. However, there are few studies
examining the comprehensive factors influencing the holistic
health of Chinese SGM individuals, and studies only on Chinese
SGMW are basically nonexistent; thus, it is strongly
recommended that future researchers conduct specific
explorations targeting female minority populations.

Sexual minority populations have been found to experience
higher rates of physical and mental health disorders and poorer
levels of the QOL [2-9,80]; thus, interventions should be
designed to help improve their holistic health, especially the
QOL. The finding of this study that mental health could mediate
the association between sexual identity and the QOL highlights
the need for all relevant stakeholders to assess SGM populations’
mental health when providing health care or social service.
Based on our findings, we also recommend that future
interventions aimed at improving the QOL of sexual and gender
minorities also emphasize positive mental health components,
such as self-esteem, thereby improving their QOL.

To sum up, this is the first study to examine both the QOL and
mental health among Chinese adult women with diverse sexual
identities and also the first to conduct comparisons between
SGMW and CHW, showing that SGMW experience worse
levels of the QOL and mental health compared to CHW.
Although the associations between the QOL and mental health
are well established in general populations, there has been little
research on these relationships in people of different gender and
sexual orientation identities, so this study is also the first to
report the interrelationships between sexual identity and the
QOL as well as mental health (depression, anxiety, and
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self-esteem). Moreover, our study is also the first to explore
and confirm the mediating role of mental health in the impact
of sexual identity on the QOL.

Limitations
This study had several limitations. First, although the QOL and
mental health variables explored in this study are generally
investigated as separate constructs, this has certain limitations
as the meanings of these concepts are intertwined and may
influence each other. Although due to the cross-sectional design
of this study, the comprehensive relationships within these
concepts could not be adequately explored, further studies using
more diverse research methodologies, such as qualitative
approaches or longitudinal designs, are needed. Second, most
of our study participants were young, and nearly half had no
paid employment or were still full-time students; therefore, the
results might not be generalizable to the broader Chinese female
population. Third, although the sample size was sufficient for
comparisons between SGMW as a whole and CHW, subgroup
analyses by specific sexual orientation may not be powerful

enough. Future studies with larger, more diverse, and
representative samples are needed.

Conclusion
This study demonstrated that SGMW have lower levels of the
QOL, higher levels of depression and anxiety symptoms, and
lower levels of self-esteem than heterosexual women. The
overall QOL and QOL in each domain were found to be
positively associated with good mental health outcomes, with
moderate-to-strong correlations. Multiple linear regressions
found that being a sexual or gender minority, current smoker,
and woman with no steady partner are associated with a worse
overall QOL. Mediation analysis showed that depression,
anxiety, and self-esteem play significant mediating roles in the
relationship between sexual identity and the QOL in Chinese
adult women, affirming the importance of assessing mental
health when investigating or improving the QOL. Longitudinal
studies and evidence-based intervention programs are further
needed, with a particular focus on sexual minority women.
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Abstract

Background: Bullying victimization is highly prevalent among sexual minority youths, particularly in educational settings,
negatively affecting their mental health. However, previous studies have scarcely explored the symptomatic relationships among
anxiety, depression, and posttraumatic stress disorder (PTSD) among sexual minority youths who experienced bullying on college
campuses.

Objective: The objectives of our study were to (1) characterize the anxiety-depression-PTSD network structures of gay or
lesbian, bisexuals, and other sexual minority youths previously bullied on college campuses; and (2) compare symptomatic
associations in the anxiety-depression-PTSD networks among bullied sexual minority youths and heterosexual youths’ groups.

Methods: This cross-sectional study recruited college participants from Jilin Province, China. Data were analyzed using a subset
of the data extracted after screening for sexual orientation and history of bullying victimization. Sexual minority youths were
then divided into 3 subgroups: gay or lesbian (homosexual), bisexual, and other. Mental health symptom severity was assessed
using scales: the 7-item Generalized Anxiety Disorder Scale measuring anxiety, the 9-item Patient Health Questionnaire measuring
depression, and the 10-item Trauma Screening Questionnaire measuring PTSD symptoms. Combining the undirected and Bayesian
network analyses, the anxiety-depression-PTSD networks were compared among sexual minority youths subgroups, and the
difference between heterosexual youths and sexual minority youths was investigated. Chi-square tests were used to compare the
difference in categorical variables, while independent-sample t tests were run on continuous variables.

Results: In this large-scale sample of 89,342 participants, 12,249 identified as sexual minority youths, of which 1603 (13.1%,
95% CI 12.5%-13.7%) reported being bullied on college campuses in the past year. According to the expected influence (EI) and
bridge expected influence (bEI) index, in the global network structure of anxiety, depression, and PTSD, sad mood (EI=1.078,
bEI=0.635) and irritability (EI=1.077, bEI=0.954) were identified as central and bridge symptoms; emotional cue reactivity
(EI=1.015) was a central symptom of PTSD in this global network. In the anxiety-depression-PTSD Bayesian network, anhedonia
had the highest prediction priority for activating other symptoms; and feeling afraid linked symptoms from anxiety to the PTSD
community. Compared to their heterosexual counterparts, sexual minority youths exhibited a stronger association between
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difficulty concentrating and appetite. The “sad mood-appetite” edge was strongest in the gay or lesbian network; the
“irritability-exaggerated startle response” edge was strongest in the bisexual network.

Conclusions: For the first time, this study identified the most central and bridge symptoms (sad mood and irritability) within
the depression-anxiety-PTSD network of sexual minority youths with past bullying-victim experiences on college campuses.
Emotional cue reactivity, anhedonia, and feeling afraid were other vital symptoms in the comorbid network. Symptomatic
relationships existed showing heterogeneity in bullied heterosexual youths and sexual minority youth networks, which also was
present within the sexual minority youth subgroups. Consequently, refined targeted interventions are required to relieve anxiety,
depression, and PTSD symptoms.

(JMIR Public Health Surveill 2023;9:e47233)   doi:10.2196/47233

KEYWORDS

sexual minority youths; bullying victimization; anxiety; depression; posttraumatic stress disorder; network analysis; Bayesian
network

Introduction

Bullying is defined as the intent or behavior that seeks to harm
another person repeatedly, with an imbalance of power [1,2].
It is reported in the literature that the rate of bullying in higher
education (on college or university campuses) varies across
cultures, ranging from 1.7% to 25.2% [3-5]. Particularly, sexual
minority youths, who identify their sexual orientations as
nonheterosexual, such as lesbian, gay, or bisexual, are vulnerable
to discrimination and bullying [5,6], and have higher odds of
experiencing bullying on campus than their heterosexual
counterparts [7-10]. A national survey in the United States
further reported that sexual minority youths experience a high
rate of verbal harassment (76.1%), sexual harassment (53.7%),
physical harassment (31.2%), and physical assault (12.5%) [11].
In addition, after being bullied, sexual minority youths may
experience adverse physical health and persistent negative
effects on their mental health [12].

A considerable amount of literature has reported that sexual
minority youths exhibit higher rates of anxiety, depression, and
posttraumatic stress disorder (PTSD) than their heterosexual
counterparts [13-16]. As a recent meta-analysis noted [17],
compared to heterosexual counterparts, lesbian or gay, as well
as bisexual individuals yielded a higher risk of anxiety and
depression. In addition, sexual minority individuals were found
to be vulnerable to adverse experiences, such as being harassed
and even bullied in school, increasing the risk for anxiety,
depression, and PTSD than those participants who have not
experienced adverse life events [18].

Past research has found differences in mental health problems
among subgroups of sexual minorities [17,19]. For example,
the result from a longitudinal study suggests that bullying
victimization is connected to stronger depressive symptoms
among bisexual women, and stronger anxiety symptoms among
bisexual men [20]. Bisexual individuals are also more likely to
report PTSD than their gay or lesbian counterparts [21].
Pansexual women appear to be more open about their sexuality
but with a higher consciousness in regard to their sexual
orientation-based stigma than bisexual women, which is linked
to poorer mental health [22]. Further, asexual men are suggested
to have higher scores of depression and psychiatric disturbance
than their homosexual and bisexual counterparts [23]. The above
studies show a high heterogeneity of mental health outcomes

among sexual minority subgroups. However, whether these
differences remain consistent among sexual minority youths
who are being bullied on college campuses requires further
exploration.

Minority stress theory provides a conceptual model that the
mental health issues of sexual minorities are partially derived
from minority stressors, which are defined as the excess stress
to which individuals from stigmatized social categories are
exposed to due to their minority position [24], such as higher
rates of bullying and discrimination. Furthermore, minority
stress can cause biological responses that are related to mental
health symptoms [25]. For example, exposure to general
minority stress can affect one’s gene expression, which is
connected to cardiovascular function [26] and exerts an
interactional effect between anxiety, depression, and PTSD
[27-29]. Meanwhile, it may increase the dysregulation of the
hypothalamus-pituitary-adrenal axis, directly adding to the risk
of depression, anxiety, and PTSD [30,31]. Nevertheless, the
symptomatic relationship between anxiety, depression, and
PTSD among sexual minority youths who are bullied on college
campuses lacks investigation.

In recent years, several published studies have adopted network
analysis in both clinical psychology or psychiatric fields to
explore the relationship between symptoms of various disorders
[32-34]. The undirected network analysis depicts the interactions
between individual symptoms, with a symptom being termed
a “node,” and the partial correlation coefficient between 2 nodes
determining their “edge” [35]. According to the expected
influence (EI) index and the bridge expected influence (bEI)
index, the central and bridge symptoms of the network structure
could be identified, respectively [36,37]. Furthermore, in this
study, Bayesian network analysis was applied to clarify the
directed relationship between symptoms further. Based on the
completed partially directed acyclic graph (CPDAG), Bayesian
network analysis can unclose the putative directions of the
potential causal relationship between 2 nodes [38], and it could
help to discover activating paths among symptoms of anxiety,
depression, and PTSD network [33].

Given these premises, this study was implemented using
undirected and Bayesian network analyses to achieve 2 main
objectives: first, to characterize the symptomatic relationships
in the anxiety-depression-PTSD network among bullied sexual
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minority youths and sexual minority youth subgroups; second,
to compare the network structures among bullied sexual minority
youth subgroups. For aim 1, based on previous results
[34,39,40], the researchers hypothesized that depressive and
anxious symptoms would be the most central and bridge among
all symptoms. For aim 2, considering sexual minority youth
subgroups have various prevalence and symptomatic
manifestations of anxiety, depression, and PTSD [14,21], the
researchers hypothesized that different strengths of symptomatic
associations would exist among sexual minority youth subgroups
who had disclosed experiences of being bullied. In addition,
the researchers aimed to enrich the field, as well as help offer
targeted suggestions and interventions for specific symptoms
associated with poor mental health.

Methods

Participants and Settings
This study was designed with a cross-sectional approach,
recruiting College students from 63 Universities or Colleges in
Jilin Province, China, from October to November 2021. Students
completed an electronic questionnaire with a Quick Response
code, delivered by their teachers with their classmates. The
inclusion criteria for recruitment were (1) being 15 years old or
older; (2) studying at universities or colleges in Jilin Province,
China; (3) understanding the Chinese questionnaire and having
the ability to provide informed consent.

Ethical Considerations
Ethical approval for this study was granted by the Ethics
Committee of Jilin University (NO20210929 [11 October
2021]), following the 1964 Helsinki Declaration and its
amendments in 2013. Electronic informed consent was provided
by all participants, with consent that their answers could be
applied to any secondary analyses.

Measurements
Participants’ sexual orientation was measured by a single-option
question with 6 items: “Which of the following better describes
your sexual orientation?” Except for heterosexuality, all other
sexual orientations are combined to form the sexual minority
youth group [41,42], which was then further divided into 3
subgroups, including homosexuality (gay or lesbian),
bisexuality, and others (asexuality, pansexuality, and uncertain).
Anxiety was measured by the 7-item Generalized Anxiety
Disorder Questionnaire [43], depression by the 9-item Patient
Health Questionnaire [44], and PTSD by the 10-item Trauma
Screening Questionnaire [45]. The experience of being bullied
during higher education was measured by a single question:
“Have you ever been bullied on campus in the past year?”
Details of measurements are presented in the Section S1 in
Multimedia Appendix 1, Additional information for networks.

Statistical Analysis

Descriptive Analysis
In total, 117,769 participants were recruited and 89,342 were
included according to the criteria and completion of the

questionnaire. A descriptive analysis was run on the subdata
extracted from screening for sexual orientation and history of
bullying victimization. In the data set of those who had been
bullied on college campuses in the past, they were divided into
groups of heterosexual and sexual minority youth groups.
Sociodemographic variables included participants’ age, sex,
residence, ethnicity, family type, current annual income, and
whether they were an only child. The categorical variables in
heterosexual or sexual minority youth groups were compared
by chi-square tests, while continuous variables were compared
by two-tailed independent-sample t tests.

Undirected Network Estimation
This study used R programming [46] to structure the undirected
network, with the R package “qgraph” (R Foundation for
Statistical Computing) to visualize the Graphical Gaussian
Model [35]. The R package “mgm” assessed the predictability
of a node, referring to the variance of a node that could be
explained by all others [47]. The differences between the sexual
minority youths and heterosexual network structures and among
sexual minority youth subgroups were compared using the R
package “Network Comparison Test” with 1000 permutations
[48]. For more detail on the method, see Section S2 in
Multimedia Appendix 1, Additional information for networks.

Bayesian Network Estimation
In this study, DAG was modelled by the R package “bnlearn,”
with the hill-climbing algorithm [49]. To further obtain a clear
direction among symptoms, the Markov equivalence classes of
the DAG were drawn, which can be described uniquely by a
CPDAG [50]. In CPDAG, all arrows of undirected edges can
be invertible, while all directed edges cannot be converted into
undirected edges. Finally, in the determined CPDAG, the direct
activating paths in the Bayesian network are more conclusive.
More details are shown in Section S2 in Multimedia Appendix
1, Additional information for networks.

Results

Descriptive Statistics
Table 1 presents the sociodemographic characteristics of
participants. Within groups, 5063 (6%) heterosexual participants
and 1603 (13.1%) sexual minority youth participants reported
being bullied on college campuses in the past year. The
prevalence of bullying among heterosexual youths was 6%
(95% CI 5.9%-6.2%), and 13.1% (95% CI 12.5%-13.7%) among
sexual minority youths. Furthermore, among gay participants,
the prevalence of bullying was 19.9% (95% CI 17.1%-23.1%),
12.2% (95% CI 9.8%-15.1%) among lesbians, 15.6% (95% CI
13.6%-17.9%) among bisexual males, and 12% (95% CI
11.2%-12.9%) among bisexual females. The odds of being
bullied among sexual minority males was 14.4% (95% CI
12.7%-16.2%), and 11.8% (95% CI 10.6%-13%) among sexual
minority females.
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Table 1. Sociodemographic characteristics of participants who had been bullied on college campuses.

P valueDegrees
of free-
dom (df)

Χ²aOthers
(n=569), n
(%)

Bisexuals
(n=815), n
(%)

Gay
(n=142), n
(%)

Lesbian
(n=77), n
(%)

Sexual minority
youths
(n=1603), n (%)

Heterosexuals
(n=5063), n
(%)

<.001b194.2Sex

234 (41.1)176 (21.6)142 (100)N/Ac552 (34.4)2444 (48.3)Male

335 (58.9)639 (78.4)N/A77 (100)1051 (65.6)2619 (51.7)Female

<.001b144.6Residence

333 (58.5)494 (60.6)71 (50)51 (66.2)949 (59.2)2513 (49.6)City

236 (41.5)321 (39.4)71 (50)26 (33.8)654 (40.8)2550 (50.4)Town and county

.3111.0Ethnicity

503 (88.4)728 (89.3)119 (83.8)74 (96.1)1424 (88.8)4543 (89.7)Han

66 (11.6)87 (10.7)23 (16.2)3 (3.9)179 (11.2)520 (10.3)Others

<.001b217.2Family type

375 (65.9)502 (61.6)86 (60.6)42 (54.5)1005 (62.7)3311 (65.4)Nuclear family

93 (16.3)143 (17.5)26 (18.3)12 (15.6)274 (17.1)951 (18.8)Above 3 genera-
tion

101 (17.8)170 (20.9)30 (21.1)23 (29.9)324 (20.2)801 (15.8)Others

<.001b320.0Current annual income (US $)

208 (36.6)234 (28.7)47 (33.1)27 (35)516 (32.2)1659 (32.8)<930

167 (29.3)247 (30.3)33 (23.2)16 (20.8)463 (28.9)1688 (33.3)930-2169

67 (11.8)143 (17.5)27 (19)14 (18.2)251 (15.6)763 (15.1)2170-3565

127 (22.3)191 (23.4)35 (24.6)20 (26)373 (23.3)953 (18.8)≥3565

<.001b119.4Only-child status

320 (56.2)408 (50.1)72 (50.7)42 (54.5)842 (52.5)2340 (46.2)Yes

249 (43.8)407 (49.9)70 (49.3)35 (45.5)761 (47.5)2723 (53.8)No

.496659–0.7d19.63 (1.73)19.51 (1.63)19.74 (1.70)19.55 (1.66)19.57 (1.67)19.54 (1.72)Age (years), mean (SD)

<.001b6664–11.2d7.69 (5.80)7.93 (5.15)7.61 (5.30)8.06 (5.90)7.82 (5.44)6.25 (474)GAD-7e, mean (SD)

<.001b6664–13.1d10.23 (6.85)10.16 (5.96)9.45 (5.42)10.74 (7.52)10.15 (6.33)8.06 (5.30)PHQ-9f, mean (SD)

<.001b6664–9.7d5.55 (3.27)5.91 (2.97)5.58 (3.20)5.94 (3.38)5.75 (3.12)4.88 (3.16)PTSD-10g, mean (SD)

aХ²: used to compare differences between heterosexual and sexual minority youth groups among specified demographic variables.
bThere was a significant difference existing with P<.001.
cN/A: Not applicable.
dT: used to compare differences between heterosexual and sexual minority youth groups among specified demographic variables.
eGAD-7: the 7-item Generalized Anxiety Disorders Scale.
fPHQ-9: the 9-item Patient Health Questionnaire.
gPTSD-10: measured by the 10-item Trauma Screening Questionnaire.

Compared to their heterosexual counterparts, more sexual
minority females, and more sexual minority youths living in
urban residences reported being bullied on the campuses. In
addition, experiences of being bullied were more likely to occur
among participants from nuclear families, with lower annual
family income, or among those who had siblings. Bullied sexual
minority youths also reported higher rates of anxiety, depression,
and PTSD symptoms than bullied heterosexual youths.

Undirected Network Structure
As seen in Figure 1, according to the centrality index EI, GAD2
(Generalized Anxiety Disorders Scale; “control worry,”
EI=1.134) had the highest EI, followed by PHQ4 (Patient Health
Questionnaire; “energy,” EI=1.116), GAD3 (“worry a lot,”
EI=1.085), PHQ2 (“sad mood,” EI=1.078), GAD6 (“irritability,”
EI=1.077), and PTSD4 (“energy,” EI=1.015). These 6 symptoms
played the most central role in the global network of anxiety,
depression, and PTSD symptoms among all bullied sexual
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minority youths. The central network structures of the 3 sexual
minority youth subgroups and their centrality index EI are shown
in Table S1 and Figures S1, S2, S3, and S4 in Multimedia
Appendix 1, Additional information for networks.

As seen in Figure 2, according to bEI, GAD6 (“irritability,”
bEI=0.954), PHQ8 (“motor,” bEI=0.883), GAD7 (“feeling
afraid,” bEI=0.758), GAD5 (“restless,” bEI=0.718), GAD1

(“nervous,” bEI=0.694), and PHQ2 (“sad mood,” bEI=0.635)
had crucial bridging roles in connecting to the other symptoms
of anxiety, depression, or PTSD, which may possibly transform
from 1 community to another. The bridge network structures
of the 3 sexual minority youth subgroups and their bridge bEI
index are shown in Table S1 and Figures S5, S6, S7, and S8 in
Multimedia Appendix 1, Additional information for networks.

Figure 1. The global network structure of central symptoms among all bullied sexual minority youths (N=1603). GAD: the 7-item Generalized Anxiety
Disorders Scale; LGB: homosexuality (gay or lesbian), bisexuality and other sexual minority youths; PHQ: the 9-item Patient Health Questionnaire;
PTSD: posttraumatic stress disorder measured by the 10-item Trauma Screening Questionnaire.

Figure 2. The global network structure of bridge symptoms among all bullied sexual minority youths (N=1603). GAD: the 7-item Generalized Anxiety
Disorders Scale; LGB: homosexuality (gay or lesbian), bisexuality and other sexual minority youths; PHQ: the 9-item Patient Health Questionnaire;
PTSD: posttraumatic stress disorder measured by the 10-item Trauma Screening Questionnaire.

The average predictability of nodes was 48.67%, which means
that, on average, the variance of 48.67% per node could be
explained by its neighbors. In addition, all networks show good
stability in this study (see in Figures S9, S10, S11, and S12 in
Multimedia Appendix 1, Additional information for networks).

Bayesian Network Structure
Figure 3 shows the CPDAG results, indicating that PHQ1
(“anhedonia”) had the highest predictive priority for other

symptoms occurring in the anxiety-depression-PTSD network.
PHQ2 (“sad mood”), GAD6 (“irritability”), and GAD7 (“feeling
afraid”) were identified as 3 crucial bridge symptoms, whose
downstream symptoms had more branches and could activate
more pathways. In addition, there were reversible connections
between PHQ1 (“anhedonia”), PHQ2 (“sad mood”), and PHQ4
(“appetite”). Whereas, the edges between PHQ2 (“sad mood”)
and PHQ6 (“guilt”), between GAD6 (“irritability”), PHQ8
(“motor”), and PTSD7 (“irritability or anger”), and between
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GAD7 (“feeling afraid”) to PTSD9 (“hypervigilance”) were
unidirectional and irreversible. These results indicate the most
likely direction from both depression and anxiety symptoms to

PTSD symptoms, rather than vice versa. More results of CPDAG
can be found in Figure S13 in Multimedia Appendix 1,
Additional information for networks.

Figure 3. The Bayesian network of anxiety, depression, and posttraumatic stress disorder among bullied sexual minority youths, based on a completed
partially directed acyclic graph. GAD: the 7-item Generalized Anxiety Disorders Scale; PHQ; the 9-item Patient Health Questionnaire; PTSD: posttraumatic
stress disorder measured by the 10-item Trauma Screening Questionnaire. The edges without directions refer to reversiblity. The solid edges with
direction refer to irreversiblity. The dotted edges with direction refer to irreversibility and arrowing to a node in another symptom community.

Network Comparison Structures
Figure 4 shows the results when comparing the network
structures between the sexual minority youths and heterosexual
groups. The edge of PTSD8 (“difficulty concentrating”)-PHQ5
(“appetite”) was significantly stronger in the sexual minority
youth network structure than in the heterosexual.

Among the 3 subgroups of sexual minority youths, there was
no significant difference in edges between the gay or lesbian
network and the other sexual minority youth networks. However,
the edge of PHQ2 (“sad mood”)-PHQ5 (“appetite”) was
strongest in the gay or lesbian network and the edge of PTSD7
(“irritability”)-PTSD10 (“exaggerated startle response”) was
strongest in the bisexual sexual minority youth networks (Figure
S14 in Multimedia Appendix 1, Additional information for
networks).
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Figure 4. The comparison of network structure between sexual minority and heterosexual youths. GAD: the 7-item Generalized Anxiety Disorders
Scale; PHQ: the 9-item Patient Health Questionnaire; PTSD: posttraumatic stress disorder measured by the 10-item Trauma Screening Questionnaire.

Discussion

Principal Findings
This is the first study based on a large-scale sample to
investigate the symptomatic relationship of anxiety, depression,
and PTSD among sexual minority youths bullied on college
campuses in the past. The results partly supported hypothesis
1: sad mood and irritability were identified as the most
frequently crucial activating symptoms of poor mental health,
where emotional cue reactivity was the most central symptom
of the PTSD community. In the Bayesian network, anhedonia
had the highest predictive priority to activate the occurrence of
all other symptoms; feeling afraid played a bridging role in the
anxiety-depression-PTSD network. The results supported
hypothesis 2: compared to heterosexuals, sexual minority youths
exhibited a stronger association between difficulty concentrating
and appetite. The “sad mood-appetite” edge was strongest in
the gay or lesbian network, and the “irritability-exaggerated
startle response” edge was strongest in the bisexual network.

Sexual minority youths has been frequently reported to
experience discrimination, prejudice, and stigma-bias because
of their sexual orientation [6,51], associated with bullying
victimization of sexual minority youths [52,53]. Our study
further reported a high prevalence of being bullied on college
campuses among sexual minority youths, which was 13.3%
(95% CI 12.5%-13.7%, n=1603). Consistent with previous
findings, exposure to bullying on college campuses was found
to be related to the onset of mental health problems among
sexual minority youths [53]. As a meta-analysis supported,
individuals who experience bullying victimization had increased
odds of depression, anxiety, and PTSD [54].

Sad mood and irritability were the most crucial symptoms (both
central and bridge) in all anxiety-depression-PTSD network
models. Previous network analyses have consistently identified
sad mood as the central and bridge symptom in the structure of

the anxiety-depression network [36,55]. This result may be
explained by the external stressors that sexual minority youths
face, making them feel sad [51,56]. According to a US national
survey on youths’ risk behavior, high rates of in-school bullying
victimization for homosexuals (28.22%, n=91) and bisexuals
(34.03%, n=318) occurred because of external discrimination
[7]. When under stressful conditions, if those bullied students
experience insufficient support from teachers, they could feel
abandoned and hopeless [57]. In terms of irritability, 2 prior
studies also noted that irritability had a high betweenness index
(another bridge centrality index) [34], and was identified as one
of the central symptoms in the depression-anxiety-PTSD
network [58]. Research has indicated that, once bullied, an
inability to find a coping strategy or resist bullying behaviors
can make individuals feel frustrated, which may trap them in
rumination anger [9]. Moreover, traumatic memories of bullying
victimization could generate severe distress and irritability as
well [59]. Our results showed irritability also had a high
predictive priority of the occurrence of PTSD symptoms.
Findings indicate that for those who do withstand cumulative
bullying victimization, their subjective aggression can be
triggered, potentially increasing their irritable mood and PTSD
symptoms simultaneously [60]. Notably, emotional cue
reactivity (in this study referring to feeling upset by reminders
of the events) was the most central symptom in the PTSD
network. This may be explained by the influences of
autobiographical memories (a mixed memory of complicated
life events) [61]. Experiences of being bullied incur negative
emotional cues, such as insults and physical aggression [62],
and these negative memories would, in turn, cause further
distress.

In the Bayesian network, anhedonia had the highest predictive
priority of activating other symptoms. It parallels a previous
network analysis that identified anhedonia as a central symptom
in the anxiety-depression network [36]. Previous findings
reported that bullying behaviors could lead to poorer mental
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health for bullying victims [63]. After being bullied, sexual
minority youths may form a negative schema about an
institution, which influences their interaction with others,
decreasing their interest in participating in activities with their
peers [64]. Another possible explanation could be a lack of
support from teachers and families after exposure to being
bullied, which further hinders sexual minority youths’ mental
health [65] and also makes it harder for them to perceive
pleasure [66]. Additionally, being bullied may negatively
influence the release of dopamine, a chemical produced by
neuronal receptors that relate to feeling good, in the case of
bullying, this causes a lack of pleasure [67]. Feeling afraid also
played a significant bridging role in the Bayesian network,
pointing to the occurrence of hypervigilance in the PTSD
community. On the one hand, past bullying victimization could
lead sexual minority youths to be afraid of reoccurring bullying
[68]; on the other hand, without efficient support from others,
exposing perpetrators of bullying could trigger their fear of
retaliation [69]. In addition, feeling afraid is linked to the
symptoms of PTSD in this study. As early findings stated, those
bullied could incur idiopathic nightmares and sleep problems,
leading to hypervigilance [70]. From the neuropsychological
perspective, fear-related threats increase the steady-state visual
evoked amplitudes, thus heightening individuals’vigilance [71].
Based on this fear of repeated bullying, sexual minority youths’
visual attention to possible danger may present with
over-heightened reactions.

Compared to the heterosexual network structure, difficulty
concentrating was found to be more closely associated with
appetite in the sexual minority youth network structure. As
previous findings stated, sexual minority youths were more
vulnerable to weight-based bullying by peers than heterosexual
youths [72,73]. Moreover, a motivation to avoid or prevent
bullying may be a key driver for those who seek treatment for
obesity [74]. Thus, the ideal body image and weight bias may
result in more sexual minority youths choosing to diet in order
to lose weight or engage in harmful weight-control strategies,
such as purging, to maintain a satisfactory appearance [75]. It
should be noted that over-preoccupation with body shape might
impair concentration in other areas, supported by a previous
study in which those who experienced bullying reported that
they perceived their attention was distracted due to the fear
associated with the experience, which led to difficulty
concentrating when learning and during academic achievement,
further hindering their state of mental well-being [76].

Differently, compared to bullied bisexual youths, sad mood had
a stronger correlation with appetite among bullied gay or lesbian
youths. Researchers consistently report more disordered eating
behaviors in gay or lesbian youths than in bisexuals [77]. In
addition, gay or lesbian youths were reported to have more body
dissatisfaction, driven by an ideal body shape [78,79]. Negative
mood also relates to subjective appetite, causing poor appetite
or overeating [80]. Since discrimination and bullying incur a
sad mood for gay or lesbian youths, they may choose binge
eating to elevate their mood momentarily [81]. Furthermore,
compared to other sexual minority youths, bisexual youths
exhibited a stronger correlation between irritability and
exaggerated startle response. This may be due to bisexual youths

experiencing dual discrimination from homosexual and
heterosexual communities [82]. Since bullying shapes a
threatening context for bisexual youths, they may become
irritable and exhibit a high startle reactivity [83]. Meanwhile,
higher irritability can alter attention bias, with decreased
functional connectivity between the left inferior frontal gyrus
and a periaqueductal grey area, which may increase the response
to frustrating stimuli [84].

Limitations
Several limitations should be noted in this study. First, as a
cross-sectional study, it is hard to explore the dynamic process
of psychopathological networks [85], thus, further longitudinal
research is required to obtain causal conclusions. Second, the
replicability and generalizability of network structures are still
limited across various samples [86]. In the future, neuroimaging
studies are required to explore the organic effects on the brain.
Third, measurements were limited in several aspects: (1) the
minority stressors, such as lacking peers or family support, were
not directly measured, and the results could be biased because
of other potential influences. (2) There may be a part of the
youths who have hesitancy toward or concealment of being
identified as sexual minority youths for fear of being exposed
in the context. (3) In addition, the interaction of gender identity
and sexual orientation should be considered in future
investigations. For example, a transgender man attracted to a
cisgender man could also consider himself gay. Further studies
should be conducted covering diverse gender identities in detail.
(4) Because the experience of being bullied on college campuses
in the past was measured by a self-report as well, in which the
standard to determine the conceptualization of bullying varies
across individuals, it was inevitable to include samples with
different severities of bullying victimization. Future research
should provide more detailed standards to define bullying and
explore the underlying mechanism between various types or
levels of bullying behaviors and the impact this has on the
mental health of sexual minority populations. Bullying
off-campus perpetrated by peers should be measured, and its
impacts must be explored. (5) The bias of recall errors or social
desirability effects is unavoidable for data from subjective
reporting scales. Finally, other psychiatric disorders, such as
obsessive-compulsive disorder or eating disorders, were not
measured directly, which may affect the results.

Conclusions
This cross-sectional study based on a large-scale sample,
combined the undirected network analysis and Bayesian network
analysis, for the first time, identifying the most central and
bridge symptoms (sad mood and irritability), as well as the
central role of emotional cue reactivity within the
depression-anxiety-PTSD network of sexual minority youths
who were bullied on college campuses in the past. CPDAG
results also indicated the vital roles of anhedonia and feeling
afraid in the global Bayesian network in this study. In addition,
the comparisons of networks supported three findings: (1)
compared to heterosexuals, the edge of “difficulty
concentrating” was stronger than in the global sexual minority
youth network, (2) the edge of “sad mood-appetite” was
strongest in the gay or lesbian network, and (3) the edge of
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“irritability-exaggerated startle response” was strongest in the
bisexual network. These findings should be considered when
offering targeted support for improving the physical health and
mental well-being of sexual minority youths. Consequently,

refined targeted interventions could be formulated [6] to relieve
the symptoms of anxiety, depression, and PTSD comorbidity
among sexual minority youths.
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Abstract

Background: Opioid-related overdose mortality has remained at crisis levels across the United States, increasing 5-fold and
worsened during the COVID-19 pandemic. The ability to provide forecasts of opioid-related mortality at granular geographical
and temporal scales may help guide preemptive public health responses. Current forecasting models focus on prediction on a
large geographical scale, such as states or counties, lacking the spatial granularity that local public health officials desire to guide
policy decisions and resource allocation.

Objective: The overarching objective of our study was to develop Bayesian spatiotemporal dynamic models to predict
opioid-related mortality counts and rates at temporally and geographically granular scales (ie, ZIP Code Tabulation Areas [ZCTAs])
for Massachusetts.

Methods: We obtained decedent data from the Massachusetts Registry of Vital Records and Statistics for 2005 through 2019.
We developed Bayesian spatiotemporal dynamic models to predict opioid-related mortality across Massachusetts’ 537 ZCTAs.
We evaluated the prediction performance of our models using the one-year ahead approach. We investigated the potential
improvement of prediction accuracy by incorporating ZCTA-level demographic and socioeconomic determinants. We identified
ZCTAs with the highest predicted opioid-related mortality in terms of rates and counts and stratified them by rural and urban
areas.

Results: Bayesian dynamic models with the full spatial and temporal dependency performed best. Inclusion of the ZCTA-level
demographic and socioeconomic variables as predictors improved the prediction accuracy, but only in the model that did not
account for the neighborhood-level spatial dependency of the ZCTAs. Predictions were better for urban areas than for rural areas,
which were more sparsely populated. Using the best performing model and the Massachusetts opioid-related mortality data from
2005 through 2019, our models suggested a stabilizing pattern in opioid-related overdose mortality in 2020 and 2021 if there
were no disruptive changes to the trends observed for 2005-2019.
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Conclusions: Our Bayesian spatiotemporal models focused on opioid-related overdose mortality data facilitated prediction
approaches that can inform preemptive public health decision-making and resource allocation. While sparse data from rural and
less populated locales typically pose special challenges in small area predictions, our dynamic Bayesian models, which maximized
information borrowing across geographic areas and time points, were used to provide more accurate predictions for small areas.
Such approaches can be replicated in other jurisdictions and at varying temporal and geographical levels. We encourage the
formation of a modeling consortium for fatal opioid-related overdose predictions, where different modeling techniques could be
ensembled to inform public health policy.

(JMIR Public Health Surveill 2023;9:e41450)   doi:10.2196/41450

KEYWORDS

opioid-related mortality; small area estimation; spatiotemporal models; Bayesian; forecasting

Introduction

Opioid-related overdoses continue to be at crisis levels in
communities across the United States, with more than 75,673
fatal overdoses in the 12-month period ending in April 2021
[1-7], worsening during the COVID-19 pandemic [8].
Opioid-related deaths increased more than 5-fold in
Massachusetts between 2000 and 2016, with more than 2000
per year from 2016 to 2021 [9,10]. Fatal opioid-related overdose
rates above the national level have been ubiquitous across
communities in Massachusetts [11]. Despite this crisis, public
health responses to the opioid overdose epidemic have been
limited by an inability to rapidly identify current fatal overdose
patterns, predict future local clusters, and evaluate the
effectiveness of interventions.

Identification and prediction of local fatal opioid overdoses
require a comprehensive and high-quality surveillance system
that provides data sources to capture granular geographic
information of the fatal opioid overdose cases across space and
time. Ideally, additional information such as individual
demographics, past medical history (particularly mental health
history), local drug supply, and other risk factors should be
included as well to enhance our understanding of the opioid
crisis. Many states have established surveillance systems to
monitor opioid-related morbidity and mortality to inform
planning and evaluate control efforts. Some surveillance systems
include unlinked individual data sources for different
opioid-related reporting (eg, vital records and prescription drug
monitoring programs), and some aim to provide an individually
linked database across various data sources [12]. While the latter
provides much enhanced data capacity for a wide range of
opioid-related research, creating such linked databases takes
substantial time and financial resources.

Accurate identification and prediction of fatal opioid-related
overdose trends also requires sophisticated spatial and predictive
analytical approaches, as noted in a recent review of
methodological approaches for the prediction of opioid
use–related epidemics in the United States [13]. Most published
literature has focused on the identification of community- or
neighborhood-level risk factors for opioid-related overdose. For
example, Bozorgi et al [14] explored different machine learning
and spatial analytical approaches to identify leading contextual
risk factors for drug overdose at the block group level in South
Carolina. A similar study by Schell et al [15] also focused on
identifying new neighborhood-level predictors of opioid-related

overdose deaths in Rhode Island at the census block group level,
using least absolute shrinkage and selection operator and random
forest algorithms. Abell-Hart et al [16] identified counties with
a high number of underserved opioid overdose patients in New
York state. Basak et al [17] detected spatiotemporal hot spots
(ie, counties) at high risk of prescription opioid misuse and
overdose using regression models that relied on Medicare claims
data in Virginia, North Carolina, and West Virginia.

Statistical models or machine learning techniques proposed
specifically for prediction purposes are limited, with most
previous studies performed at the US county or state
level [18,19], lacking the spatial granularity needed to guide
local public health departments for preemptive actions. Bayesian
spatiotemporal models have received substantial attention in
the past several years in opioid-related research, given their
ability to include temporal and spatial correlations and improved
precision in small area estimation [20-22]. Sumetsky et al [20]
for instance, developed a Bayesian logistic growth model for
opioid overdose mortality predictions for 146 counties in North
and South Carolina.

In this study, we developed and validated several Bayesian
spatiotemporal dynamic predictive models designed for small
area forecasting of opioid-related overdose mortality at the ZIP
Code Tabulation Area (ZCTA) level. We investigated the
benefits of including various area-level demographic and
socioeconomic factors in improving the prediction. The
predictive performance was assessed using opioid-related
overdose mortality data from Massachusetts between 2005 and
2019. We identified the top ZCTAs with the highest predicted
fatal opioid overdose rates or counts and by urban and rural
areas. Our prediction results can help inform local public health
departments’ planning and targeting of resource allocations.

Methods

Opioid-Related Mortality Data
Opioid-related mortality data were obtained from the
Massachusetts Department of Public Health’s (MDPH’s)
Registry of Vital Records and Statistics (RVRS) for 2005
through 2019. International Classification of Disease, Tenth
Revision, codes for mortality were used to select from the
underlying cause of death field by RVRS staff and identify
poisonings or overdoses: X40-X44, X60-X64, X85, and
Y10-Y14. All multiple underlying cause of death fields were
then used to define opioid-related death with T40.0, T40.1,
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T40.2, T40.3, T40.4, and T40.6. We excluded opioid-related
deaths for individuals younger than 20 years, since fatal
opioid-related death was rare in this age group (n=191). This
age grouping also allows for comparison of opioid-related
overdose rates with other drug overdose studies [23]. We used
the ZCTA of the reported residential address for decedents at
the time of the fatal overdose and excluded those either with
missing addresses or those with addresses outside of
Massachusetts’ boundaries (n=642). The final analytic sample
included 16,377 fatal opioid-related overdoses from 2005 to
2019. The flowchart for deriving the analytic samples used for
this analysis, summarized by each year, is presented in Figure
S1 in Multimedia Appendix 1. We also developed a web-based
dashboard to present the map and summaries of these data [24].
Requests for the opioid-related decedent data should be made
directly to the MDPH’s RVRS.

ZCTA Demographic and Socioeconomic Factors
ZCTA-level demographic and socioeconomic variables were
obtained from 2005 to 2019 from the American Community
Survey 5-year estimates (2005-2009, 2010-2014, and 2015-2019,
respectively) [25]. We used the total population counts and
characteristics for people aged 20 years or older at the ZCTA
level to account for differences in population size. The
ZCTA-level demographic variables included race or ethnicity
(proportions of White and Hispanic individuals), education
(proportion of individuals with a bachelor’s degree),
employment (proportion of unemployed individuals), poverty
level (proportion of individuals living under the federal poverty
level), income (per capita income in US $), living conditions
(proportion of renters), transportation (proportion of individuals
without vehicles), and English speaking (proportions of
individuals with limited English). A detailed summary of these
covariates, for all ZCTAs and those stratified by urban or rural
areas, is presented in Table S1 in Multimedia Appendix 1. These
covariates were considered from a larger set of community-level
covariates and were selected on the basis of the literature and
our prior research. Following calculation of descriptive statistics
and bivariate analyses, we further narrowed the list to a subset
of population-level measures at the ZCTA level. The final set
of covariates included in this analysis was chosen after fitting
a simple Poisson regression model and selecting those with a
significant association with opioid-related overdose mortality
(see Figure S5 in Multimedia Appendix 1).

Urban and Rural ZCTAs
The Massachusetts State Office of Rural Health uses a composite
scoring system to categorize rurality for each ZCTA. Among
the 537 ZCTAs included in this analysis, 390 (73%) were
classified as urban areas, and the rest as rural areas. A map of
the ZCTAs, color-coded by their urban or rural status, is
provided in Figure S2 in Multimedia Appendix 1.

Statistical Models
Our choice of dynamic spatiotemporal model was motivated
by a previous study of drug overdose rates across US counties,
which showed that the strongest predictor of overdose rates was
overdose rates in nearby counties from the previous year. We
considered the following Bayesian dynamic spatiotemporal

models [26,27]. Yit denotes the number of opioid-related fatal
overdose counts in ZCTA i (i=1, …, I=537) and year t (t=2005,
…, t=2019). We assumed a Poisson distribution with mortality
rate μit; that is, Yit|μit ~ Poisson(Nitμit), with Nit representing the
population size as an offset. The mortality rate μit was then
decomposed using the following models:

Model 1: log (μit) = αi + S(t) + ηt, ηt ~ AR(1),

Model 2: log (μit) = αi + S(t) + ωit, ωit ~ GMRF(τΣAR(1) ⊗ ΣI),
and

Model 3: log (μit) = α + S(t) + ωit, ωit ~ GMRF(τΣAR(1) ⊗ ΣCAR)

In all 3 models, S(t) captured the overall (or marginal) temporal
trend and could be modeled via linear or quadratic terms or
spline functions. The major differences among the 3 models
were how random effects (η or ω) were modeled in the
spatiotemporal interactions. In model 1, αi was the random
effect accounting for the difference of the opioid-related
mortality at the ZCTA level, and ηt was a first-order
autogressive latent effect AR(1) for the temporal trend.
Essentially, model 1 regressed the opioid-related mortality rate
at time t, on the log scale, over the previous time point t–1;
however, instead of running one model for each ZCTA, the
Bayesian framework allowed pooling of the ZCTAs to improve
prediction. In models 2 and 3, α was the overall intercept, and
the ZCTA-level differences of the opioid-related mortality rates
were absorbed in the spatiotemporal interaction term ωit, which
now accounted for the spatial dependency between ZCTAs.
Models 2 and 3 were inseparable spatiotemporal models, where
the interaction term ωit had a Gaussian Markov Random Field
(GMRF) with mean 0 and covariance matrix τΣT⊗ ΣS [28]. The
interaction term was the Kronecker product of the temporal
structure ΣT and the spatial structure ΣS, and τ was the precision
parameter (ie, reciprocal of the variance parameter). We again
used the AR(1) temporal structure in models 2 and 3 but
considered different structures for the spatial dependency. In
model 2, the spatial structure was an I×I identity matrix.
Although the identity matrix may appear to assume
independence of the areas, the hierarchical structure of the model
imposed borrowing information from the neighboring areas. In
model 3, we assumed a conditional autoregressive model
(CAR) [29] as the spatial structure, which assumed that ZCTAs
that were geographically adjacent were more similar than those
that were far away. We note that other spatial or temporal
structures (eg, random walk models) can also be considered in
the proposed model framework.

Models 1, 2, and 3 were referred to as the respective base
models. We then added ZCTA-level demographic and
socioeconomic variables xit and the urban or rural indicator
variable described above, to each of the base models to assess
potential improved prediction performance. All models were
fit in a Bayesian framework, with the priors chosen as the
noninformative priors commonly used in spatiotemporal
models [28]. In our application, it turned out that the interaction
term was sufficient to capture the spatial-temporal variation, so
we dropped the marginal temporal term. We used the posterior
median and 90% credible intervals (CrIs) for inference. The
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90% CrI was preferred over the commonly used 95% CrI, as
the former was better suited for prediction purposes to avoid
overly wide uncertainty. All analyses were performed in
RStudio [30] and R package integrated nested Laplace
approximation [31].

To assess the predictive performance of the models, we used a
one-year ahead approach: assuming we observed data from
2005 to year t, we predicted the opioid-related mortality rates
and counts for year t+1. We started by considering the observed
data from 2005 to 2015, and the prediction was carried out for
2016. Then we considered observed data from 2005 to 2016
and predicted counts and rates were calculated for 2017. The
one-year ahead prediction procedures were carried out for each
year from 2016 to 2019, and the predictions were obtained for
each ZCTA, along with the prediction uncertainty (posterior
90% CrI). We used the following metrics to compare the
predictive performance across different models: mean absolute
error (MAE), root mean square error (RMSE), and the rank
difference (RD). MAE was defined as the average absolute
difference between the predictive and the observed values; that

is, , for count or rate Yit. RMSE was defined as the average
squared difference between the predictive and the observed

values; that is, . RMSE has the advantage that it was on the
same scale as the outcome variable and was thus easy to
interpret. For example, if the prediction was for the ZCTA-level
mortality count (ie, how many people would die from fatal
opioid-related overdose), then an RMSE of 10 would roughly
mean that on average the prediction was off by 10 mortality
cases. Smaller MAE and RMSE would indicate better
performance. The RD was motivated by the correct classification
of opioid mortality by group membership, where we divided
the ZCTAs into quintiles Q1 to Q5, based on the observed fatal
opioid-related overdose rates and counts, and then compared to
the quintiles for the predicted rates and counts. The RD was
then calculated by the percentage of times when the
classification was correct. Higher values of RD indicated better
performance.

Ethical Considerations
This study was reviewed by the Health Sciences institutional
review board at Tufts University and was designated as exempt
from ethics approval (IRB reference number: 13288).

Results

The number of fatal opioid-related overdoses among people
aged 20 years or older increased from 557 in 2005 to 1912 in
2019, corresponding to an increase in rate from 7.95 in 2005 to
34.4 in 2019 per 100,000 population. Out of a total of 16,377
opioid-related fatalities between 2005 and 2019, overall, 91%
occurred in urban ZCTAs. The observed rates at the ZCTA level
were highly variable (Figure S3 in Multimedia Appendix 1),
ranging from 0 to 1316 per 100,000 population. The extreme
values in the observed rates tended to occur in areas with small
populations. The high instability of the observed rates,
commonly known as the small area estimation problem, poses
a special challenge in developing accurate prediction models,
which our Bayesian spatiotemporal models helped address.

Results of the predictive performance among the proposed
candidate models, using the one-year ahead approach, are
presented in Table 1 (for the ZCTA-level fatal opioid-related
overdose count) and Table 2 (for the ZCTA-level fatal
opioid-related overdose rate). Prediction errors were summarized
for all ZCTAs and stratified by rural and urban ZCTAs. Overall,
model 3 with the inseparable spatiotemporal interaction term
of AR(1) and CAR structures performed best for fatal
opioid-related overdose predictions, as indicated by smaller
MAE and RMSE values. The RMSE showed that the predicted
opioid-related death counts, on average, were off only by 2
counts per area. As expected, predictions were better for urban
areas than for rural areas, since most of the deaths occurred in
urban areas. Addition of demographic and socioeconomic
variables generally improved the prediction performance,
particularly for model 1; however, the improvement was
attenuated in models 2 and 3 where we assumed inseparable
spatiotemporal models. The smaller improvement in model 3
was likely because the CAR model already captured the spatial
patterns tied to the demographic and socioeconomic factors and
hence served as a surrogate of the demographic and
socioeconomic variables for predictions. The best performing
model using the rank difference showed a less clear pattern, as
the values were very similar across the different models. This
was particularly true when focusing on the rural ZCTAs, likely
due to their small predicted rates or counts and hence very
narrow ranges for each quintile.
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Table 1. Predictive performance assessment of the ZIP Code Tabulation Area (ZCTA) level opioid-related overdose death count, using the root mean

and rank difference, and one-year ahead prediction starting with 2016a. The smallest root mean square error, mean absolute difference, and highest rank
difference for each row are depicted in italics, indicating the best performing models.

Model 3Model 2Model 1ZCTA typeCount year

Add SDOHBase ModelAdd SDOHBase ModelAdd SDOHbBase Model

Root mean square error

2.402.352.852.982.632.56All2016

1.942.042.202.291.982.06All2017

2.442.472.562.722.472.53All2018

2.182.192.432.572.332.38All2019

2.702.653.223.382.982.90Urban2016

2.202.302.502.622.252.34Urban2017

2.712.762.843.042.752.83Urban2018

2.452.462.702.872.592.65Urban2019

1.281.201.431.421.321.26Rural2016

0.981.031.031.030.970.98Rural2017

1.481.431.621.621.451.45Rural2018

1.161.151.471.461.411.42Rural2019

Mean absolute difference

0.740.671.321.430.980.92All2016

0.200.260.500.610.020.01All2017

0.370.320.730.820.560.55All2018

0.060.000.510.580.190.17All2019

0.910.851.601.771.211.15Urban2016

0.220.290.630.790.060.04Urban2017

0.350.300.780.910.600.61Urban2018

0.040.030.520.640.140.13Urban2019

0.280.220.550.520.360.30Rural2016

0.130.190.160.130.080.14Rural2017

0.430.380.600.580.440.40Rural2018

0.120.060.480.430.330.29Rural2019

Rank difference

0.530.520.490.500.510.50All2016

0.520.510.480.490.500.50All2017

0.520.490.520.500.510.50All2018

0.510.500.500.490.510.51All2019

0.550.570.540.550.540.54Urban2016

0.520.520.520.510.530.53Urban2017

0.540.540.560.550.550.54Urban2018

0.620.610.570.540.600.58Urban2019

0.350.370.380.400.390.40Rural2016

0.400.410.410.390.420.43Rural2017

0.370.370.360.340.370.38Rural2018

0.380.370.340.330.370.34Rural2019
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aFor example, using data from 2005 to 2015, we predicted the fatal opioid-related overdose count in year 2016 for each of the 537 ZIP Code Tabulation
Areas (ZCTAs) in Massachusetts, and compared them to the observed data to assess performance. Similarly, for 2017, we used data from 2006 to 2016,
and predicted for 2017. The prediction error was assessed for counts for all ZCTAs and stratified by rural and urban status. Base model refers to Bayesian
dynamic spatiotemporal models without any covariates; model results with added covariates of area-level contextual factors are included in the column
“Add SDOH.”
bSDOH: Social determinants of health.

Since our 1-year prediction assessments suggested that the best
performing model was model 3 with the included demographic
and socioeconomic variables, we used this model for 2020 and
2021 predictions based on the opioid-related mortality data for
2005-2019. We assumed that ZCTA-level population size and
demographic and socioeconomic variables had the same values
in 2020 and 2021 as those in 2019. We carried out the prediction
for each ZCTA and at the state level. Figure 1 presents the fitted
temporal trends of opioid-related mortality in Massachusetts
between 2005 and 2019, with predictions carried out for 2020
and 2021 (the gray shaded area), both as the rate per 100,000
population (panel A) and total counts (panel B). Each line
represents an individual ZCTA, color-coded by urban or rural
status. Figure 2 presents the maps of the predicted opioid-related
mortality rates and counts for 2020 and 2021. At the
ZCTA-level, the predicted opioid-related mortality rate ranged
from 6.11 to 162 per 100,000 population for 2020, and 6.05 to
158 per 100,000 population in 2021. Note that because of the
“smoothing” effect in Bayesian models, the estimated or
predicted rate could be very close to 0 but would never be
exactly 0. Therefore, for ZCTAs that may have zero observed
deaths, the predicted rate would not be zero but would be
skewed toward the average rate. In addition, any ZCTAs that
may have low observed rates but were “surrounded” by ZCTAs
with high rates would have higher predicted rates, reflecting
how the spatial models borrow information from neighboring
ZCTAs. Because of the large variation in population size by
ZCTA, the spatial patterns seen in the maps in Figure 2 for
predicted rate and counts are quite different, where the latter

are generally centered around highly populated areas. The
predicted count ranges from close to 0 (after rounding up to
integers) to 30 (90% CrI 21-41) for 2020, and 29 (90% CrI
19-44) for 2021. We also identified the top 5 ZCTAs with the
highest predicted counts, by urban or rural classifications, and
presented the prediction results in Figure 3. The urban ZCTAs
were located within cities with high fatal opioid-related overdose
risks: Lawrence, Lynn, Quincy, Brockton, and New Bedford
(Figure 3C). The rural ZCTAs were located in municipalities
that were known to have high risks for fatal opioid-related
overdoses, including Pittsfield, North Adams, Greenfield,
Westfield, and Billerica (Figure 3D).

At the state level, the predicted opioid-related mortality rate for
the population aged 20 years and older was 35.79 per 100,000
population (90% CrI 29.4-43.4) for 2020, and 35.81 (90% CrI
26.9-46.0) for 2021. For urban areas, the predicted rate was
36.0 (90% CrI 29.2-43.7) in 2020, and 35.5 (90% CrI 26.8-46.1)
in 2021. For rural areas, the predicted rate was 33.9 (90% CrI
26.6-43.3) in 2020, and 34.6 (90% CrI 25.2-53.4) in 2021. The
CrIs for the prediction were wider in 2021 than in 2020 and in
rural areas than in urban areas. This was expected as the further
ahead we attempted to predict outcomes, the less certainty we
would have. Our prediction suggested that the opioid-related
overdose death counts for 2020 would be 1887 (90% CrI
1549-2285) for the whole state, with 1682 (90% CrI 1364-2041)
in urban ZCTAs, and 203 (90% CrI 160-260) in rural ZCTAs,
and those for 2021 would be 1888 (90% CrI 1419-2426) for the
whole state with 1656 (90% CrI 1253-2149) in urban ZCTAs,
and 208 (90% CrI 151-320) in rural ZCTAs.
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Table 2. Predictive performance assessment of the ZIP Code Tabulation Area (ZCTA) level opioid-related overdose death rate, using the root mean

and rank difference, and one-year ahead prediction starting with 2016a. The smallest root mean square error, mean absolute difference, and highest rank
difference for each row are depicted in italics, indicating the best performing models.

Model 3Model 2Model 1ZCTA typeRate year

Add SDOHBase ModelAdd SDOHBase ModelAdd SDOHbBase Model

Root mean square error

38.9540.2841.9442.8440.2741.18All2016

29.8228.6330.2429.0130.1829.21All2017

40.6540.4741.8342.6340.2240.54All2018

75.3973.2676.0375.7575.6474.80All2019

41.6543.5745.4546.5243.3944.53Urban2016

31.1329.6332.3030.7531.7630.31Urban2017

38.2438.1739.7140.8237.6738.30Urban2018

84.1381.5984.7484.4884.4283.48Urban2019

30.6229.7930.7430.9830.4530.50Rural2016

26.0225.8023.9123.7625.5326.08Rural2017

46.4746.0447.0347.1046.3346.00Rural2018

44.3843.9945.3144.9044.4944.05Rural2019

Mean absolute difference

4.954.9112.4413.737.277.29All2016

5.835.872.814.314.013.70All2017

4.054.109.2610.595.365.89All2018

1.571.608.8310.074.014.47All2019

7.017.2514.4116.379.4110.02Urban2016

5.245.093.565.693.092.11Urban2017

2.833.018.1510.054.615.72Urban2018

1.912.078.2410.023.644.60Urban2019

0.551.317.206.681.570.00Rural2016

7.407.930.840.646.447.94Rural2017

7.296.9812.2312.047.396.34Rural2018

0.680.3510.4010.225.024.13Rural2019

Rank difference

0.320.310.330.310.340.30All2016

0.350.340.370.320.360.32All2017

0.340.310.300.310.310.29All2018

0.320.340.350.340.340.33All2019

0.380.330.370.310.380.32Urban2016

0.380.370.350.350.380.34Urban2017

0.340.330.330.300.340.32Urban2018

0.360.380.370.360.360.36Urban2019

0.260.290.240.300.240.28Rural2016

0.230.220.270.300.210.19Rural2017

0.260.260.240.240.260.21Rural2018

0.280.270.260.250.250.28Rural2019
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aFor example, using data from 2005 to 2015, we predicted the fatal opioid-related overdose rate in 2016 for each of the 537 ZIP Code Tabulation Areas
(ZCTAs) in Massachusetts, and compared the predicted rates to the observed rates to assess prediction performance. Similarly, for 2017, we used data
from 2006 to 2016 and predicted for 2017. The prediction error was assessed for rates for all ZCTAs and stratified by rural and urban status. Base model
refers to Bayesian dynamic spatiotemporal models without any covariates; model results with added covariates of area-level contextual factors are
included in the column labeled “Add SDOH.”
bSDOH: Social determinants of health.

Figure 1. Fitted temporal trends for opioid-related overdose (OD) mortality in Massachusetts between 2005 and 2019, with predictions for 2020 and
2021 (in gray shade). Each line represents a ZIP Code Tabulation Area (ZCTA) color-coded by its urban or rural status. Opioid-related mortality data
were obtained from the Massachusetts Registry for Vital Records and Statistics, and predictions were made on the fatal opioid-related overdose rates
per 100,000 population (panel A) and count (panel B). These results are from the Bayesian dynamic spatiotemporal Model 3 with ZCTA level demographic
and socioeconomic variables.
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Figure 2. Maps of the predicted ZIP Code Tabulation Area (ZCTA)–level fatal opioid-related overdose (OD) rates (per 100,000 population) and counts
for 2020 (A and B) and 2021 (C and D). Data were obtained from Massachusetts Registry for Vital Records and Statistics for 2005 to 2019 and used
to predict for 2020 and 2021. These predictions were obtained from the proposed Bayesian dynamic spatiotemporal Model 3 with ZCTA level demographic
and socioeconomic variables. In each panel, the embedded histograms present the distribution of the predicted fatal opioid-related overdose rates or
counts for that year.
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Figure 3. Five selected ZIP Code Tabulation Areas (ZCTAs) with the highest predicted fatal opioid-related overdose (OD) rates or counts for urban
(A, C) and rural (B, D) areas. The vertical bars in panels A and B present the 90% posterior credible intervals (CrIs) of the predictions for years 2020
and 2021. Maps (C, D) present the corresponding locations of the identified ZCTAs. Predictions were performed using the proposed Bayesian dynamic
spatiotemporal model 3 with ZCTA level demographic and socioeconomic variables and fatal opioid-related overdose data from 2005 to 2019 in
Massachusetts.

Discussion

In this analysis, we developed and compared several Bayesian
spatiotemporal dynamic models for predicting small area
opioid-related mortality. The prediction performance was
evaluated with data from the MDPH RVRS for 2005 through
2019 using the one-year ahead approach, with and without
ZCTA-level demographic and socioeconomic variables. Using
data from 2005 through 2019 and the best performing model,
we also predicted the fatal opioid-related death rates and counts
for 2020 and 2021, respectively, along with uncertainty
assessments. We also identified the ZCTAs—by urban and rural
status—that had the highest predicted opioid-related mortality,
both by rates and by counts.

Our prediction showed that, if there was no interruptive change
to the trends observed for 2005-2019, we would observe a
stabling trend of the fatal opioid-related overdose in
Massachusetts for 2020 and 2021. The stabling trend would be
applicable to the entire state (ie, the state-level total fatal
opioid-related overdose) as well as for most ZCTAs in
Massachusetts. Our prediction also identified the ZCTAs
deviating from this stabilizing trend, with continually increasing
rates above the state average. Identifying ZCTAs with the
predicted high risks allows for the possibility of preemptive and
geo-targeted public health interventions. The prediction models

presented here allowed for a more granular depiction of existing
and expected trends in opioid-related overdose deaths over
spatially granular units, which differed from other existing
models developed for predication at larger geographical scales
(eg, state or county). Such predictions are instrumental for state
and local public health departments’ planning to identify and
address potential service gaps for deploying harm reduction and
treatment interventions. Local data are largely limited both in
type and quantity; drug seizure data, for example, are often not
available at more granular levels than the state, limiting input
information in predictive modeling. However, up-to-date data
at the local scale are instrumental to developing the prediction
models and engaging communities in designing and
implementing data-driven responses to reduce opioid-related
harms [32].

At the time of this analysis, we only obtained the fatal
opioid-related overdose data for Massachusetts from 2005 to
2019 and partial data in 2020 (incomplete data with only the
first 6 months). We designed our analysis and prediction
evaluation on the basis of the data available to us, but we lacked
the official statistics for 2020 and 2021 to assess the prediction
accuracy for those years. The latest Massachusetts opioid-related
overdose data brief released in December 2022 [33] reported
the confirmed opioid-related overdose deaths among
Massachusetts residents for 2020 and 2021. Although the data
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brief reported the total number and rate including all ages, which
was different from the adult population we focused on, it was
clear that we underpredicted the total number of fatal
opioid-related overdose in Massachusetts for 2020 and 2021.
The data brief also noted a 9% increase in the opioid-related
overdose death rate in Massachusetts for 2021 over 2020.
However, since the brief only reported the total opioid overdose
death counts at the state level and not by ZCTAs, we were not
able to assess the underprediction at a more granular spatial
level. The sharp increase in the fatal opioid-related overdose
was likely due to the substantive impact of the COVID-19
pandemic [8,34], which disrupted any established trends prior
to 2020 that informed our prediction modeling. The time lag in
the drug overdose database had been identified as a main barrier
to developing fatal overdose predictive models, as reported by
Borquez and Martin [35]. Our future work, in collaboration
with the MDPH, plans to use the statewide Public Health Data
warehouse [36] to obtain timelier and rich data sources with
local information in order to improve predictive performance
in small areas.

It is important to consider the limitations inherent in the
highlighted analyses, and recommendations that should be
considered when developing future opioid-related overdose
prediction models. First, the spatial units of ZCTAs used in our
study may not be the ideal spatial unit for prediction, as the
population size within ZCTAs vary substantially, compared to
other spatial units of analysis (eg, census tracts) where, by
design, the population sizes are much more homogenous. In
addition, ZCTAs may not be sufficiently granular, from a spatial
perspective, to identify local hot spots. However, they are
extensively used in spatial analysis as they are most readily
available in many aggregated data sources (eg, surveillance or
insurance claims databases). ZCTAs provide useful geospatial
information for analyses while often also satisfying data privacy
concerns. Second, a better understanding of the contributing
factors to local opioid overdose trends and patterns, with reliable
measures representing such factors, would clearly improve
prediction power and accuracy. For example, toxicology data
would have helped us to include the appearance of fentanyl in
the local drug supply, to aid the prediction in the shifting
“waves” in opioid-related fatal overdose [37]. Third, we used
the ZCTA of the decedents’ residences, rather than the injury
addresses or the locations where the fatal opioid overdoses were
recorded. Injury data generally have a high level of missingness
(~50% in MA), and the recorded death location, if not at the

decedent’s place of residence, is often recorded at a hospital,
even though the injury (ie, overdose event) typically occurred
elsewhere. Finally, and perhaps most challenging, is to
incorporate the impact of emerging phenomena such as the
COVID-19 pandemic into predictions of opioid-related overdose
trends, which was not possible for our analyses given the data
availability at the time of analyses. This task requires the
real-time data inputs and requires a joint effort among
researchers and practitioners from multiple agencies, institutions,
and sectors. We have seen a lot of progress made on this front
during the COVID-19 pandemic, and we hope to see more
progress in the drug overdose research in the future.

Despite the abovementioned data source and methodological
limitations, our models showed promise in providing reasonable
1-year forecasts of opioid-related mortality in MA with
geographic granularity using existing data, as the short-term
point estimates for the number of overdoses tended to be close
to the true value. Our Bayesian spatiotemporal models further
demonstrated the advantages of incorporating inseparable
spatiotemporal dependencies over the simpler regression models
without such dependence. Since the assumed spatial dependency
structure captured the spatial patterns tied to many demographic
and socioeconomic factors, such models do not rely on the
knowledge of the future measures of these factors in predicting
opioid-related mortality. Prediction is a challenging problem in
general, and though many models have been developed in
various contexts, it is almost impossible to find one single model
or approach that universally performs best [38]. Although our
analysis could not investigate all possible predictive models for
fatal opioid-related overdoses, we provided a novel approach
to forecasting overdose events for small geographic areas.
Compared to other predictive approaches, Bayesian models
provide a natural framework where the prediction can be
conveniently included in the model fitting process, by treating
predictions as missing values. Our findings demonstrated the
utility of sophisticated Bayesian spatiotemporal dynamic models
in supporting state and local opioid surveillance and the ability
to provide prediction at a granular geographic level, offering a
unique opportunity for preemptive public health and policy
interventions, replacing reactionary public health responses.
Echoing Borquez and Martin [35], we encourage the field to
consider a modeling consortium for opioid-related prediction
models, where different modeling techniques could be
ensembled.
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Abstract

Background: Nasopharyngeal cancer (NPC) is one of the most common head and neck cancers.

Objective: This study describes the global epidemiological profiles of NPC incidence and mortality in 185 countries in 2020
and the projected burden in 2040.

Methods: The estimated numbers of NPC cases and deaths were retrieved from the GLOBOCAN 2020 data set. Age-standardized
incidence rates (ASIRs) and age-standardized mortality rates (ASMRs) were calculated using the world standard. The future
number of NPC cases and deaths by 2040 were estimated based on global demographic projections.

Results: Globally, approximately 133,354 cases and 80,008 deaths from NPC were estimated in 2020 corresponding to ASIRs
and ASMRs of 1.5 and 0.9 per 100,000 person-years, respectively. The largest numbers of both global cases and deaths from
NPC occurred in Eastern Asia (65,866/133,354, 49.39% and 36,453/80,008, 45.56%, respectively), in which China contributed
most to this burden (62,444/133,354, 46.82% and 34,810/80,008, 43.50%, respectively). The ASIRs and ASMRs in men were
approximately 3-fold higher than those in women. Incidence rates varied across world regions, with the highest ASIRs for both
men and women detected in South-Eastern Asia (7.7 and 2.5 per 100,000 person-years, respectively) and Eastern Asia (3.9 and
1.5 per 100,000 person-years, respectively). The highest ASMRs for both men and women were found in South-Eastern Asia
(5.4 and 1.5 per 100,000 person-years, respectively). By 2040, the annual number of cases and deaths will increase to 179,476
(46,122/133,354, a 34.58% increase from the year 2020) and 113,851 (33,843/80,008, a 42.29% increase), respectively.

Conclusions: Disparities in NPC incidence and mortality persist worldwide. Our study highlights the urgent need to develop
and accelerate NPC control initiatives to tackle the NPC burden in certain regions and countries (eg, South-Eastern Asia, China).

(JMIR Public Health Surveill 2023;9:e49968)   doi:10.2196/49968
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Introduction

Background
Nasopharyngeal cancer (NPC) is an epithelial carcinoma that
arises from the mucosal lining of the nasopharynx. NPC is one
of the most common head and neck cancers and is characterized
by remarkable geographic variation. Historically, NPC incidence
rates were less than 1 per 100,000 person-years in most parts
of the world, but they have been higher than 20 per 100,000
person-years in South-Eastern Asia and Southern China in the
past decades [1-3]. In contrast, NPC incidence and mortality
rates in most countries worldwide have significantly decreased
over the past decades [4,5]. Notably, NPC is usually diagnosed
in advanced stages and has a very poor prognosis [6]. For
example, the 5-year net survival is estimated to be 47% in China
[7].

Risk Factors Associated With NPC Occurrence
NPC is a largely preventable disease due to its many modifiable
risk factors. The major etiological factors for NPC include
Epstein-Barr virus (EBV) infection, tobacco smoking, intake
of salted fish and other salt-preserved food, and occupational
exposure to wood dust [8]. EBV infection has been consistently
identified as an important risk factor, with a dose-response
relationship between EBV antibody level and NPC risk [9,10].
The population attributable fraction for NPC incidence due to
EBV infection has been estimated to be 85% [11]. Compared
with people who never smoke, people who formerly smoked
have a 60% greater risk of developing NPC [12]. The relative
risk of NPC associated with weekly consumption of
Chinese-style salt-preserved fish ranges from 1.1 to 4, whereas
that associated with daily consumption ranges from 1.8 to 20
compared with no or rare consumption [13,14]. Occupational
exposure to wood dust is estimated to be associated with a 50%
increased risk of NPC [15].

Research Significance and Objective
Given the strong association of NPC with its modifiable risk
factors and the changing epidemiological profile due to trends
in NPC incidence and mortality, understanding the current
epidemiological profile of international variations in NPC
incidence and mortality is essential. This would allow public
health policy makers to make evidence-based decisions for
primary prevention and optimize the allocation of resources to
reduce the global burden of NPC. Considering the growing and
aging global population, predicting the future NPC burden is
vital for better planning of future cancer control programs. We
therefore examined the geographic variations in NPC incidence
and mortality across world regions and countries worldwide
based on the GLOBOCAN estimates for the year 2020 and
predict the future NPC burden up to 2040 based on demographic
projections.

Methods

Data Sources
The numbers of new cases of and deaths from NPC
(International Classification of Diseases, tenth revision C11)

were extracted from the GLOBOCAN 2020 database for 185
countries or territories by sex and by 5-year age groups (0-4,
5-9, …, 80-84, 85 years and older) [16-18]. Corresponding
population data for 2020 were retrieved from the United Nations
website [19]. The population projections used in this study are
based on the future fertility rates [19]. The data sources and
methods used in compiling the global cancer estimates for 2020
have been described in detail elsewhere [17]. Briefly, the
GLOBOCAN national estimates are dependent on the
availability of recorded high-quality national and subnational
incidence (from population-based cancer registries) and national
mortality data (from vital registration systems) [17]. Nine
methods were employed depending on the best available data
on cancer-specific incidence or mortality data [17]. The
hierarchical set of methods includes utilization of short-term
and long-term prediction models based on historical observed
data, estimated incidence, mortality based on modelled survival,
approximation using observed data at the subnational level, or
data from neighboring countries [17]. In countries where
national mortality data were available but national or subnational
cancer registries were not, national incidence estimation relied
on national mortality estimates and modelling of the mortality
to incidence ratio from neighboring countries [17]. In countries
where neither mortality nor incidence data were available,
incidence and mortality estimates were based on mortality or
incidence data of neighboring countries [17]. Thus, the validity
of national cancer incidence and mortality estimates is dependent
on the degree of representativeness and the quality of the source
information [17]. The methods used to derive the 2020 estimates
correspond to those used previously for 2018, 2012, and 2008
[20-22].

Statistical Analysis
We present tables and figures of the estimated new cases and
deaths as well as 2 summary measures by using direct
standardization, namely, the age-standardized incidence rates
(ASIRs) and age-standardized mortality rates (ASMRs) per
100,000 person-years based on the 1966 Segi–Doll World
standard population [23,24] and the cumulative risk of being
diagnosed with or dying from NPC before the age of 75 years,
assuming the absence of competing causes of death [25]. We
predicted the future number of NPC cases and deaths worldwide
by the United Nation’s 4-tier Human Development Index (HDI),
where HDI was used to assess the cancer burden at varying
levels of development (low, medium, high, and very high HDI)
[26] and in China up to the year 2040 based on demographic
projections and scenarios of annually increasing (+1%, +2%,
+3%, +4%), stable (0%), or decreasing (–1%, –2%, –3%, –4%)
rates from the baseline year of 2020. We did not use scenarios
of rates changing by SD 5% or more because such changes
would be unlikely to occur in real life [4,5]. Predictions were
calculated by applying the age-specific rates for the year 2020
(and each of the increasing or decreasing scenarios described)
to the corresponding projected population data as estimated by
the United Nations Development Program. The results are
presented by country and aggregated across 20 United
Nations–defined world regions [19] and according to the HDI
group in 2020. Data management and analyses were performed
in R software (version 4.0.2; R Foundation for Statistical
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Computing) [27]. Figures were plotted using SigmaPlot software
(version 12.5; Systat Software Inc) [28]. Global maps of NPC
incidence and mortality rates by country are shown using R
software (version 4.0.2; R Foundation for Statistical Computing)
[27].

Ethical Considerations
This study does not involve human participants and animals.
Ethics approval was not required for this study, as this study
used existing nonidentifiable data that were aggregated at the
population level.

Results

Global Burden of NPC Incidence and Mortality
In 2020, an estimated 133,354 people were diagnosed with NPC
worldwide, corresponding to an ASIR of 1.5 per 100,000

person-years (Table 1). More men (96,371 cases) than women
(36,983 cases) were diagnosed with NPC, and the ASIRs in
men were approximately 3-fold higher than those in women
(2.2 vs 0.8 per 100,000 person-years, respectively) (Multimedia
Appendix 1). Globally, an estimated 80,008 people died from
NPC, corresponding to an ASMR of 0.9 per 100,000
person-years (Table 1). Mortality in men was also higher than
that in women, with 58,094 and 21,914 deaths, corresponding
to ASMRs of 1.3 and 0.5 per 100,000 person-years, respectively
(Multimedia Appendix 1). In addition, the cumulative risk of
being diagnosed with and dying from NPC before the age of
75 years was 1 in 476 (0.21%) and 1 in 667 (0.15%),
respectively (Table 1).
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Table 1. Nasopharyngeal cancer incidence and mortality in both sexes combined in 2020 by world region and human development index level.

Mortality (n=80,008)Incidence (n=133,354)Population
(N=7,794,799)

Cumulative riskbASMRc
Deaths, n
(%)Cumulative riskbASIRaCases, n (%)

Values (in thou-
sands), n (%)

Europe

0.030.12247 (0.3)0.040.26415 (0.3)106,261 (1.4)Northern Europe

0.030.12502 (0.6)0.060.401304 (1)196,146 (2.5)Western Europe

0.050.24746 (0.9)0.090.641584 (1.2)153,423 (2)Southern Europe

0.040.221091 (1.4)0.060.431901 (1.4)293,013 (3.8)Central and Eastern Europe

America

0.040.161071 (1.3)0.060.412177 (1.6)368,870 (4.7)Northern America

0.030.15797 (1)0.050.281423 (1.1)430,760 (5.5)South America

0.020.10181 (0.2)0.030.17309 (0.2)179,670 (2.3)Central America

0.070.34198 (0.3)0.100.56313 (0.2)43,532 (0.6)Caribbean

Asia

0.231.4036,453
(45.6)

0.352.7065,866 (49.4)1,678,090 (21.5)Eastern Asia

0.271.6034,810
(43.5)

0.403.0062,444 (46.8)1,447,470 (18.6)China

0.060.326117 (7.7)0.080.438366 (6.3)2,014,709 (25.8)South-Central Asia

0.593.3024,219
(30.3)

0.755.0036,747 (27.6)668,620 (8.6)South-Eastern Asia

0.110.631645 (2.1)0.151.002680 (2)278,429 (3.6)Western Asia

Oceania

0.040.19101 (0.1)0.060.42176 (0.1)30,322 (0.4)Australia and New Zealand

0.020.1714 (0.1)0.030.2522 (0.1)11,123 (0.1)Melanesia

0.211.9326 (0.1)0.242.2030 (0.1)1233 (<0.1)Micronesia/Polynesia

Africa

0.200.982113 (2.6)0.251.603525 (2.6)246,233 (3.2)Northern Africa

0.090.531289 (1.6)0.100.701906 (1.4)401,861 (5.2)Western Africa

0.060.25145 (0.2)0.070.34212 (0.2)67,504 (0.9)Southern Africa

0.130.86852 (1.1)0.151.101212 (0.9)179,595 (2.3)Middle Africa

0.180.882201 (2.8)0.201.103186 (2.4)445,406 (5.7)Eastern Africa

Human Development Index

0.050.307828 (9.8)0.090.6614,911 (11.2)1,564,286 (20.1)Very high human

development index

0.241.4054,850
(68.6)

0.352.5093,153 (69.9)2,909,468 (37.3)High human development index

0.120.6213,314
(16.6)

0.150.8919,543 (14.7)2,327,556 (29.9)Medium human development index

0.130.693996 (5)0.150.895722 (4.3)990,175 (12.7)Low human development index

0.150.8880,008
(100)

0.211.50133,354 (100)7,794,799 (100)World

aASIR: age-standardized incidence rate per 100,000 person-years.
bCumulative risk of being diagnosed with or dying from nasopharyngeal cancer before the age of 75 years in 2020.
cASMR: age-standardized mortality rate per 100,000 person-years.
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Geographical Variations in NPC Incidence and
Mortality by World Region
The largest numbers of cases and deaths from NPC in both sexes
combined were estimated in Eastern Asia (65,866/133,354,
49.39% of total NPC cases and 36,453/80,008, 45.56% of total
NPC deaths), followed by South-Eastern Asia (36,747/133,354,
27.55% and 24,219/80,008, 30.15%, respectively) and
South-Central Asia (8366/133,354, 6.27% and 6117/80,008,
7.64%, respectively) (Multimedia Appendix 2). A male
predominance in NPC cases and deaths was consistent across
all world regions (Multimedia Appendix 1). The incidence rates
of NPC showed approximately 29-fold variation in men and
63-fold variation in women across world regions (Figure 1A,
Figure 1B, and Multimedia Appendix 1). In men, the ASIR per
100,000 person-years was the highest in South-Eastern Asia
(7.7), followed by Eastern Asia (3.9) and Micronesia/Polynesia
(3.9), but the lowest ASIR was in Central America (0.3). In

women, the highest ASIR per 100,000 person-years was detected
in South-Eastern Asia (2.5), followed by Eastern Asia (1.5),
and Northern Africa (1.0), and the lowest was found in
Melanesia (less than 0.1). The mortality rates of NPC varied
approximately by 36-fold in men and 75-fold in women among
world regions (Figure 1C, Figure 1D, and Multimedia Appendix
1). In men, the highest ASMR per 100,000 person-years was
detected in South-Eastern Asia (5.4), followed by
Micronesia/Polynesia (3.4) and Eastern Asia (2.0), and the
lowest was observed in Central America (0.2). In women, the
highest ASMR per 100,000 person-years was found in
South-Eastern Asia (1.5), followed by Eastern Asia (0.8) and
Eastern Africa (0.6), and the lowest was seen in Melanesia
(<0.1). Sex-related disparities were also noted, with NPC ASIRs
and ASMRs higher in men than in women across world regions.
For example, the male-to-female ASIR and ASMR ratios ranged
from 1.9 and 1.9 in Eastern Africa to 11.5 and 15.5 in Melanesia,
respectively.

Figure 1. Age-standardized rates per 100,000 person-years of nasopharyngeal cancer incidence in (A) men and (B) women and mortality in (C) men
and (D) women, which are ordered according to descending incidence rates by world region. Countries with zero cases are not shown in this figure.

Geographical Variations in NPC Incidence and
Mortality by Country
At the national level, China (62,444/133,354, 46.82% of global
NPC cases; 34,810/80,008, 43.50% of global NPC deaths) was
the greatest contributor to the global NPC burden due to its
large population (1,447,470,000/7,794,799,000, 18.56% of the
global population) and high incidence and mortality rates (ASIR,
3.0 per 100,000 person-years; ASMR, 1.6 per 100,000
person-years) (Table 1). In terms of incidence rates, the highest

ASIR per 100,000 person-years occurred in Brunei Darussalam
(13.4), followed by Maldives (10.7) and Indonesia (10.7), in
men and in Brunei Darussalam (6.4), followed by Maldives
(3.3) and Malaysia (3.1), in women (Figure 1A, Figure 1B,
Figure 2A, and Figure 2B). Notably, the incidence rates varied
markedly within world regions. For example, in the high-risk
region South-Eastern Asia, the ASIRs ranged from 3.3 per
100,000 person-years in Thailand to 13.4 per 100,000
person-years in Brunei Darussalam (high-to-low ASIR ratio =
4.1) in men and from 1.1 in Cambodia to 6.4 in Brunei
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Darussalam (high-to-low ASIR ratio = 5.8) in women (Figure
1A and Figure 1B). In terms of mortality rates, the highest
ASMR per 100,000 person-years in men was found in Brunei
Darussalam (8.0), followed by Maldives (7.7) and Indonesia
(7.7), and the highest ASMR per 100,000 person-years in
women was found in Brunei Darussalam (3.4), followed by
Timor-Leste (2.3) and Lao People's Democratic Republic (2.2)

(Figure 1C, Figure 1D, Figure 2C, and Figure 2D). Considerable
variations in NPC mortality were also evident within world
regions. For example, in South-Eastern Asia, the ASMRs per
100,000 person-years ranged from 2.0 in Thailand to 8.0 in
Brunei Darussalam (high-to-low ASMR ratio = 4.0) in men and
from 0.7 in Thailand to 3.4 in Brunei Darussalam (high-to-low
ASMR ratio = 4.9) in women (Figure 1C and Figure 1D).

Figure 2. Global map of age-standardized rates of nasopharyngeal cancer incidence in (A) men and (B) women and mortality in (C) men and (D)
women per 100,000 person-years by country. ASR: age-standardized rate.

NPC Incidence and Mortality by Level of Human
Development
By HDI group, the vast majority of NPC cases and deaths
occurred among 37.32% (2,909,468,000/7,794,799,000) of the
world population living in high HDI countries, representing
69.85% (93,153/133,354) of new cases and 68.55%
(54,850/80,008) of deaths globally (Table 1). Both ASIRs and
ASMRs were the highest in high HDI countries, with the rates
being 2.5 and 1.4 per 100,000 person-years, respectively.
Notably, both the lowest ASIRs and ASMRs were observed in
very high HDI countries. The ASIRs and ASMRs in low HDI
countries were similar to those in medium HDI countries.

Predicted Number and Percentage Increase of Cases
and Deaths From NPC
Worldwide, an estimated 179,476 new NPC cases are projected
to occur in 2040—an increase of approximately 34.58%
(46,122/133,354)—compared with 133,354 cases in 2020,
assuming that global incidence rates in 2020 remain stable
(Figure 3A). Moreover, a 2% annual increase in incidence rates
from 2020 would more than double the total annual NPC cases
by 2040 (Figure 3A). Notably, it would require a 2% annual
decrease in mortality rates to ensure that there would be fewer

NPC cases in 2040 (119,710 cases) than there were in 2020
(133,354 cases). In terms of mortality, NPC deaths were
estimated to increase by approximately 42.29% (33,843/80,008),
from 80,008 in 2020 to 113,851 in 2040, assuming that mortality
rates in 2020 remained unchanged (Figure 3B). An annual
decline of 2% in mortality rates would be required to achieve
fewer NPC deaths in 2040 compared to the estimated deaths in
2020 (Figure 3B). By HDI group, the largest absolute increase
in NPC cases and deaths is estimated to occur in high HDI
countries, with 26.7% (24,874/93,153) more cases (24,874
additional cases) and 40.15% (22,024/54,850) more deaths
(22,024 additional deaths) per year by 2040 (Multimedia
Appendix 3), assuming that incidence and mortality rates in
2020 remain constant, reflecting the already high rates in high
HDI countries and its large population, which will continue to
grow. However, the greatest relative increases in cases and
deaths will occur in low HDI countries (5181/5722, 90.54%
and 3808/3996, 95.29% increase, respectively) (Multimedia
Appendix 3). Notably, decreases in both incidence and mortality
rates would need to be greater than 4%, 3%, 2%, and 1% to
retain the predicted NPC burden in 2040 at the level observed
in 2020 for low, medium, high, and very high HDI countries,
respectively (Figures 4-5).
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Figure 3. Predicted number of (A) new cases and (B) deaths from nasopharyngeal cancer, assuming 9 scenarios of annual change in global rates between
2020 and 2040, both sexes combined. Nine scenarios include annually increasing (+1%, +2%, +3%, +4%), stable (0%), and decreasing (–1%, –2%,
–3%, –4%) rates from the baseline year of 2020.

Figure 4. Predicted number of new nasopharyngeal cancer cases, assuming 9 scenarios of annual change in rates between 2020 and 2040, in (A)
countries with very high human development index, (B) countries with high human development index, (C) countries with medium human development
index, and (D) countries with low human development index, both sexes combined. Nine scenarios consist of annually increasing (+1%, +2%, +3%,
+4%), stable (0%), and decreasing (–1%, –2%, –3%, –4%) rates from the baseline year of 2020.
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Figure 5. Predicted number of deaths from nasopharyngeal cancer assuming 9 scenarios of annual change in rates between 2020 and 2040 in (A)
countries with very high human development index, (B) countries with high human development index, (C) countries with medium human development
index, and (D) countries with low human development index, both sexes combined. Nine scenarios consist of annually increasing (+1%, +2%, +3%,
+4%), stable (0%), and decreasing (–1%, –2%, –3%, –4%) rates from the baseline year of 2020.

In China, the number of NPC cases was estimated to increase
by approximately 13.99% (8742/62,444), from 62,444 in 2020
to 71,186 in 2040, assuming that incidence rates in 2020
remained stable (Figure 6A). Similarly, NPC deaths are set to
increase by close to 30.35% (10,568/34,810) based on

demographic changes alone, from 34,810 in 2020 to 45,378 in
2040 (Figure 6B). As an illustration, it would take greater than
1% and 2% decline in the annual incidence and mortality rate
from 2020 to 2040 to achieve fewer cases and deaths in 2040
compared to the level seen in 2020, respectively.
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Figure 6. Predicted number of (A) new cases and (B) deaths from nasopharyngeal cancer assuming 9 scenarios of annual change in rates between 2020
and 2040 in China (both sexes combined). Nine scenarios consist of annually increasing (+1%, +2%, +3%, +4%), stable (0%), and decreasing (–1%,
–2%, –3%, –4%) rates from the baseline year of 2020.

Discussion

Principal Findings
Globally, approximately 133,354 new NPC cases were reported
and 80,008 deaths occurred in 2020 [16-19]. The largest
numbers of cases and deaths of NPC were estimated in Eastern
Asia, in which China contributed most to this burden [29]. NPC
incidence and mortality rates in men were substantially higher
than those in women across all world regions. The highest
incidence rates for both men and women were detected in
South-Eastern Asia and Eastern Asia, and the mortality rates
for both men and women were the highest in South-Eastern
Asia. The number of cases and deaths from NPC will increase
by more than 35% over the next 20 years worldwide due to
population growth and aging alone, with annual NPC cases and
deaths expected to almost double in low HDI countries by 2040
[26].

Interpretation of the Disparities of NPC Burden by
Geography and by Gender
The changing epidemiological profile and the disparities of
NPC burden by geography and by gender might be largely
associated with differences in the prevalence of its risk factors
and improvement of diagnostic and treatment techniques.
Previous studies have shown that NPC incidence and mortality
rates have significantly decreased in most European, Northern
American, and Eastern and South-Eastern Asian countries over
the past decades [4,5]. The declining trends in NPC incidence
rates in Europe and Northern America might be related to
decreased tobacco smoking prevalence, and the declines in NPC
incidence rates in Eastern and South-Eastern Asia might be
explained by the decreased intake of salted fish and preserved
food [4], while decreases in mortality rates might also be the
result of advances in diagnostic (eg, diagnostic imaging
accuracy) and radiotherapy techniques (eg, the introduction of
intensity-modulated radiation therapy) [5]. In particular, the
reduction of NPC burden in China is partly due to the
implementation of EBV screening for early detection of NPC
since the 1970s [29].

The relatively higher NPC burden in Eastern and South-Eastern
Asian countries could be largely related to the high prevalence
of EBV infection [30]. In addition, 316 million adults are
estimated to smoke in China, who account for nearly one-third
of the Chinese who smoke and contribute to 40% of the tobacco
consumption worldwide [31]. The higher NPC burden in China
could therefore be partly explained by its large tobacco
consumption and production. The relatively larger consumption
of salt-preserved foods in most Eastern and South-Eastern Asian
and Northern African countries might also explain part of the
remarkable international variations of NPC burden [2]. The
elevated NPC burden observed in men compared with that
observed in women across all regions can be partly explained
by the higher smoking prevalence and occupational exposure
to carcinogens [32,33]. In addition, the decreased NPC burden
in women could be related to the potentially protective effect
of endogenous estrogens [33,34]. Of note, genetics might also
play an important role in the pathogenesis of NPC. Previous
studies showed that NPC incidence in Southern China is about
20-50 times higher than that in western countries [1-3]. Despite
immigration of second- and third-generation Chinese people to
western countries, they are still at a higher risk for NPC, thereby
demonstrating a sustained risk for NPC even after changing
environments [35,36].

Interpretation of the Projected Number of Cases and
Deaths From NPC
Our findings show that the projected number of cases and deaths
from NPC are expected to increase to 179,476 and 113,851 by
2040 worldwide, respectively, as a result of population growth
and aging alone. A 2% annual decrease in global incidence and
mortality rates would be needed to halt the increasing NPC
burden by 2040. Notably, our findings show that even larger
decreases in incidence and mortality rates would be required to
reduce the future NPC burden in low and medium HDI
countries. Considering these changes, the reallocation of
resources for NPC primary prevention programs aimed at
reducing population levels of EBV infection, tobacco smoking,
intake of salted fish and other salt-preserved food, and
occupational exposure to NPC carcinogens in certain regions
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and countries and the increased access to early detection
modalities (eg, NPC screening) and health care services for
high-risk populations identified by our study are crucial for
reducing the global NPC burden.

Comparison With Prior Work
To the best of our knowledge, this study is the first to provide
a comprehensive picture of the most up-to-date epidemiological
profile of NPC incidence and mortality on a global scale based
on the GLOBOCAN 2020 data set, which is highly relevant for
cancer control and clinical practice. The numbers and rates of
NPC presented in this study are estimates based on the best
available data (reviewed for their completeness, coverage, and
accuracy) from population-based cancer registries.

Limitations
There are several limitations in this study. First, although our
findings are based on the best available and high-quality data,
caution is warranted when interpreting the findings for countries
with limited coverage from population-based cancer registries
and where proxy data were used to obtain national estimates
[17]. Second, the GLOBOCAN estimates did not account for
the impact of the COVID-19 pandemic on cancer diagnoses
because the GLOBOCAN estimates were based on
extrapolations of previous years of cancer data [17]. Third, the
projections of the future burden of NPC in 2040 considered

neither the recent changes in NPC incidence and mortality rates
nor the heterogeneity in NPC incidence and mortality trends
among countries. Thus, the predictions in our study likely
represent an overestimate of the future NPC burden, given the
declining trends of NPC incidence and mortality rates in recent
decades worldwide [4,5] and should be interpreted with caution.
Finally, we could not distinguish the required changes in the
modifiable risk factors and their corresponding effects on
predicted NPC incidence and mortality rates, which suggests
the need for further studies to clarify the impact of changes in
exposure to modifiable risk factors on the burden of NPC.

Conclusions
NPC remains a considerable public health challenge worldwide.
NPC incidence and mortality vary markedly across world
regions and countries and between men and women, and this
variation is likely related to differences in EBV infection,
tobacco smoking, intake of salted fish and other salt-preserved
food, and occupational exposure to NPC carcinogens. Given
the remarkable geographic disparity of NPC burden across world
regions and countries, this study highlights the urgent need to
formulate more effective primary NPC prevention strategies
and prioritize allocation of NPC prevention and treatment
resources for high-risk populations to tackle the NPC burden
in certain regions and countries.
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Multimedia Appendix 3
Predicted percentage change (absolute numbers are shown above bars) of (A) new cases and (B) deaths from nasopharyngeal
cancer (both sexes combined) between 2020 and 2040 globally and by HDI, assuming that incidence rates and mortality rates in
2020 remained unchanged. HDI: Human Development Index.
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Abstract

Background: Accurate estimation of incidence and prevalence is vital for preventing and controlling diabetes. Administrative
data (including insurance data) could be a good source to estimate the incidence of diabetes. However, how to determine the
look-back period (LP) to remove cases with preceding records remains a problem for administrative data. A short LP will cause
overestimation of incidence, whereas a long LP will limit the usefulness of a database. Therefore, it is necessary to determine the
optimal LP length for identifying incident cases in administrative data.

Objective: This study aims to offer different methods to identify the optimal LP for diabetes by using medical insurance data
from the Chinese population with reference to other diseases in the administrative data.

Methods: Data from the insurance database of the city of Weifang, China from between January 2016 and December 2020
were used. To identify the incident cases in 2020, we removed prevalent patients with preceding records of diabetes between
2016 and 2019 (ie, a 4-year LP). Using this 4-year LP as a reference, consistency examination indexes (CEIs), including positive
predictive values, the κ coefficient, and overestimation rate, were calculated to determine the level of agreement between different
LPs and an LP of 4 years (the longest LP). Moreover, we constructed a retrograde survival function, in which survival (ie, incident
cases) means not having a preceding record at the given time and the survival time is the difference between the date of the last
record in 2020 and the most recent previous record in the LP. Based on the survival outcome and survival time, we established
the survival function and survival hazard function. When the survival probability, S(t), remains stable, and survival hazard
converges to zero, we obtain the optimal LP. Combined with the results of these two methods, we determined the optimal LP for
Chinese diabetes patients.

Results: The κ agreement was excellent (0.950), with a high positive predictive value (92.2%) and a low overestimation rate
(8.4%) after a 2-year LP. As for the retrograde survival function, S(t) dropped rapidly during the first 1-year LP (from 1.00 to
0.11). At a 417-day LP, the hazard function reached approximately zero (ht=0.000459), S(t) remained at 0.10, and at 480 days,
the frequency of S(t) did not increase. Combining the two methods, we found that the optimal LP is 2 years for Chinese diabetes
patients.
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Conclusions: The retrograde survival method and CEIs both showed effectiveness. A 2-year LP should be considered when
identifying incident cases of diabetes using insurance data in the Chinese population.

(JMIR Public Health Surveill 2023;9:e46708)   doi:10.2196/46708

KEYWORDS

diabetes; incident cases; administrative data; look-back period; retrograde survival function

Introduction

Diabetes is a severe, long-term disease that significantly impacts
the lives of individuals, families, and societies worldwide [1].
In the past 3 decades, the prevalence of type 2 diabetes has risen
dramatically. About 422 million people worldwide have
diabetes, and 1.5 million deaths are directly attributable to
diabetes each year, as reported by World Health Organization
in 2022. In 2013, China had the largest number of patients with
diabetes and the second-highest spending on diabetes and its
complications worldwide [2,3]. Therefore, to achieve global
agreement and halt the worldwide rise in diabetes by 2025, it
is crucial to prevent and control diabetes in China.

An accurate estimate of incidence and prevalence plays a crucial
role in properly preventing and controlling diabetes. Although
large-scale and representative surveys could be used for precise
estimation of incidence [4-6], they are expensive, laborious,
and time-consuming. Currently, only a few areas have
established incident case surveillance systems for chronic
diseases in China, and only for some chronic diseases (such as
diabetes and hypertension), with short monitoring periods and
few sample surveillance points, which limits their usefulness.
An alternative method is to use administrative data, such as
medical insurance data or disease registration data. Advantages
of using these administrative data include easy access, low cost,
and large sample size (covering the majority of residents), as
well as the ability to follow up with participants longitudinally
for many years; this has been confirmed by many researchers
in other countries [7-11]. Since medical insurance reforms in
2012 [12], China has vigorously promoted medical policies and
expanded coverage of the population [13]. Effective data have
gradually accumulated during the past few years, making it
possible to conduct research in this population.

However, multiple records of the same patient make it a general
challenge to identify true incident cases through medical
insurance data, as it is difficult to define the starting point of
certain diseases for a patient. Before the index year, a look-back
(LP) period is used to deal with this problem. Patients with a
diabetes diagnosis in the index year and without a diabetes
diagnosis in the LP would be identified as incident cases. Until
now, there has been no consensus on the length of the LP. An
insufficient LP might cause overestimation of incidence [14],
whereas an overlong LP would limit the number of reporting
years and the usefulness of the database. Researchers have found
that different diseases have different LPs due to specific
trajectories [11]. For diabetes, Brameld et al [15] identified an
LP of 13 years using data from the Western Australian Data
Linkage System, while Asghari et al identified an LP of 5 years
using data from the Régie de l’assurance maladie du Québec
[7]. We believe that different patterns of medical contact cycles

among countries may cause these different findings on LPs.
However, there is no study on the optimal LP in the Chinese
population for diabetes.

In this study, we will use 2 methods to identify the optimal LP
for diabetes in the Chinese population, using data from an
insurance database for 2016 to 2020 obtained from the Medical
Security Bureau (MSB) of the city of Weifang, China, as an
example. Weifang, a prefecture-level city in Shandong province
with 9.4 million long-term residents, has a systematic method
for ensuring medical service, and the coverage rate for medical
insurance reached 96.15% in 2021. The aim of this study is to
identify the optimal LP for diabetes for the Chinese population
and additionally to compare different results by using different
methods to obtain a reference for other diseases in the
administrative data.

Methods

Ethical Considerations
The proposal for this study was reviewed by Chinese Academy
of Medical Science & School of Basic Medicine (033-2018).
The insurance claims data were obtained from the MSB of
Weifang. In order to protect the privacy of patients, all
personally identifiable information in the database is obfuscated.

Data Sources
The database used in this study included all in- or outpatient
claim records of patients in Weifang for 2016 to 2020 provided
by the local MSB. The social health insurance system covered
approximately all residents in Weifang (close to 9 million
individuals) during the period from 2016 to 2020. Each claim
record contains (1) basic information about the patient, including
personal identification number, gender, date of birth, and type
of medical insurance; (2) medical information, including hospital
name and code, admission and discharge time, and diagnosis
of disease; and (3) details of medical service expenses, including
total expenses, out-of-pocket expenses, and reimbursement
expenses.

Data Processing
Firstly, due to the changes in the Weifang disease coding system
and the special disease codes in outpatient chronic-disease
records, the initial disease codes in the database were partly
based on the International Classification of Diseases, 10th
Revision (ICD-10). Therefore, the diagnoses were harmonized
with the ICD-10 according to the code-disease mapping table
provided by the MSB of Weifang. Later, records with critical
missing information, such as gender (418/21,855,530, <0.001%)
or disease diagnosis (1,068,910/21,855,530, 4.89%), were
deleted. The data processing is shown in Figure 1.
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Figure 1. Flow chart showing included and excluded records and the process used for data cleaning of the insurance claim data (January 1, 2016, to
December 31, 2020). ICD-10: International Classification of Disease, 10th Revision.

Definition of Incident Diabetes for the Application of
Different LPs
First, we defined diabetes (ICD-10 codes E10-E14) cases as
those with at least 1 inpatient claim record or 3 outpatient claim
records with a diagnosis of diabetes, considering that inpatient
records are more reliable than outpatient records [16]. In this
database, we found that all patients defined as having diabetes
had more than 3 outpatient records, reflecting the regularity of
medical contact.

Second, we defined incident diabetes cases. The procedure to
identify incident cases was to exclude cases with any in- or
outpatient records of diabetes in the given LP, before the index
year. Different LPs may classify patients as having different
statuses. Two scenarios for assumed different LPs are shown
in Figure 2. Scenario 1 (LP1) shows that patient B will be
identified as an incident case but patient A will not. Scenario 2
(LP2) shows that with the extension of the LP, more records of
patient B might be caught, but patient A and patient B will both
be identified as prevalent cases. In order to use as long an LP
as possible in this study, we used 2020 as the index year and a
4-year LP (2016-2019) as the longest LP.
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Figure 2. Definition of incident cases under 2 scenarios. Scenario 1 (LP1): patient B will be identified as an incident case but patient A will not; scenario
2 (LP2): both patient A and patient B are not identified as incident diabetes cases. LP: look-back period.

Statistical Analyses
Two methods were developed to identify the optimal LP. First,
consistency examination indexes (CEIs) were used to determine
the level of agreement between different LPs from a quarter of
a year to 4 years. Second, a retrograde survival function method
was used. Finally, the optimal LP was selected after considering
the results from the above approaches.

The CEIs include the κ value, positive predictive values (PPVs),
and overestimation value. The relative formulas have been
reported in other papers [4,15]. The κ value is categorized as
follows: values between –1 and 0 represent “no agreement”;
between 0 and 0.20 represent “poor agreement”; between 0.21
and 0.40 represent “slight agreement”; between 0.41 and 0.60
represent “fair agreement”; between 0.61 and 0.80 represent
“good agreement”; between 0.81 and 0.90 represent “very good
agreement”; and between 0.91 and 1.0 represent “excellent
agreement” [17]. The PPVs are used to estimate the probability
of identifying a true incident case among those identified as
being new cases [18], calculated using the 4-year LP as the
reference time. The overestimation of incident cases decreased
with extension of the LP, which reflects the impact of the length
of the LP impacts on the number of incident cases. All the CEIs
mentioned above were calculated at quarter-year intervals during
the first year of the LP and 1-year intervals after the first year,
since the number of identified incident cases varied greatly
within the first year of the LP in previous studies [7,12,16].

With the retrograde survival function method, survival (ie, being
an incident case) means not having a preceding record at the
given time. In detail, for each record in this study, let a represent
the date of the last record of diabetes of a patient in 2020, b the
date of the most recent previous record in the LP, and c the first
date of the LP. The retrograde survival time is (a–b) for patients

with preceding records. Patients without preceding records
during the LP, indicating survival, are defined as censored cases,
with the censored time (a – c). Based on the survival time and
censored time, we established the survival function. Survival
probability, S(t), the probability of surviving at a specific time,
is represented by the equation S(t)=P (T>t), where T is the year
of the LP, calculated using the Kaplan-Meier estimator. Then,
we used the following 2 approaches to determine the optimal
LP based on the survival function. For the first approach, we
constructed a hazard function. The hazard function represents
the instantaneous probability of having the end point event
during (t,Δt) conditional on survival up to t or later. In actuarial

terms, it is calculated by , where dΔt is the number of patients
with the previous record during (t,Δt) and nt is the patient at
risk during the interval. Since the retrograde hazard of diabetes
will decrease and converge to zero and the survival function
will converge to the “true” probability of being incident, we

assumed that a time point (tf) exists where . At this point (tf),
all cases with preceding records have been found, and the
remaining cases are risk-free; this is exactly the optimal LP. To
estimate (tf), for practical purposes, we defined (tf) as the first
time point when ht ≤0.0005. For the second approach, we
counted the frequency of S(t) corresponding to each day
calculated by the retrograde survival function. We assumed that
there was a stable S(t), where the frequency was high and
increased significantly, representing that S(t) stays at S(tf)
relatively constantly over a long time and that the change in
S(t) approaches zero. The tf will be considered as the point when
S(t) first reaches S(tf).

Statistical analyses were performed using SAS (version 9.4;
SAS institute).
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Results

After removing records according to the criteria above,
16,132,023 records from medical insurance claims data from
2016 to 2020 were used in this study; these records came from

3,185,337 individuals. There were 3,600,089 records and
247,254 cases of diabetes in total. The insurance record history
of 109,476 diabetes prevalent cases in 2020 was screened with
the different LPs to identify incident cases. Inclusion and
exclusion details are shown in Figure 1, and basic information
on the data is shown in Table 1.

Table 1. Basic information on the data used in this study (January 1, 2016, to December 31, 2020). “Insurance records” represents all claims and
diabetes records in each year. “Individuals with insurance records” represents the number of persons with claims in each year. “Visits per capita” was
calculated as the number of insurance records divided by the number of individuals with insurance records.

Visits per capita, nIndividuals with insurance records, nInsurance records, n

OutpatientInpatientOutpatientInpatientOutpatientInpatient

Entire database

10.301.37128,819894,7261,326,8621,227,3742016

10.481.42151,1301,027,6001,583,9371,459,2732017

10.771.45168,5471,024,9981,815,7861,484,0652018

10.821.47196,2941,061,3512,123,4461,559,3202019

9.791.47220,560947,8212,158,7951,393,1652020

Diabetes cases

8.971.1558,70323,117526,61926,5972016

9.151.1667,54226,833618,28931,0532017

9.291.1575,36127,425699,73931,6682018

9.101.1587,19729,594793,43134,1312019

8.301.1397,39627,038807,95830,6042020

Applying the longest LP identified 19,086 incident cases of
diabetes. Only 17% (19,087/109,476) of the prevalent patients
in 2020 were identified as incident cases as they did not have
preceding records for diabetes in the longest LP before 2020,
revealing that around 80% (90,389/109,476) of patients in 2020
were not truly incident cases. The κ coefficient and PPVs for
these results rose with extension of the LP. Agreement was
good when a quarter-year LP (κ=0.751) was used, changing to
very good (κ=0.899) and excellent (κ=0.950) when the 1-year

and 2-year LPs were used. As for PPVs, to achieve a PPV of at
least 90% (10% of false positives) [19], an LP of 2 years was
necessary. The overestimation rate decreased with the extension
of the length of the LP and did so especially sharply during the
1-year LP. After a 2-year LP, the overestimation decreased by
under 10%. In general, according to the results of these CEIs,
the optimal LP is 2 years for the Chinese population. Detailed
information on the CEIs is shown in Table 2.

Table 2. Positive predictive values, κ coefficients, and overestimation with different look-back periods, all of which represent the agreement between
the incident cases with different look-back periods and the 4-year look-back period as the longest period. Incident cases are defined as those not having
previous records in the corresponding look-back period.

Overestimation, %κPPVb, %Incident cases, nLPa (years)

0.4850.7510.67429,4070.25

0.3230.8250.75626,1950.5

0.2200.8760.81924,1720.75

0.1760.8990.85023,2881

0.0840.9500.92221,4722

0.0330.9800.96820,4683

0N/Ac119,8064

aLP: look-back period.
bPPV: positive predictive value.
cN/A: not applicable.

The retrograde survival function graphically represented the
exclusion, showing the greatest decrease during the first year

of screening (Figure 3). During the first 1-year LP, S(t) dropped
from 1.00 to 0.11 (365 days) rapidly. The more days were
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included in the LP, the more the survival function converged
to the “true” probability of being incident [18]. According to
the hazard function, the first time point when ht ≤0.0005 was

with a 417-day LP: ht=0.000459; S(t)=0.11. This meant that the
derivative (slope) of the survival function tended toward zero
at this time.

Figure 3. (A) Change in survival probability with LPs with different numbers of days. Survival probability represents the probability of being an
incident case at a specific day in the LP, which is calculated using the Kaplan-Meier estimator. (B) Change in survival hazard with LPs with different
numbers of days. Survival hazard represents the instantaneous probability of having the end point event. LP: look-back period.

The results for frequency showed that the frequency of S(t) was
small, from 1.00 to 0.13, indicating that S(t) changed greatly.
A change in S(t) from 0.11 to 0.10 means that the frequency
has significantly increased, from 169 to 408, which is more than
double (Figure 4). This means that the risk for a preceding
record at this time remained relatively constant at 0.10 over a

very long time, and the first day when S(t) reached 0.10 was
480 days. Combining the results for frequency and hazard
function, the retrograde survival function method showed that
the optimal LP was more than 400 days, which is closest to 2
years.
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Figure 4. The frequency of S(t). *The frequency of S(t) from 0.97 to 0.26 was between 1 and 3. LP: look-back period.

When using 2 years as the optimal LP, there were 21,472
incident cases. The number of female patients (n=10,862) was
a little more than that of male patients (n=10,610), and 84.74%

(18,192/21,472) of incident cases were between the ages of 45
and 79 years (Table 3).

Table 3. Incident cases applying a 2-year look-back period (ie, using 2018 and 2019 to identify incident cases in 2020) with different ages and genders.

Total patients, n (n=21,472)Female patients, n (n=10,862)Male patients, n (n=10,610)Age group (years)

11740-4

231675-9

65293610-14

57233415-19

97455220-24

162639925-29

50219430830-34

57917840135-39

84827157740-44

149953896145-49

25051073143250-54

35261720180655-59

33221778154460-64

35652061150465-69

25331533100070-74

124576448175-79

66339426980-84

27017595≥85
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Discussion

Principal Results
In our study, a 2-year LP had good CEIs with excellent κ
agreement (0.950>0.9), a high PPV (92.2%) and a lower than
10% overestimation rate. As for the retrograde survival function,
it showed that a 2-year LP can reliably distinguish new cases
in a prevalent pool. According to the results of the methods
above, we confirmed that the optimal LP for identifying incident
cases of diabetes using the Chinese insurance database provided
by the MSB of Weifang is around 2 years, and all the methods
are effective and stable.

Comparison With Prior Work

Optimal Length of LP Compared to Other Work
A 2-year LP for diabetes incident case identification using
administrative data is the same length as used by a few previous
studies [20,21]. A study in Manitoba, Canada, also showed a
probability of 0.96 for patients with diabetes to have subsequent
medical contact for diabetes within 2 years [22]. However, our
results differ from those of Asghari et al [7], who reported an
LP of 5 years for health insurance data from Quebec, Canada.
A possible reason might be different patterns and medical
contact cycles among Chinese and Canadian populations caused
by the different medical insurance policies. The hazard function
figure (Figure 3B) reflects this difference. In our study, the
hazard function was not monotonic, indicating that a few
diabetes patients had medical contact irregularly in this database,
unlike the Canadian insurance data. n addition, different
judgment criteria on CEIs and ht in these studies might have
caused the differences.

Methodological Comparison
As for retrograde survival function, Brameld et al [15] chose a
hazard rate under 0.00001 as the standard when using the
retrograde survival method for identifying the optimal LP for
diabetes, resulting in a 13-year optimal LP for diabetes among
a group of LPs with the longest LP being 15 years, much longer
than our study and most other studies [20,23,24]. We think an
overly strict standard may have caused an overly long LP. To
avoid an overly long estimation of optimal LP, we used ht

≤0.0005 as the criterion, which is similar to the study by Asghari
et al [7], which showed that a 2-year LP was optimal for
diabetes. That study defined the optimal LP as the time when
S(t) was stable and constant [7]; however, the authors did not
provide a detailed definition for stable S(t), that is, S(tf). In our
study, we tried a new approach. We counted the frequency of
S(t) and defined S(tf) by the frequency of S(t) being greatest
and increasing significantly.

Regarding CEIs, such as the κ coefficient, PPVs, and
overestimation rate, although they are convenient to calculate
and used by many researchers, their criteria are not completely
consistent between studies. The overestimation rate has been
used by a few researchers to evaluate the impact of varying
lengths of LP [11,21,25-27], with values such as 10% [11] and
20% [21]. It is the same for PPVs, as some studies have chosen
80% as the evaluation criterion [19], while some have chosen

90% [28]. The criteria of the κ coefficient have generally
between consistent (0.8 or 0.9) [7,18], but some researchers
have considered that such high agreement may be related to the
high number of prevalent cases of diabetes [7]. Therefore, the
effectiveness of κ may remain to be further verified.

Because of the inconsistency of criteria, Beaudet et al [18] chose
to combine the results of κ and PPV to identify the optimal LP.
In our study, we compared the results of the κ coefficient, PPV,
the overestimation rate, and the retrograde survival method. We
found that a κ coefficient of 0.9, 90% PPV, 10% overestimation,
and 0.0005 hazard rate may be the most suitable criteria,
returning stable and constant results, with a 2-year LP as the
optimal period.

In general, the CEIs were convenient to calculate, while
retrograde survival curves showed the probability of “surviving”
converging to the plateau, allowing us to obtain the optimal LP
visually and quantitively. Moreover, the criteria of these
methods are different. Previous studies have mostly used only
one method for identifying the optimal LP, whereas 2 different
methods, as used in this study, may lead to more robust results,
which could then be referred to when analyzing LPs for other
diseases in the administrative data.

Number of Incident Diabetes Cases
In our study, there were 109,467 diabetes cases in 2020 before
LP adjustment. After using the 2-year LP, the number of incident
cases decreased to 21,472, which means this adjustment is
important. In addition, our study showed that 84.74%
(18,192/21,472) of incident cases were between the ages of 45
to 79 years, indicating that the middle-aged and older population
has a high incidence of diabetes. We should make efforts to
focus on this population to prevent diabetes.

Innovativeness
Our study is the first to identify 2 years as the optimal LP for
diabetes in the Chinese population when using insurance data,
which supports efforts to estimate the incidence of diabetes
among populations using insurance data. More importantly, we
used 2 different methods to identify the optimal LP, a method
that could be referred to when analyzing LPs for other diseases
in administrative data.

Limitations
Our study has some limitations. In our database, without more
detailed records for disease classification, it was not possible
to differentiate between type 1 and type 2 diabetes. However,
there are far fewer patients with type 1 diabetes than with type
2 diabetes in the overall population. Thus, we considered the
study population to be generally homogeneous and that these
results may be representative and stable. Furthermore, we only
applied up to a 4-year LP. Although the results of the retrograde
survival function analysis showed stabilization of risk of being
a preceding case after a 2-year LP, we expect to use longer LPs
in future studies with more accumulated data.

Conclusion
All CEIs (the κ coefficient, PPV, and overestimation rate) and
the retrograde survival function method can effectively identify
the optimal LP for diabetes incident cases, with stable and
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constant results. We found that a 2-year LP was optimal to
remove preceding diabetes cases and identify the true incidence

of diabetes using medical insurance data in the Chinese
population.
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Abstract

Background: The seroprevalence of SARS-CoV-2 infection in the French population was estimated with a representative,
repeated cross-sectional survey based on residual sera from routine blood testing. These data contained no information on infection
or vaccination status, thus limiting the ability to detail changes observed in the immunity level of the population over time.

Objective: Our aim is to predict the infected or vaccinated status of individuals in the French serosurveillance survey based
only on the results of serological assays. Reference data on longitudinal serological profiles of seronegative, infected, and
vaccinated individuals from another French cohort were used to build the predictive model.

Methods: A model of individual vaccination or infection status with respect to SARS-CoV-2 obtained from a machine learning
procedure was proposed based on 3 complementary serological assays. This model was applied to the French nationwide
serosurveillance survey from March 2020 to March 2022 to estimate the proportions of the population that were negative, infected,
vaccinated, or infected and vaccinated.

Results: From February 2021 to March 2022, the estimated percentage of infected and unvaccinated individuals in France
increased from 7.5% to 16.8%. During this period, the estimated percentage increased from 3.6% to 45.2% for vaccinated and
uninfected individuals and from 2.1% to 29.1% for vaccinated and infected individuals. The decrease in the seronegative population
can be largely attributed to vaccination.

Conclusions: Combining results from the serosurveillance survey with more complete data from another longitudinal cohort
completes the information retrieved from serosurveillance while keeping its protocol simple and easy to implement.
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Introduction

In the ongoing global effort to contain the SARS-CoV-2
pandemic, population-wide serological surveys are
recommended for disease surveillance and policymaking [1].
Serological assays directly measure the antibody response to
SARS-CoV-2 resulting from viral infection or vaccination.
Monitoring seroprevalence is of paramount interest to
complement case-based surveillance that does not capture
subclinical cases or people using self-tests and to evaluate the
effectiveness of the vaccination strategy over time. Therefore,
the World Health Organization’s UNITY initiative promotes
serological surveys by providing guidelines to standardize
worldwide serological studies.

Despite the availability of well-known methods as well as
guidelines, implementation of serological surveys remains
challenging in terms of the resources and logistic means needed
to obtain samples [2]. Collecting residual sera from routine
clinical blood testing represents an easy and inexpensive
solution. This strategy was chosen for the nationwide
SARS-CoV-2 serosurvey in France (SERPICO) [3]. This survey,
conducted by the national health agency Santé publique France
and the National Reference Centre for Respiratory Infections
Viruses of the Institut Pasteur, aimed to estimate the
seroprevalence of anti–SARS-CoV-2 antibodies in the French
population over time according to gender, age, and region. The
humoral immune status of individuals was determined by 3
complementary serological assays: 2 luciferase-linked
immunosorbent assays (LuLISAs) detecting the nucleocapsid
(LN) and the spike (LS) proteins of SARS-CoV-2 and a
pseudoneutralization assay (PNT). In total, 8 collection periods
between March 2020 and March 2022 monitored the evolution
of seroprevalence in the French general population.

Substantial differences were reported in the effectiveness and
duration of natural versus vaccine-conferred or hybrid immunity
against SARS-CoV-2 reinfection [4,5]. In particular, prior
infection after 1 dose of vaccine elicited antispike IgG antibody
responses with higher peak levels or longer half-lives than 1 or
2 vaccinations in seronegative individuals [6]. We therefore
aimed to reconstruct the proportion of infected versus vaccinated
or infected and vaccinated individuals over time as it may carry
meaningful lessons and potential applications for future
vaccine-preventable disease pandemics.

Although the SERPICO serosurvey lacked data documenting
the status of the sampled individuals with respect to previous
SARS-CoV-2 infection or vaccination, the detailed serological
data presented here could allow novel approaches to monitor
the SARS-CoV-2 seroprevalence of the French population with
regard to infection or vaccination.

In this study, we propose a model derived from a machine
learning procedure to predict individuals’ immune status with

respect to SARS-CoV-2 infection and vaccination based on
results from 3 serological assays. We applied this predictive
model to the SERPICO serosurvey to characterize immune
status resulting from natural infection and vaccination for the
French population between 2020 and 2022.

Methods

Serological Assays
The National Reference Centre for Respiratory Infections
Viruses and the Diagnostic Test Innovation and Development
core facility of the Institut Pasteur developed 3 serological
assays: 2 LuLISAs detecting the LN and LS proteins of
SARS-CoV-2 and a PNT [7]. These serological results are
considered explanatory variables in the predictive models. They
were expressed as log10 of their original value.

Data
This study used 3 data sets (Table 1). The CURIE-O-SA [7]
and prepandemic [3,7] data sets were used to build and validate
the model, and the SERPICO [3] data set was used for
application of the model.

The CURIE-O-SA study is a large cohort of 1917 workers in a
hospital and research center specialized in oncology. Of the
4394 individuals included in this data set, 77% (n=3595) were
men and 23% (n=899) were women. The median age was 38
(IQR 19-82) years with 94% (n=4130) of participants between
20 and 59 years of age. The CURIE-O-SA serological assay
results were available at different sampling times (“individual
date”) with a mean number of times per participant equal to 2.5
(SD 1.2) and 73% (n=3208) of individuals with 1, 2, or 3
sampling times. Information on SARS-CoV-2 history (symptoms
and date of positive reverse transcription polymerase chain
reaction [RT-PCR] test, if any) and on SARS-CoV-2 vaccination
(number of injections and dates) was collected. The uninfected
status (0) was set if the following 3 conditions were met: no
positive PCR test, no declaration of ageusia or anosmia, and a
log10LN value below 4.60. Individuals with log10LN>4.60 and
no positive PCR test were considered potential subclinical cases
and were excluded. The infected status (1) was set for
individuals with a positive RT-PCR result history only;
individuals reporting symptoms for SARS-CoV-2 with no
positive RT-PCR result were excluded. The vaccination status
(0=unvaccinated, 1=1 injection, 2=2 injections) was defined
while taking into account a delay of 15 days after vaccination
(immunity onset) and no more than 6 months after the last
injection (immunity waning). Of the 4394 results, 80.4%
(n=3532) of results were negative (uninfected and unvaccinated),
5.2% (n=231) were infected and unvaccinated, 10.9% (n=477)
were vaccinated twice, 1.9% (n=82) were vaccinated once, and
1.6% (n=72) were infected and vaccinated.
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The prepandemic results came from healthy donors from a blood
bank before 2019 and were expected to be predicted negative
(uninfected and unvaccinated) by the model. In this data set, of
the 233 individuals, 32.2% (n=75) were men and 67.8% (n=158)
were women with a median age of 44 (IQR 18-81) years.

The SERPICO data were considered application data for the
model. The SERPICO survey monitored the evolution of
seroprevalence of anti–SARS-CoV-2 antibodies in the French
population (mainland area) from March 2020 to March 2022
with 8 periods of sampling. Results for the 3 serological assays
(LN, LS, and PNT) were available for 23,886 samples.

Table 1. Description of the 3 data sets under study.

VariablesNumber of resultsUseDescriptionData set

LSa, LNb, PNTc values; gender;
age; SARS-CoV-2 infection status
(0=uninfected, 1= infected); SARS-
CoV-2 vaccination status (0=unvac-
cinated, 1=1 injection, 2=2 injec-
tions)

4394 individuals ×
dates

Reference for SARS-CoV-2 status;
reference for SARS-CoV-2 vaccina-
tion status

Cohort study among health
workers; April 2020-Novem-
ber 2021

CURIE-O-SA [7]
(n=4394)

LS, LN, PNT values; gender; age233 individualsControl for uninfected SARS-CoV-
2 status; control for unvaccinated
SARS-CoV-2 status

Blood donors; 2014-2018Prepandemic [3,7]
(n=233)

LS, LN, PNT values; gender; age;
region

23,886 individuals ×
dates

ApplicationTransversal nationwide sur-
vey, residual sera; March
2020-March 2022

SERPICO [3]
(n=23,886)

aLN: nucleocapsid.
bLS: spike protein.
cPNT: pseudoneutralization assay.

Machine Learning Procedure
The model was built using a 4-step procedure involving
calibration, validation, testing, and application (Figure 1). It
aimed to predict the SARS-CoV-2 status at the individual level
from 3 serological assays (LS, LN, and PNT) and 2 covariables
(age and gender). The SARS-CoV-2 status was defined as a
variable with 5 modalities: uninfected-unvaccinated (NEG),
vaccinated with 1 dose (VAC1), vaccinated with 2 doses
(VAC2), infected-unvaccinated (INF), and infected-vaccinated
regardless of the number of doses (INF.VAC). A machine
learning procedure was applied to challenge several
classification models [8]. The model with the best predictive
performance was selected from a cross-validation procedure on
the first data set (CURIE-O-SA) then validated on an external
data set (prepandemic). Finally, the selected model was applied
to the French nationwide serosurveillance survey (SERPICO)
to infer the proportions of the 5 SARS-CoV-2 statuses.

More precisely, 12 parametric and nonparametric classification
models from 5 main statistical families were assessed within a
machine-learning procedure. The models came from the
following families: (1) generalized linear models (standard
multinomial regression, penalized generalized linear model),
(2) Bayesian models (naive Bayesian classification), (3) factor

analysis models (discriminant analysis, mixture discriminant
analysis, regularized discriminant analysis, kernel partial least
squares discriminant analysis), (4) decision tree models (bagged
classification and regression tree, Quinlan’s C5.0 algorithm),
and (5) nonparametric classification models (K nearest
neighbors, support vector machine, neural network) [9]. To
select the best predictive model and avoid overfitting, a repeated
(200 times) 2-fold cross-validation was applied. To ensure the
independence of the “individual x date” units, calibration data
were randomly selected so that there was only 1 sample per
individual involved in the CURIE-O-SA cohort; the remaining
data were used for validation. The model parameters were
optimized by means of a 10-fold cross-validation procedure on
the calibration data. Percentages of well-classified samples for
each modality of the status were calculated on the validation
data. The best model was the one that best predicted the status
modalities on average. Using the mean predictive performance
of the 5 statuses to select the best model (rather than the overall
prediction) can be considered oversampling of the rare
modalities [10]. Repeated bootstrap simulations (50 times) were
used to obtain 95% CIs. The overall procedure was implemented
in R software (version 4.1.2, R Foundation for Statistical
Computing) [11] by means of the “caret” package (version
6.0-90) [12].
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Figure 1. Sketch graph of the 3-step model-building procedure (calibration, validation, and testing) and the application step. Regardless of the data set
(ie, CURIE-O-SA, prepandemic, or SERPICO), the X explanatory data contained the log10 values of the 3 serological assays (log10LN, log10LS, and
log10PNT) and the Y outcome data, with the SARS-CoV-2 status being known (CURIE-O-SA, prepandemic) or unknown (SERPICO).

Ethical Considerations
The study was based on a secondary use of pseudonymized data
collected from health professionals and already published [3,7].
According to French law, such studies are not required to receive
ethics committee approval.

Results

Descriptive Statistics
The CURIE-O-SA data set used to build and validate the
predictive model is illustrated in Figure 2. The serological LN
results differentiated INF and to a lesser extent INF.VAC
individuals from the others. The serological results targeting
the SARS-CoV-2 LS separated the NEG individuals from the

others. INF individuals developed anti-LS and anti-LN protein
immunoglobulins, while VAC1 and VAC2 individuals
developed anti-LS immunoglobulins only. This difference in
immunization between infected (and unvaccinated) and
vaccinated individuals was expected in a cohort where VAC1
and VAC2 individuals were vaccinated by vaccines targeting
the LS only. The PNT results separated the INF.VAC individuals
from the others as INF.VAC individuals presented a higher
response to the PNT assay than did VAC1 and VAC2
individuals.

The prepandemic data set used for model validation consisted
of 223 negative sera with the following average values for the
serological assays (log10 values): 3.16 (SD 0.30) for LN, 3.16
(SD 0.20) for LS, and 5.07 (SD 0.11) for PNT.
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Figure 2. Density estimation of the log10 values of the serological assays (LN, LS, and PNT) according to their known SARS-CoV-2 status in the
CURIE-O-SA cohort. INF: infected-unvaccinated; INF.VAC: infected-vaccinated regardless of the number of doses; LN: nucleocapsid; LS: spike
protein; NEG: uninfected-unvaccinated; PNT: pseudoneutralization assay; VAC1: vaccinated with 1 dose; VAC2: vaccinated with 2 doses.

Model
The percentages of well-classified results for each status and
for all the models under study were calculated (Table 2).

The selected model was the mixture discriminant analysis with
the best average prediction performance (mean 69.9%, SD
0.5%). More precisely, 98.4% (SD 0.2%) of the NEG status
was well-predicted, as well as 40.6% (SD 6.9%) of the VAC1,
87.5% (SD 3.1%) of the VAC2, 42.6% (SD 11.3%) of the
INF.VAC, and 78.9% (SD 3.8%) of the INF statuses. Best
performances were obtained for the modalities with the largest
numbers of “individual × date” units (NEG, VAC2, and INF).
The VAC1 individuals were usually (60%) incorrectly predicted
as VAC2; the error in the prediction did not depend on age or
gender. The INF.VAC individuals were usually (84.4%)
incorrectly predicted as VAC2; the error in the prediction did

not depend on age and gender. As expected, this model predicted
99.5% of the negative prepandemic sera (Figure 3).

The model was applied to the prepandemic data (n=223). It
predicted 222 results as negative and 1 as VAC1. This confirms
the ability of the model to predict infection-free individuals, as
99.5% of the results were correctly predicted as NEG. This
performance is in accordance with that calculated by means of
cross-validation (98.4%). However, this performance is expected
in that the model has many NEG values in the calibration data
set (3532/4394; 80.4%) and is tested on expected NEG results.
The only result not correctly predicted was predicted to be
VAC1 with values log10LN=3.09, log10LS=4.44, and
log10PNT=5.04. This individual had higher LS values than
expected for NEG individuals (log10LN=3.28, log10LS=3.05,
and log10PNT=4.78 for average NEG individuals in the
CURIE-O-SA data set).
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Table 2. Predictive performances of different models obtained by means of a repeated (200 times) 2-fold cross-validation using the CURIE-O-SA
cohort (n=4394 individual × date units from April 2020-November 2021).

Predictive performance (%), mean (SD)Model

AveragefINFe (n=231)INF.VACd (n=72)VAC2c (n=477)VAC1b (n=82)NEGa (n=3532)

59 (41.8)68.1 (2.9)29.1 (9.8)95.4 (1.5)3.4 (4.7)99.1 (0.2)Multinomial regression

57.8 (43.1)68 (2.8)24.8 (12.6)95.4 (1.3)1.9 (3.6)99.1 (0.2)Penalized generalized linear model

65.6 (38.3)83.8 (1.8)47.8 (8.7)91.3 (1.9)6.7 (4.7)98.5 (0.2)Naive Bayesian classification

66.8 (27.8)77.9 (1.8)45 (6.1)81.1 (4)31.1 (5.8)98.7 (0.1)Linear discriminant analysis

68.4 (32.2)82.5 (2.8)46.9 (6.3)91.5 (3)22.9 (11.3)98.3 (0.2)Regularized discriminant analysis

69.6 (26.5)78.9 (3.8)42.6 (11.3)87.5 (3.1)40.6 (6.9)98.4 (0.2)Mixture discriminant analysisg

46.3 (47.7)41.7 (3.1)0 (0)90.3 (1)0 (0)99.7 (0.1)Kernel PLSh discriminant analysis

62.9 (34.3)72.3 (4.6)31.1 (8.8)89.6 (2.6)22.7 (7.8)98.7 (0.2)Bagged CARTi

61 (38.1)72.4 (7.8)29 (14.5)91.6 (3.5)13.3 (9.6)98.8 (0.4)Quinlan’s C5.0 algorithm

62.8 (35.8)70.2 (4.3)31.4 (9.9)92 (2.4)18.9 (7.7)98.8 (0.2)K nearest neighbors

59 (44.3)76.2 (2.8)23.3 (15.8)95.6 (1.5)1.1 (2.6)98.9 (0.2)Support vector machine

62.9 (38.3)77.1 (5.5)30.7 (15.6)94 (2.4)14.1 (10.7)98.7 (0.3)Neural network

aNEG: uninfected-unvaccinated.
bVAC1: vaccinated with 1 dose.
cVAC2: vaccinated with 2 doses.
dINF.VAC: infected-vaccinated regardless of the number of doses.
eINF: infected-unvaccinated.
fMean predictive performance across the 5 statuses.
gSelected model.
hPLS: partial least squares.
iCART: classification and regression tree.

Figure 3. Density estimation of the log10 values of the serological assays (LN, LS, and PNT) according to their known SARS-CoV-2 status in the
prepandemic data set. LN: nucleocapsid; LS: spike protein; NEG: uninfected-unvaccinated; PNT: pseudoneutralization assay.

Prediction for the SERPICO Serosurvey
The model was applied to the French nationwide
serosurveillance survey SERPICO (n=23,886). The consistency
of the predictions was confirmed by comparing the predicted
results to internal and external reference information

(Multimedia Appendix 1). It follows that the estimation of the
vaccinated proportion of the French population was correctly
predicted, especially between March 2020 and June 2021.
Predictions were less accurate for the last 2 periods as the
proportion of individuals with a complete vaccination scheme
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(VAC2 and INF.VAC) tended to be underestimated in the
prediction.

The average percentages of the 5 predicted SARS-CoV-2
immune statuses are shown in Figure 4 for the 8 sampling
periods. For the first 4 periods, individuals were mostly
predicted as NEG (March 2020: mean 99.1%, SD 0.2%; October
2020: mean 94.7%, SD 0.4%). Between February 2021 and
March 2022, the number of INF individuals increased from
7.5% (SD 0.4%) to 16.8% (SD 0.7%). From June 2021, the
numbers of vaccinated (VAC1 and VAC2) and INF.VAC
individuals increased in relation with the rollouts of vaccination
for the older population from the end of December 2020, for
any person older than 12 years from June 2021, and for children
aged 5 to 11 years from December 2021 in France. The
prediction performances of the model were usually better for
the most common statuses (NEG and INF). The INF.VAC status
was better predicted in the 4 later periods during the vaccination
rollout.

No difference in SARS-CoV-2 predicted status was observed
between genders, except in October 2021 (Figure 5, left panel).
At this time, the percentage of predicted NEG men was higher
than that of women. No other significant difference was

observed due to large CIs associated with the VAC1, VAC2,
and INF.VAC predictions.

The percentage of INF individuals was similar in all age groups
over the 7 sampling periods (Figure 5, right panel). In June
2021, the proportions of individuals predicted as VAC1 and
VAC2 increased first in older age groups (60-69, 70-79, and
older than 80 years) as vaccination was rolled out for these age
groups first. Conversely, the proportion of individuals predicted
to be NEG remained higher for the younger age groups during
the same period. The proportion of NEG individuals was still
higher in children aged 0 to 9 years in comparison with other
age groups in October 2021 because vaccination was open only
to children aged 5 to 11 years.

Predictions for the 5 SARS-CoV-2 statuses can be illustrated
according to French administrative regions (Figure 6). The
epidemic first progressed in the Eastern part of France between
March and May 2021 and then spread to the Paris region and
to the northern part of France in October 2021. Spatial variability
was observed in immune status, with the predicted fraction of
vaccinated individuals being higher in the western part of France
than in other regions in June and October 2021.

Figure 4. Percentages (95% CI) of SARS-CoV-2 predicted status for the 8 collection periods. INF: infected-unvaccinated; INF.VAC: infected-vaccinated
regardless of the number of doses; NEG: uninfected-unvaccinated; VAC1: vaccinated with 1 dose; VAC2: vaccinated with 2 doses.
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Figure 5. Percentages (95% CI) of SARS-CoV-2 predicted statuses for the 8 collection periods according to gender (left panel) and age group (right
panel) in the SERPICO data set. INF: infected-unvaccinated; INF.VAC: infected-vaccinated regardless of the number of doses; NEG:
uninfected-unvaccinated; VAC1: vaccinated with 1 dose; VAC2: vaccinated with 2 doses.
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Figure 6. Percentages of SARS-CoV-2 predicted status for the 8 collection periods according to regions in France for the SERPICO data set. INF:
infected-unvaccinated; INF.VAC: infected-vaccinated regardless of the number of doses; NEG: uninfected-unvaccinated; VAC1: vaccinated with 1
dose; VAC2: vaccinated with 2 doses. For a higher-resolution version of this figure, see Multimedia Appendix 2.

Discussion

Serological Assays
The objective of our study was to predict the infected or
vaccinated status of the individuals enrolled in the SARS-CoV-2
serosurveillance survey without prior information on their
SARS-CoV-2 infection or vaccination status. For that purpose,
reference data on serological profiles of seronegative, infected,
and vaccinated individuals from another French cohort were
used to build the predictive model. This approach was possible
because serological testing was carried out using the same assays
developed by the National Reference Centre for Respiratory

Diseases of the Institut Pasteur, ensuring the comparability of
the serological results between studies.

LuLISA-S is a sensitive assay for identifying individuals
exposed to SARS-CoV-2 infection or vaccination. As the
vaccines used in France target the SARS-CoV-2 spike protein
only, we were confident in the ability of the LuLISA-N assay
to distinguish naturally infected individuals from vaccinated
ones in the CURIE-O-SA and SERPICO surveys. The LN and
LS assays were studied in the context of infection and
vaccination [13]. What was less expected was the determinant
role of the PNT assay in differentiating INF.VAC individuals
from others. The infected status was characterized by a higher
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pseudoneutralization capacity than that in vaccinated individuals
only, confirming previous observations of the higher protection
conferred by infection followed by vaccination [4]. Therefore,
the 3 serological assays were complementary and essential to
obtain a clear distinction between all SARS-CoV-2 statuses in
the population, despite the fact that using 3 assays is costly and
time-consuming for serosurveillance purposes.

Machine Learning and Data-Driven Analysis
To build models predicting the SARS-CoV-2 status from
serological assays, a machine learning procedure was applied.
This procedure made it possible to compare a large number of
classification models and select the most predictive one. This
kind of procedure was previously used for prediction of
SARS-CoV-2 status based on serological test results in a
population vaccinated with whole virion vaccines [8].

The proposed procedure was based on raw serological results
without setting any thresholds, contrary to previous works [3].
The thresholds used in the SERPICO survey were designed to
maximize the specificity of the assays in a context of a low
prevalence of SARS-CoV-2 infection in France from March
2020 to April 2021. In this study, adopting a data-driven strategy
without any assay threshold enabled us to capture the evolution
of the SARS-CoV-2 epidemic without modifying the assay
interpretations over time [14]. The proposed model exhibited
similar performance to the standard method for distinguishing
negative versus positive SARS-CoV-2 immune statuses;
however, it provided additional information about the positive
status (ie, vaccinated, infected, or both; Multimedia Appendix
1).

To ease the use of the model, an R-shiny application was
developed for the National Reference Centre and implemented
in a user-friendly environment. Input data from the serological
assays can be uploaded as a data frame and the most likely
SARS-CoV-2 status is given [15].

Vaccination Impact on Seroprevalence
Application of the predictive model to serosurveillance results
gave useful insights for interpreting the evolution of
SARS-CoV-2 seroprevalence in France. Between June and
October 2020, the proportion of individuals who were
seronegative to SARS-CoV-2 infection was still higher than
90% despite the first 2 SARS-CoV-2 waves that greatly
impacted health services in March and September 2020. The
observed quasistability of seroprevalence over this period could
be explained by an increase in seroprevalence due to the waves
of infections, tempered by the fairly rapid decrease in
anti–SARS-CoV-2 antibodies.

Between October 2020 and March 2022, the proportion of
seronegative individuals decreased. As the proposed predictions
showed that the proportion of INF individuals did not increase
over the same period, the decrease of the seronegative
population could be mainly attributed to vaccination.
Additionally, the decrease of the NEG population occurred
earlier in the older age groups (older than 60 years) who were
targeted first by the vaccination program. A part of this older
population also benefited from a hybrid immunity due to
vaccination and infection, although to a lesser degree than the

rest of the adult population. On the contrary, two-thirds of
children aged 0 to 9 years were still seronegative to
SARS-CoV-2 in October 2021 due to a later rollout of
vaccination for children aged 5 to 11 years. The expected
percentages infected children aged 0 to9 years increased from
1.3% to 36.4% from October 2021 to March 2021. This clearly
shows the impact of the Omicron strain on this poorly vaccinated
population. All together, these results confirm that population
immunity toward SARS-CoV-2 infection would progress very
slowly without vaccination in the French population [16].
Moreover, such a strategy—necessarily combined with
continued restrictive measures aimed to avoid overwhelming
the health care system—would have had a tremendous impact
on the economy and mental health.

Consistency of the Predictions
The proposed predictive model produced SARS-CoV-2 immune
status predictions in accordance with the observed SARS-CoV-2
epidemiological situation in France from March 2020 to March
2022 as results were only given in terms of infection prevalence
(Multimedia Appendix 1). Predictions by region, gender, and
age were consistent with the epidemiological weekly
observations of the SARS-CoV-2 epidemic [17].

The consistency of the predictions was largely due to the use
of 3 complementary serological assays that enabled us to finely
distinguish the 5 SARS-CoV-2 statuses through a machine
learning procedure. The main limit of the predictive models is
associated with the data from the cohort used for calibration
and validation of the models. Indeed, women and middle-aged
individuals were overrepresented in the CURIE-O-SA cohort.
The lack of profile diversity in the calibration and validation
data set may explain why including the covariates (gender and
age) did not improve model predictions. In addition, the
CURIE-O-SA study took place from April 2020 to November
2021; therefore, it did not capture key evolutions in the
SARS-CoV-2 epidemic in France, such as the emergence of the
Omicron variant (November 2021) that provoked a different
response to the PNT assay used in our study. In addition,
infected and vaccinated individuals became more frequent in
the overall population over time. This profile of individuals and
individuals vaccinated with 1 dose were rare in the
CURIE-O-SA cohort, leading to poor accuracy in the prediction
of those statuses. The high percentages of individuals predicted
to be vaccinated with 1 dose in October 2021 and March 2022
may have been due to the waning immunity of individuals
vaccinated with 2 doses for a long time [5,18-20]. Lastly, the
CURIE-O-SA cohort did not cover the rollout of the third
vaccination dose. The validity limits of the predictive models
were thus reached in October 2021, as exemplified by the
overlapping CIs of the different percentages of vaccination
statuses. The collection of new reference results including both
results for the 3 serological assays and SARS-CoV-2 infection
and vaccination history of the individuals is needed to update
the model. Maintaining serosurveillance distinguishing
vaccinated or infected populations is of interest to describe the
evolution of SARS-CoV-2 immunity in the overall population
and to understand immunity waning over time, but additional
samples are needed for that purpose.
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Conclusion and Perspectives
A predictive model of individual vaccination or infection status
with respect to SARS-CoV-2 was proposed based on 3
complementary serological assays and based on a machine
learning procedure. This model was applied to the French
nationwide serosurveillance survey from 2020 to 2022 to
estimate the proportions of the French population that were
seronegative, infected, vaccinated (1 or 2 doses), or infected
and vaccinated, as this data set included no prior information
on the SARS-CoV-2 infection or vaccination status of the
individuals. This allowed us to follow the level of SARS-CoV-2
infection and the vaccine response profile of the French
population over time.

Combining the results from the serosurveillance survey with
previously acquired results from a cohort studied longitudinally
improved the information retrieved from serosurveillance while
keeping its protocol simple and easy to implement (no need to
collect SARS-CoV-2 information on a large sample of
individuals). We think that such a combination strategy is of
interest to improve serosurveillance of emerging
vaccine-preventable diseases. The results of our predictive
model make it possible to measure the crucial contribution of
SARS-CoV-2 vaccination to rapidly reach a level of collective
immunity that has made it possible to relax sanitary measures
without overloading the health care system. Indeed, population
immunity toward SARS-CoV-2 infection would have progressed
very slowly without vaccination.
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Abstract

Background: Self-reported questions on blindness and vision problems are collected in many national surveys. Recently released
surveillance estimates on the prevalence of vision loss used self-reported data to predict variation in the prevalence of objectively
measured acuity loss among population groups for whom examination data are not available. However, the validity of self-reported
measures to predict prevalence and disparities in visual acuity has not been established.

Objective: This study aimed to estimate the diagnostic accuracy of self-reported vision loss measures compared to best-corrected
visual acuity (BCVA), inform the design and selection of questions for future data collection, and identify the concordance
between self-reported vision and measured acuity at the population level to support ongoing surveillance efforts.

Methods: We calculated accuracy and correlation between self-reported visual function versus BCVA at the individual and
population level among patients from the University of Washington ophthalmology or optometry clinics with a prior eye
examination, randomly oversampled for visual acuity loss or diagnosed eye diseases. Self-reported visual function was collected
via telephone survey. BCVA was determined based on retrospective chart review. Diagnostic accuracy of questions at the person
level was measured based on the area under the receiver operator curve (AUC), whereas population-level accuracy was determined
based on correlation.

Results: The survey question, “Are you blind or do you have serious difficulty seeing, even when wearing glasses?” had the
highest accuracy for identifying patients with blindness (BCVA ≤20/200; AUC=0.797). The highest accuracy for detecting any
vision loss (BCVA <20/40) was achieved by responses of “fair,” “poor,” or “very poor” to the question, “At the present time,
would you say your eyesight, with glasses or contact lenses if you wear them, is excellent, good, fair, poor, or very poor”
(AUC=0.716). At the population level, the relative relationship between prevalence based on survey questions and BCVA remained
stable for most demographic groups, with the only exceptions being groups with small sample sizes, and these differences were
generally not significant.

Conclusions: Although survey questions are not considered to be sufficiently accurate to be used as a diagnostic test at the
individual level, we did find relatively high levels of accuracy for some questions. At the population level, we found that the
relative prevalence of the 2 most accurate survey questions were highly correlated with the prevalence of measured visual acuity
loss among nearly all demographic groups. The results of this study suggest that self-reported vision questions fielded in national
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surveys are likely to yield an accurate and stable signal of vision loss across different population groups, although the actual
measure of prevalence from these questions is not directly analogous to that of BCVA.

(JMIR Public Health Surveill 2023;9:e44552)   doi:10.2196/44552

KEYWORDS

vision; blindness; surveillance; survey; acuity; validation; visual health; optometry clinic; eye disease; vision loss

Introduction

Vision loss and blindness affect approximately 7.08 million
Americans and cost the US economy US $134 billion per year
[1,2]. Improving and targeting public health and medical
interventions to reduce this burden depend on measuring
changes in vision loss and blindness prevalence over time at
the national, state, and local level. The 2016 National Academies
of Sciences, Engineering, and Medicine report Making Eye
Health a Population Health Imperative [3] highlighted the role
that epidemiological surveillance of vision loss could play in
mitigating the burden of vision loss. This report included
recommendations for the Centers for Disease Control and
Prevention (CDC) to develop case definitions to measure visual
health, evaluate the utility of self-reported vision measures, and
establish a national surveillance system to track vision and eye
health indicators in available data sources [3]. A particular
challenge to meeting these recommendations is reconciling the
different types of data and case definitions used to identify
vision loss and blindness prevalence. Historically, most
estimates of the prevalence of vision loss and blindness available
in the published literature are derived from either
population-based examination studies that objectively measure
visual function in a defined geographic area and apply these
rates to the national population or from nationally representative
surveys that measure self-reported vision loss through responses
to a wide variety of survey questions [4-8].

Direct measurement of best-corrected visual acuity (BCVA) in
the better-seeing eye as evaluated by a trained eye-care
technician is accepted as the gold standard method to determine
vision impairment or blindness at the person level. Several
high-quality population-based studies have attempted to measure
BCVA among all persons or persons of a specific race/ethnicity
group residing within specific localities [5,6,9-11]. The National
Health and Nutrition Examination Survey (NHANES), which
approximated BCVA using autorefractors from 1999-2008, is
the only examination study derived from a nationally
representative sample [4,12]. However, the high cost of
examination studies limits their sample size and collection
frequency, and study recruitment logistics result in the
exclusions of important populations including younger persons,
persons with risk factors, the oldest age groups, and persons
living in institutional settings such as nursing homes. As a result,
examination studies have limited capacity to measure and
monitor prevalence for the entire population, identify trends or
disparities over time among sociodemographic and risk factor
groups, or identify variation in prevalence at the state or local
level.

In contrast, survey-based measures of self-reported vision loss
and blindness offer advantages of timeliness and much larger

sample sizes and typically include richer covariate information
on demographic, socioeconomic, behavioral, access to care, and
health risk factors. At least 16 nationally representative surveys
include self-reported vision questions, including several at the
state level and one at the county level [13,14]. Given their low
cost of administration, self-reported vision questions can be
extremely useful for population health surveillance if they yield
a consistent signal of vision problems at the population level,
even if they are less precise at the individual level. However,
the large number of different survey questions and differences
in how they are administered in different surveys result in a
wide range of estimates, and experts have expressed skepticism
about their accuracy [15,16]. Currently, the validity and
correlation of self-reported vision for determining measured
visual function is unknown.

Two recent surveillance estimates of the prevalence of vision
loss by the CDC’s Vision and Eye Health Surveillance System
(VEHSS) and the World Health Organization’s (WHO) Global
Burden of Disease project used statistical modeling approaches
to combine information from both examination- and
survey-based data sources [17]. The VEHSS composite
prevalence estimates of blindness and visual acuity loss used
Bayesian meta-analytic methods to combine prevalence
information from multiple published examination studies that
measured BCVA, benchmarked to the NHANES examination
measures. The analysis then used self-reported information from
the American Community Survey and the National Survey of
Children’s Health to predict visual acuity loss prevalence among
populations that were excluded or insufficiently captured by
examination-based data, including children, older age groups,
and persons living in institutional settings, as well as to allocate
prevalence by state and county based on the 2019 US population
[2]. The WHO estimates similarly combine examination- and
survey-based data to estimate burden in WHO regions for which
insufficient data exist.

However, more research on the relationship between
self-reported vision problems and measured BCVA is vital to
better understand the utility of these questions for public health
surveillance. Determining the extent to which variation in
self-reported vision problems correlates to variation in
underlying visual function will support the ongoing development
and interpretability of novel surveillance estimates that leverage
multiple types of data. In this paper, we sought to estimate the
accuracy of self-reported vision loss measures fielded in national
surveys by comparing their results to a gold standard of
evaluated BCVA at both the individual and population level.
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Methods

We conducted a retrospective chart review and concurrent
telephone interview among a sample of patients from the
University of Washington (UW) ophthalmology and optometry
clinics and calculated statistics to inform the accuracy and
validity of telephone survey self-reported visual function
compared to examination-measured BCVA. We evaluated
findings both at the person level, where we assessed the
diagnostic accuracy of the survey questions for identifying
BCVA loss, and at the population level, where we compared
sample-level prevalence rates derived from survey responses
to those based on BCVA.

Participant Sample
We sampled study participants from current or recent patients
from the UW ophthalmology and optometry clinics. First, we
restricted a patient-level electronic health record file to only
include patients with a visit from May 2018 through April 2020.
We then sampled 1200 patients for inclusion such that
approximately 20% had diagnoses for age-related macular
degeneration, 20% had diagnoses for diabetic retinopathy, and
20% had diagnoses for glaucoma. Among these patients, we
attempted to oversample patients with severe or
vision-threatening stages of disease. We sampled for 2 additional
cohorts of 20% each, which excluded any patients with
diagnoses of age-related macular degeneration, diabetic
retinopathy, or glaucoma: one cohort in which patients had
presenting visual acuity loss of 20/40 or worse in the
better-seeing eye and another cohort in which patients had no
record of visual acuity loss. The diagnosed prevalence of
cataract was so high that we did not need to oversample for
patients with this condition. The overall sample size was too
low to specifically oversample for additional diseases, so the
prevalence of these conditions in the sample was based on the
background rate of selected patients. Between the summer of
2020 and the spring of 2021, UW ophthalmology students and
residents recruited and obtained informed consent from 669
patients, of whom 438 (65.5%) completed the telephone survey
interview.

Chart Review
We abstracted chart information for all 669 recruited patients
from October 2020 until March 2021. The project team
developed a secure, web-based form that allowed chart
abstractors to complete their reviews remotely (due to
COVID-19) and automatically aggregate and store the review
information. The form was reviewed by an external panel of
experts in ophthalmology, and recommended revisions were
incorporated. The form captured presenting (or habitual) acuity
and BCVA in each eye and contained additional free-text fields
designed to capture patient vision information from electronic
health record assessment and treatment plan information. The
abstractions were conducted by 2 UW ophthalmology residents
(GLS and RL) under the supervision of a professor (AL). Study
authors manually reviewed the acuity fields and assigned a
single logMar value to each patient based on BCVA in the
better-seeing eye. These values were re-reviewed by the original

abstractors. For reporting purposes, acuity is shown in Snellen
acuity ratios.

Telephone Survey
A telephone survey was administered to consented patients in
2 rounds (November 2020 and May 2021) to minimize the
amount of time between the survey and the patients’ recruitment
and consent. Nonrespondents from the first round were
recontacted in the second round. The survey was administered
by professional interviewers with experience conducting
federally funded national surveys. The survey included sections
with questions related to patient sociodemographic
characteristics, eye diseases, visual function, and vision-related
difficulties with activities of daily living (ADL). The question
order within each section was randomized for each respondent.

To select questions to include in the survey, we first identified
vision-related survey questions from 16 recent or ongoing
national surveys [14]. We reviewed the questions with the
CDC’s Vision Health Initiative and an expert advisory panel
convened under the VEHSS, as well as experts in telephone
survey administration and psychometrics at NORC at the
University of Chicago. We selected three visual function
questions from current or recent national surveys: (Question
[Q] 1) “Are you blind, or do you have serious difficulty seeing,
even when wearing glasses?” which has been administered by
the American Community Survey since 2008 and the Behavioral
Risk Factor Surveillance System core module since 2013. (Q2)
“At the present time, would you say your eyesight, with glasses
or contact lenses if you wear them, is excellent, good, fair, poor,
or very poor” which is a scaled response question included in
NHANES from 1999-2008. (Q3) “Are you blind or unable to
see at all?” was administered by the National Health Interview
Survey (NHIS) since 1999. We considered but ultimately did
not select other questions, including the NHIS question, “Do
you have any trouble seeing, even when wearing glasses or
contact lenses?” because the wording was deemed to be too
similar to Q1.

We also added 2 additional questions not included in prior
surveys: “Have you ever been told by a doctor or other health
professional that you...” (Q4) “have visual impairment?” and
(Q5) “are blind?” which are similar in structure to self-reported
eye disease questions that were also included in the survey. We
included 6 questions on vision-related ADL that were fielded
in the NHIS from 2016-2018, which all began with, “Even when
wearing glasses or contacts lenses, because of your eyesight,
how difficult is it for you to...” followed by descriptions of
ADL, including reading newsprint and driving during the day.
Full details and results for the ADL questions are included in
Multimedia Appendix 1.

Analyses
We calculated descriptive statistics for all survey responses and
chart abstraction values. To assess diagnostic accuracy of
questions at the person level, we calculated the sensitivity,
specificity, and area under the receiver operator curve (AUC),
comparing survey responses to a gold standard of chart-reviewed
BCVA. We did not report positive and negative predictive
values because these varied based on the underlying prevalence
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of vision loss in the sample, and by design, we oversampled for
vision loss. For Q1 and Q2, we calculated box-and-whisker
plots including the mean, median, and IQR of logMar values
for each survey response value. To assess the validity of
self-reported survey questions for quantifying population-level
prevalence rates of BCVA-assessed vision loss and blindness,
we compared the sample-level prevalence rate and 95% CI,
overall and by subgroup. To test for response bias in the
telephone survey, we calculated Kruskal-Wallis or chi-square
P values for differences in baseline demographic characteristics
for respondents compared to nonrespondents (Multimedia
Appendix 2).

Ethics Approval
The study protocol was reviewed and approved by the UW
Institutional Review Board (STUDY00008957) and conforms
to the Declaration of Helsinki. All patients included in the study
provided informed consent for inclusion in the study, including
consenting to the telephone interview and secondary analysis
of their medical records and claims information. Consent was
obtained via telephone due to COVID-19 restrictions on
in-person research activities. No person-level data from this
study are released. Participants received no compensation for
participation in the study.

Results

Sample Characteristics
The study sample included 438 patients who completed the
telephone survey, which was 65.5% of the 669 patients who

consented for participation (Table 1). On average, the interview
was conducted 5 months after the most recent acuity
measurement. Nearly half (n=215, 49.1%) of the 438 patients
were interviewed within 120 days of their last acuity
measurement and 86.5% (n=379) were interviewed within a
year of their last exam, where the longest time difference was
1 year 3 months. We found no significant differences in AUCs
associated with duration of time between the survey and exam.
We also found no significant differences in demographic
characteristics between patients who did and did not respond
to the telephone survey (age: P=.53; sex: P=.44; and
race/ethnicity: P=.12; Multimedia Appendix 2). The sample
was 54.1% (n=237) female, 70.5% (n=309) non-Hispanic White,
9.6% (n=42) non-Hispanic Black, 4.8% (n=21) Hispanic, and
11.6% (n=51) other races/ethnicities. The majority (n=251,
57.3%) of patients were aged 65-84 years; 25.8% (n=113) were
aged 40-64 years, 8% were aged (n=35) 85+ years, 8% were
aged (n=35) 18-39 years, and 0.9% were aged (n=4) 0-17 years.
Of all the respondents, 38.4% (n=168) reported education
beyond a bachelor’s degree, 28.8% (n=126) had an associate’s
or bachelor’s degree, and 32.4% (n=142) had less than a college
degree. Nearly two-thirds (n=281, 64.2%) of patients had BCVA
better than 20/40, equating to normal vision; 17.8% (n=78) had
mild impairment of 20/40 to <20/80; 4.8% (n=21) had moderate
impairment of 20/80 to <20/200; and 13.2% (n=58) were blind,
including 2.1% (n=9) with 20/200 to <20/400 and 11.2% (n=49)
with blindness defined as acuity ≤20/400, difficulty counting
fingers or seeing hand motions, or having no light perception.
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Table 1. Demographic characteristics of the study population.

Patient (n=438), n (%)Characteristic

Sex

199 (45.4)Male

237 (54.1)Female

Age (years)

4 (0.9)0-17

35 (8)18-39

113 (25.8)40-64

251 (57.3)65-84

35 (8)85+

Race/ethnicity

21 (4.8)Hispanic

42 (9.6)Non-Hispanic Black

309 (70.5)Non-Hispanic White

51 (11.6)Other

15 (3.4)Unknown

Education

142 (32.4)Less than college degree

126 (28.8)Associate’s or bachelor’s degree

168 (38.4)Graduate degree

2 (0.5)Unknown

Best-corrected visual acuity in the better-seeing eye

281 (64.2)>20/40 (normal vision)

78 (17.8)20/40 to <20/80 (mild vision impairment)

21 (4.8)20/80 to <20/200 (moderate vision impairment)

9 (2.1)20/200 to <20/400 (blindness)

49 (11.2)≤20/400 (blindness based on acuity, CFa, HMb, or NLPc)

aCF: counting fingers.
bHM: hand motion.
cNLP: no light perception.

Survey Responses
Of respondents, 19.2% (n=84) self-reported “yes” to the question
Q1, “Are you blind or do you have serious difficulty seeing,
even when wearing glasses?”; 3.7% (n=16) responded that they

are “blind or unable to see at all” (Q3); and 55.5% (n=227) and
7.3% (n=32) of respondents stated they had ever been told by
a doctor that they had visual impairment (Q4) and blindness
(Q5), respectively (Figure 1).
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Figure 1. Sample prevalence, sensitivity, specificity, and area under the receiver operator curve (AUC) of survey questions versus any vision loss or
blindness. The sample prevalence of survey response options compared to the gold standard of best-corrected visual acuity (BCVA) thresholds of ≤20/40
(vision loss) and ≤20/200 (blindness) is shown. The diagnostic accuracy of each question is compared to BCVA-assessed vision loss or blindness.
Sensitivity (sens.) refers to the rate at which the question accurately identifies vision loss or blindness in comparison to BCVA (true positive), whereas
specificity (spec.) refers to the rate at which the question correctly identified BCVA vision, indicating no vision loss or blindness (true negative). AUC
measures both sensitivity and specificity and, therefore, is the primary measure of diagnostic accuracy reported in this analysis. Q: question.

Person-Level Accuracy of Survey Responses for
Indicating BCVA
Figures 1 and 2 show associations between BCVA and survey
responses at the person level. Figure 1 reports the sensitivity,
specificity, and AUC of each survey question for predicting
either vision loss (≤20/40) or blindness (≤20/200). For any
vision loss, Q4 had the highest sensitivity (0.79), whereas Q3
had 100% specificity. Q2 achieved the highest AUC (0.72) and
the smallest percentage difference when including any response
of “fair,” “poor,” or “very poor” to indicate vision loss (data
not shown). Q1 had the second highest AUC of 0.68, but this
appears to be achieved through high specificity (0.930) despite
relatively low sensitivity (0.43). Q1 also underestimated vision
loss by 46%. For blindness, the highest sensitivity and specificity
were achieved by Q4 (0.91) and Q3 (0.995), respectively. Q1
had the highest AUC at 0.80 but overestimated blindness by
47% relative to BCVA. The second highest AUC was achieved
by Q2 (0.74) when including responses of “fair,” “poor,” or

“very poor” to indicate blindness. Q2 responses of “poor” or
“very poor” resulted in the closest overall prevalence estimate
for blindness, underpredicting blindness by 12% relative to
BCVA. Multimedia Appendix 3 shows the receiver operating
characteristic curves associated with these results.

Figure 2 includes box plots depicting the distribution of visual
acuity values by survey responses to Q1 and Q2 (selected
because these questions achieved the highest AUC values for
blindness and vision loss, respectively). For responses to Q1,
the IQR of “no” responses is almost entirely within the range
of normal acuity values of <20/40, whereas the lower threshold
of 1.5 × IQR for “no” is almost entirely within the range of mild
visual impairment of 20/40 to < 20/80. The IQR of “yes”
responses ranges from just over 20/40 to <20/400, but the upper
threshold of 1.5 × IQR is nearly 20/20. For Q2, the box plots
show that the mean and median acuity values of the 5-response
options fall within 5 corresponding levels of acuity loss,
although the IQR and outer thresholds span multiple acuity
categories.
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Figure 2. Distribution of best-corrected visual acuity (BCVA) in the better-seeing eye by survey response value. The box-and-whisker plots show the
distribution of BCVA among patients who gave a response to both Q1 and Q2. These questions were selected because they were the 2 questions with
the highest diagnostic accuracy for BCVA blindness and vision loss, respectively. The box-and-whisker plots show the mean, median, upper and lower
quartiles, 1.5× quartiles, and outliers defined as values outside of the range of 1.5× the lower and upper quartiles. The distribution of BCVA generally
corresponds with the survey response. However, for Q2, “Excellent” and “Good” responses are both primarily within the normal vision range, whereas
“Poor” responses exhibits a very wide distribution. NLP: no light perception; Q: question.

Population-Level Vision Loss and Blindness Prevalence
Figure 3 shows the population-level prevalence rates for BCVA
and Q1 and Q2 responses overall and by sex, race/ethnicity, age
group, insurer, and education status among the sample. BCVA
is shown as a stacked bar with blindness on the left and
impairment on the right; the cumulative sum of these bar charts
is equivalent to any BCVA loss. The prevalence of vision loss
for all patients was 35.8% (157/438). Responses for Q2 are
similarly stacked, such that the left bar includes responses of
“poor” or “very poor” and the right bar includes “fair”; thus,
the stacked cumulative total would equate to the responses of
“fair,” “poor,” or “very poor,” which had an overall prevalence
of 32.9% (n=144). Q1 “yes” responses had an overall prevalence
of 21.9% (96/438).

At the population level, Q1 and Q2 responses exhibit similar
trends and disparities in prevalence rates as those of BCVA.

The two Q2 response groupings are closely correlated with the
2 BCVA categories. For Q2, the relative difference in prevalence
rate of “poor” or “very poor” responses was 14% lower than
that of BCVA blindness, whereas the prevalence of Q2
responses of “fair,” “poor,” or “very poor” was 8% lower than
BCVA vision loss. Q1 response of “yes” relatively overpredicts
BCVA blindness (≤20/200) by 66% and underpredicts BCVA
vision loss (≤20/40) by 39%. The relative relationships in
prevalence between BCVA, Q1, and Q2 were stable across most
sample subgroups. Prevalence based on Q1 falls within the
range of BCVA blindness to vision loss for every subgroup
except the “Other race” subgroup, although this result is based
on a sample of only 12 patients. Similarly, the cumulative
responses from Q2 fell within the range of blindness to vision
loss for all subgroups except the “Other race,” “Hispanic,”
“Advanced degree,” and “Other insurance” subgroups.
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Figure 3. Sample-level prevalence rates of best-corrected visual acuity (BCVA)–assessed blindness and visual impairment, Q2 responses of “poor" or
"very poor” and “fair,” and Q1 response of “yes.” The relationship between population-level prevalence rates based on BCVA, Q1, and Q2 at the
population level is shown. BCVA is based on the better-seeing eye. Q1 is “Are you blind or do you have serious difficulty seeing, even when wearing
glasses?” and Q2 is ”At the present time, would you say your eyesight, with glasses or contact lenses if you wear them, is excellent, good, fair, poor,
or very poor?” For each population group, there are 3 bars. The top blue bar is BCVA and depicts 2 stacked bars. The darker blue bar on the left is the
prevalence of blindness (≤20/200). The lighter blue bar stacked to the right is the prevalence of persons with visual impairment (20/40 to 20/180). Thus,
the sum of the upper, blue stacked bars represents any vision loss (≤20/40). The red stacked bar below depicts prevalence results from Q2. The dark
red bar on the left includes patients who reported “poor” or “very poor” eyesight. The lighter red bar stacked to the right is the prevalence of “fair”
responses. Thus, the value of the dark and light red stacked bars represents patients who reported “very poor,” “poor,” or “fair” eyesight. The lower
orange bar is the prevalence of “yes” responses to Q1. Q: question.
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Discussion

This study provides evidence on the accuracy and validity of
vision and eye health survey questions, including those currently
or recently deployed through federally funded national surveys.
We measured the concordance between self-reported vision loss
or blindness and vision-related ADL limitations versus vision
measured with BCVA among a sample of patients from
ophthalmology and optometry clinics and reported results both
at the person and population level. The highest AUC for
predicting blindness (0.80) was achieved by Q1, “Are you blind,
or do you have serious difficulty seeing, even when wearing
glasses?” The highest AUC (0.72) for predicting any BCVA
loss was achieved by Q2, “At the present time, would you say
your eyesight, with glasses or contact lenses if you wear them,
is…” when the responses of “fair,” “poor,” or “very poor” are
used to indicate any vision loss. Prevalence rates based on Q2
or adjusted Q1 responses were highly correlated to
population-level prevalence of BCVA blindness and vision loss
and suggest that at the population level, variation in self-reported
prevalence based on Q1 and Q2 is likely to accurately reflect
patterns and variations in the underlying prevalence of visual
acuity loss and blindness.

This study has several limitations. Our study sample consisted
of current or recent patients from optometry and ophthalmology
clinics, which are not representative of the general population
and may have higher awareness of their visual health. This
sample also exhibited higher levels of education and, due to our
intentional oversampling, a much higher prevalence of evaluated
BCVA impairment than would be seen in a nationally
representative population. Due to COVID-19–related restrictions
on in-person research, patient acuity measures were collected
through retrospective chart review. Among the 669 recruited
patients, 231 (34.5%) did not complete a telephone interview.
In addition, we define vision loss based on BCVA only. We did
not consider other measures of vision loss such as reduced visual
field, contrast sensitivity, or near-distance acuity because this
information was not routinely recorded in the medical charts.
Due to this limitation, we likely misclassified some patients
with better vision. We additionally compared self-reported

values to BCVA as opposed to presenting visual acuity because
of data quality concerns regarding how consistently presenting
or habitual acuity may have been recorded in patient charts and
because historically, vision loss and blindness prevalence
estimates are reported based on BCVA. Finally, time differences
between the patients’ survey interview and the date of their
nearest examination may bias results. Presumably, longer time
periods would reduce the apparent accuracy of the self-reported
responses, although we did not find a significant association
between this time difference and AUC.

Identifying and documenting the concordance and relationship
between self-reported vision problems and BCVA is important
to enhance national surveillance of vision loss and eye problems.
Historically, visual health epidemiological estimates were
derived from either national surveys or examination studies,
each of which have inherent strengths and limitations.
Examination studies provide estimates of objectively measured
vision loss, but due to their high cost and complexity, they are
all based on small, localized samples, many of which are
arguably out of date. National self-reported surveys provide
large, representative, and ongoing samples that examination
studies lack, but self-reported instruments previously lacked
evidence of validity as proxy measures of actual vision loss.

The purpose of this study was to evaluate the validity of
self-reported vision measures to assess population health. The
results of this study imply that self-reported questions should
not be used as a substitute for clinical vision evaluation but do
support the interpretation of self-reported survey questions as
proxy measures of variation in population visual health for use
in surveillance. The recent surveillance estimates of the
prevalence of visual acuity loss produced by the CDC’s VEHSS
and the WHO both leverage the strengths of examination studies
(their robust measurement of vision loss) as well as that of
national surveys (their large, ongoing representative samples)
to provide more complete and detailed epidemiological estimates
than can be supported by either type of data alone [2,17]. Our
findings lend support to the methodologies and assumptions of
these ongoing national and international visual health
surveillance efforts by measuring the accuracy of self-reported
vision at the individual and population level.
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Abstract

Background: Rabies is a deadly zoonotic disease with nearly 100% fatality rate. In the United States, rabies virus persists in
wildlife reservoirs, with occasional spillover into humans and domestic animals. The distribution of reservoir hosts in US counties
plays an important role in public health decision-making, including the recommendation of lifesaving postexposure prophylaxis
upon suspected rabies exposures. Furthermore, in surveillance data, it is difficult to discern whether counties have no cases
reported because rabies was not present or because counties have an unreported rabies presence. These epizootics are monitored
by the National Rabies Surveillance System (NRSS), to which approximately 130 state public health, agriculture, and academic
laboratories report animal rabies testing statistics. Historically, the NRSS classifies US counties as free from terrestrial rabies if,
over the previous 5 years, they and any adjacent counties did not report any rabies cases and they tested ≥15 reservoir animals
or 30 domestic animals.

Objective: This study aimed to describe and evaluate the historical NRSS rabies-free county definition, review possibilities for
improving this definition, and develop a model to achieve more precise estimates of the probability of terrestrial rabies freedom
and the number of reported county-level terrestrial rabies cases.

Methods: Data submitted to the NRSS by state and territorial public health departments and the US Department of Agriculture
Wildlife Services were analyzed to evaluate the historical rabies-free definition. A zero-inflated negative binomial model created
county-level predictions of the probability of rabies freedom and the expected number of rabies cases reported. Data analyzed
were from all animals submitted for laboratory diagnosis of rabies in the United States from 1995 to 2020 in skunk and raccoon
reservoir territories, excluding bats and bat variants.

Results: We analyzed data from 14,642 and 30,120 county-years in the raccoon and skunk reservoir territories, respectively.
Only 0.85% (9/1065) raccoon county-years and 0.79% (27/3411) skunk county-years that met the historical rabies-free criteria
reported a case in the following year (99.2% negative predictive value for each), of which 2 were attributed to unreported bat
variants. County-level model predictions displayed excellent discrimination for detecting zero cases and good estimates of reported
cases in the following year. Counties classified as rabies free rarely (36/4476, 0.8%) detected cases in the following year.

Conclusions: This study concludes that the historical rabies freedom definition is a reasonable approach for identifying counties
that are truly free from terrestrial raccoon and skunk rabies virus transmission. Gradations of risk can be measured using the
rabies prediction model presented in this study. However, even counties with a high probability of rabies freedom should maintain
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rabies testing capacity, as there are numerous examples of translocations of rabies-infected animals that can cause major changes
in the epidemiology of rabies.

(JMIR Public Health Surveill 2023;9:e43061)   doi:10.2196/43061
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Introduction

Background
Rabies is a deadly zoonotic disease caused by an RNA virus
(rabies virus) in the Lyssavirus genus, which causes acute
progressive encephalitis in mammals with nearly 100% fatality
rate [1,2]. Globally, an estimated 60,000 people die annually
from rabies infection, with the highest fatality rates attributable
to the dog-mediated rabies virus variant (DMRVV) in African
and Asian countries [3]. However, established dog population
management and vaccination methods have successfully
eliminated DMRVV in most Western countries [4].

With the elimination of DMRVV in the United States, terrestrial
mesocarnivores and bats are the remaining rabies reservoirs in
the United States [5]. Reported infections in domestic animals
have decreased since the implementation of animal control and
vaccination programs in the 1940s and 1950s in the United
States; however, contact with wildlife and unvaccinated
domestic animals can still pose a threat of infection [6,7].
Human rabies deaths in the United States are rare, and rabies
pre-exposure prophylaxis and postexposure prophylaxis (PEP)
are effective when administered according to the Advisory
Committee on Immunization Practices guidance [6,8,9].
Annually, an estimated 55,000 to 60,000 people in the United
States receive rabies PEP for suspected rabies exposures at an
estimated cost of >US $150 million [6,10]. The distribution of
reservoir hosts in a given US county (ie, local administrative
unit) can inform rabies risk assessment algorithms to determine
if rabies PEP is required following a human exposure, based
on the epizootiology of the area where the exposure occurred
[11]. Therefore, understanding the geographic and temporal
patterns of animal rabies in the United States through routine
surveillance is essential for public health interventions such as
the recommendation of costly but lifesaving rabies PEP as well
as for developing and evaluating wildlife rabies management
actions and responding to unexpected rabies occurrences [7].

Rabies reservoirs in the United States include multiple bat
species and 5 terrestrial mesocarnivores, including raccoons
(Procyonlotor), skunks (family Mephitidae), foxes (Vulpes spp
and Urocyoncinereoargenteus), and the small Indian mongoose
(Herpestesauropunctatus) in Puerto Rico [7]. Substantial
geographical variation exists in the risk of rabies exposure in
the United States owing to the distinct geographic distribution
of the different rabies virus variants (RVVs) associated with
these terrestrial reservoirs [12]. The eastern raccoon RVV, for
example, was first reported in Florida in the 1950s and later
spread throughout the east coast following an apparent
translocation event [13,14]. Three distinct skunk RVVs exist:
south central, north central, and California skunks, named for
their geographical locations within the United States. Other

regions of the United States, such as the northwestern states of
Washington and Oregon, are believed to be free from terrestrial
rabies reservoirs. However, bat rabies is present throughout the
continental US as it is uniquely unconstrained by the geographic
barriers that define the territories of terrestrial reservoirs
[5,7,12].

Animal and human rabies are both nationally notifiable
conditions in the United States [15,16]. The US Centers for
Disease Control and Prevention (CDC) manages the National
Rabies Surveillance System (NRSS), which comprises
approximately 130 jurisdictional public health, agriculture, and
academic laboratories that conduct passive public health
surveillance, as well as the US Department of Agriculture
National Wildlife Rabies Management Program, which conducts
active case surveillance in areas where wildlife vaccinations
are distributed [12]. Jurisdictional laboratories conduct
diagnostic testing; some perform viral characterization for
positive samples; and the US CDC offers laboratory assistance
for diagnostics, viral typing, and exposure tracing and
assessment. Animal and human rabies case definitions and data
elements reportable to the NRSS are defined by the Council of
State and Territorial Epidemiologists Animal Rabies and Human
Rabies position statements, respectively [17,18].

Objectives
As the NRSS is largely a passive public health surveillance
system, it can be difficult to discern through surveillance data
if counties report no animal rabies cases because of the absence
of rabies or because of the inability to detect cases. Historically,
the NRSS defines counties in the United States as terrestrial
rabies free if there have been no terrestrial rabies cases reported
in that county or any adjacent county for the previous 5 years
and if the county has achieved a sufficient level of surveillance
testing for rabies over those 5 years [12]. However, no previous
attempts have been made to validate or improve this definition
since its inception in 2005 [19]. Therefore, the objectives of
this analysis were to describe and evaluate the performance of
the historical NRSS rabies-free county definition, review the
possibilities for improving this definition, and develop a model
to achieve more precise estimates of the probability of terrestrial
rabies freedom and the number of reported terrestrial rabies
cases at the county level.

Methods

Domestic Animal Rabies Testing and Reporting in the
United States
The NRSS collects data from state public health, agriculture,
and academic laboratories that test animal samples for rabies
using the direct fluorescent antibody test or other diagnostic
methods recommended by the Council for State and Territorial
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Epidemiologist’s Animal Rabies position statement [17].
Confirmed animal cases are reportable to the state public health
officials and notifiable to the CDC [15,17,20]. Recommended
data elements included the species, capture location, test date,
and RVV (when available) of each animal tested for rabies virus.
The NRSS has been relatively unchanged since 1995 in terms
of consistent diagnostic approaches, access to testing, and
epidemiological circumstances.

The passive public health surveillance system prioritizes the
testing of animals involved in human or domestic animal
exposures, although specific testing criteria vary by jurisdiction.
Passive public health surveillance accounted for 95% of reported
rabid animals. Active surveillance is conducted in selected
high-priority areas and informs wildlife rabies management
such as management of oral rabies vaccination campaigns.
Passive public health data and active surveillance data were
both included in this analysis.

Historical Rabies-Free Definition
The historical definition used to classify counties as terrestrial
rabies free is as follows [12]:

• No terrestrial rabies cases reported in that county for ≥5
years;

• No terrestrial rabies cases reported in any neighboring
counties for ≥5 years; and

• ≥15 surveillance points were tested over the past 5 years,
where surveillance points=0.5 × (number of domestic
animals) + 1 × (number of reservoir animals tested).
Companion animals and livestock (eg, dogs, cats, cattle,
and horses) are considered domestic animals. Foxes,
raccoons, skunks, and mongooses are considered reservoir
animals, regardless of the state or county in which they are
found.

Data Set
This analysis used county-level data from the NRSS from 1995
to 2020 regarding the number and species of animals tested,
and positive, for rabies each year (excluding bats) as well as
accompanying viral characterization results when available.
Bats and bat variants were excluded to focus the analysis on
rabies from terrestrial reservoirs; the entire continental United
States is considered to be at risk for rabies transmitted by bats.
First, we evaluated the historical surveillance definition using
measures of sensitivity, specificity, positive predictive value,
and negative predictive value. Next, we applied a zero-inflated
negative binomial model to describe the contributions of each
individual variable involved in the historical definition, evaluate
alternative definitions of rabies freedom, and predict the
presence or absence and the number of rabies cases that would
be reported in a given county in the following year.

All bats submitted for testing, as well as rabies virus–positive
terrestrial mammals recorded as having bat RVVs, were
excluded from the analysis. As data files for some states before
2014 included inconsistent reporting of negative test results,
we included data from each state starting from the year after
which <3 in 4 consecutive years contained incomplete rabies
test results (1995 for most states; 1998 for Delaware; 2002 for
Florida, Mississippi, New Mexico, and Vermont; 2006 for

California, Georgia, Iowa, and South Carolina; and 2014 for
Oklahoma). Eight remaining state-years had missing county
information for >50% of negative results. In these data files, to
avoid loss of these data in the analysis, the negative results were
assigned to counties using the average distribution from the 4
closest years of complete data. Nineteen state-years had ≤10
samples tested or <50% of samples testing negative, suggesting
that negative results had not been fully reported. In these data
files, we set the number of negatives equal to the average of the
4 closest years of the complete data. Overall, 6.99% (104/1486)
of the state-years of data were removed for missing negatives
and 2% (27/1350) had negative results imputed.

The total number and species of animals tested and positive
were aggregated by county and year. All terrestrial species were
included unless they were noted as having bat RVVs. The
historical rabies freedom definition requires data on the detection
of rabies in the preceding 5 years. We used the first 8 continuous
years of data from each county (regardless of whether any
samples were submitted) as a baseline and began predicting the
presence or absence of rabies from the 9th year of the data.
Thus, our predictions began in 2003 for counties in the states
with complete data.

Models were fitted separately for counties in states that were
historically designated as raccoon and skunk reservoir territory
based on past detections of the respective RVVs, as reported
by the NRSS [12]. Counties in states with other terrestrial rabies
reservoirs (Arctic fox variant, gray fox variant, and
dog-mongoose variant) were excluded to focus on the most
common RVVs found in the United States. For the raccoon
territory, we first selected all counties that had at least 1 recorded
positive case in the data set and were located in states where
raccoons were the primary terrestrial reservoir. We then added
all counties within 100 km of this area (county
centroid-to-centroid) unless the new county was located in a
state with a different terrestrial reservoir. We followed the same
procedure to define the counties as skunk territories.

For modeling analyses, data were separated into “training” and
“validation” data sets. Data from 2018 were used to train the
models, whereas data from 2019 and 2020 were used as separate
validation data sets. The results of nonparametric analyses are
presented for both the training and validation data sets.

Modeling Approach
We used a zero-inflated negative binomial regression model to
describe the presence or absence of terrestrial rabies and the
number of reported terrestrial rabies cases per county-year. A
zero-inflated negative binomial model is appropriate for count
data when there is a greater than expected number of zeros in
the data set, and the process generating these zeros is
independent of the count process [21,22]. In this case, excess
zeros may occur in counties that are truly rabies free, that is,
not enzootic for terrestrial RVVs. The counting process
represents rabid animal observations in counties where rabies
is enzootic. The first process is encoded as a logistic model for
rabies freedom (1a) and the second as a negative binomial count
model (1b). We refer to the zero-inflated negative binomial
model as the rabies prediction model.
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Freedom model 1a: logit(P(rabies free)) = α0 + α1A
+ α2B + α3C + α4D (1)

Count model 1b: log(E(cases reported|not rabies
free)) = β0 + β1A + β2B + β3E (2)

Where:

A = log(number of rabid animals reported in the
county of interest in the past year + 0.5) (3)

B = log(number of rabid animals reported in any
neighboring county in the past year + 0.5) (4)

C = log(years with no rabies reported in the county
of interest) [1=case reported in past year, 2=last case
reported in the year before last, etc] (5)

D = log(years with no rabies reported in any
neighboring county) [1=case reported in the past year,
2=last case reported in the year before last, etc] (6)

E = log(surveillance points in the past 5 years + 0.5)
(7)

The count portion of the model estimates the number of cases
that will be reported if rabies is enzootic. The freedom portion
of the model estimates the probability that there truly are no
cases within the county. From these model outputs, we can
derive three outcomes: (1) the probability that the county is
rabies free, (2) the probability that the county would observe
rabies cases (if present) through their surveillance efforts, and
(3) the probability that the county would have cases that would
go unreported by surveillance efforts.

Predictor variables for each component model were selected
based on the historical rabies-free definition and a consideration
of possible causal pathways. For example, surveillance may
have a causal effect on the number of rabies cases reported
(count model) but not on the underlying endemicity of terrestrial
rabies RVVs (freedom model).

We natural log transformed all the variables to provide a better
fit. We defined the number of years since rabies was last
reported as ranging from 1 (last year) to 9 (cutoff for any >8).
Variables for surveillance points and cases reported in the prior
year were shifted by 0.5 to avoid zero values in log-transformed
variables.

Model Validation and Comparison
To evaluate the impacts of different surveillance effort
definitions, we applied different definitions of surveillance effort
to the rabies prediction model: including only domestic or only
reservoir animals, adjusting the relative value of surveillance
effort by changing the coefficient applied to domestic animals
from 0.1 to 1 times that of reservoir animals, applying specific
coefficients to different domestic and wild animal species based
on their reported test positivity rates, changing the number of
years of surveillance effort considered from 1 to 8, and
normalizing surveillance effort by county size or population.

Several criteria were used to evaluate different model
formulations. First, we calculated the Spearman correlation
between the predicted and reported cases each year. Second,
we computed the area under the receiver operating characteristic
curves (AUCs), treating the observed data in the prediction year

as “true” values. We considered two different options as
predicted values for AUCs: (1) the model-predicted probability
of rabies freedom and (2) the model-predicted probability of
reporting 0 cases. As the number of observed cases in the
prediction year is not a perfect measure of rabies freedom, we
also considered the detection of any rabies cases in the following
5 years as a marker of true rabies presence in a sensitivity
analysis.

P(rabies free) = expit(α0 + α1A + α2B + α3C + α4D)
(8)

P(0 cases reported) = P(rabies free) + (1 − P(rabies
free)) × P(0 cases reported|not rabies free) (10)

Where:

r=the negative binomial dispersion parameter

In surveillance data, it is difficult to discern which counties had
zero cases reported because rabies was not present versus which
counties had unreported rabies. To approximate how well the
model captures observing at least 1 case when a county is
enzootic, we calculated the AUC by comparing the predicted
probability of rabies observing at least 1 positive case if rabies
is present in a county (ie, the probability of >0 cases reported
from model 1b) with county-level bat observation data in a
sensitivity analysis using bat variant data. Rabid bats are
considered to be present everywhere in the continental United
States, so we hypothesized that counties with a high probability
of observing terrestrial rabies would also be more likely to
observe rabid bats. However, counties not observing rabid bats
would still not be considered “rabies free,” hence their exclusion
from model fitting and the main analysis.

Calculations
All analyses were performed using R [23]. The zero-inflated
models were run using the package pscl [24].

Ethical Considerations
These data were reported to the CDC by the State Public Health
Departments under the authority of the Council for State and
Territorial Epidemiologists, Position Statement 22-ID-06. As
this study is a secondary analysis of data, institutional review
board approval was not needed.

Results

Overview
Our analyses for raccoon territory included data from 1005
counties across 23 states beginning in 2003 for a total of 14,642
county-years. For skunk territory, we included 1799 counties
across 25 states beginning in 2003 for a total of 30,120
county-years. Counties from some states were included after
2003, as described in the Methods section.

Of the county-years included for raccoon territory analysis, 57%
(8346/14,642) had reported a terrestrial rabies case in the past
year, 2% (293/14,642) had not reported a case for exactly 5
years, and 23% (3368/14,642) had not reported a case for >8
years. In skunk territory, only 17% (5120/30,120) of
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county-years had reported a case in the past year, 3%
(904/30,120) had not reported a case for exactly 5 years, and
54% (16,265/30,120) had not reported a case for >8 years. The
median number of surveillance points, under the existing NRSS
definition, over the preceding 5-year period was 63.0 (IQR
22.0-143.9) in raccoon territory counties and 14.5 (IQR 5.5-39.0)

in skunk territory counties. This corresponds to a median of
98.2 (IQR 55.7-153.6) surveillance points per 100,000 people
in raccoon territory and 72.9 (IQR 36.2-147.2) per 100,000
people in skunk territory. The overall and per capita surveillance
points from 2016 to 2020 are shown in Figure 1.

Figure 1. Rabies surveillance points (A) and per-capita rabies surveillance points (B) tested in the contiguous United States during 2016 to 2020 at the
county level. Each reservoir animal tested contributes 1 surveillance point, and each domestic animal contributes 0.5 surveillance points.

Nonparametric Evaluation of Historical Definition
Only 0.85% (9/1065) of counties in raccoon territory and 0.79%
(27/3411) of counties in skunk territory had rabies reported in
a year for which rabies was predicted to be absent using the
historical rabies-free definition from 2003 to 2020 (Table 1).
According to the historical definition, counties predicted as
rabies free for a given year had no cases reported 99.2% of the
time in both raccoon and skunk territories (negative predictive
value). Counties predicted to be rabies free for a given year also
had a high probability of no cases being reported throughout
the following 5 years (97.8% in raccoon territory and 94.9% in
skunk territory). Only a small proportion of counties with zero

rabies cases reported in a given year met the historical
rabies-free criteria (16.6% in raccoon territory and 13.5% in
skunk territory).

We performed a deeper investigation into the 9 counties in
raccoon territory where rabies was reported in a year for which
rabies was predicted to be absent. Of these 9 detections, 2 (22%)
were attributed to bat variants that had not been reported to the
CDC and 1 (11%) was associated with a data entry error in the
state submission file. Of the remainder, 3 were associated with
a rabies incursion into northeastern Ohio in 2004 and 1 with a
translocated rabid cat [25]. No explanation was found for the
remaining 2 counties. Therefore, only 56% (5/9) of detections
in raccoon territory were falsely predicted to be rabies free.

Table 1. Nonparametric evaluation of historical rabies freedom definition in counties in both skunk and raccoon territories.

Rabies reported in county in the next 5 yearsRabies reported in county in the next 1 yearReservoir and county-level rabies prediction
(historical rabies-free definition)

TotalNoYesTotalNoYes

Raccoon

98462090775613,57753138264Present, n

77675917106510569Free, n

99.8%99.8%99.8%99.9%99.9%99.9%P(predicted present|reported)

26.6%26.6%26.6%16.6%16.6%16.6%P(predicted free|not reported)

78.8%78.8%78.8%60.9%60.9%60.9%P(reported|predicted present)

97.8%97.8%97.8%99.2%99.2%99.2%P(not reported|predicted free)

Skunk

20,37212,074829826,70921,7654944Present, n

255224211313411338427Free, n

98.4%98.4%98.4%99.5%99.5%99.5%P(predicted present|reported)

16.7%16.7%16.7%13.5%13.5%13.5%P(predicted free|not reported)

40.7%40.7%40.7%18.5%18.5%18.5%P(reported|predicted present)

94.9%94.9%94.9%99.2%99.2%99.2%P(not reported|predicted free)
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Rabies Prediction Model Fit and Parameters
The Spearman correlation between the predicted and reported
number of cases was 0.77 in raccoon territory and 0.44 in skunk
territory and was applied to the test data sets using the original
model (Table 2). Varying the surveillance definitions as
described in the Methods section did not substantially improve
model fit (Table 2), with AUCs that generally varied only by
0.01 or 0.02 across all models.

Within both the skunk and raccoon reservoir territories, counties
predicted to have a higher probability of observing rabid animals
(if present) were more likely to report rabid bats (AUC 0.76 in
raccoon territory and 0.78 in skunk territory).

Reviewing the rabies prediction model parameters, the
probability that a county is free from rabies decreases with the
increasing number of rabid animals reported in the previous
year in the county of interest. The probability decreases with

an increasing number of rabid animals reported in the previous
year in any adjacent counties, although the latter effect is less
impactful. The probability of rabies freedom increases with
increasing years since the last rabies case was reported in the
county of interest and also increases with increasing years since
the last rabies case was reported in any adjacent counties,
although again the latter effect is less impactful on the model
prediction (model 1A in Table 3).

If a county is not free from rabies, the number of reported cases
in 1 year is positively associated with the number of positive
reported cases in the following year. The number of cases
reported also increases with an increasing number of rabid
animals reported in any adjacent counties, although the effect
is less strong. Finally, the number of cases reported the next
year increases with surveillance points tested over the past 5
years in the county of interest (model 1B in Table 3).

Table 2. Performance of original model and models using different surveillance point definitions on the training and validation data sets.

AUC predicted free: re-
ported zero cases

AUCa predicted: report-
ed zero cases

Spearman correlation predict-
ed: reported cases

Raccoon model

0.930.930.82Original model, training data set

0.93-0.930.93-0.930.81-0.83Different surveillance definitionsb, training data set

0.970.970.89Original model predictions compared with rabies presence or
absence in the next 5 years, training data set

0.900.900.78Original model applied to validation data set (2019)

0.900.900.77Original model applied to validation data set (2020)

Skunk model

0.890.890.52Original model, training data set

0.89-0.890.89-0.890.51-0.52Different surveillance definitionsb, training data set

0.880.880.66Original model predictions compared with rabies presence or
absence in the next 5 years, training data set

0.910.910.44Original model applied to test data set (2019)

0.910.910.44Original model applied to test data set (2020)

aAUC: area under the receiver operating characteristic curve.
bExplored definition included the following: including only domestic or only reservoir animals, adjusting the relative value of surveillance effort by
changing the coefficient applied to domestic animals from 0.1 to 1 times that of reservoir animals, applying specific coefficients to different species
based on their observed test positivity rates, changing the number of years of surveillance effort considered from 1 to 8, and normalizing surveillance
effort by county size or population.
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Table 3. Rabies prediction zero-inflated negative binomial model parameters (fit to county-level data on the number of rabid animals detected from
2003 to 2018). Models were fit separately in raccoon reservoir territory and skunk reservoir territory.

Skunk territoryRaccoon territory

Rabies count model (1B)Rabies freedom model (1A)Rabies count model (1B)Rabies freedom model (1A)

P valueValue (SE)P valueValue (SE)P valueValue (SE)P valueValue (SEa)

N/A−1.46 (N/A)N/A−2.00 (N/A)N/A−1.18 (N/A)N/A−1.22 (N/Ab)Intercept (α0/β0)

<.0010.39 (0.02)<.001−0.51 (0.13)<.0010.38 (0.01)<.001−0.59 (0.08)α1/β1: slope log(number of rabid
animals reported in the county of
interest in the past year + 0.5)

<.0010.24 (0.02)<.001−0.40 (0.02)<.0010.22 (0.01)<.001−0.45 (0.06)α2/β2: slope log(number of rabid
animals reported in any neighbor-
ing county in the past year + 0.5)

——<.0011.22 (0.10)——c<.0011.28 (0.11)α3: slope log(years with no rabies
reported in the county of interest)

——<.0010.91 (0.08)——<.0010.62 (0.14)α4: log(years with no rabies report-
ed in any neighboring county)

<.0010.32 (0.01)——<.0010.30 (0.01)——β3: slope log(surveillance points
in the past 5 years + 0.5)

<.001−0.16 (0.04)——<.0011.09 (0.03)——I(r): dispersion parameter

aSE: sensitivity.
bN/A: not applicable.
cNot available.

Model-Based Evaluation of Historical Definition
The model predicts an approximately 98% probability of
observing zero cases in the next year in both raccoon and skunk
territories (Table 4) for a hypothetical county meeting the
historical rabies-free definition (ie, 15 surveillance points, 5

years with no cases in the county of interest, and 5 years with
no cases in any adjacent counties). This probability is equivalent
to the probability of rabies in counties predicted to be rabies
free from Table 1, except that Table 1 considers all counties
meeting or exceeding the historical rabies-free criteria, whereas
Table 4 considers a scenario that exactly meets the criteria.

Table 4. Model predictions for a scenario meeting historical rabies freedom criteria. In contrast to this assumes exactly 5 years with no cases reported
in the county of interest or any neighboring counties and exactly 15 surveillance points over the past 5 years.

Model: skunk territoryModel: raccoon territory

0.9790.982NPVa: probability of zero cases reported in the next year, historical criteria are met

0.9200.947Probability of being rabies free in the next year, historical criteria are met

0.0590.034Probability that a case occurs in the next year but goes unreported, historical criteria are met

aNPV: negative predictive value.

Separating the probability of zeros derived from the rabies
freedom model (ie, county is truly nonendemic for rabies) and
those derived from the count model (ie, county is endemic for
rabies, but no rabies cases are reported), the probability of being
truly rabies free is slightly higher for raccoon territory (0.95)
than skunk territory (0.92), and the probability that rabies is
present but unrecognized is slightly lower in raccoon territory
(0.03) than in skunk territory (0.06).

County-Specific Predictions: Rabies Freedom and
Number of Reported Cases
In contrast to the binary yes or no cutoff of the historical rabies
freedom definition, the rabies prediction model allows each
county to have a predicted probability of being free from rabies
and the expected number of terrestrial rabies cases reported in
the following year. The median predicted probability of rabies

freedom in 2020 was 0.10 (IQR 0.04-0.71) for counties in
raccoon territory and 0.91 (IQR 0.55-0.96) for counties in skunk
territory. The median expected number of rabies cases reported
per county in 2020 was 1.4 (IQR 0.2-3.6) in raccoon territory
and 0.03 (IQR 0.01-0.2) in skunk territory. For comparison, the
median reported number of rabies cases reported in 2020 was
1.0 (IQR 0.0-3.0) in raccoon territory and 0.0 (IQR 0.0-0.0) in
skunk territory. Counties with cases reported in 2020 tended to
have a low probability of freedom from rabies (Figure 1).

Discussion

Principal Findings
The results of this study show that the historical definition of
rabies freedom in the United States is largely successful in
identifying counties with the lowest risk of rabies. Applying
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this definition, 99.2% of counties predicted as rabies free did
not have a case reported in the following year. Modeling
analyses showed that all 3 components of this definition
(in-county presence, neighboring county presence, and
surveillance effort) play an important role in making this
prediction. Increased number of years since a case was last
reported in the county of interest or any contiguous counties is
associated with increased probability of rabies freedom, and
increased surveillance over the past 5 years is associated with
better rabies observation in the subsequent year in endemic
counties.

Although the evaluation method used in these analyses supports
the use of the historical definition, it also presents a more
nuanced assessment of rabies freedom. Although we did not
find an advantage of changing the definition of surveillance
points from its historical definition (0.5 points per domestic
animal tested and 1 point per reservoir animal tested), the model
allowed us to estimate an individualized risk for each county

rather than a binary designation of rabies presence or absence
(Figures 2 and 3). Predictions of the probability of rabies
freedom and the expected number of cases reported in 2019 and
2020 correlated with actual cases reported in the same years.

This analysis only considered variables related to historical
rabies surveillance and detection, as in the historical definition.
The inclusion of other variables such as county population and
the size of land use could be considered in the future. In
addition, modifications to these methods that consider the point
locations of samples could be considered when subcounty
designations are needed. Subcounty location data (eg,
Geographic Information Systems coordinates) are not routinely
reported to the CDC’s NRSS, necessitating an aggregated
county-level analysis. Trade-offs between distance and time
from the last case reported could also be considered (eg, is it
possible to consider an area “rabies free” if a recent case was
reported but is very far from the nearest positive?).

Figure 2. Raccoon territory model predictions of the probability of rabies freedom (A) and the number of expected rabies cases (B), compared with
the number of actual reported rabies cases per county (C) in 2020. Model estimated probability that a rabies case will occur but go unreported (D).
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Figure 3. Skunk territory model predictions of the probability of rabies freedom (A) and the number of expected rabies cases (B), compared with the
number of actual reported rabies cases per county (C) in 2020. Model estimated probability that a rabies case will occur but go unreported (D).

Designations of terrestrial rabies endemicity are important for
clinical, public health, and wildlife management
decision-making at a local, state, and national scale. The model
presented in this study uses data only from the United States,
and model parameters may not be generalizable to other
countries, particularly those where DMRVVs may be found or
where surveillance systems differ substantially from the US
NRSS. When considering the application of these methods to
locations outside of the United States, several important
considerations must be made. First, the models described here
differed according to the reservoir species. This suggests that
a modeling process is required for each unique rabies reservoir
species, of which >30 species have been described globally.
Second, administrative divisions may differ substantially from
US counties by size or population, making rabies detection more
or less likely.

The United States has one of the most robust rabies surveillance
systems in the world, with more laboratories and testing per
capita than nearly any other country. From 2016 to 2020, nearly
all counties in the United States tested at least 1 terrestrial animal
for rabies (Figure 1). Therefore, under the US system, the
amount of testing conducted in a county-year may not be as
important as having access to laboratories and relatively high
rabies awareness among the public and health jurisdictions.
According to the US surveillance scheme, the cost of testing
and access to laboratories are rarely cited as reasons for not
testing animals suspected of having rabies. Although access to
rabies testing in the United States is robust, 1 sensitivity analysis
presented in this study showed that counties predicted to detect
more terrestrial rabies cases (ie, those with greater surveillance
efforts for terrestrial animals and more terrestrial animal rabies
reported in the past year) are more likely to detect rabid bats in
the following year. This could indicate that accessing testing is

not equivalent in all counties, and future analyses could consider
investigating ways to identify locations where a lack of testing
could overshadow rabies virus transmission. In countries where
access to testing is less secure and awareness of rabies and
appropriate postexposure behaviors is lacking, predictive
variables (such as number of samples tested) are likely to be
more important in predicting the presence or absence of rabies
in a defined area.

Limitations
This study had several limitations. Variant typing was not
performed on all rabid animals in the United States, and some
rabid animals with bat variants may have been inadvertently
included in our data set. However, previous studies have found
that >99% of terrestrial mammals in an area with a terrestrial
RVV have the expected viral variant [26]. Of the 9 county-years
for which rabies was reported despite meeting the rabies freedom
definition, at least 2 had bat variants that were not reported to
the CDC at the time of the analysis. Some states inconsistently
reported negative rabies testing results in the early years of our
data, leading us to exclude certain years of data from some
states; however, <10% of the data were affected. In addition,
we included data from the United States only, so counties
bordering Mexico or Canada have incomplete data on rabies
cases in the surrounding areas. We only explicitly developed
models for raccoon and skunk RVV territories, as the number
of counties with other terrestrial rabies variants in the United
States is small. Counties in states, such as Arizona and New
Mexico, with multiple RVVs were not included when fitting
the models, as the rabies dynamics may differ in these regions.
It is possible that animal location data submitted to the NRSS
may not reflect the location where the animal was exposed to
rabies but could reflect other locations noted by case
investigators such as the location where the animal was found.
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Finally, it is possible that even counties in which no rabies is
reported over long periods may not truly be free from rabies.

Conclusions
In conclusion, the historical rabies freedom definition is a
reasonable approach for identifying counties that are truly free
from terrestrial raccoon and skunk rabies virus transmission.
Gradations in risk can also be measured using the rabies
prediction model presented in this study, with AUCs >0.9.

Nevertheless, bat variant rabies in terrestrial mammals remains
a possibility throughout the United States, excluding Hawaii,
and translocation events can occur, which can lead to
unpredictable shifts in rabies epidemiology [16]. Even counties
with a high probability of rabies freedom should maintain
vigilance and rabies testing capacity, as there are numerous
examples of anthropogenic and natural translocations of
rabies-infected animals that can cause major changes in the
epidemiology of rabies.
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Abstract

Background: Young breast cancer patients are more likely to develop aggressive tumor characteristics and a worse prognosis
than older women, and different races and ethnicities have distinct epidemiologies and prognoses. However, few studies have
evaluated the clinical biological features and relapse patterns in different age strata of young women in Asia.

Objective: We aimed to explore survival differences and the hazard function in young Chinese patients with breast cancer (BC)
by age.

Methods: The patients were enrolled from West China Hospital, Sichuan University. The chi-squared test, a Kaplan-Meier
analysis, a log-rank test, a Cox multivariate hazards regression model, and a hazard function were applied for data analysis.
Locoregional recurrence–free survival (LRFS), distant metastasis–free survival (DMFS), breast cancer–specific survival (BCSS),
and overall survival (OS) were defined as end points.

Results: We included 1928 young BC patients diagnosed between 2008 and 2019. Patients aged 18 to 25, 26 to 30, 31 to 35,
and 36 to 40 years accounted for 2.7% (n=53), 11.8% (n=228), 27.7% (n=535), and 57.7% (n=1112) of the patients, respectively.
The diagnosis of young BC significantly increased from 2008 to 2019. Five-year LRFS, DMFS, BCSS, and OS for the entire
population were 98.3%, 93.4%, 94.4%, and 94%, respectively. Patients aged 18 to 25 years had significantly poorer 5-year LRFS
(P<.001), 5-year DMFS (P<.001), 5-year BCSS (P=.04), and 5-year OS (P=.04) than those aged 31 to 35, 26 to 30, and 36 to 40
years. The hazard curves for recurrence and metastasis for the whole cohort continuously increased over the years, while the BC
mortality risk peaked at 2 to 3 years and then slowly decreased. When stratified by age, the annualized hazard function for
recurrence, metastasis, and BC mortality in different age strata showed significantly different trends, especially for BC mortality.

Conclusions: The annual diagnosis of young BC seemed to increase in Chinese patients, and the distinct age strata of young
BC patients did not differ in survival outcome or failure pattern. Our results might provide strategies for personalized management
of young BC.

(JMIR Public Health Surveill 2023;9:e47110)   doi:10.2196/47110
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Introduction

Breast cancer (BC) is the most frequently diagnosed cancer
(approximately 31% of all cancer sites) and is the second cause
of mortality among female patients based on a 2022 prediction
[1]. Young BC, defined as BC occurring in people aged ≤40
years, has always been a hotly discussed issue due to its lower
incidence but poorer prognosis than BC in older patients [2].
The annual number of diagnoses of young BC is approximately
14,000 in the United States, with an estimated incidence of 5%
to 7%, while a higher proportion is reported in Asia, up to 20%
[3-5]. The diagnosis of young BC has sharply increased in
several countries over the last years [3,6].

Young BC patients are more likely to develop aggressive tumor
characteristics and have a worse prognosis compared with older
patients [7-15]. Previous studies that used population-based
data have reported that young BC patients have higher rates of
advanced, poorly differentiated tumors, estrogen receptor (ER)
negativity, progesterone receptor (PR) negativity, human
epidermal growth factor receptor 2 (HER-2) positivity, a higher
Ki-67 index, and lymphovascular invasion [7-12]. Young BC
patients have also been definitively demonstrated to have a
higher proportion of invasive molecular subtypes, including
triple-negative and HER-2–positive subtypes; higher rates of
distant disease at initial diagnosis; and poor long-term survival
outcomes compared with older patients [13-15].

Several studies have reported that the epidemiology and
prognosis of young BC also vary in different races and
ethnicities [16-18]. The incidence of young BC in the United
States is significantly lower than that in Asian countries
(approximately 7% vs approximately 20%) [3-6]. Young

African-American BC patients have increased risk of BC at a
younger age, higher pathological grade, and higher rates of
hormone receptor (HR) negativity compared to young White
women [16,17]. In addition, young Asian patients have higher
proportions of advanced-stage cancers and lower rates of poorly
differentiated cancers and invasive BC subtypes (triple-negative
and luminal B subtypes) but a better prognosis than young White
patients [18]. However, few studies have evaluated the clinical
biological features and relapse patterns in different age strata
among young women in Asia. Therefore, our study aims to
explore the clinicopathological characteristics, survival
outcomes, and hazard function of Chinese patients aged ≤40
years by age group (18-25, 26-30, 31-35, and 36-40 years).

Materials

Patients
The patient data were extracted from the database of West China
Hospital, Sichuan University. The database, the Breast Cancer
Information Management System (BCIMS), prospectively
collects patient information from medical records on
demographics, tumor characteristics, treatment, and follow-up.
We included patients based on the following criteria: (1)
diagnosis with BC between 2008 and 2019; (2) age ≤40 years;
(3) nonmetastatic disease; and (4) availability of detailed
information on age, tumor stage, nodal stage, clinical stage, ER
status, PR status, HER-2 status, molecular subtype, surgery,
neoadjuvant/adjuvant chemotherapy, radiotherapy, endocrine
therapy, anti–HER-2 targeted therapy, and follow-up. We
excluded patients with the following characteristics: (1) male,
2) age ≤18 years, and (3) bilateral BC. The inclusion flow sheet
of the patients is shown in Figure 1.

Figure 1. Inclusion flow sheet of patients. ER: estrogen receptor; HER-2: human epidermal growth factor receptor 2; PR: progesterone receptor.

Variables
The following patient demographic and clinicopathological
variables were included: age (18-25, 26-30, 31-35, and 36-40
years), tumor stage (tumor in situ [TIS], T1, T2, T3, T4), nodal

stage (N0, N1, N2, N3), clinical stage (0, I, II, III), pathological
grade (well differentiated, moderately differentiated, poorly
differentiated/undifferentiated, unknown), ER status, PR status,
HER-2 status, molecular subtype (luminal A, luminal B, HER-2
positive, triple-negative), surgery (breast-conserving,
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mastectomy, unknown), neoadjuvant chemotherapy, adjuvant
chemotherapy, radiotherapy, endocrine therapy, and targeted
therapy.

Treatment, Follow-Up, and End Points
Surgery, chemotherapy, and radiotherapy regimens were
formulated by a cooperative, multidisciplinary group including
surgeons, oncologists, radiotherapy physicians, and patients.
Neoadjuvant/adjuvant chemotherapy depended on advanced
tumor stage, advanced nodal stage, invasive molecular subtype,
such as triple-negative BC, and the willingness to undergo
breast-conserving surgery. Radiotherapy was administered to
patients receiving breast-conserving surgery with a positive
margin and positive axillary lymph nodes. Patients who were
HR positive received neoadjuvant or adjuvant endocrine therapy,
and patients with HER-2 overexpression were treated with an
anti–HER-2 targeted therapy, permitting economic conditions.
Follow-up information was collected from medical records,
office visits, and telephone calls every 3 months in the first 2
years, semiannually during years 2 to 5 years, and once a year
after 5 years. The end points in this study were locoregional
recurrence–free survival (LRFS), distant metastasis–free survival
(DMFS), breast cancer–specific survival (BCSS), and overall
survival (OS). The definitions of LRFS, DMFS, BCSS, and OS
were stated in our previous study [19].

Statistical Analysis
The chi-squared test was used to compare differences in patient
baseline characteristics in different age groups. Excel (2016
version; Microsoft Corp) was used to draw variation trends
between 2008 and 2019 in the 4 age groups. A Kaplan-Meier
analysis was applied to draw survival curves for LRFS, DMFS,
OS, and BCSS. A log-rank test was used to compare differences
between the 4 groups. A Cox multivariate hazards regression
model was used to identify protective and risk factors for
predicting LRFS, DMFS, OS, and BCSS. Annualized hazard
rates for the whole group and different age strata, defined as
percentage of events occurring within a time interval, were
calculated using maximum likelihood estimate of a piece-wise
exponential model. SPSS (version 25.0; IBM Corp) and Excel
were used to analyze and map data. P values less than .05
(2-tailed) were considered statistically significant.

Ethical Considerations
Our study was approved by the Biomedical Ethics Committee
of West China Hospital, Sichuan University (2020427).
Informed consent was obtained from the participants when they
first received treatment in our institution. Patient privacy was
well protected due to the deidentification of their information.

Results

Patient Characteristics and Treatment Information
A total of 1928 patients met the inclusion criteria and were
included for analysis. Patients aged 18 to 25 years, 26 to 30
years, 31 to 35 years, and 36 to 40 years accounted for 2.7%
(n=53), 11.8% (n=228), 27.7% (n=535), and 57.7% (n=1112)
of the participants, respectively. The proportions of patients at
the TIS, T1, T2, T3, and T4 stages were 1.5% (n=28), 36.2%
(n=697), 50.5% (n=976), 6.3% (n=121), and 5.5% (n=106),
respectively. In addition, 44.6% (n=860), 32.2% (n=621), 11.8%
(n=228), and 11.4% (n=219) of the patients were at the N0, N1,
N2, and N3 stages, respectively.

The majority of the patients were at an early clinical stage
(n=1405, 72.9%), had moderately or poorly differentiated tumors
(n=1342, 69.7%), were ER positive (n=1345, 69.8%), were PR
positive (n=1288, 66.8%), and were HER-2 negative (n=1383,
71.7%). Regarding molecular subtype, 17.9% (n=346), 54.9%
(n=1059), 10.1% (n=194), and 17.1% (n=329) of the patients
had the luminal A, luminal B, HER-2–positive, and
triple-negative subtypes, respectively. Detailed patient
characteristics are presented in Table 1.

In total, 17.4% (n=335) and 79.5% (n=1534) of the patients
received breast-conserving surgery and mastectomy,
respectively, while 3.1% (n=59) were not treated with surgery
or had no record of surgery. In total, 19.8% (n=382) of the
patients received neoadjuvant chemotherapy, 89.8% (n=1731)
of the patients received adjuvant chemotherapy, and 45.7%
(n=881) of the patients were treated with radiotherapy. In
addition, 71% (n=1389) of the patients received endocrine
therapy and 17.6% (n=340) were treated with targeted therapy
(Table 1).

There were no statistical differences in baseline characteristics
between the 4 groups (ages 18-25, 26-30, 31-35, and 36-40
years), including tumor stage (P=.53), nodal stage (P=.65),
clinical stage (P=.33), ER status (P=.42), PR status (P=.16),
HER-2 status (P=.89), pathological grade (P=.07), and molecular
subtype (P=.43). However, patients aged 18 to 25 years were
more likely to receive breast-conserving surgery (P<.001),
adjuvant chemotherapy (P=.006), and radiotherapy (P=.02),
while patients aged 36 to 40 years were more likely to receive
mastectomy (P<.001). Patients aged 26 to 30 years were more
likely to be treated with neoadjuvant chemotherapy (P<.001)
and targeted therapy (P=.04; Table 1).
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Table 1. Baseline characteristics of overall population.

P valueParticipants by age group (years), n (%)Participants
(n=1928), n (%)

Variables

36-40 (n=1112)31-35 (n=535)26-30 (n=228)18-25 (n=53)

.53Tumor stage

14 (1.3)10 (1.9)4 (1.8)0 (0)28 (1.5)Tumor in situ

405 (36.4)187 (35)81 (35.5)24 (45.3)697 (36.2)T1

579 (52.1)265 (49.4)110 (48.3)22 (41.5)976 (50.5)T2

58 (5.2)40 (7.5)19 (8.3)4 (7.5)121 (6.3)T3

56 (5)33 (6.2)14 (6.1)3 (5.7)106 (5.5)T4

.65Nodal stage

502 (45.1)237 (44.3)101 (44.3)20 (37.7)860 (44.6)N0

361 (32.5)174 (32.5)71 (31.1)15 (28.3)621 (32.2)N1

131 (11.8)65 (12.1)23 (10.1)9 (17)228 (11.8)N2

118 (10.6)59 (11)33 (14.5)9 (17)219 (11.4)N3

.33Clinical stage

13 (1.2)6 (1.1)4 (1.8)0 (0)23 (1.2)0

257 (23.1)119 (22.2)52 (22.8)17 (32.1)445 (23.1)I

555 (49.9)262 (49)103 (45.2)17 (32.1)937 (48.6)II

287 (25.8)148 (27.7)69 (30.2)19 (35.8)523 (27.1)III

.07Pathological grade

19 (1.7)8 (1.5)7 (3.1)0 (0)34 (1.8)Well differentiated

307 (27.6)178 (33.3)60 (26.3)11 (20.8)556 (28.8)Moderately differentiated

476 (42.8)201 (37.6)88 (38.6)21 (39.6)786 (40.8)Poorly differentiated/undifferen-
tiated

310 (27.9)148 (27.6)73 (32)21 (39.6)552 (28.6)Unknown

.42Estrogen receptor status

786 (70.7)364 (68)162 (71.1)33 (62.3)1345 (69.8)Positive

326 (29.3)171 (32)66 (28.9)20 (37.7)583 (30.2)Negative

.16Progesterone receptor status

762 (68.5)349 (65.2)147 (64.5)30 (56.6)1288 (66.8)Positive

350 (31.5)186 (34.8)81 (35.5)23 (43.4)640 (33.2)Negative

.89Human epidermal growth factor receptor 2 status

311 (28)149 (27.9)69 (30.3)16 (30.2)545 (28.3)Positive

801 (72)386 (72.1)159 (69.7)37 (69.8)1383 (71.7)Negative

.43Molecular subtype

199 (17.9)102 (19.1)42 (18.4)3 (5.7)346 (17.9)Luminal A

622 (55.9)280 (52.3)125 (54.8)32 (60.4)1059 (54.9)Luminal B

114 (10.3)54 (10.1)20 (8.8)6 (11.3)194 (10.1)HER-2 positive

177 (15.9)99 (18.5)41 (18)12 (22.6)329 (17.1)Triple negative

<.001Surgery

157 (14.1)105 (19.6)58 (25.4)15 (28.3)335 (17.4)Breast conserving surgery

925 (83.2)409 (76.5)165 (72.4)35 (66)1534 (79.5)Mastectomy

30 (2.7)21 (3.9)5 (2.2)3 (5.7)59 (3.1)Unknown

<.001Neoadjuvant chemotherapy
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P valueParticipants by age group (years), n (%)Participants
(n=1928), n (%)

Variables

36-40 (n=1112)31-35 (n=535)26-30 (n=228)18-25 (n=53)

191 (17.2)107 (20)69 (30.3)15 (28.3)382 (19.8)Yes

921 (82.8)428 (80)159 (69.7)38 (71.7)1546 (80.2)No

.006Adjuvant chemotherapy

1011 (90.9)466 (87.1)201 (88.2)53 (100)1731 (89.8)Yes

101 (9.1)69 (12.9)27 (11.8)0 (0)197 (10.2)No

.02Radiotherapy

494 (44.4)242 (45.2)110 (48.2)35 (66)881 (45.7)Yes

618 (55.6)293 (54.8)118 (51.8)18 (34)1047 (54.3)No

.22Endocrine therapy

805 (72.4)372 (69.5)175 (76.8)37 (69.8)1389 (72)Yes

307 (27.6)163 (30.5)53 (23.2)16 (30.2)539 (28)No

.04Targeted therapy

173 (15.6)106 (19.8)50 (21.9)11 (20.8)340 (17.6)Yes

939 (84.4)429 (80.2)178 (78.1)42 (79.2)1588 (82.4)No

Trends in Annual Diagnosis by Age
The trends in the diagnosis of BC in the whole cohort and
patients aged 18 to 25, 26 to 30, 31 to 35, and 36 to 40 years
from 2008 to 2019 are presented in Table 2. The proportion of
young BC patients significantly increased from 4.7% (n=92) in
2008 to 12.8% (n=247) in 2019. When stratified by age, annual
diagnosis of patients aged 36 to 40 years significantly decreased

from 59.4% (52/92) in 2008 to 44.6% (86/194) in 2018, while
the diagnosis of patients aged 26 to 30 showed a significant
upward trend, from 5.9% (6/92) in 2008 to 17.5% (34/194) in
2018. However, there were no significant tendencies in the
diagnosis of patients aged 18 to 25 years, with 3% (3/92) in
2008 and 5.1% (10/194) in 2018; for patients aged 31 to 35
years, diagnosis was 31.7% (31/92) in 2008 and 32.8% (64/194)
in 2018 (Table 2).

Table 2. Trends of annual diagnosis of patients in different age groups (18-25, 26-30, 31-35, and 36-40 years).

Age group (years), n (%)Year

36-4031-3526-3018-25

52 (59.4)31 (31.7)6 (5.9)3 (3)2008 (n=92)

88 (62.2)36 (25.9)11 (7.7)5 (4.2)2009 (n=140)

78 (65)26 (21.7)15 (12.5)1 (0.8)2010 (n=120)

107 (70.8)32 (20.8)10 (6.5)3 (1.9)2011 (n=152)

102 (63.6)41 (25.9)13 (8)4 (2.5)2012 (n=160)

104 (70.9)30 (20.3)9 (6.1)3 (2.7)2013 (n=146)

91 (63.2)33 (22.9)17 (11.8)3 (2.1)2014 (n=144)

97 (54.8)50 (28.2)26 (15.3)3 (1.7)2015 (n=176)

79 (53)40 (26.8)23 (15.4)7 (4.7)2016 (n=149)

95 (45.7)68 (32.7)40 (19.2)5 (2.4)2017 (n=208)

86 (44.6)64 (32.8)34 (17.5)10 (5.1)2018 (n=194)

133 (54.2)84 (33.7)24 (9.6)6 (2.4)2019 (n=247)

Survival and Prognostic Analysis by Age
With a median follow-up time of 75.7 months (range 1.1-173
months), 75 (3.9%) recurrences, 236 (12.2%) cases of distant
metastasis, 132 (6.8%) BC-related deaths, and 138 (7.2%) other
deaths occurred among the 1928 participants. In the entire group,

5-year LRFS, DMFS, BCSS, and OS were 98.3%, 93.4%,
94.4%, and 94%, respectively. There were better survival
outcomes with age in BC patients aged ≤40 years. Patients aged
18 to 25 years had significantly poorer 5-year LRFS (ages 18-25,
26-30, 31-35, and 36-40 years: 88.5%, 96.7%, 98.6%, and
98.9%, respectively; P<.001; Figure 2A), 5-year DMFS (ages
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18-25, 26-30, 31-35, and 36-40 years: 82.8%, 89.1%, 93.7%,
and 94.6%, respectively; P<.001; Figure 2B), 5-year BCSS
(ages 18-25, 26-30, 31-35, and 36-40 years: 85%, 91.8%, 95.8%,
and 94.5%, respectively; P=.04; Figure 2C), and 5-year OS (age
18-25, 26-30, 31-35, and 36-40 years: 85%, 91.3%, 95.8%, and
94%, respectively; P=.04; Figure 2D) than those aged 31-35,

26-30, and 36-40 years. Cox multivariate regression model
showed that age was a significant predictor for LRFS (hazard
ratio [HR] 0.645, 95% CI 0.500-0.831; P<.001) and DMFS (HR
0.743, 95% CI 0.641-0.861; P<.001), while it was not a predictor
for BCSS (HR 0.889, 95% CI 0.729-1.805; P=.25) or OS (HR
0.867, 95% CI 0.709-1.061; P=.17; Table 3).

Figure 2. Survival curves of locoregional recurrence–free survival, distant metastasis–free survival, breast cancer–specific survival, and overall survival
for young patients of different ages.
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Table 3. Cox multivariate analysis of locoregional recurrence–free survival, distant metastasis–free survival, breast cancer–specific survival, and overall
survival in all patients.

P valueHazard ratio (95% CI)Outcome and age group (years)

Locoregional recurrence–free survival

118-25

.270.551 (0.193-1.571)26-30

.010.280 (0.105-0.752)31-35

.0020.228 (0.088-0.590)36-40

Distant metastasis–free survival

118-25

.920.967 (0.489-1.910)26-30

.060.539 (0.280-1.035)31-35

.010.448 (0.238-0.845)36-40

Breast cancer–specific survival

118-25

.930.959 (0.378-2.432)26-30

.150.518 (0.210-1.227)31-35

.240.596 (0.252-1.410)36-40

Overall survival

118-25

.990.997 (0.395-2.515)26-30

.150.517 (0.210-1.272)31-35

.320.644 (0.273-1.518)36-40

Annualized Hazard Curve of Recurrence, Metastasis,
and BC Death
We also explored the annualized hazard trends of recurrence,
metastasis, and BC mortality in this population (Figure 3). The
hazard curves for recurrence and metastasis in the whole cohort
continuously increased over time and did not reach a peak within
the follow-up of 14 years. The BC mortality risk curve peaked
at 2 to 3 years (at 2%), maintained a steady lower level after 3
years, then changed to a slowly decreasing plateau (Figure 3).
After conducting a stratified analysis by age, we found that

patients aged 18 to 25 years had peak BC mortality at 2 and 4
years and still had peak metastasis risk before the first 8 years.
Patients aged 26 to 30, 31 to 35, and 36 to 40 years all showed
a slow upward trend of recurrence and metastasis risk during
follow-up. In addition, patients aged 26 to 30 years had high
risk of BC mortality during years 0 to 6 and 8 to 11, while
patients aged 31 to 35 years had high risk before the first 10
years. The hazard function for BC mortality in patients aged 36
to 40 years maintained a high plateau before the first 8 years
then changed to a low death rate (Figure 3).
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Figure 3. Annualized hazard curves for recurrence, metastasis, and breast cancer–related mortality for the whole group and distinct age strata of the
patients.

Discussion

Principal Findings
We provide updated data on the clinicopathological
characteristics, survival outcomes, and hazard function of
different age strata of Chinese BC patients aged younger than
40 years. The main finding was that different age strata of young
BC patients had different rates of survival: the younger the
patient, the worse the prognosis. In addition, we found the risk
of recurrence and metastasis continuously increased over time,
and the failure patterns of different age strata were significantly
different. Our result demonstrating different survival outcomes
and failure patterns in different age strata could be used to tailor
personalized management of young BC patients.

Previous studies have demonstrated that young BC patients
have worse prognoses than older patients; 5-year BCSS in
patients aged ≤35 years was approximately 80%, while it was
90% in patients ≥60 years [7,20]. The reasons for this biological
difference between young and old patients have not been well
elaborated. Several possible reasons might explain the
phenomenon. First, younger patients are more likely to develop
tumors with aggressive characteristics, such as higher Ki-67
and a triple-negative subtype [7-12]. Second, younger patients
have higher expression of RANK-ligand, c-kit, mammary stem
cell, and BRCA1 mutation signatures and the deregulation of
PI3K and Myc pathways, which are associated with a poor
prognosis [21-23]. Third, young BC patients have increased
risk of psychosocial stress, and their treatment strategies are
more likely to be affected by considerations of sexual function,
fertility, beauty, body image, and their careers [24,25]. In this
study, the 5-year BCSS and OS in young patients were 94.3%

and 93.9%, respectively. These survival rates were higher than
those of older Chinese patients in a previous study; the reason
might be that more patients had early-stage tumors (6279/7553,
83.1%), as well as nodal-stage (6821/7553, 90.3%) and
luminal-subtype (5937/7553, 78.6%) tumors in this study [26].
In addition, survival outcomes among younger patients in our
study were also higher than those in younger women in the
United States, which might be attributable to racial, dietary,
climate, and living differences leading to Asian BC patients
having better survival than White patients [7,26,27].

It has not been fully delineated whether survival and prognoses
are the same in different age strata among young women. A
study conducted by Fredholm et al [28] included 1120 women
with stage I to III cancer; their results showed that patients aged
<30 years had significantly poorer 5-year BCSS than those aged
35 to 40 years (80% vs 86%; P<.001). However, the opposite
result was found in another population-based report in Italy:
there was no survival difference among patients aged <25, 25
to 29, and 30 to 34 years in locoregional relapse (P=.87), distant
metastasis (P=.40), BCSS (P=.58), and OS (P=.99) [27]. In our
study, there were significant differences in LRFS (P<.001),
DMFS (P<.001), BCSS (P=.035), and OS (P=.037) in younger
patients by age, and patients aged <25 years old had the worst
survival rate. The reasons for the difference might be that the
sample size in the previous study was small (n=497) and that
the included patients were White; these are important differences
from our study [27]. Therefore, it is important to establish
policies for better managing and improving the survival of very
young Chinese BC patients.

There is limited evidence available evaluating the risk of relapse
and death in young BC patients. A recent analysis from the
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International Breast Cancer Study Group clinical trials included
4105 BC patients and explored the patterns of late BC
recurrence. The authors demonstrated that the annualized hazard
of recurrence peaked at 2 years and then decreased slowly;
however, the study did not stratify the analysis for young BC
patients [29]. Another study by de la Rochefordiere and his
colleagues [30] assessed failure patterns in young age groups.
They included 3371 women aged ≤55 years and divided them
into 3 groups (≤33 years, 34-40 years, and ≥40 years). The
results showed that the annual hazard rate of relapse peaked at
2 years and patients aged ≤33 years had a higher relapse risk
than those aged 34 to 40 years for about 5 years, but a lower
risk after 5 years [30]. A similar result was found in our study:
BC death risk peaked at 2 and 3 years after diagnosis; however,
totally different trends were observed for the annual hazard of
recurrence and metastasis, which both showed a slow upward
trend in our study that did not reach a peak during follow-up,
possibly attributable to differences in race and sample size
between the studies (1950 patients in this study vs 456 patients
in the past study) [29]. The reasons for the different failure
patterns might include differences in the expression of
RANK-ligand, c-kit, mammary stem cell, and BRCA1 mutation
signatures, as well as in the PI3K and Myc pathways [21-23].
Therefore, it is essential to further explore the optimal
management of young BC patients to reduce the risk of
recurrence and metastasis.

Limitations
Our study has several limitations that might affect the results.
First, the patient data were extracted from a database that was

built beforehand; selection bias in retrospective studies is
inevitable. Second, our data were collected at a single center,
and the result thus cannot represent all patients in China. Third,
this study only included hospitalized patients, which probably
does not represent all patients with cancer (ie, there may be
patients that have cancer but are not hospitalized). Finally, the
sample size in our study was relatively small, especially for
patients aged 18 to 25 years. Therefore, a multicenter
prospective study with a larger sample size should be conducted
to further explore the characteristics of young BC patients and
their management. Despite the limitations of our study, we have
expanded the understanding of young BC in different races and
ethnicities.

Conclusions
Our study demonstrates that the annual diagnosis of young BC
increased in Chinese patients. The diagnostic rate of patients
aged 36 to 40 years decreased, while it remained stable in those
aged 18 to 25 and 31 to 35 years. Young BC patients of different
age groups did not differ in survival outcomes, but the younger
the patient, the worse were the 5-year LRFS, DMFS, BCSS,
and OS. In addition, there were significantly different failure
patterns in different age strata among the young BC patients,
especially for BC mortality. Our results demonstrating different
survival outcomes and failure patterns in different age strata
may allow tailored, personalized management for young BC
patients.
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Abstract

Background: The extent of tick-borne disease (TBD) risk in the United States is generally unknown. Active surveillance using
entomological measures, such as presence and density of infected nymphal Ixodes scapularis ticks, have served as indicators for
assessing human risk, but results have been inconsistent and passive surveillance via public health systems suggests TBDs are
underreported.

Objective: Research using various data sources and collection methods (eg, Google Trends, apps, and tick bite encounters
[TBEs] reports) has shown promise for assessing human TBD risk. In that vein, and engaging a One Health perspective, this
study used multimodal databases, geographically overlaying patient survey data on TBEs and concomitant reports of TBDs with
data drawn from other sources, such as canine serological reports, to glean insights and to determine and assess the use of various
indicators as proxies for human TBD risk.

Methods: This study used a mixed methods research strategy, relying on triangulation techniques and drawing on multiple data
sources to provide insights into various aspects of human disease risk from TBEs and TBDs in the United States. A web-based
survey was conducted over a 15-month period beginning in December 2020 to collect data on TBEs. To maximize the value of
the covariate data, related analyses included TBE reports that occurred in the United States between January 1, 2000, and March
31, 2021. TBEs among patients diagnosed with Lyme disease were analyzed at the county level and compared to I scapularis
and I pacificus tick presence, human cases identified by the Centers for Disease Control and Prevention (CDC), and canine
serological data. Spatial analyses employed multilayer thematic mapping and other techniques.

Results: After cleaning, survey results showed a total of 249 (75.7%) TBEs spread across 148 respondents (61.9% of all
respondents, 81.7% of TBE-positive respondents); 144 (4.7%) counties in 30 states (60%) remained eligible for analysis, with
an average of 1.68 (SD 1.00) and median of 1 (IQR 1) TBEs per respondent. Analysis revealed significant spatial matching at
the county level among patient survey reports of TBEs and disease risk indicators from the CDC and other official sources.
Thematic mapping results included one-for-one county-level matching of reported TBEs with at least 1 designated source of
human disease risk (ie, positive canine serological tests, CDC-reported Lyme disease, or known tick presence).

Conclusions: Use of triangulation methods to integrate patient data on TBE recall with established canine serological reports,
tick presence, and official human TBD information offers more granular, county-level information regarding TBD risk to inform
clinicians and public health officials. Such data may supplement public health sources to offer improved surveillance and provide
bases for developing robust proxies for TBD risk among humans.

(JMIR Public Health Surveill 2023;9:e43790)   doi:10.2196/43790
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Introduction

Tick-borne illness is steadily increasing across the United States.
Lyme disease (LD), in particular, is the fastest growing
vector-borne disease in the United States and accounts for the
majority of all tick-borne diseases (TBDs) in the country [1,2].
Research using various data sources and collection methods
(eg, Google trends, apps, and tick bite encounters’ [TBEs’]
reports) has shown promise for assessing human TBD risk [3-9].
However, the extent of TBD risk is relatively unknown.
Entomological measures, such as presence and density of
infected nymphal Ixodes scapularis ticks, have served as
indicators for assessing human LD risk [10-13], but results have
been inconsistent [11,14]. These measures do not consider
human behavior [11]. Creating models that incorporate human
behavior and adverse events—for example, TBE recall—can
produce improved and more nuanced approaches for assessing
human TBD risk. Internet and database searches on LD have
demonstrated that information-seeking behaviors share similar
temporal and spatial trends with known epidemiological reports
[8,9]. Similar information seeking behaviors among health care
providers also follow similar regional and temporal patterns to
know human disease trends [10].

LD is transmitted by ticks in the Ixodes genus. I scapularis, the
blacklegged tick, and I pacificus, the western blacklegged tick,
are the primary vectors of the spirochete (Borrelia burgdorferi)
that cause LD [10,15]. The blacklegged tick transmits other
pathogens, including Anaplasma phagocytophilum, Borrelia
miyamotoi, Babesia microti, Powassan virus, and ehrlichiosis
associated with Ehrlichia muris eauclairensis [10,16]. I pacificus
is known to transmit Borrelia burgdorferi sensu stricto, Borrelia
mayonii, Anaplasma phagocytophilum, and Borrelia miyamotoi
[16]. In addition, transmission of TBD pathogens to humans
can result in related coinfections, such as Babesia, ehrlichiosis,
or granulocytic anaplasmosis [16,17]. Recent modeling suggests
the expansion of both I scapularis and I pacificus in areas where
surveillance previously did not indicate reported or established
tick populations [18]. The spread of I scapularis and I pacificus
ticks with accompanying pathogens points to LD and other
TBDs as a major public health risk [10], but, again, the actual
prevalence of multiple TBDs or coinfections from related tick
encounters is largely unknown, posing a problem for public
health planning. Public health systems face significant
challenges in identifying the spread of tick populations, as well
as the associated risk and burden of TBDs among humans [19].
TBDs in this regard—accounting for 95% of all vector-borne
diseases in the United States—are an especially serious and
growing public health threat, with LD accounting for more than
70% of cases [20].

Veterinary studies that capture TBDs are shown to be useful in
identifying possible coinfections and providing an important
basis for human risk comparison [11], especially in areas where
the Centers for Disease Control and Prevention (CDC) indicates
TBD existence but where the actual number of cases may be

unknown [12]. This study incorporates multimodal data
triangulation using TBE, canine serological reports, public
health data, and tick presence indicators to assess human disease
risk among survey respondents reporting a TBE and concomitant
diagnosis of a TBD.

Methods

Study Design
Various studies have introduced the use of web-based and other
survey data along with other sources of patient information, on
matters such as TBEs to demonstrate promising approaches and
indicators for investigating human disease risk [3,4]. This study
builds upon and extends recent research to include data on
human TBEs at the county level and associated self-reports of
TBDs in not only officially designated endemic regions but,
importantly, also regions perceived as nonendemic in the United
States relative to known tick and human and canine disease case
reports.

The analytical objective in this study was to assess human TBD
risk by employing a mixed methods approach using triangulation
techniques and multimodal databases, geographically overlaying
TBE reports to official data sources. Specifically, a web-based
survey was conducted over a 15-month period beginning in
December 2020 to collect data on TBEs. To maximize the value
of the covariate data, related analyses included only TBE reports
that occurred in the United States between January 1, 2000, and
March 31, 2021. Adopting a One Health perspective, TBEs
among patients diagnosed with LD were analyzed at the county
level and compared to I scapularis and I pacificus tick presence,
human cases identified by the CDC, and canine serological data.
Spatial analyses included multilayer thematic mapping and
statistical analyses, involving the amalgamated use of
county-level patient TBEs, canine serological cases, tick
presence, official CDC-reported human cases as an indicator
for human TBD risk, and US Census data. Mapping and analyses
of data conducted at the county level across the resultant data
sets were supplemented by Fisher’s exact tests of independence.

Ethical Considerations
The study protocol was approved by the institutional review
board at the University of Texas at Dallas (IRB-21-149).
Institutional review board approval was obtained prior to the
survey, under formal adoption of the Declaration of Helsinki.
All answers were completely anonymous and patients consented
to voluntarily take the survey. All survey respondents provided
informed consent. No personally associated identification data
were collected or reported as such. Human subjects were not
compensated. Data are available upon request.

Tick Bite Encounters and Respondent Data
The Tick Bite Encounter Survey (henceforth referred to as the
“survey”) was conducted on the internet via social media and
shared through selected national TBD-related nonprofit
organizational websites. The survey was available beginning
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in December 2020 for 15 months via an anonymous link
(administered by Qualtrics). Designed to engage individuals
diagnosed with a TBD, participation was voluntary, with
respondents constituting a convenience sample for the study.
Survey respondents were asked to report their diagnoses,
tick-bite recall by month and year, and by county or zip code
and state where tick bites occurred. Respondents listed county
or zip code where and when they recalled receiving up to 4 tick
bites or TBEs, and data were assessed to ensure entries matched
corresponding states as reported. To maximize the value of the
covariate data (eg, CDC-positive LD diagnoses), only TBEs
that occurred in the United States between January 1, 2000, and
March 31, 2021, were included in the analysis. In addition,
TBEs were only analyzed if the location provided by the
respondent could be unambiguously localized to a single zip
code or county. Selected demographic information was also
collected, including those who did not recall a TBE.

Additional study end points derived from official national
databases were obtained from two main sources: (1) official
by-county databases maintained by the CDC and US Census
Bureau: (A) total number of human LD cases that met CDC
diagnostic criteria and were recorded by state health officials
to the CDC between 2000 and 2019; (B) counties officially
established and reported by the CDC to contain I scapularis or
I pacificus ticks as of 2020). The CDC notes that “counties
classified as ‘no records’ should not be interpreted as the tick
being absent. No records could be a result of a lack of sampling
efforts, tick collections, or a lack of reporting or publishing the
results of sampling efforts” [21]. Accordingly, for each county,
tick presence was coded as present, absent, or unknown (no
data); and (C) county populations as reported by the US Census
Bureau’s Intercensal Estimates for 2000 to 2010 and 2010 to
2020. (2) Companion Animal Parasite Council county-level
databases: total number of serological tests conducted on canines
in 2020 (specifically: number of tests positive for ehrlichiosis;
number of tests positive for anaplasmosis; number of tests
positive for LD). The maps were presented as demonstrating
county-level overlap of TBEs by each human disease risk
indicator (ie, canine serological reports, CDC LD cases, and
tick presence). In addition to thematic and multilevel mapping
analyses using the ESRI’s ArcGIS (version 10.7), cross
tabulations are provided across all data sources for all counties

containing 1 or more survey TBEs, aligning with the thematic
maps.

Results

Overview
Statistical analyses were conducted at the county level for all
counties which had at least 1 TBE reported on the survey. Of
the 239 respondents who completed the web-based survey, 182
(76.2%) reported at least 1 TBE, as shown in Table 1. A
combined total of 329 TBEs were reported, with an average of
1.82 (SD 1.11) and a median of 1 (IQR 1) TBE per TBE-positive
respondent. TBEs were filtered to restrict the sample to
respondents who met the following criteria: the TBE could be
definitively localized to a single county or zip code in a US
state, and the TBE could be definitively localized to a single
year between 2000 and 2021, inclusive. Note that some
respondents indicated the location of TBEs using zip codes that
occasionally encompassed areas crossing and belonging to
different counties; in those cases, the TBE was considered to
have occurred in the zip code’s “primary county” [22] and was
considered “definitively localized” for analytical purposes. After
applying these criteria, a total of 249 (75.7%) TBEs were
apparent across 148 respondents (61.9% of all respondents,
81.8% of “TBE-positive” respondents), 144 (4.8%) counties in
30 states (60%) remained eligible for analysis, with an average
of 1.68 (SD 1.00) and median of 1 (IQR 1) TBEs per respondent.
County-level statistics appear in Table 2, with 144 eligible
counties and their county-level data in the final data set. Unless
otherwise noted, all further county-level proportions and
percentages described herein were derived from this set of 144
counties; likewise, all state-level statistics were derived from
the set of 30 states. None of the 144 counties or 30 states
analyzed was missing survey TBE data, as only counties with
one or more reported TBEs were included in the analysis. Of
these, 14 (9.72%) counties across 7 (23.33%) states reported
no CDC LD cases. These data include official LD reports from
the CDC; patient reports of TBEs via web-based survey;
established tick presence, indicating counties with habitats
suitable for ticks; and canine serological data for Lyme,
ehrlichiosis, and anaplasmosis.

Table 1. Survey respondents and tick bite recall (December 2020 to March 2021).

All respondents, n (%)Do not recall tick bite, n (%)Recall tick bite, n (%)

Age

98 (41)33 (33.7)65 (66.3)9 to 45 years old

140 (58.6)24 (17.1)116 (82.9)46 or more years old

1 (0.4)0 (0)1 (100)Age not reported

239 (100)57 (23.9)182 (76.2)Total

Number of years sick

146 (61.1)33 (22.6)113 (77.4)0 to 5 years

89 (37.2)22 (24.7)67 (75.3)6 or more years

4 (1.7)2 (50)2 (50)Not reported

239 (100)57 (23.6)182 (76.2)Total
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Table 2. Number of US counties with reported TBDsa by frequency of primary end points.

Total, n
(%)

Data unavailable, n
(%)

Counties with no disease indicator present,
n (%)

Counties with disease indicator present, n
(%)

Human cases

144 (100)0 (0)14 (9.7)130 (90.3)CDCb LDc

144 (100)0 (0)0 (0)144 (100)Survey TBEd

Tick presence

144 (100)0 (0)34 (23.6)110 (76.4)Ixodes scapularis

144 (100)0 (0)142 (98.6)2 (1.4)I pacificus

Canine serological tests

144 (100)15 (10.4)3 (2.1)126 (87.5)Canine any TBD

144 (100)15 (10.4)16 (11.1)113 (78.5)Canine LD

144 (100)15 (10.4)23 (15.9)106 (73.6)Canine anaplasmosis

144 (100)15 (10.4)7 (4.9)122 (84.7)Canine ehrlichiosis

aTBD: tick-borne disease.
bCDC: Centers for Disease Control and Prevention.
cLD: Lyme disease.
dTBE: tick bite encounter.

Self-Reported TBEs
Using triangulation methods, Figures 1-5 show tick presence
and the existence of human and canine disease by county in the
United States. Multilayered thematic maps of self-reported
TBEs among patients diagnosed with LD and coinfections, in
addition to statistical alignments and comparisons of data
regarding TBE reports and recall, was developed and performed.

Taken together, the maps offer a representation of human TBD
risk, based on the more nuanced approach engaging triangulation
of human and canine reports in addition to tick presence.
Survey-reported TBEs in 144 counties, as shown in Figure 1,
are then compared to official disease and tick data. Official
CDC data are also compared separately to demonstrate county
level overlap via human and canine laboratory testing and tick
presence.
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Figure 1. Survey respondents with LD and reported tick bite encounters by county. LD: Lyme disease.

Mapping and analyses of subsequent county-level data also
included Fisher’s Exact tests of independence, as reported in
Tables 3-6, to evaluate the likelihood that the co-occurrence or
“county overlap” of given pairs of variables was random. A

significant outcome (P<.05 level of significance) provides
evidence that the 2 variables may be used as proxies for one
other.

Table 3. Association across US counties by tick presence (significance set at P<.05).

TotalI pacificus + CountiesIxodes pacificus − CountiesFisher exact test

34232I scapularis – Counties

1100110I scapularis + Counties

1442142Total

Table 4. Association of US counties with survey respondent TBEsa by canine LDb and CDCc LD cases (significance set at P<.05).

TotalCounty has no reports of CDC LDCounty has reports of CDC LDFisher exact test

16115County has reports of canine LD

1131085County has no reports of canine LD

15114Data unavailable

14413014Total

aTBE: tick bite encounter.
bLD: Lyme disease.
cCDC: Centers for Disease Control and Prevention.
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Table 5. Association of US counties by survey respondent TBEsa based on canine anaplasmosis and CDCb LDc cases (significance set at P<.05).

TotalNo county reports of CDC LDCounty has reports of CDC LDFisher exact test

23185County has reports of canine anaplasmosis

1061015County has no reports of canine anaplasmo-
sis

15114Data unavailable

14413014Total

aTBE: tick bite encounter.
bCDC: Centers for Disease Control and Prevention.
cLD: Lyme disease.

Table 6. Association of counties by survey respondent TBEa with canine ehrlichiosis and CDCb LDc Cases (significance set at P<.05).

TotalCounty has CDC reports of no LDCounty has CDC reports of LDFisher exact test

743County has reports of canine ehrlichiosis

1221157County has reports of no canine ehrlichiosis

15114Data unavailable

14413014Total

<0.05<0.05<0.05Fisher exact outcome

aTBE: tick bite encounter.
bCDC: Centers for Disease Control and Prevention.
cLD: Lyme disease.

Human LD, Survey TBEs, and Canine LD
Figures 2-5 present integrated, multilayer thematic maps that
show overlap of survey respondent TBEs with canine cases of
LD, ehrlichiosis, and anaplasmosis, and human cases of LD
(the only available county-level TBD data from the CDC).
Figure 2 presents a thematic overlap of CDC and canine cases
of LD within counties with at least 1 survey-reported TBE.
Yellow counties indicate containing canine LD, CDC-reported

LD cases, and where TBE survey respondents reported a TBE
and concomitant disease. Red counties represent overlap among
canine LD and TBE survey respondents, but without CDC
reports of human LD. Green graduated shaded counties are all
LD counties in the United States as reported by the CDC. Table
4 provides statistical data representing LD by county for
respondent TBE, canine LD, and CDC LD. Some counties do
not have canine data, so disease presence among dogs in those
counties is unknown.
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Figure 2. Respondent TBEs with canine and CDC LD cases by county (CDC LD cases 2000-2019). CDC: Centers for Disease Control and Prevention;
LD: Lyme disease; TBE: tick bite encounter.

Figure 3 offers a map of CDC data and canine cases of
anaplasmosis within TBE survey respondent counties. Blue
counties indicate where canine cases overlap with CDC LD
cases and survey-reported TBEs. Light blue counties represent
overlap among canine LD and TBE survey respondents, but

without CDC reports of human LD. Green counties are all LD
counties with TBE survey respondent overlap. Table 5 highlights
the thematic mapping overlaying, indicating significant
association between canine anaplasmosis and CDC cases of LD
within counties that had reports of a human TBE.
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Figure 3. Respondent TBEs with canine anaplasmosis and CDC LD cases by county (CDC LD cases 2000-2019). CDC: Centers for Disease Control
and Prevention; LD: Lyme disease; TBE: tick bite encounter.

Figure 4 presents a thematic overlay of CDC and canine
ehrlichiosis cases within TBE survey respondent counties.
Yellow counties indicate where canine LD cases overlap with
CDC LD cases and survey reported TBEs. Light yellow shading
represents overlap between canine LD and TBE survey
respondents, but without CDC reports of human LD. Green

shading likewise represents counties with overlap between CDC
LD and TBE survey data, but with no canine LD cases. Table
6 highlights the thematic mapping indicating significant
associations between canine ehrlichiosis and CDC reported
cases of LD within counties with human TBE reports.
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Figure 4. Respondent TBEs with canine ehrlichiosis and CDC LD cases by county (CDC LD cases 2000-2019). CDC: Centers for Disease Control
and Prevention; LD: Lyme disease; TBE: tick bite encounter.

In sum, the maps offer visual representation of TBE overlap
with official data from 3 primary sources: tick presence,
CDC-reported LD cases, and positive canine tests for LD,
ehrlichiosis, and anaplasmosis. Using thematic overlays to
triangulate matching human disease risk, every county
overwhelmingly matched TBE survey reports and at least 1
disease risk indicator from official sources. Figure 5 is a
summary map, depicting all counties where a survey respondent
reported a TBE and a LD diagnosis and where the TBE matched
at least one of the triangulated data points of tick presence or
human or canine disease. The scope of influence is substantial
in this respect; out of a total of 144 counties included in the

final analytical data set, only 1 did not overlap with an official
source of disease risk—Graham County, North Carolina—which
appears as the only county in red on the summary map in Figure
5. In other words, the respondent TBEs and subsequent
self-reported LD offer a one-to-one match with human or canine
official serological reports. The lack of overlap in Graham
County does not mean that disease risk does not exist but, rather,
was the result of missing canine data. In fact, neighboring
counties showed positive serological tests for LD, ehrlichiosis,
and anaplasmosis in canines, and ticks do not adhere to county
lines.
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Figure 5. US counties with survey respondent reported TBEs and LD diagnoses, with TBEs matched to triangulated data points of tick presence or
human or canine disease. LD: Lyme disease; TBE: tick bite encounter.

Discussion

Implications of the Relative Proportions of CDC LD
Cases and Survey TBEs
To date, surveillance of TBDs typically is presented in aggregate
national and state level databases, hindering analyses at levels
that may be more revealing and provide more detailed depictions
of relevant indications of TBD risk. The current public health
system in the United States does not recognize as endemic areas
that may cluster in various states outside of the Northeast. Data
for most TBDs are provided by the CDC, aggregated from state
public health departments following positive laboratory results.
Although county-level data on TBDs are collected by some
states, the CDC reports such data for LD only. In addition, while
LD reports are available by county, no distinctions are drawn
between locally as opposed to travel-acquired disease.
Accordingly, TBE likelihood—which is geographically
dependent—could not be confidently determined from such
data alone.

However, multilayer thematic mapping has demonstrated clear
overlapping among TBEs and concomitant human disease
reports with canine and CDC LD reports and tick presence data
by county. As noted, previous studies have demonstrated the
utility of multilayer thematic mapping using canine and

self-reported TBEs, particularly as it pertains to ecologically
distinct regions [23]. Specifically, the survey sample, although
relatively small, was national in scope. However, respondents
reported TBEs only in western, mid-Atlantic, and eastern regions
where LD and ticks are either established or considered endemic.
Note that this could be an artifact and limitation of the data with
the use of respondents as a convenience sample. In any case, a
one-to-one match was found for TBE and human disease
self-reports with at least one of the human disease risk
indicators. The critical point here, as revealed through the
mapping and the statistical analyses, is the substantial overlap
in the TBE counties among canine (especially canine
ehrlichiosis), CDC reported LD cases, and presence of ticks
carrying associated pathogens.

Triangulating TBD Risk via Proxy Data
Developing robust proxies for human TBD risk to address data
and testing limitations is an important analytical undertaking,
especially until objective, standardized, and centralized
diagnostic monitoring can be implemented for a more detailed
picture below the state level as needed. Research has pointed
to similar spatial distributions and county-level findings among
canines and humans using official public health data, in addition
to self-reports of TBEs and subsequent diagnoses (both clinical
and CDC+) and tick infectivity [23-26]. The use of other data
sources, including patient surveys, also points to other
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surveillance data and techniques that have the potential to inform
public health practitioners when local data are scarce or clinical
evaluations are made in geographic areas not generally
considered endemic [27,28].

This study has explored paths for improving disease surveillance
by triangulating TBD risk via proxy data. Proxies were
considered to help establish risk, relying on “indirect data” such
as surveys and veterinary assessments to supplement and extend
official data when available. The use of canine TBDs as proxies
was supported by research indicating, for example, links
between companion pets and human disease. In fact, owners of
dogs and cats are at increased risk of encountering ticks and of
developing TBDs [29], which also reflects the One Health
perspective given connections among humans and their pets.
In other words, canine TBD data are not fully divested from
human TBD data and, so, with proper consideration of their
differences and precise characterization of their common factors,
they can usefully serve as proxies, as demonstrated in this study.

Limitations and Recommendations for Future Work
The survey was intentionally aimed at individuals likely to have
experienced TBEs and to have a high probability of participation
and response (eg, web-based support groups focused on TBDs).
This approach naturally sat the survey respondent sample apart
from the general population and could lead to underestimation
of TBEs. In addition to survey limitations and possible bias and
simple recollection errors by respondents, some statistical issues
can also be noted. In particular, the canine data represented
cases only from 2020, rather than across the 2000-2021 study
period.

Future work will incorporate more nuanced multilevel models
that can account for unequal variances, mixed and fixed effects,
nesting, and other confounding issues. Additional data too will
address broader contextual concerns and data set gaps. For
example, other tick species (eg, the Lone Star Tick) can act as
vectors for TBDs and are extant in different geographical
locations. Inclusion of such entomological data can improve
analytical coverage. In addition, expanded historical data will
help elucidate long-term trends that may not be detectable over
shorter periods and will aid in outcome interpretation.

Conclusions
Controversy arises as a burgeoning population reports TBD
diagnoses that do not match official reports. LD and other TBDs
can be difficult to diagnose and physicians and health care
professionals may be unaware of growing risks and public health
threats in locally clustered areas, particularly in areas generally
considered nonendemic [23]. Diagnostic ambiguity is
exacerbated by symptomatic overlap in TBD presentation, as
well as insufficient tracking and characterization of the various
vectors and TBEs that cause them.

To date, surveillance of TBDs in the United States is a
patchwork of activities that are unable to provide a satisfactory
picture of risk or infection rates across TBDs, not to mention
overlapping comorbidities in infected humans. Resulting
controversies plague the patient-physician-public health
relationship and discourse, with LD and other TBD sufferers
turning to advocacy in demand for diagnosis and treatment. The
importance of identifying opportunities to improve surveillance
and data for determining TBD risk cannot be overstated for
informing the public and the medical community.
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Abstract

Background: While the End Tuberculosis (TB) Strategy has been implemented worldwide, the cause of the TB epidemic is
multifactorial and not fully understood.

Objective: This study aims to investigate the risk factors of TB and incorporate these factors to forecast the incidence of TB
infection across different age groups in Sichuan, China.

Methods: Correlation and linear regression analyses were conducted to assess the relationships between TB cases and ecological
factors, including environmental, economic, and social factors, in Sichuan Province from 2006 to 2017. The transfer function-noise
model was used to forecast trends, considering both time and multifactor effects.

Results: From 2006 to 2017, Sichuan Province had a reported cumulative incidence rate of 1321.08 cases per 100,000 individuals
in male patients and 583.04 cases per 100,000 individuals in female patients. There were significant sex differences in the

distribution of cases among age groups (trend χ2
25=12,544.4; P<.001). Ganzi Tibetan Autonomous Prefecture had the highest

incidence rates of TB in both male and female patients in Sichuan. Correlation and regression analyses showed that the total
illiteracy rate and average pressure at each measuring station (for individuals aged 15-24 years) were risk factors for TB. The
protective factors were as follows: the number of families with the minimum living standard guarantee in urban areas, the average
wind speed, the number of discharged patients with invasive TB, the number of people with the minimum living standard guarantee
in rural areas, the total health expenditure as a percentage of regional gross domestic product, and being a single male individual
(for those aged 0-14 years); the number of hospitals and number of health workers in infectious disease hospitals (for individuals
aged 25-64 years); and the amount of daily morning and evening exercise, the number of people with the urban minimum living
standard guarantee, and being married (for female individuals aged ≥65 years). The transfer function-noise model indicated that
the incidence of TB in male patients aged 0-14 and 15-24 years will continue to increase, and the incidence of TB in female
patients aged 0-14 and ≥65 years will continue to increase rapidly in Sichuan by 2035.

Conclusions: The End TB Strategy in Sichuan should consider environmental, educational, medical, social, personal, and other
conditions, and further substantial efforts are needed especially for male patients aged 0-24 years, female patients aged 0-14
years, and female patients older than 64 years.

(JMIR Public Health Surveill 2023;9:e40659)   doi:10.2196/40659
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Introduction

Tuberculosis (TB) has been the leading cause of the global
disease burden. Approximately 25% of the population
worldwide are infected with M tuberculosis [1]. In 2019,
according to the World Health Organization, there were
approximately 10 million new cases of TB globally and 1.2
million deaths [2]. Of note, almost 90% of individuals who are
infected with TB each year originate from low-income countries
[2]. Poor health services, malnutrition, and crowded working
and living conditions in these countries leads to the increased
risk of TB across populations. Fighting poverty has become a
major theme for the World Health Organization, which aims to
end the global TB epidemic using “the End TB Strategy” [2].
According to the End TB Strategy, the targeted percentage
reduction in the absolute number of TB deaths and incidence
rate for 2035 are 95% and 90% of the 2015 baseline,
respectively [1]. However, the cause of the TB epidemic is
multifactorial and not fully understood.

Most people (approximately 90%) develop the disease in
adulthood, with men being more susceptible than women [1-4].
Previous ecological studies have demonstrated a significant
association between TB cases and ecological factors, including
environmental, economic, health, and social conditions [3-11].
Although ecological risk factors for TB at the population and
individual levels have raised great concerns, these results are
not consistent [1,2,11-16]. The cause of TB varies in different
populations and countries, especially in different groups (eg,
of different ages and sexes) or in areas with a high TB burden
[1], which is a major barrier for the End TB Strategy. China
had the third-largest TB burden in the world in 2019, while
Sichuan Province, known for its geographical and ethnic
diversity, has a top-ranked TB burden, thus providing the
opportunity to comprehensively identify specific risk factors in
a complex background.

Furthermore, elucidating the trend of TB incidence with
identified TB factors helps to assess the effectiveness of
containing measurements that may aid policy maker decisions
and public health practice. Therefore, our research aimed to
identify these potential risk factors for TB in Southwest China
using multiple regression and to predict the trend of TB
incidence using a transfer function-noise (TFN) model [17-21].
The overarching goal of our study was to gain insight into the
secular TB trend, providing implications for advancing TB
prevention and control strategies to achieve the targets of the
End TB Strategy.

Methods

Data Sources and Objects

Geographic Information
We obtained data from China’s Geographic Information Center
on Sichuan Province in 2009. The map of county-level
administrative divisions included prefectures, counties, cities,

and districts. In total, Sichuan Province has 21 cities or
prefectures and 181 districts, counties, and cities, with a total
of 1.4 million inhabitants.

Social, Economic, Environmental, Education, and
Health Information
Data were extracted from the 2006-2017 Statistical Yearbook
of Sichuan Provincial Bureau of Statistics. All TB cases were
grouped by sex and age. The age groups were as follows:
children (aged 0-14 years), youths (aged 15-24 years), adults
(aged 25-64 years), and older individuals (aged >64 years).

From the age-stratified population of the “Epidemic Information
Network Direct Reporting System” from 2006 to 2017, we
enrolled the subpopulation in Sichuan Province. All population
data were for permanent residents, specific to county
administrative divisions, and included population data by age
and sex. Information on TB and HIV/AIDS was obtained from
the TB Information Management System of the Chinese Disease
Prevention and Control Information System and the Statistical
Yearbook published by the Sichuan Provincial Bureau of
Statistics. The incidence of TB was analyzed in different age
groups.

Statistical Analysis
The ecological analysis used data such as case reports, registered
case data, and ecological information to explore the risk factors
related to the prevalence of TB. Data on TB cases and the
incidence rate of TB were collected per administrative division,
sex, and age group. The variables for each model were chosen
by auto-modeling.

The 128 ecological factors were all obtained from 12 years
(2006-2017) of data. The transfer function model was fitted by
the autoregressive integrated moving average (ARIMA) model
by time series [17-21], using expert modeling and adding
independent variables for the model fitted to choose the variables
through the fitted data and prediction data; we used 3 different
models (the Grey model, the ARIMA model, the TFN model)
to identify the model that most closely aligned with the real TB
data of 2018.

TFN Model
The expert modeler selected the optimal model from multiple

fitted models, when the R2 value reached the ideal state. The
linear regression analysis adopts the stepwise regression analysis
method and uses multiple models to fit and to achieve a better

R2 value in four different age groups. Finally, only the best
model was used for display. Multiple stepwise regression was
carried out for multivariate analysis (stepwise regression rules:
F-to-enter≥3.840, F-to-remove≤2.710). The models were
established by each factor, stepwise in and out of the models.
Multimedia Appendix 1 shows the stepwise regression summary;

when the R2 and standard estimated error reached the best value,
the model concluded.
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Univariate analyses (Pearson correlation analysis) and
multivariate analyses (regression analysis) were used to analyze
the protective factors and risk factors for TB in Sichuan Province

according to sex and age group (trend χ2
25=12,544.4; P<.001).

Statistical analysis (descriptive analysis and cluster analysis of
spatiotemporal scans) and prediction of TB incidence in 2035
were performed according to sex and age.

The autocorrelation test of the residuals uses the Durbin-Watson
(DW) test, with the following test statistic:

DW values occur in a range from 0 to 4 as follows: a DW value
of 0 indicates complete positive autocorrelation, values between
0 and 1.5 indicate positive autocorrelation, values between 1.5
and 2.5 indicate no autocorrelation, values between 2.5 and 4
indicate negative autocorrelation, and a value of 4 indicates
complete negative autocorrelation. In addition, the
autocorrelation function and partial autocorrelation function
show whether the data sequence reached a stable state. At the

same time, the R2 and Bayesian information criterion values of
the TFN model were used before and after data unit
standardization to find the best model. The closer the DW value
is to 2, the more independent the observations of multiple linear
regression are.

Considering the effect of time and multiple factors, we used
Panel regression, Poisson regression, and Lasso regression for
the analysis; however, the data were not suitable for these
regressions; for example, our study has a large number of factors
to explore the relationship, so the Panel regression could not
include all 128 factors and ID and time to fit. The pilot analyses
revealed that the random effect model was better than the pool
model and fixed effect model. For these reasons, we did not use
other regression methods.

We included all reported cases of TB during 2006-2017; these
data possibly contain information and selection bias. The TFN
model is a multivariate time series analysis method that can be
seen as a combination of the ARIMA model and a multiple
regression model. We used SPSS 23.0 (IBM Corp) and ArcGis

Map 10.6 (ESRI Inc) to create spatiotemporal scans and to
conduct the analyses that predicted TB trends by sex and age.
The three main steps were as follows: model identification,
parameter estimation, and model testing. For the calculation of
the P value, the analysis was applied under the assumptions of
unequal variances and a statistical significance of P<.05.

Ethics Approval
Data collection of TB was required by the Law of the People’s
Republic of China on Prevention and Treatment of Infectious
Diseases. The ethics approval in this study was granted by the
Ethics Committee of Sichuan Center for Disease Control and
Prevention (SCCDCIRB2022-001).

Results

Annual TB Cases and Incidence Rate
From 2006 to 2017, Sichuan Province reported 548,584 cases
of pulmonary TB in male patients, with a reported cumulative
incidence rate of 1321.08 cases per 100,000 individuals (average
110.09 cases/100,000 individuals), and 235,149 cases of
pulmonary TB in female patients, with a reported cumulative
incidence rate of 583.04 cases per 100,000 individuals (average
48.59 cases/100,000 individuals). Thus, there were
approximately 2.33 times more cases in male patients than in
female patients. The reported cumulative incidence of TB in
Sichuan Province from 2006 to 2017 was 961.71 cases per
100,000 individuals (average 80.14 cases/100,000 individuals).
These TB cases mainly occurred in individuals aged 15-64
years, which accounted for 82.02% (n=642,808) of the total
cases.

As shown in Figure 1, there were sex differences in the
distribution of cases among age groups, and these differences

were significant (trend χ2
25=12,544.4; P<.001). The number of

TB cases in Sichuan Province peaked in individuals aged 20-24
years and gradually decreased in individuals older than 64 years
(Figure 1). During these 12 years (2006-2017), the incidence
rate in those aged 80-85 years was lower than in those aged
60-79 years, while individuals older than 70 years had the
highest TB incidence peak (Figure 2).
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Figure 1. TB cases in Sichuan Province of China during 2006-2017. TB: tuberculosis.

Figure 2. TB incidence rate in Sichuan Province of China during 2006-2017. TB: tuberculosis.
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Geographic Distribution
Figure 3 displays the TB cumulative incidence in 21
cities/prefectures during this time period. The 5 cities/prefectures
with the highest incidence rates of TB in male patients were
Ganzi Tibetan Autonomous Prefecture, Aba Tibetan and Qiang
Autonomous Prefecture, Guangyuan City, Liangshan Yi
Autonomous Prefecture, and Dazhou. The five cities/prefectures

with the lowest incidence rates of TB in male patients were
Chengdu, Panzhihua, Ya’an, Leshan, and Zigong. In female
patients, the top five cities/prefectures according to TB incidence
rates were Ganzi Tibetan Autonomous Prefecture, Aba Tibetan
and Qiang Autonomous Prefecture, Liangshan Yi Autonomous
Prefecture, Guangyuan City, and Dazhou; the bottom five were
Chengdu, Zigong, Ya’an, Leshan, and Panzhihua.

Figure 3. The incidence of male and female TB in Sichuan Province of China during 2006-2017(1/100,000). TB: tuberculosis.

Relationships Among the Variables
Across the four age groups, there were significant associations
between TB incidence and the environmental and socioeconomic
effects in five aspects, including other diseases as well as health
resources; economic and social factors; pollutant, forestry, and
meteorology variables; population structure, marriage, and habit
variables; and educational investment and education level (all
P<.05; Multimedia Appendix 1, Tables S1-S5).

Multivariate Analysis
As shown in Table 1, a linear regression analysis was performed
on the incidence of TB and the various factors, and a
multivariate analysis was performed on the four age groups in
the whole population, the male population, and the female
population. The regression model exhibited multivariate
multicollinearity; the DW values for the four age groups
(individuals aged 0-14, 15-24, 25-64, or ≥65 years) were 2.433,
1.340, 2.491, and 3.114, respectively.

In addition, in those aged 0-14 years, the factors affecting the
risk of TB were as follows: the number of families with the
urban minimum living standard guarantee, average wind speed,
number of patients with invasive pulmonary TB discharged,
number of people with the rural minimum living standard
guarantee, total health expenditure as a percentage of regional
gross domestic product (GDP), and being a single man. These

factors reduced the risk of TB. The incidence of TB in those
aged 15-24 years, sex ratio, number of forest fires, and regular
exercise rate of adults increased the risk of TB in children (Table
1).

In those aged 15-24 years, the incidence of TB in those aged
0-14 years, total illiteracy rate, number of infectious disease
hospitals, enrollment number (secondary school and above),
exposure to secondhand smoke among nonsmokers (%), fraction
of married men (%), number of forest fires, and number of junior
high school boys (%) increased the risk of TB (Table 1).

In those aged 25-64 years, the number of hospitals, number of
health workers in infectious disease hospitals, TB rate in those
aged ≥65 years, daylight duration, and male life expectancy
decreased the risk of TB (Table 1).

Finally, in the group of people older than 64 years, the risk of
TB was increased by the following factors: the rate of TB cases
in female patients, cumulative precipitation over 24 hours (8
PM to 8 PM), rate of TB in those aged 25-64 years, total health
expenditure as a percentage of regional GDP, number of families
with the rural minimum living standard guarantee, rate of TB
in patients aged 15-24 years, and civil medical assistance. The
risk of TB decreased with the amount of daily morning and
evening exercise and the number of people with the urban
minimum living standard guarantee and in women who were
married (Table 1).
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Table 1. Multivariate analysis of tuberculosis (TB) incidence by age group (individuals aged 0-14, 15-24, 25-64, or ≥65 years) in Sichuan Province.

P valueT test (df)B (95% CI)Model and variables

Model 1 (dependent variable: TB incidence in those aged 0-14 years; Durbin-Watson value: 2.433)

<.001–10626.577 (11)–8.259 (–8.269 to –8.249)(constant)

<.00114772.916 (11)1.01E-01 (0.101 to 0.101)TB rate in those aged 15-24 years

<.00114578.003 (11)8.387 (8.379 to 8.394)Sex ratio

<.0013593.154 (11)0.001 (0.001 to 0.001)Number of forest fires

<.001–2011.933 (11)–7.438E-07 (0 to 0)Number of families with the minimum living standard guarantee in urban areas
(households)

<.001–1576.859 (11)–0.005 (–0.005 to –0.005)Average wind speed

<.001–4259.893 (11)–1.505E-05 (0 to 0)Number of patients with invasive TB discharged

<.001–1813.338 (11)–1.41E-07 (0 to 0)Number of people with the minimum living standard guarantee in rural areas (person)

.0011199.617 (11)1.82 (1.8 to 1.839)Regular exercise rate

.002–377.144 (11)–0.007 (–0.008 to –0.007)Total health expenditure as a percentage of regional GDPa (%)

.006–105.253 (11)–0.001 (–0.001 to –0.001)Unmarried men (%)

Model 2 (dependent variable: TB incidence in those aged 15-24 years; Durbin-Watson value: 1.340)

<.001–18234.07 (11)–2541.142 (–2542.913 to
–2539.371)

(constant)

<.00182051.414 (11)6.227 (6.226 to 6.228)TB rate in those aged 0-14 years

<.00127895.184 (11)1.789 (1.788 to 1.789)Total illiteracy rate (%)

<.00118170.576 (11)0.307 (0.307 to 0.307)Average pressure at each measuring station

<.00120744.736 (11)0.854 (0.853 to 0.854)Number of infectious disease hospitals

<.00113489.017 (11)0.000004396 (0 to 0)Enrollment number (secondary school and above)

<.00111336.041 (11)0.094 (0.094 to 0.094)Exposure to secondhand smoke among nonsmokers (%)

<.001–5377.636 (11)–0.617 (–0.618 to –0.615)Male illiteracy rate (%)

<.0013963.885 (11)0.083 (0.083 to 0.083)Married men (%)

.001895.709 (11)0.001 (0.001 to 0.001)Number of forest fires

.005128.503 (11)0.004 (0.004 to 0.005)Junior high school boys (%)

Model 3 (dependent variable: TB incidence in those aged 25-64 years; Durbin-Watson value: 2.491)

<.0012642.64 (11)10.268 (10.218 to 10.317)(constant)

<.00199793.924 (11)1.123 (1.123 to 1.123)TB rate

<.001–54131.67 (11)–0.009 (–0.009 to –0.009)Number of hospitals

<.001–32021.619 (11)–0.006 (–0.006 to –0.006)Number of health workers in infectious disease hospitals

<.001–26994.198 (11)–0.048 (–0.048 to –0.048)TB rate in those aged >64 years

<.001–14248.119 (11)–0.178 (–0.178 to –0.178)Daylight duration

<.0011887.559 (11)0.421 (0.418 to 0.424)Life expectancy

<.0014809.176 (11)0.117 (0.116 to 0.117)Diabetes mortality rate (1/100,000)

.001915.623 (11)0.00002666 (0 to 0)Total expenditure per person in urban residents (¥)

.002356.061 (11)0.062 (0.06 to 0.065)Number of public health workers per 1000 people

.004–171.099 (11)–0.032 (–0.034 to –0.029)Male life expectancy

Model 4 (dependent variable: TB incidence in those aged >64 years; Durbin-Watson value: 3.114)

.001–1266.037 (11)–28.128 (–28.41 to –27.846)(constant)

<.00170646.596 (11)2.98E+00 (2.979 to 2.98)TB rate in women

<.001–29473.402 (11)–5.24E-05 (0 to 0)Amount of daily morning and evening exercise
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P valueT test (df)B (95% CI)Model and variables

<.00144529.735 (11)0.985 (0.985 to 0.985)Cumulative precipitation in 24 hours (8 PM to 8 PM)

<.00115700.111 (11)1.391 (1.39 to 1.392)TB rate in those aged 25-64 years

<.001–3962.971 (11)–0.00001256 (0 to 0)Number of people with the urban minimum living standard guarantee (person)

<.0015632.666 (11)1.51 (1.506 to 1.513)Total health expenditure as a percentage of regional GDP (%)

.0011182.888 (11)0.000001464 (0 to 0)Number of families with the rural minimum living standard guarantee (households)

.0011161.821 (11)0.132 (0.13 to 0.133)TB rate in women aged 15-24 years

.001–676.252 (11)–0.192 (–0.196 to –0.189)Married women (%)

.0144.526 (11)1.04E-09 (0 to 0)Civil medical assistance (times used)

aGDP: gross domestic product.

Forecast Trend
In addition, the TFN model predicted that in 2035, the incidence
of TB in male patients aged 0-14, 15-24, 25-64, and ≥65 years
per 100,000 individuals would be 4.00, 377.08, 0.00, and –54.00,
respectively (Figure 4). Our model predicted that the incidence
of TB in males aged 0-14, 15-24, 25-64, and ≥65 years would
not fall to 0 by 2035 and that the incidence rate of TB in male
patients aged 0-14 and 15-24 years would increase.

Moreover, the TFN results showed that the incidence of TB
among female patients aged 0-14, 15-24, 25-64, and ≥65 years
per 100,000 individuals in 2018 was 3.00, unpredictable, 42.00,
and 65.00, respectively. However, in 2035, these rates were
predicted to increase, and TB incidence among female patients
aged 0-14 years was predicted to be higher than among women
aged ≥65 years, which might also exhibit an upward trend
(Figure 4).

JMIR Public Health Surveill 2023 | vol. 9 | e40659 | p.2499https://publichealth.jmir.org/2023/1/e40659
(page number not for citation purposes)

Wei et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 4. The transfer function-noise model predicts the trend of age-specific incidence rates (male/female: aged 0-14, 15-24, 25-64, and ≥65 years).
LCL: lower confidence limit; UCL: upper confidence limit.

Model Selection
The TFN model was used to fit the number and incidence rate
of TB cases reported in Sichuan Province during 2006-2017,
establish and judge the models, and predict TB incidence in
Sichuan Province during 2018-2035. The TFN model was fitted

for different groups to determine the TB incidence. The R2 and
Bayesian information criterion of the models and evaluations

were all ideal, as shown in Table S6 in Multimedia Appendix
1.

The TFN models used female and male data separately in the
multivariate models, and the total of all cases was 783,735.
From 2006 to 2017, Sichuan Province reported 548,585 cases
of pulmonary TB in male patients, with a reported incidence
rate of 11 cases per 100,000 individuals, and 235,150 cases of
pulmonary TB in female patients, with a reported cumulative
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incidence rate of 4.85 cases per 100,000 individuals. There were
12-year observations per model at the population level. For each
model, using stepwise regression methods, 10 well-fitting

models were established (a better R2 value), and the rule was
carried out for multivariate analysis (stepwise regression rules:
F-to-enter≥3.840, F-to-remove≤2.710).

Additionally, we adjusted the variables of the data to be
standardizing variables, and the result did not change. The

findings also show that the data trend is relatively stable after
multiple data processing, such as splitting or logarithmic
processing. Both the destandardized and standardized results
and indicators showed that the models were the same.

The TFN model, number and incidence rate of TB cases,
autocorrelation function, and partial autocorrelation function
showed that the data sequence reached a stable state, and the
effect of white noise was eliminated (Figure 5).

Figure 5. Transfer function-noise model: tuberculosis and incidence rate of ACF and PACF in the whole population. ACF: autocorrelation function;
PACF: partial autocorrelation function.
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We found that the total illiteracy rate and average pressure at
each measuring station (in individuals aged 15-24 years) were
risk factors for TB incidence overall. Factors that protected
against TB incidence were the number of families with the
minimum living standard guarantee in urban areas, average
wind speed, number of patients with invasive TB discharged,
number of people with the minimum living standard guarantee
in rural areas, total health expenditure as a percentage of regional
GDP, being a single man (aged 0-14), number of hospitals,
number of health workers in infectious disease hospitals (for
those aged 25-64 years), amount of daily morning and evening
exercises, number of people with the urban minimum living
standard guarantee, and being a married woman (aged ≥65
years). The noise transfer-function model predicts that until
2035, the incidence of TB in male patients aged 0-14 and 15-24
years will increase, while in female patients aged 0-14 and ≥65
years, the incidence will increase rapidly.

Discussion

Principal Findings
To our knowledge, this is the most comprehensive ecological
correlation and time series trend forecast analyses to investigate
the associations of ecological factors with TB epidemic and the
secular trend of TB incidence. The ecological correlation
analyses demonstrated an overall limited influence of the
environmental and socioeconomic effects and prediction on the
TB epidemic. Incorporating these environmental and
socioeconomic conditions into time series trend forecast models
found that the TB incidence rate will continue to increase among
male patients aged 0-24 years, female patients aged 0-14 years,
and female patients older than 64 years, which should be
considered as targeted populations to end the TB epidemic
before 2035.

Compared with the worldwide rate and those for high-income
countries, TB incidence in rural areas of Sichuan Province was
very high, which was supported by a significant increase risk
of TB infection among farmers compared with individuals with
other occupations and in clustering areas of ethnic minorities
in western and northeastern Sichuan [12]. Given that most
people reside in rural areas worldwide, more effective strategies
are needed to contain the TB epidemic.

Additionally, in China, the highest TB burden was found in
those aged >70 years, the same as our findings that they had
the peak TB incidence [22]; nevertheless, their incidence of this
disease will not grow fast. Meanwhile, male patients aged 0-24
years, female patients aged 0-14 years, and female patients older
than 64 years will have substantial growth by 2035 and take a
heavy TB burden. Because of health problems and risk factors
of chronic disease such as hypoimmunity, high systolic blood
pressure, and high total cholesterol, with greater longevity, may
predispose older adults to TB [22,23]. Apart from social aging
and the above reasons, further national surveys to estimate the
latent reasons for the increasing incidence of TB in female
patients are required.

Of note, the risk factors for TB incidence varied across different
ages. For children aged 0-14 years, we found that the proportion
reflected by the total health expenditure divided by the regional
GDP was associated with a decrease in the incidence of TB,
while an inverse association was observed in the population
older than 64 years. In-depth investigations need to reveal its
role in TB incidence. In addition, a decrease in the number of
forest fires led to a decrease in TB incidence. This finding was
in line with those of Chen et al [11], who reported an association
between decreased per capita living space and TB incidence.
Forest fires may lead to air pollution, causing more patients
with TB to seek diagnosis and treatment. Chen et al [11]
suggested that future studies should consider social factors such
as income and education. Furthermore, we found that in
individuals aged 15-24 years, the total illiteracy rate can predict
the incidence of TB.

For female individuals older than 64 years, daily morning and
evening exercise, the number of people with the urban minimum
living standard guarantee, and marriage (for women) may reduce
the incidence of TB. Married women who do not require
assistance for extreme poverty may have better nutrition and
better health well-being [1,2], while the urban minimum living
standard guarantees and the aid of a spouse provides support to
seek TB treatment, especially for older persons (aged ≥65 years).
Collectively, social and environmental supports also help control
TB incidence in Sichuan.

Moreover, our findings did not support the protective role of
neonatal BCG vaccination in TB incidence across all age groups.
Notably, delivering the neonatal BCG vaccination displayed a
negative correlation with TB incidence across all age groups,
principally in line with previous findings [1,2]. Given that BCG
vaccines offer the best chance to contain the accelerating spread
of multidrug-resistant TB, more data are required to draw
definitive conclusions on its role in TB incidence.

Limitations
This study also has several limitations. First, we did not take
into account determinations of genetic predisposition,
treatments, treatment efficacy, and other ecological factors due
to limited data availability. Second, all data in this study was
obtained from Sichuan Province, and the results were subject
to the inherent limitations of an ecological study; thus, principal
findings may not be generalizable. Prospectively, further
long-term cohort studies with large sample sizes as well as
randomized controlled experimental studies are needed to
determine the causal relationships.

Conclusion
In conclusion, our study identifies a series of environmental
and socioeconomic conditions associated with TB incidence
through the most comprehensive ecological analyses.
Incorporating these TB factors into the TFN model clarifies that
male individuals aged 0-24 years, female individuals aged 0-14
years, and female individuals older than 64 years are barriers
to the End TB Strategy in Sichuan, and provides new insights
into TB prevention and control strategies.
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Abstract

Background: Seasonal respiratory viruses had lower incidence during their 2019-2020 and 2020-2021 seasons, which overlapped
with the COVID-19 pandemic. The widespread implementation of precautionary measures to prevent transmission of SARS-CoV-2
has been seen to also mitigate transmission of seasonal influenza. The COVID-19 pandemic also led to changes in care seeking
and access. Participatory surveillance systems have historically captured mild illnesses that are often missed by surveillance
systems that rely on encounters with a health care provider for detection.

Objective: This study aimed to assess if a crowdsourced syndromic surveillance system capable of detecting mild influenza-like
illness (ILI) also captured the globally observed decrease in ILI in the 2019-2020 and 2020-2021 influenza seasons, concurrent
with the COVID-19 pandemic.

Methods: Flu Near You (FNY) is a web-based participatory syndromic surveillance system that allows participants in the United
States to report their health information using a brief weekly survey. Reminder emails are sent to registered FNY participants to
report on their symptoms and the symptoms of household members. Guest participants may also report. ILI was defined as fever
and sore throat or fever and cough. ILI rates were determined as the number of ILI reports over the total number of reports and
assessed for the 2016-2017, 2017-2018, 2018-2019, 2019-2020, and 2020-2021 influenza seasons. Baseline season (2016-2017,
2017-2018, and 2018-2019) rates were compared to the 2019-2020 and 2020-2021 influenza seasons. Self-reported influenza
diagnosis and vaccination status were captured and assessed as the total number of reported events over the total number of reports
submitted. CIs for all proportions were calculated via a 1-sample test of proportions.

Results: ILI was detected in 3.8% (32,239/848,878) of participants in the baseline seasons (2016-2019), 2.58% (7418/287,909)
in the 2019-2020 season, and 0.27% (546/201,079) in the 2020-2021 season. Both influenza seasons that overlapped with the
COVID-19 pandemic had lower ILI rates than the baseline seasons. ILI decline was observed during the months with widespread
implementation of COVID-19 precautions, starting in February 2020. Self-reported influenza diagnoses decreased from early
2020 through the influenza season. Self-reported influenza positivity among ILI cases varied over the observed time period.
Self-reported influenza vaccination rates in FNY were high across all observed seasons.

Conclusions: A decrease in ILI was detected in the crowdsourced FNY surveillance system during the 2019-2020 and 2020-2021
influenza seasons, mirroring trends observed in other influenza surveillance systems. Specifically, the months within seasons that
overlapped with widespread pandemic precautions showed decreases in ILI and confirmed influenza. Concerns persist regarding
respiratory pathogens re-emerging with changes to COVID-19 guidelines. Traditional surveillance is subject to changes in health

JMIR Public Health Surveill 2023 | vol. 9 | e40216 | p.2505https://publichealth.jmir.org/2023/1/e40216
(page number not for citation purposes)

Gertz et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:info@outbreaksnearme.org
http://www.w3.org/Style/XSL
http://www.renderx.com/


care behaviors. Systems like FNY are uniquely situated to detect disease across disease severity and care seeking, providing key
insights during public health emergencies.

(JMIR Public Health Surveill 2023;9:e40216)   doi:10.2196/40216

KEYWORDS

participatory surveillance; influenza; crowdsourced data; disease surveillance; surveillance; COVID-19; respiratory; transmission;
detection; survey; sore throat; fever; cough; vaccination; diagnosis; precautions

Introduction

Globally, seasonal respiratory viruses had lower incidence
during the 2019-2020 season, which overlapped with the
emergence of COVID-19 [1-4]. In the United States, decreases
in influenza activity were also observed in 2019-2021 [2,5-8].
A national influenza-like illness (ILI) reference configured using
an average of the previous few seasons was established at 2.6%;
however, no week within the 2020-2021 season reached an ILI
rate above 1.7% [8]. While influenza burden varies seasonally
[9], COVID-19 contributed to this widespread decrease [5-7,10].

Many nonpharmaceutical interventions (NPIs) enacted for
COVID-19 are also recommended for pandemic influenza
[11-13]; therefore, their extensive uptake impacted the
cocirculation of influenza. For example, those with mild
symptoms for both illnesses are advised to remain home [13].
Traditional disease surveillance may omit these mild illnesses
and not capture health care–related changes [14,15].
Crowdsourced estimates can be less susceptible to fluctuations
in care seeking resulting from the pandemic [15,16]. Here, we
use Flu Near You (FNY), a previously validated crowdsourced
influenza surveillance system, to measure seasonal influenza
incidence during the COVID-19 pandemic [17].

FNY is uniquely situated to further assess changes in seasonal
ILI during the pandemic [14,17,18]. Historically, FNY has
provided ILI trend insights that complement traditional
surveillance and display compatibility with data from systems
like the US Centers for Disease Control and Prevention’s
Influenza-like Illness Surveillance Network [17,18]. This study
aims to assess whether crowdsourced syndromic surveillance
capable of capturing mild influenza also revealed the global
decrease in ILI during influenza seasons concurrent with the
COVID-19 pandemic.

Methods

FNY Participatory Syndromic Surveillance System
Flu Near You (FNY) is a web-based participatory syndromic
surveillance system where participants in the United States
report their health using a weekly survey. Guest participants
may also submit ad hoc reports. Participants are asked if they
or household members feel healthy or sick. If sick, participants
are prompted with a populated list of symptoms to select
(Multimedia Appendix 1). Seasonal influenza vaccination status
is also collected. Self-reported influenza diagnosis data were
captured starting February 2020.

Population Sample
Data from 2016-2021 were included, with influenza seasons
defined as Morbidity and Mortality Weekly Report weeks 40
through 20 (Multimedia Appendix 2, Table S1). Data were
included for the entire FNY week that captured the influenza
season start and end dates. Weekly reports by both registered
and guest participants were included. Registered participants
had a single identifier, while guest participants were assigned
one per report. FNY used token validation between the front
and back ends of the website to reduce the risk of spam
reporting. Reports by registered participants were deduplicated
by week if multiple reports were captured, with the most recent
report included. For demographic analysis, each user was
counted once per flu season, and those with missing data were
excluded. No further restrictions were applied [17].

Ethical Considerations
This study of FNY data received approval from the Boston
Children’s Hospital Institutional Review Board
(IRB-P00023700) and received a waiver of informed consent.
FNY participants may report anonymously. Those who opted
to provide contact information were deidentified. No
compensation was provided to participants.

Analysis
ILI was defined as fever in addition to sore throat, cough, or
both [19]. Influenza diagnosis was classified as self-reported
influenza diagnosis (hereafter called self-reported diagnosis).
Influenza vaccination rate was defined as the proportion of
unique reporters who indicated being vaccinated any time during
the influenza season. ILI rates were determined as the number
of reports meeting the ILI definition over the total reports during
that time. Season and monthly ILI rates were assessed with
October and May rates truncated to align with the defined
season. CIs were calculated via a 1-sample test of proportions.

Total ILI cases and unique reports from the 2016-2017,
2017-2018, and 2018-2019 influenza seasons were averaged
by month and are presented as “baseline seasons.”
Demographics across the baseline seasons were aggregated to
retain their specific proportions, accounting for participants
reporting across seasons. Analyses were conducted with R
(version 4.0.4; R Foundation for Statistical Computing).

Results

Population
During the baseline influenza seasons, 237,309 unique
individuals reported on FNY, while 68,800 individuals reported
for the 2019-2020 season and 25,996 in 2020-2021. There were
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more female respondents to FNY across seasons (Table 1).
Higher proportions of older individuals reported across seasons
(Table 1). In 2019-2020 and 2020-2021, respondents aged 65
years and older comprised the largest proportions (n=9812,

32.6% and n=8236, 39.9%, respectively) among those who
reported age (n=30,139, 43.8% and n=20,650, 79.4%). Those
younger than 18 years were the smallest proportion across
influenza seasons (Table 1).

Table 1. Characteristics of respondents for age and sex.

Respondents, n (%)

2020-2021 flu season (n=25,996)2019-2020 flu season (n=68,800)Baseline flu seasons (N=274,235a)

20,650 (79.4)30,139 (43.8)85,745 (31.3)Respondents who reported age

Age group (years)b

1448 (7.0)2419 (8.0)6625 (7.7)13-17

2035 (9.9)3445 (11.4)10,409 (12.1)18-34

1733 (8.4)3269 (10.9)10,356 (12.1)35-44

2697 (13.0)4638 (15.4)14,291 (16.7)45-54

4501 (21.8)6556 (21.8)19,874 (23.2)55-64

8236 (39.9)9812 (32.6)24,190 (28.2)≥65

20,561 (79.1)29,897 (43.5)85,741 (31.3)Respondents who reported sex

Sexc

12,110 (58.9)17,980 (56.6)52,221 (60.9)Female

8451 (41.1)11,917 (43.4)33,520 (39.1)Male

aCombined demographics from the 2016-2017, 2017-2018, and 2018-2019 influenza seasons.
bPercentages reflect the proportion among those who reported age.
cPercentages reflect the proportion among those who reported sex.

ILI Trends
ILI variability was observed across the baseline seasons (Table
2). The characteristics of ILI captured on FNY in the described
seasons followed patterns observed in traditional surveillance
[9]. The 2016-2017, 2018-2019, and 2019-2020 influenza
seasons were classified as moderate, and the 2017-2018 season
was severe [9]. On FNY, the observed rate of ILI was 1.51%
in 2016-2017, 4.98% in 2017-2018, and 4% in 2018-2019.
Across the baseline seasons, the rate of ILI was 3.8%. Both the
2019-2020 and 2020-2021 seasons had lower ILI rates compared

to the baseline seasons (Table 2). An ILI rate of 2.55% was
observed in 2019-2020 and a rate of only 0.27% was captured
in 2020-2021.

Monthly ILI rates displayed expected fluctuations within
influenza seasons. The baseline seasons had ILI rates between
2.1% (95% CI 1.89%-2.34%) and 5.79% (95% CI
5.56%-6.02%), with peak activity seen from December to
February (Figure 1). ILI activity peaked in January 2020 (4.5%)
before moderately declining in February (3.29%) and further
declining over the remainder of the season (Figure 1). For the
2020-2021 season, there was no evident peak in ILI (Figure 1).

Table 2. Influenza-like-illness (ILI; defined as fever with cough, sore throat, or both) across influenza seasons on Flu Near You.

Rate during peak month(s), %Peak month(s)ILI rate, % (95% CI)Total reportsa, nILI cases, nInfluenza season

3.82Feb1.51 (1.46-1.57)207,90131462016-2017

10.17Dec4.98 (4.91-5.05)353,75817,6162017-2018

4.94Feb4 (3.92-4.07)287,21911,4772018-2019

4.5Jan2.55 (2.52-2.64)287,90974182019-2020

0.4Nov, May0.27 (0.25-0.3)201,0795462020-2021

5.79Dec3.8 (3.76-3.83)848,87832,239Baseline seasonsb

aNumber of unique weekly reports submitted to Flu Near You.
bCombined ILI rate from the 2016-2017, 2017-2018, and 2018-2019 influenza seasons.
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Figure 1. Monthly rates of influenza-like illness (ILI) detected in Flu Near You by influenza season. The 95% CIs are presented with the rates.

Self-Reported Influenza Diagnosis
Reductions in self-reported influenza diagnosis were detected
in FNY (Table 3). Starting at the point of collection (February
2020), the rates of self-reported influenza diagnosis continually
decreased (Table 3). February 2020 saw the highest rate of
self-reported diagnosed influenza (0.97%) and the highest
positivity rate (11.72%) among those tested. The lowest rates

of influenza (0.01%) were detected in May 2020 and February
and March 2021. From February to May of the 2019-2020
influenza season, the overall influenza rate was 0.21%, and the
positivity rate was 7.04%. For the entire 2020-2021 influenza
season, there was a lower rate of influenza (0.03%) and a lower
positivity rate (1.1%). Reduced reports of influenza-positive
ILI were also observed (Table 3).
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Table 3. Self-reported influenza diagnoses in Flu Near You population.

Confirmed cases of ILIc,d/ILI
cases, n/N (%)

Positivityb (confirmed diagnoses/total
tested for influenza), n/N (%)

Confirmed diagnoses of influen-

zaa/total reports, n/N (%)

Time period

2019-2020

109/1321 (8.25)389/3318 (11.72)389/40,169 (0.97)February

87/919 (9.47)243/4135 (5.88)243/52,499 (0.46)March

14/146 (9.59)18/1197 (1.5)18/38,096 (0.05)April

0/16 (0)1/517 (0.19)1/16,962 (0.01)May

2020-2021

5/74 (6.76)7/606 (1.16)7/24,812 (0.03)October

3/99 (3.03)5/824 (0.61)5/25,023 (0.02)November

0/99 (0)10/798 (1.25)10/31,181 (0.03)December

7/84 (8.33)13/751 (1.73)13/30,157 (0.04)January

1/59 (1.69)4/534 (0.75)4/30,097 (0.01)February

3/62 (4.84)4/610 (0.66)4/36,149 (0.01)March

1/41 (2.44)4/359 (1.11)4/16,629 (0.02)April

2/28 (7.14)6/301 (1.99)6/7031 (0.09)May

aSelf-reported influenza diagnoses among entire reporting population by month.
bSelf-reported influenza diagnoses among those who reported influenza testing by month.
cILI: influenza-like-illness.
dSelf-reported influenza diagnoses among those who met the definition of ILI by month.

Influenza Vaccination
Influenza vaccination rates varied seasonally, with 58.6%
(160,610/274,235) of participants being vaccinated in the
baseline seasons. Both the 2016-2017 and 2018-2019 seasons
had over 80% vaccinated participants (23,632/27,024, 87.4%
and 68,588/84,185, 81.5%, respectively). In the 2017-2018
season, which had more guest participants, 42%
(68,390/163,026) of participants reported influenza vaccination.
The 2019-2020 season had a high vaccination rate of 84%
(57,823/68,800). The 2020-2021 season had a lower vaccination
rate (66.5%) (17,299/25,996) compared to the previous season.

Discussion

FNY observed unseasonably low rates of ILI during 2019-2021.
Late 2019 had higher rates of ILI than early 2020, mirroring a
globally observed reduction in ILI [2,3,5-7,10]. FNY observed
ILI decreasing in February 2020, slightly ahead of the
nationwide implementation of COVID-19 precautions. This
early decrease is likely attributed to high health literacy among
FNY participants, as they are probable early adopters of NPIs
[17]. For the entirety of the 2020-2021 influenza season, FNY
ILI rates were comparable to those outside of the viral season
[3,8]. Influenza diagnoses on FNY also decreased from February
to May 2020, mirroring ILI trends. This alignment of trends
displays the importance of complementing traditional
surveillance with participatory systems [20,21], and further
suggests that prevention measures for COVID-19 may have
secondarily reduced transmission of seasonal influenza.

FNY participants have historically reported influenza
vaccination rates around 80% [22], compared to under 50% in
the US population [23-25]. Both 2019-2020 and 2020-2021 had
higher vaccination rates than the baseline seasons, potentially
contributing to low rates of ILI. However, this correlation was
impractical to assess due to the high influenza vaccination rates
among FNY participants.

This study has limitations worth noting. First, the FNY
population is not representative of the US population, limiting
the scope of the results [14,15,18]. However, as the FNY data
are longitudinal, we are able to compare influenza seasons
within this specific population. Second, self-reported data are
subject to bias, which can lead to misclassification. Furthermore,
ILI is a coarse measurement that may detect other circulating
respiratory infections. Therefore, ILI rates may include other
seasonal viruses and have inflated baseline levels [1]. Contrarily,
COVID-19 may have been captured as ILI. In April and May
2021, there was a delivery issue with FNY reminders, resulting
in fewer reports than expected. The minimal increase in detected
ILI is likely attributable to less reporting of being healthy, as
sick individuals are more likely to report unprompted. Lastly,
Outbreaks Near Me [26] was launched in March 2020,
contributing to lower reporting on FNY. The low rates of ILI
during the 2020-2021 season suggest prevention measures for
COVID-19 may have secondarily mitigated transmission of
seasonal influenza. However, interpretation of ILI during periods
of low circulation should be approached cautiously and may be
best studied with the use of zero-inflation models that can
appropriately account for zeros in the syndromic surveillance
data.
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Concerns persist regarding respiratory pathogens re-emerging
with COVID-19 guideline changes and declined NPI use [5-7].
The fall 2022 “triple-demic” exemplifies the legitimacy of this
concern. Traditional surveillance provides valuable insights but
can be subject to delays and changes to the health care system
[27]. For example, at-home diagnostics data revealed additional

populations traditional surveillance is prone to omit [28].
Crowdsourced surveillance systems like FNY are uniquely
situated to detect disease among populations who may be missed
by traditional surveillance, thereby providing key insights early
in public health emergencies.
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Abstract

Background: COVID-19 hospitalizations and deaths disproportionately affect underserved and minority populations, emphasizing
that vaccine hesitancy can be an especially important public health risk factor in these populations.

Objective: This study aims to characterize COVID-19 vaccine hesitancy in underserved diverse populations.

Methods: The Minority and Rural Coronavirus Insights Study (MRCIS) recruited a convenience sample of adults (age≥18,
N=3735) from federally qualified health centers (FQHCs) in California, the Midwest (Illinois/Ohio), Florida, and Louisiana and
collected baseline data in November 2020-April 2021. Vaccine hesitancy status was defined as a response of “no” or “undecided”
to the question “Would you get a coronavirus vaccine if it was available?” (“yes” categorized as not hesitant). Cross-sectional
descriptive analyses and logistic regression models examined vaccine hesitancy prevalence by age, gender, race/ethnicity, and
geography. The expected vaccine hesitancy estimates for the general population were calculated for the study counties using
published county-level data. Crude associations with demographic characteristics within each region were assessed using the
chi-square test. The main effect model included age, gender, race/ethnicity, and geographical region to estimate adjusted odds
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ratios (ORs) and 95% CIs. Interactions between geography and each demographic characteristic were evaluated in separate
models.

Results: The strongest vaccine hesitancy variability was by geographic region: California, 27.8% (range 25.0%-30.6%); the
Midwest, 31.4% (range 27.3%-35.4%); Louisiana, 59.1% (range 56.1%-62.1%); and Florida, 67.3% (range 64.3%-70.2%). The
expected estimates for the general population were lower: 9.7% (California), 15.3% (Midwest), 18.2% (Florida), and 27.0%
(Louisiana). The demographic patterns also varied by geography. An inverted U-shaped age pattern was found, with the highest
prevalence among ages 25-34 years in Florida (n=88, 80.0%,) and Louisiana (n=54, 79.4%; P<.05). Females were more hesitant
than males in the Midwest (n= 110, 36.4% vs n= 48, 23.5%), Florida (n=458, 71.6% vs n=195, 59.3%), and Louisiana (n= 425,
66.5% vs. n=172, 46.5%; P<.05). Racial/ethnic differences were found in California, with the highest prevalence among
non-Hispanic Black participants (n=86, 45.5%), and in Florida, with the highest among Hispanic (n=567, 69.3%) participants
(P<.05), but not in the Midwest and Louisiana. The main effect model confirmed the U-shaped association with age: strongest
association with age 25-34 years (OR 2.29, 95% CI 1.74-3.01). Statistical interactions of gender and race/ethnicity with the region
were significant, following the pattern found by the crude analysis. Compared to males in California, the associations with the
female gender were strongest in Florida (OR=7.88, 95% CI 5.96-10.41) and Louisiana (OR=6.09, 95% CI 4.55-8.14). Compared
to non-Hispanic White participants in California, the strongest associations were found with being Hispanic in Florida (OR=11.18,
95% CI 7.01-17.85) and Black in Louisiana (OR=8.94, 95% CI 5.53-14.47). However, the strongest race/ethnicity variability
was observed within California and Florida: the ORs varied 4.6- and 2-fold between racial/ethnic groups in these regions,
respectively.

Conclusions: These findings highlight the role of local contextual factors in driving vaccine hesitancy and its demographic
patterns.

(JMIR Public Health Surveill 2023;9:e34163)   doi:10.2196/34163

KEYWORDS

COVID-19 vaccine; vaccine hesitancy; underrepresented in research; minority populations; federally qualified health center
(FQHC); public health; COVID-19

Introduction

Vaccine hesitancy has been defined as a “delay in acceptance
or refusal of vaccination despite the availability of vaccination
services” and is recognized among the 10 major public health
threats by the World Health Organization (WHO) [1]. A recent
review of the literature showed that vaccine hesitancy has
become 1 of the key research topics [2]. The Centers for Disease
Control and Prevention (CDC) published a map with the
estimates of COVID-19 vaccine hesitancy, demonstrating its
wide geographical variability [3]. Such variability emphasizes
the importance of cultural, social, and economic contexts in
driving COVID-19 vaccine hesitancy. It has been documented
that COVID-19 vaccine hesitancy and vaccination rates have
been low among racial/ethnic minority populations [4], even
though these populations have been disproportionately affected
by the pandemic, as shown by the rates of hospitalizations and
deaths [5-8]. However, in contrast to the United States, a greater
prevalence of COVID-19 vaccine hesitancy was not found
among Black participants in the United Kingdom [9],
emphasizing the importance of contextual cultural and
socioeconomic factors.

The focus of our research is underserved communities in
different geographical regions of the United States with vastly
different racial/ethnic, cultural, and socioeconomic contexts.
People in historically underserved communities have a higher
proportion of racial/ethnic minorities, groups that are
disproportionally affected by COVID-19 [5-8]. Moreover,
people in underserved communities are at higher risk of more
severe COVID-19 outcomes because of a greater prevalence of
comorbidities associated with severe COVID-19 [10].

Understanding the variability in vaccination interest within and
between minority and underserved communities is essential as
effective vaccine administration policies and interventions
require a nuanced understanding of the obstacles [11]. To date,
few studies of COVID-19 vaccine hesitancy have reported
estimates from underserved communities; this includes studies
conducted in Delaware, North Carolina, and Monterey County,
California [12-14]. Two studies were conducted in the year
2020, one study in North Carolina and one in California. The
study in North Carolina classified overall 69% of respondents
as vaccine hesitant, with the highest prevalence among White
(74%), followed by Black (62.7%) and Hispanic (59.5%)
participants. The study in Monterey County, California, included
Hispanic farmworkers and reported 48.4% “not extremely likely
to get vaccinated.” The study in Delaware was conducted in
March-May 2021 and reported an overall 42% vaccine hesitancy
prevalence, with 45% of Black participants expressing vaccine
hesitancy. These previous studies also demonstrate that vaccine
hesitancy is likely to be driven by contextual factors specific to
geographic regions.

Here, we present the results from a large Minority and Rural
Coronavirus Insights Study (MRCIS; N=3462) conducted in
November 2020-March 2021 among underserved
racially/ethnically diverse communities across 4 geographical
US regions. The MRCIS is a multisite, community-based,
epidemiologic investigation of the social and structural
determinants of health, clinical, environmental, and genetic
factors associated with the COVID-19 pandemic in minority
and rural communities in the United States. Our objectives are
to describe the demographic determinants of COVID-19 vaccine
hesitancy within each geographical region and compare the
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estimates of vaccine hesitancy in these underserved communities
with those expected for the general population in their respective
local regions.

Methods

Study Design
This cross-sectional analysis of COVID-19 vaccine hesitancy
prevalence was conducted using the baseline data collected by
the MRCIS. A total of 3735 participants were enrolled, 155
(4.1%) participants were not qualified to participate (under the
age of 18 years), and 29 (0.8%) participants were removed from
the study due to missing informed consent, resulting in a study
population of 3551 (95.1%) participants. The analytical sample
included 3491 (98.3%) participants after the exclusion of 60
(1.7%) participants, who responded to the vaccine hesitancy
question as “N/A” or left that question blank. As the last step
of the analysis, we excluded 29 participants who were
erroneously enrolled twice with a separate ID; this exclusion
yielded a final analytical sample of 3462.

Study Participants
In November 2020, the National Minority Quality Forum
(NMQF) launched the MRCIS, a prospective longitudinal
investigation of risk and socioeconomic factors associated with
the disproportionate impact of COVID-19 on minority and rural
communities. Federally qualified health centers (FQHCs),
funded through the Health Resources & Services Administration
(HRSA), were invited to partner with the MRCIS as
community-based health care providers. The FQHCs were
established to operate in communities that are underserved and
therefore have been underrepresented in research. Research
sites were selected based on the high proportion of deaths in
minority populations that they serve compared to the proportion
of minorities in the state population. In total, 5 community health
centers in 4 geographically diverse HRSA regions (regions 6,
4, 5, and 9) were selected to participate in the MRCIS. In the
Southeast region, participants were recruited from FQHCs
located in HRSA regions 4 and 6. Participants in HRSA region
4 were recruited from Osceola Community Health Services
(OCHS), located in Kissimmee, Florida, and participants in
HRSA region 6 were recruited from the Teche Action Clinic
(TAC), located in Franklin, Louisiana. In the Southwest region,
HRSA region 9, participants were recruited from the John
Wesley County Hospital (JWCH), an FQHC located in Los
Angeles, California. In HRSA region 5, recruitment occurred
at 2 FQHCs: Aunt Martha (AM) in Olympia Fields, Illinois,
and Primary One (PO) in Columbus Ohio.

Volunteers were recruited from a convenience sample of adults
(age≥18 years). Recruitment strategies varied by site and
included 1 or more of the following methods: (1) in-person
recruitment at the site; (2) in-person recruitment at study centers
set up in the communities, including the recreational center, a
low-income housing complex, the fire department, and homeless
shelters; and (3) advertising through flyers distributed to the
community. Participants did not receive any compensation for
participation in this study.

Ethical Considerations
At enrollment, participants completed an informed consent form
and a baseline survey. The protocol was reviewed and approved
by the WIRB-Copernicus Group Institutional Review Board
(WCG IRB; #1292174). Each participant received a unique
study ID, and the identifying information was removed from
the data set for analysis to maintain patient privacy and
confidentiality.

Data Collection and Outcome Definition
The data used in this analysis were collected in the MRCIS
using a baseline survey, including self-reported age, gender,
race, and ethnicity. The question for reporting race was the
following: “Select all that apply for race: American
Indian/Alaskan Native, Asian, Black/African American/Native
Hawaiian/Other Pacific Islander, White, Other, and Prefer Not
to Answer.” The options for the ethnicity question were the
following: “Hispanic or Latino,” “Not Hispanic or Latino,” and
“Prefer not to answer.” We used the race and ethnicity questions
to develop combined race/ethnicity categories. Although
participants were allowed to select more than 1 category for the
race, no one in our sample reported multiple races. All
individuals who self-reported Hispanic/Latino as their ethnicity
were characterized as Hispanic/Latino regardless of what they
indicated as their race. We developed 4 mutually exclusive
racial/ethnic categories as follows: Hispanic/Latino,
non-Hispanic Black, non-Hispanic White, and non-Hispanic
other.

Participants were asked, “Would you get a coronavirus vaccine
if it was available,” with the option to answer “yes,” “no,” or
“undecided.” According to the WHO definition [1], vaccine
hesitancy was defined as a response of “no” or “undecided.”
The responses were recorded from November 2020 to March
2021.

Statistical Analysis

Vaccine Hesitancy Prevalence by Demographic
Characteristics and Geographical Region
Self-reported age was categorized into the following age groups:
18-24, 25-34, 35-44, 45-54, 55-64, and ≥65 years. Race and
ethnic information were categorized as noted before
(Hispanic/Latino, non-Hispanic Black/African American,
non-Hispanic White, and non-Hispanic other). Gender was
characterized as female, male, and other (n=3). Due to a small
sample size, the “Other” gender category was excluded from
the regression analysis that adjusted for gender as a confounder.
Descriptive statistics, including counts and proportions
comparing individual-level factors in the overall study
population and by vaccine hesitancy (not hesitant vs hesitant),
were calculated. The strength of the adjusted associations of
vaccine hesitancy prevalence with the demographic
characteristics and geographical regions was assessed in logistic
regression models by calculating odds ratios (ORs) and their
95% CIs. The main effect model included age (6 categories),
gender (females vs males), race/ethnicity (4 categories), and
HRSA site (4 sites). The reference groups for age, gender,
race/ethnicity, and HRSA site were individuals aged 65 years
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and above, males, non-Hispanic White, and California,
respectively.

Observed and Expected Vaccine Hesitancy Prevalence
The observed vaccine hesitancy prevalence and corresponding
95% CIs were calculated for each of the study sites. The
expected vaccine hesitancy was calculated based on the
county-level estimates reported by the CDC [3].

Each MRCIS participant was assigned to a residential county
based on the reported residential zip code and the US
Department of Housing and Urban Development (HUD)
crosswalk files [15]. These crosswalk files are derived directly
from the United States Postal Service (USPS) and are updated
quarterly reflecting changes in zip code configurations.
Converting the MRCIS participant zip code to residential
counties enabled us to compare the MRCIS prevalence of
vaccine hesitancy to the national estimates reported by the CDC
[3]. National COVID-19 vaccine hesitancy data were
downloaded directly from the CDC website. The CDC’s
outcome definition for vaccine hesitancy was derived from the
US Census Bureau’s Household Pulse Survey (HPS), which
asked the following survey question: “Once a vaccine to prevent
COVID-19 is available to you, would you…get a vaccine?”
Participants were given the following response options: (1)
“definitely get a vaccine,” (2) “probably get a vaccine,” (3)
“unsure,” (4) “probably not get a vaccine,” and (5) “definitely
not get a vaccine.” The estimate of vaccine hesitancy we used
was “hesitant or unsure,” which directly compares with our
definition of vaccine hesitancy [3].

For each region, the expected number of hesitant subjects was
calculated by multiplying the number of MRCIS participants
per county by the CDC’s reported vaccine hesitancy prevalence.
For example, 930 participants resided in Los Angeles County,
California, where the vaccine hesitancy was estimated by the
CDC as 9.6%, so the expected number of vaccine-hesitant
participants was 89.2. With 27.1% vaccine hesitancy estimates
for St Mary Parish, Louisiana, among 882 participants, 239
were expected to be hesitant. The expected number of
participants was summed across each study site, and their
percentage (ie, percentage of the participants at the site) was
calculated. In addition to the expected vaccine hesitancy
prevalence, we provided a county-based range for estimated
vaccine hesitancy in each MRCIS site.

The assessment of COVID-19 vaccine hesitancy was conducted
by the CDC and our study in different periods (mid-2021 vs
November 2020-March 2021). Based on the previously

published time trends of COVID-19 vaccine hesitancy, it is
likely that our expected estimates are approximately 1/3 greater
compared to the CDC’s reported ones [16]. Therefore, we
presented time-adjusted expected prevalence in the general
population in the counties of our participants' residences.

Demographic Patterns of Vaccine Hesitancy Prevalence
by Geographical Region
Age, gender, and the race/ethnicity patterns of vaccine hesitancy
were explored in descriptive analyses (Figures 1-3). The Pearson
chi-square test was performed to determine the statistical
significance of each demographic pattern within each study site.
As this crude analysis strongly suggested the modification of
the demographic patterns by geographical region, multivariable
logistic regression models were performed to evaluate the
interactions between each of the demographic covariates and
the study site in separate logistic regression models. In the model
exploring the interaction between age and geographical region,
individuals in California aged 55 years and above served as the
common reference group. In this model, we collapsed the 2
oldest categories (55-64 and ≥65 years) because the main effects
model detected similar adjusted associations of these age
categories with vaccine hesitancy prevalence. In the model
exploring the interaction between gender and geographical
region, males in California served as the common reference
group. Lastly, non-Hispanic White participants in California
served as the common reference group in the model exploring
the interaction between race/ethnicity and geographical region.
A type 1 error rate of 5% was used in the entire analysis.

Akaike information criterion (AIC) statistics were used to assess
model fitness, in which lower AIC estimates indicated improved
model fitness. We reported the following AIC statistics:

• Main effects multivariable logistic regression model
AIC=4218.985

• Multivariable logistic regression model with the interaction
between age and region AIC=4227.904

• Multivariable logistic regression with the interaction of
gender and region AIC=4213.966

• Multivariable logistic regression with the interaction of
race/ethnicity and region AIC=4200.983

As demonstrated by the AIC, the interaction terms between age
and region did not improve the model, with the interaction term
P value of .32.

All analyses were conducted in SAS version 9.4 (SAS Institute)
and R version 4.2.1 (Comprehensive R Archive Network).
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Figure 1. Vaccine hesitancy by age and geographical location, the MRCIS (2020-2021). CA: California; FL: Florida; HRSA: Health Resources &
Services Administration; IL: Illinois; LA: Louisiana; MRCIS: Minority and Rural Coronavirus Insights Study; OH: Ohio.

Figure 2. Vaccine hesitancy by gender and geographical location, the MRCIS (2020-2021). CA: California; FL: Florida; HRSA: Health Resources &
Services Administration; IL: Illinois; LA: Louisiana; MRCIS: Minority and Rural Coronavirus Insights Study; OH: Ohio.
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Figure 3. Vaccine hesitancy by race ethnicity and geographical location, the MRCIS (2020-2021). CA: California; FL: Florida; HIS: Hispanic/Latino;
HRSA: Health Resources & Services Administration; IL: Illinois; LA: Louisiana; MRCIS: Minority and Rural Coronavirus Insights Study; NHB:
non-Hispanic Black/African American; NHW: non-Hispanic White; OH: Ohio; OTH: non-Hispanic other.

Results

Participant Details
Our study population was diverse, including females (n=2076,
60.0%) and males (n=1379, 39.8%) aged 18-94 years. The 3
major racial/ethnic groups were well represented, with the
largest group presented by Hispanic participants (n=1684,
48.6%), followed by non-Hispanic Black/African American
(n=896, 25.9%) and non-Hispanic White (n=740, 21.4%)
participants. Other non-Hispanic racial/ethnic groups were
presented by 107 (3.1%) participants; due to the small sample
size, this demographic group was not further stratified (Table
1). Among females, 781/2076 (37.6%) were considered as being
of reproductive age (18-44 years).

In this study population, vaccine hesitancy exceeded 50% among
the following demographic groups: females, participants 25-44
years of age, and non-Hispanic Black/African American
participants (Table 1). Overall, no linear trend was apparent in
vaccine hesitancy with the increase in age. In relation to
geography, a striking variability of hesitancy prevalence was
observed: the highest prevalence was found in Florida
(653/1680, 38.9%) and Louisiana (597/1680, 35.5%); see Table
1. The differences between the highest (Florida) and the lowest
(California) hesitancy prevalence were greater than 2-fold (Table
1). Because of this strong geographic variability, we explored
whether the observed geographic differences were similar to
what would be expected in the general population within the
same geographic areas.

The range of vaccine hesitancy in the general population is
presented for the counties where our participants resided (Table
2). The expected vaccine hesitancy in the general population
overall resembled the geographical pattern that we observed in
the underserved communities, that is, lower in California and
the Midwest (Illinois/Ohio) compared to Florida and Louisiana.

Considering the expected time trend, that is, approximately
1/3-fold reduction in hesitancy by mid-2021 (period of estimates
from the CDC) as opposed to 2020-early 2021, when our study
was conducted, we adjusted the expected vaccine hesitancy
prevalence as presented in Table 2. Even after such an
adjustment, the observed vaccine hesitancy prevalence in the
underserved population tended to be greater than expected in
the general population (Table 2). These results further
emphasized the importance of assessing vaccine hesitancy in
the underserved population.

Examination of the crude (unadjusted) prevalence estimates for
vaccine hesitancy showed that their demographic patterns vary
between geographical regions. There was no clear age pattern
among the California and Midwest participants (Figure 1). In
other regions, a trend for greater hesitancy among participants
aged 25-44 years was evident (P<.05); see Figure 1. Greater
vaccine hesitancy among females was noticeable in all regions
but was more pronounced (P<.05) in Florida, Louisiana, and
the Midwest (Figure 2). Racial/ethnic differences were detected
in California and Florida (P<.05) but not in Louisiana and the
Midwest (Figure 3).

The adjusted estimates of the associations between vaccine
hesitancy prevalence and both demographic and geographical
characteristics (main effect model, Table 3) followed a pattern
similar to the observations presented in Table 1. An inverted
U-shaped correlation was found between vaccine hesitancy and
age. Specifically, vaccine hesitancy was less associated with
the younger and older age groups, whereas the association with
age was 1.4-2.3-fold greater among adults aged 25-54 years
compared to older adults aged ≥65 years (Table 3). Within the
25-54-year age group, there was a clear trend of the inverse
association with age, with vaccine hesitancy declining among
participants older than 25-34 years (Table 3). Females were
approximately 1.7-fold more likely to express vaccine hesitancy
compared to males. We hypothesized that vaccine hesitancy
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would be even more strongly associated with the female gender
among females of reproductive age and tested the interaction
between gender and age categorized as reproductive (18-44
years) and older (≥45 years); this model with age-gender
interaction did not reveal differences in the association with
gender by age. Non-Hispanic Black/African American and
Hispanic participants had 1.8- and 1.2-fold greater odds of
vaccine hesitancy compared to non-Hispanic White participants,
respectively (Table 3). Overall, the magnitude of the strongest

associations between demographic characteristics and vaccine
hesitancy clustered around ORs of 2. Much stronger associations
were found with geographical regions. Compared to California,
even after adjustment for age, gender, and race/ethnicity, the
odds of vaccine hesitancy were almost 6-fold greater in Florida
and 4-fold greater in Louisiana (Table 3). Thus, the main effect
analysis demonstrated that the geographical region has the
strongest association with vaccine hesitancy.

Table 1. Population characteristics and vaccine hesitancy status in the MRCISa (2020-2021).

Vaccine hesitancyParticipants (N=3462), n (%)Characteristics

Hesitant (n=1680, 48.5%), n
(%)

Not hesitant (n=1782, 51.5%),
n (%)

Age (years)

95 (5.6)121 (6.8)216 (6.2)<25

249 (14.8)229 (12.9)478 (13.8)25-34

294 (17.5)292 (16.4)586 (16.9)35-44

356 (21.2)381 (21.4)737 (21.3)45-54

354 (21.1)421 (23.6)775 (22.4)55-64

331 (19.7)334 (18.7)665 (19.2)≥65

1 (0.1)4 (0.2)5 (0.1)Missing

Gender

1139 (67.8)937 (52.6)2076 (60.0)Female

539 (32.1)840 (47.1)1379 (39.8)Male

03 (0.2)3 (0.1)Other

2 (0.1)2 (0.1)4 (0.1)Missing

Race/ethnicity

815 (48.5)869 (48.8)1684 (48.6)Hispanic/Latino

498 (29.6)398 (22.3)896 (25.9)Non-Hispanic Black/African American

311 (18.5)429 (24.1)740 (21.4)Non-Hispanic White

40 (2.4)67 (3.8)107 (3.1)Non-Hispanic other

16 (1.0)19 (1.1)35 (1.0)Missing

HRSAb site

270 (16.1)701 (39.3)971 (100.0)California

653 (38.9)318 (17.8)971 (100.0)Florida

160 (9.5)350 (19.6)510 (100.0)Midwest (Illinois/Ohio)

597 (35.5)413 (23.2)1010 (100.0)Louisiana

aMRCIS: Minority and Rural Coronavirus Insights Study.
bHRSA: Health Resources & Services Administration.
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Table 2. Vaccine hesitancy estimates in the general population, as reported by the CDCa (2021), and in the underserved population, as observed by

the MRCISb (2020-2021).

MRCIS observed prevalence of
vaccine hesitancy (95% CI)

Expected vaccine hesitancy

prevalenced (adjustment for

time trend)e

CDC vaccine hesitance
prevalence estimates in
HRSA site counties

Number of counties in

each HRSAc site

Sites of data collection

27.8% (25%-30.6%)9.7% (12.9%)8.2%-13.3%6California

31.8% (27.7%-35.8%)15.3% (20.3%)10.4%-23.7%23Midwest (Illinois/Ohio)

67.3% (64.3%-70.2%)18.2% (24.2%)16.0%-20.4%8Florida

59.1% (56.1%-62.1%)27.0% (36%)21.7%-27.9%11Louisiana

aCDC: Centers for Disease Control and Prevention.
bMRCIS: Minority and Rural Coronavirus Insights Study.
cHRSA: Health Resources & Services Administration.
dBased on the CDC estimates for the counties of the participant’s residence (2021).
eBased on the previously published time trend estimates, the expected prevalence of vaccine hesitancy decreased by 1/3 between 2020 and 2021;
therefore, we increase the estimate for the expected vaccine hesitancy to reflect what would be expected at the time of our survey.

Table 3. Association of vaccine hesitancy with demographic characteristics and geographical location, as observed by the MRCISa (2020-2021).

Adjusted ORb (95% CI)Main Effect Model

Age (years)

1.33 (0.94-1.87)18-24

2.29 (1.74-3.01)25-34

1.59 (1.24-2.04)35-44

1.38 (1.10-1.75)45-54

1.12 (0.89-1.40)55-64

Reference≥65

Gender

1.67 (1.44-1.94)Female

ReferenceMale

Race/ethnicity

1.24 (0.99-1.55)Hispanic/Latino

1.79 (1.45-2.21)Non-Hispanic Black

ReferenceNon-Hispanic White

0.93 (0.59-1.46)Non-Hispanic other

HRSAc site

ReferenceCalifornia

1.11 (0.87-1.42)Midwest (Illinois/Ohio)

5.81 (4.72-7.16)Florida

4.03 (3.20-5.08)Louisiana

aMRCIS: Minority and Rural Coronavirus Insights Study.
bOR: odds ratio.
cHRSA: Health Resources & Services Administration.

We further explored the adjusted associations between each
demographic characteristic and vaccine hesitancy, considering
the geographical differences (models with interaction terms,
Tables 4 and 5). These models showed significant interactions
(P<.05 for the interaction term) between the geographical region
and 2 demographic characteristics, namely gender and

race/ethnicity, not with age. The adjusted association with
gender followed the same tendencies revealed by the crude
analysis (Figure 2 and Table 4). Within each gender group, the
association between the female gender and vaccine hesitancy
was strongest in Florida, followed by Louisiana and the Midwest
(Table 4). Within each region, the tendency of a stronger
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association with the female gender was obvious; however, only
in Louisiana, the 95% CIs for the gender-specific estimates did
not overlap, indicating sufficient precision to detect gender
differences in this region.

The racial/ethnic differences in the adjusted estimates of vaccine
hesitancy also followed the pattern found in the crude analysis
(Figure 3). As compared to non-Hispanic White participants in
California, all racial/ethnic groups in Florida and Louisiana had
a greater association with vaccine hesitancy (Table 5). In
California, non-Hispanic Black/African American participants

clearly had greater odds of vaccine hesitancy compared to
non-Hispanic White participants. However, in other regions,
the likelihood that non-Hispanic Black participants would
express vaccine hesitancy was similar to other racial/ethnic
groups. The strongest association of vaccine hesitancy with
being non-Hispanic White was observed in Louisiana, whereas
the strongest association with being Hispanic was observed in
Florida. Thus, in this study, the demographic patterns of vaccine
hesitancy, especially racial/ethnic differences, strongly depended
on local contextual factors defined by geographical region.

Table 4. Association between vaccine hesitancy and gender modified by geographical location, as observed by the MRCISa (2020-2021).

Louisiana, OR (95% CI)cFlorida, OR (95% CI)cMidwest (Illinois/Ohio), OR (95% CI)cCalifornia, ORb (95% CI)cGender

6.09 (4.55-8.14)7.88 (5.96-10.41)1.58 (1.14-2.17)1.14 (0.86-1.52)Female

2.80 (2.03-3.85)4.66 (3.41-6.35)0.83 (0.56-1.23)ReferencedMale

aMRCIS: Minority and Rural Coronavirus Insights Study.
bOR: odds ratio.
cMultivariable logistic regression models were adjusted for age and race/ethnicity.
dMales in California served as the common reference group.

Table 5. Association between vaccine hesitancy and race/ethnicity modified by geographical location, as observed by the MRCISa (2020-2021).

Louisiana, OR (95% CI)cFlorida, OR (95% CI)cMidwest (Illinois/Ohio), OR

(95% CI)c
California, ORb (95% CI)cRace/ethnicity

7.25 (3.50-15.02)11.07 (6.93-17.70)1.95 (1.15-3.30)1.49 (0.92-2.41)Hispanic

8.88 (5.48-14.37)8.07 (3.90-16.67)2.60 (1.44-4.69)4.61 (2.71-7.84)Non-Hispanic Black/African
American

6.68 (4.09-10.92)5.38 (2.81-10.29)1.53 (0.85-2.74)ReferencedNon-Hispanic Whites

8.32 (3.19-21.68)5.63 (2.26-14.02)1.84 (0.62-5.41)0.99 (0.39-2.52)Non-Hispanic other

aMRCIS: Minority and Rural Coronavirus Insights Study.
bOR: odds ratio.
cMultivariable logistic regression models were adjusted for age and gender.
dNon-Hispanic White participants in California served as the common reference group.

Discussion

Principal Findings
Our study of COVID-19 vaccine hesitancy in underserved
populations revealed several important findings. We found
profound differences in vaccine hesitancy between geographical
regions (Table 1). These observed differences might be expected
based on the estimates published by the CDC (Table 2).
However, our estimates for the MRCIS population showed a
clear tendency of greater vaccine hesitancy than expected in the
general population. This finding is important because the
underserved population is at a greater risk of worse outcomes
of this infection [5-8]. Thus, our study highlights the need to
clearly communicate the benefits and risks of the vaccine to
this high-risk population.

Another important finding is the difference in demographic
patterns of vaccine hesitancy by geographical region. Although
in California, the greatest vaccine hesitancy was among
non-Hispanic Black/African American participants, this finding
cannot be extrapolated to Louisiana and Florida. Similarly, the

highest hesitancy prevalence among Hispanic participants in
Florida cannot be extrapolated to other regions. These findings
suggest that local contextual factors are major contributors to
vaccine hesitancy in contrast to demographic characteristics.
Future studies of vaccine hesitancy and other health behaviors
should consider the local specifics. Additionally, these findings
could prove important to developing effective local public health
initiatives as streamlined, catch-all approaches may lack the
nuance and specificity needed to impact vulnerable
communities.

Results of prior studies support our findings, emphasizing the
importance of local contextual factors in driving racial/ethnic
patterns of vaccine hesitancy. A prior study conducted in the
underserved population of North Carolina found the highest
prevalence among White (74%), followed by Black (62.7%)
and Hispanic (59.5%) participants, whereas a study in the
Delaware underserved community found the greatest hesitancy
among Black participants (45%). The online study conducted
by the market research firm YouGov [17] found a similar
prevalence of vaccine hesitancy among Black and White
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participants in 2020, once again confirming that racial/ethnic
patterns strongly depend on the study population examined and
cannot be extrapolated from one population to another.

We found that vaccine hesitancy tended to be lower among
participants younger than 25 years and older than 55 years in
the Midwest, Florida, and Louisiana (Figure 1 and Table 3).
Evaluating the interaction between age and geographical region
strongly suggests that in this study, the age patterns adjusted
for gender and race/ethnicity did not differ by geography. The
highest vaccine prevalence and the strongest association with
age were found among ages 25-34 years. Similarly, among US
Facebook respondents in January-May 2021, this age group had
the highest vaccine hesitancy prevalence [18]. Another study
conducted for the New York City Transport Workers Union
found that adults aged 50 years and above were less likely to
be COVID-19 vaccine hesitant than their younger counterparts
[19]. These investigations examined study populations different
from this report both socially and geographically. Thus, the age
pattern with the high prevalence of vaccine hesitancy among
ages 25-34 years appears to be consistent and less sensitive to
the local contextual factors as opposed to racial/ethnic patterns.

The tendency of females to be more likely vaccine hesitant was
apparent in all geographical regions but especially pronounced
in Louisiana (Figure 2 and Table 4). Similar results were found
by the US Facebook study, with females being more likely
hesitant compared to men [18]. In addition, the analysis of a
nationally representative sample from the 2021 Household Pulse
Survey, administered by the US Census Bureau, showed greater
vaccine hesitancy among US women [20]. Similar to the age
patterns, gender differences in vaccine hesitancy may not be as
sensitive to the local contextual factors and, therefore, are more
generalizable to different population segments in the United
States compared to racial/ethnic differences.

Limitations
There are several limitations to our study. Because the
participants were drawn from volunteers and represented a
convenience sample, the results may be liable to self-selection
bias. To discuss whether such a bias potentially increased or

decreased participation among the vaccine-hesitant individuals,
we considered the major incentive for participation (ie, the
availability of COVID-19 testing). Such an incentive suggests
that volunteers were concerned about their infection status.
However, neither the COVID-19 incidence rate nor mortality
correlated with vaccine hesitancy worldwide [21]. Thus, it is
unclear whether a potential self-selection bias was likely to
increase or decrease participation among the hesitant subgroup,
given the interest in the COVID-19 test. Because similar
geographical patterns were found by the CDC data (Table 2),
likely, self-selection did not distort the observed differences by
geographical region. Similar age and gender patterns found in
our and other studies suggest that either self-selection bias may
have influenced all these studies or a potential self-selection
bias did not distort these associations. Finally, self-selection
bias could influence racial/ethnic patterns. However, the
direction of the bias should have been specific to contextual
local factors governing the observed geographical differences.
Overall, even considering the likelihood of self-selection bias,
our study clearly demonstrates the importance of local
contextual factors in driving COVID-19 vaccine hesitancy.
Another limitation of our study is the lack of additional data to
further investigate the reasons for the revealed differences in
vaccine hesitancy. Which local contextual factors are important
remains unknown. We will focus our future investigations on
answering this question.

Conclusion
In summary, our findings strongly suggest that local contextual
factors drive the overall level of vaccine hesitancy in different
regions, as demonstrated by the low prevalence in all
demographic groups in California compared to Florida and
Louisiana. Importantly, in all geographical regions, our estimates
of vaccine hesitancy in the underserved population tended to
be greater than what was expected in the general population in
those same regions. Future investigations on this topic should
include recording reasons for vaccine hesitancy to gain further
insight into this subject. The same vaccine hesitancy factors
will likely play a significant role in curbing future epidemics
through vaccinations.
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Abstract

Background: Mass shootings result in widespread psychological trauma for survivors and members of the affected community.
However, less is known about the broader effects of indirect exposure (eg, media) to mass shootings. Crisis lines offer a unique
opportunity to examine real-time data on the widespread psychological effects of mass shootings.

Objective: Crisis Text Line is a not-for-profit company that provides 24/7 confidential SMS text message–based mental health
support and crisis intervention service. This study examines changes in the volume and composition of firearm-related conversations
at Crisis Text Line before and after the mass school shooting at Robb Elementary School on May 24, 2022, in Uvalde, Texas.

Methods: A quasi-experimental event study design was used to compare the actual volume of firearm-related conversations
received by Crisis Text Line post shooting to forecasted firearm conversation volume under the counterfactual scenario that a
shooting had not occurred. Conversations related to firearms were identified among all conversations using keyword searches.
Firearm conversation volume was predicted using a seasonal autoregressive integrated moving average model trained on the 3
months of data leading up to the shooting. Additionally, proportions of issue tags (topics coded post conversation by volunteer
crisis counselors at Crisis Text Line after the exchange) were compared in the 4 days before (n=251) and after (n=417) the shooting
to assess changes in conversation characteristics. The 4-day window was chosen to reflect the number of days conversation
volume remained above forecasted levels.

Results: There was a significant increase in the number of conversations mentioning firearms following the shooting, with the
largest spike (compared to forecasted numbers) occurring the day after the shooting (n=159) on May 25, 2022. By May 28, the
volume reverted to within the 95% CI of the forecasted volume (n=77). Within firearm conversations, “grief” issue tags showed
a significant increase in proportion in the week following the shooting, while “isolation/loneliness,” “relationships,” and “suicide”
issue tags showed a significant decrease in proportions the week following the shooting.

Conclusions: The results suggest that the Uvalde school shooting may have contributed to an increase in demand for crisis
services, above what would be expected given historical trends. Additionally, we found that these firearm-related crises conversations
immediately post event are more likely to be related to grief and less likely to be related to suicide, loneliness, and relationships.
Our findings provide some of the first data showing the real-time repercussions for the broader population exposed to school
shooting events. This work adds to a growing evidence base documenting and measuring the rippling effects of mass shootings
outside of those directly impacted.

(JMIR Public Health Surveill 2023;9:e42811)   doi:10.2196/42811
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Introduction

Mass shootings result in widespread psychological distress and
trauma symptoms for survivors and members of the impacted
community [1]. Research demonstrates that following a mass
shooting, higher rates of psychological symptoms (eg, depressive
symptoms, increased feelings of fear, and decreased perceptions
of safety) are found in the immediately affected community [2].
While there is emerging evidence suggesting that mass shootings
may have negative mental health consequences that reach
beyond local communities to broader populations through
indirect exposure (eg, conversations, media exposure) [2],
information about immediate effects of mass shootings on
broader public well-being is nearly absent in the literature. One
study showed that teachers who had increased exposure to
school shooting–related media had increased experiences of
secondary trauma [3]. Advancing understanding of indirect
exposure and resulting mental health–related issues will inform
future public health response.

There are several challenges associated with studying the effects
of indirect exposure to mass shootings using traditional survey
methods. Mass shooting events are unpredictable low-base rate
events. Scheduled data collection of longitudinal or repeated
cross-sectional studies may not align with when mass shootings
occur, leading to excessively inefficient and costly survey
operations. Furthermore, prolonged periods between exposure
and data collection may lead to recall bias [4], reducing the
quality of responses and the ability to make strong inferences.
Recently, alternative study designs have been used to address
these methodological challenges. For example, studies have
analyzed the content of social media posts before and after mass
shooting events to show increases in expression of emotions in
the general population [5,6].

Data from crisis lines provide a unique opportunity to examine
real-time data on the widespread psychological effects of mass
shootings. Crisis Text Line (CTL) is a not-for-profit company
that provides 24/7 confidential crisis counseling via SMS text
messaging and WhatsApp. The majority of texters served by
CTL in the United States are younger than 25 years (76% aged
<25 years) [7]. CTL provides rich data specifically focused on
mental health–related crises in the moments that they occur.
Previous studies have used time series research designs with
deidentified CTL data to analyze changes in the number and
types of crises due to exposure to 13 Reasons Why on Netflix
[8], celebrity suicide deaths [9], and Hurricane Florence [10].
These prior investigations collectively demonstrate that poignant
events that have widespread coverage on various media outlets
(including social media) have measurable impact on the larger
corpus of individuals texting CTL.

In this study, we investigated CTL’s anonymized conversations
related to firearm violence, including mass shootings, suicide,
and other firearm-related issues. To our knowledge, no existing
study has examined firearm-related crises in CTL conversations

or other crisis lines. We examined changes in the volume and
composition of CTL firearm-related texts before and after the
Robb Elementary School mass school shooting on May 24,
2022, in Uvalde, Texas. Based on previous investigations with
deidentified CTL data and national events [8-10], we
hypothesized that conversations mentioning firearms would
increase in the days following the mass shooting. Because work
has not examined the broader effects of indirect exposure to
mass shootings on mental health, we did not have a specific
hypothesis about how social and mental health–related stressors
may change before and after a mass shooting event. The
objective of this study was to provide direct evidence of the
effects of mass shootings on the broader public’s mental health.

Methods

Overview
Anonymized and deidentified full crisis conversation transcripts
and postconversation survey data completed by volunteer crisis
counselors (vCCs) was obtained from CTL for the dates
surrounding the Robb Elementary School shooting (March 1 to
May 30, 2022). We filtered the anonymized and deidentified
individual CTL conversations by 123 firearm-related keywords
(eg, “gun,” “shooting”) to create a corpus of firearm-related
crisis conversations. The keyword list started with common
terms for firearms and was expanded using a word embedding
similarity search [11] to discover firearm terms in the
conversation text that were not present in the initial list (eg,
“gsw,” “9 mm”), expanding the number of keyword terms from
23 to 37. Word embeddings were generated using the Word2Vec
algorithm [12] trained on all CTL conversations from September
2018 to August 2021 (N=2,539,460 conversations), which is
the date range of focus for additional ongoing projects with the
CTL data. Keywords were expanded to 123 words by examining
conversations where vCCs’ postconversation survey notes had
a firearm keyword listed as the potential means of suicide but
that were not already identified based on the conversation text
using our existing keyword list. A full list of keywords is
available in Multimedia Appendix 1.

A quasi-experimental event study design [13] was used to
compare the actual firearm conversation volume post event to
forecasted firearm conversation volume under the counterfactual
scenario that a shooting had not occurred. Expected volumes
were estimated using a seasonal autoregressive integrated
moving average time series model with an order of (0, 1, 1) and
seasonal order of (1, 1, 1, 7) on daily counts for a pre-event
period (March 1 to May 23, 2022) to forecast the firearm
conversation volume post event (May 4 to May 30, 2022). Other
mass shooting events in the pre-event period were incorporated
into the model using an exogenous dummy variable (1=mass
shooting, 0=no shooting). Other mass shooting events were
identified using the Gun Violence Archive [14] and the US
Congress definition of mass public shooting [15]. A start date
of March 1, 2022, was chosen to focus on recent months, though
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a start date of January 1, 2022, was also tested with similar
results. An end date of May 30, 2022, was chosen to exclude
the June 1, 2022, mass shooting in Tulsa, OK.

Lastly, we compared proportions of conversation issue tags
(characteristics of the text conversation coded by CTL vCCs
during/after the exchange) 4 days before (n=251) and after
(n=417) the shooting to assess changes in conversation
characteristics. The duration of the time before and after the
event was chosen empirically to represent days in which the
actual volume of firearm-related conversations exceeded the
expected. Chi-square tests were used to test the hypothesis that
issue tag proportions differed in the pre- and postevent periods.

Data Management
Data from CTL was accessed on a secure remote server hosted
by CTL. All data used in this study will be deleted upon
completion of the broader Centers for Disease Control and
Prevention–funded research project.

Ethical Considerations
This project was reviewed by the RTI Office of Research
Protection Institutional Review Board (IRB; STUDY00021510)
and deemed to fall under the category of Not Human Subjects
Research (public health practices and surveillance activities).
Data used within this study are collected by existing
infrastructure at CTL as part of the crisis services they provide.
All data gathered from texters including text conversations and
postconversation survey data provided by CTL are anonymized
and deidentified before transfer to the research team for analysis.
Texters agree to the use of their anonymized information for

research purposes as part of the CTL’s terms of service
automatically shared before being connected with a vCC [16].
Anonymized texter information is shared for public good in
aggregate at CrisisTrends.org and with select researchers
following a rigorous screening process and IRB approval, and
texters can request that their conversations be removed from
CTL’s systems at any time following their conversations.

Results

We observed a significant increase in the number of
conversations mentioning firearms following the shooting at
Robb Elementary School (Figure 1). The largest spike in
conversations mentioning firearms occurred the day after the
shooting (n=159), May 25, 2022, with volume reverting to
within the 95% CI of forecasted volume 4 days after the shooting
on May 28 (n=77).

Table 1 reports the frequency and proportions of issue tags for
conversations in the immediate 4-day pre- and postevent period.
For firearm conversations during the postevent period, the count
of all issue tags increased, except for the “COVID-19” issue
tag. To control for increases in tags post event, we examined
the percentage of total firearm conversations in the pre- and
postevent period that each unique tag was used. Comparing
pre-event to postevent, the “grief” issue tag increased
significantly in the days following the shooting (d=0.06; P=.03),
while the proportions for the “isolation/loneliness” (d=–0.07;
P=.04), “relationships” (d=–0.11; P<.001), and “suicide”
(d=–0.14; P<.001) issue tags decreased in the days following
the shooting.

Figure 1. Count of Crisis Text Line firearm-related conversations following the Robb Elementary School shooting.
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Table 1. Issue tag proportions for conversations prior and in the week following the shooting sorted by pre-post difference in proportions.

P valueDifferencePostevent proportion
(n=417)

Pre-event proportion
(n=251)

Count after, nCount before, nIssue tag

.03 a0.060.130.085519Grief

.150.050.370.3115479Anxiety

.560.010.040.03178Abuse (emotional)

.620.000.020.0173Gender/sexual identity

.760.000.020.0284Racism

.990.000.370.37116Depression/sadness

.990.000.020.0215492Eating disorder/body image

.680.000.020.0286Abuse (physical)

.03–0.010.000.0123COVID-19

.46–0.010.020.0387Abuse (unspecified)

.44–0.010.030.041210Abuse (sexual)

.36–0.010.030.051110Bullying

.24–0.020.020.041412Substance use

.26–0.030.080.113427Self-harm

.04–0.070.210.278769Isolation/loneliness

<.001–0.130.260.3911295Relationships

<.001–0.130.340.47141118Suicide

aItalics indicate values that are statistically significant.

Discussion

The objective of this investigation was to examine the effect of
a mass shooting event on the broader public’s mental health.
To do so, we examined the immediate effects of a widely
publicized mass shooting in the United States on volume of
mental health crisis text conversations that mentioned firearms.
We also examined the psychosocial context of those text
conversations by investigating changes in issue tags associated
with firearm conversations as coded by the vCCs. Consistent
with our hypothesis, we found that firearm-related crisis
conversations following the Uvalde school shooting significantly
increased. In addition to this main finding, we observed an
increase in the proportion of grief-related conversations that
mentioned firearms and a decrease in suicide-related
conversations that mentioned firearms. We also observed a
decrease in firearm conversations associated with relationships
or feelings of isolation/loneliness following the Uvalde school
shooting. Overall, we saw evidence that a widely publicized
mass shooting influenced the broader public’s mental health
beyond the specific location of the mass shooting event.

Our innovative methodological approach of analyzing real-time
mental health crises through CTL conversations allowed us to
address a critical gap in knowledge of the psychological effects
of mass shootings on remote populations of individuals who
are not directly exposed to the mass shooting event. Only a
couple of prior studies have investigated the effects of mass
shooting events on youth populations beyond the communities
directly involved in these events, and these studies have mainly
focused on youth expressions of emotion such as fear. However,

our study findings may have the potential to have a significant
impact on mental health crises (beyond general expressions of
negative emotions) among the public. Interestingly, the increase
in crisis conversation volume existed even when accounting for
other mass shootings in the study period. It is possible that the
Uvalde shooting has a particularly strong impact on users of
CTL because school shootings (relative to other forms of mass
shootings) appear to significantly affect youth mental health
[17], and the CTL population is largely composed of youth [7].
Of course, other confounding factors such as the amount of
media coverage or social media mentions may also be
influential.

The increase in proportion of grief-related conversations, along
with the decrease in suicide-related conversations, further
suggest that firearm crisis conversations post event may be
focused more on loss rather than suicide as is typically more
common in firearm-related mental health crisis conversations.
These findings are consistent with prior research showing that
grief is a common reaction immediately following school
shootings [18]. We also observed a decrease in firearm
conversations associated with isolation and relationship issues.
Although the data does not illustrate why this shift occurred,
we speculate that an increase in social solidarity after the mass
shooting event leads to fewer crises due to isolation and
relationship factors. This possibility is consistent with prior
studies suggesting that community members often reach out to
provide more emotional support to one another after traumatic
events [19]. Together, our results demonstrate that
firearm-related mental health crisis conversations immediately
following a mass shooting differ from typical firearm
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conversations in that they are more likely to be associated with
grief issues and less likely to be associated with suicide,
isolation, and relationship issues.

Several limitations of the study should be noted. First, we
assume that the firearm conversations represent users that were
not directly impacted by the Uvalde shooting (survivors, direct
family members, etc) due to the relatively smaller number of
people expected to incur direct versus indirect effects. Future
studies should use geographic indicators to increase the chance
of examining those directly related to a mass shooting event.
Second, our study design does not address why the text volume
associated with the Uvalde school shooting is greater than other
mass shootings observed in the study period. Future research
studying the magnitude of indirect impacts of mass shootings
across different types of events could greatly enhance the
literature, for example, the impact of school shootings compared
to nonschool shootings. Additionally, this study does not attempt
to quantify the impact of increased awareness of or referrals to
CTL due to the Uvalde shooting. Lastly, issue tags were
designated by the vCCs and thus relatively subjective. Future

work could study the reliability of vCCs’ tagging to help better
understand how mass shootings may be related to increases in
firearm-related mental health crises. Overall, our findings
support two main conclusions. First, the Uvalde, TX mass school
shooting increased firearm-related text conversations at a
national mental health crisis line even after factoring in the
effects of other mass shootings that occurred proximally in time.
Our findings provide some of the first data showing the real-time
repercussions for the broader population exposed to school
shooting events. Public health officials must recognize that the
reverberations of school shootings on mental health extend
beyond just the immediate community where the event takes
place. Second, these firearm-related crises conversations may
be most frequently related to grief. Thus, findings suggest that
public health interventions that target feelings of grief may have
the potential to reduce mental health crises immediately
following a school mass shooting. Overall, the findings lay the
foundation for future research on effective public mental health
interventions that may be implemented after school mass
shootings.
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Abstract

Background: Sexual violence against women is prevalent worldwide. Prevention programs that treat men as allies and integrate
a bystander framework are emerging in lower income settings, but evidence of their effectiveness is conflicting.

Objective: This study aimed to test the impact of GlobalConsent on sexually violent behavior and prosocial bystander behavior
among university men in Vietnam.

Methods: We used a double-blind, parallel intervention versus control group design with 1:1 randomization at 2 universities.
A total of 793 consenting heterosexual or bisexual men aged 18-24 years who matriculated in September 2019 were enrolled and
assigned randomly to GlobalConsent or an attention-control adolescent health education (AHEAD) program. GlobalConsent is
an adapted, theory-based, 6-module web-based intervention with diverse behavior change techniques and a locally produced
serial drama. AHEAD is a customized, 6-module attention-control program on adolescent health. Both the programs were delivered
to computers and smartphones over 12 weeks. Self-reported sexually violent behaviors toward women in the prior 6 months and
prosocial bystander behaviors in the prior year were measured at 0, 6, and 12 months.

Results: More than 92.7% (735/793) of men in both study arms completed at least 1 program module, and >90.2% (715/793)
of men completed all 6 modules. At baseline, a notable percentage of men reported any sexually violent behavior (GlobalConsent:
123/396, 31.1%; AHEAD: 103/397, 25.9%) in the prior 6 months. Among men receiving GlobalConsent, the odds of reporting
a high level (at least 2 acts) of sexually violent behavior at the endline were 1.3 times the odds at baseline. Among men receiving
AHEAD, the corresponding odds ratio was higher at 2.7. The odds of reporting any bystander behavior at endline were 0.7 times
the odds at baseline for GlobalConsent, and the corresponding odds ratio for AHEAD was lower at 0.5.

Conclusions: Compared with a health attention-control condition, GlobalConsent has sustained favorable impacts on sexually
violent behavior and prosocial bystander behavior among matriculating university men in Vietnam, who would otherwise face
increasing risks of sexually violent behavior. GlobalConsent shows promise for national scale-up and regional adaptations.

Trial Registration: ClinicalTrials.gov NCT04147455; https://clinicaltrials.gov/ct2/show/NCT04147455

International Registered Report Identifier (IRRID): RR2-10.1186/s12889-020-09454-2
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Introduction

Background
Sexual violence is defined as a sexual act committed against a
person when consent is not freely given. Sexual violence ranges
from unwanted noncontact sexual experiences to completed
forced penetration [1]. Among sexually experienced women
aged 15-19 years, forced sexual debut is common worldwide
(15%), including in the Asia and Pacific (14%) [2], and women
comprise 91% of the victims [3]. The physical, psychological,
and economic aftermath of sexual violence often is severe for
victims [4,5] and is costly for societies [6].

In Vietnam, sexual violence persists [7,8] despite the legal
reforms to address it. Men may discount, excuse, or deny acts
of sexual violence [9], and their reported rates of sexually violent
behavior (0.2%) are lower than women’s reported rates of
victimization (12%) [10]. Thus, prevention with men is crucial
to create environments where women’s freedom from violence
is possible [11]. However, young men are often difficult to reach
[12] and may resist participation in prevention programs [13].
The behavior of bystanders, or witnesses of sexual violence,
may also be gender specific [14]. Thus, prevention with men
that integrates a bystander framework and treats men as “allies”
[15] may address attitudes and behaviors while decreasing
resistance to participation [16,17].

However, evidence of programmatic impacts from rigorous
evaluations is limited [18]. In an Ovid database search for
“sexual violence,” “intervention,” and “review,” we identified
4 reviews published since 2016 that focused on interventions
to prevent sexual violence in adolescents and young adults
[19-22]. A 2017 review of reviews identified a few interventions
focused on boys [19]. A subsequent review of 44 bystander
intervention programs in North America found that, on average,
programs involved a single session (75%) of <2 hours (mean
116 minutes; range 10-480 minutes) in college populations
(75%) as well as in-person presentations (68%) and discussions
(54%) with mixed-gender groups (56%). Relatively few
interventions were tailored to men (27%) and involved
web-based delivery (11%; [20]). Moreover, study designs had
important limitations: the majority were not randomized
controlled trials (RCTs; 62%) and had small sample sizes (mean
536, range 1-4311) in White populations (73%), high attrition
(36%) [20], and short follow-up periods of ≤6 months (89%)
focused on nonbehavioral outcomes (66%). A third systematic
review focused on interventions to prevent intimate partner,
dating, and sexual violence in men and boys and found
heterogeneity across the 9 included studies in program content
and delivery strategies, study designs, sample sizes, and outcome
measurement [21]. Most studies used cluster-randomized
designs, recruited undergraduate college students, and evaluated
a multisession program delivered via group sessions; however,
only 1 program reduced men’s self-reported sexually violent
behavior, and most studies were based in the United States. A

fourth review that focused on intervention studies to change
“hegemonic masculinities” found that 8 of the 10 included
quantitative studies were conducted in the United States or
Africa, only 1 was web-based, and impacts on sexually violent
behavior were mixed [22]. Thus, especially in lower- and
middle-income countries (LMICs), gender-specific interventions
with men to prevent sexually violent behavior are rare, and
theoretically grounded, web-based sexual violence prevention
interventions engaging men and involving a bystander
framework have not been evaluated in such settings.

This study tested the impact of GlobalConsent on sexually
violent behavior and prosocial bystander behavior in university
men in Vietnam. The team adapted GlobalConsent from
RealConsent, an evidence-based web-delivered intervention
tested among university men in the United States [23].
RealConsent is based on formative research [24], social
cognitive theory [25], social norms theory [26], and the
bystander education model [27]. Sexually violent behavior is
theorized to arise from the interplay of sociocontextual factors,
personal factors, and behavior. To operationalize this theory of
change, programmatic features of RealConsent include
gender-specific content [28-31] that resonates with the viewer
[32] and diverse behavior change techniques [33], such as
providing information and instruction on obtaining effective
consent for sex and intervening safely, modeling communication
and intervening behaviors, showing positive outcomes for
obtaining consent and intervening plus negative outcomes for
perpetrating and not intervening, and reinforcing with positive
feedback [34]. RealConsent uses didactic presentation of
material via integrated audio, video, and infographics;
problem-based learning with interactivity and reinforced
practice; short videos or animations to model behavior; and
educational entertainment, starting and ending each module
with a brief episode of a serial drama [23,35].

RealConsent aimed to change 2 primary behaviors by changing
7 cognitive, attitudinal, and affective mediators. The 2 primary
behaviors were prosocial intervening behaviors, such as trying
to stop a peer from being sexually coercive and sexually violent
behavior toward women. The 7 mediators included knowledge
of the elements of sexual consent, knowledge and skills to
intervene safely, misperceptions of norms about sexual violence
and rape, negative attitudes about date rape, positive masculinity,
skills in sexual communication, and empathy for the victims of
sexual violence. Results from a randomized controlled trial
supported the efficacy of RealConsent. A random probability
sample of 743 undergraduate men aged 18-24 years attending
a large, public, urban university in the Southeastern United
States was randomized to RealConsent (376/743, 51%) or a
web-based health education attention-control program (367/743,
49%) [23]. Participants were surveyed on the web at baseline,
after intervention, and 6 months after intervention. Six
30-minute modules were delivered via a password-protected
web portal. At 6 months after intervention, compared with the
control group, the RealConsent group intervened more often
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and engaged in less sexual violence. They reported greater
knowledge about legal definitions of sexual assault and elements
of effective consent; lower adherence to rape myths, negative
date-rape attitudes, hypergender ideology, and hostility to
women; greater empathy for rape victims; greater intentions to
intervene; less positive outcome expectancies for nonconsensual
sex; more positive outcome expectancies for intervening; and
less comfort with other men’s inappropriate behavior. The trial
experienced high loss to follow-up in the intervention (67%)
and control (75%) arms; therefore, results in the retained sample
should be interpreted with caution.

Objectives
To adapt RealConsent for delivery to a new context, we followed
the Centers for Disease Control and Prevention’s 5-step process
[36]. Step 1, assess, involved assessing the target population,
the evidence-based intervention (EBI) being considered for
implementation, and the implementing agency’s capacity to use
the intervention. Step 2, select, entailed determining whether
to adopt the EBI without adaptations, with adaptations, or to
choose another EBI for adaptation. Step 3, prepare, involved
making the necessary adaptations to the EBI while retaining
the core elements. Step 4, pilot, entailed piloting the adapted
intervention and developing a plan for implementation. We
conducted qualitative research to implement steps 1 to 4 [37],
and those findings are presented elsewhere [38-40].

To complete step 5, implement, we undertook an RCT to test,
among men attending 2 universities in Vietnam, the impact of
GlobalConsent versus a customized adolescent health education
(AHEAD) attention-control condition on changes in 2 primary
behavioral outcomes—sexually violent behavior and prosocial
bystander behavior. The aim of this paper was to present
findings from the RCT with regard to 3 a priori hypotheses.
First, we expected that GlobalConsent would mitigate increases
in sexually violent behavior that may occur when men
matriculate into university and interact with women with less
parental supervision [41-43]. Second, we expected that
GlobalConsent would increase prosocial bystander behavior
relative to attention-control conditions. Third, we expected that
GlobalConsent would influence these behavioral outcomes
directly and indirectly through changes in knowledge, attitudinal,
and affective secondary outcomes. The results presented here
focused on the primary, unmediated behavioral outcomes.

Methods

Setting
Universities in Vietnam were suitable contexts for adapting
RealConsent, given their similarities to universities in the United
States. In Vietnam, undergraduate study is 4-6 years, with 2
foundational years and 2-4 years for specialization. Except for
political education and national defense, universities design
their curricular and extracurricular activities and maintain
networks through the Ministry of Education and Training,
professional associations, and the Youth Union, all pathways
for the national scale-up of educational programs. The study
sites were 2 universities located in Hanoi. One is a 120-year-old
state school that trains 1000 students yearly in health
professions. The other is a 34-year-old private university that

trains 7000 students annually across diverse disciplines. Both
universities provided letters of support for this study.

Trial Design
The study design, detailed elsewhere [37], applied a
double-blind, parallel intervention versus attention-control group
design with balanced (1:1) randomization (Multimedia Appendix
1).

Ethics Approval
Data were collected following established ethical guidelines for
research on gender-based violence [37]. The institutional review
boards of Emory University (IRB00099860) and Hanoi
University of Public Health (017–384/DD-YTCC) reviewed
and approved the study protocol, including the web-based
consent forms used in the study.

Sample Eligibility, Participation, and Retention
Eligible men for the study were heterosexual or bisexual, aged
18-24 years, and matriculating in September 2019 at either of
the 2 study sites. To identify eligible men at university 1, overall,
56% (5/9) of the departments were included in the sample
because all departments had an agreed threshold of ≥15 cismale
students. For university 2, a total of 59% (13/22) of the
departments having at least 20 cismale students were included.
All first-year cismale students of the included departments were
invited to participate (n=1017; Figure 1; power calculations are
presented in the protocol paper by Yount et al [37]). Of these
1017 men, 205 (20.1%) did not attend the orientation, 7 (0.7%)
declined, and 12 (1.2%) did not meet the inclusion criteria.
Eligible, consenting men who completed an in-person,
computer-assisted self-administered baseline survey at their
home university in September 2019 (793/1017, 78%) were
assigned a random number generated in Microsoft Excel
(Microsoft Corp), sorted in ascending order. Of the 793 eligible
men, the first 397 (50.1%) were assigned to the AHEAD
attention-control group, and the remaining 396 (49.9%) men
were assigned to the GlobalConsent group. The participants
were blinded to these assignments because of the use of an
attention-control condition, and the analysis team was blinded
to these assignments throughout the analysis. Furthermore, 6
assigned participants (4 GlobalConsent and 2 AHEAD) declined
to login to their assigned learning program. The participants
were able to access their assigned programs from November
2019 to January 2020. Owing to the COVID-19 pandemic,
posttest 1 (completed in April-May 2020, 3 months after
intervention, and 6 months after baseline) and posttest 2 for trial
endline (completed in October-November 2020, 9 months after
intervention, and 12 months after baseline) were
self-administered remotely via the web to ensure completion,
regardless of students’ location of residence. Some internet
disruptions were apparent, as the mean number of survey
attempts was >1 in both groups and posttest rounds. However,
the agreement across survey attempts between outcome-related
responses exceeded 95%. In the GlobalConsent group, 94.4%
(374/396) and 91.9% (364/396) students completed posttest 1
and 2, respectively. In the AHEAD group, 95% (377/397) and
94.5% (375/397) of students completed posttest 1 and 2,
respectively. Reasons for high retention may have included a
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cultural tendency to adherence in Vietnam, a progressive
compensation schedule for survey and program module

completion, and text messages and emails to remind students
to complete their studies [37].

Figure 1. Flow diagram of sample enrollment, allocation, and follow-up randomized controlled trial of GlobalConsent. a Of the 1017 eligible men,
362 were from University 1 and 655 were from University 2. AHEAD: adolescent health education.

GlobalConsent Program
The adapted GlobalConsent program took into account
qualitative findings [38,40] and feedback from focus group
discussions with cismale students and university stakeholders
on the RealConsent program and the adapted GlobalConsent
storyboards before production (Multimedia Appendices 2 and
3). In total, 7 major adaptations have been observed. First, the
local cismale characters were grounded in findings from the
formative qualitative study, including the family and social
contexts in which young men live in Vietnam. The male
characters were adapted to evolve in contextualized ways,
showing how their gender attitudes and awareness of sexual
violence and response were changing. Thus, 5 cismale characters
were created to reflect different initial masculinity typologies
and different speeds and degrees of “masculinity development”
over the program. These characters reflected (1) positive
masculinity throughout; (2) somewhat positive masculinity
throughout; (3) somewhat more traditional masculinity initially
and becoming more aware earlier in the program (modules 2-3),
as reflected in verbal tone, language, and marked behavior
change; (4) more traditional masculinity initially and struggling
but becoming more aware, as reflected in a scene in a karaoke
bar when he returns to a hotel with drunk young woman and
decides not to have sex; and (5) very traditional masculinity

initially using inappropriate behavior, sanctioned by friends,
and becoming more aware of modules 4-5, again as reflected
in tone, language, and behavior.

Second, the cisfemale partners of these cismale characters were
added because sexual coercion and violence in dating
relationships emerged as salient in the formative qualitative
findings. Third, “coach-talk” segments for reinforced learning
were removed, as they relied on English vernacular, were
misunderstood by Vietnamese stakeholders, and caused
confusion about key messages. Fourth, “key questions” and
“takeaways” were added to specific segments and scenarios, as
these forms of reinforced learning were more familiar in
Vietnam and helped to reduce misinterpretation of key messages.
Fifth, content related to knowledge, attitudinal, and affective
pathways in the theory of change was adapted to be relevant
for Vietnam, and definitions of sexual violence were expanded
to include the full spectrum of sexually violent behaviors. Sixth,
anonymized narratives from the qualitative interviews were
incorporated into the serial drama script to ensure
comprehension and cultural suitability. Finally, all scenarios
were refilmed or reanimated to resonate with the learning style
of the cismale students in Vietnam.

The final GlobalConsent program included six 30-minute
modules, each ranging in the number of segments and types of
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activities, with diverse actors and languages suitable for students
who self-identify as heterosexual or bisexual men in Vietnam.
Modules—grounded in social cognitive theory, social norms
theory, and a bystander framework [37]—covered 6 topics to
address hypothesized knowledge, normative or attitudinal, and
affective mediators of the program and behavioral outcomes.
These topics included consent for sex, rape-myth beliefs and
norms regarding gender roles, effective communication, alcohol
and rape, victim empathy, and bystander intervention. Each
module included didactic activities, interactivity, and episodes
of an adapted serial drama that modeled positive behaviors with
cismale peers and cisfemale sex partners. The program was
formatted for delivery to the computers and smartphones.
Participants were provided with unique login information to
access the platform and could work at their own pace, could not
skip segments, and were encouraged by email and text messages
to complete all modules in 12 weeks. The learning app captured
the number of times a student logged in to each module and the
total minutes a student spent on each module.

AHEAD Attention-Control Program
The team developed AHEAD, the attention-control program,
from open-access content suitable for young people in Vietnam
[37]. To approximate the format, intensity, and duration of
GlobalConsent, AHEAD was developed as a web-delivered,
multimedia program audio-narrated in Vietnamese with 6
learning modules that were 35-45 minutes long on brain
development, nutrition, physical activity, substance use, sleep,
and agency. Similar to GlobalConsent, participants could work
at their own pace, could not skip segments, and were encouraged
by email and text messages to complete all modules in 12 weeks.
The use of an attention-control condition was justified because
the original trial of RealConsent also used an attention-control
condition and the team wanted the trial of GlobalConsent to
include a similar comparator. In addition, the use of an
attention-control condition accounted for the web-based mode

of delivery in both study arms, so any effects of the content of
GlobalConsent could be compared with those of a general
adolescent health education program that did not focus on the
theoretical knowledge, attitudinal, and affective pathways by
which GlobalConsent was theorized to reduce men’s sexually
violent behavior and increase their prosocial bystander behavior.

Data

Primary Outcomes
The primary outcomes for this analysis were sexually violent
behavior, measured using the Sexual Experiences Survey [44],
and prosocial bystander behavior, measured using 4 items from
an adapted Bystander Behavior Scale [45] (Table 1). The Sexual
Experiences Survey asks about the perpetration of 7 acts of
contact sexual violence, ranging from unwanted touching to
forced penetration, using any of 7 physical or nonphysical
tactics, such as holding someone down or threatening to end
the relationship (35 items total). The Sexual Experiences Survey
also asked about the perpetration of 10 acts of noncontact sexual
violence, such as masturbating in front of someone when they
did not agree. We captured sexually violent behavior based on
the reported frequency (never, once, twice, and ≥3 times) of all
45 items in the prior 6 months. We captured prosocial bystander
behavior based on the reported frequency (never, once, and ≥2
times) in the prior 12 months of 4 acts, such as “I have talked
with someone about sexual or dating violence as an issue for
our university.” The frequency of missingness was 0.1%-0.7%
across all items, and these responses were recoded as 0, “not
reported.” We created kernel density plots of the summative
scores for each primary outcome (Multimedia Appendix 4). On
the basis of their distributions, we captured 3 measurement
scales for each behavioral outcome to assess whether the
GlobalConsent program had linear or threshold effects. These
measurement scales were any reported act (1 or more vs 0 or
none reported), many reported acts (3 or more vs 0-2 or none
reported), and the number of reported acts (Table 1).

Table 1. Primary reported behavioral outcomes in the randomized controlled trial of GlobalConsent.

Sum“Many acts”“Any act”Example itemSample size, nResponse optionsInstrumentOutcomes

0-135I took photos or video-
tapes of someone while
they were undressing,
were nude, or were hav-
ing sex, when they did
not agree to it.

45Sexual Experiences
Survey [44]

Sexually violent
behavior, past 6
months

••• 1, 3 or more
acts

1, Any act0, Never
• •1, Once 0, No acta

• 0, 0-2 actsa• 2, Twice
• 3, ≥3 times

0-8I have encouraged others
to learn more and get in-
volved in preventing sex-
ual or dating violence.

4Bystander Behavior
Scale [45]

Prosocial by-
stander behav-
ior, past 12
months

••• 1, 3 or more
acts

1, Any act0, Never
• •1, Once 0, No acta

• 0, 0-2 actsa• 2, ≥2 times

aMissing responses for the number of acts were coded 0.

Exposures
Participants were assigned randomly to either the GlobalConsent
treatment (=1) or the AHEAD attention-control program (=0).
Time was coded 0 for baseline and 1 for subsequent time points.
A time-by-treatment arm interaction term was created to assess
the difference-in-difference (DID) for GlobalConsent versus

AHEAD at “endline” (posttest 1 and 2 combined) versus
baseline.

Covariates
Covariates included age in years, program of study (health
sciences, others), relationship history (ever, never), living
situation (parents, other relatives, dormitory, off campus, and
other), ethnicity (majority, minority), sexual orientation
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(heterosexual, bisexual), religion (any, none), and residence in
Hanoi for at least 1 year before baseline (yes, no). In addition,
past sexual history (ever, never), sexual preference (women
only, others), gender identity, and expression (very feminine=1
to very masculine=7) were collected at the posttest 1. At posttest
2, an adapted Vietnam Prevalence Study on Child Maltreatment
[46] scale measured maltreatment before the age of 18 years
with 28 items capturing any exposure to behaviors by adults in
5 domains: physical, sexual, and emotional abuse as well as
physical and emotional neglect. Dichotomous (any, none)
variables were created for each domain of child maltreatment.
Any exposure (yes, no) to web-based sexually explicit material
in the past 6 months was measured for 5 domains (textual, partial
nudity, full nudity, nonviolent sexual acts, and violent sexual
acts) [47].

Statistical Analysis
First, we conducted descriptive analyses of the sample overall
and by study arm to assess qualitative balance across groups.
Second, we assessed levels of sexually violent behavior and
prosocial intervening behavior at each study wave by study arm.
Finally, we conducted DID modeling to estimate the odds ratios
(ORs), incidence rate ratios, and 95% CIs for sexually violent
behavior and prosocial bystander behavior at endline (posttest
1 and 2 combined) versus baseline. For binary outcomes, we
performed logistic regression with the assigned treatment arm,
time, and treatment-by-time interaction (DID variable) as
predictors. For count outcomes, we performed a negative
binomial regression, which accounted for overdispersion in the
outcome. To probe significant treatment-by-time interaction or
DID effects, we computed and compared the OR and incidence
rate ratio of the occurrence of the behavior separately for each
group. All analyses were performed using Stata (version 16;
StataCorp [48]).

Role of the Funding Source
The funder of the study had no role in study design, data
collection, analysis, interpretation, or writing of the report. All
authors had full access to all study data and were responsible
for the decision to submit this paper for publication.

Results

Sample Characteristics
The characteristics of men across the groups were similar at
baseline and follow-up waves (Tables 2-4). At baseline, men
were aged 18 years, on average, and a majority were attending
university 2, majoring in nonhealth fields, of Kinh ethnicity,
heterosexual, nonreligious, and had never been in a dating or
sexual relationship. The living arrangements and residential
location of men were similarly distributed across the groups
(Table 2). After baseline, high percentages of men in both the
GlobalConsent and AHEAD groups, respectively, logged into
the program (372/396, 93.9% vs 386/397, 97.2%), completed
at least 1 module (361/396, 91.2% vs 374/397, 94.2%), and
completed all modules (355/396, 89.6% vs 362/397, 91.2%).

At posttest 1, most men in both groups had never had sex and
sexually preferred only women (Table 3). In addition, reported
gender identities and gender presentations were predominantly
masculine, with average scores ≥6.0. About three-fourths
(569/751, 75.8%) of men had ever been exposed to textual
sexually explicit material or “top nudity.” Almost two-thirds
(490/751, 65.2%) had ever been exposed to “full nudity” or
nonviolent sexual acts. Approximately 40.9% (302/739; ie,
about 4 in 10) had ever been exposed to sexually explicit
material showing violent sexual acts against women.

Reported experiences of child maltreatment, by type, were
similar in the GlobalConsent and AHEAD groups (Table 4).
More than half (401/735, 54.6%) of the men reported
experiencing emotional abuse in childhood, and about 1 in 5
reported experiencing emotional neglect in childhood. Almost
half (346/736, 47%) of the men reported experiencing physical
abuse in childhood and ≤5% reported experiencing physical
neglect in childhood. More than 1 in 10 men reported
experiencing sexual abuse during childhood. High levels of
childhood maltreatment are consistent with 2014
population-based national data from secondary school students.
Except for emotional neglect, which is higher, the prevalence
estimates for childhood maltreatment in our sample are lower
than the national average [46].
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Table 2. Baseline Characteristics of men matriculating in 2 universities in Vietnam in September 2019, overall and by groups randomized to GlobalConsent
treatment and adolescent health education (AHEAD) attention-control conditions.

Total (n=793)aAHEAD (n=397)GlobalConsent (n=396)aCovariates measured at baseline

University, n (%)

345 (43.5)173 (43.6)172 (43.4)University 1

448 (56.5)224 (56.4)224 (56.6)University 2

Major, n (%)

366 (46.2)181 (45.6)185 (46.7)Health

427 (53.9)216 (54.4)211 (53.3)Others

18.1 (0.4)18.1 (0.3)18.1 (0.4)Age (years), mean (SD)

Ethnicity, n (%)

756 (95.8)379 (95.5)377 (96.2)Majority (Kinh)

33 (4.2)18 (4.5)15 (3.8)Minority

Sexual orientation, n (%)

759 (95.7)381 (96)378 (95.5)Heterosexual

34 (4.3)16 (4)18 (4.6)Bisexual

Religion, n (%)

135 (17)73 (18.4)62 (15.7)Any

658 (83)324 (81.6)334 (84.3)None

Relationship status, n (%)

366 (46.2)187 (47.1)179 (45.2)Ever in a relationship

427 (53.9)210 (52.9)217 (54.8)Never in a relationship

Living situation, n (%)

252 (31.8)119 (30)233 (33.6)With parents

106 (13.4)52 (13)54 (13.6)With other relatives

120 (15.1)68 (17.1)52 (13.1)Dormitory or on campus

283 (35.7)138 (34.8)145 (36.6)Off-campus alone or with nonrelatives

32 (4)20 (5)12 (3)Other do not know

Lived in Hanoi at least 1 year, n (%)

386 (48.7)183 (46.1)203 (51.3)Yes

407 (51.3)214 (53.9)193 (48.7)No

aMissing at baseline: ethnicity 4 GlobalConsent.
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Table 3. Characteristics measured at posttest 1 (6-months after baseline) of men matriculating in 2 universities in Vietnam in September 2019, overall
and by groups randomized to GlobalConsent treatment and adolescent health education (AHEAD) attention-control conditions.

Total (n=751)aAHEAD (n=377)aGlobalConsent (n=374)aCovariates measured at posttest 1 (6 months after baseline)

1.5 (1.5)1.4 (0.8)1.6 (1.9)Survey attempts, mean (SD)

Ever had sex, n (%)

146 (20.2)80 (22.3)66 (18.1)Yes

578 (79.8)279 (77.7)299 (81.9)Never

Sexual preference, n (%)

600 (82.9)303 (84.4)297 (81.4)Only women

124 (17.1)56 (15.6)68 (18.6)Others or do not know

6.2 (0.9)6.2 (0.9)6.1 (0.9)Gender identity (very feminine=1 to very masculine=7), mean (SD)

6.0 (0.9)6.0 (0.9)6.0 (0.9)Gender presentation (very feminine=1 to very masculine=7), mean (SD)

Exposure to SEMb: textual, n (%)

583 (77.6)297 (78.8)286 (76.5)Yes

168 (22.4)80 (21.2)88 (23.5)No

Exposure to SEM: top nudity, n (%)

569 (75.8)290 (76.9)279 (74.6)Yes

182 (24.2)87 (23.1)95 (25.4)No

Exposure to SEM: full nudity, n (%)

490 (65.2)249 (66.1)241 ( 64.4)Yes

261 (34.8)128 (34)133 (35.6)No

Exposure to SEM: nonviolent sex, n (%)

480 (63.9)244 (64.7)234 (62.8)Yes

271 (36.1)133 (35.8)139 (37.2)No

Exposure to SEM: violent sex, n (%)

302 (40.2)159 (42.2)143 (38.2)Yes

449 (59.8)218 (57.8)231 (61.8)No

42 (5.3)20 (5)22 (5.6)Lost to follow-up at posttest 1, n (%)

aMissing at posttest 1: ever had sex 9 GlobalConent (GC), 18 AHEAD; sexual preference 9 GC, 18 AHEAD; gender identity 11 GC, 18 AHEAD;
gender presentation 9 GC, 18 AHEAD.
bSEM: sexually explicit material.
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Table 4. Characteristics measured at posttest 2 (12-months after baseline) of men matriculating in 2 universities in Vietnam in September 2019, overall
and by groups randomized to GlobalConsent treatment and adolescent health education (AHEAD) attention-control conditions.

Total (n=739)aAHEAD (n=375)aGlobalConsent (n=364)aCovariates measured at posttest 2 (12 months after baseline)

Child maltreatment: emotional abuse, n (%)

401 (54.6)213 (56.6)188 (51.9)Yes

334 (45.4)161 (43.1)173 (48.1)No

Child maltreatment: emotional neglect, n (%)

140 (19)65 (17.4)75 (20.7)Yes

596 (81)309 (82.6)287 (79.3)No

Child maltreatment: physical abuse, n (%)

346 (47)175 (46.8)171 (47.2)Yes

390 (53)199 (53.2)191 (52.8)No

Child maltreatment: physical neglect, n (%)

28 (3.8)19 (5.1)9 (2.5)Yes

708 (96.2)355 (94.9)353 (97.5)No

Child maltreatment: sexual abuse, n (%)

103 (14)48 (12.8)55 (15.2)Yes

633 (86)326 (87.2)307 (84.8)No

54 (6.8)22 (5.5)32 (8.1)Lost to follow-up at posttest 2, from baseline n (%)

aMissing at posttest 2: physical abuse, emotional abuse, sexual abuse, physical neglect, and emotional neglect same 2 in GlobalConsent and same 1 in
AHEAD.

Sexually Violent Behavior and Prosocial Intervening
Behavior
Reported rates of any sexually violent behavior were 31.1%
(123/396), 21.4% (80/374), and 31.9% (116/364) across survey
waves in the GlobalConsent group and 25.9% (103/397), 26.3%
(99/377), and 31.5% (118/375) across waves in the AHEAD

group (Table 5). Rates of “high” sexually violent behavior (>2
acts) were 21% (83/396), 13.6% (51/374), and 24.7% (90/364)
across waves in the GlobalConsent group and 17.1% (68/397),
18% (68/377), and 23.2% (87/375) across waves in the AHEAD
group. The mean count of sexually violent acts was 3.2, 2.2,
and 3.1 across waves in the GlobalConsent group and 2.4, 3.6,
and 3.2 across waves in the AHEAD group.

Table 5. Sexually violent behavior and prosocial bystander behavior at baseline, posttest 1 (6 months after baseline), and posttest 2 (12 months after
baseline) of men matriculating at 2 universities in Vietnam in September 2019 and randomized to receive the GlobalConsent program or the adolescent
health education (AHEAD) attention-control program.

Posttest 2Posttest 1BaselineOutcomes

GlobalConsent
(n=364)

AHEAD
(n=375)

GlobalConsent
(n=374)

AHEAD (n=377)GlobalConsent
(n=396)

AHEAD
(n=397)

Sexually violent behavior

116 (31.9)118 (31.5)80 (21.4)99 (26.3)123 (31.1)103 (25.9)Yes any, n (%)

90 (24.7)87 (23.2)51 (13.6)68 (18)83 (21)68 (17.1)Yes, high (>2 acts), n (%)

3.1 (11.7); 0-1353.2 (9.9); 0-792.24 (8.1); 0-703.55 (12.1); 0-1123.2 (11.6); 0-962.4 (9.7); 0-111Count, mean (SE); range

Prosocial bystander behavior

203 (55.8)170 (45.3)N/AN/Aa258 (65.2)258 (65)Yes any, n (%)

138 (37.9)108 (28.8)N/AN/A163 (41.2)141 (35.5)Yes high (>2 acts), n (%)

2.3 (0.1); 0-81.7 (0.1); 0-8N/AN/A2.4 (0.1); 0-82.2 (0.1); 0-8Count, mean (SE); range

aN/A: not applicable (as the 12-month window of observation at posttest 1 overlaps with the 12-month window of observation at baseline).

Reported rates of any prosocial bystander behavior were 65.2%
(258/396) and 55.8% (203/364) across survey waves in the
GlobalConsent group and 65% (258/397) and 45.3% (170/375)
across waves in the AHEAD group (Table 5). Rates of “high”

prosocial bystander behavior (>2 acts) were 41.2% (163/396)
and 37.9% (138/364) across waves in the GlobalConsent group
and were 35.5% (141/397) and 28.8% (108/375) across waves
in the AHEAD group. The mean counts of prosocial bystander
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acts were 2.4 and 2.3 across waves in the GlobalConsent group
and were 2.2 and 1.7 across waves in the AHEAD group.

Effects of GlobalConsent on Behavioral Outcomes
Significant interaction effects in the DID models suggested
favorable impacts of GlobalConsent relative to AHEAD on
sexually violent behavior (>2 acts; OR 0.5, 95% CI 0.3-0.7;

P=.001) and prosocial bystander behavior (any act; OR 1.5,
95% CI 1.0-2.3; P=.05; Table 6). Marginally significant
interaction effects in DID models for any sexually violent
behavior and the count for prosocial bystander acts suggested
a consistent, favorable impact of GlobalConsent relative to
AHEAD across the measurement scales of these 2 behavioral
outcomes.

Table 6. Difference-in-difference odds ratios (ORs) for the logistic model or incidence rate ratios (IRRs) for the negative binomial model, comparing
endline (posttest 1 and 2 combined) versus baseline for 730 university men in the GlobalConsent versus adolescent health education groups.

P valueOR IRR (95% CI)Outcomes

Sexually violent behavior

.050.71 (0.50-1.00)Yes, any act

.0010.47 (0.31-0.72)Yes, >2 acts

.130.65 (0.37-1.14)Count

Prosocial bystander behavior

.051.51 (1.00-2.27)Yes, any act

.421.19 (0.78-1.81)Yes, >2 acts

.051.27 (1.00-1.60)Count

To probe the interaction effects further, we computed the ORs
of sexually violent behavior (>2 acts) and prosocial bystander
behavior (any act) at endline (posttest 1 and 2 combined) versus
baseline separately for the GlobalConsent and AHEAD groups.
Among the GlobalConsent participants, the odds of perpetrating
>2 acts of sexual violence at the endline were 1.3 times the odds
at baseline. For the AHEAD group, the odds of perpetrating >2
acts of sexual violence at the endline were 2.7 times the odds
at baseline. Among the GlobalConsent participants, the odds
of any prosocial behavior at endline were 0.7 times the odds at
baseline. For the AHEAD group, the odds of any prosocial
behavior at posttest were 0.5 times the odds at baseline.

Discussion

Principal Findings
This randomized controlled trial recruited 793 university men
in Vietnam to test the efficacy of GlobalConsent, a culturally
tailored adaptation of an efficacious, theoretically grounded
web-based sexual violence prevention program originally
designed for US college men [23]. In this study, compared with
men in the attention-control group, men in the GlobalConsent
group had lower odds of engaging in sexually violent behavior
at the endline than at the baseline. In addition, compared with
men in the AHEAD group, men in the GlobalConsent group
had higher odds of any prosocial bystander behavior at the
endline than at baseline. The favorable impacts of
GlobalConsent versus AHEAD were consistent across the
measurement scales of these 2 behavioral outcomes. Such
behavior changes are notable, as this is the first web-delivered
sexual violence prevention program for cismale college students
implemented in a middle-income setting. Most sexual violence
prevention programs globally have measured changes in reported
behavioral intentions rather than in reported behavior [49].

Study Limitations and Strengths
This study had some limitations. First, the study sites were
limited to 2 urban universities to accommodate program
adaptation, production, and testing. Therefore, the findings
cannot be generalized to all university men in Vietnam.
However, the 2 study universities represented public and private
institutions of higher education, diverse faculties of study, and
diverse student bodies from urban and provincial Vietnam.
Second, behavioral outcomes were self-reported and may have
been subject to social desirability bias. To mitigate this
limitation, the team relied on a validated instrument to measure
sexual violence and self-administration, which enhances privacy
and may enhance honest disclosures. Third, we did not interview
women on campus about changes in behavior, as reported by
men, owing to resource constraints and the ethical and logistical
challenges of linking women’s reports of men’s behavior at the
individual level. Fourth, some nonsignificant differences in
behavior and attenuation of behavior change at 12 months
suggest the need for booster training after the 3-hour program
period. Fifth, the 12-month follow-up period allowed for a
short-term impact assessment of GlobalConsent. However, the
follow-up period in this study exceeded that in most similar
studies. Long-term follow-up of participants would be beneficial
to assess the impact of GlobalConsent on behavioral outcomes
throughout men’s time at university and beyond. Sixth, similar
to other web-based interventions, the content of GlobalConsent
may become outdated, and updating or future adaptations to
GlobalConsent may incur new costs. To mitigate this limitation,
the team adapted a program script and content to ensure
maximum durability. Seventh, participants in the GlobalConsent
group may have become unblinded to their treatment
assignment. Although a possibility, having an attention-control
condition in which adolescent-focused health content is provided
should reduce the likelihood of unblinding because
health-related content is provided in both arms, and participants
were not informed about the specific theoretical knowledge-,
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attitudinal-, and empathy-related pathways by which the
GlobalConsent programing was expected to operate. Finally,
some loss to follow-up was observed in both study arms.
However, in absolute terms and relative to similar intervention
studies [20-23], attrition from our study was very low and
similarly low for the treatment and control arms. In addition,
the baseline characteristics of those who were lost to follow-up
were similar across the treatment and control arms. These
findings reduce concerns that men who were sexually violent
after baseline attrited more often from the treatment group than
the control group; however, this possibility cannot be ruled out.
Finally, as the DID method focused on changes, it
accommodated the baseline differences in both main outcomes
between the 2 arms.

Recognizing these potential limitations, the strengths of this
study were many. They included a randomized controlled
design, customized attention-control condition, web-based
delivery of GlobalConsent and attention-control programs to
computers and smartphones, a large sample of participating
university men, outstanding participation and retention, and
refined measurement of primary behavioral outcomes and
secondary (mediating) outcomes at 3 months and 9 months after
intervention. Ours is among the few RCTs in the field, especially
in LMICs, to assess impacts on 2 behaviors and to assess the
impact on behavior at 2 time points after intervention.

Implications for Research and Public Health Practice
This study fills critical knowledge gaps on preventing sexual
violence globally. In LMICs, interventions to prevent sexual
violence in young men are rare [19]. This project adds to the
limited evidence from LMICs on efficacious strategies to
prevent sexual violence and promote prosocial bystander
behaviors in university men. As GlobalConsent is an adaptation
of RealConsent, this study adds to the limited evidence on the
replication of efficacious sexual violence prevention
interventions [50]. The review of bystander interventions by
Mujal et al [20] identified 2 programs with evidence of
replication; both were group-delivered and relied on
presentations and discussions—techniques that can be resource-
and cost-intensive. This study provides empirical support for
the efficacy of a web-based edutainment approach for sexual
violence prevention delivered to the computers and smartphones
of students on college campuses, which may be more appealing
and feasible in resource-constrained LMICs [51,52]. Finally,
globally, most sexual violence prevention interventions have
used in-person, small-group formats, with limited reach,
standardization, and impact [50,53]. The web-based platform
and GlobalConsent delivered to computers and smartphones

make wide-scale implementation with higher fidelity more
feasible than in-person programs. A large-scale implementation
study of GlobalConsent in universities across Vietnam would
be a robust next step to assess its effectiveness, and information
about barriers and facilitators to university delivery of this
intervention would be critical for moving GlobalConsent from
research to practice.

This study reveals the value of using a systematic process to
adapt evidence-based programs before they are delivered in
new settings and populations. The process [36] used here
allowed for the preservation of core content responsible for the
efficacy of RealConsent and flexibility to add and to tailor other
elements for university populations in Vietnam. Although the
results here cannot confirm that GlobalConsent was an optimal
adaptation to RealConsent, findings from the trial still suggest
that following a systematic process to adapt an EBI may yield
an adapted program that is efficacious cross culturally. This
study demonstrates that GlobalConsent was able to reduce the
risk of sexual violence and to promote prosocial bystander
behavior in this LMIC. The potentially smaller effects of a
web-based intervention are counterbalanced by GlobalConsent’s
highly standardized delivery relative to in-person, small-group
formats; therefore, the consistent delivery and scalability of
GlobalConsent to the national level is likely to be high. Research
to adapt and test GlobalConsent in other LMICs is warranted.

Conclusions
Given the high rates of sexual violence against women, growing
numbers of young men and women attaining postsecondary
education, and rapid increases in access to the internet and
smartphones globally, universities are ideal settings to provide
novel sexual violence prevention programs during this critical
developmental window, when young men are leaving home and
are at increasing risk of sexually violent behavior.
Evidence-based sexual violence prevention programs such as
GlobalConsent, which are cost-effective, easily implemented
by universities, and appealing to a diverse student population,
are needed globally. Reviews of sexual violence prevention
programs have described the importance of bystander
approaches and engaging men as women’s allies in preventing
sexual violence. Equally important is the ability of such
efficacious programs to reach large populations to expand their
impact. This study demonstrates that theoretically grounded,
web-based edutainment with gender-specific content,
customized didactic and interactive behavior change techniques,
and an adapted serial drama make GlobalConsent potentially
scalable in Vietnam and adaptable to other LMICs, where
efficacious sexual violence prevention programs are needed.
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Abstract

Background: Three years since the onset of COVID-19, pandemic-related trends in child sexual abuse (CSA) remain poorly
understood. Common administrative surveillance metrics may have underestimated abuse during the pandemic, given youths’
limited access to mandatory reporters. Research using anonymous service-use data showed increased violence-related online
help-seeking but overlooked youth-specific help-seeking for CSA during COVID-19. Understanding pandemic-related trends in
CSA can inform abuse detection practices and mental health service provision for youth victims.

Objective: The purpose of this study was to harness anonymous help-seeking data from the National Sexual Assault Online
Hotline (NSAOH) to glean insights about CSA occurrence in the United States during the COVID-19 pandemic.

Methods: We used an archival sample of victims who contacted NSAOH from 2016 to 2021 (n=41,561). We examined
differences in the proportion of youth and adult victims contacting NSAOH during the first COVID-19 year (March 2020 to
February 2021) compared to the prior year (March 2019 to February 2020; n=11,719). Further, we compared key characteristics
of hotline interactions among youth victims during the first COVID-19 year to the prior year (n=5913). Using joinpoint regression
analysis, we examined linear trends in the number of monthly sampled youth and adult victims (excluding victims of unknown
age) from 2016 to 2021 who discussed any victimization event (n=26,904) and who discussed recent events (ie, events occurring
during the pandemic; n=9932).

Results: Most youth victims were abused by family members prior to (1013/1677, 60.4%) and after (2658/3661, 72.6%) the
onset of COVID-19. The number of youth victims contacting NSAOH spiked in March 2020 and peaked in November 2020 for
all youth (slope=28.2, 95% CI 18.7-37.7) and those discussing recent events (slope=17.4, 95% CI 11.1-23.6). We observed a
decline in youth victims into spring 2021 for all youth (slope=–56.9, 95% CI –91.4 to –22.3) and those discussing recent events
(slope=–33.7, 95% 47.3 to -20.0). The number of adult victims discussing any victimization event increased steadily from January
2018 through May 2021 (slope=3.6; 95% CI 2.9-4.2) and then declined (slope=–13.8, 95% CI –22.8 to –4.7). Trends were stable
for adults discussing recent events.

Conclusions: This study extends the use of hotline data to understand the implications of the pandemic on CSA. We observed
increased youth help-seeking through the NSAOH coinciding with the onset of COVID-19. Trends persisted when limiting
analyses to recent victimization events, suggesting increased help-seeking reflected increased CSA during COVID-19. These
findings underscore the utility of anonymous online services for youth currently experiencing abuse. Further, the findings support
calls for increased youth mental health services and efforts to incorporate online chat into youth-targeted services.

(JMIR Public Health Surveill 2023;9:e44760)   doi:10.2196/44760
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Introduction

As we approach a postpandemic world, understanding trends
in child maltreatment during COVID-19 remains vital for
informing practices to detect abuse and ameliorate the effects
of trauma. Evidence of pandemic-related trends in child
maltreatment is conflicting, resulting in part from limitations
of traditional surveillance strategies. Apparent declines in child
maltreatment reflected in emergency room visits [1] and official
reports [2] may be attributed to avoidance of emergency rooms
[3] and decreased access to mandatory reporters [4] during the
pandemic. These shortcomings underscore the importance of
examining child maltreatment during COVID-19 with
consideration of youths’ context and perspectives [5,6].

While youths’perspectives are often assessed through self-report
survey methodologies, indicators of online help-seeking are
potentially valuable. Prior to the pandemic, youth actively
sought help for experiences of abuse via online and text-based
hotlines [7,8], which they prefer over and perceive as more
private than telephone-based hotlines [8,9]. Online services
offer enhanced privacy, autonomy over disclosure, and easy
and immediate support, which make them acceptable and
accessible for youth experiencing crisis [10], especially during
a pandemic.

Recent work has explored trends in violence-related online
help-seeking during the pandemic. Google searches related to
child maltreatment increased during the pandemic [11,12] but
may not represent help-seeking by victims. Similarly,
unsupervised learning of tweets revealed how family violence
was discussed during the pandemic but could not delineate
whether the source was victims, perpetrators, or organizations
[13]. Online help-seeking via victim-centered resources, such
as online hotlines (or helplines), offer an important
complementary metric.

A study of multinational child helplines [14] lacked consensus
as to the presence and direction of trends in violence-related
contacts early in the pandemic but did not delineate phone-based
from online- or text-based hotlines. Notably, outreach to
ChildHelp increased for text-based but not phone-based contacts
early in the pandemic [15]. While these studies demonstrated
the promise of hotline data for understanding child maltreatment
during the pandemic, their limited focus on overall hotline
utilization conflated victim and nonvictim contacts. Research
examining hotline use specific to youth victims during the
pandemic is needed.

Amid these challenges, research on pandemic-related child
maltreatment has largely overlooked child sexual abuse (CSA).
However, concerns about victims’ physical and social isolation
and accessibility to perpetrators during stay-at-home orders [16]
are particularly applicable to CSA [17]. To address this gap in
understanding of pandemic-related trends in CSA, we examine
archival data from the National Sexual Assault Online Hotline
(NSAOH).

We advance knowledge by addressing limitations of previous
work on 3 fronts. First, we examine online help-seeking for
sexual violence among youth victims specifically. Second, we
incorporate 5 years of observations (2016-2021), providing a
broader picture of help-seeking patterns across the pre- and
postpandemic onset time periods. Third, we delineate recent
events to distinguish violence that occurred during the pandemic.

Methods

Data Collection
The NSAOH is a US-based online hotline providing 24/7
anonymous crisis intervention services via desktop and mobile
internet chat. RAINN (Rape, Abuse & Incest National Network),
an anti–sexual violence organization in the United States, created
and has operated NSAOH since 2006 to serve victims of sexual
violence.

Data collection via an in-depth online assessment (called the
“session assessment”) serves an integral role in hotline
operations to identify areas for service improvement and staff
training. Directly following the first chat session of their shift,
staff record session information, such as event characteristics
and topics discussed. Because information is not requested for
the purpose of completing the assessment, data are often
considered unknown (ie, missing). Staff receive instructions for
assessment completion both within the assessment and through
supplemental training.

Data in this study represent a sample of all hotline chats in which
the visitor discussed an experience of sexual or other
interpersonal violence (ie, victims) between January 2016 and
December 2021 (N=41,561). Additional information about
hotline procedures, the organizational context, and sample
inclusion criteria are available in Multimedia Appendix 1.

Ethical Considerations
Data used in this study were originally collected as part of
ongoing internal program evaluation; thus, informed consent
was not required. Analysis of this archival data for the purposes
of generating generalizable knowledge of online hotline users
and sexual violence experiences was deemed exempt by the
Advarra institutional review board under category 4 of the
Revised Common Rule.

Statistical Analysis
We examined differences in the proportion of youth (ie, those
younger than 18 years) and adult (aged 18 years and older)
victims during the first COVID-19 year (March 2020 through
February 2021) compared to the year prior (March 2019 through
February 2020; n=11,719), with victims of unknown age
excluded (5178/16,897, 31%). Among youth (n=5913), we
compared perpetrator type (family vs nonfamily), perpetrator
living status (currently living with vs not currently living with
the victim), event timeframe (whether the event occurred within
the last month, 1 month to 1 year ago, or over 1 year ago), and
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event frequency (repeated abuse vs single occurrence) during
the first COVID-19 year compared to the year prior. These
analyses used the chi-squared test with pairwise exclusion of
missing data; analyses used SPSS (version 28.0; IBM Corp).

To contextualize trends in youth help-seeking, we used Joinpoint
(version 4.9.1.0; National Cancer Institute) to examine linear
trends in the number of monthly sampled victims by age group
from 2016 to 2021 among all youth and adult victims (n=26,904;
Multimedia Appendix 1 provides additional information about
joinpoint analyses). Cases of unknown age were excluded
(n=14,657; 22.7%-50.3% missingness per month). We repeated
this analysis among youth and adult victims known to have
discussed recent events that occurred within a month of
contacting the hotline (n=9932). We also graphed the proportion
of monthly sampled youth victims by year among all victims
and those discussing recent events. Data were analyzed in spring
2022.

Results

Sample Characteristics
We observed a significant increase in the proportion of youth
victims during the first COVID-19 year relative to the year prior
(1871/4560, 41% vs 4042/7159, 56.5%). Among youth, we
noted statistically significant but small shifts in the proportion
of chats that involved family-perpetrated assaults (1013/1677,
60.4% vs 2658/3661, 72.6%), perpetrators currently living with
the victim (1028/1733, 59.3% vs 2815/3841, 73.3%), recent
assaults (ie, within the last month; 1017/1313, 77.5% vs
2381/2774, 85.8%), and repeated assaults (1397/1764, 79.2%
vs 3250/3773, 86.1%). Table 1 shows full sample characteristics
and missingness, as well as characteristics and comparisons
using pairwise deletion.

Table 1. Comparison of victim and event characteristics in the pre-COVID year (March 1, 2019-February 29, 2020) and the COVID year (March 1,
2020-February 28, 2021). Information about response option coding for table categories is available in Multimedia Appendix 1.

Pairwise deletion (n=11,719)Full sample (n=16,897)

P valueaEffect size

(Cramér's V)a
COVID year
(n=7159), n (%)

Pre-COVID year
(n=4560), n (%)

COVID year
(n=9758), n (%)

Pre-COVID year
(n=7139), n (%)

<.0010.15Victim age group

4042 (56.5)1871 (41)4042 (41.4)1871 (26.2)Youth

3117 (43.5)2689 (59)3117 (31.9)2689 (37.7)Adult

N/AN/Ab2599 (26.6)2579 (36.1)Unknown

Characteristics among youth (n=5913)

<.0010.12Perpetrator

2658 (72.6)1013 (60.4)2658 (65.8)1013 (54.1)Family member

1003 (27.4)664 (39.6)1003 (24.8)664 (35.5)Non–family member

N/AN/A381 (9.4)194 (10.4)Unknown

<.0010.14Victim living with perpetrator

2815 (73.3)1028 (59.3)2815 (69.6)1028 (54.9)Yes, currentlyc

1026 (26.7)705 (40.7)1026 (25.4)705 (37.7)Not currentlyc

N/AN/A201 (5)138 (7.4)Unknown

<.0010.10Event timeframe

2381 (85.8)1017 (77.5)2381 (58.9)1017 (54.4)Within the last month

183 (6.6)132 (10.1)183 (4.5)132 (7.1)1 month to 1 year ago

210 (7.6)164 (12.5)210 (5.2)164 (8.8)Over a year ago

N/AN/A1268 (31.4)558 (29.8)Unknown

<.0010.09Event frequency

3250 (86.1)1397 (79.2)3250 (80.4)1397 (74.7)Repeated

523 (13.9)367 (20.8)523 (12.9)367 (19.6)Single occurrence

N/AN/A269 (6.7)107 (5.7)Unknown

aChi-square comparisons; unknown (“missing”) data were excluded in these comparisons.
bN/A: not applicable.
b“Currently” means at the time of contacting the hotline.
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Joinpoint Regression Analysis
Inflection points reveal variability in the strength or direction
(or both) of trends in the number of victims by age in our sample
(Figure 1). Prior to 2019, the number of youth victims fluctuated.
In the year prior to COVID onset, the number of all youth
victims and those discussing recent events increased by an
average of 11.2 (95% CI 7.9-14.5) and 6.6 (95% CI 4.8, 8.3)
per month, respectively. The most striking trend commenced
in March 2020 at the onset of the pandemic: there were average
monthly increases of 28.2 (95% CI 18.7-37.7) and 17.4 (95%

CI 11.1-23.6) for all youth victims and youth discussing recent
events, respectively. Both the number and proportion of youth
victims peaked in November 2020. Subsequently, youth victims
declined into early spring 2021, both overall (slope=–56.9; 95%
CI –91.4 to –22.3) and for recent events (slope=–33.7; 95% CI
–47.3 to –20.0). We observed an increase in all adult victims
starting in January 2018 (slope=3.6; 95% CI 2.9-4.2), but this
trend was consistent through May 2021, after which adult
victims declined into December 2021 (slope=–13.8, 95% CI
–22.8 to –4.7). The number of adult victims discussing recent
events was largely consistent from 2016 to 2021.

Figure 1. Linear trends in National Sexual Assault Online Hotline use among youth. Analyses were limited to hotline visitors who identified as victims,
with the sample reflecting the first chat of a staff member's shift. Panels A and C display all events, whereas panels B and D reflect chats discussing
recent events (ie, occurring within the last month). Data are from January 2016 to December 2021 and were analyzed using Joinpoint (version 4.9.1.0;
National Cancer Institute). WHO: World Health Organization.

Discussion

Principal Findings
This study is the first, to our knowledge, to reveal increases in
youth help-seeking for sexual violence coinciding with the onset
of COVID-19. These increases peaked in November 2020 and
were present for all youth victims and for youth victims
discussing recent events. Although the number of adult victims
increased, this trend was more gradual, preceded the onset of
COVID-19, and was not present for those discussing recent
events. Our finding that trends were sustained for recent events
suggests an increase in youth affected by sexual violence during

the pandemic rather than increased help-seeking among all
victims for current and past events due to limited alternative
support options.

While our findings seemingly conflict with declines in
abuse-related hospital visits and official reports [1,2], evidence
of pandemic-related trends in child maltreatment must be
interpreted in light of the pandemic context [6]. Stay-at-home
orders limited youths’ access to formal services and mandated
reporters, but online hotlines remained accessible to youth
victims seeking help. Other studies used overall hotline
utilization data to estimate pandemic-related child maltreatment
[14,15] but conflated help-seeking among youth victims with
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that of adult victims and other hotline users (eg, supporters,
general information seekers, or prank visitors) whose hotline
use may have been differentially impacted by COVID-19. We
also examined help-seeking for recent victimization,
strengthening inferences that increased hotline contacts reflected
help-seeking for violence experienced during the pandemic
rather than past victimization. These procedures provide a model
for how anonymous online hotline data can be used as a
surveillance indicator for child maltreatment.

Most youth who contacted the NSAOH—both prior to and
during the pandemic—discussed repeated experiences of
violence perpetrated by family members or someone else living
with them. During the pandemic, we observed small proportional
increases in youths’ chats that featured these characteristics,
consistent with elevated violence driven by victims’ increased
accessibility to perpetrators in the home amid limited contact
with trusted adults (eg, teachers). Future work should examine
to what extent increased youth help-seeking reflected increased
frequency and severity of ongoing violence predating the
pandemic or cases of violence that began during the pandemic.

The number of chats from youth began to decrease after
November 2020. This decline could relate to youth having a
greater ability to avoid perpetrators or opportunities to disclose
to alternative sources of support as schools reopened in the
summer and fall of 2020. However, because reopening policies
were variable across the United States, driven by state and local
government, this trend should be interpreted with caution.

While reported trends were transitory, the effects of sexual abuse
are not. Our findings reflect increased help-seeking by youth
during the pandemic, an indication of rising demand for mental
health services to treat trauma and its sequelae among youth.
Given the national shortage of child mental health providers

that predates COVID-19 [18], there is a pressing need to expand
youth services to address the complex trauma resulting from
CSA and other effects of COVID-19 [4].

Limitations
Joinpoint regression analysis allowed us to identify changes in
the linear trend of victims’hotline use from 2016 to 2021. While
we interpreted the reason for some of these changes, their causes
cannot be definitively ascertained from our analysis. We could
not differentiate repeat hotline users from new users, which
would help delineate new cases of abuse. Our data collection
protocol prioritized the delivery of victim-centered services.
We did not solicit information from visitors for assessment
purposes, resulting in some missing data and limited
demographic information. Future work could incorporate
anonymous collection of demographics prior to service provision
to enhance the utility of hotline data as a surveillance indicator
of child maltreatment. Understanding the interplay of hotline
supply and demand will also be useful because changes in staff
availability (ie, supply) could affect the accessibility and use
of services.

Conclusions
Our study demonstrates the utility of anonymous online hotline
data as a complementary surveillance indicator for child
maltreatment that is transferrable to other public health priority
areas (eg, mental health). Increased help-seeking amid decreased
safety at home also speaks to the utility of online support options
for youth experiencing abuse. Preparing for future public health
emergencies necessitates consideration of additional online
communication options that allow youth to privately disclose
abuse to trusted adults. Future work should explore how to
safely incorporate these communication options into existing
services, such as online schooling or telemedicine platforms.
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Abstract

Background: Suicide by firearms is a serious public health issue in the United States. However, little research has been conducted
on the relationship between cultural backgrounds and suicide by firearms, specifically in those born and raised in the United
States compared to those who have immigrated to the United States.

Objective: To better understand the relationship between cultural backgrounds and suicide, this study aimed to examine firearm
suicide rates among US- and foreign-born suicide decedents based on the firearm possession rate in the decedent’s home country.

Methods: Multivariate logistic regression was performed to analyze data of 28,895 suicide decedents from 37 states obtained
from the 2017 National Violent Death Reporting System data set. The firearm possession rate in the home countries of foreign-born
suicide decedents was obtained from the 2017 Small Arms Survey.

Results: The firearm suicide rate was about twice as high among US-born suicide decedents compared to their foreign-born
counterparts. Meanwhile, suicide by hanging was about 75% higher among foreign-born compared to US-born suicide decedents.
Those from countries with a low-to-medium firearm possession rate were significantly less likely to use firearms compared to
US-born suicide decedents (adjusted odds ratio [AOR]=0.45, 95% CI 0.31-0.65, and AOR=0.46, 95% CI 0.39-0.53, respectively).
Meanwhile, firearm suicide rates were not different between US- and foreign-born suicide decedents from countries with a
similarly high firearm possession rate.

Conclusions: The results suggest that there is an association between using firearms as a means of suicide and the firearm
possession rate in the decedent’s home country. Suicide by firearms in the United States needs to be understood in the sociocultural
context related to firearm possession.

(JMIR Public Health Surveill 2023;9:e44211)   doi:10.2196/44211
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Introduction

Currently, suicide by firearms is a serious public health issue
in the United States. According to the annual mortality statistics
of the Centers for Disease Control and Prevention (CDC) [1],
about 100 people die by suicide every day in the United States,
with around 50% of them using firearms, 28.6% using poison,
and 12.9% using hanging as a means of suicide. Firearm suicide
rates in the United States have steadily increased over the past
few years [2,3]. The firearm possession rate is defined as an
estimate of civilian firearms per 100 individuals in a country
[4]. States, regions, and countries with higher firearm possession
rates are associated with higher firearm suicide rates [5].
According to Miller et al [6] and Stack [7], firearm possession
rates are positively correlated with firearm suicide rates in the
United States. In fact, the most common means of suicide in
the United States is death by firearms. Other countries with high
firearm possession rates, such as Uruguay and Montenegro,
have also reported high of suicide by firearms [4,8]. Meanwhile,
in countries that do not have high firearm possession rates, such
as Asian or Nordic countries, poisoning by pesticides is the
most common means of suicide. Similarly, suicide by hanging
is the most common means of suicide in Eastern Europe [9].
One evidence-based suicide prevention strategy is to reduce the
social acceptance and availability of lethal means for those at
risk of suicide [10,11]. Investigating the context around suicide,
such as accessibility to specific means, can provide important
information when devising suicide prevention interventions
[12]. This is because restricting the means of suicide is known
to be effective in preventing suicides [13,14].

According to Wong et al [15], the social acceptance and
availability of the means of suicide are associated with which
means of suicide are more likely to be chosen. In this study,
social acceptance refers to the cultural beliefs surrounding
firearms, familiarity with firearms, the normality of firearm
possession, and the role that firearms play in daily life. These
factors may influence an individual’s own perceptions about
firearms and increase or decrease the likelihood of their owning
their own personal firearm [16]. Meanwhile, availability in this
study is defined as the widespread availability of and
accessibility to firearms. Using firearms as the most common
means of suicide is associated with the high household firearm
possession rate in the United States [17]. However, compared
to the volume of research on the availability of firearms and
firearm suicide rates, little research has been conducted to
understand the relationship between the social acceptance of
firearms and firearm suicide rates. The United States is a nation
made up of immigrants from many diverse countries. Because
of this, it is important to be cognizant of different demographics
and their relationships and associations with firearms and, as a
result, the likelihood to die by firearm suicide. According to
Liu et al [18], US-born individuals have a significantly higher
firearm suicide rate, while foreign-born individuals have a
significantly higher rate of suicide by hanging, suffocation,
jumping from heights, and sharp instruments. Moreover, it is
suggested that immigrants are influenced by the culture
surrounding firearms in their home countries [19]. Assuming
that there is an association between the cultural familiarity with

and social acceptance of firearms and the probability of an
individual using a firearm as a means of suicide, this cultural
distinction may be important in analyzing the difference between
US- and foreign-born suicide decedents. Therefore, in this
research, we compiled information about firearm possession
rates in the home countries of immigrant populations in order
to analyze the relationship between firearm familiarity and
suicide behaviors of choosing a means of suicide. Despite the
critical importance of identifying factors that may impact
suicidal behaviors, to the best of our knowledge, little research
has been conducted on the firearm possession rate by home
country to understand the relationship between cultural/ethnic
backgrounds and the means of suicide. Thus, our study aimed
to better understand the cultural differences around firearms
and how these may impact the likelihood of an individual dying
by firearm suicide.

With the goal to determine the relationship between cultural
familiarity and the means of suicide, we compared the means
of suicide between US- and foreign-born suicide decedents.
Focusing on suicides by firearms, in particular, we divided
foreign-born individuals by the firearm possession rate in their
home countries and compared them with US-born suicide
decedents in order to understand the connection between the
gun culture of the home country and the familiarity with firearms
as a means of suicide. Our findings can serve as baseline data
for devising suicide prevention strategies that focus on the
restriction of access to various means of suicide, consider
sociocultural backgrounds related to specific means, and
customize the strategies to the sociocultural backgrounds of
target groups.

Methods

Study Design
The National Violent Death Reporting System (NVDRS) is a
state-based active surveillance system that provides a detailed
account of violent deaths that occur in participating states. The
NVDRS provides abundant data on the details of violent deaths
in the United States, and it is the first national system to collect
comprehensive information about suicides [20]. Moreover, the
NVDRS is the nation’s only reporting system for complex
events, such as homicide-suicide and mass killings, and offers
far richer information about all other violent deaths compared
to other data sources [21]. With support from the CDC, the
system collects data from multiple sources, including death
certificates, police reports, medical examiner/coroner reports,
and, sometimes, crime lab information [22].

This study used restricted data of decedents provided by the
2017 NVDRS and examined only deaths resulting from suicide.
In 2017, 37 states (Alaska, Arizona, California, Colorado,
Connecticut, Delaware, District of Columbia, Georgia, Illinois,
Indiana, Iowa, Kansas, Kentucky, Maine, Maryland,
Massachusetts, Michigan, Minnesota, Nevada, New Hampshire,
New Jersey, New Mexico, New York, North Carolina, Ohio,
Oklahoma, Oregon, Pennsylvania, Puerto Rico, Rhode Island,
South Carolina, Utah, Vermont, Virginia, Washington, West
Virginia, and Wisconsin) contributed data to the NVDRS. The
2017 NVDRS data include decedents who died from violent
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deaths in 2017. Specifically, the data include 33,257 individuals
who died by suicide; data on the means of suicide and the home
country are missing for 4362 (13.1%) decedents. Our final
sample consisted of 28,895 decedents after removing individuals
with missing data. So, this study used complete case analysis
(CCA) to deal with missing values.

Measurements
The means of suicide were used as the outcome variable in this
study. In the NVDRS data, the means of suicide include
firearms, hanging or suffocation, poisoning, jumping from a
height, sharp instruments, drowning, and other. However, this
study used firearms, hanging or suffocation, and poisoning as
the main outcome variables. Nativity, the independent variable,
was divided into US- and foreign-born suicide decedents. People
born in the United States, Puerto Rico, and a US Island Area
(Guam, the Commonwealth of the Northern Mariana Islands,
or the US Virgin Islands) were defined as US born, and those
born outside the United States were defined as foreign born
[23].

The firearm possession rate by home country was obtained from
the estimate of civilian firearms per 100 individuals per country
provided by the 2017 Small Arms Survey (SAS) [4]. The SAS
is an independent research project located at the Graduate
Institute of International and Development Studies in Geneva,
Switzerland. The SAS uses data from various sources, such as
official documents, studies, questionnaires, public opinion
surveys, news reports, and expert correspondence, to estimate
civilian firearm ownership. It systematically integrates these
data to generate total estimates for each country, while excluding
extreme high and low numbers as outliers, when feasible. This
data set is used because it provides information about firearm
possession rates for most countries. We matched the information
about firearm possession rates to the home countries of the
foreign-born individuals. A country with a firearm possession
rate of <1 SD from the mean value was coded as “low,” of >1
SD from the mean value was coded as “high,” and of 1 SD from
the mean value was coded as “medium.” Sociodemographic
variables included race, age, gender, region, education, and
marital status.

Ethical Considerations
This study was exempt from human subject research ethics by
the Institutional Review Board of Yonsei University
(7001988-202010-HR-1013-01E) due to secondary analysis of
research data. The data were derived from routine injury
mortality surveillance. The NVDRS is incident based and links
all victims and alleged perpetrators (suspects) associated with
a given incident in 1 record. To fully characterize incidents,

states collect information about deaths from numerous data
sources. These sources include death certificates,
coroner/medical examiner reports, and law enforcement reports
[22].

Statistical Analysis
A descriptive analysis was conducted on the general
characteristics of suicide decedents. Rates per 100,000 people
(by nativity, race, sex, and age group) were calculated using the
census data of the 2017 American Community Survey. Logistic
regression was performed to analyze the association between
nativity and the means of suicide. The independent variables
of this study were nativity (US born/foreign born) and the
firearm possession rate in the home country. The dependent
variable was the choice of a means of suicide (firearm, hanging,
and poisoning). Other means of suicide were excluded from the
logistic analysis in order to explain the 3 major means of suicide.

First, logistic regression was performed to compare the
correlation between sociodemographic variables and the means
of suicide. Second, we analyzed the association between nativity
and the means of suicide after adjusting for gender, age, place
of residence, education, and marital status. Next, we analyzed
the association between the firearm possession rate in the home
country and the means of suicide. We used the US-born suicide
decedents as a reference group for the 2 independent variables
and examined how the choice of a means of suicide for the 2
independent variables is different compared to the US-born
suicide decedents. The adjusted odds ratio (AOR) and 95% CI
were presented, and statistical significance at the α level of .05
was indicated by 95% CIs that did not include 1. All analyses
were performed using STATA, version 13.

Results

Demographic Characteristics of Suicide Decedents
Tables 1 and 2 show the demographic characteristics of suicide
decedents in 37 states presented by the 2017 NVDRS. Of the
total 28,895 deaths by suicide, the firearm suicide rate was 5.9
per 100,000 people, the hanging suicide rate was 3.7 per 100,000
people, the poisoning suicide rate was 1.6 per 100,000 people,
and the rate of suicide by other means was 1.0 per 100,000
people. Firearm suicide rates were higher than hanging and
poisoning suicide rates among US-born, White, Black, male,
and 18-year-old or older decedents. The hanging suicide rates
were higher compared to firearm and poisoning suicide rates
among were foreign born; belonged to Hispanic, Asian/Pacific
Islander, or other ethnic groups; and were less than 18 years
old. The poisoning suicide rates were slightly higher than
firearm and hanging suicide rates among women.
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Table 1. Demographics of suicide decedents by means of suicide: 2017 NVDRSa.

Otherb (n=2275,
7.9%), n (%)

Poisoning (n=3900,
13.5%), n (%)

Hanging (n=8679,
30.0%), n (%)

Firearms (n=14,041,
48.6%), n (%)

Decedents (N=28,895),
n (%)

Characteristics

Nativity

2053 (90.2)3716 (95.3)7922 (91.3)13,561 (96.6)27,252 (94.3)US born

222 (9.8)184 (4.7)757 (8.7)480 (3.4)1643 (5.7)Foreign born

Race

1671 (73.5)3414 (87.5)6534 (75.3)12,062 (85.9)23,681 (82.0)White

208 (9.1)183 (4.7)547 (6.3)874 (6.2)1812 (6.3)Black

242 (10.6)186 (4.8)1024 (11.8)668 (4.8)2120 (7.3)Hispanic

101 (4.4)52 (1.3)265 (3.1)148 (1.1)566 (2.0)Asian/Pacific Islander

53 (2.3)65 (1.7)309 (3.6)289 (2.1)716 (2.5)Other

Sex

1677 (73.7)1890 (48.5)6723 (77.5)12,164 (86.6)22,454 (77.7)Male

598 (26.3)2010 (51.5)1956 (22.5)1877 (13.4)6441 (22.3)Female

Age (years)

54 (2.4)72 (1.8)551 (6.3)415 (3.0)1092 (3.8)<18

268 (11.8)224 (5.7)1159 (13.4)1498 (10.7)3149 (10.9)18-24

752 (33.1)1101 (28.2)3668 (42.3)3922 (27.9)9443 (32.7)25-44

889 (39.1)1848 (47.4)2638 (30.4)4750 (33.8)10,125 (35.0)45-64

312 (13.7)655 (16.8)663 (7.6)3456 (24.6)5086 (17.6)≥65

aNVDRS: National Violent Death Reporting System.
b“Other” includes jumping from heights, sharp instruments, drowning, and other means.
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Table 2. Rate of suicide per 100,000 people by means of suicide: 2017 NVDRSa.

Otherb, rate/100,000Poisoning, rate/100,000Hanging, rate/100,000Firearms, rate/100,000Decedents, rate/100,000Characteristics

1.01.63.75.912.2Total

Nativity

1.01.83.96.613.3US born

0.70.62.31.55.0Foreign born

Race

1.12.34.48.115.8White

0.80.72.03.36.8Black

0.60.52.61.75.5Hispanic

0.70.41.81.03.8Asian/Pacific Islander

0.70.83.93.69.0Other

Sex

1.41.65.710.419.2Male

0.51.71.61.65.3Female

Age (years)

0.10.11.00.82.0<18

1.21.05.06.513.618-24

1.21.85.86.215.025-44

1.42.94.27.616.245-64

0.91.91.99.814.5≥65

aNVDRS: National Violent Death Reporting System.
b“Other” includes jumping from heights, sharp instruments, drowning, and other means.

First, we examined the correlation between demographic
variables and the choice of a means of suicide. The results are
presented in Tables 3-5. Compared to Whites, Blacks were more
likely to use firearms but less likely to use hanging or poisoning
as a means of suicide. Compared to Whites, Hispanic,
Asian/Pacific Islander, and other ethnic minorities were more
likely to use hanging or poisoning and less likely to select
firearms as a means of suicide. Older people were more likely
to select firearms or poisoning and less likely to choose hanging
as a means of suicide. Compared to men, women selected
poisoning more than firearms. Urban dwellers were less likely
to choose firearms and more likely to use hanging or poisoning.
The higher the education level, the fewer the number of suicides
by hanging and the more the number of suicides by poisoning.
Those with spouses used firearms but not as much as poisoning
as a means of suicide.

Next, we tested the association between nativity and the means
of suicide after adjusting for demographic variables. The results

are shown in Tables 3-5 and Figure 1. We compared the choice
of a means of suicide between US- and foreign-born suicide
decedents. Compared to US-born suicide decedents, their
foreign-born counterparts were less likely to use firearms and
more likely to select hanging as a means of suicide. Next, we
compared the means of suicide between US- and foreign-born
suicide decedents based on the firearm possession rate in the
home countries of the latter. People who immigrated from
countries with a low firearm possession rate selected firearms
more than they did hanging as a means of suicide compared to
US-born suicide decedents. People who were from countries
with a medium firearm possession rate chose firearms less than
they did hanging as a means of suicide compared to US-born
suicide decedents. However, the difference between foreign-born
suicide decedents from countries with a high firearm possession
rate and their US-born counterparts was not statistically
significant.
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Table 3. Statistics of suicide by firearms among suicide decedents from the United States and other countries with different levels of the firearm

possession rate: 2017 NVDRSa.

Model 2Model 1Characteristics

P valueAOR (95% CI)P valueAORb (95% CI)

N/AN/Ac<.0010.52 (0.46-0.59)Foreign born (reference: US born)

Firearm possession rate in the home country (reference: US born)

<.0010.45 (0.31-0.65)N/AN/ALow

<.0010.46 (0.39-0.53)N/AN/AMedium

.1620.83 (0.65-1.08)N/AN/AHigh

Race (reference: White)

<.0011.21 (1.1-1.35)<.0011.20 (1.09-1.33)Black

<.0010.60 (0.54-0.66)<.0010.58 (0.52-0.64)Hispanic

<.0010.67 (0.54-0.83)<.0010.62 (0.51-0.77)Asian/Pacific Islander

.002d0.78 (0.66-0.91).002d0.77 (0.66-0.91)Other

<.0011.01 (1.01-1.02)<.0011.01 (1.01-1.02)Age

<.0010.35 (0.33-0.37)<.0010.35 (0.33-0.37)Female

<.0010.65 (0.61-0.69)<.0010.65 (0.61-0.69)Urban dweller

.1440.99 (0.97-1.01).1600.99 (0.97-1.01)Education level

<.0011.40 (1.33-1.48)<.0011.40 (1.32-1.48)Married

aNVDRS: National Violent Death Reporting System.
bAOR: adjusted odds ratio.
cN/A: not applicable.
dP<.01.
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Table 4. Statistics of suicide by hanging among suicide decedents from the United States and other countries with different levels of the firearm

possession rate: 2017 NVDRSa.

Model 2Model 1Characteristics

P valueAOR (95% CI)P valueAORb (95% CI)

N/AN/Ac<.0011.75 (1.56-1.97)Foreign born (reference: US born)

Firearm possession rate in the home country (reference: US born)

<.0012.90 (2.10-4.00)N/AN/ALow

<.0011.83 (1.60-2.10)N/AN/AMedium

.4351.12 (0.85-1.48)N/AN/AHigh

Race (reference: White)

<.0010.79 (0.70-0.88)<.0010.80 (0.71-0.89)Black

<.0011.60 (1.45-1.77)<.0011.62 (1.47-1.79)Hispanic

.0621.21 (0.99-1.47).002d1.36 (1.12-1.64)Asian/Pacific Islander

<.0011.44 (1.23-1.68)<.0011.45 (1.24-1.70)Other

<.0010.98 (0.97-0.98)<.0010.98 (0.97-0.98)Age

.1081.01 (0.95-1.08).7181.01 (0.95-1.08)Female

<.0011.27 (1.18-1.36)<.0011.27 (1.18-1.36)Urban dweller

<.0010.95 (0.93-0.97)<.0010.95 (0.93-0.97)Education level

.1080.95 (0.89-1.01).1200.95 (0.89-1.01)Married

aNVDRS: National Violent Death Reporting System.
bAOR: adjusted odds ratio.
cN/A: not applicable.
dP<.01.
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Table 5. Statistics of suicide by poisoning among suicide decedents from the United States and other countries with different levels of the firearm

possession rate: 2017 NVDRSa.

Model 2Model 1Characteristics

P valueAOR (95% CI)P valueAORb (95% CI)

N/AN/Ac.0950.85 (0.71-1.03)Foreign born (reference: US born)

Firearm possession rate in the home country (reference: US born)

.1350.64 (0.36-1.15)N/AN/ALow

.2230.87 (0.70-1.09)N/AN/AMedium

.4340.87 (0.61-1.24)N/AN/AHigh

Race (reference: White)

<.0010.69 (0.59-0.82)<.0010.69 (0.58-0.82)Black

<.0010.68 (0.58-0.81)<.0010.69 (0.58-0.81)Hispanic

.001d0.57 (0.41-0.80)<.0010.55 (0.39-0.75)Asian/Pacific Islander

.004d0.67 (0.51-0.88).004d0.67 (0.51-0.88)Other

<.0011.01 (1.01-1.02)<.0011.01 (1.01-1.02)Age

<.0015.05 (4.69-5.44)<.0015.05 (4.69-5.43)Female

<.0011.32 (1.20-1.46)<.0011.32 (1.20-1.46)Urban dweller

<.0011.05 (1.02-1.07)<.0011.05 (1.02-1.07)Education level

<.0010.67 (0.62-0.73)<.0010.67 (0.62-0.73)Married

aNVDRS: National Violent Death Reporting System.
bAOR: adjusted odds ratio.
cN/A: not applicable.
dP<.01.
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Figure 1. Means of suicide among suicide decedents from the United States and other countries with different levels of the firearm possession rate:
2017 National Violent Death Reporting System.

Discussion

Principal Findings
This research examined the data of 28,895 suicide decedents
from 37 states included in the 2017 NVDRS with the goal of
comparing the means of suicide between US- and foreign-born
American suicide decedents and analyzing whether these
differences could be explained by the culture surrounding
firearms in their home countries, specifically firearm possession
rates that illustrate a cultural familiarity with firearms. We found
statistically significant differences in the means of suicide
between US- and foreign-born individuals. The firearm suicide
rate was about twice as high among US-born suicide decedents
compared to their foreign-born counterparts in 2017, while the
hanging suicide rate was about 75% higher among foreign-born
suicide decedents compared to their US-born counterparts. We
divided the home countries of the foreign-born suicide decedents
into 3 groups by their firearm possession rate (low, medium,
and high) and compared their means of suicide with those of
the US-born suicide decedents. Those from countries with low
and medium firearm possession rates were significantly less
likely to use firearms compared to the US-born suicide decedents
(AOR=0.45, 95% CI 0.31-0.65, and AOR=0.46, 95% CI
0.39-0.53, respectively). However, there was no statistical
difference in the use of firearms between foreign-born suicide
decedents from countries with a high firearm possession rate
and their US-born counterparts. Foreign-born individuals from
countries with a low or medium firearm possession rate were
significantly more likely to use hanging compared to a firearm

(AOR=2.90, 95% CI2.10-4.00, and AOR=1.83, 95% CI
1.60-2.10, respectively). In the case of suicide by poisoning,
there was no statistical difference between US-born and all
foreign-born suicide decedents. Compared to US-born
individuals, immigrants from countries with a high firearm
possession rate had no significant difference in firearm suicide
rates and immigrants from countries with a low firearm
possession rate had a significantly lower firearm suicide rate.

The findings of this research are in line with those of Liu et al
[18], who found that US-born suicide decedents have a greater
firearm suicide rate and a lower hanging suicide rate compared
to their foreign-born counterparts and that there is no significant
difference in the poisoning suicide rate between US- and
foreign-born Americans. Furthermore, our results were
confirmed by Wong et al [15], who found that US-born
individuals have a significantly greater firearm suicide rate, a
lower hanging suicide rate, and no significant difference in the
poisoning suicide rate compared to foreign-born Asian/Pacific
Islander Americans. In addition, this research compared cultural
differences regarding firearms for the various home countries
of immigrants residing in the United States who died by suicide.
This confirms that there is an association between the firearm
possession rate in the home country and the prevalence of
various means of suicide. Furthermore, sociocultural familiarity
with firearms is associated with a greater likelihood to die by
firearm suicide [15]. Those born in a country with a high firearm
possession rate are more likely to be exposed to and familiar
with firearms, becoming more accepting of guns as a means of
suicide, compared to those born in a country with a low firearm
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possession rate. This argument is supported by a number of
studies: Conner et al [24] concluded that the means of suicide
is influenced by the culture and gun policy of the home country,
Kaplan and Geling [25] described the cultural origin of firearm
suicide, Price et al [26] argued that firearm suicide is related to
the gun laws of the country where an individual lives, Miller et
al [27] supported that both firearm suicide and total suicide rates
are associated with state and regional gun prevalence, and
Saunders et al [19] suggested that immigrants are influenced
by the firearm possession culture of their home country.

Considering that cultural perceptions of firearms can make
certain means of suicide appear more manageable [28], it is
understood that firearms are most commonly used for suicide
in the United States because of their availability [29]. In contrast,
hanging is the most common means of suicide in several Asian
countries, including Japan, South Korea, and the Philippines
[17]. In addition, this research found that the rate of suicide by
hanging is high among immigrants from countries with a low
firearm possession rate compared to US firearm possession
rates.

It is necessary to devise suicide prevention strategies that focus
on restricting access to dangerous items for at-risk individuals
and that also consider the sociocultural implications of this
topic. This is important as certain cultural backgrounds may be
more sensitive to the exposure of the means of suicide. Suicide
prevention efforts targeting war veterans include the
establishment of suicide prevention campaigns and laws, such
as the Joshua Omvig Veterans Suicide Prevention Act. In
addition, the Veterans Agency and the Department of Defense
provide free gun-safe storage to veterans at risk of dying by
firearm suicide [30]. This measure is expected to be beneficial,
given prior research that has proven the efficacy of proper gun
safety and storage in reducing suicides among veterans [31].
Furthermore, it is imperative that suicide prevention campaigns
be customized to best fit the needs of various sociocultural
backgrounds. The World Health Organization’s National
Strategy of Suicide Prevention notes the importance of
restricting access to the means of suicide but fails to consider
the way in which gun violence disproportionately affects certain
sociocultural and ethnic backgrounds. There should be further
research on this intersection between suicide rates and various
sociocultural and ethnic groups in order to develop more
effective suicide prevention campaigns. Wong et al [15] suggest
that given the prevalence of suicide by firearms among the
US-born population and suicide by hanging among immigrants,
public health professionals should advise individuals with
suicidal thoughts to remove potentially dangerous items from
their environments. Based on our results, there seems to be an
association between the culture surrounding firearms that an
individual grew up in and the likelihood of them choosing
suicide by firearms as opposed to other means. Therefore, public
health professionals may need to follow culturally sensitive
approaches to establish suicide prevention policies and strategies
by reflecting on the cultural backgrounds of the population. In
addition, when devising gun safety campaigns, states with high
proportions of foreign-born individuals should consider their
cultural backgrounds. Foreign-born individuals from countries
with high firearm possession rates and US-born individuals are

priority populations. In the case of both US- and foreign-born
individuals from cultures highly familiar with firearms at risk
of suicide, reducing access to lethal means is an evidence-based
suicide prevention initiative [10,11]. Ideally, firearm
accessibility should be limited in the United States to suppress
the innate and widespread culture of firearm possession that has
arisen in the country and has led to increased gun violence
throughout the country. To alleviate this, federal gun policies
must be enforced to reduce gun violence in the United States,
including suicide by firearms. Such policies could include
banning guns in public spaces, requiring a stricter process prior
to buying a gun, banning high-capacity magazines and assault
rifles, enforcing that all gun owners must store their guns in an
approved gun storage unit, and requiring gun safety courses for
everyone who wishes to own a gun. These measures will
evidently reduce gun violence and particularly suicide by
firearms [22]. The study is meaningful because it shows
empirical results that the cultural background is related to suicide
by firearms. Although the causal relationship is limited, the
significant correlation means that cultural perspectives must be
considered in planning firearm suicide prevention policies and
interventions in a multicultural society, such as the United
States.

Limitations
There are several limitations of this research. First, the NVDRS
data used in this study had 13% missing values due to difficulties
in obtaining some sensitive information about suicide decedents.
To deal with the missing values, this study used CCA. This is
because compared to multiple imputation, CCA has been
reported to provide unbiased estimates in cases where the
missing percentage is less than 20%, and this missing percentage
refers to missing completed at random (MCAR) or missing
completed random (MAR) [32]. Second, this research was
premised around the cultural attitudes of firearms of the home
countries of various immigrant suicide decedents. However,
when analyzing these decedents, other crucial demographic
factors were not considered regarding their culture. Because of
this, other exogenous factors, such as the length of exposure to
the original culture, the maintenance of the original culture after
immigration to the United States, and the length of exposure to
US culture, will need to be considered in future research. Third,
we were unable to examine the physical availability of or
accessibility to firearms at the regional level in the United States
due to a lack of relevant data, such as the firearm possession
rate at the state level. Fourth, the findings of this research cannot
be generalized to the entire country, because the 2017 NVDRS,
which contains the most recent scientific data that include
detailed information about suicide, obtained data from only 37
states. Fifth, the foreign-born suicide decedents in this research
include immigrants with diverse citizenship/residency statuses,
including permanent residents, temporary workers, students,
visitors, and illegal immigrants. This indicates that their use of
a means of suicide may have been impacted by other extenuating
factors, such as practical barriers to purchasing guns, rather than
cultural familiarity. Sixth, this cross-national comparative study
did not consider state-specific differences in the United States,
because national-level data were analyzed. Further studies on
suicide by firearms in the United States will benefit from

JMIR Public Health Surveill 2023 | vol. 9 | e44211 | p.2562https://publichealth.jmir.org/2023/1/e44211
(page number not for citation purposes)

Song et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


considering state-specific gun policies or contexts. Lastly, there
was a lack of data on statistics that internationally compare
suicide trends by country with regard to US- and foreign-born
residents of the country and their suicide rates. This study used
the firearm possession rates in the home countries of suicide
decedents to indirectly identify potential associations. If such
statistics exist and are used in future studies, more direct and
robust implications can be drawn.

Conclusion
Despite limitations, this research has contributed to expanding
our understanding of how cultural influences affect higher
firearm suicide rates in the United States. Our research shows
that nativity is related to firearm suicide rates. Those from
countries with high firearm possession rates show a similar
propensity for firearm suicide as US-born Americans. The
firearm suicide rate is significantly lower among immigrants
from countries with a low firearm possession rate. Based on

these findings, it is arguable that the high prevalence of firearm
possession in the United States contributes to the country’s high
firearm suicide rate by promoting public familiarity toward
firearms. Consequentially, US-born individuals are desensitized
to gun violence, including suicide by firearms. This is based on
the finding that foreign-born individuals from countries with
low firearm possession rates have a lower tendency to use
firearms to die by suicide compared to US-born individuals.
However, immigrants from countries with high firearm
possession rates are more likely to die by firearm suicide, which
supports the association between cultural norms surrounding
firearms and the likelihood of dying by firearm suicide [24].
This study has furthered our understanding of the cultural
background that contributes to the process by which individuals
choose their means of suicide. We hope that this research will
contribute to an effective reduction in firearm suicide in the
United States as well as improve suicide prevention efforts
throughout the country.
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CCA: complete case analysis
CDC: Centers for Disease Control and Prevention
NVDRS: National Violent Death Reporting System
SAS: Small Arms Survey
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Abstract

Background: Monitoring workplace violence (WPV) against health care workers (HCWs) through incident reporting is crucial
to drive prevention, but the actual implementation is spotty and experiences underreporting.

Objective: This study aims to introduce a systematic WPV surveillance in 2 public referral hospitals in Italy and assess
underreporting, WPV annual rates, and attributes “before” (2016-2020) and “after” its implementation (November 2021 to 2022).

Methods: During 2016-2020, incident reporting was based on procedures and data collection forms that were neither standardized
between hospitals nor specific for aggressions. We planned and implemented a standardized WPV surveillance based on (1) an
incident report form for immediate and systematic event notification, adopting international standards for violence definitions;
(2) second-level root cause analysis with a dedicated psychologist, assessing violence determinants and impacts and offering
psychological counseling; (3) a web-based platform for centralized data collection; and (4) periodic training for workforce
coordinators and newly hired workers. We used data from incident reports to estimate underreporting, defined as an
observed-to-expected (from literature and the “before” period) WPV ratio less than 1, and the 12-month WPV rates (per 100
HCWs) in the “before” and “after” periods. During the latter period, we separately estimated WPV rates for first and recurrent
events.

Results: In the “before” period, the yearly observed-to-expected ratios were consistently below 1 and as low as 0.27, suggesting
substantial violence underreporting of up to 73%. WPV annual rates declined in 1 hospital (from 1.92 in 2016 to 0.57 in 2020)
and rose in the other (from 0.52 to 1.0), with the divergence being attributable to trends in underreporting. Available data were
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poorly informative to identify at-risk HCW subgroups. In the “after” period, the observed-to-expected ratio rose to 1.14 compared
to literature and 1.91 compared to the “before” period, consistently in both hospitals. The 12-month WPV rate was 2.08 (95%
CI 1.79-2.42; 1.52 and 2.35 in the 2 hospitals); one-fifth (0.41/2.08, 19.7%) was due to recurrences. Among HCWs, the youngest
group (3.79; P<.001), nurses (3.19; P<.001), and male HCWs (2.62; P=.008) reported the highest rates. Emergency departments
and psychiatric wards were the 2 areas at increased risk. Physical assaults were more likely in male than female HWCs (45/67,
67.2% vs 62/130, 47.7%; P=.01), but the latter experienced more mental health consequences (46/130, 35.4% vs 13/67, 19.4%;
P=.02). Overall, 40.8% (53/130) of female HWCs recognized sociocultural (eg, linguistic or cultural) barriers as contributing
factors for the aggression, and 30.8% (40/130) of WPV against female HCWs involved visitors as perpetrators.

Conclusions: A systematic WPV surveillance reduced underreporting. The identification of high-risk workers and characterization
of violence patterns and attributes can better inform priorities and contents of preventive policies. Our evaluation provides useful
information for the large-scale implementation of standardized WPV-monitoring programs.

(JMIR Public Health Surveill 2023;9:e47377)   doi:10.2196/47377

KEYWORDS

workplace; work; workers; worker; occupational health; safety; report; reporting; incident; abuse; health care workers; HCW;
violence; surveillance; underreporting; risk; guidelines; incident report; Italy; prevention; workplace violence; hospital setting;
assault; physical assaults; mental health; risk management

Introduction

In 2019, the International Labour Organization (ILO) adopted
the Violence and Harassment Convention to “promote and
realize the right of everyone to a world of work free from
violence and harassment” ([1], art 4). The European Foundation
for the Improvement of Living and Working Conditions
identifies the health and social work sector as the one with the
highest prevalence of adverse social behaviors at work in Europe
[2]. The official statistics from the Italian Workers
Compensations Authority (INAIL) reported a mean of 2500
workplace violence (WPV) cases per year determining a work
injury among health care workers (HCWs) over the 2016-2020
period; of these, 75% were directed toward women [3]. Due to
the high prevalence and the consequences on the affected
HCWs, WPV against HCW is a public health concern [4,5]. A
meta-analysis of the studies published up to 2018—including
mostly cross-sectional surveys—estimated for Europe a
12-month prevalence of exposure to nonphysical and physical
WPV at 36.6% and 20.1%, respectively [4], with a high degree
of heterogeneity across studies. These figures did not decline
after the SARS-CoV-2 outbreak [5], exacerbating the impact
of the pandemic on the mental health of HCWs [6]. In a more
recent systematic review of Italian surveys, the 12-month
prevalence of WPV ranged between 11.9% and 93.3% and
between 27.5% and 50.3% for verbal and physical violence,
respectively [7]. Such a large amount of heterogeneity reflects
several methodological concerns, and it challenges the
interpretation of results and their usability to guide preventive
strategies [8]. First, most studies have been conducted on
selected, high-risk wards and thus are poorly representative of
the entire population. Second, the negative correlation between
survey participation rate and reported violence prevalence [7]
suggests the presence of self-selection bias. Finally, the
retrospective evaluation of violence and the lack of a clear
standardized definition of violence increase the risk of recall
bias and measurement error [4,5,7,8].

Complementary to retrospective survey data, active monitoring
and surveillance based upon systematic incident reporting is

important not only to provide estimates of violence rates but
also to investigate the circumstances in which WPV occurs, to
identify violence determinants and attributes, and to quantify
violence consequences on the assaulted workers [8-10]. Of note,
these may also vary according to the assaulted HCW: for
instance, evidence from Italy suggests the presence of
sex-specific patterns in violence [11]. All this information is
crucial to better inform prevention and mitigation strategies by
health care organizations [8-11]. However, the implementation
of such systems is still scanty and spotty [10]: to the best of our
knowledge, standardized and regulatory-based violence
monitoring programs implemented at a comprehensive regional-
or state-level are present only in Australia [9] and in California
[12,13]. The Lombardia Region—the most populated region in
Italy with about 10 million inhabitants, located in the north of
the country—published in 2019 new guidelines for WPV
reporting, risk assessment, and management for regional public
and private hospitals, to overcome the recognized WPV
underreporting in ongoing registration systems [14]. Stemming
from such document, our research group designed the study
“Determinants of Violence against the Health care Workers”
(Determinanti Violenze Operatori Sanitari [DeVOS]) to develop
and implement a guideline-based incident report protocol for
systematic WPV risk monitoring and management. With this
paper, we aim to assess data completeness, WPV underreporting,
and rates “before-and-after” the implementation of the new
standard in 2 public hospitals (about 9000 employees) in the
region. In addition, we report on violence attributes, contributing
factors, and consequences and assess the presence of sex-specific
patterns in these violence characteristics.

Methods

The DeVOS Study
The DeVOS study started in June 2020 in the only 2 publicly
funded, referral hospitals (Azienda Socio-Sanitaria Territoriale
[ASST]) serving the provinces of Varese (ASST Sette Laghi,
hospital 1) and Como (ASST Lariana, hospital 2). Located in
the Lombardia Region, the 2 provinces include about 1.5 million
inhabitants, corresponding to 15% of the regional population.
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Each ASST includes hub-and-spoke hospitals, hospitals
dedicated to mothers and children and rehabilitations, and
outpatient clinics. To address the feasibility of our protocol in
structures at different underlying WPV risks, we included all
the hospitals comprising the ASSTs. The study had 4 main
objectives: (1) to quantify WPV before the implementation of
the new protocol (2016-2020) and to document the extent by
which the available information on WPV episodes was
compliant with the guidelines [14] across different hospitals;
(2) to design and implement a new protocol for WPV reporting
and management (Figure S1 in Multimedia Appendix 1),
comprising of a standardized and easy-to-access incident report
procedure gathering first information on violence attributes,
consequences and contributing factors; of a root cause analysis
for more in-depth assessment of violence determinants and
impacts; and of a web-based platform for comprehensive event
management and data collection; (3) to estimate WPV
prevalence in the entire HCW population and in different
subpopulations and wards after the implementation of the new
standard; and (4) to assess the role of work organizational factors
by estimating the association between turn-over, downsizing,
sickness leaves, night shift working (defined according to a
published method [15]), and WPV occurrence. The specific
aims of this paper are related to objectives 1 to 3, whereas the
role of organizational factors, as well as the psychological
impact of violence, will be addressed in dedicated works. In
accordance with regional guidelines [14] and international
standards [16], WPV was defined as any form of verbal abuse,
threats, physical assaults (to persons or things) and sexual
harassment occurring at the workplace and perpetrated by
hospital patients or visitors or hospital employees.

WPV Reporting Before the Implementation of the
Study Protocol (2016-2020)
During 2016-2020, incident reporting was based upon
procedures and data collection forms that were neither
standardized between hospitals nor specific for aggressions.
The affected HCW notified the violence episode to the risk
manager in 1 ASST and to the safety personnel in the other.
The incident report data collection forms differed across
hospitals and were also used for incidents other than WPV (eg,
treatments adverse events, “near miss”), and several versions
were adopted during the 5 years following changes in hospital’s
organizations and managements. A root cause analysis was not
implemented in either hospital.

Development and Implementation of the Project’s
WPV Reporting Protocol
Figure S1 in Multimedia Appendix 1 depicts the flow chart for
the WPV reporting and management protocol of the DeVOS
project. Assaulted HCWs were required to notify the WPV to
the risk management office (hospital 1) or to the safety personnel
(hospital 2) within 72 hours of occurrence by using a
standardized, WPV-specific incident report data collection form,
available on the hospitals’ intranet. The form was developed
taking into account previous experience by the risk managers
of the participating hospitals, regional guidelines [14], and
existing literature on the topic [9,10,17,18], and it collected
information on violence attributes (form, hospital ward, involved

HCW, perpetrator, violence date and time, and environmental
factors), consequences (physical, psychological, reactions,
feelings during the aggression, and work injury), and
contributing factors (sociocultural, structural, organizational,
relational, and clinical). More details are in Table S1 in
Multimedia Appendix 1. Most fields were not mutually
exclusive, and the HCW could fulfill more than 1 choice. In the
case of WPV involving multiple HCWs, the risk management
office was required to check that each assaulted HCW filled in
1 incident report. HCWs signing the specific consent were
further contacted by the psychologist for the root cause analysis,
comprising of a structured interview including the Modified
Overt Aggression Scale [19] and the Broset Violence Checklist
[20]. Then, the HCW received to an email address of his or her
choice a 1-time access link to the project web platform for a
safe and easy completion of the questionnaires assessing the
impact of the WPV event (presence of cognitive, emotional,
and somatic symptoms [21]; the Maslach Burnout Inventory
[22]; and the General Health Questionnaire-12 [23]) and
psychosocial work conditions (the Italian version of the Health
and Safety Executive’s Management Standards Indicator Tool
[24]). These questionnaires were validated for use with Italian
HCWs [21,24,25]. Furthermore, the psychologist contacted the
HCW supervisor for a guided interview using a checklist on
work content and context factors. During periodic training
meetings with workforce coordinators, the risk management
officers explained the new protocol and provided information
on violence notification, field definitions on the incident report
form to standardize data collection (including contributing
factors), and the rationale and motivation for participation in
the root cause analysis. The coordinators were then asked to
instruct the HCW of their ward or unit. Additionally, in hospital
1, all newly hired HCWs were targeted by the same training.
In both ASSTs, the new protocol became effective on November
1, 2021. One ASST (hospital 2) gradually introduced the
protocol to the outpatient departments during the year 2022.
Therefore, for that ASST, we included only the hub and the
main spoke hospitals in the current analyses, corresponding to
71% of the workforce.

Web-Based Platform for Data Collection and Risk
Management
As part of the study, we developed a new web-based platform
for centralized data collection, with customized access to data
visualization or modification for risk management office
personnel, the psychologist, and the data analyst. Due to ethical
and confidentiality issues, we collected minimal sensitive
information on the HCW and the aggressor. Furthermore, the
easy visualization of questionnaire results by the psychologist
allowed an immediate identification of high-risk workers for
referral to supportive or mitigation resources.

Ethical Considerations
The study received approval by the Ethical Committee of
Insubria (IDs 82/2021 and 90/2021). Participants signed an
informed consent on data confidentiality and protection and a
separate informed consent to participate in the interview with
the psychologist. The web-based platform for centralized data
collection complied with the European Union legislation on
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data protection. The platform applied a complete anonymization
of personal data, allowing the tracing of repeated events on the
same worker. HCWs received no compensation for their
participation in the study.

Statistical Analysis
To be consistent with the literature mostly reporting WPV
prevalence for a 12-month interval, for each year in the “before”
study period (2016-2020) and by hospital, we estimated the
12-month WPV rate (per 100 workers) as the ratio between the
number of reported WPV in the year and the number of HCWs
in the payroll administrative records at the beginning of each
year. The 95% CI for the yearly rate was estimated using the
exact binomial distribution [26]. We estimated underreporting
as the ratio between the observed and expected number of
violent incidents. For the latter, we used the WPV rate estimated
in 2015-2017 in a large public University hospital in Northern
Italy by Viottini and colleagues [27] as 210 observed incidents
each year over a population of 10,970 HCWs, along with the
number of HCWs, again from payroll administrative records.
The 95% CI for the ratio was estimated from the Poisson exact
method [26]. To date, we completed the first 14 months since
the implementation of the new reporting standard (November
1, 2021 to December 31, 2022). For the entire period, we
reported on data completeness as missing data prevalence on
the incident report data collection forms. To describe the
violence attributes, we first assessed the co-occurrence of
different types of violence in the same episode, by reporting
percentages and mean number of violence types by episode.
Then, we reported the distribution of major violence
characteristics, consequences, and contributing factors, in the
overall sample and by sex of the assaulted HCWs, to identify
the presence of sex-related patterns. The association between
violence characteristics and sex was formally tested through
chi-square tests. The analyses of WPV underreporting and rate

were restricted to a 12-month period (year 2022, n=166 WPV)
adopting the same methods described above for the “before”
period and using the number of HCWs in the payroll records at
the beginning of the implementation of the new standard. The
overall rate was then broken down as the sum of 2 mutually
exclusive components: 1 being the rate of the first violent
episode and the second being the rate of recurrent violent
episodes on the same worker. Statistical analyses were
performed using SAS software (version 9.4; SAS Institute Inc).

Results

Data Completeness and WPV Rate in the “Before”
Period
Between 2016 and 2020, a total of 400 WPV reports were
notified in the 2 study hospitals. Data completeness was scanty:
in 160 (40%) of the reports, the affected HCW was not identified
(eg, replaced by a “generic” description of job title or by
expressions such as “everyone present”), and when identifiable,
in 70.8% (170/240) of reports, there was at least 1 missing
information on age, sex, or job title. This prevented us from
providing specific prevalence estimates by subgroups. Similarly,
environmental details, consequences, and contributing factors
were not available in 59% (236/400), 18% (72/400), and 50%
(200/400) of reports. Yearly WPV rates were diverging between
the 2 study hospitals, increasing from 0.52 (95% CI 0.34-0.77)
per 100 HCWs to 1.0 (95% CI 0.75-1.31) in 1 hospital and
declining from 1.92 (95% CI 1.42-2.54) to 0.57 (95% CI
0.32-0.93) in the other (Figure 1A). The yearly observed to
expected ratio was significantly below 1 for most years,
suggesting substantial (up to 73%) underreporting. In particular,
the ratio from 2016 to 2020 changed from 0.27 to 0.52 (eg,
reduction in underreporting) in the hospital with an increasing
WPV rate and from 1.0 to 0.30 (eg, increase in underreporting)
in the other.
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Figure 1. Twelve-month WPV rate observed in the study hospitals, before (period A) and after (period B) the implementation of the study protocol on
incident report. The study protocol on incident report was effective since November 1, 2021. The WPV rate (per 100 health care workers) is the number
of observed WPV incidents divided by the number of health care workers at the beginning of each year. WPV: workplace violence.

Data Completeness and WPV Rate in the “After”
Period
During the first 14 months of implementation of the study
standard, a total number of 205 WPV were reported, half (50%)
of them on the same day of occurrence, and 75% within the first
72 hours. Data completeness was optimal: only in 2% (4/205)
of reports the affected HCW was not identified, and when
identifiable, only in another 2% (4/201) there was at least 1
missing information on demographics or job title information
(Table S1 in Multimedia Appendix 1). The observed to expected
ratio was 1.91 (95% CI 1.63-2.21) as compared to the “before”
period in the same hospitals, which was consistent in the 2
hospitals (1.96 and 1.77). When using the reference rate from
literature to estimate the expected number of WPVs, the
observed to expected ratio was 1.14 (95% CI 0.98-1.32), being
slightly lower in hospital 2 where the first notification was to

safety personnel (0.83, 95% CI 0.60-1.13) rather than to the
risk management office (1.28, 95% CI 1.07-1.52) as in hospital
1. The 12-month WPV rate was 2.08 (95% CI 1.79-2.42) per
100 HCWs (Table 1), being slightly lower in hospital 2 than in
hospital 1 (1.52 vs 2.35; P=.02; Figure 1B). WPV rate (Table
1) declined with age, with the youngest group being at the
highest risk (P<.001); it was higher in male than female HCWs
(2.82 vs 1.83; P=.008); and it was more than doubled in nurses
(3.49; 95% CI 2.93-4.15), as compared to nurse assistants (1.74)
and physicians (1.08; P<.001). Finally, psychiatric wards (14.3)
and emergency departments (13.3) were at higher WPV rates
than the remaining wards; about one-fifth (0.41/2.08, 19.7%)
of the rates are due to recurrences. Analyses by hospital (Table
S2 in Multimedia Appendix 1) suggested higher rates in the
youngest group in hospital 1 and in psychiatric wards in hospital
2, whereas associations by sex and job title were homogeneous
across the hospitals.
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Table 1. Twelve-month WPVa rate (with 95% CI) for the year 2022 by affected HCWb demographic and work characteristicsc.

12-month WPV rate, (95% CI)WPV (n=166), n (%)dHCWs (n=7982), n
(%)

Characteristics

P valuehOverall WPVgRecurrent WPVfFirst WPVe

—i2.08 (1.79-2.42)0.41 (0.29-0.58)1.67 (1.41-1.97)166 (100)7982 (100)All WPV

<.001Age group (years)

3.98 (2.85-5.54)1.09 (0.57-2.07)2.90 (1.95-4.28)33 (19.9)829 (10.4)<30

2.41 (1.96-2.96)0.55 (0.35-0.85)1.86 (1.47-2.36)88 (53)3652 (45.8)30-50

1.29 (0.96-1.72)0.11 (0.04-0.30)1.17 (0.86-1.59)45 (27.1)3501 (43.9)>50

.008Sex

1.83 (1.52-2.20)0.32 (0.20-0.50)1.51 (1.23-1.85)109 (65.7)5960 (74.7)Female

2.82 (2.18-3.64)0.69 (0.41-1.17)2.13 (1.58-2.86)57 (34.3)2022 (25.3)Male

<.001Job title

1.08 (0.64-1.82)0.15 (0.04-0.61)0.93 (0.53-1.62)14 (8.4)1296 (16.2)Physician

3.49 (2.93-4.15)0.80 (0.55-1.12)2.69 (2.20-3.28)122 (73.5)3498 (43.8)Nurse

1.74 (1.13-2.68)0.26 (0.08-0.81)1.48 (0.92-2.37)20 (12.0)1149 (14.4)Nurse assistant

0.24 (0.06-0.95)—0.24 (0.06-0.95)2 (1.21)833 (10.4)Health care technician

0.12 (0.002-0.86)—0.12 (0.002-0.86)1 (0.60)824 (10.3)Administrative clerk

1.83 (0.88-3.79)—1.83 (0.88-3.79)7 (4.2)382 (4.8)Other

<.001Hospital ward

14.3 (10.9-18.6)3.73 (2.13-6.44)10.6 (7.64-14.4)46 (27.7)322 (4)Psychiatry and mental
health departments

13.3 (10.8-16.3)3.21 (2.06-4.98)10.1 (7.95-12.8)79 (47.6)592 (7.4)Emergency department

0.58 (0.43-0.79)0.03 (0.001-0.11)0.55 (0.40-0.75)41 (24.7)7068 (88.5)Other wards

aWPV: workplace violence.
bHCW: health care worker.
cTwelve-month rate is the ratio between the number of WPV and the number of HCWs, per 100 HCWs.
dExcluding 8 WPVs without data on age, sex, and job title of the affected HCW.
eFirst WPV: number of first WPVs in the 12-month period.
fRecurrent WPV: number of WPVs from the second case onward, in the 12-month period.
gThe overall violence rate is the sum of first and recurrent violence rates.
hWald chi-square test on the overall violence reporting rate, with a number of degrees of freedom equal to the number of classes in the independent
variable – 1.
iNot applicable (no groups to be compared).

Violence Attributes and Patterns in the “After” Period
Table 2 reports the co-occurrence of violence forms in the
incident reports. Verbal abuse was the largest majority (186/205,
90.7%) Of these, verbal abuse was the only form of violence in
26 (14%) out of 186 incidents, whereas 134 (72%) also reported
threats, 98 (52.7%) reported physical assaults, and 15 (8%)
reported sexual harassment. The mean number of reported
violence forms was 2.33. We report similar figures for the other
violence forms. Table 3 reports the distribution of major
violence characteristics and risk factors, by sex of the assaulted
HCW. Male HCWs were more likely than female HCWs to be
subject to physical assault (45/67, 67.2% vs 62/130, 47.7%;
P=.01). Either alone or with a patient, visitors were more likely
to assault female than male HCWs (40/130, 30.7% vs 8/67,
12%; P=.02). No sex-related differences were observed on

violence time or location. Female HCWs were less likely than
male HCWs to report a work injury to the insurance authority
(4/130, 3.1% vs 15/67, 22.4%; P<.001) and were more likely
than men to report psychological consequences (46/130, 35.4%
vs 13/67, 19.4%; P=.02) and life-threatening feelings during
the aggression (23/130, 17.7% vs 5/67, 7.5%; P=.05). Finally,
47.8% (32/67) of WPV in male HCWs was related to the clinical
conditions of the perpetrator, which is greater than that in female
HCWs (40/130, 30.8%; P=.02). In female HCWs, the single
most frequently reported factor was the sociocultural one (eg,
related to linguistic or cultural barriers or behaviors; 53/130,
40.8%). Of note, structural factors including safety (the lack of
barriers, alarm systems, or escape or poor lightning) were among
the least prevalent identified contributing factors, both in men
and in women.
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Table 2. Co-occurrence of different types of violence observed in the “after” period.

Number of violence
types in incident re-
ports, mean

No co-occurrence,

n (%)b
Co-occurrence, n (%)aType of violence (number of

reports)

SHfPAeTdVAc

2.3326 (14)15 (8)98 (52.7)134 (72)—gVA (n=186)

2.602 (1.4)12 (8.6)77 (55.4)—134 (96.4)T (n=139)

2.6114 (12.2)10 (8.7)—77(67)98 (85.3)PA (n=115)

3.460 (0)—10 (66.7)12 (80)15 (100)SH (n=15)

aPercent of incident reports with the row type of violence that also reports the column type.
bPercent of incident reports with only the row type of violence.
cVA: verbal abuse.
dT: threat.
ePA: physical assault.
fSH sexual harassment.
gNot relevant.
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Table 3. Distribution of major violence attributes, consequences, and contributing factors, by sex of the assaulted HCWa, in the “after” period.

P valuesWPV against male HCWs
(n=67), n (%)

WPV against female HCWs
(n=130), n (%)

All WPVb (n=197), n (%)Attributes

Type of violencec

.3359 (88.1)120 (92.3)179 (90.7)Verbal abuse

.1050 (74.6)82 (63.1)132 (67.0)Threat

.0145 (67.2)62 (47.7)107 (54.3)Physical assault

.476 (9.0)8 (6.2)14 (7.1)Sexual harassment

.02Perpetrator

56 (83.6)82 (63.1)138 (70.1)Patient only

7 (10.5)31 (23.9)38 (19.3)Visitor only

1 (1.5)9 (6.8)10 (5.1)Patient and visitor

3 (4.5)8 (6.9)11 (5.6)Coworker

.5825 (37.3)43 (33.3)68 (34.7)Violence during a night shift

.73When during the work shift

9 (13.4)16 (12.4)25 (12.8)Beginning

56 (83.6)106 (81.2)162 (82.7)During

2 (3.0)7 (5.4)9 (4.6)End

Locationc

.8016 (23.9)29 (22.3)45 (22.8)Patient’s bedroom

.9437 (55.2)71 (54.6)108 (54.8)Waiting examination room

.8319 (28.4)35 (26.9)54 (27.4)Communal locationd

.375 (7.5)15 (11.5)20 (10.2)External areas

.361 (1.5)5 (3.9)6 (3.1)Othere

Consequencesc

.1617 (25.4)22 (16.9)39 (19.8)Physical

.0213 (19.4)46 (35.4)59 (30.0)Psychological

.055 (7.5)23 (17.7)28 (14.2)Life-threatening feeling

<.00115 (22.4)4 (3.1)19 (9.6)Work injury reportf

Contributing factorsc,g

.9527 (40.3)53 (40.8)80 (40.6)Sociocultural

.4512 (17.9)18 (13.9)30 (15.2)Structural

.6519 (28.4)41 (31.5)60 (30.5)Organizational

.8118 (26.9)37 (28.5)55 (27.9)Relational

.0232 (47.8)40 (30.8)72 (36.6)Clinical

.103 (4.5)15 (11.5)18 (9.1)Other

.8410 (14.9)18 (13.9)28 (14.2)Not identified

aHCW: health care worker.
bWPV: workplace violence.
cMore than 1 answer was possible, so the total does not sum up to 100%.
dFor example, corridors, stairs, and elevators.
eIncluding web-based violence via email or telephone.
fViolence determining a work injury must be reported to the Italian Workers Compensations Authority.
gSociocultural (eg, linguistic barriers, behavior conditioned by cultural elements such as education or country of origin, the inadequacy of social
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behaviors); structural (eg, lack of barriers/alarm systems/escape, poor lightning); organizational (eg, related to work organization); relational (eg, related
to HCW experience and communication abilities); and clinical (eg, related to the conditions of the perpetrator, including psychiatric disorders and
substance abuse).

Discussion

The implementation of the ILO convention [1] and its
subsequent ratification in state members, including Italy (Law
n. 4 of January 15, 2021), calls for a systematic and standardized
registration of WPV in HCWs implemented on a large scale to
inform prevention, protection, and enforcement actions [7]. In
Italy so far, national statistics cover only more severe cases,
such as those exiting in a work injury [3], whereas academic
data obtained from convenient samples and retrospective
investigations exhibit significant heterogeneity, rendering them
uninformative for guiding prevention efforts effectively [7].
This study documents underreporting and WPV prevalence
estimates in 2 large public referral hospitals before and after
the implementation of a standardized, guidelines-based program
for systematic violence monitoring. Similar experiences
[9,12,13] have not yet documented such temporal changes.
WPV data in HCWs are affected by a substantial amount of
underreporting [28,29], up to 80% to 90% according to 1 US
study [29]. In line with this previous knowledge, in the
2016-2020 period, we estimated a yearly observed to expected
ratio mostly below 1 in the 2 study hospitals and as low as 0.27,
corresponding to 73% underreporting toward expected
prevalence from the literature [27]. Such a large amount of
underreporting hampers a meaningful interpretation and
comparison of time trends in violence prevalence between the
structures. After the implementation of the new standard, the
12-month observed to expected ratio increased to be larger than
1 as compared to the same benchmark and almost 2 as compared
to the “before” period in the same hospitals. In addition, only
9.8% (20/205) of the reported WPV determined a work injury,
suggesting that we were fairly able to detect less serious
incidents in which “no one was hurt,” which are generally
overlooked [30]. Finally, although verbal abuse was present in
90.7% (186/205) of reports, the affected HCWs were able to
describe and report the complex co-occurrence of violence forms
in the same episode. However, in the study hospital in which
the first notification was to safety personnel, rather than to the
risk management office, we found a lower observed to expected
ratio, a lower 12-month overall WPV rate but with a higher
peak in psychiatric wards, where episodes are more likely to be
related to the psychiatric conditions of the perpetrator. Based
on these findings, notification to dedicated personnel is
recommended in future applications to enhance violence
reporting.

Several reasons have been advocated for WPV underreporting,
including the feeling that violence is “part of the job” [31], the
lack of supervisor or coworker support, the fear of blame, and
the belief that reporting would not lead to positive changes [29].
We may speculate that our protocol could have contrasted some
of these barriers, through the introduction of a new reporting
standard specifically dedicated to WPV; the periodic training
of the new procedure with the workforce and newly hired
workers; the easiness of reporting by the HCW along with a
close support contact with the risk management office during

the first 72 hours since the episode; the availability of a
dedicated psychologist for counseling, also outside the HCW
working hours; and the periodic sharing of reporting with
workers’ safety representatives for health. These aspects,
specifically related to our protocol, might have reinforced the
positive impact on violence reporting related to increased
awareness of the issue due to the perception that the institution
was “giving attention to it.” Taken together, these put into light
the crucial role of a participative approach to the management
of WPV that, starting from standardized and systematic data
collection, requires the inclusion and active involvement of the
organization, workers, and occupational health figures (risk
management, occupational physicians, psychologist, and
workers’ safety representatives).

The 12-month violence rates we estimated should be compared
with caution with those from survey studies, since ours are
referring to the entire HCW population and are based on incident
reporting rather than on recollection. We add important pieces
of information that can help to identify high-risk workers. First,
while confirming the highest violence rates for psychiatric
wards, emergency departments, and nurses, we add the notion
that about 25% of their rate is due to the reoccurrence of
aggressions on the same workers, as previously observed in
Italy [27,32], Norway [33], and Denmark [34]. As current
knowledge on the factors related to multiple aggressions is so
far limited [33,34], future analyses are required to elucidate the
role of personal and work-related characteristics on multiple
aggressions. Second, in identifying high-risk subpopulations,
it is important to consider that age, sex, and job title might have
an unbalanced distribution in the specific health care workforce.
Although in our data the large majority (66%, 130/167) of
incident reports involved female HCWs, confirming institutional
data [3], these do not appear to be at higher WPV risk as
compared to male HCWs once their disproportional number in
the workforce has been considered, as in other prospective
studies [33,35]. Finally, our data can be used to well-characterize
patterns in WPV attributes and consequences related to HCW’s
characteristics, of which the sex-related one is an
exemplification. To this extent, we confirmed the highest
prevalence of physical violence in male HCWs recently
observed in Italy [11], at the same time expanding knowledge
by reporting sex-specific patterns in consequences, contributing
factors, and conditions of the perpetrator. Taken together, this
information can both guide priorities of interventions and a
better design of the contents of primary, secondary, and tertiary
prevention policies [36,37]. Systematic incident reporting is
important to provide a “time zero” to evaluate the efficacy of
future interventions.

Study limitations include the short time period of
implementation of the new standard; since it is still in use by
the 2 hospitals, we will be able to monitor in future reports its
sustainability over time. Our study cannot document changes
in WPV prevalence before and after the SARS-CoV-2 pandemic
outbreak, given that the change in the reporting system became
effective only at the end of 2021. Our underreporting metric is
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based upon a violence rate derived from literature, but assuming
it remained constant during the study periods (2016-2020 and
2022). On the other hand, due to the substantial heterogeneity
documented in the introduction, the validity of the metric
depends upon the choice of a comparable benchmark for study
design, period, and setting, since violence prevalence in Italy
is also heterogeneous across public versus private hospitals [32]
and country area [38]. The study we chose [27] satisfies most
of these requirements. In addition, we used the annual count of
HCWs to mitigate the impact on the expected number of
incidents due to changes in the workforce. Then, our WPV rates
can provide an updated benchmark for assessing underreporting
in Italy, using a similar observed-to-expected metric. Our study
protocol was implemented and tested in 2 large public general

hospitals, each with a complex organizational structure including
hub-and-spoke hospitals, as well as rehabilitation and outpatient
clinics. We adopted recognized standards for violence definition,
attributes, consequences, and determinants [10], to enhance the
comparison of our findings with other studies.

In conclusion, a guidelines-based protocol can mitigate the
underreporting of violence episodes against HCWs and provide
accurate information to identify high-risk workers and describe
violence attributes and patterns. The standardization across
hospitals can better inform priorities and contents of preventive
policies, at both a local and a large scale. To this extent, our
evaluation can provide useful information for large-scale
implementation of guidelines-based monitoring programs, as
well as in other contexts.
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Abstract

Background: The Region 1 Disaster Health Response System project is developing new telehealth capabilities to provide rapid,
temporary access to clinical experts across US jurisdictions to support regional disaster health response.

Objective: To guide future implementation, we identified hospital-level barriers, facilitators, and willingness to use a novel
regional peer-to-peer disaster teleconsultation system for disaster health response.

Methods: We used the National Emergency Department Inventory-USA database to identify all 189 hospital-based and
freestanding emergency departments (EDs) in New England states. We digitally or telephonically surveyed emergency managers
regarding notification systems used for large-scale no-notice emergency events, access to consultants in 6 disaster-relevant
specialties, disaster credentialing requirements before system use, reliability and redundancy of internet or cellular service, and
willingness to use a disaster teleconsultation system. We examined state-wise hospital and ED disaster response capability.

Results: Overall, 164 (87%) hospitals and EDs responded—126 (77%) completed telephone surveys. Most (n=148, 90%) receive
emergency notifications from state-based systems. Forty (24%) hospitals and EDs lacked access to burn specialists; toxicologists,
30 (18%); radiation specialists, 25 (15%); and trauma specialists, 20 (12%). Among critical access hospitals (CAHs) or EDs with
<10,000 annual visits (n=36), 92% received routine nondisaster telehealth services but lacked toxicologist (25%), burn (22%),
and radiation (17%) specialist access. Most hospitals and EDs (n=115, 70%) require disaster credentialing of teleconsultants
before system use. Among 113 hospitals and EDs with written disaster credentialing procedures, 28% expected completing
disaster credentialing within 24 hours, and 55% within 25-72 hours, which varied by state. Most (n=154, 94%) reported adequate
internet or cellular service for video-streaming; 81% maintained cellular service despite internet disruption. Fewer rural hospitals
and EDs reported reliable internet or cellular service (19/22, 86% vs 135/142, 95%) and ability to maintain cellular service with
internet disruption (11/19, 58% vs 113/135, 84%) than urban hospitals and EDs. Overall, 133 (81%) were somewhat or very
likely to use a regional disaster teleconsultation system. Large-volume EDs (annual visits ≥40,000) were less likely to use the
service than smaller ones; all CAHs and nearly all rural hospitals or freestanding EDs were likely to use disaster consultation
services. Among hospitals and EDs somewhat or very unlikely to use the system (n=26), sufficient consultant access (69%) and
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reluctance to use new technology or systems (27%) were common barriers. Potential delays (19%), liability (19%), privacy (15%),
and hospital information system security restrictions (15%) were infrequent concerns.

Conclusions: Most New England hospitals and EDs have access to state emergency notification systems, telecommunication
infrastructure, and willingness to use a new regional disaster teleconsultation system. System developers should focus on ways
to improve telecommunication redundancy in rural areas and use low-bandwidth technology to maintain service availability to
CAHs and rural hospitals and EDs. Policies and procedures to accelerate and standardize disaster credentialing are needed for
implementation across jurisdictions.

(JMIR Public Health Surveill 2023;9:e44164)   doi:10.2196/44164

KEYWORDS

disaster medicine; disaster; telemedicine; telehealth; eHealth; teleconsultation; remote consultation; health care delivery; e-consult;
notification; alert; emergency; health system; hospital management

Introduction

Background
Recent large-scale, no-notice disasters such as mass shootings
and tornadoes, and public health emergencies like the
COVID-19 pandemic, have exposed how even the most prepared
health care systems can be challenged to function effectively
in a crisis [1]. To address this problem, the Administration for
Strategic Preparedness and Response in the US Department of
Health and Human Services launched a new program to develop
regional disaster health response systems (RDHRS) as part of
the national strategic response plan to support catastrophic
disaster medical care [2]. The goal of an RDHRS is to create
partnerships among hospitals and health care facilities that
support regional (ie, multistate) health care delivery when
existing local and state capacity and capability are exceeded by
catastrophic events. RDHRS efforts include novel adaptations
of telehealth tools and systems to rapidly expand access to
highly specialized, disaster-relevant clinical subspecialists on
a regional or national level to support medical response in the
immediate aftermath of unusual hazards or catastrophic events.

Importance
Regionalization of routine specialty care, like trauma and
pediatric emergency care, has concentrated the available expert
workforce in urban settings and academic medical centers [3],
exacerbating access disparities in underserved areas [4-6].
Telehealth services have been used to bridge access to specialty
care in underserved, often rural, communities, and in
low-resource settings [7-10]. Despite technological
advancements, legal, regulatory, and administrative barriers and
variability in access to reliable high-speed telecommunications
infrastructure have continued to limit the development and use
of regional telehealth care delivery models in the United States
[11-13]. Variability in medical licensing and credentialing
procedures has also hindered the ability to leverage clinical
expertise across state lines and jurisdictions [12]. Telehealth
services have demonstrated use in military disaster settings [14].
However, civilian telehealth systems to support trauma, burn,
pediatric, and other highly regionalized specialty care remain
generally underdeveloped and inaccessible to many community
hospitals that may be overwhelmed in disaster events [15,16].

Goals of This Investigation
The Region 1 RDHRS, which covers 6 New England states, is
developing a new peer-to-peer disaster teleconsultation system
to support disaster health response across state lines [17]. This
system is designed to rapidly expand regional access to
disaster-relevant medical experts (eg, burn surgeons), who may
be in limited supply immediately following a large-scale,
no-notice emergency event, such as a mass casualty incident.
The goal is not to replace existing telehealth services but to
supplement overwhelmed services or provide new ones where
they are otherwise unavailable when needed in a crisis. The
RDHRS disaster teleconsultation system aims to provide local
bedside providers access to electronic consultation services with
remote clinical specialists via telephone, video, or other
platforms compliant with regulatory standards governing
protected health information within hours of an event [18]. This
would allow disaster-relevant clinical experts to participate early
in the acute response phase before in-person disaster teams can
be mobilized and deployed to the field. To guide development
and future implementation, the objectives of this study were to
identify barriers and facilitators to implementation and to
determine willingness (primary outcome) to use a new regional
disaster teleconsultation system at a hospital level in New
England.

Methods

Study Design and Setting
We conducted a cross-sectional survey study of all
hospital-based and freestanding emergency departments (EDs;
hospitals and EDs) open in March 2021 in the 6 New England
states (Connecticut, Maine, Massachusetts, New Hampshire,
Rhode Island, and Vermont).

Ethical Considerations
For this study, we collected only facility-level information about
hospitals and EDs. No compensation was provided for the
completion of the study. All data are securely stored on a
password-protected server accessible to the study staff. The
Mass General Brigham Human Research Committee reviewed
this project and classified it as exempt.

Survey Administration
Staff from the Emergency Medicine Network (Boston,
Massachusetts) used the National Emergency Department
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Inventory (NEDI)-USA database to identify all 189 New
England hospitals and EDs open during the study period. Briefly,
NEDI-USA contains information about all nonfederal,
nonspecialty US EDs [19]. Between March 1 and June 30, 2021,
we called the main telephone number for each hospital or ED
and requested to speak to the emergency manager for survey
completion by structured interview. We selected emergency
managers as key respondents, as these individuals are
responsible for and most knowledgeable about the disaster
preparedness and response capabilities of their facilities.

Three staff members with formal training and prior experience
with contacting hospitals and EDs for other surveys about
facility characteristics conducted the surveys. All used a
standardized protocol and interview guide with scripted
explanations in case respondents requested clarification of terms
and definitions. Telephone survey responses were directly
entered into a secure database by the interviewer, using Research
Electronic Data Capture (REDCap; Vanderbilt University) tools
hosted at Massachusetts General Hospital [20]. REDCap is a
secure, web-based software platform designed to support data
capture for research studies. We also created a web-based
version of the survey administered via REDCap as an alternate
means of participation. The web-based survey link was active
throughout the entire course of data collection.

Participants were given the option to either complete the
interview during the first call, schedule a time for callback, or
receive the survey by email. All respondents were able to ask
clarifying questions by telephone or via email before completing
the survey regardless of the mode of survey administration.
Survey respondents also had the option to leave questions
unanswered or consult other hospital staff (eg, compliance
officers) to confirm answers if needed.

Measurements
The survey questions were developed by the multidisciplinary
region 1 RDHRS Telehealth Working Group, which includes
experts in adult and pediatric emergency medicine, disaster
medicine, public health, hospital emergency system
management, and telehealth implementation. Survey questions
were reviewed by a hospital credentialing and compliance
officer, 2 directors of emergency preparedness, and 2 emergency
management specialists to ensure face validity.

The survey collected information about (1) how each hospital
and ED receives notification of large-scale or state-wide
no-notice emergency events, (2) the availability of 6
disaster-relevant clinical specialist types (toxicology, radiation
or nuclear medicine, trauma, burn, high-consequence infectious
disease, and critical care) for consultation in-person, via
telephone, or via telehealth within 4 hours of an event, (3)
disaster credentialing requirements of remote specialists before
system use, (4) availability of internet or cellular service to
support video streaming in clinical spaces, and (5) whether each
hospital and ED has a contingency plan if internet or cellular
service is disrupted. To assess hospital-level willingness
(primary outcome), we asked respondents how likely it would
be for their hospital and ED to use a new disaster
teleconsultation system to access specialists (very likely,
somewhat likely, somewhat unlikely, or very unlikely). Among

those who were “somewhat unlikely” or “very unlikely” to use
this system, we asked about potential barriers to use (Multimedia
Appendix 1).

Additionally, using the NEDI-USA data set, we identified each
ED’s total annual visit volume (<10,000; 10,000-19,000;
20,000-39,000; ≥40,000), whether or not each ED was a
designated critical access hospital (CAH) [21] or freestanding
ED [22], whether each hospital and ED was in an urban or rural
location based on location within or outside of a core based
statistical area, and whether the ED received routine
(nondisaster) telehealth services [23].

Primary Data Analysis
We used descriptive and bivariate statistics to describe and
compare the disaster response characteristics of New England
hospitals and EDs by state. Data are presented as frequencies
with percentages. A chi-square test and the Fisher exact test
were used to examine interstate variation in ED disaster response
capability. Fisher exact test was used alternatively for low
counts. P values of <.05 were considered statistically significant.
We also created maps to demonstrate the geographic differences
in the hospital or ED disaster response infrastructure. Data
analysis and mapping were performed using SAS (version 9.4;
SAS Institute).

Results

Of the 189 hospitals and EDs open in New England in 2021, a
total of 164 (87%) responded to the survey. Among these, 126
(77%) completed the survey by phone interview, and 38 (23%)
completed it digitally. The response rate in each of the 6 New
England states was ≥83%. There were no differences in ED
characteristics between responders and nonresponders.

Table 1 summarizes the emergency notification mechanisms,
whereas Table 2 summarizes gaps in access to disaster-relevant
specialists for consultation in New England hospitals and EDs.
While the percentage of hospitals and EDs notified by state-level
systems or emergency medical services (EMS) and public safety
systems was similar across all states, notification by regional-
or county-level systems or via media mechanisms was more
varied (Table 1). Most New England hospitals and EDs (97%)
could access at least 1 type of disaster-relevant specialist for
consultation in-person, via telephone, or via telehealth within
the first 4 hours of a large-scale, no-notice emergency event
(Table 2). There was no significant difference in access to
specialists by state.

ED characteristics are summarized in Table 3. Because small
volume EDs (<10,000 annual visits), CAHs, and rural hospitals
may lack access to specialists, we further examined this subset
(Table S1 in Multimedia Appendix 1). Eighteen of the 22 EDs
with <10,000 annual visits were also designated CAHs. Among
CAHs or EDs with <10,000 annual visits (n=36), 92% received
routine nondisaster telehealth services, and most reported access
to specialists in trauma (92%), high-consequence infectious
disease (92%), and critical care (97%). However, 25% lacked
access to toxicologists, 22% to burn specialists, and 17% to
radiation or nuclear medicine specialists.
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Next, we asked if hospitals and EDs would require disaster
credentialing of teleconsultants before permitting system use.
Overall, 70% (115/164) of New England hospitals and EDs
reported that they would require disaster credentialing and 113
of these had written procedures in their medical staff bylaws.
Among those with written procedures (n=113), disaster
credentialing (n=105, 93%) was used more frequently than
credentialing-by-proxy (n=16, 14%) or other procedures (n=5,
4%). Over half (n=62, 55%) expected disaster credentialing to
take 25 to 72 hours to complete and varied by state. Only 32
(28%) expected to complete these procedures within 24 hours
and 17 (15%) within 4 hours. Figure 1 depicts the variability in
expected time to complete disaster credentialing procedures in
hospitals and EDs within and between states in New England.
Notably, 43 (38%) had used disaster credentialing procedures
during a major event in the past 20 years, of which 53% had
successfully completed it within 4 hours. Approximately
two-thirds of hospitals and EDs requiring disaster credentialing
of teleconsultants were willing to use a third-party verification
system to complete this procedure. More hospitals and EDs in
Rhode Island (100%), Maine (94%), and New Hampshire (86%)
were willing to use a third-party verification system than in
Vermont (57%), Connecticut (52%), and Massachusetts (47%).

We then examined the reliability and redundancy of hospital
telecommunication infrastructure as this could affect adoption
and use of a disaster teleconsultation system. Overall, 154 (94%)
hospitals and EDs reported reliable internet or cellular service
connectivity for video streaming in clinical areas, and 142 (87%)
had a contingency plan for loss of telecommunication services.
Of the 154 hospitals and EDs with reliable connectivity, 124

(81%) could maintain cellular service if there was an internet
disruption. Hospitals and EDs in Maine, New Hampshire, and
Vermont had less reliable telecommunication and lower
capability of maintaining services during disruption (Figure 2).
Fewer rural hospitals and EDs reported reliable internet or
cellular service (19/22, 86% vs 135/142, 95%) and ability to
maintain cellular service with internet disruption (11/19, 58%
vs 113/135, 84%) than urban hospitals and EDs.

Most (n=133, 81%) New England hospitals and EDs were very
or somewhat likely to use RDHRS disaster telehealth services
to access specialists if a large-scale no-notice event affected
their facility. Hospitals and EDs in Vermont, New Hampshire,
and Rhode Island reported higher willingness to use the system
than those in Maine, Massachusetts, and Connecticut (Figure
3). Among the 26 (16%) hospitals and EDs that were somewhat
or very unlikely to use the system, the leading barriers were
sufficient access to specialists in-house or within the health
system (n=18, 69%) and reluctance to use new technology or
systems during a disaster (n=7, 27%). Potential time delays
(n=5, 19%), liability (n=5, 19%), privacy (n=4, 15%), and
hospital information system security restrictions (n=4, 15%)
were other reported concerns.

Table 3 examines the willingness to use disaster teleconsultation
services by ED characteristics. While overall willingness was
high, large volume EDs (annual visits ≥40,000) were less likely
to use the service than smaller ones. In contrast, all CAHs and
nearly all rural hospitals or freestanding EDs were likely to use
disaster consultation services. Eighty percent of hospitals and
EDs that were likely to use the system also received nondisaster
telehealth services.

Table 1. Overall and by-state comparison of mechanisms by which New England hospitals and emergency departments are notified of large-scale or
state-wide no-notice emergency events.

P val-
ue

Vermont
(n=12), n (%)

Rhode Island
(n=8), n (%)

New Hampshire
(n=24), n (%)

Maine (n=30),
n (%)

Massachusetts
(n=57), n (%)

Connecticut
(n=33), n (%)

Total (n=164),
n (%)

Disaster response
capability

.138 (67)7 (88)21 (88)27 (90)47 (82)32 (97)142 (87)EMSa or public
safety system noti-
fication

.1012 (100)8 (100)20 (83)27 (90)48 (84)33 (100)148 (90)Hospital network
emergency notifica-
tion system activat-
ed at state level

.026 (50)6 (75)17 (71)28 (93)48 (84)28 (85)133 (81)Hospital network
emergency notifica-
tion system activat-
ed at regional or
county level within
a state

<.0015 (42)2 (25)8 (33)12 (40)24 (42)29 (88)80 (49)Media notification

.360 (0)0 (0)0 (0)3 (10)5 (9)5 (15)13 (8)Otherb

aEMS: emergency medical service.
b“Other” includes receiving notifications from a dedicated third party, internal notification system, national alert network such as from Centers for
Disease Control, and so forth.
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Table 2. Frequency and percentage of New England hospitals and emergency departments reporting no access to specialists for consultation in-person,
via telephone, or via telehealth within first 4 hours of large-scale, no-notice emergency event, overall and by state.

P val-
ue

Vermont
(n=12), n (%)

Rhode Island
(n=8), n (%)

New Hampshire
(n=24), n (%)

Maine (n=30),
n (%)

Massachusetts
(n=57), n (%)

Connecticut
(n=33), n (%)

Total (n=164),
n (%)

Disaster response
capability

.272 (17)3 (38)7 (29)3 (10)11 (19)4 (12)30 (18)Toxicology

.611 (8)2 (25)4 (17)7 (23)8 (14)3 (9)25 (15)Radiation or nucle-
ar medicine

.191 (8)2 (25)1 (4)3 (10)11 (19)2 (6)20 (12)Trauma

.082 (17)2 (25)5 (21)8 (27)20 (35)3 (9)40 (24)Burn

.260 (0)0 (0)1 (4)4 (13)1 (2)1 (3)7 (4)Infectious disease

.590 (0)0 (0)0 (0)3 (10)2 (4)1 (3)6 (4)Critical care

.520 (0)0 (0)0 (0)1 (3)0 (0)1 (3)2 (1)No access to any
specialist

Table 3. Emergency department (ED) characteristics by willingness to use a regional disaster teleconsultation system.a

Very unlikely
(N=3), n (%)

Somewhat unlikely
(N=23), n (%)

Somewhat likely
(N=86), n (%)

Very likely (N=47),
n (%)

Total (N=164),
n (%)

Characteristics

Annual ED visit volume

0 (0)1 (4)12 (14)8 (17)22 (13)<10,000

1 (33)4 (17)32 (37)8 (17)46 (28)10,000-19,999

1 (33)6 (26)20 (23)21 (45)48 (29)20,000-39,999

1 (33)12 (52)22 (26)10 (21)48 (29)≥40,000

Critical access hospital

0 (0)0 (0)19 (22)12 (26)32 (20)Yes

3 (100)23 (100)67 (78)35 (74)132 (80)No

Freestanding ED

1 (33)0 (0)9 (10)2 (4)12 (7)Yes

2 (67)23 (100)77 (90)45 (96)152 (93)No

Urban status

3 (100)22 (96)72 (84)41 (87)142 (87)Urban

0 (0)1 (4)14 (16)6 (13)22 (13)Rural

Access to routine (nondisaster) telehealth services

3 (100)18 (78)65 (76)41 (87)132 (80)Yes

0 (0)4 (17)11 (13)2 (4)17 (10)No

0 (0)1 (4)10 (12)4 (9)15 (9)Missing

a5 participants skipped the willingness question.

JMIR Public Health Surveill 2023 | vol. 9 | e44164 | p.2583https://publichealth.jmir.org/2023/1/e44164
(page number not for citation purposes)

Boyle et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. By-state comparison of expected timeline to complete disaster/emergency credentialing and privileging procedures among New England
hospitals and emergency departments that would require disaster credentialing and had written procedures in medical staff bylaws (n=113).

Figure 2. Reliability and redundancy of telecommunications infrastructure. (A) The percentage of emergency departments with adequate internet and
cellular service to support video-streaming (reliability). (B) The percentage of emergency departments that maintain cellular service despite internet
disruption (redundancy). ED: emergency department.
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Figure 3. Willingness of New England hospitals and emergency departments to use a regional disaster teleconsultation system to access specialists by
state (n=164).

Discussion

Principal Results
In this regional study, we found that most New England
hospitals and EDs had the necessary emergency notification
mechanisms, telecommunication infrastructure, and willingness
to support the future regional implementation of a disaster
teleconsultation system. Although many EDs had access to at
least 1 disaster-relevant specialist, 1 in 4 New England hospitals
and EDs lacked access to burn specialists, identifying an
important gap to target in future service delivery. Rural
hospitals, freestanding EDs, and CAHs demonstrated the highest
willingness to use this type of service but may require
improvements in telecommunication infrastructure to support
use in conditions where connectivity is disrupted or
infrastructure destroyed. Despite limiting disaster telehealth
services to teleconsultation only, 7 in 10 hospitals and EDs
would require disaster credentialing before using the service
and less than a third of these sites could complete this procedure
within 24 hours. This could significantly delay postdisaster
access to specialists required for time-critical patient care.

Comparison With Prior Work
Identifying which emergency notification mechanisms are used
most frequently by regional hospitals can help RDHRS programs
prioritize the most effective communication channels. RDHRS
programs are designed to build on local and state assets and
emergency response capabilities and provide regional
coordination of key health care resources, such as burn centers
and pediatric hospitals. Our findings suggest that integrating
RDHRS communication strategies with hospital emergency
network notification systems activated by state, EMS, and public
safety systems would be the most efficient mechanisms for rapid
regional communication. Such channels could be used to notify
hospitals of the availability of regional disaster services in the

aftermath of an event. Formalizing RDHRS programs as regional
response entities within the national strategic response plan
would facilitate future integration with existing emergency
notification systems at the local and state level.

Depending on regional need and availability, RDHRS programs
may need to create new disaster telehealth service lines or
facilitate mechanisms to expand access to existing ones.
Understanding gaps in regional access to disaster-relevant
specialty care is necessary to target which service lines need
the most urgent development, especially as rural and urban
practitioners may perceive service need and use differently [24].
Among New England hospitals and EDs, we found larger gaps
in access to burn, toxicology, radiation, and trauma specialists
than to infectious disease and critical care specialists. Burn and
trauma care are notable examples where disparities in routine
access may be worsened by a disaster. For example, after a mass
casualty incident, interfacility patient transfers may be delayed
due to limited availability of emergency medical services for
transportation, and overwhelming volume may limit capacity
at receiving specialty hospitals. Regional disparities in access
to burn centers have been described [25,26]. Despite the ability
to alter triage, care, and transfer decisions [27-29], many burn
telehealth programs remain localized without regional or
national coordination due to barriers in sustainable funding and
license portability [30,31]. Regional variation in access to
trauma centers impacts injury mortality and emergency resource
usage [32,33]. While trauma telehealth programs support
providers who are uncomfortable or unfamiliar with specialty
trauma care and improve transfer efficiency for acutely injured
patients [34-36], adoption has lagged.

Mass casualty incidents involving radiological and chemical
agents also require immediate access to experts in radiological
exposure, hazardous materials, and medical toxicology.
Although federal guidance emphasizes early mass
decontamination during the emergency response to such
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incidents [37], a qualitative study across 3 US regions found
ED clinicians perceived a lack of hospital preparedness for
radiological terrorism [38]. Teleconsultation with hazardous
material or radiation specialists could be used to support field
providers and receiving hospitals, although studies examining
the use of telehealth for such incidents are sparse.
Teleconsultation with patients for counseling and risk
communication after exposure could add public health benefit,
as described after the 2011 Fukushima nuclear disaster [39].
Regional poison centers can also be integrated into disaster
response infrastructure to leverage available medical toxicology
expertise [40]. Like other service lines with low-frequency use,
the adoption of routine teleconsultation with medical
toxicologists has been limited by reimbursement barriers [41].
Dedicated funding to ensure the correct people, equipment, and
administrative supports are maintained during the preparedness
portion of the disaster cycle will be essential to ensure effective
national strategic response for future events.

Historically, concerns over the cost of technology and service
use, and administrative barriers related to interstate license
portability and hospital credentialing and privileging
requirements have slowed the expansion of telehealth in the
United States [12,42-45]. Licensure refers to the process of
securing the authority to practice medicine within a state.
Credentialing refers to the administrative process of validating
the competency of a health care provider by verifying their
license, education, certification, and other information to ensure
they meet the practice standards required by a hospital. Disaster
credentialing is an expedited procedure that can only be used
when a hospital’s emergency operations plan is activated to
facilitate rapid access to outside assistance (eg, medical
professionals) to sustain patient care. Our findings highlight
how variability in regulatory and administrative practices at the
state and hospital level could hobble efforts to integrate
telehealth tools into regional disaster medical response. Despite
limiting disaster services to peer-to-peer teleconsultation with
certified expert providers, 70% of New England hospitals and
EDs would require disaster credentialing of teleconsultants
before permitting service use with many requiring up to 72
hours to complete this process. This administrative barrier could
delay implementation by days to weeks and negate the potential
benefits of accessing specialists within hours of a no-notice
event, like a mass casualty incident, where interventions and
outcomes are critically time sensitive.

Our findings are surprising as peer-to-peer teleconsultation for
the purpose of providing expert advice is not subject to the same
legal and regulatory requirements as telehealth services that
deliver direct patient care [11]. Common licensure exceptions
include physician-to-physician consultations, public health
services, medical emergencies, and natural disasters [11]. For
example, Regional Poison Control Centers represent a widely
accepted model where episodic, emergency consultations are
delivered via telephone by certified expert personnel across
jurisdictions [46]. These consultations are freely and routinely
accessible to providers without administrative requirements for
hospitals using the service. Whether survey respondents
perceived expert teleconsultations via a regional disaster health
response system as distinct from telephone consultations via a

regional poison control center is unclear. Finally, in the absence
of clear guidance on acceptable standards, hospital
administrators may vary in their approach to disaster
credentialing to avoid potential regulatory penalties and
minimize medicolegal risk [12]. We encourage future research
to understand the reasons underlying the variability in hospital
credentialing practices, as this could have important implications
for policy makers.

Creation of a national licensure standard, incentivizing the
adoption of existing mechanisms to streamline interstate
licensure such as the Interstate Medical Licensure Compact
[47], or permitting limited exceptions to telehealth licensure
laws could all support the ability to maintain a rapidly
deployable network of disaster-relevant specialists at the ready.
The Centers for Medicare and Medicaid Services could also
incentivize hospitals to adopt mechanisms to streamline disaster
credentialing procedures by using rapid third-party verification
mechanisms. For example, Provider Bridge, a web-based
platform to speed verification of out-of-state health care
volunteers, was developed by the Federation of State Medical
Boards with temporary funding from the Health Resources and
Services Administration and the Coronavirus Aid, Relief, and
Economic Security Act [48]. However, cessation of grant
funding has left the future of such programs uncertain. We
strongly support continued funding and intentional integration
of effective pilot programs to ensure investments made to
support pandemic response are available for future disaster
response.

Successful application of telehealth requires reliable access to
high-speed broadband networks and functional
telecommunications infrastructure. Broadband refers to various
technologies (eg, cable, wireless, satellite, wireless, and mobile)
that provide high-speed data transmission and connection to the
internet. Prior studies have described disparities in access to
broadband coverage in the United States, particularly in rural
communities and tribal lands [49,50]. By the most recent Federal
Communications Commission estimates, 77% of Americans in
rural areas and 72% in tribal lands have broadband access via
fixed terrestrial (eg, cable) and mobile (cellular) networks at
speeds that can support 2-way video-conferencing as compared
to 99% of Americans in urban areas [51]. In this study, most
New England hospitals and EDs reported adequate broadband
access via fixed and mobile networks to support video streaming
in clinical spaces. However, 1 in 5 rural hospitals in New
England may lose this capability if fixed networks are disrupted
because they have inadequate access to mobile networks within
facility walls. More research is required to understand regional
capabilities to mobilize satellite or mobile towers when
infrastructure is lost.

Telehealth platforms that function at low bandwidth speeds and
operate on both fixed and mobile networks will be necessary
for resiliency in disasters where telecommunications
infrastructure may be damaged or destroyed, or networks
overwhelmed by surging demand. Additionally, asynchronous
communication mechanisms that remain operational in limited
bandwidth settings could also be sufficient to serve some
disasters and areas. Federal investment in closing the “digital
divide” should include strategies to ensure reliability and
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redundancy of telecommunications infrastructure in vulnerable
facilities in rural areas and tribal lands. A similar approach could
support telehealth applications for humanitarian response in
resource-limited settings and different cultural or geographic
environments.

Widespread adoption and use of telehealth during the COVID-19
pandemic has resulted in broad technology acceptance within
the global health care community. In the postpandemic
environment, cost may become a lesser barrier as clinical needs
push providers and organizations to adopt new models of remote
care delivery [52]. We found high willingness to use regional
disaster teleconsultation services to access key specialist groups
among New England hospitals and EDs. This survey was
conducted in 2021 after the first year of the pandemic, when
many hospitals were still struggling with large patient surges
and workforce shortages and using emergency operations
[53,54]. While this may have biased respondents toward
expressing greater willingness, their attitudes are arguably
informed by real-world experience rather than conjecture.
Whether frontline providers and clinicians would express similar
levels of willingness to use disaster teleconsultation services is
unclear, although simulation-based studies suggest this may
hold true [17]. Future research examining attitudes and drivers
of the adoption of disaster telehealth services on a provider
level, mechanisms to disseminate awareness of service
availability, and integration with existing emergency
management plans will be needed to ensure service lines will
actually be used. Finally, even the hospitals and EDs that are
willing to use disaster telehealth services may experience
barriers to implementation. Thus, system developers should not
only indicate potential demotivating factors, barriers, or
weaknesses to implementation but also identify critical
acceptance criteria to implement disaster telehealth services on
a hospital level.

The motivators and challenges to the implementation of regional
disaster telehealth systems for cross-jurisdictional response in
the United States parallel applications of telehealth for
international humanitarian response [55]. The Sendai Framework
for Disaster Risk Reduction 2015-2030 was developed to guide
international efforts in disaster risk reduction through
coordinated implementation of various measures to reduce
vulnerabilities, increase preparedness for response and recovery,
and strengthen resilience [56]. In 2022, rapidly deployable
disaster telehealth services coordinated by an international,
nongovernmental collaborative of digital health, telehealth,
disaster response, and medical experts and staffed by clinical
volunteers across the globe provided access to health care for
Ukrainians displaced by the Russia-Ukraine conflict [57]. This
was a powerful demonstration of how a disaster telehealth
system could leverage a remote international workforce to
support large-scale humanitarian response and supplement
in-person field response. However, in the United States, many
insurers and state licensing boards only permit telemedical
practice with oversight due to the risk of potential abuse.
Furthermore, lack of adoption of standards or agreements
prevents efficient use of telehealth solutions to support timely
“surge capacity” to deliver health services during emergencies
because expert volunteers are mired in cumbersome and

complicated processes of entering into agreements with their
home jurisdictions before they can be digitally “deployed”
across jurisdictions. We call for the uniform adoption of national
(eg, Uniform Emergency Volunteer Health Practitioners Act)
and international standards governing licensure and verification
of medical volunteers practicing across jurisdictions to facilitate
engagement and avoid implementation delays.

Limitations
This study has potential limitations. First, we defined disaster
teleconsultation services as electronic consultations between
providers as recognized by the Health Resources and Services
Administration [18]. Here, teleconsultants provide peer-to-peer
advice only and the bedside clinician makes final patient care
decisions. However, some respondents may not have
distinguished this from nonconsultative services or other types
of routine, nondisaster telehealth services where a remote
clinician directs patient care. One possibility is that emergency
managers lack knowledge of the credentialing procedures that
are the purview of compliance officers and provided erroneous
answers. Another possibility is that despite our efforts to define
the limited scope of disaster teleconsultation services,
respondents were confused by or disagreed with our definitions.
If respondents did not distinguish between teleconsultation for
advice and telehealth to provide direct patient care, they could
perceive credentialing procedures as necessary. Confusion about
the service type offered could overestimate variability in disaster
credentialing procedures. However, respondents were provided
ample opportunity to ask clarifying questions regarding terms
and definitions during survey administration, and we did not
perceive any confusion to this end.

Second, the data were self-reported by 1 person per site, which
may have introduced information bias. However, we mitigated
this by contacting emergency managers as respondents, as they
are responsible for and knowledgeable about disaster operations
and plans for their facilities. Third, the attitudes of hospital
emergency managers may not reflect those of frontline clinicians
or other hospital administrators, so it is possible our estimates
of willingness to use regional disaster telehealth services are
inaccurate. Future research should examine the attitudes of
additional groups involved in the adoption and implementation
of telehealth services for disaster response on a hospital level.
Last, this survey was administered in New England, which may
not be representative of the other regions. However, diversity
in geography and hospital and ED types within the region
supports the generalizability of the findings.

Conclusions
In summary, we found that most hospitals and EDs in New
England have the necessary access to statewide emergency
notification mechanisms, telecommunications infrastructure,
and willingness to use a new regional disaster teleconsultation
system to access specialists if a large-scale event affected their
facility. Even in a relatively resource-rich region, access to burn
care was the most limited among numerous disaster-relevant
specialty types and should be an early focus for service line
development. We also identified significant variability and lack
of standardization in hospital credentialing practices, which
could delay timely access to teleconsultants and diminish
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potential benefits for no-notice disasters with time-sensitive
outcomes. These findings can inform how health systems and
disaster response organizations can coordinate strategic plans
to implement and integrate new telehealth tools for regional
disaster medical response in New England. We encourage future
research on interregional differences in clinical needs, gaps in

telecommunications infrastructure, and reasons for variability
in disaster credentialing practices at a hospital level. This
research is critical to build an effective telehealth capability that
supports real-world needs for regional disaster health care
response across the United States.
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Abstract

Background: Studies have shown increasing COVID-19 vaccination hesitancy among migrant populations in certain settings
compared to the general population. Hong Kong has a growing migrant population with diverse ethnic backgrounds. Apart from
individual-level factors, little is known about the migrants’ preference related to COVID-19 vaccines.

Objective: This study aims to investigate which COVID-19 vaccine–related attributes combined with individual factors may
lead to vaccine acceptance or refusal among the migrant population in Hong Kong.

Methods: An online discrete choice experiment (DCE) was conducted among adults, including Chinese people, non-Chinese
Asian migrants (South, Southeast and Northeast Asians), and non-Asian migrants (Europeans, Americans, and Africans) in Hong
Kong from February 26 to April 26, 2021. The participants were recruited using quota sampling and sent a link to a web survey.
The vaccination attributes included in 8 choice sets in each of the 4 blocks were vaccine brand, safety and efficacy, vaccine uptake
by people around, professionals’ recommendation, vaccination venue, and quarantine exemption for vaccinated travelers. A
nested logistic model (NLM) and a latent-class logit (LCL) model were used for statistical analysis.

Results: A total of 208 (response rate 62.1%) migrant participants were included. Among the migrants, those with longer local
residential years (n=31, 27.7%, for ≥10 years, n=7, 20.6%, for 7-9 years, n=2, 6.7%, for 4-6 years, and n=3, 9.7%, for ≤3 years;
P=.03), lower education level (n=28, 28.3%, vs n=15, 13.9%, P=.01), and lower income (n=33, 25.2%, vs n=10, 13.2%, P=.04)
were more likely to refuse COVID-19 vaccination irrespective of vaccination attributes. The BioNTech vaccine compared with
Sinovac (adjusted odds ratio [AOR]=1.75, 95% CI 1.14-2.68), vaccine with 90% (AOR=1.44, 95% CI 1.09-1.91) and 70% efficacy
(AOR=1.21, 95% CI 1.03-1.44) compared with 50% efficacy, vaccine with fewer serious adverse events (1/100,000 compared
with 1/10,000; AOR=1.12, 95% CI 1.00-1.24), and quarantine exemption for cross-border travelers (AOR=1.14, 95% CI 1.01-1.30)
were the vaccine attributes that could increase the likelihood of vaccination among migrants. For individual-level factors, full-time
homemakers (AOR=0.44, 95% CI 0.29-0.66), those with chronic conditions (AOR=0.61, 95% CI 0.41-0.91) and more children,
and those who frequently received vaccine-related information from the workplace (AOR=0.42, 95% CI 0.31-0.57) were found
to be reluctant to accept the vaccine. Those with a higher income (AOR=1.79, 95% CI 1.26-2.52), those knowing anyone infected
with COVID-19 (AOR=1.73, 95% CI 1.25-2.38), those having greater perceived susceptibility of COVID-19 infection (AOR=3.42,
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95% CI 2.52-4.64), those who received the influenza vaccine (AOR=2.15, 95% CI 1.45-3.19), and those who frequently received
information from social media (AOR=1.52, 95% CI 1.12-2.05) were more likely to accept the vaccine.

Conclusions: This study implies that migrants have COVID-19 vaccination preference heterogeneity and that more targeted
and tailored approaches are needed to promote vaccine acceptance for different subgroups of the migrant population in Hong
Kong. Vaccination promotion strategies are needed for low-education and low-income migrant groups, migrants with chronic
diseases, the working migrant population, homemakers, and parents.

(JMIR Public Health Surveill 2023;9:e40587)   doi:10.2196/40587

KEYWORDS

COVID-19 vaccination; migrants; discrete choice experiment; ethnic minorities; vaccine attributes; Hong Kong; COVID-19

Introduction

COVID-19 vaccination has been implemented worldwide as a
crucial public health tool to reduce morbidity and mortality and
eventually put an end to social distancing measures and the
pandemic as a whole [1]. As of December 29, 2021, about 8.68
billion vaccine doses had been administered worldwide [2], first
targeting priority groups and gradually extending vaccination
to the general population.

For this campaign to be successful, public acceptance and the
willingness to undergo vaccination are needed across the whole
population [1,3]; yet research indicates that migrant populations
in certain settings are particularly hesitant toward COVID-19
vaccines [4,5]. However, little is known about the migrants’
preference related to COVID-19 vaccines [6]; this undermines
health equity, since as vulnerable populations, migrants are at
a higher risk of COVID-19 infection, hospitalization, and
mortality compared to the general population [7].

Previous studies have mainly focused on individual-level factors.
They have reported that migrants’ socioeconomic conditions
and gender have an impact on COVID-19 vaccine acceptance
[3,8,9]. Ethnicity-related factors can influence vaccine hesitancy
as well [4,9-11]. Moreover, the literature on migrant health
suggests that migration history can differently affect access to
primary medicine and vaccination uptake [12].

Finally, low vaccine coverage among migrants may be due to
limited knowledge of the overall health care system [4]; in
addition, during the pandemic, barriers within health care
systems usually identified as possible factors affecting migrants’
lower access to preventive care and vaccinations have increased
[5,9]. Trust in the health care system or in vaccines may affect
vaccine uptake as well [4,9,11,13].

Hong Kong is an international city with a growing migrant and
ethnic population, which reached 8% of the overall population
in 2016, representing a sharp increase of about 70% compared
to 2006 [14]. Despite its facade of an international and inclusive
city, Hong Kong holds a hegemonic Chinese culture where
exclusion is widespread [15]; this may affect migrant population
access and attitudes toward vaccines as well.

Although research has focused on individual variables, little is
known about how vaccine-related attributes may influence
migrants’ attitudes toward COVID-19 vaccination. Similar to
previous research conducted on the general population [16,17],
this study aims to investigate COVID-19 vaccine preferences

among the migrant population by identifying which individual
factors combined with vaccine-related attributes may lead to
vaccine acceptance or refusal. Although most of the literature
focuses on the general population, this analysis will provide a
more nuanced understanding of migrants’ overall attitudes
toward vaccines and guide public health efforts to promote
COVID-19 vaccination among more diverse groups.

Methods

Study Sample and Data Collection
An online discrete choice experiment (DCE) was conducted
among all adults, including Chinese people and non-Chinese
migrants in Hong Kong, China, from February 26 to April 26,
2021, the first 2 months after the commencement of the citywide
COVID-19 vaccination program of 2 major vaccines. Chinese
or non-Chinese residents of Hong Kong aged 18 years or above
were eligible to participate in the survey, while those who had
a history of being diagnosed with COVID-19 or had received
any COVID-19 vaccine were excluded. The participants were
recruited using quota sampling for people with different
ethnicities according to Hong Kong census data [18], including
Chinese, non-Chinese Asians (South Asians, Southeast Asians
and Northeast Asians), and non-Asians (Europeans, Americans,
and Africans). A web link to the survey was sent to potential
participants through the network established in a previous
survey, through local nongovernmental organizations that
provide social services to socially disadvantaged individuals
and migrants, and through persons familiar with the migrant
communities. The distribution of ethnicities in the sample was
monitored online during the survey to adjust the sampling
strategies for the remaining participants, and ceiling limits
(quotas) were set for the number of participants with different
ethnicities based on the ethnical distribution in the population.
The survey was originally designed in English and then forward-
and back-translated to other languages and thus was also
available in Bahasa Indonesia, Nepali, Urdu, Thai, and
traditional Chinese.

Experimental Design
A DCE requires participants to make choices from a series of
choice sets described by a number of attributes. The attributes
describing the COVID-19 vaccination plans included vaccine
brand, efficacy, safety, uptake of vaccine by people around,
recommendations from professionals, venue for vaccination,
and exemption of quarantine for vaccinated travelers (Table 1),
which were generated from prior individual interviews with 45
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Hong Kong residents with diverse demographical characteristics
and health conditions [19]. In this qualitative study, the
confidence in and concerns about the benefits and side effects
of the vaccines, vaccine origins and brands, recommendations
from health care professionals, social influences of family
members and friends, expectations of ease of travel restrictions,
and logistics arrangement of vaccination (eg, locations of
receiving the vaccines) were frequently reported as factors
influencing the participants’ willingness to accept the vaccines
[19]. The levels of the attributes were determined based on the
existing studies on vaccine effectiveness and safety [20-23] and
the vaccination practice in Hong Kong [24]. For vaccine brands,
all 3 (Sinovac, BioNtech, and AstraZeneca) were planned to be
used for vaccination in Hong Kong at the time of the study,
although only the former 2 of them were actually launched for
the public eventually.

The full factorial design of the 7 attributes involved 648
combinations and 209,628 pairwise choice sets, so it was
impossible to adopt the full factorial design in the DCE. The
choice sets were designed using the D-optimality algorithm,
and a total of 32 choice sets were generated. To further reduce
the cognitive burden on participants, these choice sets were
divided into 4 blocks, with 8 choice sets in each. The participants
were randomly assigned to 1 of the 4 blocks: participants only
provided their response to the choice sets in the block they were
randomized to. In each choice set, participants were asked to
choose 1 of the 3 choices (“vaccination plans”), 2 of which were
choices to get a COVID-19 vaccine with different attributes,
while the third choice was an opt-out option for accepting
neither vaccination plan (“no vaccination”). An example of a
choice set is shown in Table 2. The questionnaire was validated
in the Chinese language. In total, 12 eligible adults were invited
to a pilot survey for refinement of the translation in other
languages.

Table 1. Attributes and levels for the DCEa.

LevelsAttribute

Brand • Sinovac
• BioNTech
• AstraZeneca

Probability of COVID-19 infection (efficacy) • Reduce 50% infections
• Reduce 70% infections
• Reduce 90% infections

Probability of serious adverse event (safety) • 1/10,000
• 1/100,000

Vaccine uptake by people around • Nobody
• Friends/colleagues
• Family members

Recommendations from professionals • Recommended by general physicians
• Recommended by the government expert panel

Venue for vaccination • Community hall
• Health care facilities
• Housing estate/workplace

Quarantine arrangement for vaccinated travelers • At least 14-day compulsory quarantine
• Exempted from the 14-day quarantine

aDCE: discrete choice experiment.
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Table 2. Example of choice sets.

Do not receive any vaccinationVaccination plan 2Vaccination plan 1Attribute

NoneBioNTechSinovacBrand

No reductionReduce 90% infectionsReduce 50% infectionsProbability of COVID-19 infection

No serious adverse event1/10,0001/100,000Probability of serious adverse event

N/AaNo known people received the
vaccine

Family members received the
vaccine

Vaccine uptake by people around

N/AGeneral physiciansGovernment expert advisory
panel

Recommendations from professionals

N/ACommunity hallHousing estate/workplaceVenue for vaccination

At least 14-day compulsory
quarantine

Exempted from the 14-day
quarantine

At least 14-day compulsory
quarantine

Quarantine arrangement for vaccinated traveler

Neither plan: □Plan 2: □Plan 1: □Which vaccination plan would you choose?

aN/A: not applicable.

Measurement
In addition to measuring the participants’ choice of COVID-19
vaccine via the DCE, the questionnaire also collected data on
(1) experience, knowledge, and behaviors during the pandemic,
such as whether the participant knew anyone infected with
COVID-19, and the perceived susceptibility and severity of
COVID-19 infection; (2) experience and perceptions related to
vaccination, including previous uptake of influenza vaccination
and information sources on COVID-19 vaccination; and (3)
demographic and socioeconomic status of the participants,
including their ethnicity, years of residence in Hong Kong,
income level, education level, and employment status.

Ethical Considerations
The study was approved by the Survey and Behavioral Research
Ethics Committee of the anonymous university (ref. no.
SBRE-20-540). At the start of the survey, an electronic informed
consent form was provided to the participants with details of
the study purpose, data anonymity, and confidentiality. Those
who agreed to join signed it electronically before moving to the
questionnaire. Later, a supermarket coupon of HK $100 (US
$12.74) was sent to each participant through mail. All the
responses were anonymized and contained no personal
information about any participant. The data were stored online
and secured with passwords.

Statistical Analysis
To find out the preference of all participants for vaccination
and its heterogeneity across ethnic groups, a latent-class logit
(LCL) model was applied to the entire sample. LCL allocated
participants in the survey sample with a similar preference for
the vaccination attributes into the same latent class and provided
estimates of the preference for each of the classes. The number
of latent classes was determined based on the Akaike
information criterion (AIC) and Bayesian information criterion
(BIC) of the LCL model with the different number of classes.
The difference in the preference between the Chinese and
non-Chinese participants was explored. Subsequently, the
analysis focused on the preference pattern within the
non-Chinese migrants due to a substantial difference found

between Chinese people and non-Chinese migrants, where the
evidence for the latter group was limited.

For migrants, COVID-19 “vaccine refusal” irrespective of
vaccine attributes was considered when a participant consistently
chose “no vaccination” throughout all 8 choice sets. The vaccine
refusal rate across different socialdemographic characteristics
and the perception and experience during the COVID-19
pandemic were summarized using cross-tabulation and the
chi-square test. To find out the influence of vaccination
attributes, a nested logistic model (NLM) was adopted to
simulate the choices over the vaccination plans in the DCE
survey, which involved 2 decisions, namely (1) whether to
accept a COVID-19 vaccine and (2) which COVID-19 vaccine
to accept. NLM allowed estimation of the influences of both
vaccination attributes and individual-level factors on the vaccine
acceptance. The dependent variable was the binary choice
(0=“not choose”, 1=“choose”) made for each of the alternatives
in the DCE choice sets, and the independent variables were
vaccination attributes and individual-level factors. The
individual vaccine acceptance probability was estimated based
on NLM outcomes [25,26]. In addition, sensitivity analysis was
performed using the LCL model among migrant participants to
find out whether there was any preference heterogeneity.

Results

Sample Characteristics and COVID-19 Vaccine
Refusal
In total, 2892 Chinese people and non-Chinese migrants were
invited, of which 2392 (82.7%) were eligible. Among them,
434 (18.1%) refused to participate in the survey and 261 (10.9%)
did not complete the questionnaire; hence, 2032 (84.9%) valid
responses were received.

Figure 1 shows the participant flow of the migrant group. A
total of 462 people received the invitation, and 335 (72.5%)
were eligible to the survey. Among them, 109 (32.5%) did not
agree to participate and 18 (5.4%) did not complete the
questionnaire; therefore, 208 (response rate 62.1%) participants
were recruited. The characteristics of the participants can be
found in Table 3. Of the 208 participants, 143 (68.8%) were
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female, and 67 (32.2%) were aged 18-29 years, 103 (49.5%)
were aged 30-44 years, and 38 (18.3%) were aged 45 years or
more. Most of them (n=180, 86.5%) reported their ethnicity as
Asian. In addition, 108 (51.9%) of them attained a bachelor’s
degree or above. Almost half of them (n=100, 48.1%) had a
full-time job, and 33 (15.9%) were full-time homemakers.
Furthermore, 76 (36.5%) of them had more than HK$ 30,000
(US $3821.68) as their monthly household income, which was
the approximate median monthly household income in Hong
Kong in 2020. Only 19 (9.1%) had chronic conditions. For years
of residence, 112 (53.8%) had lived in Hong Kong for 10 years
or more, while 31 (14.9%) of them had lived here for 3 years
or less.

Regarding COVID-19 vaccine refusal irrespective of vaccination
attributes (Table 3), participants with longer local residential
years, lower education level, and lower income were more likely
to refuse COVID-19 vaccination. With regard to ethnicity, Asian
participants were more likely to refuse vaccination than
non-Asian participants, although this difference was marginal.
Full-time homemakers/housewives, those who had chronic
conditions, those who did not know anyone having COVID-19,
and those who did not receive influenza vaccines were more
likely to refuse vaccination irrespective of the attributes,
although the differences were not statistically significant. On
the contrary, those with greater perceived susceptibility of
COVID-19 infection were less likely to refuse vaccination.

Figure 1. Participant selection flowchart.
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Table 3. Sample characteristics and COVID-19 vaccine refusal irrespective of vaccine attributes.

Total participant
(N=2032), n (%)

Migrants (N=208), n (%)Refusal irrespective of
attributes, n (%)

No refusal, n (%)Characteristics

Age (years), P=.26

832 (40.9)67 (32.2)11 (16.4)56 (83.6)18-29

706 (34.7)103 (49.5)20 (19.4)83 (80.6)30-44

361 (17.8)36 (17.3)11 (30.6)25 (69.4)45-59

133 (6.6)2 (1.0)1 (50.0)1 (50.0)≥60

Sex, P=.84

769 (37.8)65 (31.2)14 (21.5)51 (78.5)Male

1263 (62.2)143 (68.8)29 (20.3)114 (79.7)Female

Ethnicitya, P=.06

2004 (98.6)180 (86.5)41 (22.8)139 (77.2)Asian

28 (1.4)28 (13.5)2 (7.1)26 (92.9)Non-Asian

Years of residence in Hong Kong, P=.03

N/Ab31 (14.9)3 (9.7)28 (90.3)≤3 years

N/A30 (14.4)2 (6.7)28 (93.3)4-6 years

N/A34 (16.3)7 (20.6)27 (79.4)7-9 years

N/A112 (53.8)31 (27.7)81 (72.3)≥10 years

N/A1 (0.4)N/AN/AMissing

Education, P=.01

923 (45.5)99 (47.8)28 (28.3)71 (71.7)Below bachelor’s degree

1108 (54.6)108 (52.2)15 (13.9)93 (86.1)Bachelor’s degree or above

Employment, P=.11

1353 (68.6)100 (48.1)19 (19.0)81 (81.0)Full-time

35 (16.8)7 (20.0)28 (80.0)Part time

83 (4.2)15 (7.2)3 (20.0)12 (80.0)Unemployed

271 (13.7)25 (12.0)2 (8.0)23 (92.0)Students/interns

175 (8.9)33 (15.9)12 (36.4)21 (63.6)Full-time homemakers/housewives

91 (4.6)N/AN/AN/ARetired

Monthly household income (HK $/US $)c, P=.04

953 (46.9)131 (63.3)33 (25.2)98 (74.8)<30,000/<3821.68

1078 (53.1)76 (36.7)10 (13.2)66 (86.8)≥30,000/≥3821.68

Chronic condition, P=.07

1802 (88.7)189 (90.9)36 (19.1)153 (81.0)No

230 (11.3)19 (9.1)7 (36.8)12 (63.2)Yes

Know anyone diagnosed with COVID-19, P=.07

1676 (91.9)151 (72.6)36 (23.8)115 (76.2)No

356 (19.5)57 (27.4)7 (12.3)50 (87.7)Yes

Perceived “likely/very likely” to be infected, P<.001

1163 (63.8)123 (59.1)37 (30.1)86 (69.9)No

869 (47.6)85 (40.9)6 (7.1)79 (92.9)Yes

Perceived “slightly severe/very severe” if get infected COVID-19, P=.82

978 (53.6)100 (48.1)20 (20.0)80 (80.0)No
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Total participant
(N=2032), n (%)

Migrants (N=208), n (%)Refusal irrespective of
attributes, n (%)

No refusal, n (%)Characteristics

1054 (57.8)108 (51.9)23 (21.3)85 (78.7)Yes

Previous influenza vaccination, P=.44

1636 (89.7)176 (84.6)38 (21.6)138 (78.4)No

396 (21.7)32 (15.4)5 (15.6)27 (84.4)Yes

Often received vaccine information from social media, P=.60

956 (52.4)99 (47.6)22 (22.2)77 (77.8)No

1076 (59.0)109 (52.4)21 (19.3)88 (80.7)Yes

Often received vaccine information from family/friends, P=.06

1237 (67.8)137 (65.9)23 (16.8)114 (83.2)No

795 (43.6)71 (34.1)20 (28.2)51 (71.8)Yes

Often received vaccine information from the workplace, P=.33

1339 (73.4)122 (58.7)28 (23.0)94 (77.1)No

693 (38.0)86 (41.3)15 (17.4)71 (82.6)Yes

Often received vaccine information from the government's official source, P=.45

1292 (70.8)125 (60.1)28 (22.4)97 (77.6)No

740 (40.6)83 (39.9)15 (18.1)68 (81.9)Yes

1824 (100.0)208 (100.0)43 (20.7)165 (79.3)Total

aEthnicity groups included Asians (South Asians, Southeast Asians, and Northeast Asians) and non-Asians (Europeans, Americans, and Africans).
bN/A: not applicable.
cHK $1=US $0.13.

Influence of COVID-19 Vaccination Attributes on
Vaccine Acceptance Among the Entire Sample
A model with 6 latent classes was applied to test the preference
heterogeneity between Chinese people and non-Chinese
migrants (Table 4). Using class 6 as a reference, the migrants
were much more likely to be assigned to class 1 based on their
preference, followed by class 2 and class 4. In class 1, vaccine
brand was the most important attribute that affected their
choices, where BioNtech was the most preferable brand,
followed by vaccine efficacy, venue of vaccination, vaccine
uptake by others, and quarantine arrangement for vaccinated
travelers. In class 2, vaccine brand, efficacy, safety, and
quarantine arrangement for vaccinated travelers shared a similar
level of perceived importance based on the respondents’choices,
while vaccination at health care facilities and vaccination at the
housing estate/workplace were preferable options as well. In

class 4, higher vaccine efficacy was more important than the
other attributes that lead to vaccine acceptance. The different
preference pattern across classes 1, 2, and 4 implied that
preference heterogeneity may be found within the migrant group,
which is reported in the following sections. Compared to classes
3, 5, and 6, respondents in classes 1, 2, and 4 were more likely
to be affected by the venue of vaccination. In class 3, the
participants were efficacy oriented, preferred BioNtech and
AstraZeneca, and were more likely to be influenced by general
physicians with regard to vaccination decisions. In class 5, the
participants preferred Sinovac, were more safety oriented, and
presented a lower tendency to refuse vaccination than the other
classes. Class 6 had the largest class share, where the
participants shared similar preferences with participants in class
3 but were not influenced by recommendations from different
health care professionals and vaccine uptake by their family
members.
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Table 4. Preference heterogeneity for COVID-19 vaccination plans in both Chinese people and non-Chinese migrants.

Class 6, coeffi-

cienta (95% CI)

Class 5, coeffi-

cienta (95% CI)

Class 4, coeffi-

cienta (95% CI)

Class 3, coeffi-

cienta (95% CI)

Class 2, coeffi-

cienta (95% CI)

Class 1, coeffi-

cienta (95% CI)

Attribute

Brand (reference=Sinovac)

0.57b (0.01 to
1.12)

–3.59b (–4.12 to
–3.07)

1.43b (1.05 to
1.81)

1.10b (0.87 to
1.32)

0.49b (0.33 to
0.65)

3.51b (2.97 to
4.06)

BioNtech

0.59b (0.03 to
1.15)

–4.04b (–4.58 to
–3.50)

1.41b (0.94 to
1.89)

1.29b (1.06 to
1.53)

0.69b (0.52 to
0.85)

–0.29 (–0.73 to
0.16)

AstraZeneca

Efficacy (reference=50%)

0.20 (–0.38 to
0.78)

–0.01 (–0.44 to
0.41)

2.10b (1.73 to
2.48)

0.93b (0.69 to
1.16)

–0.03 (–0.16 to
0.10)

1.15b (0.83 to
1.48)

Reduce 70% infections

1.12b (0.58 to
1.65)

0.30 (–0.14 to
0.75)

3.43b (2.93 to
3.94)

2.32b (2.06 to
2.59)

0.74b (0.58 to
0.91)

0.56b (0.05 to
1.07)

Reduce 90% infections

Serious adverse event (reference=1/10,000 people)

0.72b (0.26 to
1.18)

0.33b (0.01 to
0.64)

–0.33b (–0.55 to
–0.11)

0.64b (0.49 to
0.80)

0.62b (0.51 to
0.72)

–0.20 (–0.49 to
0.08)

1/100,000 people

Vaccine uptake by others (reference=no known people take the vaccine)

0.73b (0.19 to
1.28)

0.64b (0.24 to
1.04)

1.17b (0.84 to
1.51)

0.33b (0.14 to
0.52)

–0.05 (–0.18 to
0.08)

0.58b (0.03 to
1.13)

Friends/colleagues re-
ceived

0.41 (–0.21 to
1.03)

0.48b (0.03 to
0.94)

0.97b (0.59 to
1.34)

0.42b (0.21 to
0.63)

0.08 (–0.07 to
0.23)

0.63b (0.17 to
1.09)

Family members received

Recommendations from experts (reference=from general physicians)

–0.13 (–0.58 to
0.33)

0.10 (–0.21 to
0.41)

0.82b (0.53 to
1.11)

–0.21b (–0.36 to
–0.06)

0.04 (–0.06 to
0.14)

–0.13 (–0.58 to
0.31)

From expert advisory pan-
el of the government

Venue for vaccination (reference=community center)

0.05 (–0.47 to
0.57)

–0.08 (–0.45 to
0.28)

–0.63b (–0.96 to
–0.29)

–0.09 (–0.28 to
0.09)

0.23b (0.09 to
0.36)

–1.00b (–1.51 to
–0.50)

Health care facilities

–0.13 (–0.69 to
0.44)

0.24 (–0.26 to
0.74)

–0.40b (–0.69 to
–0.10)

–0.04 (–0.22 to
0.15)

0.25b (0.12 to
0.39)

0.08 (–0.33 to
0.50)

Housing estate/workplace

Quarantine arrangement for vaccinated traveler (reference=compulsory quarantine required)

0.80b (0.35 to
1.25)

–0.11 (–0.46 to
0.25)

0.19 (–0.03 to
0.42)

0.44b (0.28 to
0.61)

0.67b (0.55 to
0.79)

–0.54b (–0.98 to
–0.10)

14-day compulsory quaran-
tine can be exempted

Opt out (reference=not opt out)

10.67b (7.49 to
13.85)

–8.24b (–10.27 to
–6.21)

9.95b (7.43 to
12.48)

10.07b (8.72 to
11.42)

1.70b (0.87 to
2.54)

5.07b (2.35 to
7.80)

Opt out/no vaccination

33.4% (N/A)5.8% (N/A)21.5% (N/A)16.4% (N/A)12.2% (N/A)10.7% (N/Ac)Class size

Membership

Reference2.10b (1.21 to
2.99)

0.58b (0.19 to
0.97)

0.28 (–0.04 to
0.60)

0.31 (0.00 to
0.63)

1.19b (0.74 to
1.64)

Age: 30-44 years

Reference3.24b (2.35 to
4.14)

1.39b (0.93 to
1.86)

–0.04 (–0.58 to
0.50)

1.07b (0.68 to
1.46)

1.57b (1.02 to
2.11)

Age: 45-60 years

Reference3.78b (2.80 to
4.76)

1.31b (0.60 to
2.02)

–0.15 (–1.03 to
0.74)

1.05b (0.43 to
1.66)

1.80b (1.04 to
2.56)

Age: >60 years

Reference–0.58b (–1.08 to
–0.07)

0.26 (–0.11 to
0.62)

0.77b (0.43 to
1.11)

–0.08 (–0.38 to
0.22)

0.01 (–0.39 to
0.41)

Bachelor’s degree or high-
er

Reference–0.30 (–0.76 to
0.16)

–0.03 (–0.39 to
0.33)

–0.34b (–0.66 to
–0.03)

–0.02 (–0.32 to
0.28)

0.02 (–0.38 to
0.42)

Monthly income: >HK

$30,000/US $3821.68d
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Class 6, coeffi-

cienta (95% CI)

Class 5, coeffi-

cienta (95% CI)

Class 4, coeffi-

cienta (95% CI)

Class 3, coeffi-

cienta (95% CI)

Class 2, coeffi-

cienta (95% CI)

Class 1, coeffi-

cienta (95% CI)

Attribute

Reference–1.55 (–3.32 to
0.23)

0.86b (0.34 to
1.38)

–0.65 (–1.37 to
0.07)

0.86b (0.41 to
1.32)

1.48b (0.99 to
1.97)

Migrants

aCoefficient of attributes on utility estimated by the latent-class logit (LCL) model. The values of coefficients are weightings of the attribute levels,
showing the magnitude of contributions from the attribute levels to the overall utility of the COVID-19 vaccine option. The higher the value is, the
greater the contribution the corresponding attribute level makes to the overall utility, and hence the more important and preferable the attribute is.
bP<.05.
cN/A: not applicable.
dHK $1=US $0.13.

Influence of COVID-19 Vaccination Attributes on
Vaccine Acceptance Among Migrants
Given that substantial preference heterogeneity was found
between Chinese people and non-Chinese migrants, the
preference of the migrants was further modeled separately.
Among the COVID-19 vaccination attributes, brand, efficacy,
safety (probability of serious adverse event), and the quarantine
arrangement of vaccinated people could affect vaccine
acceptance (Tables 5 and 6). Independent from efficacy and

safety characteristics, participants were more likely to accept
the BioNtech vaccine compared with Sinovac. The vaccine
efficacy also made a substantial difference. A vaccine with 90%
and 70% efficacy would increase the likelihood of vaccination
by 44% and 21%, respectively. Fewer serious adverse events
(1/100,000 vs 1/10,000) could also improve the likelihood of
vaccination. Apart from brand, efficacy, and safety, if the
quarantine for cross-border travelers can be exempted for those
who received the vaccine, the likelihood of vaccine acceptance
could increase by around 14%.

Table 5. Influence of COVID-19 vaccination attributes on vaccine acceptance in the NLMa.

Vaccine acceptance, AORb (95% CI)Attribute

Brand (reference=Sinovac)

1.75c (1.14-2.68)BioNtech

1.11 (0.97-1.26)AstraZeneca

Efficacy (reference=50%)

1.21c (1.03-1.44)70%

1.44c (1.09-1.91)90%

Serious adverse event (reference=1/10,000)

1.12c (1.00-1.24)1/100,000

Vaccine uptake by others (reference=no known people take the vaccine)

1.11 (0.98-1.25)Friends/colleagues received

1.12 (0.97-1.28)Family members received

Recommendations from professionals (reference=general physicians)

1.08 (0.99-1.17)Government expert advisory panel

Venue for vaccination (reference=community center)

1.00 (0.91-1.10)Health care facilities

0.98 (0.90-1.07)Housing estate/workplace

Quarantine arrangement for vaccinated traveler (reference=14-day quarantine)

1.14c (1.01-1.30)14-day compulsory quarantine can be exempted

aNLM: nested logistic model.
bAOR: adjusted odds ratio.
cP<.05.

JMIR Public Health Surveill 2023 | vol. 9 | e40587 | p.2600https://publichealth.jmir.org/2023/1/e40587
(page number not for citation purposes)

Asim et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 6. Influence of individual-level factors on vaccine acceptance in the NLMa.

Vaccine acceptance, AORb (95% CI)Attribute

Age (years; reference=18-29 years)

2.42c (1.60-3.64)30-44

2.20d (1.34-3.60)≥45

1.17 (0.87-1.57)Female (reference=male)

Ethnicity (reference=Asian)

2.28 (0.49-10.64)Non-Asian

Years of local residence (reference=less than 3 years)

0.97 (0.51-1.83)4-6

0.24c (0.13-0.43)7-9

0.41c (0.25-0.67)≥10

Education (reference=below bachelor’s degree)

0.76 (0.53-1.09)Bachelor’s degree or above

Employment (reference=full-time)

1.12 (0.77-1.63)Part time

1.08 (0.64-1.81)Unemployed

1.41 (0.81-2.43)Students/interns

0.44c (0.29-0.66)Full-time homemakers

Number of children (reference=0)

0.52d (0.33-0.82)1

0.53d (0.33-0.85)2

0.36c (0.22-0.61)≥3

1.79d (1.26-2.52)Monthly household income>HK $30,000 (US $3821.68)

0.61d (0.41-0.91)With any chronic condition

1.73d (1.25-2.38)Know anyone diagnosed with COVID-19

3.42c (2.52-4.64)Perceived “likely/very likely” to be infected

0.90 (0.69-1.18)Perceived “slightly severe/very severe” if get infected COVID-19

2.15c (1.45-3.19)Previous influenza vaccination

1.52d (1.12-2.05)Often received vaccine information from social media

0.42c (0.31-0.57)Often received vaccine information from the workplace

1.08 (0.80-1.46)Often received vaccine information from family/friends

1.27 (0.95-1.70)Often received vaccine information from the government's official source

aNLM: nested logistic model.
bAOR: adjusted odds ratio.
cP<.001.
dP<.05.

For individual-level factors, participants who had been in Hong
Kong for more than 7 years were less likely to accept the
COVID-19 vaccine compared with those who had been in Hong
Kong for less than 3 years. Full-time homemakers, those with
chronic conditions and more children, and those who frequently

received vaccine-related information from the workplace were
found to be reluctant to accept the vaccine. On the contrary,
those with a higher income, those knowing anyone infected
with COVID-19, those having greater perceived susceptibility
of COVID-19 infection, those who received the influenza
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vaccine, and those who frequently received information from
social media were more likely to accept the vaccine.

Based on the model outcomes, the individual probability of the
acceptance of vaccines with different characteristics can be
estimated [25,26]. According to the estimation, an Asian migrant
aged 18-29 years has a 73.6% chance to accept the BioNtech
vaccine with 90% efficacy and a 1/100,000 serious adverse
event probability when the vaccine is available in a community
center, recommended by the government, and received by family
members and when the quarantine exemption is in place. The
acceptance probability was estimated to be 48.6% for the
Sinovac vaccine with 50% efficacy. A non-Asian aged 18-29
years was estimated to have an 87.1% and a 69.8% chance to
accept BioNtech and Sinovac vaccines, respectively. The
acceptance probability changes with increasing age. For a
migrant aged 30-44 years, the acceptance probabilities were
estimated to be 88.9% (BioNtech) and 73.0% (Sinovac) among
Asian migrants and 95.1% (BioNtech) and 86.9% (Sinovac)
among non-Asian migrants. The estimated probabilities were
similar for those aged above 45 years, which were 88.2%
(BioNtech) and 71.8% (Sinovac) among Asian migrants and
94.8% (BioNtech) and 86.1% (Sinovac) among non-Asian
migrants.

Sensitivity Analysis Account for Preference
Heterogeneity
Substantial preference heterogeneity was found using a 4-class
LCL model (Table 7). The participants had a 50.2% probability

of belonging to class 1, where they attached greater importance
to brand, efficacy, and exemption of quarantine for vaccinated
travelers than the other attributes, as found in the NLM model
for the entire study sample, and it was considered the reference
group for class membership as it had the largest class size.
Compared to class 1 (the reference group), participants in class
2 (16.1% probability) were more likely to live in Hong Kong
for 7-9 years and they valued safety and the venue for
vaccination, in addition to the 3 attributes mentioned in class
1. They were also likely to refuse vaccination (ie, choosing “no
vaccination”). Class 2 and class 4 shared similar characteristics,
they were likely to have longer local living experience compared
to class 1, while class 4 was slightly more likely to comprise
full-time homemakers. In class 4 (22.7% probability), the
participants did not have clear preferences for these vaccination
attributes.

Preferences in class 3 were quite different from those in classes
1 and 2. In class 3 (11.0% probability), participants preferred
AstraZeneca over Sinovac and BioNtech and vaccine uptake
by family and friends/colleagues as well as recommendations
from experts from the government panel could also improve
their COVID-19 vaccine acceptance, while exemption of
quarantine did not have an impact on it. Participants in class 3
were more likely to be non-Asians and much less likely to be
full-time homemakers.
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Table 7. Sensitivity analysis for preference heterogeneity for COVID-19 vaccination plans.

Class 4, coefficienta

(95% CI)
Class 3, coefficienta

(95% CI)
Class 2, coefficienta

(95% CI)
Class 1, coefficienta

(95% CI)

Attribute

Preference for brand (reference=Sinovac)

–0.52 (–3.28 to 2.24)–0.87 (–1.81 to 0.06)2.13b (1.57 to 2.69)1.61b (1.35 to 1.88)BioNtech

0.94 (–1.69 to 3.57)1.21c (0.08 to 2.33)–0.04 (–0.67 to 0.59)0.36c (0.08 to 0.65)AstraZeneca

Efficacy (reference=50%)

0.12 (–3.75 to 4.00)–1.52c (–2.78 to
–0.27)

0.53c (0.01 to 1.06)0.85b (0.57 to 1.12)Reduce 70% infections

2.67 (–0.26 to 5.60)0.63 (–0.13 to 1.39)0.62c (0.07 to 1.18)1.15b (0.86 to 1.44)Reduce 90% infections

Serious adverse event (reference=1/10,000 people)

–2.53 (–5.74 to 0.68)1.54c (0.48 to 2.61)0.68c (0.26 to 1.09)0.06 (–0.14 to 0.25)1/100,000 people

Vaccine uptake by others (reference=no known people take the vaccine)

1.55 (–1.85 to 4.94)1.11c (0.20 to 2.02)0.45 (–0.07 to 0.98)0.13 (–0.15 to 0.41)Friends/colleagues received

2.85 (–1.20 to 6.90)1.63c (0.33 to 2.92)0.08 (–0.48 to 0.63)0.22 (–0.09 to 0.53)Family members received

Recommendations from experts (reference=general physicians)

–0.37 (–2.29 to 1.55)1.13c (0.36 to 1.90)–0.39 (–0.83 to 0.04)0.19 (–0.01 to 0.39)From expert advisory panel of the government

Venue for vaccination (reference=community center)

0.95 (–1.36 to 3.26)0.63 (–0.14 to 1.40)0.64c (0.12 to 1.17)–0.16 (–0.46 to 0.13)Health care facilities

–0.16 (–3.08 to 2.76)0.38 (–0.37 to 1.12)0.09 (–0.45 to 0.62)–0.03 (–0.30 to 0.25)Housing estate/workplace

Quarantine arrangement for vaccinated traveler (reference=compulsory quarantine required)

0.58 (–1.97 to 3.13)–0.27 (–1.07 to 0.54)0.73c (0.26 to 1.19)0.33c (0.09 to 0.58)14-day compulsory quarantine can be exempted

Opt out (reference=not opt out)

13.43 (–4.11 to
30.97)

5.93c (0.67 to 11.19)7.00b (4.16 to 9.85)–5.96 (–274.19 to
262.27)

Opt out/no vaccination

22.7% (N/A)11.0% (N/A)16.1% (N/A)50.2% (N/Ad)Class size

Membership

–0.35 (–1.27 to 0.56)–1.23 (–2.46 to 0.00)–0.93 (–1.92 to 0.06)ReferenceAge: 30-44 years

0.15 (–0.97 to 1.26)–0.74 (–2.17 to 0.69)–0.73 (–2.04 to 0.59)ReferenceAge: ≥45 years

–0.89 (–2.26 to 0.48)1.20c (0.05 to 2.36)–0.78 (–2.42 to 0.85)ReferenceNon-Asian

0.36 (–1.44 to 2.15)0.79 (–1.26 to 2.84)0.55 (–1.26 to 2.36)ReferenceResidential years: 4-6 years

2.03c (0.48 to 3.57)0.21 (–2.11 to 2.54)1.71c (0.08 to 3.35)ReferenceResidential years: 7-9 years

1.69c (0.33 to 3.05)1.36 (–0.28 to 3.00)1.35 (–0.07 to 2.76)ReferenceResidential years: ≥10 years

0.96c (0.00 to 1.91)–80.06b (–102.11 to
–58.01)

0.48 (–0.75 to 1.70)ReferenceFull-time homemaker

aCoefficient of attributes on utility estimated by the latent-class logit (LCL) model. The values of coefficients are weightings of the attribute levels,
showing the magnitude of contributions from the attribute levels to the overall utility of the COVID-19 vaccine option. The higher the value is, the
greater the contribution the corresponding attribute level makes to the overall utility, and hence the more important and preferable the attribute is.
bP<.001.
cP<.05.
dN/A: not applicable.
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Discussion

Principal Findings
This study investigated both vaccine-related attributes and
individual-level factors to fully understand migrants’COVID-19
vaccine preferences in Hong Kong. It also provided an insight
into the heterogeneity of the vaccine preference of the migrant
population by dividing them into 4 classes.

Attributes
Our DCE study found that brand, efficacy, and quarantine
arrangement for vaccinated people to be the most relevant
vaccine-related attributes for vaccine acceptance among the
migrant population in Hong Kong. The heterogeneity analysis
complemented these findings, as half of the participants
belonging to class 1 made their preferences based on these
attributes. In addition, participants in class 3 preferred
AstraZeneca over Sinovac and BioNtech. This indicated that
migrants are inclined to use the brand as a proxy of unobserved
characteristics in decision-making for vaccine acceptance.
Previous research conducted on the US general population
similarly showed brand and, specifically, the country where the
vaccine was developed as predictors of COVID-19 vaccine
acceptance [17,27]. With regard to efficacy, our study showed
that the higher the efficacy, the higher the willingness to get
vaccinated against COVID-19; this is in line with what emerged
from studies in the general and ethnic populations in the United
States [27] and the United Kingdom [17], where most of these
studies have been conducted. Furthermore, specific migrant and
ethnic groups may be persuaded if vaccines are proved to reduce
the risk of being infected with COVID-19, as shown by research
conducted in the United Kingdom [11]. The exemption of
quarantine for vaccinated travelers was a predictor of COVID-19
vaccine acceptancy; this result is understandable within the
Hong Kong context, where, upon returning, unvaccinated
residents undergo self-paid 21-day compulsory quarantine in
designated hotels compared to only 7 days for those vaccinated
[28]. Other studies did not mention the quarantine arrangement
specifically but more generally confirmed the vaccine would
be accepted if it enabled social and family life to return to
normal [11]. In addition to Sinovac and efficacy, our study
found that a lower likelihood of serious adverse events is an
attribute for vaccine acceptance, particularly for class 2 and
class 3 participants. Similarly, the literature showed that
concerns about vaccine safety and side effects are a predictor
of vaccine hesitancy in both general and migrant populations
in the United Kingdom [6,10,11].

The vaccine uptake by friends, colleagues, and family members;
information from family and friends; and recommendations
from the government and health care professionals were
insignificant for the entire population sample but significantly
affected only class 3 participants’ vaccine acceptance. These
participants were mostly non-Asian. The existing literature
suggests that such recommendations may be welcomed only in
the presence of trust toward the government and the health care
system [5,6]. In addition, American Hispanics in the United
States, for instance, rely on their community network to make
decisions about COVID-19 vaccines [29]. Similarly, migrants

in the United Kingdom tend to look for information from peers,
especially when the government and health care system are not
trusted [5]. To promote COVID-19 vaccinations and improve
their health care access and quality, efforts should be made to
establish more trustworthy relationships between the local
government and the health care system with all the migrant
populations in Hong Kong.

In this study, based on vaccine attributes, we did not find
significant preference differences between the migrant
population and the general population. Instead, there was a
substantial heterogeneity representing diversity in the
preferences of the non-Chinese migrant population in Hong
Kong. This implied that while designing COVID-19 vaccination
promotion programs for migrants, this diversity should be
considered and more targeted strategies should be used for
different migrant subgroups. The venue of vaccination was the
only significant factor for vaccine acceptance among migrants
when compared to the general population, which is consistent
with the literature that suggests an inconvenient location would
influence hesitancy [30] and minimal travel or comfortable
places would reduce hesitancy among undocumented migrants,
asylum seekers, and refugees [6]. However, in the sensitivity
analysis for preference heterogeneity among the migrant
population, only a small proportion of participants in class 2 of
our study had an attached preference with the venue of
vaccination. These participants also shared characteristics with
class 4 participants who did not have a clear preference for
vaccine attributes. This means the choices made by these people
were quite random, so they were probably overwhelmed by the
choice tasks.

Individual-Level Factors
Our results also showed that irrespective of the vaccination
attributes, longer residential years, lower education and income,
and less perceived COVID-19 infection susceptibility were
associated with increased COVID-19 vaccine refusal. These
individual-level factors were also related to decreased
COVID-19 vaccine acceptance among those whose preferences
were linked to vaccine attributes. Participants with more than
7 years of migration history in Hong Kong were least likely to
get vaccinated compared to those with a more recent migration
history. This aligns with much of the literature on migrant
health, where a longer history of migration and host country
language proficiency are associated with acculturation in the
host society and health care use similar to nationals [12]; vaccine
hesitancy among Hong Kong local residents is in fact similarly
widespread [31]. Therefore, effective policies and strategies
that can boost vaccination acceptance among the broader public
will aid in achieving high vaccination uptake among migrants
as well. Previous research has also identified the educational
level as a predictor of vaccine acceptance [9,11]. In line with
most research, a higher income was also associated with higher
vaccine acceptance, while a lower income was associated with
vaccine resistance [10,27]. Similar to what emerged from the
previous literature, knowing someone diagnosed with
COVID-19 was a factor for vaccine acceptance [17] and so was
high risk perception; conversely, low risk perception was
associated with higher hesitancy [30].
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In addition, our study also identified other individual-level
factors that predict COVID-19 vaccine acceptance among
individuals who preferred different vaccine programs. A
previous influenza vaccination experience was relevant for
COVID-19 vaccine acceptance; this is in line with studies
conducted in migrant and general populations in other settings
[8,10,17].

Our study also indicated that those participants who often
received information from social media were more likely to
accept COVID-19 vaccination. Regarding the role of this source
of information, the literature is mixed, with varying degrees of
results; some studies suggest social media is used to solve
confusion from contradicting information [5], while other
research suggests it is a source of misinformation among
migrants [4,6]. Our study also found that those who received
information from the workplace were less likely to get
vaccinated. This might be because, on the one hand, these people
are employed and healthy and therefore have low risk
perception, leading to low vaccine acceptance. On the other
hand, working people are exposed to different information
sources, including local ones; discussions with their colleagues
may also increase their vaccination hesitancy, as there is a
decreasing trend in the willingness toward COVID-19
vaccination among general working people in Hong Kong [32].
The promotion of vaccine-related information through this
source should be encouraged.

Older age was identified as a factor of vaccine acceptance;
specifically, participants aged 30-44 years would be the most
likely to get vaccinated, while the youngest cohort (18-29 years
old) would be the least likely to join the vaccination campaign.
A study in the United Kingdom confirmed the young group
(16-24 years old) to be the most hesitant [11]; this hesitancy
may be motivated by low risk perception compared to other age
groups [30]. COVID-19 vaccination promotion campaigns
should target young age group specifically among the migrant
population in Hong Kong.

In line with the international literature, the Hong Kong Centre
for Health Protection encourages individuals with chronic
conditions to get vaccinated against COVID-19, since they are
at a higher risk of morbidity and mortality due to COVID-19
infection [33]; however, our study highlighted that people with
chronic diseases are less likely to accept vaccines. This result
suggests the need to plan COVID-19 vaccination promotion
campaigns targeting this high-risk group specifically.

Being a homemaker and having children were indicators of
COVID-19 vaccine hesitancy; in the United Kingdom, those
living with children are similarly less likely to accept the vaccine
[10]. This might be because migrants have a lack of family and
social support and, being parents, they are main carers of their
children. During COVID-19, the care burden of parents,
particularly homemakers and mothers, has increased due to
lockdown, school closure, and home schooling. They have busy
routines and no time for making appointments and going for
vaccination. Moreover, there might be concerns about who will
take care of their children in case they have vaccine-related side
effects. So, along with providing information about vaccine
safety, an outreach approach can be considered for this particular

migrant subgroup. Qualitative research is needed to further
address the reasons behind this attitude.

In this study, gender was not a predictor of COVID-19 vaccine
hesitancy; this is in contrast with previous research in other
settings that identified women as being more hesitant compared
to men both in the general and in the migrant population
[8,10,11,17].

Limitations
Our study had some limitations that should be clarified when
interpreting the results. First, the preference of respondents for
COVID-19 vaccination is subject to change with time and could
be different as the vaccination campaign progresses. It may also
have been affected by reported adverse events following
immunization for COVID-19, which were not captured in this
survey. Second, although we incorporated “Asian”/“non-Asian”
as a variable for ethnicity in the analysis (Tables 5 and 6), there
were no significant difference in vaccine acceptance between
these 2 groups, and due to the limited sample size of ethnicity
subgroups and statistical power, we could not further subdivide
the ethnicity in our analysis. Instead, the LCL model was used
to identify the preference heterogeneity (Table 7), where
non-Asian migrant respondents tended to attach more
importance to the vaccination of family and friends and preferred
AstraZeneca to the other 2 vaccine brands compared to Asian
migrants. However, the ethnicity of the respondents could not
be further divided in the analysis due to the limited subgroup
sample size. Third, although the survey was piloted and refined
prior to the formal investigation, there were around 20%
respondents (class 4 in the LCL model) who may have been
overwhelmed by the cognitive burden of the DCE: their
COVID-19 vaccination choice appears to be random. By using
the LCL model, we were able to separate them from other
groups of respondents and avoid affecting the results.

Conclusion
In summary, this study provided insight into how different
COVID-19 vaccine attributes, preferences, and individual-level
characteristics of the migrant population could influence their
COVID-19 vaccine acceptance. Although vaccine brand,
efficacy, safety, and quarantine exemption were the most
preferred attributes for the majority of the migrants, we reiterate
that there is COVID-19 vaccination preference heterogeneity
among migrants and that more targeted and tailored approaches
are needed to promote vaccine acceptance for different
subgroups of the migrant population in Hong Kong. The
increased willingness toward COVID-19 vaccination in the
general population will reduce vaccine hesitancy among
migrants with long years of living experience in Hong Kong.
Vaccination promotional programs for low-education and
low-income migrant groups should be designed in different
languages. The dissemination of COVID-19 vaccine
information, particularly about efficacy and safety, through
social media platforms can be continued, and information
dissemination at the workplace for the working migrant
population should also be considered. Detailed and tailored
educational programs should be provided to people with chronic
diseases to promote COVID-19 vaccination in this high-risk
group. An outreach approach for people with children,
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particularly homemakers and mothers, can be used. Further
follow-up studies, including qualitative interviews, can be

conducted with these participants to explore in-depth the reasons
behind their COVID-19 vaccination preferences and refusal.
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Abstract

Background: Fatal drug overdose surveillance informs prevention but is often delayed because of autopsy report processing
and death certificate coding. Autopsy reports contain narrative text describing scene evidence and medical history (similar to
preliminary death scene investigation reports) and may serve as early data sources for identifying fatal drug overdoses. To facilitate
timely fatal overdose reporting, natural language processing was applied to narrative texts from autopsies.

Objective: This study aimed to develop a natural language processing–based model that predicts the likelihood that an autopsy
report narrative describes an accidental or undetermined fatal drug overdose.

Methods: Autopsy reports of all manners of death (2019-2021) were obtained from the Tennessee Office of the State Chief
Medical Examiner. The text was extracted from autopsy reports (PDFs) using optical character recognition. Three common
narrative text sections were identified, concatenated, and preprocessed (bag-of-words) using term frequency–inverse document
frequency scoring. Logistic regression, support vector machine (SVM), random forest, and gradient boosted tree classifiers were
developed and validated. Models were trained and calibrated using autopsies from 2019 to 2020 and tested using those from
2021. Model discrimination was evaluated using the area under the receiver operating characteristic, precision, recall, F1-score,
and F2-score (prioritizes recall over precision). Calibration was performed using logistic regression (Platt scaling) and evaluated
using the Spiegelhalter z test. Shapley additive explanations values were generated for models compatible with this method. In
a post hoc subgroup analysis of the random forest classifier, model discrimination was evaluated by forensic center, race, age,
sex, and education level.

Results: A total of 17,342 autopsies (n=5934, 34.22% cases) were used for model development and validation. The training set
included 10,215 autopsies (n=3342, 32.72% cases), the calibration set included 538 autopsies (n=183, 34.01% cases), and the
test set included 6589 autopsies (n=2409, 36.56% cases). The vocabulary set contained 4002 terms. All models showed excellent
performance (area under the receiver operating characteristic ≥0.95, precision ≥0.94, recall ≥0.92, F1-score ≥0.94, and F2-score
≥0.92). The SVM and random forest classifiers achieved the highest F2-scores (0.948 and 0.947, respectively). The logistic
regression and random forest were calibrated (P=.95 and P=.85, respectively), whereas the SVM and gradient boosted tree
classifiers were miscalibrated (P=.03 and P<.001, respectively). “Fentanyl” and “accident” had the highest Shapley additive
explanations values. Post hoc subgroup analyses revealed lower F2-scores for autopsies from forensic centers D and E. Lower
F2-score were observed for the American Indian, Asian, ≤14 years, and ≥65 years subgroups, but larger sample sizes are needed
to validate these findings.
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Conclusions: The random forest classifier may be suitable for identifying potential accidental and undetermined fatal overdose
autopsies. Further validation studies should be conducted to ensure early detection of accidental and undetermined fatal drug
overdoses across all subgroups.

(JMIR Public Health Surveill 2023;9:e45246)   doi:10.2196/45246

KEYWORDS

fatal drug overdose; natural language processing; surveillance; Tennessee; State Unintentional Drug Overdose Reporting System;
SUDORS

Introduction

Background
In recent years, incidences of fatal drug overdose have surged
in the United States. During the COVID-19 pandemic, the per
capita monthly overdose death rate increased by 60% in May
2020 compared with May 2019 [1]. At the state level, Tennessee
recorded an increase of 98% from May 2019 to May 2020 and
was surpassed by only West Virginia and Kentucky. Since the
pandemic, the rate of increase in fatal overdoses has slowed;
however, fatal drug overdoses remain a public health concern
with a substantial economic burden [2,3]. Provisional national
data estimated that 107,622 drug overdose deaths occurred in
2021, an increase of 15% from 2020 [2]. Meanwhile, Tennessee
has continued to surpass national trends, recording 3814
overdose deaths in 2021, a 26% increase from 2020 [4]. This
stark increase in overdose deaths calls for improved surveillance,
intervention, and prevention work to confront the overdose
crisis at the state level.

Fatal drug overdose surveillance provides critical information
for prevention and intervention. Specifically, surveillance helps
identify where fatal overdoses occur, what substances were
involved, and whether those trends have changed over time, all
of which help make response efforts more targeted and relevant
[5]. Data timeliness enables more effective and immediate
intervention. The Tennessee Department of Health (TDH)
currently conducts fatal drug overdose surveillance through the
State Unintentional Drug Overdose Reporting System
(SUDORS). SUDORS captures the details associated with
accidental and undetermined fatal overdoses using death
certificates, death scene investigations, autopsies, toxicology
reports, and prescription drug monitoring program data.
SUDORS is nested within the National Violent Death Reporting
System and is funded by the Overdose Data to Action grant
from the Centers for Disease Control and Prevention [6].

Although SUDORS provides a wealth of knowledge pertaining
to fatal drug overdoses, a delay of 6 months occurs from the
time of death to data collection. The delay is needed for death
certificate coding to be completed and autopsy reports to become
available for abstraction [7,8]. Notably, recent efforts to facilitate
rapid fatal drug overdose surveillance have leveraged natural
language processing (NLP). Several studies have explored the
application of NLP to social media data for more timely fatal
drug overdose surveillance [9-11]. Although potentially
available closer to real time, social media data are subject to
other challenges such as selection bias (social media users vs
nonusers), user privacy settings limiting access to posts, and
observer effects altering user behaviors [12]. Other studies have

applied NLP to more traditional data sources for surveillance.
Using death certificates, some surveillance teams have identified
drug overdose deaths from cause of death fields available before
the final cause of death coding [13-15]. Other teams have used
text from verbal autopsies, which describe interviews with
witnesses or relatives, as opposed to forensic autopsies, which
detail findings from extensive physical examinations and
toxicology tests [16,17]. Text from forensic autopsy reports has
been used for the automatic classification of causes of death
unrelated to drug overdoses [18]. However, to the best of our
knowledge, no studies have leveraged free text in forensic
autopsy reports to specifically predict fatal overdoses. Autopsy
narrative text is similar to scene evidence descriptions in
medicolegal documents, which are available sooner than
autopsies.

Objectives
Faster identification of fatal overdoses can facilitate timely
prevention and response efforts. In partnership with a research
team in Biomedical Informatics at Vanderbilt University
Medical Center (VUMC), the TDH sought to use NLP to
identify fatal drug overdose deaths using narrative text from
forensic autopsy reports.

Methods

Tennessee Fatal Drug Overdose Data Abstraction
Process
TDH operates within a decentralized medicolegal death
investigation system. Each of the 95 counties reports to 1 of the
5 forensic centers, which send reports to the Tennessee Office
of the State Chief Medical Examiner (OSCME). The OSCME
manages a repository of autopsy reports from all the forensic
centers. Using the International Classification of Diseases, Tenth
Revision (ICD-10) codes and keywords in death certificates,
the SUDORS team identifies potential fatal overdoses. The
SUDORS team obtains access to relevant autopsy reports and
manually reviews each report to abstract variables into a
REDCap (Research Electronic Data Capture) database (hereafter
referred to as the SUDORS database) [19,20]. The SUDORS
database contains information such as basic demographics,
location of death, cause of death, and death scene information.
As part of routine work at the TDH, at least 2 SUDORS
abstractors review each case to ensure accurate coding.

Data Sources
NLP models were developed using text from forensic autopsy
reports describing all manners of death from 2019 to 2021.
Autopsies included all fatal overdose deaths identified by the
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SUDORS team (cases) and the remaining other-cause deaths
(controls) in the OSCME repository from 2019 to 2021, as of
August 31, 2022. Autopsies were in semistructured forms
containing common headings (detailed below) and
computer-entered text. Autopsies were received as faxes or
scans (PDFs) and processed using Adobe Acrobat Pro optical
character recognition (OCR; Adobe). The outcome of interest
was whether a given autopsy described an accidental or
undetermined (ie, could not be definitively declared as
accidental) fatal drug overdose, as indicated by the SUDORS
team in the SUDORS database.

Narrative sections were defined as free-text portions of the
autopsy that included the death scene information and medical
history. These sections were commonly preceded by headings
such as “summary of case,” “summary and interpretation,”
“summary and opinion,” and “narrative summary.” The
SUDORS team deemed these narrative sections to be the most
informative parts of the autopsy report for determining the cause
of death. Other data elements in the autopsy report varied
substantially in quality (scanned toxicology results from
different laboratories) or contained information that was
interpreted and summarized in narrative sections (internal
examination findings, external examination findings, and
toxicology results). As such, this approach was limited to
narrative sections to improve generalizability to other data
sources in the future, such as medical examiner scene
investigation notes, which are similar in content to the autopsy
narrative text. This study was conducted before medical
examiner notes were made available to the SUDORS team.

Preprocessing of Narrative Text
Autopsy PDFs were converted to a binary format and parsed
page by page into text. Symbols that were likely artifacts of the
OCR process (as determined by a manual review) were removed
using regular expressions. The autopsy report templates were

semistructured and unique to each forensic center. Template
text patterns were identified by manual review and used to
extract the forensic center issuing the autopsy, as well as relevant
narrative sections. Autopsies for which a forensic center could
not be identified using this templated language were removed
from the data set.

To facilitate the comparison of information across report
formats, narrative text was divided into three sections based on
location within the autopsy report: (1) an initial narrative
(beginning of report), (2) a case summary (middle of report and
after internal and external examination findings), and (3) a
summary of circumstances (end of report). Narrative sections
within the same autopsy report were concatenated such that
each report had only one combined narrative section.

The autopsy narrative text was extracted and preprocessed
according to the steps outlined in Figure 1. A set of rules were
developed using patterns found by manual review and enacted
to remove additional artifacts resulting from the OCR process
while ensuring the detection of drug names containing hyphens
(eg, “4-ANPP” or 4-anilino-N-phenethylpiperidine) as one word
rather than separate words (“4” and “ANPP”). Generalized
regular expressions were used to identify potential references
to drugs to account for novel drug combinations and varying
OCR qualities. Words containing a number, hyphen, and letter
were identified as potential drugs and combined (“4ANPP”).
An exception to this rule was if the string contained “old” or
“year,” in which case the string likely referred to age rather than
a drug (“35-year-old”). The numbers were removed if they were
detected in words that were not identified as potential drug
names. Punctuation and stop words (with the exception of
“none” and “nowhere”) were removed, and terms were
lemmatized. Reports with fewer than 100 characters were likely
not sufficiently processed via OCR and were thus removed from
the data set.

Figure 1. Autopsy narrative text extraction (orange) and preprocessing (blue) steps. *Regular expression patterns determined by manual review with
input from SUDORS team. **Words with a number, hyphen, and letter were combined (eg, “4-ANPP” or 4-anilino-N-phenethylpiperidine converted
to “4ANPP”). An exception was if the string contained “old” or “year” (eg, “35-year-old”). OCR: optical character recognition; SUDORS: State
Unintentional Drug Overdose Reporting System.
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Modeling Plan
Autopsies from 2019 to 2020 were used for training (95%) and
calibration (5%), and autopsies from 2021 were used for testing.
This allowed model development to occur while the SUDORS
team abstracted information from 2021 autopsies. Bag-of-words
models were developed using term frequency–inverse document
frequency scoring, which normalizes the word count in a given
document based on the prevalence of the word among all
documents, such that rarer words are given higher scores. Terms
appearing in fewer than 20 documents in the training set or with
fewer than 4 characters were excluded.

Logistic regression, support vector machine (SVM), random
forest, and gradient boosted tree classifiers were generated.
Hyperparameters for SVM, random forest, and gradient boosted
trees were tuned with 5-fold cross-validation.

Model Metrics
The area under the receiver operating characteristic (AUROC),
precision, recall, F1-score (equal weighting of precision and
recall), and F2-score (recall weighted heavier than precision)
were calculated for the corresponding hold-out data sets. Model
error was evaluated using 100 bootstrapped samples, and 95%
CIs were generated for each metric. Recall was identified as the
most important metric that ensured that all potential cases of
fatal overdoses would be reviewed by the surveillance team.
Therefore, the F2-score rather than F1-score was primarily used
to compare model performance.

The SVM, random forest, and gradient boosted tree classifiers
achieving the highest F2-scores were calibrated using Platt
scaling, which applies logistic regression to normalize the
predicted probabilities from the test set to the expected
distribution of probabilities, as determined by the calibration
set. The divergence between the predicted and expected
probabilities of fatal overdoses was evaluated using the
Spiegelhalter z test statistic. SHAP (Shapley additive
explanations) values were generated for the random forest and
gradient boosted tree classifiers [21].

Post Hoc Subgroup Analysis
The random forest classifier, which achieved the highest
F2-score and was calibrated, was used for post hoc subgroup
analyses that assessed model performance within the test data
set by forensic center, race, age at death, sex, and education
level. Individuals in these subgroups were suspected to have
varying levels of narrative text available for model prediction
[22]. This analysis was also completed using the logistic
regression model to ensure that the subgroup performances of
the parametric (logistic regression) and nonparametric (random
forest classifier) models were evaluated.

Subgroup information was extracted from the SUDORS database
and death certificates (for non-SUDORS deaths or controls). In
death certificates, race categories were mutually exclusive (ie,
a decedent could only be coded as 1 race), whereas in the

SUDORS database, more than 1 race could be indicated. To
harmonize these data, race was coded as American Indian,
Asian, Black, Other, Pacific Islander, or White. Individuals of
multiple races were recoded as the most prevalent race within
the population. For example, an individual coded as White
(prevalence=0.73) and American Indian (prevalence=0.001)
was recoded to White to reflect the more prevalent race in the
data set. Age at death was recoded into ranges used by the
National Center for Health Statistics: ≤14, 15-24, 25-34, 35-44,
45-54, 55-64, and ≥65 years [23]. The sex categories were
female, male, and unknown. Education level was coded as 8th
grade or less, 9th to 12th grade but no diploma, high school
graduate or General Educational Development test, college but
no degree, associate’s degree, bachelor’s degree, master’s
degree, doctorate or professional degree, or unknown. Within
each subgroup, AUROC, precision, recall, F2-score, cases,
controls, and median narrative text length were calculated.

Experimental Setup
This study was conducted in Python (version 3.9.7; Python
Software Foundation) and R (version 4.2.0; R Foundation for
Statistical Computing). Autopsy PDFs were converted to text
using the extract_text function in the Python pdfminer package
(version 20191125). Data preprocessing was performed using
the spaCy package (version 3.2.4) and the scispaCy (version
0.5.0) en_core_sci_sm NLP pipeline, which was pretrained on
biomedical data and had a vocabulary size of approximately
100K [24]. The models were constructed in Python using
scikit-learn (version 1.1.1) and xgboost (version 1.6.1). The
Spiegelhalter z test statistic was calculated using rms (version
6.3.0) in R, and the SHAP values were generated using SHAP
(version 0.41.0) in Python.

Ethical Considerations
This study was a quality improvement project found exempt by
the TDH institutional review board.

Results

Overview
An initial set of 17,521 autopsies was obtained for all manners
of death from 2019 to 2021. A subset of autopsies (179/17,521,
1%) was removed because of unsuccessful identification of a
specific forensic center or insufficient characters (<100
characters) after text preprocessing, including lemmatization.
The final data set contained 17,342 autopsies (5912 cases and
11,430 controls). The most common manners of death were
accidental among cases (5811/5912, 98%) and natural among
controls (3994/11,430, 35%; Multimedia Appendix 1). Forensic
centers were deidentified and denoted as A, B, C, D, and E.
Approximately half (8743/17,342, 50.42%) of the total autopsies
were obtained from the forensic center A (Table 1). The
proportion of fatal overdoses was the highest among autopsy
reports from the forensic center C (1229/3007, 40.87%).
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Table 1. Cases and controls by forensic center (columns), entire data set.

Total (N=17,342), n (%)Forensic center, n (%)

E (n=423)D (n=1452)C (n=3007)B (n=3717)A (n=8743)

5912 (34.09)156 (36.87)417 (28.72)1229 (40.87)1015 (27.3)3095 (35.39)Cases

11,430 (65.91)267 (63.12)1035 (71.28)1778 (59.13)2702 (72.69)5648 (65.6)Controls

Narrative Text Sections
Across forensic centers, narrative text sections remained similar
in content (each contained scene evidence and medical history)
but had varying levels of missingness (Table 2). Notably,

forensic centers A and B shared very similar formats, consisting
of an initial narrative and a case summary. Autopsies from
forensic centers C and D tended to have an initial narrative and
summary of circumstances. Autopsies from forensic center E
only presented a summary of circumstances.

Table 2. Sections of narrative text by forensic center in entire data set.

Total characters, median (IQR)Summary of circumstances, n (%)Case summary, n (%)Initial narrative, n (%)Forensic center

1287 (1053-1560)3 (0.03)8732 (99.87)8675 (99.22)A (n=8743)

1319 (1119-1566)0 (0)3687 (99.19)3717 (100)B (n=3717)

2852 (1855-4142)2238 (74.43)0 (0)3007 (100)C (n=3007)

1074 (666-1511)562 (38.71)0 (0)1452 (100)D (n=1452)

462 (273-617)423 (100)0 (0)0 (0)E (n=423)

Model Development
Of the 17,342 autopsies, a subset of 10,215 autopsies was used
for training (3342/10,215, 32.72% cases), 538 for calibration
(183/538, 34.01% cases), and 6589 for testing (2409/6589,
36.56% cases). A total of 4002 terms from the training data
comprised the vocabulary set for the bag-of-words models.

Model Validation
All models achieved AUROC≥0.95, precision≥0.94, recall≥0.92,
F1-score ≥0.94, and F2-score ≥0.92 (Table 3). The highest recall
and F2-scores were achieved using the SVM (recall=0.948, 95%
CI 0.937-0.959; F2-score =0.948, 95% CI 0.94-0.957) and

random forest (recall=0.942, 95% CI 0.933-0.954; F2-score
=0.947, 95% CI 0.939-0.956). The corresponding 95% CIs for
these metrics did not overlap with those for logistic regression,
suggesting that SVM and random forest achieved significantly
higher recall and F2-scores than logistic regression (P<.05). The
logistic regression and random forest were calibrated (P=.95
and P=.85, respectively). The SVM and gradient boosted tree
classifiers were miscalibrated (P=.03 and P<.001, respectively).

The SHAP value analysis indicated that “fentanyl,” “accident,”
“toxicity,” and “combined” were among the top features for the
random forest (Figure 2) and gradient boosted trees classifiers
(Multimedia Appendix 2). “Natural” was most strongly
associated with controls.

Table 3. Model discrimination and classification metrics across 100 bootstrapped samples.

P valuebF2-scorea, medi-
an (95% CI)

F1-score, median
(95% CI)

Recall, median
(95% CI)

Precision, median
(95% CI)

Area under the receiver
operating characteristic,
median (95% CI)

−0.057 (.95)0.928 (0.918-
0.935)

0.941 (0.933-
0.946)

0.92 (0.908-
0.928)

0.963 (0.954-
0.972)

0.95 (0.943-0.955)Logistic regression

2.17 (.03)0.948 (0.94-
0.957)

0.949 (0.942-
0.956)

0.948 (0.937-
0.959)

0.95 (0.936-
0.962)

0.96 (0.954-0.966)Support vector machine

−0.189 (.85)0.947 (0.939-
0.956)

0.954 (0.945-
0.96)

0.942 (0.933-
0.954)

0.964 (0.954-
0.973)

0.961 (0.955-0.967)Random forest

−6.79 (<.001)0.939 (0.926-
0.951)

0.943 (0.935-
0.953)

0.937 (0.92-
0.953)

0.949 (0.935-
0.964)

0.954 (0.946-0.962)Gradient boosted trees

aF2-score prioritizes maximizing recall over precision.
bSpiegelhalter z test statistic.
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Figure 2. Top 20 SHAP (Shapley additive explanations) values for the random forest classifier. 4ANPP: 4-anilino-N-phenethylpiperidine.

Subgroup Analysis
The subgroup analysis revealed similar results for the random
forest classifier (Table 4) and logistic regression model
(Multimedia Appendix 3), with a few exceptions. Across
forensic centers for both models, forensic centers A, B, and C
had the highest F2-scores, whereas forensic centers D and E
had the lowest F2-scores. Across race categories for random
forest, F2-score was highest for Pacific Islander (F2-score =1)
and lowest for American Indian (F2-score =0.833) and Asian
(F2-score =0.862). The logistic regression model achieved

similar metrics but performed better for the American Indian
race category (F2-score =1). Across age groups for the random
forest, F2-score was highest for age groups 15-24 years (F2-score
=0.973) and lowest for ≤14 years (F2-score =0.6) and ≥65 years
(F2-score =0.789). The same relative order of F2-scores was
preserved for logistic regression, but performance was
considerably worse for age group ≤14 years (F2-score =0.227).
Models performed similarly across sex and education levels.
Notably, several subgroups included fewer than 20 cases or
controls.
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Table 4. Random forest discrimination and classification metrics, cases, controls, and narrative section length for each subgroup in the test set (n=6589).

Length, median (IQR)Controls, n (%)Cases, n (%)F2-scoreRecallPrecisionArea under the receiver
operating characteristic

Subgroup

Forensic center

1256 (1040-1497)2038 (30.93)1192 (18.09)0.9730.9730.9710.978A

1344 (1137-1554)969 (14.71)471 (7.15)0.9660.9660.9660.975B

3621 (2462-6025)699 (10.61)510 (7.74)0.9510.9530.9460.956C

737 (512-1074)407 (6.18)195 (2.96)0.7980.7640.9680.876D

686 (590-794)67 (1.02)41 (0.62)0.7470.7070.9670.846E

Race

1224 (858-1593)<20 (<0.30)<20 (<0.30)0.8330.810.9American Indian

1361 (1178-1705)30 (0.46)<20 (<0.30)0.8620.83310.917Asiana

1299 (1092-1581)1173 (17.80)492 (7.47)0.9620.9610.9650.973Black

1254 (1031-1478)32 (0.49)47 (0.71)0.9830.97910.989Otherb

837 (612-1110)<20 (<0.30)<20 (<0.30)1111Pacific Islanderc

1339 (1027-1877)2936 (44.56)1858 (28.20)0.9460.9420.9630.959White

Age range (years)

1603 (1218-2279)246 (3.73)<20 (<0.30)0.60.60.60.796≤14

1183 (981-1523)492 (7.47)198 (3.01)0.9730.970.9850.98215-24

1279 (1039-1693)682 (10.35)692 (10.50)0.9610.9580.9710.96425-34

1362 (1087-1823)717 (10.88)805 (12.22)0.9570.9570.9570.95435-44

1344 (1064-1748)753 (11.43)458 (6.95)0.940.9340.9620.95645-54

1359 (1040-1761)679 (10.31)216 (3.28)0.9210.9070.980.95155-64

1355 (1020-1796)611 (9.27)35 (0.53)0.7890.7710.8710.882≥65

Sex

1381 (1081-1859)1164 (17.67)736 (11.17)0.9470.9430.9610.959Female

1307 (1039-1711)3016 (45.77)1673 (25.39)0.9510.9470.9650.964Male

Education

1485 (1153, 2156)330 (5.01)77 (1.17)0.9030.8960.9320.948th grade or less

1304 (1035-1709)691 (10.49)460 (6.98)0.9620.9630.9590.9689th-12th grade but no diploma

1314 (1031-1726)1808 (27.44)1232 (18.70)0.9480.9440.9670.961High school graduate or Gen-
eral Educational Development

1297 (1052-1664)591 (8.97)368 (5.59)0.9530.9480.9690.965Some college but no degree

1338 (1049-1745)209 (3.17)108 (1.64)0.9280.9260.9350.946Associate’s degree

1340 (1097-1700)309 (4.69)89 (1.35)0.9500.9440.9770.969Bachelor’s degree

1324 (1119-1849)85 (1.29)<20 (<0.30)1111Master’s degree

1369 (1037-2200)44 (0.67)<20 (<0.30)0.93810.750.989Doctorate or professional de-
gree

1507 (1207-2389)113 (1.71)56 (0.85)0.9420.92910.964Unknown

aAsian includes Asian Indian, Chinese, Filipino, Korean, Vietnamese, and Other Asian.
bOther includes Other Race and Unknown.
cPacific Islander includes Guamanian or Chamorro, Samoan, and Other Pacific Islander.
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Discussion

Principal Findings
Narrative text was used to construct bag-of-words models (term
frequency–inverse document frequency scoring) that predicted
whether a given autopsy described a fatal overdose. The
structure and details of the scene varied considerably across
autopsies. Despite this heterogeneity in autopsy data, the SVM,
random forest, and gradient boosted tree classifiers all showed
excellent performance. Both SVM and random forest achieved
the highest recall and F2-score, but only the random forest was
calibrated.

The terms most strongly associated with fatal overdoses in both
the random forest and gradient boosted tree models were aligned
with known state-level trends. From 2015 to 2019, the rate of
fatal drug overdoses involving fentanyl increased from 2.7 to
16.8 per 100,000 residents in Tennessee [25]. More than half
of fentanyl overdoses involved additional substances in 2019.
Unsurprisingly, “fentanyl,” “norfentanyl,” “4ANPP” (ie,
“4-ANPP” before text preprocessing; a precursor to illicit
fentanyl), and “combined” were among the top terms most
strongly associated with fatal overdose autopsies. Overdoses
have also been increasingly linked to methamphetamine and
heroin, both of which are highly predictive of fatal overdoses
[25]. This rise in fentanyl- and stimulant-related overdose deaths
has also been observed at the national level [23,26].

Forensic center subgroup analysis revealed lower model
discrimination on data from forensic centers D and E. These 2
forensic centers contributed the fewest autopsies. It is possible
that the models were not given ample opportunities to learn
from autopsies contributed by these 2 centers. Model
performance may improve with the oversampling of autopsies
from these 2 forensic centers. The subgroup analyses by race
and age indicated lower F2-scores for the American Indian and
Asian race groups as well as the ≤14 and ≥65 years age groups.
These race and age subgroup results differed slightly in the
logistic regression analysis, suggesting that the small sample
sizes for these subgroups and others warrant additional study.

Subgroup differences in model performance and narrative length
are worth additional study, particularly considering the findings
of Mezuk et al [22]. In their study, Mezuk et al [22] identified
shorter National Violent Death Reporting System narrative
lengths for suicide and undetermined deaths among individuals
who were male, were older, achieved lower education, and were
part of certain racial and ethnic minority groups, compared with
their counterparts. These findings suggest that models that use
narrative text may generate biased predictions for individuals
in certain subgroups. A similar detailed analysis is beyond the
scope of this study. Our data did not suggest a noticeable
difference in median narrative length across races. However,
an analysis of narrative length using the Wilcoxon rank-sum
test indicated a significant difference in narrative section length
between the Black and White race subgroups (P<.001;
Multimedia Appendix 4). These shorter sections did not appear
to affect model performance, but further studies are needed.

Previous studies have used more complex machine learning
methods, such as deep learning on autopsy text, to predict the
cause of death ICD-10 codes [14,15,27]. Although such models
may incorporate more information to perform generalized cause
of death prediction, our models were specific to fatal overdose
prediction. More specialized models may be better suited to
identify fatal overdoses when the evidence is less clear-cut. For
instance, drugs discovered at the death scene may not necessarily
be linked to the primary cause of death. Alternatively, a fatal
overdose may be the primary cause of death, but the death
certificate may only reflect a contributing comorbidity. Our
model performance metrics suggested that more advanced
machine learning methods were not needed for this prediction
task. As indicated by the relatively small size of the vocabulary
set in this study (4002 terms across 10,215 autopsies) and
subsequently verified by manual review, the language across
autopsy reports was fairly standardized and uniform. Perhaps
certain combinations of terms (eg, “fentanyl,” “accident,” and
“toxicity”) were highly predictive of fatal overdose. Another
study used NLP to predict fatal overdoses from free-text fields
in Kentucky death certificates [13]. Similar to our study,
bag-of-words–based machine learning models were used.
However, whereas Kentucky relied on death certificate fields
(as few as 2 words), our study used a different data source:
autopsy narrative text. These sections ranged from hundreds to
thousands of characters in length and provided additional
contextual information in the form of scene evidence and
medical history.

This work was completed in an academic-public partnership
between the TDH and VUMC, where the SUDORS team at the
TDH provided domain knowledge, and the Walsh Lab at VUMC
provided modeling expertise. The goal was to develop a model
that can be run and maintained by the SUDORS team. To this
end, a simple modeling pipeline has several advantages. Adobe
Acrobat Pro is easy to operate and does not require computer
programming skills. Therefore, the OCR process can remain
consistent, despite any changes in personnel that may occur.
Sections of narrative text were identified using keywords that
appeared as headings in autopsy reports. These rules can be
modified to ensure the continued extraction of the appropriate
autopsy sections, should autopsy templates change in the future.
The bag-of-words models were agnostic to word order and less
context dependent compared with more complex models such
as word2vec. The simplicity of the bag-of-words approach
translated into increased robustness to the variable quality of
text extracted using OCR. Together, these aspects of the
modeling pipeline facilitated the handoff of the code to the TDH
SUDORS team and may inform modeling practices in other
states.

Limitations
This study has several limitations. The OCR results depended
on the quality of the scanned autopsy reports. The OCR was
less accurate when the reports were scanned crooked (as reported
in the results, no more than 1% of all autopsies were removed
for this reason). Sometimes, spaces would be missed (eg,
“decedentwas” instead of “decedent was”), misspellings would
be introduced, or the OCR would add symbols (often <4
characters long). These tendencies informed the decision to

JMIR Public Health Surveill 2023 | vol. 9 | e45246 | p.2616https://publichealth.jmir.org/2023/1/e45246
(page number not for citation purposes)

Tang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


exclude terms appearing in fewer than 20 documents or those
having fewer than 4 characters. Although the Adobe Acrobat
Pro OCR was sufficient for this study, careful manual reviews
should be conducted when applying this tool to different data
sources. In addition, the text was extracted using a simple
Python function that did not always maintain proper word order
when the text spanned multiple columns. As word order was
occasionally altered during the OCR text extraction process,
the tested models did not consider negation. Although
word-order–agnostic models were sufficient for the prediction
task presented in this study, more precise text extraction methods
may yield at least a modest improvement in recall. Other studies
may assess the importance of considering negation in autopsy
reports.

Fatal overdoses were identified by the TDH surveillance team
through an automated process that involved ICD-10 codes and
keyword searches of death certificates, followed by a manual
review. Although this process has been improved and tested
over the years, it depends on death certificate codes and cause
of death text, both of which may be delayed. The NLP-based
approach in this study has the potential to overcome this
limitation, as it relies on autopsy narrative text (a proxy for
medicolegal scene investigation documentation), which is often
available much sooner and can provide more contextual
information than death certificates. Furthermore, the Tennessee
medicolegal death investigation system is decentralized, thus
allowing a wide range of variability in the level of detail
included in the autopsy narratives. Despite this variation, the
content of the information conveyed remained consistent.
Finally, this study involved only data from one state health
department. Although the studied classifiers performed well,
data from other states may require additional preprocessing
steps and potentially model retraining.

Future Work
The absence of a standardized autopsy template for all forensic
centers added complexity to this prediction task and likely
contributes to the additional time spent by the surveillance team
in manually abstracting information. The recent adoption of the
Medicolegal Death Investigation Log for some jurisdictions
throughout the state is a step toward standardization, as this
platform offers a common set of data fields for users to
complete, in addition to a centralized location for documents
to be uploaded. The utility of Medicolegal Death Investigation
Log data in NLP models should be investigated in the future.

Efforts to standardize autopsy reports across forensic centers
could facilitate the development of NLP tools specifically
trained on text from autopsy reports. Such tools may identify
scene evidence and naloxone administration more accurately
than tools designed for electronic health record data, as
described by Harris et al [28]. In the future, more specialized

NLP tools could facilitate the automated extraction of public
health–related variables for more complex NLP tasks.

Systematic characterization of the differential coverage of
information related to scene evidence and medical history
conveyed in autopsies from each forensic center may be
worthwhile. This analysis may reveal factors contributing to
poorer model performance and inform the standardization of
statewide autopsy reports. As public health surveillance becomes
more automated, it is increasingly important to consider
variations conferred by nonstandardized documentation
practices.

Given the findings of Mezuk et al [22] related to narrative
lengths across different subgroups, future studies might seek to
understand such patterns using data from all-cause deaths.
Mezuk et al [22] also noted that missingness (ie, the presence
or absence of a medical examiner narrative or law enforcement
report) was associated with different social variables, such as
homeless status, education, race, and ethnicity. These findings
from Mezuk et al [22] are worth considering in future work
because of the potential downstream effects of predictive models
leveraging such biased data. In the case of public health
surveillance, the result may be underreporting of deaths in
certain groups, thus limiting intervention in communities that
may be the most in need. This is particularly important, given
the existing disparities exacerbated by the COVID-19 pandemic,
which contributed to disproportionately high increases in
overdose mortality rates among Black and American Indian or
Alaska Native individuals compared with White individuals
[29,30]. There is an urgent need to develop predictive models
that ensure the appropriate allocation of resources during
interventions.

Operationalizing the random forest classifier may facilitate rapid
fatal overdose reporting in the future. OCR was performed using
the batch processing option accessible through the Adobe
Acrobat Pro user interface. The random forest classifier should
be easy to scale to larger data sets and reduce overfitting by
leveraging ensemble learning methods. Swift reporting can aid
in the development of faster prevention and response activities
at the community level, which can help curtail the growing
number of fatal drug overdoses in Tennessee. Deploying this
model could enhance the capacity of TDH to conduct fatal drug
overdose surveillance.

Conclusions
Narrative text from Tennessee autopsy reports was used to
develop NLP models that predicted the likelihood that a given
autopsy described a fatal overdose. Simple bag-of-words–based
models were sufficient for identifying potential fatal overdoses
for public health surveillance. Additional studies are needed to
ensure that the random forest classifier facilitates timely fatal
overdose reporting for individuals across all subgroups.
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Abstract

Background: Accurate estimation of the influenza death burden is of great significance for influenza prevention and control.
However, few studies have considered the short-term harvesting effects of influenza on mortality when estimating
influenza-associated excess deaths by cause of death, age, sex, and subtype/lineage.

Objective: This study aimed to estimate the cause-, age-, and sex-specific excess mortality associated with influenza and its
subtypes and lineages in Guangzhou from 2015 to 2018.

Methods: Distributed-lag nonlinear models were fitted to estimate the excess mortality related to influenza subtypes or lineages
for different causes of death, age groups, and sex based on daily time-series data for mortality, influenza, and meteorological
factors.

Results: A total of 199,777 death certificates were included in the study. The average annual influenza-associated excess
mortality rate (EMR) was 25.06 (95% empirical CI [eCI] 19.85-30.16) per 100,000 persons; 7142 of 8791 (81.2%) deaths were
due to respiratory or cardiovascular mortality (EMR 20.36, 95% eCI 16.75-23.74). Excess respiratory and cardiovascular deaths
in people aged 60 to 79 years and those aged ≥80 years accounted for 32.9% (2346/7142) and 63.7% (4549/7142) of deaths,
respectively. The male to female ratio (MFR) of excess death from respiratory diseases was 1.34 (95% CI 1.17-1.54), while the
MFR for excess death from cardiovascular disease was 0.72 (95% CI 0.63-0.82). The average annual excess respiratory and
cardiovascular mortality rates attributed to influenza A (H3N2), B/Yamagata, B/Victoria, and A (H1N1) were 8.47 (95% eCI
6.60-10.30), 5.81 (95% eCI 3.35-8.25), 3.68 (95% eCI 0.81-6.49), and 2.83 (95% eCI –1.26 to 6.71), respectively. Among these
influenza subtypes/lineages, A (H3N2) had the highest excess respiratory and cardiovascular mortality rates for people aged 60
to 79 years (20.22, 95% eCI 14.56-25.63) and ≥80 years (180.15, 95% eCI 130.75-227.38), while younger people were more
affected by A (H1N1), with an EMR of 1.29 (95% eCI 0.07-2.32). The mortality displacement of influenza A (H1N1), A (H3N2),
and B/Yamagata was 2 to 5 days, but 5 to 13 days for B/Victoria.

Conclusions: Influenza was associated with substantial mortality in Guangzhou, occurring predominantly in the elderly, even
after considering mortality displacement. The mortality burden of influenza B, particularly B/Yamagata, cannot be ignored.
Contrasting sex differences were found in influenza-associated excess mortality from respiratory diseases and from cardiovascular
diseases; the underlying mechanisms need to be investigated in future studies. Our findings can help us better understand the
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magnitude and time-course of the effect of influenza on mortality and inform targeted interventions for mitigating the influenza
mortality burden, such as immunizations with quadrivalent vaccines (especially for older people), behavioral campaigns, and
treatment strategies.

(JMIR Public Health Surveill 2023;9:e42530)   doi:10.2196/42530
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influenza; disease burden; distributed-lag nonlinear model; excess mortality; harvesting effects

Introduction

Seasonal influenza has been associated with a large number of
deaths, both in China and globally [1-5]. An accurate gauge of
the mortality burden of the seasonal influenza epidemic is of
great importance for understanding the impact of influenza, as
well as for formulating and adjusting corresponding prevention
and control measures [6]. This has been challenging, as
laboratory diagnoses of influenza are not routinely made, and
it is difficult to distinguish influenza virus infections from other
respiratory pathogen infections based on nonspecific clinical
symptoms [7]. Additionally, older adults are more likely to die
from influenza-triggered complications, but influenza is seldom
recorded as the cause of death in the mortality registration
system [8]. Therefore, laboratory-confirmed deaths are an
underestimate of the mortality burden of influenza [6].

Many studies have assessed the mortality burden of influenza
with statistical models [3,6-19]. There have been substantial
variations in estimates of influenza-associated excess mortality
and in analytical strategies, including the definition of the lag
period between influenza activity and mortality [20]. Previous
studies have assumed that the lag was zero weeks, months, or
years or one week; correspondingly, a simple influenza activity
proxy was often included in the model, that is, a proxy lag of 1
week was used [20]. Lytras et al [21] examined the delayed
effect of influenza activity on all-cause mortality using a
distributed-lag nonlinear model (DLNM), allowing a flexible
lag-response relationship between influenza and death.
Interestingly, the study detected a short-term harvesting effect
between influenza activity and all-cause mortality. Whether
such findings can be generalized to other cause-of-death
groupings and locations with different circulating influenza
strains, health care systems, age structures, and contact patterns
needs to be further explored. In addition, previous studies
seldom reported potential disparities in influenza-associated
excess mortality due to influenza B lineage and sex [19,22].

Guangzhou, a subtropical city in the western Pacific region of
southern China (location N 23°8 , E 113°17 ), is an international
transportation hub with a permanent population of approximately

15 million (in 2018) and an area of 7434.4 km2. Free influenza
vaccination has been available for older residents since 2021 in
Guangzhou; however, the vaccination coverage rate has been
unsatisfactory overall in China [23]. Assessment of the mortality
burden of influenza would provide necessary data for evaluating
this program. The current study aimed to estimate excess
mortality associated with influenza virus subtypes and lineages
for different cause-of-death groupings in Guangzhou from 2015
to 2018 across different age groups and sexes using DLNMs.

Methods

Ethical Considerations
This study was approved by the Research Ethics Committee of
Southern Medical University (NFYKDX-ER2022012). The
need for informed consent was waived because the data were
deidentified and aggregated.

Data Sources
Individual data for deaths occurring between January 5, 2015,
and December 30, 2018, in Guangzhou were obtained from the
Guangzhou Center for Disease Control and Prevention (CDC).
Individual death information included the underlying cause of
death, age at death, and sex. The daily number of deaths was
aggregated. Here, we considered 5 cause-of-death groupings
associated with influenza virus infection: all causes
(International Statistical Classification of Diseases and Related
Health Problems, 10th Revision [ICD-10] codes A00-Z99),
respiratory and cardiovascular diseases (ICD-10 codes I00-I99
and J00-J99), respiratory disease (ICD-10 codes J00-J99),
pneumonia and influenza (ICD-10 codes J10-J18), and
cardiovascular disease (ICD-10 codes I00-I99).

The Guangzhou CDC also provided influenza surveillance data,
including the weekly proportions of specimens testing positive
for influenza A (H1N1), A (H3N2), B/Yamagata, and
B/Victoria, and the weekly proportion of consultations for
influenza-like illness (ILI), that is, a body temperature ≥38 °C
with cough or sore throat, among outpatient visits at sentinel
hospitals in Guangzhou.

Data on annual population size were obtained from the Public
Security Bureau of Guangzhou Municipality. We collected data
on daily mean temperature and relative humidity from the
website of the China Meteorological Data Service Center [24].

Statistical Analysis
We defined a weekly influenza virus activity proxy by
multiplying the weekly proportion of consultations for ILI and
the proportion of specimens testing positive for different
subtypes and lineages, and then multiplying the resulting value
by 1000 [25,26]. Then, we converted the weekly proxy to a
daily proxy with cubic smoothing splines with 1 df per week,
determined with generalized cross-validation [21]. The daily
population size was estimated by linear interpolation. Daily
mean temperature and relative humidity data were used to
calculate daily absolute humidity [17], which has been suggested
to be a better predictor of influenza virus transmission and
survival than relative humidity [27].
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A quasi-Poisson regression model was applied to estimate the
excess mortality associated with influenza for different
cause-of-death groupings, age groups (<60 years, 60-79 years,
≥80 years, and all ages), and sex. The associations of death
counts with influenza and temperature were determined using
a DLNM [28], as follows:

where Yt and μt were the observed and expected number of
deaths on day t, respectively. φ is the overdispersion parameter.
The logarithm of population (Popt), with a fixed regression
coefficient of 1, was used as an offset. The influenza activity
proxy variables for A (H1N1), A (H3N2), B/Victoria, and
B/Yamagata on day t were ProxyH1,t, ProxyH3,t, ProxyBV,t, and
ProxyBY,t, respectively. Cross-basis T t,l(.) was constructed for
the activity proxy variable of each influenza subtype/lineage,
assuming a linear relationship between influenza virus activity
and population mortality [3,6,13,14,21]. Cross-basis T t,l(.) was
constructed for daily temperature (Tempt) on day t with a natural
cubic spline with 4 df [29]. It should be noted that the
lag-response associations for the temperature and influenza
virus activity proxies were set up with natural cubic splines with
3 knots placed at equally spaced log values of lags of 30 days
to fully capture possible short-term mortality displacement
effects (Multimedia Appendix 1) [21,30].

In addition, we controlled the effect of absolute humidity (Humt)
using a natural cubic spline with 4 df [22]. Additionally, we
included a categorical variable for the day of the week (Dowt)
and an indicator variable for holidays (Holidayt) in the model.
Additional adjustments in the model included a natural cubic
spline with 5 df for the day of the year (Doyt; ie, 1-366) and a
categorical variable for calendar year (Yeart), to control for
seasonality and the time trend in death counts, respectively [21].

We present the relative risk (RR) and cumulative RR of death
associated with an increase of 10 units in the influenza virus
activity proxy relative to an influenza activity proxy of 0 across
a lag of 0 to 30 days. The daily number of excess deaths related
to influenza was estimated as the difference between the
estimated number of deaths given the observed influenza virus
activity and the estimate given that the influenza virus did not
circulate (ie, the influenza virus activity proxy was 0) [22]. The
excess mortality rates (EMRs) associated with influenza for
different age groups were estimated by dividing the
influenza-related excess death numbers by the corresponding
population sizes and then multiplying by 100,000. It should be
noted that the EMRs associated with influenza in this study
were in units per 100,000 persons per year. We estimated the
EMRs that incorporated the lagged effects of influenza on
mortality over 0 to 30 days. Meanwhile, we applied Monte Carlo
simulations to estimate the 95% empirical CI (95% eCI) of the
EMRs, which accounted for autocorrelation using the
Newey-West method [31-33].

To detect whether there was a sex difference in influenza-related
EMRs, we divided the male EMRs by female EMRs to obtain

the male-to-female excess mortality ratios (MFRs) and derived
the corresponding 95% CIs using the delta method [22].

To check the robustness of the results, we conducted sensitivity
analyses by (1) changing the maximum number of lag days for
lag-response relationships between the death and activity proxies
of each influenza subtype and lineage, as well as for the
relationship between death and temperature; (2) changing the
way we controlled the temporal trend in the mortality rate; (3)
ignoring the classifications of influenza virus types and influenza
B lineages; (4) applying different cross-basis matrices to
temperature; and (5) including the influenza virus activity proxy
and temperature at a lag of 7 days in the model (Multimedia
Appendix 1). All analyses were performed in R (version 4.1.1;
R Foundation for Statistical Computing).

Results

There were 199,777 death certificates (86,440 for women and
113,337 for men; 34,229 for the 0-to-59-year age group, 73,552
for the 60-to-79-year age group, and 91,996 for the ≥80-year
age group) included in this analysis, of which 105,998 were
respiratory/cardiovascular disease deaths, 28,528 were
respiratory disease deaths, and 12,255 were pneumonia/influenza
deaths. In Guangzhou from 2015 to 2018, influenza viruses
circulated every year. In 2015 and 2017, influenza activity
peaked in the summer, while in 2016 and 2018, influenza
activity was greater in the winter and early spring. A similar
pattern was observed for the excess respiratory/cardiovascular
disease mortality associated with influenza (Figure 1).

It was estimated that 2198 all-cause deaths, 1786
respiratory/cardiovascular disease deaths, 825 respiratory disease
deaths, and 340 pneumonia/influenza deaths were attributable
to influenza annually; correspondingly, the annual
influenza-associated excess all-cause, respiratory/cardiovascular
disease, respiratory disease, and pneumonia/influenza mortality
rates were 25.06 (95% eCI 19.85-30.16), 20.36 (95% eCI
16.75-23.74), 9.41 (95% eCI 7.78-10.90) and 3.88 (95% eCI
2.80-4.84) per 100,000 persons, respectively (Table 1). Excess
deaths associated with influenza accounted for 4.4%
(8791/199,777), 6.7% (7142/105,998), 11.6% (3301/28,528),
and 11.1% (1361/12,255) of all-cause, respiratory/cardiovascular
disease, respiratory disease, and pneumonia/influenza deaths,
respectively. Influenza-associated excess deaths due to
respiratory/cardiovascular disease, respiratory disease, and
pneumonia/influenza accounted for 81.2% (7142/8791), 37.6%
(3301/8791), and 15.5% (1361/8791) of excess all-cause deaths,
respectively.

The excess mortality due to various underlying causes associated
with influenza varied across age groups. The EMR for each
cause of death associated with influenza in people aged ≥80
years was higher than that in people aged 60 to 79 years.
However, it should be noted that only influenza-related excess
mortality due to respiratory/cardiovascular disease was
statistically significant among deaths from all different causes
in the 0-to-59-year age group. The EMRs for
respiratory/cardiovascular disease for people aged 60 to 79 years
and ≥80 years were 45.21 (95% eCI 33.31-56.74) and 452.63
(95% eCI 357.46-544.47) per 100,000 persons, respectively,
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which was higher than the EMR for people aged 0 to 59 years
(91.50, 95% eCI 4.79-165.41). The burden in these two age
groups represented 32.9% (2346/7142) and 63.7% (4549/7142)

of the excess respiratory/cardiovascular disease deaths attributed
to influenza, respectively (Table 1).

Figure 1. Influenza activity and weekly influenza-associated excess respiratory and cardiovascular deaths in Guangzhou, China, from 2015 to 2018.
(A) Influenza virus activity proxy (this proxy does not have units). (B) Weekly influenza-associated excess respiratory/cardiovascular deaths. The bars
in B represent the estimates of excess influenza-related deaths per week and the shaded areas are the corresponding 95% empirical CIs. The influenza
virus activity proxy was calculated by multiplying the weekly proportion of consultations for influenza-like illness and the proportion of specimens
testing positive for different subtypes and lineages, and then multiplying the resulting value by 1000.
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Table 1. Average annual excess mortality rates associated with influenza by cause-of-death grouping and age group in Guangzhou, China, from 2015
to 2018.

Rate per 100,000 persons (95% eCI)Deaths, n (95% eCIa)Age groups (years) and cause of death

0-59

0.89 (–1.46 to 3.14)64.05 (–105.30 to 226.41)All causes

1.27 (0.07 to 2.29)91.50 (4.79 to 165.41)Respiratory/cardiovascular disease

0.45 (–0.01 to 0.78)32.42 (–0.99 to 56.29)Respiratory disease

0.23 (–0.19 to 0.49)16.80 (–13.76 to 35.73)Pneumonia/influenza

0.77 (–0.32 to 1.70)55.53 (–23.09 to 122.85)Cardiovascular disease

60-79

66.06 (47.91 to 83.79)856.96 (621.47 to 1086.86)All causes

45.21 (33.31 to 56.74)586.48 (432.06 to 735.96)Respiratory/cardiovascular disease

22.37 (17.21 to 26.53)290.12 (223.20 to 344.15)Respiratory disease

7.98 (4.63 to 10.54)103.51 (60.04 to 136.67)Pneumonia/influenza

21.86 (11.17 to 32.13)283.58 (144.93 to 416.85)Cardiovascular disease

≥80

519.56 (396.54 to 635.31)1305.53 (996.43 to 1596.4)All causes

452.63 (357.46 to 544.47)1137.35 (898.22 to 1368.13)Respiratory/cardiovascular disease

202.89 (152.82 to 249.13)509.81 (384.01 to 626)Respiratory disease

88.58 (55.78 to 116.75)222.58 (140.17 to 293.36)Pneumonia/influenza

246.35 (172.42 to 316.82)619.02 (433.25 to 796.09)Cardiovascular disease

All

25.06 (19.85 to 30.16)2197.87 (1740.75 to 2644.78)All causes

20.36 (16.75 to 23.74)1785.47 (1469.03 to 2082.24)Respiratory/cardiovascular disease

9.41 (7.78 to 10.90)825.26 (682.51 to 955.75)Respiratory disease

3.88 (2.80 to 4.84)340.34 (245.92 to 424.18)Pneumonia/influenza

10.72 (7.94 to 13.36)940.06 (696.35 to 1171.28)Cardiovascular disease

aeCI: empirical CI.

The difference in influenza-associated excess
respiratory/cardiovascular disease mortality rate by sex was not
statistically significant. However, the excess respiratory
mortality was significantly higher in males than in females, with
an MFR of 1.34 (95% CI 1.17-1.54). Conversely, the MFR of
influenza-associated EMR for cardiovascular disease was 0.72
(95% CI 0.63-0.82; Table 2). Furthermore, the MFR varied by
age group. For excess respiratory deaths related to influenza
among those aged 60 to 79 and ≥80 years, the MFRs were 3.03
(95% CI 2.75-3.33) and 1.45 (95% CI 1.41-1.49), respectively,
and the MFR was 0.45 (95% CI 0.23-0.89) for people aged 0
to 59 years (Multimedia Appendix 2). For people aged 0 to 59
and 60 to 79 years, the MFRs for excess cardiovascular deaths
were 3.24 (95% CI 1.96-5.34) and 2.05 (95% CI 1.90-2.22),
respectively. However, for influenza-associated excess
cardiovascular deaths in people aged ≥80 years, the MFR was
0.65 (95% CI 0.64-0.67) (Multimedia Appendix 3).

Temporal trends of influenza virus activity varied by subtype
and lineage (Figure 2). The EMR for respiratory/cardiovascular
disease attributed to influenza A (H3N2) was 8.47 (95% eCI
6.60-10.30) per 100,000 persons, which was higher than the

EMR due to influenza A (H1N1) (2.83, 95% eCI –1.26 to 6.71),
B/Victoria (3.68, 95% eCI 0.81-6.49), and B/Yamagata (5.81,
95% eCI 3.35-8.25). For people aged 60 to 79 years and those
aged ≥80 years, the excess respiratory/cardiovascular disease
mortality associated with A (H3N2) was higher than that for
other influenza subtypes or lineages. However, for people aged
0 to 59 years, excess influenza-related deaths were dominated
by influenza A (H1N1), with excess mortality of 1.29 (95% eCI
0.07-2.32; Table 3).

Between 2015 and 2018, the predominant circulating influenza
virus subtypes and lineages varied. Correspondingly, the EMRs
per 100,000 persons for respiratory and cardiovascular disease
associated with influenza A (H1N1), A (H3N2), B/Victoria,
and B/Yamagata ranged between 0.21 (95% eCI –0.13 to 0.54)
and 5.62 (95% eCI –2.74 to 13.19), between 0.15 (95% eCI
0.10-0.19) and 21.25 (95% eCI 16.61-25.59), between 0.32
(95% eCI 0.09-0.56) and 9.52 (95% eCI 2.58-16.29), and
between 0.63 (95% eCI –0.62 to 1.77) and 10.84 (95% eCI
6.74-14.83), respectively (Figure 2).
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The RR of respiratory/cardiovascular disease death associated
with influenza virus subtypes/lineages changed with lag time.
For influenza A (H1N1), the highest RR occurred on the current
day, and there seemed to be a displacement effect during days

2 to 5. This effect lasted approximately 14 days. Similar patterns
were observed in the RRs for influenza A (H3N2) and
B/Yamagata. For B/Victoria, RR peaked at a lag of 3 days. The
displacement effect was observed on days 5 to 13 (Figure 3).

Table 2. Average annual excess mortality associated with influenza by cause-of-death grouping and sex in Guangzhou, China, from 2015-2018.

P valueMale-to-female excess
mortality ratio (95% CI)

FemaleMaleUnderlying cause

Rate per 100,000
persons (95% eCI)

Deaths, n (95% eCI)Rate per 100,000
persons (95% eCI)

Deaths, n

(95% eCIa)

.090.93 (0.86-1.01)25.91 (19.65-
31.69)

1132.64 (859.06-
1385.33)

24.12 (17.18-30.89)1060.79
(755.56-
1358.70)

All causes

.410.96 (0.88-1.06)20.73 (16.40-
24.85)

906.37 (716.96-
1086.57)

19.94 (15.34-24.36)876.90
(674.64-
1071.51)

Respiratory/ cardiovascular
diseases

<.0011.34 (1.17-1.54)8.03 (6.02-9.80)351.06 (263.27-
428.41)

10.75 (8.25-13.00)472.95
(362.98-
571.77)

Respiratory diseases

.461.09 (0.88-1.34)3.71 (2.29-4.94)162.02 (100.26-
216.15)

4.03 (2.50-5.29)177.27
(109.82-
232.72)

Pneumonia/ influenza

<.0010.72 (0.63-0.82)12.44 (8.59-16.14)543.79 (375.64-
705.39)

8.94 (5.16-12.59)393.08
(227.15-
553.88)

Cardiovascular diseases

aeCI: empirical CI.

Figure 2. Annual influenza-associated excess respiratory/cardiovascular mortality rates and influenza activity in Guangzhou, China, from 2015 to
2018. (A) Annual influenza-associated excess respiratory/cardiovascular mortality rates per 100,000 persons by influenza subtype/lineage. (B) Influenza
virus activity proxies by influenza subtype/lineage (this proxy does not have units). The dots in A indicate point estimates of excess
respiratory/cardiovascular mortality, while vertical line segments indicate the corresponding 95% empirical CIs.

JMIR Public Health Surveill 2023 | vol. 9 | e42530 | p.2626https://publichealth.jmir.org/2023/1/e42530
(page number not for citation purposes)

Li et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 3. Excess respiratory and cardiovascular mortality rates associated with different influenza subtypes and lineages.

Rate per 100,000 persons (95% eCIa)Influenza type or lineage and age groups (years)

A (H1N1)

1.29 (0.07 to 2.32)0-59

5.74 (–8.61 to 19.15)60-79

55.75 (–60.87 to 166.10)≥80

2.83 (–1.26 to 6.71)All ages

A (H3N2)

0.33 (–0.24 to 0.85)0-59

20.22 (14.56 to 25.63)60-79

180.15 (130.75 to 227.38)≥80

8.47 (6.60 to 10.30)All ages

B/Victoria

–0.47 (–1.59 to 0.45)0-59

7.36 (–2.87 to 16.65)60-79

88.82 (6.18 to 168.44)≥80

3.68 (0.81 to 6.49)All ages

B/Yamagata

0.02 (–0.78 to 0.74)0-59

12.87 (4.60 to 20.74)60-79

138.21 (70.53 to 204.40)≥80

5.81 (3.35 to 8.25)All ages

All influenza

1.27 (0.07 to 2.29)0-59

45.21 (33.31 to 56.74)60-79

452.63 (357.46 to 544.47)≥80

20.36 (16.75 to 23.74)All ages

aeCI: empirical CI.
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Figure 3. Relative risks and cumulative relative risks of death associated with influenza subtypes/lineages. (A) Relative risks of death on each single
day and (B) cumulative relative risks of death associated with an increase of 10 units in influenza virus activity proxy for influenza A (H1N1), A (H3N2),
B/Victoria, and B/Yamagata. The solid lines represent the estimates of relative risk over time, and the shaded areas are the corresponding 95% empirical
CIs.

Estimates of influenza-associated excess respiratory and
cardiovascular disease mortality rates did not change
significantly after changing the method of controlling for the
temporal trend in mortality rate, changing the maximum lag, or
the function used for the lag-response dimension in the
cross-basis matrices of influenza and temperature, ignoring the
classification of influenza B lineages (Multimedia Appendix
4).

Discussion

Principal Results
In this study, we report excess mortality associated with
influenza and its subtypes/lineages from 2015 to 2018 in
Guangzhou, a subtropical city of China. We estimate that 1786
respiratory/cardiovascular disease deaths were attributable to
influenza annually, accounting for 6.7% (7142/105,998) of all
respiratory/cardiovascular disease deaths. We found that
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influenza-associated excess mortality was higher in the elderly,
which is consistent with the conclusions of other studies
[1,14,15,21,34].

Variations were observed in the estimates of
influenza-associated excess mortality by subtype/lineage. The
mortality burden of influenza B/Yamagata was higher than that
of B/Victoria, which is consistent with previous studies
[6,22,34]. The disparity between the lineages may be due to the
elderly being more likely to be infected by influenza
B/Yamagata than B/Victoria [35,36]. In 2018, influenza
B/Yamagata was the predominant lineage in Guangzhou, and
the vast majority of influenza-related excess deaths were
attributed to B/Yamagata. Similarly, an outbreak dominated by
influenza B/Yamagata was reported in Europe during the
2017-2018 influenza season, causing substantial excess mortality
[34]. Together, the evidence implies that influenza B does not
necessarily lead to mild illness in humans; the mortality burden
of influenza B cannot be ignored. Furthermore, including
influenza B lineages in active surveillance would help better
understand the epidemiology of influenza B and reduce the
excess mortality of influenza by enabling targeted interventions.
Vaccination is the most effective way to prevent influenza;
however, the vaccination coverage in China is low (9.4%) [23],
partly because influenza vaccination is not government funded
in many places [37]. During the 2018-2019 influenza season,
the quadrivalent inactivated vaccine was approved for the first
time in China [38]. In 2019, 30.78 million doses of influenza
vaccines were distributed in China, but most of them were
trivalent inactivated vaccines [37]. Compared with the trivalent
influenza vaccine, the quadrivalent influenza vaccine has a
higher antibody protection rate and antibody-positive
seroconversion rate against the increased influenza B strain
[39,40]. High-risk groups are recommended to receive
quadrivalent influenza vaccines when vaccines are available,
given the nonnegligible burden of influenza B.

We also noted that the mortality burden of influenza virus
subtypes and lineages differed according to age group. For
people aged ≥60 years, the fatality rate caused by influenza A
(H3N2) was higher than that of A (H1N1), B/Victoria, and
B/Yamagata. The risk of influenza virus infection and severe
complications, including death, is increased by the stronger
antigenic drift and virulence of influenza A (H3N2) [22,41].
However, for people aged 0 to 59 years, influenza A (H1N1)
had a greater EMR than other influenza subtypes or lineages,
which is in accord with previous studies [22]. The lower
mortality burden of influenza A (H1N1) might be due to
protection from early life exposure to this subtype [42].

Consistently with previous studies performed in Shanghai, we
did not find a statistically significant difference in
influenza-related excess respiratory/cardiovascular disease
deaths between males and females [22]. However, males had a
higher influenza-related excess respiratory mortality rate than
females and a lower excess cardiovascular mortality rate. In
addition, in people aged 60 to 79 years, it has been found that
the influenza-related EMR for respiratory disease or
cardiovascular disease in men is higher than in women, and the
same situation was found in people aged 65 to 74 years in a US
study [19]. However, for people aged ≥80 years, men had higher

influenza-related excess respiratory mortality than women, but
a lower excess cardiovascular mortality associated with
influenza. In the US study, the results of a comparison of point
estimates of EMR for the corresponding causes for males and
females were consistent with our results, but the difference was
not statistically significant [19]. Decreasing testosterone levels
and higher respiratory mortality in older men [22,36], or the
fact that women may have a different innate or acquired immune
response than men due to discrepancies in sex steroid hormones
[43], might lead to sex disparities in the severity of illness after
influenza virus infection.

Our estimate of average annual influenza-associated excess
all-cause mortality (25.06 per 100,000 individuals) was higher
than that of previous studies in countries/cities and time periods
including Greece from 2013 to 2017 (23.60) [21], Beijing from
2007 to 2013 (19.10) [14], Guangzhou from 2010 to 2012
(14.72) [15], and the United States from 1997 to 2007 (11.78)
[19]. However, the estimate was relatively lower than the
number of annual average influenza-related excess all-cause
deaths in Europe for 2017-2018 (25.40) [34], Chongqing from
2012 to 2018 (33.50) [44], and Shanghai from 2010 to 2015
(27.66) [22]. Factors such as population structure, health status,
health care capacity, circulating strains, host immunity, public
health interventions (eg, influenza vaccination programs), and
social distancing might contribute to these differences [20,22].
In addition to the abovementioned factors that may lead to
heterogeneity in the results of different studies, some
methodological differences need to be considered. The estimates
of influenza-associated excess mortality varied with different
analytical strategies, although the disparities were not significant
in the sensitivity analysis. Influenza can be divided into different
subtypes and lineages to explore the impact of influenza on the
health of populations when relevant data are available, which
also helps us understand the effects of different influenza
subtypes and lineages on mortality.

Previous studies have estimated excess mortality based on the
association between influenza activity proxies at a lag of 0, 1,
or 2 weeks and mortality [20]. In this study, we used a DLNM
to capture the association between influenza and mortality. A
sensitivity analysis showed no significant differences between
the influenza-associated excess respiratory/cardiovascular
disease mortality rates estimated by a DLNM and a model that
included linear terms of an influenza virus activity proxy and
a natural cubic spline of temperature at a lag of 7 days. DLNMs
allow us to consider a flexible lag-response relationship between
influenza and death. The time course of influenza effects and
potential mortality displacement can be examined with DLNMs
[21,30]. We found that many influenza-related
respiratory/cardiovascular disease deaths occurred during the
initial exposure to influenza A (H1N1), A (H3N2), and
B/Yamagata. Therefore, starting antiviral treatment as soon as
possible, especially with neuraminidase inhibitors and other
means of treatment for critically ill influenza patients, is likely
to bring great survival benefits [35]. Taking into account the
observed mortality displacement, we estimate that 743, 322,
and 510 annual respiratory/cardiovascular disease deaths in
Guangzhou were attributable to influenza A (H3N2), B/Victoria,
and B/Yamagata, respectively; this indicates that the impact of
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influenza A (H3N2) and B on mortality is not limited to bringing
forward deaths in the short term. Therefore, the mortality burden
of influenza should not be overlooked. Efforts are needed to
raise awareness of influenza as a severe disease, especially
among high-risk groups.

Limitations
This study had some limitations. First, we did not use
age-specific influenza virus activity proxies to estimate
influenza-associated excess mortality, and a proxy for all-age
activity was used instead. Second, the study period was
relatively short (ie, 4 years), which may have influenced the
comparison of the mortality burden of different influenza
subtypes and lineages. This is mainly because the virology data
included samples that tested positive for influenza B, but
information on lineage was unavailable before 2015. Data from
2019 onwards were not collected. Moreover, we did not consider
the influence of factors such as respiratory syncytial virus and

vaccination coverage on the estimate of influenza-associated
excess mortality, since such data were not available.

Conclusion
In conclusion, after considering the observed mortality
displacement, influenza was associated with substantial mortality
in Guangzhou, occurring predominantly in the elderly. The
mortality burden of influenza B, particularly B/Yamagata,
cannot be ignored. Contrasting sex differences were found in
influenza-associated excess mortality from respiratory diseases
and from cardiovascular diseases, and the underlying
mechanisms need to be investigated in further studies. Our
findings can help us better understand the magnitude and
time-course of the effect of influenza on mortality and inform
targeted interventions for mitigating the influenza mortality
burden, such as immunizations with quadrivalent vaccines
(especially for older individuals), behavioral campaigns, and
treatment strategies.
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Abstract

Background: Seasonal influenza activity showed a sharp decline in activity at the beginning of the emergence of COVID-19.
Whether there is an epidemiological correlation between the dynamic of these 2 respiratory infectious diseases and their future
trends needs to be explored.

Objective: We aimed to assess the correlation between COVID-19 and influenza activity and estimate later epidemiological
trends.

Methods: We retrospectively described the dynamics of COVID-19 and influenza in 6 World Health Organization (WHO)
regions from January 2020 to March 2023 and used the long short-term memory machine learning model to learn potential patterns
in previously observed activity and predict trends for the following 16 weeks. Finally, we used Spearman correlation coefficients
to assess the past and future epidemiological correlation between these 2 respiratory infectious diseases.

Results: With the emergence of the original strain of SARS-CoV-2 and other variants, influenza activity stayed below 10% for
more than 1 year in the 6 WHO regions. Subsequently, it gradually rose as Delta activity dropped, but still peaked below Delta.
During the Omicron pandemic and the following period, the activity of each disease increased as the other decreased, alternating
in dominance more than once, with each alternation lasting for 3 to 4 months. Correlation analysis showed that COVID-19 and
influenza activity presented a predominantly negative correlation, with coefficients above –0.3 in WHO regions, especially during
the Omicron pandemic and the following estimated period. The diseases had a transient positive correlation in the European
region of the WHO and the Western Pacific region of the WHO when multiple dominant strains created a mixed pandemic.

Conclusions: Influenza activity and past seasonal epidemiological patterns were shaken by the COVID-19 pandemic. The
activity of these diseases was moderately or greater than moderately inversely correlated, and they suppressed and competed with
each other, showing a seesaw effect. In the postpandemic era, this seesaw trend may be more prominent, suggesting the possibility
of using one disease as an early warning signal for the other when making future estimates and conducting optimized annual
vaccine campaigns.

(JMIR Public Health Surveill 2023;9:e44970)   doi:10.2196/44970
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Introduction

Influenza was primarily characterized as a seasonal epidemic
before the COVID-19 pandemic. Stringent public health and
social interventions (PHSMs) were implemented in early 2020
to contain the spread of SARS-CoV-2, and influenza activity
also declined [1-3]. However, during the latest winter and spring,
influenza re-emerged and had a three-year-high level of activity
in China [4] and other countries [5] at the same time that there
was reduced virulence of Omicron and easing of PHSMs. Under
the same natural conditions and PHSMs in a region, there seems
to be a subtle relationship between these 2 respiratory infections.
For example, they have been found to cocirculate and to coinfect
people [6], but most study subjects have been COVID-19
patients [6,7]. General population-based epidemiological
patterns and regularities have not yet been fully explored.

Member countries of the World Health Organization (WHO)
regions update influenza activity data weekly in the FluNet, a
web-based global influenza virology surveillance tool first
introduced in 1997 [8]. The WHO divides member countries
into 6 regions based on their location, including the African
region (AFRO), Eastern Mediterranean region (EMRO),
European region (EURO), Americas region (AMRO), Southeast
Asian region (SEARO), and Western Pacific region (WPRO)
[9]. Since January 2020, a subset of member countries in each
region have also reported their national test positivity rates for
SARS-CoV-2 on a weekly basis. Influenza sentinel surveillance
systems were leveraged to integrate SARS-CoV-2 testing in
specimens from influenza surveillance sources. The genomic
sequencing of SARS-CoV-2 from representative and
systematically sourced sentinel specimens has been expedited
to monitor the trends and prevalence (ie, proportions) of existing
and emerging circulating and cocirculating genetic variants (ie,
clades) and to improve the geographic and demographic
representativeness and timeliness of SARS-CoV-2
genetic-sequence data in publicly accessible databases to inform
PHSMs [10].

Most studies have conducted epidemiological analyses and
estimation of COVID-19 or influenza by leveraging infectious
disease dynamics models [11-13] (eg, the
susceptible-exposed-infected-removed model), but few have
predicted trends based on longer time series and machine
learning during the past 3 years. These models help tackle
multimodal data and are increasingly being used in auxiliary
diagnosis and other medical areas [14,15]. They are composed
of different networks with various connections, referred to as
neural networks or neural-like networks, to achieve automated
learning and prediction by mimicking the neural network
construction of the human brain. This method is highly adaptable
and can adjust itself to diverse data sets, thus adapting itself to
different application scenarios. Secondly, deep learning avoids
human specification by automatically extracting data features
and processing them. This is highly scalable and can improve
simulation performance by increasing the network layers and
nodes to cope with larger-scale data and more complex problems
[16]. Therefore, more learning models could be introduced into
infectious disease surveillance and studies.

In this study, we examined global changes in COVID-19 and
influenza activity since 2020, aiming to assess the correlation
between COVID-19 and influenza activity and estimate
upcoming trends with the help of a deep learning model. The
findings may provide a theoretical reference for the
epidemiological patterns of these 2 respiratory infectious
diseases and insights for future interventions.

Methods

Summary of the Study Design
In this study, we retrospectively described the dynamics of
COVID-19 and influenza in the 6 WHO regions from January
2020 to March 2023 and used a neural network model to learn
potential patterns of previously observed activity to predict
trends for the next 16 weeks. Finally, based on an
epidemiological perspective, Spearman correlation coefficients
were used to assess the past and future correlations. The analysis
was performed using Python (version 3.9.6; Python Software
Foundation).

Data Source
The test positivity rate was used as an accurate indicator of
disease activity; this method used the number of positive tests
as the numerator and the specimens processed as the
denominator. We extracted the weekly test positivity rates for
influenza and SARS-CoV-2 from reports to FluNet between
January 12, 2020, and March 26, 2023 [10], covering the AFRO,
EMRO, EURO, AMRO, SEARO, and WPRO. The detailed
raw data names and sources are presented in Multimedia
Appendix 1, Table S1.

Model Construction
Based on the 3-year activity of COVID-19 and influenza, we
used a long short-term memory (LSTM) machine learning model
to estimate trends in the following 16 weeks. LSTM is widely
applied to stock and sales forecasting, specializing in a unique
memory cell structure that can process long time-series
information more effectively than other net models. It can be
trained directly on the series without smoothness requirements,
reducing the need for artificial intervention and enhancing
objectivity [16]. The LSTM transforms the traditional neurons
of a neural network into store cells, which are capable of storing
and transmitting the hidden information in a time series (Figure
1).

The LSTM converts conventional neurons into a storage unit
containing a matrix of 3 gating devices: input gate, forgetting
gate, and output gate. These combine to control the data
information flow and store the hidden information in the time
series [17], hence solving the gradient disappearance [18,19]
(Figure 1).

First, the forgetting gate filters the information in the unit Ct–1

at the previous moment t–1, and how much of its Ct–1

information is retained depends on the forget gate ft that has the
range [0, 1]; ft is set as 1 or 0 and in between, with the
information of Ct–1 corresponding to all retained, all forgotten,
and partially forgotten proportions, respectively. In the forgetting
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gate unit equation (equation 1), let Wf, Xt, yt–1, and bf denote
the weight of the forgetting gate, the input at time t, the hidden
state at time t–1, and the bias of the forget gate. The sigmoid
activation function is σ (equation 2).

Second, the input gate represents the information acquired at
the moment t. It determines how much information from the
input Xt at the moment t can be saved in the unit Ct (equations
3 and 4). Wi and Wc are the weights of the input gates. The
biases of the input gates are bi and bc, and tanh is the activation
function (equation 5).

Third, the update of the unit status Ct (equation 6) depends on
two parts: One is the product of the unit status Ct at the moment
t–1 and the forget gate ft, namely the retained information, and
the other part is the product of the input unit status C ̃t at the
present moment t and the input gate it, namely the new
information obtained. C ̃t is the input node at time t.

Fourth, the output gate is used to output the hidden status yt at
the moment t (equations 7 and 8). Wo and bo are the respective
weights and biases of the output gates.

Figure 1. Schematic diagram of the long short-term memory neural network framework. The neural network consists of many units. The dashed box
shows one of the unit structures, containing the forgetting gate, the input gate, and the output gate control system. The circles intersected by arrows in
the dotted box denote multiplication or addition corresponding to the formula for the method.

Model Performance Evaluation and Selection of
Optimal Parameters
To enhance the model prediction accuracy and scalability, we
used the mean absolute percentage error and root mean squared
error as evaluation indicators to determine the optimal
proportion of training set and test set, as well as step size, layers,
nodes, and algorithms [20,21], for different regions. The
selection process is detailed in Multimedia Appendix 1, Tables
S2-S6.

Correlation Analysis
We referred to the WHO list of the currently circulating variants
of concern of SARS-CoV-2 [22] and the study objectives to
uniformly divide all regions into 5 time periods to analyze the
correlations: these periods covered the original strain (January
2020 to November 2020), cocirculation of a multivariant strain
(referred to as “others”; December 2020 to April 2021), Delta
(May 2021 to November 2021), Omicron (November 2021 to

March 2023), and the period estimated by the models (March
2023 to July 2023). The starting and ending dates of variant
pandemics in different regions differed slightly. In the 6 WHO
regions, the Spearman nonparametric analysis of COVID-19
and influenza activity was conducted sequentially to identify
whether the epidemiological patterns were correlated across the
5 time periods mentioned above. The correlation analysis was
not intended to reveal causality but rather to identify and explain
significant trends.

Ethical Statement
As only published data were used for this study, ethical approval
was not necessary.

Results

Description of Past Trends
Before the Delta variant emerged, the activity of the original
strain and other variants of SARS-CoV-2 was higher than that
of influenza in the 6 regions. Among the regions, SARS-CoV-2
activity was observed in AFRO, EMRO, and AMRO at a high
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level (peaking at over 30%), and influenza activity was at a low
level (peaking at about less than 10%). Both fluctuated with
low activity levels (less than 15% overall), but influenza activity
was relatively lower in SEARO, WPRO, and EURO.

Following the emergence of Delta as the globally dominant
strain, influenza activity began to increase in WHO regions, but
in the AMRO and EURO, activity was less than 10% and
remained below that of Delta. In the other 4 WHO regions,
Delta activity reached a peak (over 30%) and then declined to
below 10%, and the decline was accompanied by a step-up in
influenza activity to 10% to 20% until the advent of Omicron.

During the first 3 months of the Omicron pandemic, influenza
activity in the 6 regions first declined alongside soaring Omicron
activity and then increased immediately when Omicron
plummeted, whereas the influenza test positivity rate overall
was consistently lower than that of Omicron. Thereafter, their
trends were identical; each declined as the other rose. This
occurred 1 to 2 more times, being more apparent in EMRO,
AMRO, WPRO, and EURO; each alternation, when influenza
activity was higher than Omicron or vice versa, lasted for about
3 to 4 months (Figure 2).

Figure 2. The observed and estimated activity of COVID-19 and influenza. Figures A-F correspond to the following regions of the World Health
Organization: African, Eastern Mediterranean, Americas, Southeast Asia, Western Pacific, and European. Periods are set for the original strain (Jan
2020-Nov 2020), “others” (Dec 2020-Apr 2021), Delta (May 2021-Nov 2021), Omicron (Nov 2021-Mar 2023), and the model-estimated period (Mar
2023-July 2023). The horizontal coordinate intervals are divided by month and labeled with the first letter of the month.

Estimated COVID-19 and Influenza Trends
We estimated the dynamics of COVID-19 and influenza activity
for 16 weeks after the study observation end point (March 26,
2023). The estimation was that they would be alternatingly
prevalent at less than 40% positivity rates, except for AMRO
(over 40%). In SEARO and EURO, it was estimated that
influenza and COVID-19 activity would be closely matched,
with both hovering around 10% positivity rates; in AFRO and
EMRO, influenza activity would rise from 10% to about 20%

to 30%, while COVID-19 activity would decrease from similar
levels to less than 5%, and COVID-19 activity would no longer
be consistently higher than influenza. Conversely, influenza
could decrease to below 10% in AMRO and WPRO as
COVID-19 activity might go up to above 30% (Figure 2).

Correlation Between COVID-19 and Influenza Activity
in Different Time Periods
The Spearman coefficients were calculated for different phases
of COVID-19 and influenza activity. In our study, correlation
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coefficients less than 0.3, 0.3 to less than 0.6, and more than or
equal to 0.6 were considered weak, moderate, and strong
correlations, respectively. Statistically, COVID-19 and influenza
were moderately and negatively correlated in EMRO, AMRO,
and WPRO during the original-strain pandemic (–0.355, –0.593,
–0.448) and also in EMRO (–0.358) during the multivariant
mixed pandemic, while they were transiently, strongly, and
positively correlated in EURO and WPRO (0.621 and 0.667).
During the Delta pandemic, the 2 diseases were moderately and
negatively correlated in AFRO, EMRO, and AMRO (–0.472,
–0.422, –0.351). During the Omicron pandemic, they were

moderately and negatively correlated in EMRO, AMRO, and
SEARO (–0.403, –0.370, –0.469) and highly negatively
correlated in EURO (–0.702). Similarly, in the estimated
16-week trend, they showed more significant and highly
negative correlations in AFRO, EMRO, and WPRO (–0.724,
–0.791, –0.600) and a moderate negative correlation in EURO
(–0.474). Overall, COVID-19 and influenza activity were
significantly negatively correlated, with coefficients greater
than 0.3, especially during the Omicron pandemic and in the
upcoming period. No significant correlation was found for other
pandemic phases and WHO regions (Figure 3).

Figure 3. Spearman correlation coefficients for COVID-19 and influenza in different World Health Organization regions. Positive and negative
correlations are shown in blue and red, respectively, with darker colors indicating a stronger correlation at the same significance level. AFRO: African
region; AMRO: Americas region; EMRO: Eastern Mediterranean region; EURO: European region; SEARO: Southeast Asian region; WPRO: Western
Pacific region. *P<.01, **P<.05, ***P<.001.

Discussion

Principal Findings
This study analyzed the dynamics of COVID-19 and influenza
in 6 WHO regions over the past 3 years and estimated them in
the following 16 weeks. We found that early in the pandemic,
when COVID-19 was emerging as an infectious disease,
influenza activity stayed below 10% for more than 1 year in the
6 WHO regions. Subsequently, influenza activity gradually rose
as Delta activity dropped, but still peaked at a level below that
of Delta. Omicron alternated with influenza as the dominant
disease. The trend of one disease declining as another rises has
been named the seesaw effect [23] and was clearly apparent in
the epidemiological patterns of the 2 infectious diseases in this
study, characterized by increasing magnitude and frequency,
with each alternation have a duration of about 3 to 4 months,
suggesting a competitive relationship. The seesaw effect of
alternating dominance is likely to become more conspicuous in
the postpandemic era. Negative correlation coefficients for
different WHO regions and time periods statistically
complement the validation of this effect.

Our quantitative analysis based on epidemiological indicators
(test positivity rates from the population) showed the dynamic
patterns of the 2 respiratory diseases, which have similar
transmission modes. The generation and variation of the seesaw
effect could be related to numerous factors. On the one hand,
from a biological perspective, respiratory viruses share the same
host; therefore, viruses compete with each other for susceptible
cells in the host. Cells invaded by one respiratory virus produce
immune interference that drives uninfected neighboring cells
to adopt a protectively antiviral status [24,25], making the host
resistant or only partially susceptible to subsequent viruses. One
example is the significant decrease in rhinovirus prevalence in

patients during peak influenza activity [26]. On the other hand,
this effect varies in magnitude and duration across regions,
which could be driven by the different intensity of PHSMs
adopted in different countries [27-30] and time periods [31],
differences in vaccination and natural infection status, or variant
strain properties. For example, the earliest adoption of strict
nonpharmaceutical interventions in China not only controlled
the spread and dissemination of the original strain [32], but also
reduced influenza activity by 82%, and by 64% in the north and
south [3]. Interestingly, after the PHSMs, influenza activity in
China in the latest winter was at a low level because of the rapid
rise in Omicron infections in the population at the same time,
and after the Omicron test positivity rate dropped, influenza
activity jumped sharply, to over 50%. This once again suggests
that driving factors influence the magnitude of the seesaw effect
and the timing of its onset. In addition, the higher virulence of
the original strain attacked individuals more and longer [6],
resulting in less opportunity for influenza virus infection; thus,
absolute suppression occurred in the first year of the COVID-19
pandemic. The more moderate virulence and lower severity of
Delta and Omicron allow the possibility of infecting the host
with influenza, which may explain why influenza activity
increased after the Delta pandemic and was able to dominate
during the Omicron period.

During the multivariant pandemic period, the dynamics of
COVID-19 and influenza had short-term positive correlations
in EURO and WPRO, while negative correlations were not
significant in other regions. Temporary phenomena mediated
by complex factors, such as the sudden appearance of variants,
require more evidence to unravel their underlying mechanisms.
Similar phenomena have been observed in other studies: there
are reports of coinfection with SARS-CoV-2 and influenza A
in some countries [33-36], and meta-analyses based on the
November 2019 to August 2021 period [37] all showed
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coinfection with both diseases. Nevertheless, most study subjects
have been COVID-19 patients or laboratory animals rather than
the general population [37,38], with a low proportion of
observed coinfections (about 1%) or small sample sizes [39]
before and during the Omicron pandemic [37,40]. Inevitably,
the positive correlation for susceptibility to coinfection at the
individual level or in some high-risk populations might lead to
serious clinical outcomes [41]; therefore, much larger,
sample-based meta-studies are warranted to explore the reasons
for this phenomenon to prevent and control it or to meet the
potential surge in hospital visits and demand. In addition, it is
worth noting that other respiratory infectious diseases have been
threatening humans. Further research on the interactions between
respiratory pathogens other than COVID-19 and influenza
remains to be done. Regardless of the fate of COVID-19,
influenza, or other respiratory pathogens, necessary personal
protection and vaccination should be implemented.

Our study provided qualitative and quantitative assessments of
the interaction between COVID-19 and influenza. We identified
a seesaw effect between COVID-19 and influenza activity based
on a competitive effect from an epidemiological perspective,
echoing viral antagonism from a historical pathogenic
perspective. This finding can be used to guide disease
surveillance, early warning, and intervention; for example,
real-time surveillance of viral dynamics can be used to estimate
trends in other diseases or stagger vaccinations in response to
alternating epidemics or pandemics.

Limitations
There are some limitations to mention. First, the high uncertainty
of viral variation, changes in influenza visit behavior triggered
by early and rigorous interventions, the decline in SARS-CoV-2
tests in some countries, and other unforeseen factors all
interfered with the observed positive test numbers for the 2
diseases studied. Hence, we used the test positivity rate rather
than the number of positive tests as an indicator of activity and
divided the time periods to minimize the negative impact.
Second, the raw data may not fully represent the overall trend
in each area because of the limited number of member countries
that periodically report to the WHO. Nevertheless, there is no
more authoritative data source for COVID-19 and influenza
activity.

Conclusions
Influenza activity and former seasonal epidemiological patterns
were shaken by the COVID-19 pandemic. Their activities were
inversely correlated to a moderate or greater degree, and they
suppressed and competed with each other, showing a seesaw
effect. In the postpandemic era of COVID-19, seesaw trends
will be more prominent, prompting the possibility of using one
disease as an early warning signal for the other for future
estimates; this could be used to conduct optimized annual
vaccine campaigns.
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Abstract

Background: During the COVID-19 pandemic, infodemic spread even more rapidly than the pandemic itself. The COVID-19
vaccine hesitancy has been prevalent worldwide and hindered pandemic exiting strategies. Misinformation around COVID-19
vaccines is a vital contributor to vaccine hesitancy. However, no evidence systematically summarized COVID-19 vaccine
misinformation.

Objective: This review aims to synthesize the global evidence on misinformation related to COVID-19 vaccines, including its
prevalence, features, influencing factors, impacts, and solutions for combating misinformation.

Methods: We performed a systematic review by searching 5 peer-reviewed databases (PubMed, Embase, Web of Science,
Scopus, and EBSCO). We included original articles that investigated misinformation related to COVID-19 vaccines and were
published in English from January 1, 2020, to August 18, 2022. We excluded publications that did not cover or focus on COVID-19
vaccine misinformation. The Appraisal tool for Cross-Sectional Studies, version 2 of the Cochrane risk-of-bias tool for randomized
trials (RoB 2), and Critical Appraisal Skills Programme Checklist were used to assess the study quality. The review was guided
by PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) and registered with PROSPERO
(CRD42021288929).

Results: Of the 8864 studies identified, 91 observational studies and 11 interventional studies met the inclusion criteria.
Misinformation around COVID-19 vaccines covered conspiracy, concerns on vaccine safety and efficacy, no need for vaccines,
morality, liberty, and humor. Conspiracy and safety concerns were the most prevalent misinformation. There was a great variation
in misinformation prevalence, noted among 2.5%-55.4% in the general population and 6.0%-96.7% in the antivaccine/vaccine
hesitant groups from survey-based studies, and in 0.1%-41.3% on general online data and 0.5%-56% on antivaccine/vaccine
hesitant data from internet-based studies. Younger age, lower education and economic status, right-wing and conservative ideology,
and having psychological problems enhanced beliefs in misinformation. The content, format, and source of misinformation
influenced its spread. A 5-step framework was proposed to address vaccine-related misinformation, including identifying
misinformation, regulating producers and distributors, cutting production and distribution, supporting target audiences, and
disseminating trustworthy information. The debunking messages/videos were found to be effective in several experimental
studies.

Conclusions: Our review provides comprehensive and up-to-date evidence on COVID-19 vaccine misinformation and helps
responses to vaccine infodemic in future pandemics.

Trial Registration: PROSPERO CRD42021288929; https://tinyurl.com/2prejtfa

JMIR Public Health Surveill 2023 | vol. 9 | e40201 | p.2643https://publichealth.jmir.org/2023/1/e40201
(page number not for citation purposes)

Zhao et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:zyhou@fudan.edu.cn
http://www.w3.org/Style/XSL
http://www.renderx.com/


(JMIR Public Health Surveill 2023;9:e40201)   doi:10.2196/40201

KEYWORDS

COVID-19; COVID-19 vaccine; misinformation; anti-vaccine; review; social media; survey

Introduction

Background
The COVID-19 pandemic has become the most threatening
global health issue for almost 3 years [1]. As a cost-effective
measure to protect people, governments have implemented
various policies to promote the COVID-19 vaccination.
However, as of early 2022, the global acceptance rate of the
COVID-19 vaccination was only 67.8% [2]. Considering the
powerful capability of the omicron variant to escape neutralizing
antibodies elicited by current vaccines, the current vaccine
acceptance rate is not enough to control the omicron variant
[3,4]. It is thus necessary to investigate the negative factors that
hinder the COVID-19 vaccination and take actions to increase
vaccine coverage.

Vaccine acceptance is determined by contextual influences,
individual/social group influences, and vaccine- and
vaccination-specific issues [5]. Among all these factors,
influences of infodemic and vaccine misinformation deserve
more attention for the COVID-19 vaccination. An infodemic
is an overabundance of information including misinformation
in digital and physical environments, which makes it hard to
find trustworthy sources and reliable guidance during a disease
outbreak [6]. In the era of social media, the dissemination of
information, especially misinformation, has been intensified
[7]. During the COVID-19 pandemic, COVID-19 infodemic
spread even more rapidly than the pandemic itself. The
COVID-19 infodemic had jeopardized public trust in the
pandemic response strategies such as vaccination and attracted
attention from governments and health agencies across the world
[8]. It is difficult but urgent to terminate and resolve the
infodemic to promote the vaccination.

Misinformation is referred to false or inaccurate information
deliberately intended to deceive [9]. It originates from rumors,
websites and social media, works of fiction, governments,
politicians, and vested interests [10,11]. Misinformation around
COVID-19 vaccines is a noteworthy component of contextual
influences on vaccine acceptance or hesitancy [12,13]. It can
distort people’s perception of COVID-19 vaccines [14],
exaggerate the probability of adverse events following
vaccination [15], and lead to extreme political sentiments [16].
COVID-19 vaccine hesitancy, partially driven by
misinformation, heavily hindered the pandemic exiting strategies
worldwide.

Some reviews have summarized COVID-19–related infodemic
and misinformation during the pandemic, but there is a lack of
systematic evidence focusing on COVID-19 vaccine
misinformation. For instance, Ries [17] synthesized the
mechanisms and impacts of COVID-19 infodemic. Gabarron
and colleagues [18] summarized the types of COVID-19–related
misinformation and its possible consequences. A few studies
focused on misinformation about COVID-19 vaccines, but they

mainly evaluated its influence on vaccine hesitancy [19,20].
However, no evidence systematically summarized the
distribution of COVID-19 vaccine misinformation in the
population, what features it has, and how to fight against it.

Objective
We aimed to synthesize global evidence on misinformation
related to COVID-19 vaccines, including its prevalence,
features, influencing factors, impacts, and solutions for
combating misinformation around COVID-19 vaccines.
Specifically, the following questions guided our inquiry: How
prevalent was COVID-19 vaccine misinformation across regions
and populations? What types and features did the misinformation
have? Where did the misinformation come from? How was it
distributed among the general population? What factors affected
misinformation believing and spreading? How did the
misinformation influence vaccine hesitancy and behaviors?
How to fight against vaccine misinformation in a future
pandemic? This systematic review would enrich the evidence
regarding vaccine misinformation and inform response strategies
when new vaccines are introduced in future pandemics.

Methods

Search Strategy and Selection Criteria
According to the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines, we
conducted a systematic review of empirical articles on
COVID-19 vaccine misinformation. The PRISMA checklist
can be found in Multimedia Appendix 1. The review protocol
was registered with PROSPERO (registration number
CRD42021288929). This review was developed based on 5
peer-reviewed databases (PubMed, Embase, Web of Science,
Scopus, and EBSCO). We used keywords related to COVID-19
vaccines and misinformation to identify empirical articles
published in English from January 1, 2020, to August 18, 2022.

To identify the keywords of “misinformation,” we referred to
the codebook by Kata [10], a widely recognized study on the
classification of vaccine misinformation. We also referred to
the fact sheet of COVID-19 vaccine misinformation published
by the US Centers for Disease Control and Prevention (CDC)
and collected the keywords on their websites to match the
emerging misinformation about COVID-19 vaccines [21]. Using
the keywords above, we piloted literature search in PubMed
and Web of Science, and further refined the keywords according
to literature searching results. The search strategy (Multimedia
Appendix 2) consisted of 2 major concepts: COVID-19 vaccine
and misinformation, which contains the general descriptions of
misinformation (such as “misinformation,” “infodemic,”
“myth”) and specified descriptions of some certain
misinformation (such as “fertility,” “toxic,” “freedom”).

Original observational or interventional articles that investigated
misinformation related to COVID-19 vaccines were included.
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We excluded studies that (1) investigated non-COVID-19
vaccines or the COVID-19 pandemic instead of COVID-19
vaccines, (2) did not investigate misinformation, and (3) did
not focus on COVID-19 vaccine misinformation. We also
excluded the following article types: conference abstract,
editorial, letter, commentary, correspondence, study protocol,
and review.

Data Screening and Extraction
We exported identified articles from databases, imported them
into EndNote 20 (Clarivate Analytics), and removed the
duplicates. Two reviewers (SH and SZ) first screened titles and
abstracts independently to include articles meeting the inclusion
criteria. The full texts of included studies after initial screening
were scrutinized to assess the overall eligibility based on the
inclusion and exclusion criteria by 2 independent reviewers (SH
and SZ). When discrepancies in article inclusion emerged
between the 2 reviewers, they engaged in discussion with a third
researcher (XZ) to reach a consensus.

For eligible studies, data were independently extracted by 2
reviewers (SH and SZ), and inconsistencies or disagreements
were reconciled in data extraction. Besides the study
characteristics (region and period, study design, data sources,
target population, sample size, and analysis methods), we
extracted 4 outcomes of interest for each included study: (1)
the types, sources, and prevalence of COVID-19 vaccine
misinformation; (2) factors that affect the believing and
spreading of COVID-19 vaccine misinformation; (3) the impact
of misinformation on vaccine hesitancy and behaviors; and (4)
proposed solutions for combating misinformation.

Classification of Study Types, Populations, and Phases
In this systematic review, we covered 4 types of study design:
survey-based study, internet-based study, interview, and
experiment. Survey-based study included cross-sectional or
follow-up studies conducted among population using
questionnaires; and internet-based study referred to studies that
acquired publicly available information thought the internet.
The prevalence and impact of COVID-19 vaccine
misinformation might be different between the vaccine
hesitant/refusal group and the general population. Thus, each
type of studies was divided into 2 subgroups according to their
study population’s prior defined attitudes toward COVID-19
vaccines: the antivaccine/vaccine hesitant group and the general
population group.

To investigate the potential change in vaccine misinformation
in terms of its types, contents, prevalence, and impact, we used
2 key time points to define 3 phases in this review:
prevaccination phase (phase 1), from the outbreak of COVID-19
to the first dose of COVID-19 vaccines being injected at
December 8, 2020 [22]; postvaccination and pre-Omicron phase
(phase 2), from the end of phase 1 to the date that the new
variant Omicron was officially reported (November 26, 2021)
[23]; post-Omicron phase (phase 3), after November 26, 2021.
If the time frame in data collection covered the time point and
the ending/beginning date was not close to the time point (over
1 month), the study phase was considered to have crossed 2
phases.

Framework of Classifying Misinformation Types and
Contents
Like the identification process of misinformation-related
keywords, we first adapted the codebook by Kata [10] to
construct a framework to classify the types and contents of
COVID-19 vaccine misinformation. To cover the emerging and
evolving COVID-19 vaccine infodemic, we further referred to
the CDC fact sheet to revise the framework [21]. Our primary
framework consisted of main classifications and contents from
Kata’s work as well as contents from the CDC fact sheet. New
types or contents of misinformation may have occurred when
we extracted data from the included studies, and would be
considered to finalize our framework. The original
misinformation contents extracted from articles were rechecked
using the final framework. Discrepancies in misinformation
classification were discussed and reconciled.

Framework of Solutions for Combating
Misinformation
For clarity and consistency in data extraction, we sorted
solutions for combating misinformation into a 5-step framework,
which was adapted from the disinfodemic policy brief by the
United Nations Educational, Scientific and Cultural Organization
(UNESCO) [24]. In this policy brief, solutions to debunk the
misinformation consisted of 4-part responses: identifying
misinformation, regulating producers and distributors, cutting
production and distribution, and supporting the target audiences
of misinformation. As the dissemination of trustworthy
information deserved more attention, it was added as the fifth
part of the framework.

Quality Assessment
As study designs varied across eligible studies, we used 3 kinds
of quality assessment tools to assess their quality. The Appraisal
tool for Cross-Sectional Studies (AXIS) was used to evaluate
survey-based cross-sectional studies, and its modified version
was applied to assess internet-based studies [25]. The version
2 of the Cochrane risk-of-bias tool for randomized trials (RoB
2) tool and the Critical Appraisal Skills Programme Checklist
were used to assess methodological quality in experimental
studies and interviews, respectively [26,27]. Quality assessment
was conducted by 2 reviewers (SH and SZ), and the risk of bias
for each eligible study was classified as “low risk,” “some
concerns,” or “high risk.” The detailed scoring criteria of quality
assessment are shown in Multimedia Appendix 3.

Patient and Public Involvement
Patients or the public were not involved in the design, or
conduct, or reporting, or dissemination plans of our research.

Ethical Approval
Ethical approval was waived as this is a secondary analysis on
the published articles.

Results

Basic Characteristics of Included Studies
In total, we identified 23,398 studies from 5 peer-reviewed
databases (Figure 1). After removing duplicates, 8864 studies
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were initially screened based on their titles and abstracts, and
after initial screening, 313 studies underwent full-text
assessment for eligibility. A total of 102 studies met the
inclusion criteria, including 91 observational studies and 11
interventional studies. According to the quality assessment
criteria, the majority (90/102) of included studies were in the
low risk of bias category. Eight studies were classified as “some
concerns” and 4 were classified as “high risk.” The basic
characteristics of included studies are presented in Table 1, and
further details about each study are listed in Multimedia
Appendix 4 (see also [28-71]).

Among the 91 observational studies, 38 conducted surveys, 42
analyzed data from the internet, 10 used interviews, and the
remaining 1 performed mixed methods of cross-sectional survey

and interview. In terms of study region, the American region
was the most studied (n=25), followed by the European (n=19)
and Eastern Mediterranean (n=11) regions. By contrast, the
African (n=6), South-East Asian (n=5), and Western Pacific
(n=4) regions were the less investigated.

According to the prior defined attitudes toward COVID-19
vaccines in study populations, survey- and internet-based studies
can be divided into the following: survey-based study on general
population (n=31), survey-based study on antivaccine/vaccine
hesitant population (n=4), internet-based study on general online
data (n=22), and internet-based study on antivaccine/vaccine
hesitant data (n=19). A total of 3 survey-based studies and 1
internet-based study reported results from both general
population/data and antivaccine/vaccine hesitant population/data.

Figure 1. Flow diagram.
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Table 1. Basic characteristics of included articles.

Studies, nStudy characteristics

Study type

Observational study

38Survey-based study

42Internet-based study

10Interview

1Mixed methods study

Experimental study

9Randomized trial

2Quasi trial

Risk of bias

90Low risk

8Some concern

4High risk

Study phasea

8No report

28Phase 1

49Phase 2

1Phase 3

Region

26Worldwideb

6African

25American

11Eastern Mediterranean

19European

5South-East Asian

4Western Pacific

6More than 1 regionc

Prior defined attitudes toward COVID-19 vaccinesd (n=80)

Survey-based study

31General population

4Antivaccine/vaccine hesitant population

3Both groups above

Internet-based study

22General online data

19Antivaccine/vaccine hesitant data

1Both groups above

Platform for internet-based studies (n=42)

Social media

20Twitter

5YouTube

4Facebook
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Studies, nStudy characteristics

1TikTok

1Parler

3Multiple social media platformse

1Google Trends

1Google Images

1Internet news

1Online article database

1Multiple platformsf

aStudy phase was defined as follows: phase 1, from November 2019 to December 8, 2020; phase 2, from December 8, 2020, to November 26, 2021;
phase 3 from November 26, 2021, to the latest ending date of data collection in included studies.
bStudies covering worldwide, including internet-based study with no limit in data collection (n=24), and survey-based study in multiple countries (n=2).
cStudies covering more than 1 region: 3 studies on American, European, and Western Pacific regions; and another 3 on American and European regions.
dStudy populations differ by their prior defined attitudes toward COVID-19 vaccines: studies reporting misinformation among the vaccine hesitancy
or refusal group (“antivaccine/vaccine hesitant group” and “antivaccine/vaccine hesitant data” in the table), and studies which did not prior define the
vaccine hesitancy or refusal group (“general population” and “general online data” in the table).
eMultiple social media platforms in 3 studies [28,72,73] were Facebook, Instagram, and Twitter; Instagram and Facebook; and YouTube, Twitter,
Facebook, and Instagram.
fMultiple platforms included Google, Google Fact Check, Facebook, YouTube, Twitter, fact-checking agency websites, and websites of television and
newspaper.

Most internet-based studies used social media platforms as data
source, of which the most frequently discussed was Twitter
(n=20), followed by YouTube (n=5), Facebook (n=4), TikTok
(n=1), and Parler (n=1). Besides social media, 4 studies used
general internet information, such as Google and online news
database, as data source. A total of 4 studies used data from
multiple platforms or multiple social media. Most internet-based
studies did not limit the region of data source (n=24). Among
those internet-based studies reporting study regions, the
Americas (n=8) and Europe (n=6) were more commonly
addressed, whereas the Western Pacific (n=2), Eastern
Mediterranean (n=1), Africa (n=1) were less studied, leaving
no internet-based study in South-East Asia. Most internet-based
studies analyzed information written in English (n=33), whereas
non-English information were less studied: 3 for Spanish, 2 for
Arabic, 1 for both English and Spanish together, and 1 each for
Chinese, Italian, and Turkish.

Types, Sources, and Prevalence of Misinformation
About 90% (91/102, 89.2%) of studies mentioned the types of
COVID-19 vaccine–related misinformation. Using the coding
framework mentioned in the “Methods” section, we divided
vaccine-related misinformation into 7 types: conspiracy,
concerns on vaccine safety and efficacy, no need for vaccines,
morality, liberty, humor, and overstatement. We further divided
these types into 54 different contents (Table 2). Conspiracy,
being discussed in 77 studies, was the most commonly studied
misinformation, and it could be further specified as vaccine
existence conspiracy, political conspiracy, vaccine development
and promotion conspiracy, and conspiracy related to a certain
group. Concerns on vaccine safety and efficacy, emphasizing
the unsubstantiated concerns on safety and efficacy, were the
secondary most studied misinformation (n=63). Misinformation

about the necessity of vaccines (no need for vaccines) was found
in 23 studies, and its subtypes included simple claims such as
vaccines are unnecessary, preference of natural immunity and
protective behavior, claims about mild COVID-19, COVID-19
denial, underestimation of personal need, and overstatement of
vaccine refusal. Misinformation on morality and liberty was
found in 15 and 13 studies, respectively; 2 studies investigated
humor and another 2 found the overstatement on the effect of
COVID-19 vaccines.

Vaccine-related misinformation changed in its contents over
time. We compared the misinformation among 3 phases, and
found that some conspiracy theories and concerns on vaccine
safety circulated in all 3 phases: depopulation, control people,
microchip for monitor/control, and financial incentives behind
vaccine development in terms of conspiracy; vaccines would
alter DNA, and cause fertility, death, or other diseases; the worry
of no one would be responsible for potential side effects; beliefs
in alternatives such as natural immunity and protection
behaviors; referring to vaccines as immoral human experiments
and comprising fetal tissue; and individual freedom. Meanwhile,
there were emerging and disappearing topics on misinformation.
The claims that vaccines were a hoax/fraud only appeared in
phase 1. With the progress of COVID-19 vaccination, especially
after the massive immunization (phase 2), misinformation about
registration (false claims that some vaccines were rejected),
against government control (such as fake news that some
government will make COVID-19 vaccination mandatory), and
conspiracy about vaccine promotion (claims that physicians or
people will get financial benefit through promoting vaccination,
and that the news about celebrities getting vaccinated are fake:
they did not really get vaccinated; rather, they were injected
with saline) emerged.
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Table 2. Types and contents of COVID-19 vaccine–related misinformation.

ContentsExplanationType of misinformation and
subtype

Conspiracy

Conspiracy about the existence of
COVID-19 vaccines

Vaccine existence con-
spiracy

• No vaccine: COVID-19 vaccines are a conspiracy, hoax, or fraud.

Conspiracy about political purpose re-
lated to the vaccines

Political conspiracy • Device for track/control: Vaccines contain microchip/nanochips and are
used for tracking or control people.

• Population control and new world order: The vaccines are used for the
control of population or to create new world order.

• Depopulation: Vaccines are used for reducing population or for genocide.
• Bioweapon: Vaccines are a bioweapon.
• Other conspiracy to a certain subject: Certain people or groups are behind

the vaccines for their own good, such as government officials, pharmacy
company, Bill Gates.

Conspiracy about COVID-19 in vac-
cine development and vaccination pro-
motion

Vaccine development
and promotion conspir-
acy

• COVID-19 for vaccines: COVID-19 vaccines existed before the virus, or
COVID-19 was made to enforce vaccination.

• Financial incentive in developing: Vaccines are created only for the
profit of pharmaceutical companies and government.

• Political incentive in developing: Vaccines are approved because of polit-
ical pressure, or because pharmaceutical company has bought/coerced
the government.

• No enough evidence: Vaccines are untested or not tested enough.
• Rush in development: Vaccines are rushed in development, thus cannot

be trusted.
• Fabricated vaccine efficacy: Data on vaccine efficacy/effectiveness are

fabricated.
• Cover-up side effect data: Data about the vaccine side effect or death are

kept secret.
• Rejection in registration: Vaccines (which are approved in fact) are reject-

ed in registration for concern.
• Paid for promotion: Physicians issue vaccines for financial profit.
• Playacting in promotion: Public figures are vaccinated with inert sub-

stances (eg, saline).

The conspiracy that vaccines will be
harmful, used to control, or be tested
in a specific group

Conspiracy related to a
certain group

• Conspiracy of a certain country/region: People in certain country or region
are guinea pigs. Vaccines are less effective or is fake in these regions.
(eg, African region, Muslim nations).

• Conspiracy of ethnic minorities: Vaccines are harmful or for killing ethnic
minorities; ethnic minorities are guinea pigs (eg, Asian, Black people).

• Conspiracy of other certain groups: Vaccines are used to reduce these
people (eg, elder people, less educated people, low-income group).

Concerns on vaccine safety and efficacy

Beliefs that vaccines are ineffectiveEffectiveness • Vaccines would not work: Vaccines will not work (a simple claim without
further explanation).

• Ineffective in certain groups: Vaccines will not be effective on people
with comorbidities such as diabetes, hypertension.

• Ineffective claim from authority: Government officers or doctors admit
vaccines would not work.

• New strain for cover-up: The new variant of COVID-19 is a hoax and is
a cover-up for ineffectiveness of the vaccines.

• Fake vaccines: Vaccines are water.
• Same as other vaccines: COVID-9 vaccines are no different from the flu

vaccine.
• Fail before vaccination: Vaccines cannot be preserved properly.
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ContentsExplanationType of misinformation and
subtype

• Cause COVID-19: Vaccines will make people catch COVID-19.
• Worse than COVID-19: Vaccines are more dangerous than the disease

itself.
• Alter DNA: Vaccines will change people’s DNA.
• Infertility and offspring: Vaccines will make women infertile or affect

their offspring.
• Cause death: Vaccines kill people.
• Cause other diseases: Vaccines make people get chronic disease, autism,

autoimmune disease, paralysis, cancer, physical destruction, impotency,
etc.

• Change people: Vaccines make people magnetic, or turn people into
robots, vampires, zombies, etc.

• Poison: Vaccines contain poisonous materials, such as mercury, toxic in-
gredients, chemicals.

• Live virus: COVID-19 vaccines contain a “live strain” of the virus.
• Unspecified danger: Vaccines are dangerous (a simple claim without

further explanation).
• Side effect responsibility: No one is responsible for the potential side ef-

fects of the vaccines.

Unsubstantiated safety concernSafety

No need for vaccines

• Unnecessary: COVID-19 vaccines are not needed.A simple claim that COVID-19 vac-
cines are unnecessary without explana-
tion

Unnecessary

• Alternative: Prefer or believe in natural immunity, herd immunity, or
protective behaviors.

Beliefs that it is better to get natural
immunity or get immunity through
naturally protective ways, etc.

Natural immunity and
protective behavior

• Mild COVID-19: COVID-19 is not dangerous; thus, vaccines are not
needed.

Believe COVID is a mild disease and
no need for vaccines

Mild COVID-19

• COVID-19 denial: COVID-19 is a hoax, or a fraud, thus no vaccines are
needed.

Denial of COVID-19 pandemic leading
to COVID-19 vaccines

COVID-19 denial

• Underlying disease: I get autoimmune disease, thus cannot take vaccines.
• Immune from infection: I am already immune from a past COVID-19

infection.
• Not a risk group: I am young/healthy/a certain blood type, thus have a

low risk of getting COVID-19 or developing serious disease.

Beliefs that it is unnecessary for the
vaccines because of their health status

Personal need

• Refusal exaggeration: 1 in 6 people will refuse COVID-19 vaccines.Exaggeration about vaccine refusal rate
in other places

Overstatement of vac-
cine refusal

Morality

• Religion: Vaccines may go against religious beliefs. Devil led people to
receive vaccines.

Vaccines go against religious belief, or
are viewed as a sign of demon

Religion

• Human experiment: It is a part of a secret research. Vaccinated ones are
guinea pigs.

Vaccine campaign is a human experi-
ment

Human experiment

• Fetal tissue: COVID-19 vaccines are made from cells of aborted fetuses.Fetal remains in vaccinesFetal tissue

Liberty

• Mandatory vaccination: They are forcing us.
• Against government control: Opposition to the government’s control.

False claims about mandatory vaccina-
tion, and refusal to obey “control”

Against mandatory
vaccines/control

• Freedom: Vaccines are an attempt to take away personal freedom.Claims that vaccine infringes individual
freedom

Support for freedom

• Ignore consent: Children getting vaccinated without parental consent.Concerns that children will be forced
to get vaccinated without parents’ con-
sent

Ignore consent

Humor
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ContentsExplanationType of misinformation and
subtype

• Humor: Parody/meme of an adverse reaction.A humorous but exaggerated way to
express unsubstantiated vaccine rumor

N/Aa

Overstatement

• Overstatement: COVID-19 vaccines are ready; able to cure a patient
within 3 hours. After getting the vaccines, we will not have the infection
anymore. After getting the COVID-19 vaccines, one can stop wearing
the mask and taking safety precaution. As vaccines for COVID-19 have
been developed, we can make vaccines for the common cold, HIV, and
others.

Exaggeration about the effect and the
scientific progress in COVID-19 vac-
cines

Overstatement of the
protection/progress of
vaccines

aN/A: not applicable.

Eight studies surveyed the sources of misinformation. Three
studies reported social media as main source [74-76]. Two
studies found that family and friends also played a role [74,77].
One study measured proportions of different sources: social
media (57.6%), followed by family or friends (13.1%), and
television (5.7%) [74]. On social media, misinformation was
generated majorly by antivaccine groups or well-known
antivaccine individuals [78-80]. Two studies found that online
celebrity tended to contribute more misinformation [80,81].
One Twitter-based study showed that the highly polarized
antivaccine information was mainly from political and
nonmedical users, while health care workers were less engaged
in COVID-19 vaccine conversation on online platforms [78].

A total of 57 studies reported the prevalence of misinformation
(Table 3), including 27 survey-based studies and 30
internet-based studies; further details on the prevalence reported
in each study are presented in Multimedia Appendix 5 (see also
[29,30,34,36,37,41-43,46-50,52-57,60,62,67,68,70,71]). Among
27 surveys, some investigated both general population and
antivaccine groups. The 24 surveys on general population
reported a prevalence of general misinformation ranging from
2.5% to 55.4%; concerning the prevalence of specific types of
misinformation, conspiracy beliefs varied from 2.5% to 48.4%,
concerns about vaccine safety and efficacy from 2.78% to
55.4%, “no need for vaccine” from 3.8% to 28.1%, morality
from 1.4% to 20.6%, and liberty from 6% to 36.3%. A total of
6 surveys [29-32,76,82] on antivaccine/vaccine hesitant groups
reported a higher prevalence of misinformation: conspiracy,
6.0%-22%; concerns on vaccine safety and efficacy,

12.2%-96.7%; and no need for vaccines, 6.3%-70.4%. The
96.7% prevalence rate was simply driven by 1 study [30] that
reported the prevalence on concerns and no need for vaccines;
after excluding this outlier, the prevalence of misinformation
varied between 6.0% and 20.1%.

Among 30 internet-based studies, 16 investigated general online
data and reported the prevalence of general misinformation
ranging from 0.1% to 41.3%; for the prevalence of specific
types of misinformation, conspiracy ranged from 5.3% to 21.7%,
concerns on vaccine safety and efficacy from 0.4% to 11.1%,
humor at 26%, no need for vaccines at 10.1%, and vaccine
morality from 3.9% to 20.6% (Table 3). Regarding social media
platforms, YouTube showed the lowest prevalence of
misinformation, ranging from 1.7% to 10.7%, and the prevalence
on Twitter varied from 0.4% to 56%; the prevalence of
conspiracy is 3% on TikTok and 12.44%-40% on Reddit. Humor
accounted for up 26% of all COVID-19 vaccine–related videos
in TikTok. In addition, antivaccine/hesitant online posts from
the remaining 16 internet-based studies reported a 0.5%-56%
prevalence of misinformation; specifically, conspiracy ranged
from 3.9% to 55.4%, concerns on vaccine safety and efficacy
from 1.3% to 44.8%, no need for vaccines from 0.5% to 3.7%,
morality from 2% to 10.4%, and liberty from 5% to 46%.

Some studies reported that the prevalence of misinformation
fluctuated over time, and both increasing and decreasing trends
were noted [83,84]. One study showed that the change in
misinformation was in close association with news or events
related to vaccine developments [81].
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Table 3. Prevalence of COVID-19 vaccine–related misinformation.

Prevalence, %Study, nStudy design and subtype of misinformation

2.5-55.424Surveys on general population

2.5-48.422Conspiracy

2.78-55.412Concerns on vaccine safety and efficacy

3.8-28.16No need for vaccines

1.4-20.62Morality

6-36.32Liberty

6.0-96.76Surveys on the antivaccine/vaccine hesitant group

6.0-224Conspiracy

12.2-96.74Concerns on vaccine safety and efficacy

6.3-70.45No need for vaccines

0.1-41.316Internet-based studies on general online data

5.3-21.78Conspiracy

0.4-11.13Concerns on vaccine safety and efficacy

10.11No need for vaccines

3.9-20.62Morality

41.11Liberty

261Humor

0.5-5615Internet-based studies on antivaccine/vaccine hesitant data

3.9-55.410Conspiracy

1.3-44.88Concerns on vaccine safety and efficacy

0.5-3.73No need for vaccines

2-10.42Morality

5-465Liberty

Factors That Affect Misinformation Believing and
Spreading
In total, 37 articles reported factors that affected the believing
and spreading of misinformation. Textbox 1 summarizes
individual characteristics and information-seeking behaviors
that affect (enhance or reduce) beliefs in misinformation (n=25)
as well as misinformation features that promote its spread
(n=14).

In terms of geographical areas, 2 studies found a relatively
higher prevalence of misinformation in the United States
[85,86]. Another study found that Wyoming had the highest
level of misinformation in the United States [87]. Living in a
village instead of a city was also found to relate to
misinformation [88]. Concerning demographic factors, a
younger age was found to enhance beliefs in misinformation in
5 studies [89]. The role of sex remained controversial: 5 studies
found that females were more likely to accept conspiracy
theories than males, while 2 studies found that males were more
fragile [90-92]. In the United States, 2 studies found ethnic
minorities were related to beliefs in misinformation [93,94],
whereas 1 study found that Whites were more susceptible to
misinformation than racial/ethnic minorities [91]. Christians or

those with a higher level of religiosity were more likely to be
influenced by misinformation [91].

Social economic status and occupation also affected beliefs in
misinformation. Most studies documented that lower education
and economic status were linked to accepting misinformation
[89,90,92-100], although 1 study in African and Middle East
countries indicated that individuals with higher education levels
believed rumors such as changes in human genome due to
vaccines [101]. Medical workers were less susceptible to
misinformation than the general population in the UK and
Jordan, and among medical workers, juniors were more
susceptible to misinformation [94,102]. In addition, the
unemployed were less likely to trust misinformation than the
employed in the UK [91].

For political orientation, right-wing and conservative ideology
would increase the conspiracy belief [90,97], and in the United
States, Republicans were more likely to accept vaccine
conspiracy than Independents [82,103,104]. For disease and
migration experience, having basic diseases, no experience of
COVID-19 infection or vaccination, and migration could
enhance beliefs in misinformation [97,101]. For psychological
status and beliefs, depression, perceived ethnic discrimination,
national narcissism, and general conspiracy-mindedness were
more likely to accept misinformation [93,97,105,106].
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Textbox 1. Factors that affect misinformation believing and spreading.

Individual characteristics that “enhance” beliefs in misinformation

Geographic areas:

• United States

• Living in a village instead of a city

Age:

• Younger adults

Sex:

• Mixed influence

Ethnicity:

• Mixed influence in the United States

Religion:

• Christians

• Higher level of religiosity

Socioeconomic status:

• Lower education level

• Lower income

• Lower social economic status

Occupation:

• Employed people

Political orientation:

• Republicans

• Conservatives

• Far-right

• Not being affected or vaccinated

Disease experience:

• Having basic diseases

Migration experience:

• Having migration experience

Psychology status and beliefs:

• Depression

• National narcissism

• Perceived ethnic discrimination

• General conspiracy-mindedness

Information-related behaviors that “enhance” beliefs in misinformation

Source of information:

• Social media

• Conservative media

• Family and friends
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Awareness of information:

• Feeling less informed about science

• Perceive higher incidence of fake news

Online posting:

• Posting more online

Individual characteristics and information-related behaviors that “reduce” beliefs in misinformation

Occupation:

• Medical workers

Channels to accessing information:

• Taking lectures about COVID-19 vaccines

• Trust celebrities for information

Features of misinformation that “promote” its spread

Type of misinformation:

• Safety concern

• Conspiracy

• Efficacy concern

Content of misinformation:

• Positive valence (positive emotion)

• Concreteness

Format of misinformation:

• Number of hashtags

• Language or format that mimics news/scientific reports

Source of misinformation:

• Antivaccine group

• Social media influencer

• Health care workers

• Unregulated bot

Platform:

• Different platforms present different misinformation

• Newer social media

The following information-seeking behaviors also enhanced
beliefs in misinformation: usage of social media and
conservative media [1,92,107,108], posting more online [109],
feeling less informed about science [97], and trusting friends
or family for COVID-19 information [91]. People who take
lectures about COVID-19 vaccines or trust celebrities for
COVID-19 information tended to refuse misinformation [91].

In addition, some features of misinformation promoted its
spread. Safety concerns, conspiracy, and efficacy concerns were
reported as the most popular misinformation types [85,110].
Misinformation posts that had a higher level of positive valence
and concreteness would spread [111]. The hashtags and the

language or format mimicking news/scientific reports helped
misinformation spread [72,110,111]. Misinformation from
antivaccine groups, social media influencers, health care workers
such as Sherri Tenpenny, and unregulated bots can speed its
spread [79,81,112-114]. Each social media has its prevailing
misinformation topics [115], and a newer social media platform
was more likely to bolster vaccine conspiracy [110].

Impact of Misinformation on Vaccine Hesitancy and
Behaviors
A total of 29 studies indicated that misinformation is related to
vaccine hesitancy or negative vaccine perception, and 3
experimental studies also supported this finding [75,91,116].
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Misinformation would ignite concerns and fears about the safety
profile of vaccines and lead to vaccine hesitancy and refusal
[94]. Four studies found a negative relationship between
misinformation and vaccine uptake rate [84,87,89,99]. One
experimental study in the UK and United States verified that
the misinformation exposure significantly reduced both
intentions of self-vaccination and vaccination to protect others
by around 6% [91]. Skepticism also attenuated the effect of
public service messages on promoting vaccination willingness
[116]. Besides vaccination behaviors, misinformation reduced
the uptake of self-protection behaviors such as mask wearing,
distancing, and compliance with health guidance [1,90,107].

The impacts of misinformation may change across different
study phases. Impacts of misinformation on protective behaviors
were mainly studied in phase 1 (n=4). One study in phase 3
showed a negative relationship between some religious beliefs

on COVID-19 vaccines and protective behaviors such as masks
and distancing remained [99]. After mass vaccination (phase
2), the negative impact of misinformation on vaccine uptake
rate was uncovered and lasted up to phase 3. The negative
association of misinformation with attitudes and intention of
taking vaccines was consistent among all 3 phases.

Interventions to Address Misinformation

Overview
A total of 65 studies proposed solutions to address COVID-19
vaccine misinformation, and 9 studies assessed the effects of
various interventions to combat misinformation. Table 4
summarizes the proposed solutions according to our 5-step
framework and specific solutions in each study are detailed in
Multimedia Appendix 6 (see also [28, 31, 32, 37-41, 43-45, 48,
50, 52, 54, 56-58, 60, 63-66]).

Table 4. Proposed solutions to address COVID-19 vaccine-related misinformation.

TargetsMain actorsNo. of articlesDetailed solutionsFramework and meaning

Identifying misinformation

MisinformationGovernment and
health officers

5Identifying misinformation through diverse
channels

• Routine monitoring and
fact-checking

• Investigation

Regulating producers and distributors

Sources of misin-
formation

Political power3Regulating the source of misinformation • Legislation and national
campaign

Cutting production and distribution

MisinformationNews media, social
media

5Cutting the circulation of misinformation • Technical response: more
effective moderation poli-
cies

MisinformationNews media, social
media

1• Economic response: The
boycott of harmful content
by advertisers

The publicNews media, social
media

4• Curatorial response: dis-
semination of truth to de-
bunk misinformation

Supporting the target audiences of misinformation

Different misin-
formed groups

Multiple13Improving target population’s health literacy
and helping the public identify misinformation

• Tailored intervention to
improve health literacy by
suggestion, advocacy, and
health education

The publicMultiple3• Empowerment by public
awareness campaigns and
credibility warning labels

Disseminating trustworthy information

The publicMultiple: public
health agencies, medi-
cal professionals, reli-
gious leaders, etc.

23N/AaImplementing multitiered strategies to convey
the message by multiple media

aN/A: not applicable.
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Identifying Misinformation
This step contained the routine fact-check and monitoring and
investigation of misinformation. A total of 7 articles emphasized
that government and health officers should develop a public
health surveillance system to track the emergence of
misinformation and the outlets of antivaccine groups through
data mining applications [97].

Regulating Producers and Distributors
Producers and distributors of misinformation need to be
regulated by political power. A total of 6 articles mentioned
that policy and legal actions should be implemented by the
government.

Cutting Production and Distribution
This step underlined the reaction to communication platforms,
including news media and social media. A total of 11 articles
in our review specified this part, which consisted of technical,
economic, and curatorial responses. Technical response required
social media companies to build and execute more effective
moderation policies, such as checking information, altering
keyword searches, redirecting individuals to correct sources,
banning overt conspiracy groups, and flagging or rapidly
removing misinformation [104]. The economic response could
be either the boycott of harmful content by advertisers or the
monetization limit of the channels producing misinformation
[24,108]. The curatorial response emphasized that messages
should be directly debunking misinformation. The “backfire
effect” (ie, factual counterargument entrenches false beliefs)
was found when using debunking messages to address
misinformation [117,118]. Therefore, pre-debunking message
(inoculation message) before public message communication
should be piloted [73,119].

Supporting the Target Audiences of Misinformation
A total of 20 studies outlined the importance of supporting the
target audiences. Tailored interventions targeting different
misinformed groups were considered an important approach to
counter the misinformation. Empowerment of the public was
recommended to improve health literacy and awareness. Public
awareness campaigns were also mentioned in 2 studies [74,102].

Disseminating Trustworthy Information
This step seems similar to the curatorial response, yet it focused
not only on messages that directly debunk misinformation, but
also aimed to pass correct and scientific information. Most
studies (n=39) mentioned or exemplified how to disseminate
evidence-based information, and they recommended to mobilize
trusted medical professionals and scientists to engage in social
media conversation. Health care workers and public health
agencies should engage in social media and learn how to
produce short scientific videos [78,102,120]. Further,
collaboration with social media influencers allowed a wider
reach to the public [121,122]. Both social media and mass media
should be utilized to spread information [123], which can
express vaccine support, emphasize scientific procedure, appeal
to altruism, picture the meaning and importance of vaccination,
create a sense of companionship in the battle of infodemic, or
encourage participation through peer pressure. Evidence-based

messages should be delivered in ways understandable to
individuals from a variety of socioeconomic and educational
background. Therefore, youth, religious leaders, community
stakeholders, faith-based organizations, and schools could be
engaged to co-design culturally compelling and
context-appropriate messages [85].

Although many studies proposed solutions, only 9 assessed
effects of some interventions to combat misinformation. One
observational study detected a limited active impact of the
policies developed by Twitter [113]. Among 8 experimental
studies, 4 assessed the effect of debunking message/video, 3
assessed the effect of inoculation messages, and 1 assessed the
effect of warning tag/cover. All 4 experiments found that
debunking message/video could reduce the belief in
misinformation [118,124-126]. Yet, 1 experiment found that
this effect worked well for people without strong beliefs in
misinformation; when it comes to people who strongly believe
in misinformation, the result became counterproductive because
it may evoke small backfiring effects of vaccination intention
[118]. One experiment further showed that partisans exposed
to ingroup media (media held the same political preference as
participants) perceived debunking messages as more credible
and held higher engagement [125]. For inoculation messages,
2 experiments found that simple inoculation message/video
could protect people from misinformation [119,127], while the
remaining 1 found it had no significant effect, but was useful
when combined with viewing or writing comments on the
inoculation message [128]. In terms of warning tag/cover,
interstitial warnings or cover warnings, which require
individuals to click through to continue, were found to be more
effective to help participants identify misinformation while
warning tags showed no effect [104].

Discussion

Principal Findings
This review revealed the features, influencing factors, impacts,
and solutions for COVID-19 vaccine misinformation and
provided evidence to combat vaccine-related misinformation.
The included articles were predominantly from American and
European regions, and there was less evidence from African,
South-East Asian, and Western Pacific regions. Social media
was considered as the main source of COVID-19 vaccine
misinformation. Conspiracy, concerns on vaccine safety and
efficacy, and no need for vaccines were the most prevalent types
of misinformation.

Our review documented the high but wide prevalence of
COVID-19 vaccine misinformation. The great variation may
be due to the ambiguity in misinformation classification and
the difference across social media platforms, regions, and study
participants. On social media, antivaccine or misinformation
tweets accounted for 0.1%-41.3% of all vaccine-related tweets.
Its prevalence varied from 2.5% to 55.4% among the general
population, which was consistent with a previous review on
general COVID-19 misinformation [18]. Another systematic
review also illustrated that the prevalence of misinformation on
general vaccines ranged from 1% to 65% on social media
between 2012 and 2018 [129]. The prevalence of misinformation
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posed challenges to the COVID-19 vaccination. As the most
prevalent type of COVID-19 vaccine misinformation,
conspiracies were usually presented as half-truths, which made
it hard to recognize them as misinformation. Therefore, dealing
with conspiracy or skepticism should be the priority to combat
the prevalent vaccine misinformation.

Social media is considered a “double-edged sword” to inform
the public [7]. The endorsement of COVID-19 misinformation
was strongly associated with the information sources. People
who rely on print media and mainstream print were less apt to
endorse COVID-19 misinformation, while the use of social
media was positively associated with misperceptions regarding
COVID-19 facts. In our review, as the main source of
COVID-19 vaccine misinformation, social media usage was
related to misinformation believing. Because of its wide usage,
social media should be used to debunk misinformation and
disseminate trustworthy information [121]. Public health
authorities and health professionals should change their low
engagement status and be more actively engaged in COVID-19
vaccine conversation on online platforms [78,120]. Social media
platforms should also make rules and policies to combat
misinformation [113].

The global acceptance of COVID-19 vaccine remains at a low
level [2]. Misinformation is negatively associated with vaccine
acceptance and self-protection behaviors. In our review,
geographic areas, demographic characteristics, education,
occupation, political orientation, disease and migration
experience, psychological status and beliefs, and
information-seeking behaviors were found to influence the
believing and spreading of vaccine misinformation. However,
there is less clarity on the induced pathway between these factors
and misinformation. For example, the higher prevalence of
COVID-19 vaccine misinformation in African and West
Mediterranean regions was associated with feeling less
informed, and the less informed were further linked to poor
socioeconomic status, low education level, and lack of
information [130]. Future research should thus focus on how
these factors influence the believing and spreading of
misinformation, and verify targeted populations and intervention
strategies to combat vaccine misinformation.

It is urgent to implement effective intervention strategies to
combat COVID-19 vaccine misinformation. Through the
solutions proposed by 65 included studies, we constructed a
5-step framework to address vaccine-related misinformation.
The dissemination of trustworthy information was the most
frequently mentioned, followed by supporting target audiences

of misinformation and cutting its production and distribution,
whereas identifying misinformation and regulating its producers
and distributors were less mentioned. However, most proposed
solutions were not verified regarding their effects on
misinformation. With the limited experimental studies, the
debunking message/video was considered as effective
interventions against misinformation during the COVID-19
pandemic [118,124-126].

Combating misinformation is a persistent and complex work.
More scientific evidence is needed to support misinformation
surveillance, punishment of misinformation producers, and
dissemination of trustworthy information [24]. As many
countries reported the first case of mpox, another epidemic in
the shadow of the COVID-19 pandemic is looming [131]. In
this context, it is particularly important to synthesize potential
intervention strategies to combat vaccine misinformation for
future anti-infodemic campaign.

Limitations
Our review has several limitations. First, most included studies
were observational, leading to low quality of evidence. More
interventional studies are needed to evaluate the effect of
misinformation interventions and identify effective
interventions. Second, we only included publications in English,
and social media platforms in non-English languages were not
included in our review. The feature, prevalence, and impact of
COVID-19 vaccine misinformation may differ by languages.
Third, nearly one-half of the included articles were based on
the internet; however, the internet penetration rates are low in
low-income countries. Our review may thus not provide enough
data and evidence of COVID-19 vaccine misinformation in
low-income countries. Fourth, the included studies were
published from January 2020 to August 2022, therefore this
period may be insufficient to observe and explore the long-term
impact of COVID-19 vaccine misinformation.

Conclusion
Our review provides comprehensive and up-to-date evidence
on COVID-19 vaccine misinformation and helps responses to
vaccine infodemic in future pandemics. Its prevalence was high
but widely varied worldwide. The most frequent misinformation
types were conspiracy and concerns about vaccine safety and
efficacy. Information features, information-seeking behaviors,
and demographic factors influenced the spreading and believing
of misinformation. More evidence is needed to verify potential
intervention strategies to combat vaccine misinformation.
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Abstract

Background: Face mask use has been associated with declines in COVID-19 incidence rates worldwide. A handful of studies
have examined the factors associated with face mask use in North America during the COVID-19 pandemic; however, much less
is known about the patterns of face mask use and the impact of mask mandates during this time. This information could have
important policy implications, now and in the event of future pandemics.

Objective: To address existing knowledge gaps, we assessed face mask usage patterns among British Columbia COVID-19
Population Mixing Patterns (BC-Mix) survey respondents and evaluated the impact of the provincial mask mandate on these
usage patterns.

Methods: Between September 2020 and July 2022, adult British Columbia residents completed the web-based BC-Mix survey,
answering questions on the circumstances surrounding face mask use or lack thereof, movement patterns, and COVID-19–related
beliefs. Trends in face mask use over time were assessed, and associated factors were evaluated using multivariable logistic
regression. A stratified analysis was done to examine effect modification by the provincial mask mandate.

Results: Of the 44,301 respondents, 81.9% reported wearing face masks during the 23-month period. In-store and public transit
mask mandates supported monthly face mask usage rates of approximately 80%, which was further bolstered up to 92% with the
introduction of the provincial mask mandate. Face mask users mostly visited retail locations (51.8%) and travelled alone by car
(49.6%), whereas nonusers mostly traveled by car with others (35.2%) to their destinations—most commonly parks (45.7%).
Nonusers of face masks were much more likely to be male than female, especially in retail locations and restaurants, bars, and
cafés. In a multivariable logistic regression model adjusted for possible confounders, factors associated with face mask use
included age, ethnicity, health region, mode of travel, destination, and time period. The odds of face mask use were 3.68 times
greater when the provincial mask mandate was in effect than when it was not (adjusted odds ratio [aOR] 3.68, 95% CI 3.33-4.05).
The impact of the mask mandate was greatest in restaurants, bars, or cafés (mandate: aOR 7.35, 95% CI 4.23-12.78 vs no mandate:
aOR 2.81, 95% CI 1.50-5.26) and in retail locations (mandate: aOR 19.94, 95% CI 14.86-26.77 vs no mandate: aOR 7.71, 95%
CI 5.68-10.46).

Conclusions: Study findings provide added insight into the dynamics of face mask use during the COVID-19 pandemic. Mask
mandates supported increased and sustained high face mask usage rates during the first 2 years of the pandemic, having the
greatest impact in indoor public locations with limited opportunity for physical distancing targeted by these mandates. These
findings highlight the utility of mask mandates in supporting high face mask usage rates during the COVID-19 pandemic.
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Introduction

The rapid spread of SARS-CoV-2 worldwide led to the
declaration of a global pandemic by the World Health
Organization in March 2020 [1,2]. SARS-CoV-2 infection
causes COVID-19, which, in extreme cases, results in severe
lung damage, multiorgan failure, and death. Person-to-person
spread of SARS-CoV-2 is mediated through aerosolized droplets
that are generated during activities such as talking, singing,
coughing, or sneezing [1,3,4]. When worn appropriately, face
masks and other face coverings limit the spread of aerosolized
droplets by trapping them within their fibers [5,6]. The utility
of face masks and other face coverings in reducing
person-to-person transmission of SARS-CoV-2 has been
demonstrated in epidemiological and laboratory-based studies,
as well as in real-world settings [5,7-12]. This efficacy,
alongside the widespread availability and ease of use of face
masks has prompted public health officials worldwide to
advocate for, or mandate, face mask use in indoor public spaces
and in settings with limited opportunity for physical distancing,
as part of efforts to control the spread of the virus [13,14].

Public health mandates provide a blanket order for the
application of interventions to reduce disease transmission rather
than providing a choice for the adoption of those interventions.
Hence, these mandates may be perceived as infringing on
freedom of choice in those settings. Consequently, mask
mandates and recommendations were met with resistance from
certain groups [15,16]. The lack of consensus among global
political and public health leaders on the need for face masks
during the early stages of the COVID-19 pandemic, as well as
misinformation and disinformation regarding the utility of masks
and potential adverse effects of face mask use, may also explain
this resistance [14,16-19]. Specific reasons for the lack of face
mask use in a survey conducted among participants from several
Western countries included discomfort, difficulty breathing,
and skepticism about the ability of face masks to prevent
infection [20]. Nevertheless, mask mandates and
recommendations have contributed to decreased incidence of
COVID-19 cases and related deaths worldwide [21-23]. The
advent of COVID-19 vaccines and increasing vaccination
coverage has prompted the relaxation of mask mandates and
recommendations in various countries worldwide [13,24].
However, recent resurgences in COVID-19 cases in regions
where mask mandates were rescinded [25-27] underscore the
continued need for the use of face masks in certain regions as
global vaccination efforts progress and more is learned about
the efficacy of current vaccines in reducing the transmission of
new and highly contagious variants. Understanding factors
associated with face mask use and quantifying the impact of
mask mandates is, therefore, important for health communication
and decision-making by public health leadership, especially in
the context of repeated outbreaks. Recent studies investigating
the factors associated with nonuse of face masks in Canada

provided much needed information on the motivation and belief
systems underlying face mask use in the country [28,29].
However, limited information is available on face mask usage
patterns, with and without provincial mask mandates, during
the COVID-19 pandemic in Canada. This information could
have important policy implications, now and for future
respiratory virus-driven pandemic(s). In this study, we bridge
this knowledge gap by assessing face mask usage patterns in
the presence and absence of the provincial mask mandate and
the factors associated with mask use among respondents of a
population-based survey in British Columbia (BC), Canada.

Methods

Context
Initial public health measures to control the spread of COVID-19
were introduced in BC, Canada, on March 18, 2020 [30];
however, the provincial mask mandate requiring face masks in
all indoor public spaces did not come into effect until November
19, 2020 [31,32]. Nevertheless, major retail locations in the
province mandated the use of face masks between July and
August 2020 [33], prior to the provincial mask mandate, as did
BC public transit on August 24, 2020 [34]. Due in part to
increasing COVID-19 vaccination rates, the provincial mask
mandate was lifted on July 1, 2021, although the mandatory
requirement for face mask use remained in effect at major retail
locations [35]. The provincial mask mandate was reinstated for
select indoor public places on August 25, 2021, remaining in
effect until March 11, 2022 [36-38]. By April 8, 2022, all other
public health requirements, including proof of vaccination for
admission to certain locations, were no longer mandated [38].

Study Population and Variable Definitions
The BC COVID-19 Population Mixing Patterns (BC-Mix)
survey is an ongoing web-based survey developed to assess
population mixing patterns during the COVID-19 pandemic
among BC residents [39]. The survey, launched on September
4, 2020, is composed of 94 questions across six key domains:
(1) demographic information; (2) COVID-19 testing and results,
symptoms, and health behaviors; (3) activities and behavior in
and outside of the home; (4) internet and social media use; (5)
perceptions and attitudes around COVID-19; and (6) COVID-19
vaccine acceptance (added March 8, 2021). It is administered
on the Qualtrics platform to English-speaking persons aged ≥18
years and residing in BC. Anonymous links to the survey were
circulated via advertisements placed on Google and social media
platforms, namely Instagram, Facebook, WhatsApp, YouTube,
and Twitter. Detailed descriptions of survey design, domains,
and recruitment methods have been published elsewhere [39].
Participants completed a baseline survey (for first-time
respondents), and those who consented were invited to complete
shorter follow-up surveys every 2 to 4 weeks.

This analysis was restricted to the baseline responses received
between September 4, 2020, and July 31, 2022. Survey
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respondents who left home at least once the previous day (survey
question: “How many times did you leave your home [or
property, apartment] yesterday?”) were asked whether or not
they used a face mask (“Did you use a face mask yesterday?”).
Survey respondents who provided valid answers to the face
mask question (“Yes,” “No,” or “Prefer not to answer”) were
included in this analysis. As people who left their homes either
did or did not wear a mask, those who answered “Prefer not to
answer” either did not want to anonymously report not wearing
masks or did not want to report wearing masks to researchers
for some reason. Assuming the former formed the majority of
this subgroup and wanting to capture as many types of nonusers
of face masks as possible, responses to the face mask use
question were recategorized as “Yes” and “No” (“No” + “Prefer
not to answer”) for the purpose of this study. Other questions
addressed ethnicity, education, employment status, location of
face mask use, duration of face mask use, number of trips
outside the home, distance travelled, destination, and mode of
travel (Table S1 in the Multimedia Appendix 1). Time period
was grouped by calendar month; thus, the periods during which
the provincial mask mandate were in effect were defined as
from November 2020 to June 2021 and from September 2021
to February 2022.

Statistical Analyses
Descriptive analyses were done with and without sampling
weights. Sampling weights were based on age, sex, geography
(Health Authority region), and ethnicity; derived with a
weighting adjustment technique [40] using available participant
and BC 2016 Canadian Census data; and applied so that
response frequencies were representative of the BC population.
All comparisons between face mask users (face mask
use=“Yes”) and nonusers of face masks (face mask use=“No”)
were made with weighted data. Chi-square tests were used to
ascertain between-group differences in variable distribution.

Factors associated with face mask use were assessed with a
multivariable logistic regression model, adjusting for time
period, age group, sex, ethnicity, destination, number of trips
taken, distance travelled, mode of travel, and Health Authority
of residence—incorporating sampling weights. The association
between the provincial mask mandate and face mask use was
also assessed with multivariable logistic regression models, and
a stratified analysis was done to examine effect modification
by the mandate.

Data preparation, descriptive analyses, and data visualization
were done with R statistical software (version 3.5.2; R
Foundation for Statistical Computing) [41]. Weighted logistic
regression modeling was done with SAS statistical software
(version 9.4; SAS Institute) [42]. Statistical significance was
assessed at the P<.05 level.

Ethical Approval
This study complied with the ethical standards of the Helsinki
Declaration. Participation was voluntary and electronic informed
consent was sought from all participants on the survey start
page. Analytical data sets were deidentified and included no
personally identifiable information. Ethical approval for this
study was provided by the University of British Columbia
Behavioral Research Ethics Board (H20-01785).

Results

Respondent Characteristics
A total of 44,301 respondents were eligible for inclusion in this
analysis (see Table 1). Survey respondents who answered the
face mask question were mostly male (52.4%), not part of a
visible minority group (63.3%), aged 25-34 years (18.81%) and
45-54 years (18.6%), employed full time (33%), and residing
in the Fraser Health region (26.3%; Table 1).

JMIR Public Health Surveill 2023 | vol. 9 | e42616 | p.2668https://publichealth.jmir.org/2023/1/e42616
(page number not for citation purposes)

Binka et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 1. Proportion of British Columbia COVID-19 Population Mixing Patterns (BC-Mix) survey respondents by face mask use (yes, n=36,716; no,
n=7585), stratified by demographic characteristics, from September 2020 to July 2022.

Weighted values (distribution
“within” each group)

P valueaWeighted values (distribution “across” groups)Unweighted valuesCharacteristic

No, %Yes, %No, %Yes, %No, nYes, nNo, nYes, n

Age group (years)

20.279.8.259.68.48223244239109518-24

18.981.119.618.616737160696345925-34

18.481.616.215.9138561221066515735-44

17.782.318.218.7155372161159640945-54

17.382.716.117137065431969914955-64

17.682.415.516.1132462161886881765-74

17834.85.241120085702630≥75

Sex

1585<.00139.449.5336219,052573729,833Female

217960.650.5517619,45518486883Male

Ethnicity

11.288.8<.0016.311.25414298114891Chinese

11894.68.3395318669604South Asian

11.288.83.86.732625861551267Other visible minority

19.780.368.762.1586523,922643930,894Not a visible minority

21.178.99.6882030764301916Other ethnicity

29.170.96.93.759114413781144Prefer not to answer

Education

15.884.2<.0011.82.1154820106592Below high school

18.681.435.134299713,096294613,834Below bachelor’s degree

16.383.733.237.8283914,558267613,597University degree

20.379.729.926.1254910,03418578693Prefer not to answer or
missing

Employment status

16.483.6<.00129.833.7254412,975175810,402Employed full time

13.686.45.17.243427674272807Employed part time

20.579.57.66.565025225622268Self-employed

19.980.14.23.83621459231992Unemployed

24.775.32.11.4176535199648Full-time parent or home-
maker

17.982.117.117.41456668423399893Retired

17.682.42.62.7220102994475Student or pupil

17.382.71.61.7137654126670Long-term sickness or dis-
abled

20.679.43025.72559988218498561Prefer not to answer or
missing

Occupation

18.881.2<.00125.324.22161930315367990Essential workers

15.684.422.827.3194910,518189810,246Nonessential workers

17.382.76.87.257727565002458Others
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Weighted values (distribution
“within” each group)

P valueaWeighted values (distribution “across” groups)Unweighted valuesCharacteristic

No, %Yes, %No, %Yes, %No, nYes, nNo, nYes, n

17.382.714.114.91206575117497282Do not work

20.679.43126.4264510,18019028740Prefer not to answer or
missing

Health Authority

16.683.4<.00124.126.8206010,33513337339Fraser Health

24.575.516.2111382425213544896Interior Health

24.975.15.63.747914413561378Northern Health

13.586.514.320.31218783511037079Vancouver Coastal Health

18.481.612.812.61096485115747274Vancouver Island Health

19812725.42303979418658750Missing

aChi-square test.

Face Mask Usage Patterns and the Impact of the
Provincial Mask Mandate
Between September 2020 and July 2022, 81.9% of survey
respondents reported wearing a face mask outside their homes
the day before completing the survey (face mask use: yes,
n=36,716; no, n=7585 [prefer not to answer, n=155 + no,
n=7430]). Face mask usage rates were approximately 78%
between September and October 2020 when face masks and
coverings were required in major retail locations in BC but not
provincially mandated. Face mask usage rates increased
following the introduction of the provincial mask mandate in

November 2020 and remained at or above 84% each month
thereafter until the mandate was first lifted in July 2021 (Figure
1A). After a 2-month decline in face mask usage rates to
pre–provincial mandate levels, usage rates rebounded to 87.9%
in September 2021 once the provincial mask mandate was
reinstated at the end of August 2021. As before, face mask usage
rates remained above 80% when the provincial mandate was in
effect until March 2022, when the mandate was lifted a final
time as an important step in the winding down of control
measures across the province. Face mask usage rates fell rapidly
soon afterward, reaching 38.1% in June 2022.
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Figure 1. Face mask usage patterns among British Columbia COVID-19 Population Mixing Patterns (BC-Mix) survey respondents by month, from
September 2020 to July 2022. (A) Face mask use rates. (B) Location of face mask use: percentages calculated independently for each option provided.
(C) Duration of face mask use. Shaded gray region: provincial mask mandate in effect.

Face mask usage patterns were generally consistent over the
23-month period (Figure 1A). Masks were primarily worn in
supermarkets and shops (48.2% of face mask users) and
everywhere outside the house (38.2% of face mask users; Figure
1B and Figure S1A in the Multimedia Appendix 1).The
proportion of people who wore face masks everywhere outside
their homes remained at or above 25%, with face mask users

being more likely to have worn face masks everywhere outside
their homes when provincial mask mandates were in effect.
Regardless of time period, most face mask users reported
wearing their mask for 59 minutes or less (Figure 1C and Figure
S1B in the Multimedia Appendix 1).

Travel patterns were distinct between users and nonusers of
face masks between September 2020 and July 2022. The
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majority of face mask users (53.2%) and nonusers (43.5%) left
home only once the previous day, although nonusers of face
masks were at least twice as likely to leave home 4 times or
more (18.2% vs 7.3%; Figure S2A in the Multimedia Appendix
1 and Figure 2A). Retail locations including grocery stores,
pharmacies, and liquor stores were the most frequented
destinations for face mask users throughout the 23-month period
(≥45%; Figure S2A in the Multimedia Appendix 1 and Figure
2A). Among nonusers of face masks, however, parks or public
spaces were the most common destinations visited prior to June
2021, which was gradually surpassed by retail locations after
the lifting of provincial mask mandates (Figure 2B). Face mask
users mostly travelled alone in a car, although the mode of travel

was more heterogeneous among nonusers of face masks during
the 23-month period (Figure 2C and Figure S2C in the
Multimedia Appendix 1). Statistically significant differences
were observed in the distributions of face mask users and
nonusers by sex, where larger proportions of females than males
opted for wearing masks (85% vs 79%; P<.001; Table 1). This
difference was more evident when survey respondents were
grouped by destination (Table 2, Table 3). In terms of face mask
group composition, males formed a large majority of people
who opted out of wearing face masks when visiting retail
locations (74.9%); restaurants, bars, or cafés (76.1%); or
workplaces (78%).
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Figure 2. Travel patterns of British Columbia COVID-19 Population Mixing Patterns (BC-Mix) survey respondents by face mask use by month, from
September 2020 to July 2022. (A) Number of trips taken outside the home. (B) Destination: percentages calculated independently for each option
provided. (C) Mode of travel: percentages calculated independently for each option provided. Shaded gray region: provincial mask mandate in effect.
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Table 2. Proportion of British Columbia COVID-19 Population Mixing Patterns (BC-Mix) survey respondents by destinationa and face mask use (yes
or no), stratified “across” age groups and sex, from September 2020 to July 2022.

Park or other public space
(n=14,577)

Workplace (n=10,226)Restaurant, bar, or café
(n=5183)

Retail location (n=21,732)Characteristic

No (n=3842),

%b
Yes
(n=10,735),

%b

No (n=1106),

%b
Yes (n=9120),

%b
No (n=944),

%b
Yes (n=4239),

%b
No (n=1971),

%b
Yes
(n=19,761),

%b

Age group (years)

7.77.414.611.81310.49.56.418-24

21.321.822.124.820.121.72016.825-34

15.31818.119.217.215.818.214.635-44

18.216.924.922.920.418.119.419.345-54

15.915.11415.912.714.415.217.555-64

16.8165.14.71214.613.81965-74

4.84.81.10.64.44.946.3≥75

Sex

43.952.72246.723.942.325.148.1Female

56.147.37853.376.157.774.951.9Male

aSelected individually—percentages were calculated for each option provided.
bWeighted percentages.

Table 3. Proportion of British Columbia COVID-19 Population Mixing Patterns (BC-Mix) survey respondents by destinationa, stratified as face mask
users and nonusers “within” each age group and sex, from September 2020 to July 2022.

Park or other public space
(n=14,577)

Workplace (n=10,226)Restaurant, bar, or café
(n=5183)

Retail location (n=21,732)Characteristic

Nonuser

(n=3842), %b
User
(n=10,735),

%b

Nonuser

(n=1106), %b
User

(n=9120), %b
Nonuser

(n=944), %b
User

(n=4239), %b
Nonuser

(n=1971), %b
User
(n=19,761),

%b

Age group (years)

27.572.517.382.727.272.817.782.318-24

26.573.513.186.921.778.314.785.325-34

23.876.213.786.324.675.415.484.635-44

28.471.615.584.525.174.912.887.245-54

27.972.1138720.979.111.288.855-64

27.972.115.584.519.880.29.590.565-74

26.873.223.476.621.578.58.591.5≥75

Sex

23.576.57.492.614.585.57.192.9Female

30.469.619.880.228.371.717.482.6Male

aSelected individually—percentages were calculated for each option provided.
bWeighted percentages.

There were small differences in the demographic distributions
of people who reported wearing or not wearing face masks in
the presence and absence of the provincial mask mandate (Table
S3 in the Multimedia Appendix 1). However, the shift toward
decreased face mask use when the provincial mask mandate
was not in effect was evident across people of all sexes, age

groups, and ethnicities, regardless of their level of education,
occupation, or employment status.

Factors Associated with Face Mask Use
In a multivariable logistic regression model, the odds of wearing
a face mask were statistically significantly greater during the
months when the mask mandate was in effect (all P<.05; Figure
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3 and Table S2 in the Multimedia Appendix 1). The destination
and mode of travel were associated with face mask use, where
people going to retail locations, including grocery stores,
pharmacies, and liquor stores, had greater odds of wearing face
masks than those going to parks or other public spaces (adjusted
odds ratio [aOR] 14.23, 95% CI 11.69-17.31), as did persons
travelling alone in a car (aOR 2.15, 95% CI 1.86-2.50) or in a
car with someone else (aOR 1.59, 95% CI 1.36-1.86) relative
to those who only walked to their destinations (Table S2 in the

Multimedia Appendix 1). Compared to people who were not
part of a visible minority group, Chinese people (aOR 2.02,
95% CI 1.54-2.65), South Asian people (aOR 1.80, 95% CI
1.27-2.56), and others who were part of a visible minority group
(aOR 1.89, 95% CI 1.49-2.40) had greater odds of wearing face
masks. The odds of face mask use were also greater among
females, people aged ≥65 years, and people living in the more
populous health regions.

Figure 3. Odds ratios for face mask use among British Columbia COVID-19 Population Mixing Patterns (BC-Mix) survey respondents by time period,
from September 2020 to July 2022.

The impact of the provincial mask mandates was even more
evident when examined directly, with 3.68 times greater odds
of face mask use when the provincial mask mandate was in
effect (aOR 3.68, 95% CI 3.33-4.05; Table S4 in the Multimedia
Appendix 1). The odds ratios for face mask use increased more
than 2-fold among people whose destinations were indoor public
spaces such as restaurants, bars, or cafés (aOR 7.35, 95% CI
4.23-12.78 vs aOR 2.81, 95% CI 1.50-5.26) or retail locations
(aOR 19.94, 95% CI 14.86-26.77 vs aOR 7.71, 95% CI
5.68-10.46) with the mask mandate versus without. Slight shifts
in odds ratios were also noted by mode of travel in the presence
versus the absence of a provincial mask mandate.

Discussion

Principal Findings
Prior to the availability and high coverage of COVID-19
vaccines, masks and other nonpharmaceutical interventions
were mainstays for preventing infection and reducing disease
transmission, with the ultimate goal of reducing the impact of
the COVID-19 pandemic on population health. Face mask use
was mandated in certain settings across many countries to reduce
SARS-CoV-2 transmission. Establishing the factors associated
with and the patterns of face mask use, with or without mask
mandates, is necessary to assess the impact of mask mandates
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and to inform health communication strategies and
decision-making by public health leadership. In this study, based
on survey responses from a voluntary sample of BC residents
conducted between September 2020 and July 2022, 81.9% of
respondents reported wearing a face mask during outings. Over
the 23-month period, face masks were mostly worn for less than
an hour, being primarily used in supermarkets and shops; at
workplaces; and in schools, colleges, or universities. In a
multivariable logistic regression model, factors associated with
face mask use included age, sex, ethnicity, time period,
destination, and mode of travel. Face mask usage rates were
sustained by in-store mandates in the fall of 2020 and further
boosted by the provincial mandates. The odds of face mask use
increased 3-fold when the provincial mask mandate was in
effect. These findings highlight the role of mask mandates in
facilitating high levels of face mask use at the population level.

Studies based in the United States have shown an increased
likelihood of face mask use in indoor public spaces, such as
grocery stores, compared to outdoor public spaces, such as parks
or beaches [43,44]. Similarly, retail locations and workplaces
were among the major destinations associated with face mask
use in BC, whereas parks were favored among people who opted
against wearing masks. This finding was to be expected, as
in-store and regional mask mandates were in effect in most of
these locations for the majority of the study period. Differences
in face mask use at retail locations have been reported in the
United States, where females [45], individuals aged ≥65 years
[45], non-Hispanic Black and Hispanic/Latino persons [46],
and people shopping in urban or suburban locations [45] were
among the most likely to have worn face masks prior to the
introduction of mask mandates or recommendations. Similarly,
females and people aged ≥55 years had greater odds of adopting
face masks across Canada [28]. This was congruent with our
findings in BC, where statistically significant differences in
face mask use were noted by age and sex—males were more
likely to be nonusers of face masks, especially in commonly
frequented settings.

Our findings, and those of others, highlight the impact of mask
mandates in promoting face mask use during the COVID-19
pandemic [45,47]. Province-wide in-store mask mandates
sustained face mask usage rates in BC at approximately 80%,
both before the introduction of the provincial mask mandate
and during the 2-month period when the mandate was first lifted.
Moreover, face mask usage rates were at or above 84% when
provincial mask mandates were in effect, similar to findings in
the United States and Australia [45,47]. The greatest impact of
the mask mandate on the odds of face mask use was seen at key

locations such as workplaces, restaurants, bars, cafes, grocery
stores, liquor stores, and pharmacies. Once removed, alongside
other control measures, face mask usage rates declined 2-fold
to 38%, possibly reflecting baseline midpandemic mask usage
rates in the absence of mask mandates.

Limitations
Study findings should be interpreted with the following
limitations in mind. Data collection began after face masks were
made mandatory on public transit and in many retail locations
in BC; thus, we were unable to fully quantify premandate
willingness to voluntarily wear face masks at these locations.
Nevertheless, our data does contribute to the body of knowledge
about (un)willingness to wear face masks in the face of regional
or in-store mandates, as a sizeable proportion of respondents
fell into this category. Our findings are also subject to selection
bias, as survey respondents were recruited mainly on social
media platforms (Instagram, Facebook, YouTube, and Twitter)
and participated on a voluntary basis. Thus, persons who did
not use these social media platforms would not have been able
to participate without referral. Furthermore, we were not able
to quantify nonparticipation as recruitment was done in a passive
manner. In addition, we did not assess type of face masks used,
which may have provided additional insights into the
characteristics and behaviors of survey respondents.
Nevertheless, our study provides valuable insight into the
dynamics of face mask use during the COVID-19 pandemic.

Conclusions
Various studies have shown the association between face mask
use and declines in SARS-CoV-2 transmission [21-23]. Thus,
in the absence of vaccines for disease prevention and
therapeutics for the treatment and prevention of severe disease,
mask mandates were introduced during the COVID-19 pandemic
to limit the spread of the disease and to reduce its impact on
society. We found a pattern of high mask usage rates with retail
location and public transit mask mandates in BC, which was
further enhanced by the provincial mask mandate. These
findings demonstrate the utility of mask mandates in sustaining
high rates of face mask use during the COVID-19 pandemic
and provide concrete evidence for their use in regions with low
vaccination rates and recurrent surges in COVID-19 cases and
in the event of future respiratory virus-driven pandemics or
severe respiratory disease outbreaks. Lessons learned from the
COVID-19 pandemic do suggest, however, that mask mandate
imposition should require a sound ethical analysis beforehand
to ensure that the benefits achieved with their use outweigh the
harms related to infringement on individual choices.
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Abstract

Background: The COVID-19 pandemic has created devastating health, social, economic, and political effects that will have
long-lasting impacts. Public health efforts to reduce the spread of COVID-19 are the priority of national policies for responding
to the pandemic globally. Public health and social measures (PHSMs) have been shown to be effective when used alone or in
combination with other measures, reducing the risk of spreading COVID-19. However, there is insufficient evidence on the status
of compliance with PHSMs in the general population for the prevention of COVID-19 in public areas, including Korea.

Objective: The aim of this study was to assess levels of compliance with the recommended PHSMs against SARS-CoV-2
infection and their predictors among the general population by using national data.

Methods: This study was a secondary data analysis of the National Survey of Infectious Disease Preventive Behaviors in
Community, which was conducted by the Korea Centers for Disease Control and Prevention Agency (KDCA) between October
12 and October 30, 2020. The primary study was cross-sectional, using stratified sampling via an adjusted proportional allocation
method to select representative samples and ensure the stability of samples. The data were collected through phone interviews
conducted by trained enumerators using a structured questionnaire. PHSM adherence was measured using a 10-item comprehensive
infectious disease prevention behavior (CIDPB) scale, and each sociocognitive factor, including perceived susceptibility to
SARS-CoV-2 infection, perceived severity of SARS-CoV-2 infection, perceived confidence in performing preventive behaviors
related to COVID-19, information comprehension ability, and trust in information from the KDCA, was measured. A total of
4003 participants were included in the final analysis. Tobit regression and a decision tree analysis were performed to identify the
predictors of preventive measures and the target groups for intervention.

Results: We discovered that women scored 1.34 points higher on the CIDPB scale than men (P<.001). Compared to the group
aged 19 to 29 years, those aged 50 to 59 years and those older than 60 years scored 1.89 and 2.48 points higher on the CIDPB
scale (P<.001), respectively. The perceived severity of infection, confidence in preventive behaviors, information comprehension
ability, and trust in information from the KDCA were significant positive determinants of CIDPBs (P<.001). The perceived
susceptibility to infection showed a significant negative relationship with CIDPBs (P<.001).

Conclusions: Female sex, older age, lower income, and sociocognitive factors were found to be significant determinants of
adhering to PHSMs. The findings suggest the need for tailored interventions for target groups; specifically, the age group that
was the most active at work indicated the highest potential to spread infection. Adequate public health education and health
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communication for promoting adherence to PHSMs should be emphasized, and behavior change strategies for those with low
perceived confidence in performing PHSMs should be prioritized.

(JMIR Public Health Surveill 2023;9:e35784)   doi:10.2196/35784

KEYWORDS

COVID-19; preventive measures; health literacy; trust; national survey; Tobit regression

Introduction

The COVID-19 pandemic is a global health crisis. The pandemic
has created devastating health, social, economic, and political
effects that will have long-lasting impacts in many parts of the
world [1,2]. SARS-CoV-2 is a novel virus causing an outbreak
of mild to severe respiratory diseases. COVID-19 has affected
millions of people around the world. As of September 2021, a
total of 219 million cases and over 4.55 million deaths were
reported. Korea is no exception to this devastating crisis. More
than 276,000 total cases and 2367 deaths were reported as of
September 2021 [3]. Although COVID-19 vaccines are now
available in many countries, vaccination does not guarantee
complete protection from contracting COVID-19, and it will
take a while to achieve herd immunity, as a substantial
proportion of the population needs to be vaccinated [4].
Research is still ongoing to find out how strong the vaccines
are against COVID-19, how effectively they would reduce
transmission, and how long the effects of vaccination last. Until
herd immunity is achieved, preventive measures should still be
important means for reducing the transmission of COVID-19
and protecting ourselves from contracting an evolving infectious
disease in the future [4].

Public health efforts to reduce the spread of COVID-19 are still
the priority of national policies for responding to the pandemic
globally. Most countries have announced public health and
social measures (PHSMs) against COVID-19. PHSMs include
personal protective measures, such as handwashing and mask
wearing in public areas; environmental measures, such as
disinfection and ventilation; surveillance and response measures,
such as contact tracing, isolation, and quarantine; physical
distancing measures, such as limiting the size of gatherings and
maintaining distance in public areas; and limitations on
international travel [5]. These protective measures have been
shown to be effective when used alone or in combination with
several measures, reducing the risk of spreading COVID-19
[6-8]. The Korea Centers for Disease Control and Prevention
Agency (KDCA) has also announced guidelines for PHSMs
that are similar to WHO guidelines [9]. Nevertheless, there is
insufficient evidence on the status of compliance with PHSMs
in the general population for the prevention of COVID-19 in
public areas, including Korea.

Researchers have reported the disparities in compliance with
PHSMs by socioeconomic groups. In general, being male,
having a lower education and a lower income, living in rural
areas, and being younger are associated with performing fewer
preventive behaviors. [10-13]. Mistrust toward the health care
system and health literacy are other important factors that
contribute to the disparities in PHSM compliance. People who
do not trust the health care system are less likely to follow

recommendations if the recommendations are from the system
that they do not trust, especially when these recommendations
are inconsistent and difficult to understand [14]. An effective
and rapid response to COVID-19 requires the public to follow
recommended behaviors, and public health information plays
a crucial role [15]. However, people vary in terms of their
abilities to obtain and understand health information and use
services to make informed decisions (ie, health literacy) [16],
and conflicting messages about PHSMs for COVID-19 have
created confusion in the public, which has caused delays in
following PHSMs [17]. In fact, McCaffery et al [15] reported
disparities in COVID-19–related knowledge, attitudes, and
behaviors by health literacy level. However, more studies are
needed to confirm the relationships among mistrust in the health
care system, health literacy, and preventive behaviors in the
new era of the COVID-19 pandemic.

Health beliefs are closely related to health behaviors. According
to the Rosenstock Health Belief Model [18], perceived
susceptibility (beliefs about acquiring a disease), perceived
severity (beliefs about the seriousness of risk), and self-efficacy
(confidence in the ability to control a situation to achieve a goal)
are important concepts that could influence people’s decisions
to engage in health behaviors. Although sparse, recent research
revealed that health beliefs are significant predictors of
COVID-19 preventive health behaviors [13,19,20]. Public health
efforts reduce the spread of COVID-19 both globally and within
countries, including Korea. Examining the factors that influence
preventive health behaviors would provide opportunities to
target interventions toward those who are in need. To date, there
is a lack of knowledge about factors related to PHSMs against
COVID-19. Thus, the purpose of this study was to assess levels
of compliance with the recommended preventive measures
against SARS-CoV-2 infection and their predictors among the
general population by using national data.

Methods

Data Source and Sample
This study was a secondary data analysis of the National Survey
of Infectious Disease Preventive Behaviors in Community,
which was conducted by the KDCA between October 12 and
October 30, 2020. The survey was developed based on the
following steps: (1) a literature review on previous studies
related to infectious diseases and associated preventive
behaviors; (2) in-depth interviews with experts in infectious
diseases on preventive behaviors and their predictors; (3) the
pooling of items based on the literature review and in-depth
interviews with experts; (4) the development of a pilot
questionnaire based on the pooled items; (4) content validity
index calculation with 11 experts; and (5) a pilot test with 20
adults on the difficulty, relevance, and comprehensiveness of
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the questionnaire. The survey included data on adherence to
PHSMs, socioeconomic characteristics, experiences of
respiratory and intestinal infectious disease symptoms,
experiences of isolation or hospitalization due to SARS-CoV-2
infection, perceived susceptibility to COVID-19, perceived
severity of COVID-19, confidence in performing preventive
behaviors, COVID-19–related information comprehension
ability, and trust in information from the KDCA.

A representative sample of the population aged 19 to 69 was
stratified based on sex (male and female) and age groups (19-29
years, 30-39 years, 40-49 years, 50-59 years, and 60-69 years)
in 17 cities or provinces nationwide. Stratified sampling via an
adjusted proportional allocation method was used to select
representative samples and to ensure the stability of samples in
17 cities or provinces. First, 50 people from each city or
province were allocated. Second, a proportional allocation
method was used to reduce or increase the sample size based
on the number of people residing in each city or province.
Therefore, the number of people selected from each city or
province ranged from 25 to 1050. To increase the
representativeness of the sample, a quota ratio was used to
allocate samples based on sex and age groups; thus, the
characteristics of the samples selected were consistent with
those of the population. Trained professional enumerators
conducted computer-assisted telephone interviews with
participants, using random digital dialing, between October 12
and October 30, 2020. The interviews were stopped when the
target proportion was reached. A total of 421,428 phone calls
were made, and 5025 individuals completed telephone
interviews. We included 4003 participants in this study after
carefully reviewing and excluding participants with missing
data on the dependent variable.

Ethical Considerations
This study was a secondary analysis of a pre-existing data set,
and ethical review and approval were exempted for this study
by the institutional review board of the first author’s university
(Chung-Ang University). The primary study was conducted by
the KDCA, and informed consent was obtained prior to the
phone interviews. The primary data contained anonymous
information.

Measures

Adherence to PHSMs
Adherence to PHSMs was measured by using a comprehensive
infectious disease prevention behavior (CIDPB) scale. The
preliminary items were developed based on the review of
literature published within the last 5 years in PubMed, Embase,
Cochrane Library, and the Research Information Sharing Service
on prevention behaviors for infectious diseases; existing
instruments for COVID-19 prevention behaviors [21]; and the
COVID-19 prevention guidelines from the Centers for Disease
Control in the United States and Korea. The 10 items, including
handwashing, cough etiquette, and social distancing, were
constructed after a review by experts and content validity testing.
Examples of items include (1) washing hands thoroughly for
30 seconds with soap and running water, (2) covering the nose
and mouth with sleeves when coughing or sneezing, and (3)

maintaining a 2-m (at least 1 m) distance from others. Each item
was answered on a 4-point Likert scale (1=always; 2=most of
the time; 3=sometimes; 4=never) and was reverse coded. The
participants who answered “not applicable” or “don’t know”
and those who refused to answer were excluded from the
analysis. The total score ranged from 4 to 40, with higher scores
indicating the practicing of more preventive behaviors. The
Cronbach α was 0.76 (95% CI 0.747-0.770), supporting the
instrument’s internal consistency.

Sociocognitive Factors
The participants were asked to answer questions related to
perceived susceptibility to SARS-CoV-2 infection, perceived
severity of SARS-CoV-2 infection, and perceived confidence
in performing preventive behaviors related to SARS-CoV-2
infection, using a single question for each factor. Each question
was answered on a 7-point Likert scale (1=not at all; 7=very
likely), with a higher score indicating higher perceived
susceptibility to SARS-CoV-2 infection, perceived severity of
SARS-CoV-2 infection, perceived confidence in performing
preventive behaviors, and information comprehension ability
with regard to COVID-19. Information comprehension ability
was assessed by asking the following question: “How easy is
it for you to understand the various information given during
COVID-19?” Participants were asked to answer on a 7-point
Likert scale (1=very hard; 7=very easy), with a higher score
indicating the easier comprehension of COVID-19 information.

Trust in information from the KDCA was assessed by asking
the following question: “How much trust in information
provided by KDCA?” Participants were asked to respond on a
10-point Likert scale (1=never trust; 10=very trust), with a
higher score indicating more trust in information from the
KDCA.

Demographic Variables
The demographic variables included in this study were age, sex
(ie, male or female), educational level (ie, middle school or
lower, high school, or college or above), monthly household
income (ie, less than US $5000 or greater than US $5000), and
living areas (urban or rural areas). Further, 8 metropolitan cities
and cities in 9 provinces were categorized as urban areas, and
the villages in the provinces were categorized as rural areas.
Age was categorized as 19 to 29 years, 30 to 39 years, 40 to 49
years, 50 to 59 years, or ≥60 years.

Statistical Analysis
We analyzed the data by using STATA 15.1 (StataCorp LLC),
SPSS 25 (IBM Corp), and R (R Foundation for Statistical
Computing). A weighted statistical analysis was performed to
increase the representativeness of the data. Descriptive statistics,
such as means, SDs, frequencies, and percentages, were used
to describe the participants. To examine the relationships that
demographics, sociocognitive factors, and trust in information
from the KDCA had with CIDPBs, the Mann-Whitney U test
and the Kruskal-Wallis H test were done, as the CIDPBs were
not normally distributed. A post hoc analysis was done by using
Bonferroni corrections [22]. We then performed Tobit regression
to examine the effects of demographics, sociocognitive factors,
and trust in information from the KDCA on CIDPBs. A Tobit
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regression model, which is also called a censored regression
model, was performed to estimate linear relationships among
variables when the dependent variable was censored to either
the left or right [23]. The dependent variable in this study (the
CIDPBs) was skewed to the right, and this analysis allows one
to specify a threshold to censor the regression. Further, a
decision tree analysis was conducted by using the classification
and regression tree (CART) technique introduced by Breiman
et al [24] via the SPSS statistical package. CART analysis is a
nonparametric technique for identifying each predictor in order
to identify the most important predictor at each step when a
sample is divided into 2 mutually exclusive and homogeneous
subpopulations. The starting group is referred to as the root,
each split is referred to as a branch, and the data subset resulting
from the split is called a node, while the terminal nodes are
referred to as leaves [24]. A single configuration of
hyperparameters was chosen to reduce the complexity of CARTs
to ensure sensible bias-variance trade-off. The minimum number
of cases in the parent node and child node was 100 and 50,
respectively. The chosen parameters for growing trees were a
maximum tree depth of 5 and a significance threshold of .05
for splitting. The “±1 SE rule” was applied to prune the tree.

Results

The characteristics of participants are summarized in Table 1.
The average age of participants was 45.4 (SD 14.98) years. Of

the 4003 participants, 1947 (48.6%) were male. Approximately
57.3% (2265/3953) of participants were educated at a college
or higher level. About 58% (1941/3349) earned less than US
$5000 per month, and 42% (1408/3349) earned more than US
$5000 per month. Most of the participants (3741/4003, 93.5%)
resided in the city. Bivariate analyses were performed to
examine the association between general characteristics and the
CIDPBs (Table 2).

The mean CIDPB scale score was 34.91 (SD 3.74) and ranged
from 15 to 40. Sex, age, the level of education, monthly income,
and living areas were significantly associated with the CIDPBs.
The mean score of male participants was slightly lower than
that of female participants (P<.001), and the mean score for
participants residing in urban areas was lower than that for
participants residing in rural areas. The Bonferroni post hoc test
revealed that the older age group had more CIDPBs.
Specifically, the participants aged 19 to 29 years had the lowest
mean score compared to those of other age groups (P<.001).
The participants aged 30 to 39 years had a lower mean score
than those of the participants aged 40 to 49 years (P=.001) and
the participants aged 50 years and older (P<.001). The
participants aged 40 to 49 years had a lower mean score than
those of the participants aged 50 to 59 years (P=.002) and the
participants aged 60 years and older (P<.001). The participants
aged 50 to 59 years had a lower mean score than that of the
participants aged 60 years and older (P<.001).

Table 1. General characteristics (N=4003) of participants in the National Survey of Infectious Disease Preventive Behaviors in Community (conducted
on October 2020 in South Korea).

Participants, n (%)Characteristics

Sex

1947 (48.6)Male

2056 (51.4)Female

Age (years)

737 (18.4)19-29

693 (17.3)30-39

799 (20)40-49

773 (19.3)50-59

1001 (25)≥60

Education

350 (8.9)Middle school or lower

1338 (33.8)High school

2265 (57.3)College or higher

Monthly household income (US $)

1941 (58)<5000

1408 (42)≥5000

Location of residence

3741 (93.5)Urban

262 (6.5)Rural
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Table 2. Level of compliance by general characteristics (N=4003) of participants in the National Survey of Infectious Disease Preventive Behaviors
in Community (conducted on October 2020 in South Korea).

Post hoc testaP valuez testScore, mean (SD)Characteristics

<.001−9.86Sex

N/Ab34.4 (3.97)Male

N/A35.5 (3.40)Female

<.001263.95Age (years)

A<B, C, D, E33.4 (3.97)19-29 (A)

B<C, D, E34.2 (3.78)30-39 (B)

C<D, E34.8 (3.64)40-49 (C)

D<E35.5 (3.40)50-59 (D)

36.1 (3.38)≥60 (E)

<.00167.56Education

36.3 (3.50)Middle school or lower (A)

B<A34.8 (3.87)High school (B)

C<A34.7 (3.66)College or higher (C)

<.001−4.28Monthly household income (US $)

N/A35.2 (3.66)<5000

N/A34.6 (3.69)≥5000

.002−3.09Location of residence

N/A34.9 (3.75)Urban

N/A35.6 (3.57)Rural

aBonferroni test order.
bN/A: not applicable.

A Tobit regression model analysis was performed to identify
predictors of CIDPBs (Table 3). The results revealed that the
CIDPB score was 1.34 (95% CI 1.09-1.59) points higher in
female participants when compared to that of male participants.
The participants who were aged between 50 and 59 years scored
higher on the CIDPB scale (performed more CIDPBs) by 1.89
(95% CI 1.45-2.34) points, and the participants who were older
than 60 years scored higher on the CIDPB scale (performed
more CIDPBs) by 2.48 points (95% CI 2.02-2.93), when
compared to those who were aged between 19 and 29 years.
The perceived severity of infection, confidence in preventive
behaviors, information comprehension ability, and trust in
information from the KDCA were statistically significant and
positive (P<.001). The perceived susceptibility to infection was
statistically significant and negative (P=.02).

Figure 1 depicts the decision tree produced by the CART
analysis. Perceived confidence in performing preventive
behaviors (scores of >6.5) was the first classifying dimension,
which was mostly associated with CIDPBs. The results
suggested that the participants aged 40 to 69 years with trust in
information from the KDCA (scores of >9.5) had higher scores
on the CIDPB scale (range 34.91-37.21). Men aged 19 to 49
years with scores of <4.5 for perceived confidence in performing
preventive behaviors were the least likely to practice CIDPBs,
with CIDPB scale scores ranging from 34.91 to 31.10. Perceived
confidence in performing preventive behaviors showed the
highest normalized importance among variables for explaining
CIDPBs, followed by the age group and trust in information
from the KDCA variables (Figure 2).
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Table 3. Factors associated with preventive behaviors based on a Tobit regression modela in a National Survey of Infectious Disease Preventive
Behaviors in Community (conducted on October 2020 in South Korea).

P valueCoefficient (95% CI)Characteristics

Sex

ReferenceMale

<.0011.34 (1.09 to 1.59)Female

Age (years)

Reference19-29

<.0010.84 (0.37 to 1.30)30-39

<.0011.41 (0.96 to 1.85)40-49

<.0011.89 (1.45 to 2.34)50-59

<.0012.48 (2.02 to 2.93)≥60

Education

ReferenceMiddle school or lower

.22−0.35 (−0.90 to 0.21)High school

.29−0.30 (−0.87 to 0.26)College or higher

Monthly household income (US $)

Reference<5000

<.001−0.47 (−0.73 to−0.20)≥5000

Location of residence

ReferenceUrban

.100.38 (−0.07 to 0.83)Rural

Sociocognitive factors

.02−0.08 (−0.15 to −0.02)Perceived susceptibility to infection

<.0010.14 (0.06 to 0.22)Perceived severity of infection

<.0010.84 (0.72 to 0.97)Perceived confidence in preventive behavior

<.0010.21 (0.09 to 0.33)Information comprehension ability

<.0010.22 (0.14 to 0.30)Trust in information from the KDCAb

aLog pseudo likelihood=−8416.22; F14,3321=48.79; P<.001; pseudo R2=0.04.
bKDCA: Korea Centers for Disease Control and Prevention Agency.
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Figure 1. Key factors associated with the comprehensive infectious disease prevention behaviors in the National Survey of Infectious Disease Preventive
Behaviors in Community (conducted in October 2020 in South Korea). The classification and regression tree analysis results show relationships with
various independent variables. KDCA: Korea Centers for Disease Control and Prevention Agency.

Figure 2. Normalized importance of independent variables based on the classification and regression tree results for the National Survey of Infectious
Disease Preventive Behaviors in Community (conducted on October 2020 in South Korea). KDCA: Korea Centers for Disease Control and Prevention
Agency.
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Discussion

Principal Findings
The purpose of our study was to assess levels of compliance
with the recommended PHSMs against SARS-CoV-2 infection
and their predictors among the general population by using
national data. There is a need for health care providers and
public health officials to know which groups are in need of
education on PHSMs. With regard to socioeconomic factors,
sex (female), age, monthly income, and sociocognitive factors
were significantly associated with more preventive behaviors.
Consistent with previous research, female participants were
more likely to perform preventive behaviors. During epidemics
of infectious diseases, including the influenza, H1N1, and
COVID-19 pandemics, it was shown that women are more
sensitive to risk and are more motivated to perform health
behaviors than men [25-27]. Interestingly, people who were
older were more likely to perform preventive behaviors than
those who were younger, which is consistent with a study by
Raude et al [28]. The possible explanation for this finding is
that people who are older may believe that they are more prone
to infection and that they will be sicker and experience more
complications once they are infected and thus engage in more
preventive behaviors [29].

Surprisingly, those with lower incomes were more engaged in
PHSMs. A previous study reported that people with higher
incomes tend to stay at home more often when compared to
those with lower incomes [29] and show higher compliance
with preventive behaviors against COVID-19 when compared
to those with a low economic status [11]. People with lower
incomes may engage in jobs that are unstable and may work in
environments that increase the likelihood of infection (eg,
environments in which the proximity between people cannot
be maintained or confined areas with limited ventilation), which
may place them at risk for infection. However, the relationship
between income and preventive behavior needs to be examined
in future studies, as the exact pathway for why people with
lower incomes are more engaged in preventive behaviors is not
well established in the literature.

Consistent with previous findings [13,26,30,31], the influence
of confidence in the ability to control a situation on health
behavior change was found to be a strong determinant of
adherence to PHSMs for preventing COVID-19 and the intention
to follow preventive behaviors [32]. Moreover, in this study,
we attempted to identify target groups that are in the most need
of intervention to increase preventive behaviors, and we found
that men aged between 19 and 49 years with lower scores for
perceived confidence in performing preventive behaviors are
in the most need of intervention. As this age group is the most
active at work and in daily life, it should be given a higher
priority in terms of their potential to spread infection to others.
Given that the majority of the participants were employed
(2,933/4003, 73%), policies and guidelines encouraging the
practice of preventive behaviors and the provision of essential
infection control materials should be established at work. In
addition, men tended to dismiss preventive actions when
compared to women in this study, which is consistent with the

findings from a study of 8 countries [33]. Thus, gender
perspectives are taken into account when designing education
programs to promote preventive behaviors among a target
population.

It is well believed that a person with high perceived
susceptibility is more likely to take actions to reduce the risk
of acquiring a disease. Thus, perceived susceptibility gained
importance as a significant psychosocial factor related to
COVID-19 preventive behaviors in earlier studies [32,34,35].
However, the temporal relationship between perceived
susceptibility and preventive behaviors should be interpreted
with caution. In contrast to these previous studies, we found a
negative association between perceived susceptibility to
infection and preventive behaviors. Since there was a negative
association between perceived susceptibility and preventive
behaviors, we may interpret the results as follows: those who
do not perform preventive behaviors or perform fewer
preventive behaviors may believe that they are at more risk of
contracting diseases. In addition, as addressed in an earlier study
on the use of mobile apps to trace COVID-19 cases [36],
considering the relatively high adherence to PHSMs among the
majority of participants in this study (34.91/40), another possible
reason could be that the better the preventive action, the lower
the perceived risk of contracting COVID-19. However, this
study was cross-sectional; thus, we cannot assume this causal
inference. Longitudinal studies are needed in the future to
examine the causal relationship between sociocognitive factors
and preventive behaviors.

The more a person believes that a given disease is serious, the
more that person will try to reduce the chance of contracting
that disease by performing preventive behaviors [37]. Health
literacy is the knowledge and competence required to understand
and process health information, and it influences individuals to
make proper health decisions [16]. In fact, better health literacy,
which we defined as information comprehension ability, was
associated with more preventive behaviors in our study, which
is consistent with previous studies [37,38]. The most important
health information includes knowledge about COVID-19, skills
for preventive behaviors, and government policies [38,39].
There is a lot of information about COVID-19 released by the
media, which includes false information. Good health literacy
enables people to differentiate between facts and myths
regarding information about COVID-19, which influence people
to perform appropriate preventive behaviors [17]. Health
messages about COVID-19 are extremely confusing and change
rapidly. People who do not trust information released by the
health care system and the government are less likely to follow
recommended behaviors [14]. In fact, our study results indicate
that people with less trust in the information from the KDCA
are less likely to perform preventive behaviors. Adequate
government action and policy development are needed to ban
the release of false information that may cause irrational panic
and prevent people from practicing preventive behaviors.
Moreover, demographic variables, such as low education and
older age, are known to be associated with low health literacy
levels [38,40]; thus, people with low educational levels and
those who are older need to be targeted for intervention to
increase health literacy.
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Some limitations should be noted. First, our study was
cross-sectional; thus, temporal inferences should be interpreted
with caution. Second, the sample size may be small, although
we included nationally representative samples by using stratified
sampling and a proportional allocation method. Thus,
longitudinal studies with larger sample sizes are needed to
confirm the causality between preventive behaviors and
predictors. Third, the primary study was conducted by using
questionnaires; thus, recall bias may be present. Fourth, some
of the variables, such as sociocognitive factors, were measured
with a single item; therefore, there is a possibility that we did
not capture the multidimensional concepts of each variable. In
future studies, more reliable and valid instruments that capture
all aspects of sociocognitive factors may need to be used. Fifth,
we only included individual factors in the analysis. Thus,
multilevel analyses may be necessary, as preventive behaviors
could be affected by community and national factors. Sixth,
this study was implemented before the outbreaks of COVID-19
variants, including the Omicron variants. Therefore, the study
results need to be interpreted with caution in the context of the
new COVID-19 variants. Lastly, this study did not include
variables related to the vaccine awareness, as this study was
conducted before the start of national vaccination in South

Korea. Further studies are needed to assess the relationships
between vaccination and preventive behaviors. Despite these
limitations, our findings add new knowledge to previous
literature, as we identified predictors of preventive behaviors
by using nationally representative samples collected during the
COVID-19 pandemic in Korea.

Conclusion
The purpose of this study was to assess levels of compliance
with the recommended preventive measures against
SARS-CoV-2 infection and their predictors among the general
population by using national data. In addition to identifying
predictors, we have provided insights into the specific groups
that may need targeted interventions, such as men aged between
19 and 49 years with low perceived confidence in performing
preventive behaviors. A theory-driven intervention may need
to be carefully designed to meet the needs of the target
population, and such an intervention should be delivered at
appropriate places, such as workplaces, to reach a large number
of people. Moreover, efforts to increase health literacy and trust
in the health care system are needed at the community and
national levels. However, the lack of a temporal relationship
between preventive behaviors and predictors indicates the need
for longitudinal studies in the future.
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Abstract

Background: The global COVID-19 pandemic disproportionately affected Asian Americans and Pacific Islanders (AAPIs) and
revealed significant health disparities with reports of increased discrimination and xenophobia. Among AAPIs, the pandemic
exacerbated their social, linguistic, and geographic isolation. Social support may be especially important for AAPIs given the
salience of collectivism as a cultural value. Another mechanism for support among AAPIs was technology use, as it is generally
widespread among this population. However, older adults may not perceive the same benefits.

Objective: We examined social support and technology use and their relationships with mental and physical health outcomes
through the COVID-19 pandemic among AAPIs.

Methods: Data were drawn from the COVID-19 Effects on the Mental and Physical Health of AAPI Survey Study (COMPASS)
for the time period of October 2020 to February 2021. COMPASS was a cross-sectional, multilingual, national survey conducted
online, by phone, and in person with AAPI adults who were ≥18 years of age, in collaboration with academic and community
partners in the United States. Data were analyzed using multivariable linear regression using the outcome variables of mental
and physical health with various predictors such as social support and technology use. We tested for interactions specific to age
and ethnicity.

Results: Among 4631 AAPIs (mean age 45.9, SD 16.3 years; 2992/4631, 63.1% female), we found that (1) increased social
support was associated with better physical health, (2) total social support was positively associated with better mental health,
(3) higher technology use was associated with poorer mental health and inversely associated with poorer physical health, (4) the
association of technology use with mental health was weaker among those with low social support (vs those with high social
support), (5) adults younger than 60 years old (vs ≥60 years old) were more negatively affected with social support and mental
health, and (6) Korean Americans appeared to be a high-risk group for poor physical health with increased technology use.

Conclusions: Our paper identified mental and physical health needs along with supportive therapies observed among AAPIs
during the pandemic. Future research on how social support can be leveraged, especially among AAPIs younger than 60 years
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old, and how various types of technology are being utilized are important to guide the recovery efforts to address both mental
and physical disparities across communities as a result of the COVID-19 pandemic.

(JMIR Public Health Surveill 2023;9:e35748)   doi:10.2196/35748

KEYWORDS

health disparities; mental health; depression; anxiety; social support technology; COVID-19; pandemic; disparity; support;
technology; physical health; race; survey; population; discrimination; outcome; AAPI

Introduction

The COVID-19 pandemic has had widespread health, social,
and economic implications that the world has not experienced
in modern history. Asian Americans and Pacific Islanders
(AAPIs) are the most rapidly growing and heterogeneous racial
group in the United States, with very limited research
participation [1-3]. It has been brought to the forefront that
significant health disparities, socioeconomic inequalities, and
discrimination and xenophobia exist for AAPIs, both prior to
and due to COVID-19 [4-6]. As a result of policies (eg,
shelter-in-place [SIP], social distancing) that were implemented,
persons and communities of color and those who are socially
and technologically isolated were among the most vulnerable
in terms of the adverse effects of COVID-19 [7,8]. Older AAPIs
are especially vulnerable and more likely to be
disproportionately affected by COVID-19 policies due to higher
rates of poverty, lower educational attainment, limited English
proficiency [9], and less access to digital technology [9,10] (eg,
internet) or lower digital literacy [11], which has been an integral
tool for social, educational, and health purposes during this
pandemic [12].

The pandemic has exacerbated the social, linguistic, and
geographic isolation of AAPIs [13-15]. Social isolation and the
need for support are prevalent among older AAPIs whose
English language proficiency is limited. Social support may be
especially relevant for AAPIs given the salience of collectivism
as a cultural value. Research has shown that having social
connections and supportive resources can buffer the effects of
social isolation and is a strong determinant of health and
well-being [13,16]. Having emotional support lowers the adverse
effects of stress, increases emotions that are positive, and
decreases the duration and intensity of emotions that are negative
[17]. Studies have shown the positive buffering effects of social
support on health and well-being in AAPIs for culture and
ethnicity-related stressors (eg, discrimination) [18,19].

The use of digital technology became a necessity to
communicate and sustain daily activities during the COVID-19
pandemic [20,21]. Digital technology refers to a smartphone,
computer, internet service, tablet, and television with cable.
English-speaking Asian Americans had the highest technology
adoption rates in the United States compared with other racial
groups, with 62% of Asian Americans having access to an
internet-connecting device such as a router (compared with 47%
of Whites, 48% of Blacks, and 45% of Hispanics) and 97%
owning a smartphone [22]. Although smartphone ownership
and internet use have grown in popularity over the past decade,
with the largest adoption rates among older adults, research is
still lacking among older AAPIs, specifically those who have

limited English or digital literacy and may have wide variations
in income.

SIP and social distancing made the use of digital technology
crucial for numerous reasons, ranging from health maintenance
to social support to information gathering. Social media, for
example, can provide individuals with opportunities for
widening social circles, maintaining social ties, and increasing
feelings of inclusion [23,24]. In examining digital technology,
it is imperative to consider the ways in which technology is
utilized, as different digital technology uses have different
effects on mental and physical health. Nonpassive use of social
media, such as interacting with others and posting online, is
related with better well-being through social support [25,26].
On the other hand, passive use of digital technology, such as
surfing the web, reading the news, and watching movies, is
typically related to poorer well-being, as these activities require
no interactions between people [27]. Additionally, consistent
use of technology can create unhealthy habits (such as
psychological dependence and addiction to technology use),
which have been associated with higher perceived social
isolation [28]. As a result of the pandemic, the use of digital
technology became the only source of connection and social
support available for many [29]. People have transitioned to
Zoom and other video conferencing services for both work and
maintaining personal relationships [30]. Patients have utilized
telemedicine more than ever to receive care via phone or video
[31,32].

The COVID-19 pandemic has greatly driven technology’s role
as a source of social support [33-35]. For older adults, the use
of digital technology has facilitated access to health resources,
with the percentage of older adults who had ever participated
in a telehealth visit rising sharply from 4% in 2019 to 30% in
2020 [36]. Similarly, the use of information and communication
technology among older adults has facilitated different levels
of social support such as making connections and emotional
support [37]. Despite these findings, there is a lack of research
on how AAPIs, as well as older AAPIs, utilize digital technology
as a form of social support as a buffering effect alongside stress
and isolation.

Given the importance of social support and technology use in
the era of a global COVID-19 pandemic, we sought to collect
data in a national survey (COVID-19 Effects on the Mental and
Physical Health of Asian Americans and Pacific Islanders
Survey Study [COMPASS]) that represent the experiences of
AAPIs. The objective of this paper was to examine social
support and use of digital technology and their associations with
mental and physical health during the COVID-19 pandemic
among AAPIs. This study sought to inform mental health
providers, public health officials, and community partners about
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the role of social support in mental and physical health during
the pandemic as well as the impact of the increased use of
technology in AAPI communities.

Methods

Recruitment
There were 5418 participants who completed the survey from
October 24, 2020, to April 10, 2021. The COMPASS survey
was distributed through community organizations that serve
AAPIs, personal and professional networks via email and
listservs, social media, flyers, and directed ethnic media. The
Collaborative Approach for Asian Americans and Pacific
Islanders Research and Education (CARE) research recruitment
registry [38,39] was also used to recruit via email. A US $10
gift card was offered upon survey completion. To encourage
participation, the survey could be completed online on the
COMPASS website [40], by phone, and limited in-person survey
administration assistance by COMPASS’ staff and community
partners. Of the participants, 86.0% (4563/5304) completed the
survey independently, and 14.0% (741/5304) had
assistance from family, friends, or research staff. To maximize
the use of available data, we excluded 787 participants who did
not provide information on social support (n=729) or mental
health (n=58) from the mental health analyses. Participants who
did not provide information on technology use (n=106) or on
their physical health (n=224) were further excluded from the
analyses including these variables.

Ethical Approval
We obtained human subject research approval from the
Institutional Review Board at University of California, San
Francisco (Protocol #20-31925), and informed consent was
obtained from the participants prior to completing the
COMPASS cross-sectional online survey.

Study Eligibility and Procedures
Eligible participants were required to be 18 years of age or older;
live within the United States; self-identify ethnically as an AAPI
(full or combined with another race or ethnicity); and
comprehend written English or Chinese (traditional or simplified
Chinese), Korean, Samoan, or Vietnamese. The World Health
Organization’s process of adapting instruments [41], including
backward and forward translation, was used to guide the
multilanguage survey’s scale and material development. Most
participants completed the survey in English (3503/5418,
64.5%); however, there were 4.8% (261/5418) surveys
completed in simplified Chinese, 4.7% (253/5418) completed
in traditional Chinese, 12.7% (686/5418) completed in Korean,
3.5% (189/5418) completed in Samoan, and 9.7% (526/5418)
completed in Vietnamese.

Measures
Mental health was assessed using the Patient Health
Questionnaire-4 (PHQ-4) scale for depressive and anxiety
symptoms [42]. The PHQ-4 consists of 2 items that measure
depressive symptoms [43] and 2 items that measure anxiety
symptoms [44]. Each item had response options ranging from
0 to 3, and a PHQ-4 score was created by summing the 4 items

(range: 0-12), with higher scores indicating more severe
symptoms. Mental health was measured by summing the
responses across each of the 4 questions that generated a PHQ-4
score. PHQ-4 has demonstrated acceptable reliability (Cronbach
alpha=.82) and construct validity [45] in the general population.
In our population, the Cronbach alpha was .90, suggesting
acceptable reliability. Scores of 0 to 2 indicated normal, 3 to 5
indicated mild, 6 to 8 indicated moderate, and 9 to 12 indicated
severe depression or anxiety. In descriptive analyses by age,
we also examined total PHQ-4 score as a categorical variable
by comparing those older and younger than 60 years.

General perceived physical health was measured by asking
participants to indicate their health “today” using the EuroQol
EQ-5D [46,47]. The scale ranges from 0 (worst) to 100 (the
best health you can imagine). EQ-5D has been translated and
validated in many languages (including Chinese, Korean, and
Vietnamese) [48].

Social support was measured using the 6-item Social Support
Inventory from the National Latino Asian American Study.
Total social support was examined as an average across 6 items:
3 related to family support and 3 related to friend support. The
questions included: “How often do you talk on the phone or get
together with relatives/friends?”; “How much can you rely on
relatives/friends for help with a serious problem?”; and “How
much can you open up to family/friends and talk about worries?”
Corresponding points were added for each level of support (from
1 to 5 or 1 to 4, as appropriate), with the responses “Refused”
and “Don’t know” coded as missing. These were then reverse
scored, such that higher values corresponded with more social
support. Average scores were computed by summing all the
individual items and dividing by 6. The Cronbach alpha across
all 6 measures was .78.

The COMPASS team created a survey to assess patterns of
technology use during the COVID-19 pandemic (Multimedia
Appendix 1). The questions related to this study included “Did
your use of technology increase during the COVID-19 crisis?”
Response options were in the following 5 categories: “Did not
increase,” “Increased by 1-2 hours/day,” “Increased by 3-4
hours/day,” “Increased by 5-6 hours/day,” and “Increased by
7+ hours/day.” As we were interested primarily in the effects
of increased technology use, we combined the 2 lowest
categories of “Did not increase” and “Increased by 1-2
hours/day.”

For sociodemographic and other COVID-19–related
characteristics, participants were asked about their year of birth,
sex, sexual orientation, race, ethnic or cultural group, marital
status, country of birth, education, employment status, and
annual household income in 2019. The question asking about
the length of SIP orders was developed by the COMPASS team
and asked: “How long was the shelter-in-place (or stay-at-home)
order at where you live?” The response options included 0 (no
order), 1 (<1 month), 2 (1-2 months), and 3 (≥2 months). The
question about perceived severity of COVID-19 was also
developed by the COMPASS team and asked the participants:
“How would you rate the severity of COVID-19 outbreak where
you live in comparison to other locations in the U.S.?” Response
options were 1 (a lot less severe than most other places in the

JMIR Public Health Surveill 2023 | vol. 9 | e35748 | p.2693https://publichealth.jmir.org/2023/1/e35748
(page number not for citation purposes)

Park et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


U.S.), 2 (somewhat less severe), 3 (about the same), 4
(somewhat more severe), and 5 (a lot more severe). The effect
of COVID-19 on family income or employment was measured
by 1 of the items from the Coronavirus Impact Scale [49].
Participants were asked to rate how much the COVID-19
pandemic has changed their family income or employment.
Response options included 0 (No change), 1 (Mild. Small
change; able to meet all needs and pay bills), 2 (Moderate.
Having to make cuts but able to meet basic needs and pay bills),
and 3 (Severe. Unable to meet basic needs and/or pay bills).

Statistical Analysis
This study analyzed 2 outcome variables, specifically mental
health and physical health. Mental health was measured using
the PHQ-4 score (sum of 4 items) that was modeled as a
continuous variable using multivariable linear regression
analysis, with higher numbers indicating weaker mental health,
which is consistent with how previous researchers have analyzed
it [42,45]. A total of 3 or more for the first 2 PHQ-4 items is
indicative of anxiety, and a total of 3 or more for the last 2 items
is indicative of depression. Elevated depression or anxiety was
indicated by a total of 3 or more across all 4 items. Physical
health was also modeled as a continuous variable using
multivariable linear regression analysis, with higher numbers
indicating better physical health [46,47]. For the main
independent variables of interest, social support was modeled
as a continuous variable, while technology use was modeled as
a categorical variable.

Descriptive statistics were used to report the sociodemographic
characteristics of the sample. In the multivariable linear
regression models, we adjusted for sociodemographic variables
(age, cultural group, sex, country of birth, language proficiency,
marital status, employment, education, income) since these
variables are known to influence physical and mental health
outcomes. We also adjusted for COVID-19–related variables
(change in family income, length of SIP, perceived severity of
COVID-19, and region) as they were contextual in the era of
the pandemic and hypothesized to influence health outcomes.
We examined multicollinearity using the variance inflation
factor (VIF). The VIF for each of the variables in all physical
and mental health models was <5, suggesting little or no
multicollinearity between the variables. 

To model interactions, we selected hypothesized modifiers of
the relationship between our main independent variables and
outcomes, specifically age and ethnicity. Age was categorized
as a dichotomous variable representing age 60 years or older
versus younger than 60 years old based on the age that is
considered elderly by international standards [50]. For ethnicity,
we selected the 3 largest groups to represent adequate sample
sizes for interaction analyses: Ethnic Chinese (n=1560), Korean
(n=1007), and Vietnamese (n=841). We examined interactions

with age and ethnicity to detect age-related and ethnic or cultural
differences, respectively, that may be related to all of the
variables of interest (ie, social support, mental and physical
health, technology use). We modeled interactions by multiplying
the independent variable with the categorical variable (age and
ethnicity) and used the Wald test for statistical significance.
Tests for changes in technology use were conducted by modeling
increase in technology use as a categorical variable with 5
categories ranging from decreased or stayed the same to ≥7–hour
per-day increase, with decreased or staying the same as the
reference group and using the Wald test for statistical
significance. We also tested for a linear trend in technology use
using an ordinal variable for technology use and assessing
whether the P value was significant.

We sought to test the joint effect of social support and
technology use on mental and physical health by modeling
social support as both a continuous variable and a dichotomous
variable (categorized below and above the median) and
technology use as an ordinal variable. For the purposes of
interpretability of the results, the interaction between social
support and technology use was described using social support
as a dichotomous variable (at or above the median vs below)
and modeling technology use as an ordinal variable. We then
used P values to assess whether the interaction was statistically
significant for technology and high versus low social support.

All statistical tests were 2-sided with alphas for statistical
significance set at ≤.05 for all tests. Statistical analyses were
conducted using SAS software [51].

Results

Participant Characteristics
Table 1 describes the participant characteristics (n=4631). The
major cultural groups were ethnic Chinese, Korean, and
Vietnamese. Participants were mostly female (2992/4631,
63.1%). The mean age of participants was 45.9 (SD 16.3) years.
Overall, the majority of participants were foreign-born
(2976/4631, 64.3%); these foreign-born participants had lived
in the United States an average of 24.7 (SD 15.1) years. The
mean physical health score was 78.1 (SD 14.9) on a scale of 0
to 100.

Overall, based on the PHQ-4, 37.7% (1745/4631) of participants
had elevated depression or anxiety. The prevalence of mild
depression among those older than 60 years was lower than in
those younger than 60 years (212/1044, 20.3% vs 1030/3587,
28.7%, respectively). Similarly, the prevalence of moderate
(32/1044, 3.1% vs 320/3587, 8.9%) and severe depression
(14/1044, 1.4% vs 137/3587, 3.8%) was lower among those
aged 60 years and older compared with those younger than 60
years, respectively.
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Table 1. Sociodemographic and background characteristics for all participants (n=4631).

ResultsCharacteristics

Cultural group, n (%)

282 (6.1)Asian-Indian

1560 (33.7)Ethnic Chinesea

165 (3.6)Filipino

98 (2.1)Hmong

202 (4.4)Japanese

1007 (21.7)Korean

246 (5.3)Native Hawaiian/Pacific Islander

841 (18.2)Vietnamese

232 (5.0)Other/mixed

Sex, n (%)

2992 (63.1)Female

1669 (36.0)Male

40 (0.9)Other/decline to answer

Sexual orientation, n (%)

4247 (91.7)Heterosexual

209 (4.5)Not heterosexual

175 (3.8)Decline to answer

45.9 (16.3)Age (years), mean (SD)

18-97Age (years), range

Age (years), n (%)

967 (20.9)18-30

797 (17.2)30-39

825 (17.8)40-49

998 (21.6)50-59

1004 (22.5)≥60

Country of birth, n (%)

1593 (34.4)United States

2976 (64.3)Foreign country

1 (0.02)Other

61 (1.3)Don’t know

Limited English proficiency, n (%)

1092 (23.6)Yes

3539 (76.4)No

Marital status, n (%)

1208 (26.1)Single

3062 (66.1)Married/living with partner

326 (7.0)Separated/divorced/widowed

35 (0.8)Declined to answer

Employment status, n (%)

2147 (46.4)Full time

774 (16.7)Part time
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ResultsCharacteristics

372 (8.0)Homemaker

507 (11.0)Unemployed

541 (11.7)Retired

290 (6.3)Other/declined to answer

Education, n (%)

801 (17.5)High school or less

509 (11.1)Some college or technical school

1648 (36.1)Bachelor’s degree

1613 (35.3)Master’s degree or higher

Household income (US $), n (%)

869 (18.8)≤25,000

1230 (26.6)>25,000-75,000

1135 (24.5)>75,000-150,000

914 (19.7)>150,000

483 (10.4)Declined to state

Length of SIPb order (n=5309, 17 missing responses), n (%)

438 (9.5)No order

255 (5.5)<1 month

514 (11.1)1 to <2 months

520 (11.3)2 to <3 months

2545 (55.2)≥3 months

342 (7.4)Don't know

The severity of COVID-19 where you live (n=4613, 23 missing responses), n (%)

512 (11.1)A lot less

794 (17.2)Somewhat less

984 (21.3)About the same

1337 (29.0)Somewhat more

986 (21.4)A lot more

Technology use due to COVID-19 (n=4525, 106 missing responses)

913 (20.2)Decreased or stayed the same

1364 (30.1)Increased by 1-2 hours/day

1416 (31.3)Increased by 3-4 hours/day

547 (12.1)Increased by 5-6 hours/day

285 (6.3)Increased by ≥7 hours/day

3.01 (0.71)Social support score, mean (SD)

1-4.3Social support score, range

0-12PHQ-4c, range

PHQ-4, mean (SD)

2.23 (2.62)Entire sample

2.48 (2.71)<60 years old

1.36 (2.10)≥60 years old

0-100Physical health score, range
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ResultsCharacteristics

Physical health score, mean (SD)

78.1 (14.9)Entire sample

78.2 (15.0)<60 years old

77.6 (14.8)≥60 years old

236dMissing

aEthnic Chinese includes mainland Chinese, Hongkonger, Taiwanese, and Huaren.
bSIP: shelter in place.
cPHQ-4: Patient Health Questionnaire-4.
dAdditional 12 missing technology use in addition to physical health; means and SD are similar for the available data.

Missing Data
There were up to 13% missing data on social support; however,
only 5.4% of the physical health data were missing, and 1.6%
of the mental health data were missing. Participants who were
missing complete information on social support were similar
to participants who were included (ie, age, sex, ethnic group)
but more likely to have limited English proficiency (495/4072,
17.4% vs 234/1346, 12.2%; P<.001).

Social Support and Mental Health
Higher total social support was associated with better mental
health. Total social support was inversely associated with PHQ-4
score in the crude and adjusted analyses. In the crude analysis,

a 1-unit increase in average total support was associated with
a lower total PHQ-4 score (=–0.51; 95% CI –0.61 to –0.40;
P<.001). The association was attenuated in the adjusted analysis
but remained significant: –0.35 (95% CI –0.45 to –0.25; P<.001;
Table 2). We found evidence of a statistically significant
interaction between age and social support in relation to mental
health (P=.01), comparing those who were aged 60 years and
older to those younger than 60 years old. In the stratified
analyses by age, the association with total support was
significantly stronger for those aged less than 60 years compared
with those aged 60 years or older: =–0.563 (95% CI –0.69 to
0.44; P<.001) and =–0.17 (95% CI –0.34 to –0.01; P=.049),
respectively (Pinteraction=.008; Table 2).

Table 2. Social support in relation to mental health and physical health, overall and stratified by age, for all participants.

AdjustedaCrudeSocial support

P value≥60 years old
(n=1044), beta (95%
CI)

P value18-60 years old
(n=3587), beta (95%
CI)

P valueOverall (n=4631),
beta (95% CI)

P valueOverall (n=4631),
beta (95% CI)

.049–0.17 (–0.34 to

–0.01)f
<.001–0.56 (–0.69 to

–0.44)e
<.001–0.35 (–0.45 to

–0.25)d
<.001–0.51 (–0.61 to

–0.40)c
Total support for

mental healthb

.150.95 (–0.36 to 2.26)k<.0013.33 (2.60 to 4.07)j<.0012.81 (2.18 to 3.45)i<.0012.94 (2.32 to 3.56)hTotal support for

physical supportg

aAdjusted for age (18-30, 30-39, 40-49, 50-59, ≥60+ years), sex (male, female, other/don’t know), marital status (single, married/living with partner,
separate/divorced/widowed, declined to answer), employment status (full time, part-time home maker, unemployed, retired, other/declined to answer),
cultural group (Asian Indian, ethnic Chinese, Filipino, Hmong, Japanese, Korean, Native Hawaiian and Pacific Islanders, Vietnamese, other/mixed),
United States region (Midwest, Northeast, South, West), severity of COVID-19 in participant’s location relative to the rest of the United States (a lot
less, somewhat less, about the same, somewhat more, a lot more), annual household income (US $; ≤25,000, 25,001-75,000, 75,001-150,000, ≥150,001,
declined to answer), education (high school or less, some college or technical school, bachelor’s degree, master’s degree or higher), length of shelter
in place (no order, <1 month, 1 month to <2 months, 2-3 months, don’t know), change in family income (no change, mild, moderate, severe), English
proficiency (limited, not limited), country of birth (United States, outside the United States).
bPinteraction for age x social support in relation to mental health=.008.
cModel R2=0.02.
dModel R2=0.21.
eModel R2=0.14.
fModel R2=0.12.
gPinteraction for age x social support in relation to physical health=.01.
hModel R2=0.02.
iModel R2=0.04.
jModel R2=0.05.
kModel R2=0.06.
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Social Support and Physical Health
Social support was positively associated with the physical health
score. In the crude analysis, increased social support was
associated with higher physical health scores. For every unit
increase in mean total support score, the average physical health
score was 2.94 (95% CI –2.32 to 3.56, P<.001). This association
persisted in the adjusted analysis: A 1-unit increase in mean
total support was associated with a 2.81 (95% CI 2.18 to 3.45;
P<.001) increase in the physical health score (Table 2). This
association appeared limited (Pinteraction=.01) to those aged less
than 60 years of age (=3.33, 95% CI 2.60 to 4.07; P<.001). The
association between social support and physical health was not
significant among those aged 60 years and older (Table 2).

Technology Use and Mental Health
Technology use at each level was associated with an increase
in total PHQ-4 score in the crude models, an association that
persisted in the adjusted models. Compared with those for whom
technology use decreased or stayed the same during the
pandemic, after adjusting for covariates, those whose technology
increased by 7 hours or more per day had a 1.32-point (95% CI
1.00 to 1.64; P for the trend<.001) higher PHQ-4 score (Table
3). The differences by age group and ethnicity were not
statistically significant (data not shown). Table S1 in Multimedia
Appendix 2 presents the baseline technology use between ethnic
groups.

Table 3. Mental health in relation to amount of technology use for all the participants.

P valueAdjustedb,c, beta (95% CI)P valueCrudea, beta (95% CI)Mental health

N/AReferenceN/AdReferenceDecreased or stayed the same

.0550.19 (–0.01 to 0.38).0020.33 (0.12 to 0.54)1-2 hour/day increase

<.0010.63 (0.43 to 0.83)<.0011.11 (0.91 to 1.32)3-4 hour/day increase

<.0010.86 (0.61 to 1.12)<.0011.61 (1.34 to 1.87)5-6 hour/day increase

<.0011.32 (1.00 to 1.64)<.0012.15 (1.82 to 2.49)≥7 hour/day increase

aModel R2=0.06; P for trend<.001.
bAdjusted for the same variables as in Table 2.
cModel R2=0.22; P for trend<.001.
dN/A: not applicable.

Technology Use and Physical Health
Technology use was inversely associated with physical health.
Compared with the reference group, those whose use increased
by 7 hours or more a day reported a –3.48 (95% CI –5.50 to
–1.46; P for the trend<.001) physical health score in the crude
model. There was a statistically significant interaction by

cultural group, with Koreans (P for the trend<.001) having
significantly lower health scores for 7 or more hours of
technology use daily compared with the same or decreased use;
this was not true for ethnic Chinese (P for the trend=.48) or
Vietnamese (P for the trend=.16; Table 4). The interaction by
age was not significant (data not shown).
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Table 4. Physical health in relation to technology use, overall and stratified by cultural group, for all participants.

AdjustedbCrudea
Physical
health

P val-
ue

Vietnamesed,g,
beta (95% CI)

P val-
ue

Koreand,f, beta
(95% CI)

P val-
ue

Ethnic Chinesed,e,
beta (95% CI)

P val-
ue

Overallc, be-
ta (95% CI)

P val-
ue

Overall, beta
(95% CI)

N/AReferenceN/AReferenceN/AReferenceN/AReferenceN/AdReferenceDecreased or
stayed the
same

.560.91 (–1.54 to
3.36)

.40–1.49 (–4.94 to
1.96)

.690.44 (–2.65 to
1.77)

.06–1.22 (–2.49
to 0.05)

.21–0.80 (–2.05
to 0.44)

1-2 hour/day
increase

.22–1.68 (–4.37 to
1.00)

.11–2.82 (–6.28 to
0.64)

.46–0.83 (–3.03 to
1.37)

<.001–2.55 (–3.85
to –1.25)

<.001–2.18 (–3.41
to –0.94)

3-4 hour/day
increase

.760.62 (–3.44 to
4.69)

.001–7.75 (–12.21
to –3.29)

.25–1.58 (–4.24 to
1.09)

<.001–3.43 (–5.10
to –1.76)

<.001–2.87 (–4.46
to –1.28)

5-6 hour/day
increase

.12–3.82 (–8.60 to
0.96)

.001–9.39 (–15.02
to –3.76)

.87–0.30 (–3.69 to
3.10)

<.001–4.02 (–6.10
to –1.94)

<.001–3.48 (–5.50
to –1.46)

≥7 hour/day
increase

aModel R2=0.02; P for trend<.001.
bAdjusted for the same variables as Table 2 except analyses stratified by cultural group
cModel R2=0.04; P for trend<.001.
dPinteraction for technology x cultural group in relation to physical health=.007
eModel R2=0.03; P for trend=.48.
fModel R2=0.04; P for trend<.001.
gModel R2=0.08; P for trend=.16.

Social Support and Technology Use in Relation to
Mental and Physical Health
In exploratory analyses, we examined the joint effects of social
support and technology use in relation to mental and physical
health. Social support and technology use were independently
associated with each other in both models, and the interaction
between the two was significant for both mental and physical
health. We found that the effect of technology use on mental
health was significantly weaker among those with low social

support compared with among those with high social support
(P=.01; Figure 1). Similarly, the effect of technology on physical
health was significantly weaker among those with low social
support (P=.02; Figure 2). The interaction finding with social
support and technology use with both mental and physical health
was tested for an overall effect but was not specific to certain
length of time (hours) of technology use. Although there was
a significant overall interaction for the measures, they were
more pronounced at higher levels.

Figure 1. Linear regression analyses for joint effects of social support and technology use on mental health.
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Figure 2. Linear regression analyses for joint effects of social support and technology use on physical health.

Discussion

Principal Findings
This paper presents the association of self-reported social
support and technology use on the outcomes of mental and
physical health during the COVID-19 pandemic as reported by
over 4600 AAPI community members in a national survey. We
found several significant results that represent 10 different AAPI
ethnic groups; however, our paper presents stratified analyses
in the 3 largest ethnic groups: Ethnic Chinese, Korean, and
Vietnamese. Overall, 12.9% and 11.4% of our survey
respondents reported depression and anxiety, respectively, which
is markedly higher than prepandemic averages. According to
the 2019 US Census Bureau assessments prior to the pandemic,
only 2.9% and 3.2% of Asian Americans reported depressive
and anxiety disorders, respectively (n=31,229) [52]. Among all
US adults, there was a 4-fold increase in the likelihood of having
depression or anxiety from 2019 to 2020, with the greatest
increases among younger people, Asian Americans, and parents
[52]. The average physical health score of 78.1 (out of 100)
among AAPIs in our study was similar to what was reported in
a prior study of over 11,500 diverse adults 18 years and older
(eg, score of 79.2) [53].

In this cross-sectional study, we found that low social support
was associated with more self-reported mental health symptoms
(depression and anxiety) overall. Furthermore, although both
age groups had these outcomes, when comparing the 2 age
groups in the adjusted analyses, we found all types of social
support were more significant for those younger than 60 years
of age compared with those 60 years and older, suggesting
greater impact of social support among younger adults with
more mental health symptoms. A rise in mental health changes
(ie, depression, fear, health-related anxiety) would be expected
given the increased social isolation due to SIP orders and social
distancing, as well as increased concern for self and loved ones
(eg, health, financial stability) caused by the COVID-19
pandemic [54]. Reasons for the greater mental health impact in
the younger group may be related to being accustomed to more
socialization compared with those who are older who may be

more resilient to social changes and less socialization [55]. No
significant differences were found among AAPI ethnic groups.
Potential reasons why depression and anxiety were lower in
adults 60 years and older compared with younger adults include
the public health message that isolation was protective against
COVID-19; in addition to older adults being more used to not
socializing as much as younger people, they were also likely
more grateful to be alone, due to their awareness of being in an
at-risk group. However, the literature on older adults, not
specific to AAPI, shows that they were more likely at a high
risk for mental illness from social isolation in general and social
restrictions due to COVID-19 [56,57].

Beyond mental health outcomes, we found that high social
support was associated with positive self-reported physical
health scores. After adjusting for possible confounding variables,
findings on social support and physical health scores were
limited to those who were less than 60 years of age, unlike social
support and mental health. Again, we did not detect significant
differences among ethnic groups. By examining access and
reliance on all forms of social support, our results confer our
prepandemic understanding of coping in which forms of social
support are used to improve health status and have a protective
factor. Compared with this survey, a cross-sectional study of
3649 individuals aged 60 years and older concluded that the
predictors of poor self-reported health included a lack of
perceived social support in women and lack of social network
involvement in men [58].

With regards to technology use during the pandemic, we found
incremental increases in self-reported depressive and anxiety
scores with increased use of technology; mental health
symptoms (ie, higher PHQ-4 scores up to 2.15) were greater
with technology use of 3 or more hours after adjusting for all
possible confounders. These results are consistent with other
research that showed that moderate or severe levels of
depression were associated with more than 2-fold time spent
watching TV and using a computer (>6 hours per day) [59].
Similarly, increased technology use was associated with poor
physical health. Unlike social support, there was no significant
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interaction with the age groups. We did not detect significant
differences among cultural groups.

When examining technology use and physical health, we
detected significant changes in self-reported physical health
scores with 3 or more hours per day of technology use after
adjusting for all possible confounders. Consistent with our
results, increased screen time has been linked to potentially
harmful physical effects, as it negatively affects physical activity
and sleep routine, thereby leading to headaches, neck pain,
myopia, digital eye syndrome, and cardiovascular risk factors
(obesity, high blood pressure, and insulin resistance) [60].
Additional analyses showed differences between cultural groups,
with Korean American individuals reporting lower physical
health scores than ethnic Chinese and Vietnamese individuals
who had the same or lower amount of technology use. Our
survey did not ask participants to specify the reason for using
technology, so it is unclear whether this signals more technology
use for work, leisure, or both. Based on increases in internet
service use (from 40% to 100%) and video-conferencing
services (10-fold increase) during the pandemic, we can assume
a good portion was used for work purposes across all groups
[61].

Comparisons With Prior Work
When examining the joint effects of both social support and
technology use, we found significant independent associations
with mental and physical health as well as a significant
interaction between social support and technology use for both
mental and physical health after accounting for all possible
confounders. When considering technology, an important factor
is social media use, with one study showing that social media
exposure was associated with anxiety and combined depression
and anxiety when compared with less social media exposure
(1.72 and 1.91 greater odds, respectively) [12]. In terms of the
interaction effect between social support and technology use
on physical health, there are important potential benefits. In a
study of 591 older adults, social connectedness via technology
prior to the pandemic was associated with significant health
benefits including better self-rated health, fewer chronic
illnesses, higher subjective well-being, and fewer depressive
symptoms [62].

Clinical Implications
There are important clinical implications related to our findings,
particularly for mental health providers, public health officials,
and community partners. Undoubtedly, the COVID-19 pandemic
negatively impacted mental and physical health for the vast
majority of adults and children; however, understanding the
contributing factors and high-risk groups is critical. Adults
younger than 60 years were more impacted by social support,
as evidenced by stronger associations with lower mental health
and higher physical health scores compared with those who
were 60 years or older. In addition, Korean Americans appeared
to be a high-risk group for poor physical health with increased
technology use. Further work is needed to understand how social
support is characterized and how to best operationalize it for
each AAPI community to achieve the known mental and
physical health benefits in times of emergency [63]. Although

access to technology may have buffered loneliness and isolation
[64], more research is needed on the potential for different uses
of technology to improve self-care and well-being, along with
the potential to bring harm to individuals.

Limitations
There are limitations that should be considered when interpreting
these results, including a cross-sectional survey study design
that did not allow us to assess dynamic changes over time during
the pandemic. Another limitation was nonprobability sampling.
We had significantly more female participants than male
participants, although we adjusted for this in our analyses.
Although this was a national survey, there were varying SIP
and social distancing policies across regions and states, which
may have affected the responses. Since the survey was not
conducted in every AAPI language spoken, generalizability is
limited and would be improved with more languages added to
the survey. In addition, COMPASS is primarily an online
survey, limiting its reach to those who lack access or are unable
to utilize the internet. As mentioned, our inquiry on technology
use did not distinguish between varying technologies nor
whether the technologies were used for work or leisure.

Conclusions
The COVID-19 pandemic has taken its toll on both mental and
physical health in many individuals and families in the United
States and globally. In a large sample of AAPI recruited
nationally, a significant portion of our study population reported
probable anxiety and depression. The prevalence of moderate
and severe depressive symptoms was lower among those aged
60 years and older compared with those younger than 60 years.
Despite COVID-19–related deaths being highly concentrated
in this older age group, this finding represents the resilience of
older AAPI Americans during a pandemic, with less than 5%
of older adults reporting moderate to severe depressive
symptoms.

Importantly, this study offered new insights into contributing
factors for mental and physical health status by examining
perceived social support and changes in technology use among
AAPI during the pandemic. The key findings suggested that
greater social support during the pandemic was associated with
lower levels of depression and anxiety and better physical health,
whereas increased technology use during the pandemic was
associated with poorer mental and physical health in AAPI.
Such associations were particularly pronounced among adults
younger than 60 years. Although we observed similar
associations between social support and mental health across
cultural groups, Korean Americans appeared to be more
vulnerable to the effect of increased technology use on their
physical health. These findings revealed new health disparities
observed during the pandemic that require urgent attention on
multiple fronts, including individual, social, and community
levels. Future research on how social support can be leveraged,
especially among those younger than 60 years, and how various
types of technology are being utilized is important to guide the
recovery efforts to address both mental and physical disparities
across communities as a result of the negative impacts from the
COVID-19 pandemic.
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Abstract

Background: To date, the association between acute signs and symptoms of COVID-19 and the exacerbation of depression
and anxiety in patients with clinically mild COVID-19 has not been evaluated.

Objective: This study was designed to assess the correlation between acute signs and symptoms of COVID-19 and the exacerbation
of depression and anxiety in patients with clinically mild COVID-19 at a residential treatment center in South Korea.

Methods: This retrospective study assessed 2671 patients with COVID-19 admitted to 4 residential treatment centers operated
by Seoul National University Hospital, South Korea, from March 2020 to April 2022. Depression and anxiety were assessed
using the 2-item Patient Health Questionnaire (PHQ-2) and 2-item Generalized Anxiety Disorder (GAD-2) scale, respectively.
The exacerbation of depression and anxiety symptoms was identified from the differences in PHQ-2 and GAD-2 scores between
admission and discharge, respectively. The patients’ clinical characteristics, including acute signs and symptoms of COVID-19,
GAD-2 and PHQ-2 scores, were obtained from electronic health records. Demographic characteristics, a summary of vital signs,
and COVID-19 symptoms were analyzed and compared between the patient groups with and those without exacerbated PHQ-2
and GAD-2 scores using the chi-square test. We applied logistic regression to identify the association between acute signs and
symptoms of COVID-19 and the exacerbation of depression and anxiety.

Results: Sleep disorders were associated with exacerbated depression (odds ratio [OR] 1.09, 95% CI 1.05-1.13) and anxiety
(OR 1.1, 95% CI 1.06-1.14), and the sore throat symptom was associated with exacerbated anxiety symptoms (OR 1.03, 95% CI
1.00-1.07). Patients with abnormal oxygen saturation during quarantine were more likely to have exacerbated depression (OR
1.27, 95% CI 1.00-1.62), and those with an abnormal body temperature during quarantine were more likely to experience anxiety
(OR 1.08, 95% CI 1.01-1.16). As anticipated, patients who experienced psychological symptoms at admission were more likely
to experience depression (OR 1.91, 95% CI 1.52-2.41) and anxiety (OR 1.98, 95% CI 1.54-2.53). Meanwhile, the PHQ-2 and
GAD-2 scores measured at admission revealed that lower the score, higher the possibility of exacerbation of both depression (OR
0.15, 95% CI 0.11-0.22) and anxiety (OR 0.13, 95% CI 0.10-0.19).
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Conclusions: Results from this study suggest the importance of further interventions for patients with abnormal oxygen saturation,
abnormal body temperatures, sore throat, and sleep disorder symptoms or initial psychological symptoms to mitigate the exacerbation
of depression and anxiety. In addition, this study highlights the usability of short and efficient scales such as the PHQ-2 and
GAD-2 in the assessment of the mental health of patients with clinically mild COVID-19 symptoms who were quarantined at
home during the pandemic era.

(JMIR Public Health Surveill 2023;9:e43003)   doi:10.2196/43003

KEYWORDS

COVID-19; depression; anxiety; vital signs; symptoms; electronic health records

Introduction

The ongoing COVID-19 pandemic has not only affected
physical health but also induced mental health issues such as
depression, anxiety, stress, or insomnia [1-3]. A systematic
review on the prevalence of psychological symptoms in the
general population during the COVID-19 pandemic reported
that the prevalence of depressive symptoms ranged from 14.6%
to 48.3% and that of anxiety ranged from 6.33% to 50.9%,
which is more than double the prevalence in the nonpandemic
era [4]. South Korea is no exception because of its increased
prevalence of psychological symptoms associated with
depression and stress [5-7]. These remarkable increases in
psychological symptoms are known to contribute to mental
health problems such as anxiety, depression, insomnia,
somatization, posttraumatic stress disorder, self-harm, and
suicidal thoughts and behaviors. Thus, the importance of early
detection and management of mental health disorders cannot
be overemphasized [6,8].

Patients confirmed with a COVID-19 diagnosis most commonly
experience physical symptoms such as fever, cough, and fatigue
[9,10]. In particular, nonhospitalized patients with a clinically
mild COVID-19 infection have fatigue, headache, and sneezing
as the most common acute symptoms, and fatigue and reduced
smell and taste as the most severe symptoms [11]. While
transitioning to focusing on the post–COVID-19 condition,
symptoms such as fatigue may persist as long as 12 weeks in
the long-term phase, and these symptoms are known to affect
patients’ mental health and the quality of life [11,12].

Despite attempts to explore acute and persistent symptoms of
COVID-19 and patients’ mental health affected by persistent
symptoms, little is known about the association between physical
and psychological symptoms of acute COVID-19. Ismael et al
[13] found that an increased number of COVID-19 symptoms
may be associated with depression, anxiety, and posttraumatic
symptoms. Perlis et al [14] reported that patients with
COVID-19 who reported headaches during acute infection
appeared to have an elevated risk of depression. During the
transition to post–COVID-19 condition [15], it is necessary to
examine the occurrence of acute signs and symptoms, changes
in mental health, and their association while
community-dwelling confirmed patients were quarantined.

The Korean government has operated a residential treatment
center (RTC) in response to the COVID-19 pandemic [16]. In
the early stages of the COVID-19 outbreak, patients with
COVID-19 could not be admitted to the hospital because of a

lack of negative-pressure isolation beds. Accordingly, the
government admitted all confirmed patients with clinically mild
conditions to RTCs and transferred them to the hospital if their
medical condition deteriorated to require admission-based care.
Since then, with the rapid increase in the number of patients
with COVID-19, high-risk patient groups with mild conditions
have been selectively isolated to RTCs because it was difficult
to isolate all confirmed patients at RTCs.

As patients with confirmed COVID-19 without symptoms and
those with mild symptoms were being monitored in quarantine
at home, it was not easy to explore the status of their acute signs
and symptoms and psychological diseases such as depression
and anxiety. Therefore, it is important to ascertain the
association between COVID-19–related acute signs and
symptoms, and depression and anxiety, based on the
accumulated retrospective data. With this background, we
analyzed the association between acute signs and symptoms of
COVID-19 and exacerbation of depression and anxiety in
nonhospitalized patients with clinically mild COVID-19
symptoms who were admitted to RTCs.

Methods

Study Design
This retrospective study was performed at Seoul National
University Hospital (SNUH).

Study Setting
The study setting was 4 RTCs operated by the SNUH in
accordance with government guidelines [17]. The government
RTC operating guidelines were periodically updated in
consideration of the number of newly confirmed cases at the
time the RTC operation and distribution of confirmed cases at
the national level. The confirmed patients were assigned to each
RTC by the government in accordance with this guideline.
During the early phase of the pandemic, from December 2020
to November 2021, following the relevant Korean guidelines,
all clinically mild cases among the confirmed cases in South
Korea were quarantined at the RTC. With a rapid increase in
the number of confirmed cases, all quarantine policies were
modified to prioritize those who are more vulnerable to
deterioration of their COVID-19 infection. Selection criteria
for RTC admission include unvaccinated older individuals and
patients in residential environments vulnerable to the spread of
infection. All patients were quarantined independently in a
separate room. All costs related to quarantine at an RTC were
fully covered by the government. Quarantined patients requiring
oxygen supply due to a persistent saturation of percutaneous
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oxygen (SpO2) of <94%, or those with a clinical condition
requiring medical intervention, were transferred to the hospital.

Table 1 shows the location, size in terms of the number of beds,
operation period, and accumulated confirmed COVID-19 cases
at the national level for operated RTCs in detail.

Table 1. Details of residential treatment centers operated by the Seoul National University Hospital.

Operation period (accumulated confirmed COVID-19 cases at the national level during the
operational period, n) [17]

Beds, nLocationName

99Near Daegu city in North
Gyeongsang province

A • March 2020 to April 2020 (7834)

124Nowon-gu, SeoulB • August 2020 to October 2020 (12,206)

225Seongnam city in Gyeonggi
province

C • August 2020 to September 2020 (9506)

334Seongnam city in Gyeonggi
province

D • December 2020 to January 2021 (43,998)
• July 2021 to April 2022 (17,079,907)

Study Participants
Adult patients with a confirmed COVID-19 diagnosis admitted
to 4 RTCs operated by the SNUH from March 2020 to April
2022 were included in this study. Patients who tested positive
for COVID-19 on the reverse transcriptase–polymerase chain
reaction test but had clinically mild conditions were subjected
to RTC admission. A total of 5199 patients were admitted during
the study period. Patients with missing data were excluded from
the analysis.

Data Sources
Using the SNUH information and communication
technology–based remote patient monitoring (RPM) system
[18], it was mandatory for every patient admitted to the RTC
operated by the SNUH to use the mobile app and to self-report
their past medical history, vital signs, subjective acute
COVID-19 symptoms, and psychological symptoms. Reporting
was done once on admission, twice a day during the quarantine
period, and once on discharge. These data were automatically
stored in the hospital information system at the SNUH. The
records were monitored in real time by health care providers.
For any missing data in the records, health care providers
directly checked the patient and filled in the missing data. We
finally extracted these electronic health records using the SNUH
Patient Research Environment (also known as “SUPREME”)—a
clinical data warehouse at the SNUH. The data sources in the
final analysis included RTC admission notes, daily progress
notes, and discharge notes in the electronic health record.

Data on patients’ depressive and anxiety symptoms were
extracted from the RTC admission and discharge notes. Patients’
self-reported scores on the 2-item Patient Health Questionnaire
(PHQ-2)—a subscale of the Patient Health Questionnaire 9
[19]—and 2-item Generalized Anxiety Disorder Scale
(GAD-2)—a subscale of the Generalized Anxiety Disorder
Scale (GAD-7) [20]—via a mobile app at admission and
discharge. One of the PHQ-2 items was, “Over the last 2 weeks,
how often have you been bothered by any of the following
problems?” with response options of “Little interest or pleasure
in doing things,” and “Feeling down, depressed, or hopeless”
on a 4-point Likert scale. Scores ranging from 0 to 6, with a
cutoff score of ≥3 indicating depressive symptoms. The PHQ-2

was reported to have a sensitivity of 0.79 and a specificity of
0.86 for any depressive disorders [21]. One of the GAD-2 items
was, “Over the last 2 weeks, how often have you been bothered
by any of the following problems?” with response options of
“Feeling nervous, anxious, or on the edge” and “not being able
to stop or control worrying” with a 4-point Likert scale. Scores
range from 0 to 6, with a cutoff score of ≥3 indicating anxiety
symptoms. The GAD-2 was reported to have a sensitivity of
0.65 and a specificity of 0.88 as a general screening tool for
anxiety disorders [22].

Patient demographic characteristics (eg, age, sex, and admitted
RTC site), medical history (diabetes mellitus, hypertension,
cardiovascular disease, respiratory disease, sleep disorder, and
psychological treatment), and initial psychological symptoms
such as depression and panic were extracted from the RTCs’
admission notes. Patients’ smoking statuses were extracted from
the RTCs’ discharge notes.

Patients’ self-measured vital signs and acute COVID-19
symptoms were extracted from the RTCs’ daily progress notes,
which were collected via a mobile app at least twice a day. The
vital signs included systolic blood pressure, diastolic blood
pressure, heart rate, respiratory rate, body temperature (BT),
and SpO2. Acute COVID-19 symptoms consisted of the presence
or absence of respiratory and nonrespiratory symptoms.
Respiratory symptoms included cough, sputum production,
fever, rhinorrhea, sore throat, dyspnea, and chest pain.
Nonrespiratory symptoms include nausea, vomiting, abdominal
discomfort, pain, constipation, diarrhea, abdominal pain, and
sleep disorders.

The loss of taste and smell was extracted from the RTCs’
discharge notes. At discharge, participants reported the presence
or loss of smell and taste.

Statistical Analysis
Data preparation was conducted before data analysis. The
exacerbation of depressive symptoms’ and anxiety symptoms’
cases were identified from the differences between PHQ-2
scores and GAD-2 scores at admission and discharge,
respectively. Criteria for abnormal vital signs, in consultation
with an infection medicine specialist, are as follows: a systolic
blood pressure above 140 mm Hg or below 60 mm Hg, a
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diastolic blood pressure above 90 mm Hg or below 30 mm Hg,
a heart rate above 110 bpm or below 40 bpm, respiratory rate
above 21/minute or below 8/minute, BT above 38.0 °C or below
35.0 °C, and an SpO2 below 94%. The number of days with
each abnormal vital sign and acute COVID-19 symptom was
calculated.

Demographic characteristics, summary of vital signs, and
COVID-19 symptoms were analyzed and compared between
the patient groups with and those without exacerbated PHQ-2
and GAD-2 scores, using the chi-square test. We then applied
logistic regression with exacerbation of depressive and anxiety
symptoms as dependent variables, and sociodemographic
features, past medical history, initial psychological symptoms,
initial PHQ-2 or GAD-2 scores, average number of days with
abnormal vital signs, and average number of days with acute
COVID-19 symptoms as independent variables, using R
statistical software (version 4.2; R Project for Statistical
Computing). Statistical significance was tested at α=.01.

Ethical Considerations
This study was approved by the SNUH’s institutional review
board (H-2105-158-1221) and was conducted in accordance
with the relevant guidelines and regulations. Informed consent
was waived by the institutional review board considering the

study design and adherence to the relevant guidelines. In
particular, study data were deidentified to protect privacy and
preserve the confidentiality of the study participants.

Results

Patients’ Clinical Characteristics
In total, 2671 individuals reported COVID-19 infection without
any missing values. The clinical characteristics of the patients
are presented in Table 2. The mean age was 41.1 (SD 14.1)
years, and the mean quarantine period was 7.07 days. Overall,
1242 (46.5%) participants were female, and 44 (1.6%) were
admitted at RTC A, 324 (11.8%) at RTC B, 819 (30.7%) at
RTC C, and 1494 (55.9%) at RTC D. A total of 746 (27.9%)
patients were infected by the alpha variant of SARS-CoV-2,
1563 (58.5%) by the delta variant, and 362 (13.6%) by the
omicron variant. Overall, 141 (5.3%) participants had a past
medical history of diabetes mellitus, 361 (13.5%) had a medical
history of hypertension, 168 (6.3%) had a medical history of
sleep disorders, 158 (5.9%) had a history of psychological
treatment. Upon admission, 1273 (47.7%) participants had initial
psychological symptoms. Detailed clinical characteristics upon
exacerbation of PHQ-2 and GAD-2 scores are presented in
Multimedia Appendix 1.
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Table 2. Patients’ clinical characteristics (N=2671).

Participants, n (%)Clinical characteristics

Demographic data

1242 (46.5)Females

748 (28.0)Aged under 30 years

500 (18.7)Aged 30 to 39 years

545 (20.4)Ages 40 to 49 years

556 (20.8)Aged 50 to 59 years

322 (12.1)Aged 60 years or older

44 (1.6)Admitted to residential treatment center A

314 (11.8)Admitted to residential treatment center B

819 (30.7)Admitted to residential treatment center C

1494 (55.9)Admitted to residential treatment center D

746 (27.9)Infected with the SARS-CoV-2 alpha variant

1563 (58.5)Infected with the SARS-CoV-2 delta variant

362 (13.6)Infected with the SARS-CoV-2 omicron variant

Medical history

141 (5.3)Diabetes mellitus

361 (13.5)Hypertension

81 (3.0)Cardiovascular disease

44 (1.6)Respiratory disease

168 (6.3)Sleep disorder

158 (5.9)Psychological treatment

1273 (47.7)Initial psychological symptoms

Initial score on the 2-item Patient Health Questionnaire

1641 (61.4)0

367 (13.7)1

663 (24.8)2 or above

Initial score on the 2-item Generalized Anxiety Disorder Scale

1461 (54.7)0

354 (13.3)1

856 (32.0)2 or above

Smoking status

1600 (59.9)Never smoked

565 (21.2)Ex-smoker

506 (18.9)Smoker

BMI category

1182 (44.3)Underweight or normal

580 (21.7)Overweight

909 (34.0)Obese

Abnormal vital signs

564 (21.1)Systolic blood pressure

1073 (40.2)Diastolic blood pressure

86 (3.2)Heart rate
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Participants, n (%)Clinical characteristics

730 (27.3)Respiratory rate

375 (14.0)Body temperature

72 (2.7)Saturation of percutaneous oxygen

Acute respiratory COVID-19–related symptoms

1759 (65.9)Cough

1543 (57.8)Sputum

544 (20.4)Fever

1276 (47.8)Rhinorrhea

1153 (43.2)Sore throat

250 (9.4)Dyspnea

421 (15.8)Chest pain

Acute nonrespiratory COVID-19–related symptoms

207 (7.7)Nausea

83 (3.1)Vomit

453 (17.0)Abdominal discomfort

1047 (39.2)Pain

426 (15.9)Constipation

490 (18.3)Diarrhea

186 (7.0)Abdominal pain

624 (23.4)Sleep disorder

1264 (47.3)Loss of smell

1243 (46.5)Loss of taste

PHQ-2 and GAD-2 Scores Measured at Admission and
Discharge
The PHQ-2 and GAD-2 scores measured at admission and
discharge are presented in Figure 1. At admission, the mean
PHQ-2 score was 0.76 (SD 1.17). Of a total of 2671 patients,
663 (24.8%) had a PHQ-2 score of 2 or higher. The mean
GAD-2 score was 0.93 (SD 1.27), and 856 (32.0%) had a score
of 2 or higher. At discharge, the mean PHQ-2 score was 0.77
(SD 1.18), and 675 (25.3%) had a score of 2 or higher. The
mean GAD-2 score was 0.84 (SD 1.21), and 744 (27.9%) had
a score of 2 or higher.

A total of 535 patients showed exacerbation of depression. In
fully adjusted models, an abnormal SpO2 was associated with
increased odds of exacerbation of depression (odds ratio [OR]
1.27, 95% CI 1.00-1.62). Among acute COVID-19 symptoms,
presence of sleep disorder was associated with exacerbation of

depression (OR 1.09, 95% CI 1.05-1.13). Women demonstrated
higher odds of exacerbation of depression than men (OR 2.33,
95% CI 1.78-3.05) and higher odds of exacerbation of
depression with increasing age (>60 years; OR 4.01, 95% CI
2.71-5.93). Patients admitted at RTC A demonstrated higher
odds of exacerbation of depression than those who were
admitted at RTCs B, C, and D (OR 2.93, 95% CI 1.24-6.93),
and those diagnosed with COVID-19 due to the alpha variant
of SARS-CoV-2 showed lower odds of symptom exacerbation
than those with the delta variant (OR 0.57, 95% CI 0.36-0.90).
Past medical history of sleep disorders demonstrated lower odds
to associate with exacerbation (OR 0.60, 95% CI 0.36-0.98),
whereas presence of initial psychological symptoms was
associated with exacerbation (OR 1.91, 95% CI 1.52-2.41). The
higher patients’PHQ-2 scores at admission demonstrated lower
odds of exacerbation of depression (OR 0.15, 95% CI
0.11-0.22). Figure 2 illustrates the ORs from the regression
models adjusted for the patients’ clinical characteristics.
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Figure 1. Scores on the 2-item Patient Health Questionnaire (PHQ-2) and the 2-item Generalized Anxiety Disorder Scale (GAD-2) measured at
admission and discharge.

Figure 2. Forest plot showing the association of acute signs and symptoms of COVID-19 and exacerbation of depression. BT: body temperature; DBP:
diastolic blood pressure; HR: heart rate; PHQ-2: 2-item Patient Health Questionnaire; RR: respiratory rate; RTC: residential treatment center; SBP:
systolic blood pressure; SpO2: saturation of percutaneous oxygen.

Association of Acute Signs and Symptoms of
COVID-19 and Exacerbation of Anxiety
A total of 523 patients presented exacerbation of anxiety.
Among abnormal vital signs, abnormal BT was associated with
exacerbation of anxiety (OR 1.08, 95% CI 1.01-1.16). Among

acute COVID-19 symptoms, the presence of sleep disorders
and sore throat were associated with exacerbation of anxiety
(sleep disorders: OR 1.1, 95% CI 1.06-1.14; sore throat: OR
1.03, 95% CI 1.00-1.07). Women showed higher odds of
exacerbation of anxiety than men (OR 2.21, 95% CI 1.69-2.88)
and higher odds of exacerbation of anxiety with increased age
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(>60 years; OR 3.07, 95% CI 2.05-4.60). Presence of initial
psychological symptoms was associated with the exacerbation
of anxiety (OR 1.98, 95% CI 1.54-2.53). The higher patients’
GAD-2 scores at admission indicated lower odds of exacerbation

of anxiety (OR 0.13, 95% CI 0.10-0.19). Figure 3 illustrates the
ORs from the regression models adjusted for patients’ clinical
characteristics.

Figure 3. Association of acute signs and symptoms of COVID-19 and exacerbation of anxiety. BT: body temperature; DBP: diastolic blood pressure;
HR: heart rate; PHQ-2: 2-item Patient Health Questionnaire; RR: respiratory rate; RTC: residential treatment center; SBP: systolic blood pressure;
SpO2: saturation of percutaneous oxygen.

Discussion

Principal Findings
To the best of our knowledge, this study is the first to explore
the association between acute signs and symptoms of COVID-19
and the exacerbation of depression and anxiety in patients with
clinically mild COVID-19 [13-15]. Among sociodemographic
features, we found that female sex and older age affected the
likelihood of exacerbation of depression and anxiety in patients
with clinically mild COVID-19, which is consistent with
previous studies [23-26]. In addition, RTC A, located in Daegu
and Gyeongbuk province, where patients in the early phase of
COVID-19 with social stigma were admitted, was found to be
highly associated with exacerbation of anxiety.

The most common acute COVID-19 symptoms are cough,
sputum, rhinorrhea, sore throat, and loss of smell and taste. The
proportion of these symptoms was ~40%-65%, which was
relatively lower than that reported in previous studies on acute
and persistent symptoms in nonhospitalized patients with
COVID-19 [11]. This may reflect the results of triage, which
incorporates multiple symptoms in accordance with the
hospitalization policy of the Korea Disease Control and
Prevention Agency. The types of acute COVID-19 symptoms
most commonly complained of were consistent with those
reported in previous studies in that fever, cough, myalgia, and
fatigue were described as common symptoms of COVID-19
[9,10] and loss of smell and taste as prevalent and relatively
discriminative symptoms of COVID-19 [27-29]. Sputum
production has been regarded as a less common symptom of

early COVID-19 [30,31] but was reported as one of the most
common symptoms in this study. The reason for the high
proportion of sputum production seems to be that study
participants included patients infected with the omicron variant
of SARS-CoV-2 whose complains of sputum symptoms were
relatively high [32].

Among acute COVID-19 symptoms, patients who experienced
sleep disorder symptoms more frequently during quarantine
showed higher odds of exacerbation of depression (P<.001) and
anxiety (P<.001) than those who did not. Sleep disorders are a
core symptom of depression and anxiety, and this study shows
a strong association between them, which is consistent with
those reported in previous studies [33-35]. We also found that
those who had experienced sore throat more frequently during
quarantine had an elevated risk of anxiety symptoms (P<.05).
The more the patient experiences sore throat, which is one of
the representative upper respiratory symptoms of COVID-19
infection with the omicron variant, the higher the risk of
exacerbation of anxiety, which means that early active
intervention for mental health may be necessary. We expected
that other similarly frequently reported acute symptoms such
as cough, sputum production, rhinorrhea, and loss of smell and
taste would also be associated with exacerbation of depression
and anxiety, but this correlation was not found. Although it is
difficult to generalize the results of this study, the association
between physical symptoms and depression and anxiety is well
known, and it is also well known that depression and anxiety
accompany somatic symptoms. Thus, in the acute phase within
1 week of COVID-19 infection, health care providers should
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examine both physical and mental health during the treatment
course of patients with acute COVID-19.

On the contrary, the vital signs of COVID-19 were stable, with
a small proportion of patients presenting abnormal ranges during
quarantine at the RTC. These results indicate that most patients
admitted to the RTC had clinically mild conditions and did not
require inpatient treatment. Patients who presented abnormal
SpO2 during quarantine demonstrated higher odds of
exacerbation of depression (P<.05) than those who did not. In
addition, patients who had an abnormal BT during quarantine
demonstrated higher odds of exacerbation of anxiety (P<.05).
It is important to note that patients who often had unstable vital
signs during quarantine showed the possibility of exacerbation
to depression and anxiety due to exposure.

As anticipated, patients who had experienced psychological
symptoms at admission had higher odds of exacerbation of
depression (P<.001) and anxiety (P<.001) than those who did
not. Meanwhile, the PHQ-2 and GAD-2 scores measured at
admission showed that lower the score, higher the association
between exacerbation of both depression (P<.001) and anxiety
(P<.001). In addition, patients who had received previous
psychological treatment were less likely to experience
exacerbation of depression (P<.001). The group that received
psychological treatment might have had a higher PHQ-2 or
GAD-2 score at admission. Thus, these results can be interpreted
as follows: higher the PHQ-2 or GAD-2 score at admission,
narrower the range of scores that can be exacerbated.

The novelty of this study is the use of both contactless RPM
systems and screening scales. First, data were obtained through
a contactless RPM system for patients with COVID-19. More
than 80% of patients with COVID-19 had clinically mild
conditions, and these patients were quarantined at home or
RTCs, not medical institutions, and monitored with a contactless
RPM system. The establishment of a contactless RPM system
for patients with clinically mild conditions who do not require
intensive care unit care has been gradually attempted in various
studies [36-38], and the SNUH has also established a contactless
RPM system [18]. The data analyzed in this study were also the
results of establishing the system at 4 RTCs operated by the
SNUH.

Second, the results of this study provide supporting evidence
that depression and anxiety can be assessed by the PHQ-2 and
GAD-2, which are useful and efficient scales for patients with
COVID-19 quarantined at home. As the prevalence of mood
disorders has increased after the onset of the COVID-19
pandemic [4-7], concerns about individuals’ mental health are
growing. Patients with COVID-19 who are self-isolated at home
or at an RTC might be in a clinically mild condition and are not
fully aware of the need for mental health assessment. Since they
are not hospitalized and have limited access to medical
personnel, it is necessary to assess the mental health of patients
using a readily accessible simple convenient tool. In that sense,
the PHQ-2 and GAD-2, which have already been validated as
having high sensitivity and specificity as the PHQ-9 and GAD-7,
may be regarded as useful screeners and efficient tools for
monitoring treatment progress and outcomes in primary medical
settings [21,39-43]. Furthermore, the results from this study

suggest the importance of considering further interventions that
might mitigate the exacerbation of depression and anxiety
associated with acute signs and symptoms during the
post–COVID-19 condition [15].

Limitations
This study is not without its limitations. First, this was a
retrospective observational study; therefore, causal relationships
cannot be inferred, and further analysis of additional data such
as socioeconomic factors, not collected in the hospital
information system at the SNUH, was not possible. Second, the
data analyzed were retrieved from a single tertiary hospital
operating 4 RTCs of different sizes in accordance with
government regulations. The possibility of influence or
correlation with various unmeasured variables such as, but not
limited to, lack of social interactions, financial loss, and
vaccination status may limit the generalizability of our findings.
Third, sample bias was possible as patients with missing data
were excluded. Fourth, there were no follow-up longitudinal
data after discharge from the RTC. Thus, it was not possible to
explore the associations between COVID-19–related acute signs
and symptoms and the exacerbation of depression and anxiety,
considering the acute and chronic periods in response to
post–COVID-19 condition. Fifth, there may be a social
desirability bias as patients self-reported their signs and
symptoms and were not objectified by the caregivers. Lastly,
while the mean quarantine period of participants was
approximately 7 days, the PHQ-2 and GAD-2 measures
depression and anxiety symptoms over the last 2 weeks. These
timeline issues should be considered when interpreting the
results. Further, other tools may be used in future studies.

Conclusions
This study explored the association between acute signs and
symptoms of COVID-19 and the exacerbation of depression
and anxiety in patients with clinically mild COVID-19 who
were admitted at RTCs. Among the acute signs and symptoms
of COVID-19, exacerbation of depressive symptoms was
associated with an abnormal SpO2 (OR 1.27, 95% CI 1.00-1.62)
and sleep disorder (OR 0.60, 95% CI 0.36-0.98). Exacerbation
of anxiety symptoms was associated with an abnormal BT (OR
1.08, 95% CI 1.01-1.16), sleep disorder (OR 1.1, 95% CI
1.06-1.14), and sore throat (OR 1.03, 95% CI 1.00-1.07). As
anticipated, patients who had experienced initial psychological
symptoms at admission were more likely to experience
depression (OR 1.91, 95% CI 1.52-2.41) and anxiety (OR 1.08,
95% CI 1.01-1.16) than those who did not. Meanwhile, the
PHQ-2 and GAD-2 scores measured at admission showed that
lower the score, higher the possibility of exacerbation of both
depression (OR 0.15, 95% CI 0.11-0.22) and anxiety (OR 0.13,
95% CI 0.10-0.19). Our results suggest the importance of
considering further interventions that might mitigate the
exacerbation of depression and anxiety in patients with an
abnormal SpO2, abnormal BT, sore throat, and sleep disorders
or those with initial psychological symptoms. In addition, we
propose the use of the PHQ-2 and GAD-2, which are short and
efficient scales, in the assessment of mental health for patients
with clinically mild COVID-19 who are quarantined at home.
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Abstract

Background: Highly effective COVID-19 vaccines are available and free of charge in the United States. With adequate coverage,
their use may help return life back to normal and reduce COVID-19–related hospitalization and death. Many barriers to widespread
inoculation have prevented herd immunity, including vaccine hesitancy, lack of vaccine knowledge, and misinformation. The
Ad Council and COVID Collaborative have been conducting one of the largest nationwide targeted campaigns (“It’s Up to You”)
to communicate vaccine information and encourage timely vaccination across the United States. More than 300 major brands,
digital and print media companies, and community-based organizations support the campaigns to reach distinct audiences.

Objective: The goal of this study was to use aggregated mobility data to assess the effectiveness of the campaign on COVID-19
vaccine uptake.

Methods: Campaign exposure data were collected from the Cuebiq advertising impact measurement platform consisting of
about 17 million opted-in and deidentified mobile devices across the country. A Bayesian spatiotemporal hierarchical model was
developed to assess campaign effectiveness through estimating the association between county-level campaign exposure and
vaccination rates reported by the Centers for Disease Control and Prevention. To minimize potential bias in exposure to the
campaign, the model included several control variables (eg, age, race or ethnicity, income, and political affiliation). We also
incorporated conditional autoregressive residual models to account for apparent spatiotemporal autocorrelation.

Results: The data set covers a panel of 3104 counties from 48 states and the District of Columbia during a period of 22 weeks
(March 29 to August 29, 2021). Officially launched in February 2021, the campaign reached about 3% of the anonymous devices
on the Cuebiq platform by the end of March, which was the start of the study period. That exposure rate gradually declined to
slightly above 1% in August 2021, effectively ending the study period. Results from the Bayesian hierarchical model indicate a
statistically significant positive association between campaign exposure and vaccine uptake at the county level. A campaign that
reaches everyone would boost the vaccination rate by 2.2% (95% uncertainty interval: 2.0%-2.4%) on a weekly basis, compared
to the baseline case of no campaign.

Conclusions: The “It’s Up to You” campaign is effective in promoting COVID-19 vaccine uptake, suggesting that a nationwide
targeted mass media campaign with multisectoral collaborations could be an impactful health communication strategy to improve
progress against this and future pandemics. Methodologically, the results also show that location intelligence and mobile
phone–based monitoring platforms can be effective in measuring impact of large-scale digital campaigns in near real time.

(JMIR Public Health Surveill 2023;9:e39166)   doi:10.2196/39166
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Introduction

The COVID-19 pandemic has impacted every country in the
world, and the United States was hit particularly hard. As of
February 2022, more than 900,000 people had died in the United
States after contracting the virus [1]. Several highly effective
vaccines have been developed and authorized for emergency
use by Food and Drug Administration [2,3]. In sharp contrast
to the early days of the pandemic in the United States, there are
fewer structural barriers that could interfere with vaccine
coverage. However, attitudinal barriers remain prevalent [4].
According to a national poll conducted by the COVID
Collaborative, although nearly 90% of Americans recognize
the effectiveness of vaccines, only about a third plan to get
vaccinated themselves [5]; and other surveys revealed similar
patterns [6,7]. This mistrust is more prevalent among racial and
ethnic minority communities. A nationwide poll found that only
14% of Black Americans and 34% of Latinx Americans trust
the safety of the vaccines [8]. The massive distrust among racial
and ethnic minority communities is the result, according to
various analyses, of generational trauma and continued mixed
messages about the pandemic and vaccines [9]. Latinx and
African American communities have been disproportionately
affected by the COVID-19 pandemic [10-12]. This needs to be
addressed immediately since enhancing access and uptake of
the COVID-19 vaccine among those most at risk is critical to
control the epidemic, reduce the emergence of new variants,
and promote health equity.

Similar hesitancy has been documented with nearly all vaccines
[9,10]. Vaccine hesitancy is a multifactorial phenomenon, and
therefore, requires multifaceted strategies. An effective and
comprehensive campaign should be part of a national
vaccination plan. Many states began dealing with vaccine
hesitancy early in vaccine rollout, particularly in selected areas
and among certain racial and ethnic groups. Information
campaigns were developed to provide science-based information
and culturally appropriate resources, either through existing
medical networks or communication firms [11]. Some states
also built or used partnerships with faith-based leaders and
trusted community organizations to reach critical populations
and increase vaccine acceptance among minority communities
[11]. There are also other forms of media campaigns, primarily
focusing on certain groups or areas [12].

At the national level, the Ad Council and the COVID
Collaborative launched a nationwide vaccine education
campaign called “It’s Up to You” in February 2021 [13]. As
one of the largest public health efforts in US history, the
campaign aims to educate the American public and build
confidence in vaccines by communicating vaccine messages
informed by the best science. In coordination with over 300
major brands, digital and print media companies,
community-based organizations, medical experts, the Ad
Council has been rolling out public service announcements
across airwaves, publications, and social media. The public

service announcements provide facts and correct information,
answer questions, and preempt false narratives through platforms
that the target groups regularly visit. To bridge the racial and
ethnic gap in vaccine knowledge, the campaign particularly
targets racial and ethnic minority communities with contents
customized for distinct cultural and historical background.
Campaign materials are available in 7 languages (English,
Spanish, Simplified Chinese, Korean, Russian, Haitian Creole,
and Vietnamese) on the campaign website. Interested readers
are referred to Ad Council and the campaign website for more
information about the campaign design and delivery.

As of September 19, 2021, the campaign received US $168
million in media support and related publicity and achieved 80
million engagements with messages via social and search [13].
Historically, the use of media campaigns to communicate public
health knowledge and promote positive behaviors has shown
varying degrees of effectiveness [14-16]. Without a systematic
assessment, implementers lose the opportunity to identify
potential gaps in campaign design and make strategic changes
to message content and dissemination strategy. Therefore, our
study aims to evaluate the effectiveness of this national
campaign in promoting vaccine uptake, which could be used to
inform the design and evaluation of other large-scale behavior
change interventions.

Methods

Exposure Data
Monitoring the exposure to mass media campaigns is
challenging due to the dynamic nature of the campaign rollout
and massive coverage. Traditional monitoring approaches
include surveys, interviews, and cohort studies [17,18].
However, the relatively slow turnaround makes the approaches
more suitable for a retrospective evaluation but less able to
generate timely and actionable feedback.

Emerging geospatial technologies present an opportunity for
frequent and rapid data collection. We collect aggregated
exposure data through Cuebiq’s privacy-preserving geospatial
data and analytics platform. Cuebiq partners with over 100
location-centric smartphone apps, providing a path for users to
opt in and provide informed consent for their anonymized and
aggregated data to be used for research purposes. In addition to
its General Data Protection Regulation and California Consumer
Privacy Act–compliant data collection practices, Cuebiq applies
additional privacy protections beyond simple anonymization to
prevent the reidentification of individual users.

To measure campaign exposure, a digital breadcrumb known
as a pixel is attached to creative media assets served through
multiple advertisement media, including web, mobile, and in-app
browsing. Cuebiq then generates impressions data and matches
those impressions with its own panel of users in a
privacy-preserving manner. Measurement data are accessed by
researchers via the Cuebiq Workbench platform, an auditable
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sandbox environment that allows access for the querying of
data and generation of aggregate, privacy-preserving outputs.
The sandbox enables the creation of aggregate data at county
levels, without the ability or need to create individual-level
outputs.

The Cuebiq platform collects exposure information in a nearly
continuous manner for each individual device. The exposure is
then summarized by a binary indicator for each device, denoting
whether or not it is exposed to the campaign. Finally, for each
county, we calculate the number of exposed devices, the number
of unexposed devices, and the exposure rate (ie, the proportion
of exposed devices among all monitored devices) on a weekly
basis. As described above, the “It’s Up to You” campaign uses
both digital and print media to deliver the materials. Our
exposure data only measure the exposure to digital contents.

The final analytical data set covers 3104 counties in 48 states
and the District of Columbia. Hawaii and Alaska are excluded
because the spatial model requires counties to have
geographically adjacent neighbors. Ad Council campaigns and
Cuebiq’s measurement campaign were launched in late February
2021, but the campaign did not reach national coverage until
about one month later. Campaign activities and related exposures
wound down rapidly after August. To avoid potential selection
bias in early campaign rollout, our analyses only used data
between March 29 and August 29, 2021. The panel’s width and
length are adequate for us to include complex model
components, such as the spatiotemporal correlation structure.

Outcome Data
The outcome measure, vaccination rate, comes from Centers
for Disease Control and Prevention’s COVID Data Tracker,
which provides county-level vaccination rates on a daily basis.
To remain consistent with the exposure measures described
above, weekly averages are taken at the county level.

Other Control Variables
Several socioeconomic and demographic indicators have been
shown to influence vaccine uptake. This study explored the
following: age (percentage of people 85 years or older); race
and ethnicity (percentage of non-Hispanic White population);
political affiliation (percentage of people who voted for
democrats in the 2020 presidential election); income (median
household income). The inclusion of covariates is based on
literature review, data availability, and model diagnoses.

Statistical Model
Bayesian hierarchical mixed-effects models are used to estimate
the correlation between exposure and outcome measures at the
county level. As an important feature of infectious diseases,
county-level pandemic measures exhibit spatial autocorrelation
[19]. Nearer counties are more similar than distant counties in
terms of COVID-19 pandemic and vaccination. We will account
for the spatial autocorrelation in the regression. However, the
residual may still display spatial autocorrelation, which violates
a key regression modeling assumption. Similarly, panel data
typically display temporal autocorrelation. Therefore, our model
includes a conditional autoregressive (CAR) component to
account for the spatiotemporal autocorrection in the data.

Essentially, the CAR component supplements the main effects
model with a set of spatiotemporally autocorrelated random
effects [20].

Our final model can be formally expressed as follows:

Here, where c=1,2,…, c indexes counties; Yct denotes the
vaccination rate (weekly and not cumulative) in week t in county
c; Xct denotes regressors in week t in county c. Of note, some
variables may be time invariant; β denotes a column vector of
regression slopes.

A key model component is ψct, which induces the spatiotemporal
autocorrelation for county-level measures after accounting for
the covariate effects. In particular, we use a first-order

autoregressive process where correlation is ρw, ρ∈ (0,1) for Us
that are w time units apart. Of particular interest is the spatial
model that allows the Uct to be correlated with correlation
depending on a distance metric. As for the first-order
autoregressive time-series model, spatial models induce
correlation among the Uct for a fixed t.

County coordinates are used to compute Euclidean distances.
With relatively few nearby counties, a parameter model will
estimate nearby correlations based on correlations between
distant counties (an extrapolation). There are several model
forms, including (powered) exponential, Gaussian, Spherical,
Matern, and CAR models [21]. Due to the large number of
contiguous counties in our data set, the CAR model worked
well and was included in our analyses.

The model was fitted in R using the CARBayesST package
[22]. The final results are extracted from 10,000 samples after
discarding 10,000 burn-ins and thinning by 10 to reduce
potential sample autocorrelation.

Ethical Considerations
Study data are anonymous and deidentified, and the study did
not constitute human subjects. Therefore, ethical approval was
not required for this study.

Results

The campaign was launched in February 2021, starting with a
small number of counties in the first few weeks. It reached
national coverage in week 13 (March 29 to April 4, 2021), when
about 99% (3058/3104) of counties in the Cuebiq platform
detected exposure to the campaign. Campaign activities started
winding down quickly from week 34 (August 23-29, 2021). As
a result, this study covered a period of 22 weeks. Cuebiq
continued monitoring a panel of about 17 million mobile devices
(Figure 1). The panel remained stable during this period,
ensuring the temporal comparability of the observed metrics.

Since this is not a randomized controlled trial, it is important
to assess the potential selection issues in the data. Selection
could have occurred in two stages. First, certain areas and groups
may be overrepresented in the Cuebiq platform. This may be
caused by different smartphone penetration rates by state and
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county. Second, the dissemination of Ad Council campaigns
may be disproportionally concentrated in certain areas and
groups. To assess the severity of selection, we plotted Cuebiq
coverage rate and campaign exposure rate against race, income,
and political affiliation at the county level (Figure 2). The
Cuebiq coverage is higher in counties with a larger percentage
of non-Hispanic White population. Campaign exposure rate has
a similar correlation with race. A similar correlation is observed
for household income. Richer counties tend to be
overrepresented in the Cuebiq platform and get more exposure
to the campaigns than poorer counties. For political affiliation,
more democratic counties appear to be less represented in the
Cuebiq platform, and there is not a strong pattern between
campaign exposure and political affiliation. In sum, there may
be potential selection issues in both Cuebiq platform coverage
and campaign exposure. We will minimize the bias through
accounting for these factors in the regression model.

The overall proportion of Cuebiq-enrolled devices exposed to
the Ad Council campaigns started at 3.17% in the first week of
the study period and gradually declined to 1.28% by the end of
August 2021. A large number of channels were used to
disseminate the campaign messages. Top channels in terms of
exposure include The Trade Desk, Q Digital, Buzzfeed, Pandora,
and Red Ventures.

During the study period, the national vaccination rate increased
from 16.4% to 47.2%, but the progress began slowing down
(Figure 3) [23]. Overall, the weekly vaccination rate peaked in
week 15 when 3.34% of Americans completed full vaccination
that week; it dropped below 1% in later weeks. The box plots
in Figure 3 illustrate the substantial heterogeneity in weekly
vaccination rates across counties.

Temporal autocorrelation in weekly vaccination rate is evident.
Figure 4 illustrates the strong geographic clustering or spatial
correlation in weekly vaccination rates. That spatial correlation
may not fully be explained by the 3 variables in the model.

All indicators included in the Bayesian hierarchical model vary
greatly across the 3104 counties analyzed in the study. The
average percentage of the population aged 85 years and older
is 2.3% (SD 0.01%) with a minimum of 0.0% and a maximum
of 8.0% (Table 1). The ranges of the percentage of non-Hispanic
White population and the percentage who voted for democrats
are much wider at 5.1%-99.8% and 3.1%-82.1%, respectively.
The poorest county earns an average of 36.5 thousand US dollars
per household, while the richest county earns 243.8 thousand.

Table 2 presents our main results from the Bayesian hierarchical
model with a spatiotemporally correlated residual structure. The
coefficient for the exposure rate is 2.2 (95% uncertainty interval:
2.0-2.4). The effectiveness is impressive; exposing everyone in
the county to the campaign may boost the vaccination uptake
by 2.2% on a weekly basis. This effectiveness size is substantial,
given the slow weekly vaccination rate of less than 1% at the
end of the study period. It is worth noting that the effectiveness
was assessed based on observed data. The exact magnitude of
the effectiveness will likely change when the overall vaccination
rates grow substantially higher in the future.

All factors in the model also have statistically significant impacts
on vaccine uptake. Proportions of older population (≥85 years),
non-Hispanic White population, democratic affiliation, and
household income are all positively associated with vaccine
rollout. This is consistent with findings from previous studies.

Figure 1. Number of opted-in, deidentified devices (in million) monitored by the Cuebiq platform and the percentage exposed to the Ad Council
Campaign.
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Figure 2. Cuebiq coverage and campaign exposure rate versus race, household income, and political affiliation during the first week of the study period.
(A) Cuebiq coverage vs race; (B) Campaign exposure vs race; (C) Cuebiq coverage vs household income; (D) Campaign exposure vs household income;
(E) Cuebiq coverage vs political affiliation; (F) Campaign exposure vs political affiliation.

Figure 3. Distribution of county-level Centers for Disease Control and Prevention–reported weekly vaccination rate by week.
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Figure 4. Exposure to the campaign and weekly vaccination rate by county during the first and last weeks of the study period. (A) Exposure rate
(number of devices exposed to the campaign or total number of devices) to the campaign during the first week of the study period (week 13 or March
29 to April 4, 2021); (B) weekly vaccination rate during the first week of the study period; (C) exposure rate to the campaign during the last week of
the study period (week 34 or August 12-29, 2021); (D) weekly vaccination rate during the last week of the study period.

Table 1. Summary statistics of control variables for the 3104 counties in the study.

MaxMinMean (SD)Variable

8.00.02.3 (0.01)Population aged ≥85 years (%)

99.85.183.3 (0.16)Non-Hispanic White (%)

82.13.136.9 (0.17)Voted for democrats (%)

243.836.589.2 (20.0)Household income (US $1000)

Table 2. Results from the Bayesian hierarchical model. Weekly data collected from 3104 counties during March 29 to August 29, 2021 (22 weeks);
95% uncertainty intervals were calculated from the posterior distributions.

95% uncertainty intervalMeanVariable

0.02 to 0.0240.022Exposed to the campaign (%)

0.021 to 0.0420.031Population aged ≥85 years (%)

0.003 to 0.0040.004Non-Hispanic White (%)

0.013 to 0.0140.014Voted for democrats (%)

0.054 to 0.0620.058Median household income (US $1000)

–0.005 to –0.004–0.005Intercept

Discussion

The study is one of the first rigorous evaluations of the “It’s Up
to You” campaign, the largest effort in promoting COVID-19
vaccine awareness and uptake in the United States. We used
Cuebiq’s nationwide location intelligence platform to monitor
campaign exposure and then estimated its association with
vaccine uptake data tracked by US Centers for Disease Control
and Prevention. Results from the Bayesian hierarchical model
support the effectiveness of the campaign in promoting vaccine
uptake.

Under Operation Warp Speed, the COVID-19 vaccine research
and development achieved great success at unprecedented scale

and speed, thanks to the coordinated effort from governments,
pharmaceutical companies, and other stakeholders [24]. The
US Food and Drug Administration granted Emergency Use
Authorization to 2 highly effective COVID-19 vaccines in late
2020. Since then, barriers to achieving herd immunity have
shifted from medical to social.

On May 25, 2021, the United States marked the milestone of
inoculating half of the adults in the country. Vaccinating the
remaining population will be harder. Even before the milestone,
vaccinations had been plateauing, and the official data had been
chronicling a decreasing daily vaccination rate. Research and
expert consensus suggest that as high as 80%-90% of the total
population needs to be vaccinated to achieve herd immunity
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after considering recent factors, such as more contagious variants
[25]. Given the high prevalence of vaccine hesitancy and uneven
distribution across regions and populations, convincing the
hesitant groups to get inoculated is necessary.

Overall, the already vaccinated population is better informed,
less vaccine hesitant and skeptical, and more eager to be
vaccinated than the remaining unvaccinated group. As the
country approaches the vaccination rate required for herd
immunity, vaccine resistance is also becoming more prominent
in the remaining unvaccinated population. Reaching herd
immunity requires vaccinating a significant proportion of the
resistant population in addition to vaccinating all nonresistant
populations. Thus, effective messaging campaigns are urgently
needed. The root causes of vaccine hesitancy, such as fear,
mistrust, and misconceptions, need to be addressed through
targeted communication strategies.

The study has several limitations. First, the campaign was not
designed to be a randomized control trial. People (or devices)
were not randomly chosen to be exposed to the campaign
messages. However, it is unlikely that there were systematic
self-selection biases, given the passive nature of campaign
exposure. Second, vaccine uptake requires a complex
decision-making process that involves a potentially large number
of factors. Due to limited data availability, our model may have
missed some important variables that affect vaccine uptake.

Third, as a county-level ecological analysis, it is challenging to
make a causal inference. Lastly, the Cuebiq platform only
monitors exposure to digital campaigns. Exposure to traditional
media (eg, print publication, billboards, and posters) is not
captured in the study.

Despite the limitations, the study is among the first efforts to
evaluate the nation’s largest public health campaign. We built
a fully validated model and established a statistically significant
association between campaign exposure and vaccine uptake at
the county level. The sizable effectiveness suggests that Ad
Council is a sound investment of public and private resources.
Given the low exposure and slow vaccination rate as of the end
of the study period, expanding the messaging campaign may
help accelerate vaccination progress.

The United States is no outlier when it comes to vaccine
hesitancy, which was reported for nearly every vaccine and
named one of the top ten threats to global health by the World
Health Organization [26]. Misinformation about vaccines and
antivax messages are global concerns. For example, a factor for
Israel’s successful vaccination rollout is its multiprolonged
educational campaigns that provide information, allay fears,
and overcome hesitancy [27]. The successful implementation
of the “It is Up to You” campaign and the documented effects
in promoting vaccine uptake may generate valuable experience
for other countries facing similar challenges.
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Abstract

Background: The COVID-19 pandemic had many unprecedented secondary outcomes resulting in various mental health issues
leading to substance use as a coping behavior. The extent of changes in substance use in a US sample by nativity has not been
previously described.

Objective: This study aimed to design a web-based survey to assess the social distancing and isolation issues exacerbated by
the COVID-19 pandemic to describe substance use as a coping behavior by comparing substance use changes before and during
the pandemic.

Methods: A comprehensive 116-item survey was designed to understand the impact of COVID-19 and social distancing on
physical and psychosocial mental health and chronic diseases. Approximately 10,000 web-based surveys were distributed by
Qualtrics LLC between May 13, 2021, and January 09, 2022, across the United States (ie, continental United States, Hawaii,
Alaska, and territories) to adults aged ≥18 years. We oversampled low-income and rural adults among non-Hispanic White,
non-Hispanic Black, Hispanic or Latino, and foreign-born participants. Of the 5938 surveys returned, 5413 (91.16%) surveys
were used after proprietary expert review fraud detection (Qualtrics) and detailed assessments of the completion rate and the
timing to complete the survey. Participant demographics, substance use coping behaviors, and substance use before and during
the pandemic are described by the overall US resident sample, followed by US-born and foreign-born self-reports. Substance use
included the use of tobacco, e-cigarettes or nicotine vapes, alcohol, marijuana, and other illicit substances. Marginal homogeneity
based on the Stuart-Maxwell test was used to assess changes in self-reported substance use before and during the pandemic.

Results: The sample mostly included White (2182/5413, 40.31%) and women participants (3369/5406, 62.32%) who identified
as straight or heterosexual (4805/5406, 88.88%), reported making ≥US $75,000 (1405/5355, 26.23%), and had vocational or
technical training (1746/5404, 32.31%). Similarities were observed between the US-born and the foreign-born participants on
increased alcohol consumption: from no alcohol consumption before the pandemic to consuming alcohol once to several times
a month and from once to several times per week to every day to several times per day. Although significant changes were
observed from no prior alcohol use to some level of increased use, the opposite was also observed and was more pronounced
among foreign-born participants. That is, there was a 5.1% overall change in some level of alcohol use before the pandemic to
no alcohol use during the pandemic among foreign-born individuals, compared with a 4.3% change among US-born individuals.

Conclusions: To better prepare for the inadvertent effects of public health policies meant to protect individuals, we must
understand the mental health burdens that can precipitate into substance use coping mechanisms that not only have a deleterious
effect on physical and mental health but also exacerbate morbidity and mortality in a disease like COVID-19.
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Introduction

Background
The COVID-19 pandemic, as of March 2022, has >456 million
recorded cases and 6 million reported deaths worldwide [1].
Although COVID-19 is caused by SARS-CoV-2, increased
morbidity and mortality are associated with multiple direct and
indirect social, physiological, and environmental factors [2,3].
There were, however, indirect health effects of the pandemic
that affected mental health [4] and exacerbated maladaptive
coping mechanisms such as substance use [5,6].

Coping strategies provide the ability to manage external and
internal demands, given an individual’s resources [7]. When
demands are exceeded owing to high levels of physiological
and psychological stress, as observed during the COVID-19
pandemic, it can lead to the adoption of maladaptive coping
behaviors [8,9]. As such, mental health issues were exacerbated
by multiple social and environmental stressors, social distancing,
and isolation during the COVID-19 pandemic that in turn
affected coping mechanisms leading to changes in substance
use patterns [10,11].

Statistics for June 2020, when compared with 2019, as reported
by the Centers for Disease Control and Prevention [5], show
that 13% of US adults aged ≥18 years started or increased
substance use to cope with stress from the COVID-19 pandemic.
Reports of increased use were found for both licit and illicit
substances [12,13] such as alcohol [14] and opioids [15],
respectively. There were also mixed findings regarding the use
of substances such as tobacco [16-18] and marijuana [19] as
well as their respective methods of use through vaping
[13,20,21]. Moreover, using licit and illicit substances can cause
increased morbidity and mortality, especially when considering
the physiological effects of COVID-19, in addition to worsening
mental health [5].

The effects of social distancing and isolation early in the
pandemic were compounded by multiple issues associated with
access to health, mental health, and related telehealth services
[22]. Multiple deficits and barriers to mental health services,
especially among underserved and underrepresented
communities, precipitated health care access and treatment
disparities [6,10,23]. These deficits and barriers were then
exacerbated by the COVID-19 pandemic and may have led to
substance use as a prevalent coping mechanism during a period
when substance treatment options were already limited
[10,22,23]. Nonetheless, studies on substance use as a coping
strategy during the COVID-19 pandemic are limited.

Objectives
Further research is needed to understand the multiple and
varying sociodemographic and socioeconomic factors to fill
this gap. In addition, there is a critical need to include both
US-born and foreign-born individuals in substance use research

during the COVID-19 pandemic as these studies are still limited.
A limited number of studies have reported mixed findings, that
is, increased and decreased substance use during the pandemic
[24,25]. Nevertheless, the psychological effects of substance
use may be detrimental and synergize disparities among racial
and ethnic foreign-born minorities [24,26,27]. As such, our
purpose was to describe substance use as a coping mechanism
to COVID-19–induced social distancing and isolation by
comparing substance use before and during the pandemic by
US-born and foreign-born individuals.

Methods

Overview
Our study Understanding the Impact of the Novel Coronavirus
(COVID-19) and Social Distancing on Physical and
Psychosocial (Mental) Health and Chronic Diseases created a
comprehensive 116-item web-based survey that was nationally
distributed in the United States. The survey modules included
(1) general health status; (2) COVID-19 symptoms, testing, and
prevention; (3) chronic illness management; (4) social
distancing; (5) mental health; (6) pandemic economic impact;
(7) discrimination; and (8) sociodemographics.

The target population comprised adults aged ≥18 years residing
in the United States. The US resident sample included both
US-born and foreign-born participants. Qualtrics LLC was
contracted to facilitate the recruitment and distribution of the
web-based survey to both US-born and foreign-born racial and
ethnic groups. The US-born racial and ethnic groups included
Hispanic or Latino, White, Black, Asian, American Indian and
Alaskan Native, and Native Hawaiian and Pacific Islander
participants. Foreign-born racial and ethnic groups included
African, Middle Eastern, Hispanic or Latino, and Asian
participants. Qualtrics then used proprietary consumer panels
to randomly sample White participants that matched
demographic characteristics with other racial and ethnic groups.
We oversampled adults with low income (<US $25,000 annual
household income) who resided in rural areas (self-reported and
cross-referenced with zip codes already collected by Qualtrics)
among non-Hispanic White, non-Hispanic Black, Hispanic, and
foreign-born participants. The survey was available only in
English.

A total of 10,000 surveys were distributed between May 13,
2021, and January 09, 2022. The initial surveys received by
Qualtrics were assessed via expert review fraud detection to
prevent multiple submissions and detect “bots” to protect the
integrity of the data. After the assessment, 5938 surveys were
received by the research team from Qualtrics. Information
Management Services, Inc, a research support firm that provides
analytic services, was given the task to clean and manage the
deidentified survey data.

To improve study integrity, initial data cleaning by the
Information Management Services included flagging surveys
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based on the completion rate and the timing to complete the
survey. Participants were flagged and removed from the analysis
if they completed <80% of the survey based on 102 questions
after accounting for skip pattern items or took <5 minutes to
complete the survey. In total, 125 surveys were removed at this
stage, giving us 5813. Our study ended with a total of 5413
surveys based on the completed responses in the social
distancing module of the Understanding the Impact of the Novel
Coronavirus (COVID-19) and Social Distancing on Physical
and Psychosocial (Mental) Health and Chronic Diseases survey.
The survey can be requested from the principal investigator,
Faustine Williams, PhD, MPH, MS, from the National Institute
on Minority Health and Health Disparities of the National
Institutes of Health (NIH) in Bethesda, Maryland.

Ethical Considerations
Qualtrics recruited study participants, and web-based informed
consent was provided before the survey. Participants were asked
to participate in a voluntary research study titled Understanding
the Impact of the Novel Coronavirus (COVID-19) and Social
Distancing on Physical and Psychosocial (Mental) Health and
Chronic Diseases conducted by Faustine Williams. If they chose
to participate in the study, they were assured that their responses
would be kept confidential. Participants were reminded that the
study was voluntary; as such, they could change their minds at
any time after starting the survey and opt out with no fear of
repercussions. Participants could skip any questions that they
did not want to answer. All answers were kept confidential, and
Qualtrics assured the participants that no personal identifiers
would be shared with the National Institute on Minority Health
and Health Disparities research team. Participants were to
receive an incentive of a US $10 gift card after the completion
of their survey, which would take approximately 30 minutes of
their time. At the end of the survey, participants were also asked
if they would be interested in participating in another follow-up
survey. Then, Qualtrics would follow-up with those who
responded that they were interested. Participants were provided
the contact information of the principal investigator (Faustine
Williams) as well as the phone number of the NIH Institutional
Review Board.

The research protocol for this study was reviewed by the NIH,
Intramural Research Program Institutional Review Board,
Human Research Protection Program, and Office of Human
Subjects Research Protections and received an exemption on
December 23, 2020 (IRB#000308). The NIH, Intramural
Research Program Institutional Review Board, Human Research
Protection Program, and Office of Human Subjects Research
Protections determined that our protocol did not involve human
participants and was excluded from the institutional review
board review.

Descriptors

Sociodemographic Variables
All sociodemographic items were self-reported and allowed for
either the selection of multiple categories or provided a free
response if they selected a blank or other category. Nativity was
categorized by country of birth as either US born or foreign
born. US-born nativity was based on respondents’ self-reported

births in the 48 contiguous states, Washington, the District of
Columbia, Alaska, Hawaii, and other US territories such as
Puerto Rico. Foreign-born nativity was based on respondents’
self-reported births occurring in another country outside the
United States based on the US birth classification. Racial and
ethnic categories included selecting ≥1 of the following options:
White, Black or African American, Asian, American Indian or
Alaskan Native, Hawaiian or Pacific Islander, African, Middle
Eastern, and multiracial or multiethnic. If respondents selected
≥2 racial or ethnic groups, they were classified as multiracial
and multiethnic. Gender categories included men, women,
nonbinary, transgender people, and others. Sexual orientation
included straight or heterosexual, lesbian, gay, bisexual, and
other. The lesbian and gay categories were combined. Age was
self-reported starting from 18 to ≥85 years. Age categories were
then constructed as follows: 18 to 35 years, 36 to 55 years, and
56 to ≥85 years. Annual household income was reported as <US
$25,000, US $25,000 to US $34,999, US $35,000 to US
$49,999, US $50,000 to US $74,999, and US ≥$75,000.
Educational attainment was categorized by self-reported highest
schooling that included (1) less than high school or General
Language Development (ie, did not attend school; elementary
education, 6 years or less; more than elementary to junior high
school; or some high school), (2) high school diploma or General
Language Development, (3) some college or vocational or
technical schooling, (4) bachelor’s degree, and (5) master’s
degree or above (ie, master’s degree or doctoral, professional,
or postgraduate degree). Employment status was assessed using
multiple survey items. Current employment (ie, employed,
self-employed, unpaid or voluntary work, apprenticeship or
vocational training, disabled, caretaker or looking after family
or home, in school, retired, or unemployed) and if considered
an essential worker (ie, no or yes). Unemployed or nontraditional
work was categorized as being disabled, a caretaker or looking
after family or home, in school, retired, or unemployed.
Nonessential workers were categorized as not considered an
essential worker and employed, self-employed, unpaid or
voluntary work, or apprenticeship or vocational training.
Essential workers were categorized as being considered an
essential worker and employed, self-employed, unpaid or
voluntary work, or apprenticeship or vocational training.

Substance Use
Coping behaviors for social distancing and isolation during the
COVID-19 pandemic were assessed by asking questions
regarding substance use in the social distancing module of the
survey. Questions specific to exclusively using the following
substances to cope were used: cigarettes or vaping, increased
alcohol use, marijuana use, and illicit substance use. To assess
cases of substance use during the pandemic, we asked “During
the past month, how often did you” (1) smoke cigarettes or other
tobacco products for tobacco use, (2) smoke e-cigarettes or other
nicotine vaping products, (3) have a drink containing alcohol
for alcohol use, (4) use marijuana, and (5) use illicit drugs. Illicit
drugs were defined as other substances that were not previously
listed (ie, tobacco, nicotine, alcohol, or marijuana) and could
include but not be limited to opiates, hallucinogens, cocaine,
or amphetamines. A follow-up control question was used for
each aforementioned question category that asked, “Compared
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to before the pandemic, this is or was... .” Responses to each
question had the following levels: not at all, once during the
month, several times a month, once a week, several times a
week, almost every day or every day, and several times a day.
Responses were collapsed to (1) not at all, (2) once to several
times per month, (3) once to several times per week, and (4)
every day to several times per day.

Analytic Procedure
Descriptive statistics of survey sample sociodemographics and
substance use behaviors during the COVID-19 pandemic were
assessed by the nativity of respondents, that is, US born and
foreign born. Descriptives for the overall survey sample before
and during the pandemic were assessed, followed by a more
detailed assessment by nativity. A Stuart-Maxwell test was used
to examine whether substance use before the COVID-19
pandemic was equal to substance use during the pandemic
among survey respondents. If significant differences were found
in substance use, we tested for differences based on participant
self-reported nativity. The Stuart-Maxwell test is an ideal
nonparametric test to examine asymptotic symmetry and
marginal homogeneity on matched-pair controls (ie, before the
COVID-19 pandemic) and cases (ie, during the COVID-19
pandemic) with various discrete levels of substance use (ie, not
at all, once several times per month, once to several times per
week, and every day to several times per day). All analytical
procedures were conducted using Stata/MP (version 16.1;
StataCorp LLC). All analytical files are available upon
reasonable request.

Results

Overview
The overall sample was primarily racially and ethnically White,
Black or African American, and Hispanic or Latin. Most of the
participants self-reported as women (3369/5406, 62.32%); were
straight or heterosexual (4805/5406, 88.88%); had a household
annual income of US ≥$75,000 (1405/5355, 26.23%); had some
college, vocational, or technical training (1746/5404, 32.31%);
and were unemployed or participated in nontraditional work
(2401/5405, 44.42%). The age of the sample was between 18
and 35 years (1839/5119, 35.92%) and 36 and 55 years
(1971/5119, 38.5%). The sample self-reported primarily using
the following substances in the following order based on
proportion: marijuana use (109/5404, 2.02%), increased alcohol
use (87/5404, 1.61%), e-cigarette or nicotine vape (83/5404,
1.54%), and illicit substance use (24/5404, 0.44%). A more
detailed breakdown of the sociodemographic profiles and
substance use by nativity is shown in Table 1.

Table 2 describes substance use before and during the
COVID-19 pandemic for the overall sample. Most of the
participants who reported substance use before the COVID-19
pandemic used tobacco every day to several times per day
(940/5130, 18.32%), e-cigarettes or nicotine vapes once to
several times per month (366/5130, 7.13%), alcohol once to
several times per month (1563/5130, 30.47%), marijuana every
day to several times per day (471/5130, 9.18%), and other illicit
substances once to several times per month (225/5130, 4.38%).
During the COVID-19 pandemic, the same participants used
tobacco every day to several times per day (664/3802, 17.46%),
e-cigarettes or nicotine vapes once to several times per week
(269/3802, 7.07%), alcohol once to several times per month
(1051/3802, 27.64%), marijuana every day to several times per
day (336/3802, 8.84%), and other illicit substances once to
several times per week (148/3802, 3.89%).

In Table 3, we describe substance use before and during the
COVID-19 pandemic by US-born and foreign-born individuals.
If reporting substance use before the COVID-19 pandemic, the
US-born sample primarily reported use of tobacco every day to
several times per day (846/3903, 21.68%), e-cigarettes or
nicotine vapes once to several times per week (298/3889,
7.66%), alcohol once to several times per month (1207/3903,
30.92%), marijuana every day to several times per day
(420/3873, 10.84%), and other illicit substances once to several
times per week (196/3887, 5.04%). The same US-born sample
during the COVID-19 pandemic, if reporting substance use,
used tobacco every day to several times per day (600/2912,
20.60%), e-cigarettes or nicotine vapes once to several times
per week (231/2899, 7.97%), alcohol once to several times per
month (812/2921, 27.80%), marijuana every day to several
times per day (300/2901, 10.34%), and other illicit substances
once to several times per week (131/2896, 4.52%).

The foreign-born sample’s substance use before the COVID-19
pandemic indicated tobacco use every day to several times per
day (94/1179, 7.97%), e-cigarettes or nicotine vapes once to
several times per month (75/1176, 6.38%), alcohol once to
several times per month (356/1187, 29.99%), marijuana once
to several times per month (62/1170, 5.3%), and other illicit
substances once to several times per month (44/1180, 3.73%).
The same foreign-born sample during the COVID-19 pandemic,
if reporting substance use, used tobacco every day to several
times per day (67/860, 7.79%), e-cigarettes or nicotine vapes
once to several times per week (39/857, 4.55%), alcohol once
to several times per month (242/860, 28.14%), marijuana once
to several times per month (41/855, 4.79%), and other illicit
substances once to several times per month (24/852, 2.82%).
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Table 1. Sample descriptives.

Total (n=5413), n (%)Foreign born (n=1247), n (%)US born (n=4166), n (%)Participant characteristics

Race and ethnicity (n=5413)

2182 (40.31)129 (10.34)2053 (49.28)White

1205 (22.26)181 (14.51)1024 (24.58)Black or African American

986 (18.22)435 (34.88)551 (13.23)Hispanic or Latino

555 (10.25)338 (27.11)217 (5.21)Asian

145 (2.68)8 (0.64)137 (3.29)American Indian or Alaska Native

61 (1.13)14 (1.12)47 (1.13)Hawaiian or Pacific Islander

54 (1)26 (2.09)28 (0.67)African

28 (0.52)21 (1.68)7 (0.17)Middle Eastern

197 (3.64)95 (7.62)102 (2.45)Multiracial or multiethnic

Gender (n=5406)

1905 (35.24)412 (33.09)1493 (35.88)Man 

3369 (62.32)780 (62.65)2589 (62.22)Woman

41 (0.76)24 (1.93)17 (0.41)Nonbinary

18 (0.33)8 (0.64)10 (0.24)Transgender people

73 (1.35)21 (1.69)52 (1.25)Other

Sexual orientation (n=5382)

4805 (89.28)1077 (87)3728 (89.96)Straight or heterosexual 

197 (3.66)49 (3.96)148 (3.57)Lesbian or gay 

309 (5.74)83 (6.7)226 (5.45)Bisexual 

71 (1.32)29 (2.34)42 (1.01)Other 

Age (years; n=5119)

1893 (36.98)476 (42.24)1417 (35.5)18 to 35

1971 (38.5)392 (34.78)1579 (39.55)36 to 55

1255 (24.52)259 (22.98)996 (24.95)56 to ≥85

Household i ncome (n=5355) 

1303 (24.33)274 (22.22)1029 (24.96)<US $25,000 

819 (15.29)174 (14.11)645 (15.65)US $25,000 to $34,999 

833 (15.56)195 (15.82)638 (15.48)US $35,000 to $49,999 

995 (18.58)240 (19.46)755 (18.32)US $50,000 to $74,999 

1405 (26.24)350 (28.39)1055 (25.59)US ≥$75,000

Educational a ttainment (n=5404) 

320 (5.92)99 (7.97)221 (5.31)Less than high school 

1245 (23.04)237 (19.08)1008 (24.22)High school or general education diploma 

1746 (32.31)295 (23.75)1451 (34.86)Some college, vocational or technical 

1406 (26.02)375 (30.19)1031 (24.77)Bachelor’s degree

687 (12.71)236 (19)451 (10.84)Master’s degree or above

Employment (n=5405) 

2401 (44.42)582 (46.82)1819 (43.7)Unemployed or nontraditional work 

1693 (31.32)393 (31.62)1300 (31.23)Nonessential worker 

1311 (24.26)268 (21.56)1043 (25.06)Essential worker 

Substance use coping behaviors (n=5404)
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Total (n=5413), n (%)Foreign born (n=1247), n (%)US born (n=4166), n (%)Participant characteristics

5101 (94.39)1206 (96.94)3895 (93.63)Other coping behaviors 

83 (1.54)8 (0.64)75 (1.8)E-cigarette or nicotine vape use 

87 (1.61)19 (1.53)68 (1.63)Increased alcohol use 

109 (2.02)10 (0.8)99 (2.38)Marijuana use 

24 (0.44)1 (0.08)23 (0.55)Illicit substance use 

Table 2. Substance use before and during the COVID-19 pandemic.

During the COVID-19 pandemic (n=3802), n (%)Before the COVID-19 pandemic (n=5130), n (%)

Tobacco use

2612 (69.32)3418 (67.26)Not at all

232 (6.16)366 (7.2)Once to several times per month

260 (6.9)358 (7.04)Once to several times per week

664 (17.62)940 (18.5)Every day to several times per day

E-cigarette or nicotine vape use

3028 (80.7)4017 (79.31)Not at all

219 (5.84)363 (7.17)Once to several times per month

269 (7.17)352 (6.95)Once to several times per week

236 (6.29)333 (6.57)Every day to several times per day

Alcohol use

1625 (43.02)2140 (42.04)Not at all

1051 (27.83)1563 (30.71)Once to several times per month

814 (21.55)1083 (21.28)Once to several times per week

287 (7.6)304 (5.97)Every day to several times per day

Marijuana use

2857 (76.15)3778 (74.92)Not at all

313 (8.34)460 (9.12)Once to several times per month

246 (6.56)334 (6.62)Once to several times per week

336 (8.96)471 (9.34)Every day to several times per day

Illicit substance use

3342 (89.26)4470 (88.29)Not at all

136 (3.63)225 (4.44)Once to several times per month

148 (3.95)216 (4.27)Once to several times per week

118 (3.15)152 (3)Every day to several times per day
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Table 3. Substance use before and during the COVID-19 pandemic by US-born and foreign-born participants.

Foreign born (n=3802), n (%)US born (n=5130), n (%)

During the COVID-19
pandemic

Before the COVID-19
pandemic

During the COVID-19
pandemic

Before the COVID-19
pandemic

Tobacco use

710 (82.56)962 (81.59)1903 (65.35)2456 (62.93)Not at all

41 (4.77)67 (5.68)191 (6.56)299 (7.66)Once to several times per
month

42 (4.88)56 (4.75)218 (7.49)302 (7.74)Once to several times per
week

67 (7.79)94 (7.97)600 (20.6)846 (21.68)Every day to several times per
day

E-cigarette or nicotine vape use

752 (87.75)1000 (85.03)2277 (78.54)3017 (77.58)Not at all

37 (4.32)75 (6.38)183 (6.31)288 (7.41)Once to several times per
month

39 (4.55)54 (4.59)231 (7.97)298 (7.66)Once to several times per
week

29 (3.38)47 (4)208 (7.17)286 (7.35)Every day to several times per
day

Alcohol use

436 (50.7)586 (49.37)1190 (40.74)1554 (39.82)Not at all

242 (28.14)356 (29.99)812 (27.8)1207 (30.92)Once to several times per
month

134 (15.58)189 (15.92)680 (23.28)894 (22.91)Once to several times per
week

48 (5.58)56 (4.72)239 (8.18)248 (6.35)Every day to several times per
day

Marijuana use

752 (87.95)1017 (86.92)2107 (72.63)2761 (71.29)Not at all

41 (4.8)62 (5.30)273 (9.41)398 (10.28)Once to several times per
month

26 (3.04)40 (3.42)221 (7.62)294 (7.59)Once to several times per
week

36 (4.21)51 (4.36)300 (10.34)420 (10.84)Every day to several times per
day

Illicit substance use

793 (93.07)1094 (92.71)2551 (88.09)3380 (86.96)Not at all

24 (2.82)44 (3.72)112 (3.87)181 (4.66)Once to several times per
month

19 (2.23)20 (1.69)131 (4.52)196 (5.04)Once to several times per
week

16 (1.88)22 (1.86)102 (3.52)130 (3.34)Every day to several times per
day

Differences in Substance Use Before and During the
COVID-19 Pandemic
Using the Stuart-Maxwell test of asymptotic symmetry and
marginal homogeneity, we found significant differences in
alcohol use in the overall sample (Table 4). In Table 5, we see

that the largest contribution to χ2 symmetry (χ2
3=20.2) was

owing to differences in no alcohol use before the COVID-19
pandemic to once to several times per month during the
COVID-19 pandemic (ie, a 1.71% change) and once to several
times per month before the COVID-19 pandemic to not at all
during the COVID-19 pandemic (ie, a 3.37% change). The

second largest contribution (χ2
3=15.6) was observed with

alcohol use once to several times per week before the COVID-19
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pandemic to every day to several times per day during the
COVID-19 pandemic (ie, a 2.25% change) and every day to
several times per day before the COVID-19 pandemic to once
to several times per week during to the COVID-19 pandemic
(ie, a 1.07% change). All other substance use changes reported
before and during the pandemic were not significant but can be
found in Multimedia Appendix 1.

Then, we assessed differences in substance use before and
during the pandemic by nativity and found them to be
significantly different between US-born and foreign-born
individuals (Table 5). Among the US-born participants, the

largest contribution to the symmetry χ2 (χ2
3=13.3) was owing

to differences in no alcohol use before the COVID-19 pandemic
to once to several times per month during the COVID-19
pandemic (ie, a 1.77% change) and once to several times per
month before the COVID-19 pandemic to not at all during the
COVID-19 pandemic (ie, a 3.28% change). The second largest

contribution among US-born participants (χ2
3=13.2) was in

alcohol use once to several times per week before the COVID-19
pandemic to every day to several times per day during the
COVID-19 pandemic (ie, a 2.22% change) and every day to
several times per day before the COVID-19 pandemic to once
to several times per week during to the COVID-19 pandemic
(ie, a 1.00% change). See Table 6 for more detail.

As seen in Table 7 among foreign-born participants, the largest

contribution to the symmetry χ2 (χ2
3=7.4) was owing to

differences in no prior alcohol use before the COVID-19
pandemic to once to several times per month during the
COVID-19 pandemic (ie, a 1.5% change) and once to several
times per month before the COVID-19 pandemic to not at all
during the COVID-19 pandemic (ie, a 3.7% change). The second

largest χ2 contribution was alcohol use once to several times

per month to every day to several times a day (χ2
3=3.8). Of the

843 respondents, 23 (2.7%) shifted from alcohol use once to
several times per month before the pandemic to every day to
several times per day during the pandemic, compared with 18
(2.1%) who shifted from alcohol use every day to several times
per day before the COVID-19 pandemic to once to several times
per month during the COVID-19 pandemic. The third largest

contribution (χ2
3=2.6) was in alcohol use once to several times

per week before the COVID-19 pandemic to every day to several
times per day during the COVID-19 pandemic (ie, a 2.4%
change) and every day to several times per day before the
COVID-19 pandemic to once to several times per week during
the COVID-19 pandemic (ie, a 1.3% change). Refer to Table 5

for all the χ2 contributions to symmetry.

Table 4. Alcohol use before the COVID-19 pandemic compared with during the pandemica.

During the COVID-19 pandemicBefore the COVID-19 pan-
demic

TotalEvery day to several times per
day, n (Δ%)

Once to several times per
week, n (Δ%)

Once to several times per
month, n (Δ%)

Not at all, n (Δ%)

15224 (0.11)22 (0.59)64 (1.71)1432 (N/Ab)Not at all

110315 (0.40)136 (3.64)826 (N/A)126 (3.37)Once to several times per
month

85184 (2.25)611 (N/A)127 (3.40)29 (0.77)Once to several times per
week

255182 (N/A)40 (1.07)21 (0.56)12 (0.32)Every day to several times per
day

3731285 (N/A)809 (N/A)1038 (N/A)1599 (N/A)Total

aSymmetry (asymptotic) was based on χ2
6=42.1 and P≤.001; marginal homogeneity was based on the Stuart-Maxwell test (χ2

3=30.0; P≤.001).
bN/A: not applicable (as these are the references to compare and contrast contributions to symmetry).

Table 5. Contribution to symmetry χ2 from alcohol use before and during the COVID-19 pandemic.

Foreign born χ2 (df)US born χ2 (df)Overall χ2 (df)Before or during COVID-19Change

7.4 (3)13.3 (3)20.2 (3)Once to several times per monthNot at all

1.7 (3)0.1 (3)1.0 (3)Once to several times per weekNot at all

2.0 (3)2.6 (3)4.0 (3)Every day to several times per dayNot at all

0.6 (3)0.1 (3)0.3 (3)Once to several times per weekOnce to several times per month

3.8 (3)0.0 (3)1.0 (3)Every day to several times per dayOnce to several times per month

2.6 (3)13.2 (3)15.6 (3)Every day to several times per dayOnce to several times per week
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Table 6. Alcohol use before the COVID-19 pandemic compared with during the pandemic among US-born participantsa.

During the COVID-19 pandemicBefore the COVID-19
pandemic

TotalEvery day to several times
per day, n (Δ%)

Once to several times per
week, n (Δ%)

Once to several times per
month, n (Δ%)

Not at all, n (Δ%)

11214 (0.14)17 (0.59)51 (1.77)1049 (N/Ab)Not at all

85012 (0.42)113 (3.91)630 (N/A)95 (3.28)Once to several times per
month

71064 (2.22)518 (N/A)109 (3.77)19 (0.66)Once to several times per
week

207157 (N/A)29 (1.00)11 (0.38)10 (0.34)Every day to several
times per day

2888237 (N/A)677 (N/A)801 (N/A)1173 (N/A)Total

aMarginal homogeneity based on Stuart-Maxwell χ2
3 of 22.6 (P>.001).

bN/A: not applicable (as these are the references to compare and contrast contributions to symmetry).

Table 7. Alcohol use before the COVID-19 pandemic compared with during the pandemic among foreign-born participantsa.

During the COVID-19 pandemicBefore the COVID-19
pandemic

TotalEvery day to several times per
day, n (Δ%)

Once to several times per
week, n (Δ%)

Once to several times per
month, n (Δ%)

Not at all, n (Δ%)

4010 (0)5 (0.6)13 (1.5)383 (N/Ab)Not at all

2533 (0.4)23 (2.7)196 (N/A)31 (3.7)Once to several times per
month

14120 (2.4)93 (N/A)18 (2.1)10 (1.2)Once to several times per
week

4825 (N/A)11 (1.3)10 (1.2)2 (0.2)Every day to several
times per day

84348 (N/A)132 (N/A)237 (N/A)426 (N/A)Total

aMarginal homogeneity based on Stuart-Maxwell test χ2
3 of 210.4 (P=.02).

bN/A: not applicable (as these are the references to compare and contrast contributions to symmetry).

Discussion

Principal Findings
We assessed changes in the use of combustible tobacco,
e-cigarette and nicotine vape, alcohol, marijuana, and other
illicit substances. Although use of alcohol was found to have
significant changes before and during the pandemic in our
overall sample, we did not observe significant changes in the
use of tobacco, e-cigarette and nicotine vape, marijuana, or other
illicit substances (Multimedia Appendix 1). Then, we examined
alcohol use changes by comparing US-born and foreign-born
participants and found significant changes in each group. The

χ2 contributions to symmetry indicated that the largest
contributors to significant changes in substance use before and
during the COVID-19 pandemic were similar for the overall
sample in the United States and the US-born sample. Similarities
were observed across US-born and foreign-born samples;
however, changes in increased alcohol use among these groups
were observed on (1) no alcohol use before the pandemic to
using alcohol once to several times a month and (2) once to
several times per week to every day to several times per day.

Increases in alcohol use may indicate maladaptive coping with
the effects of social distancing and isolation [8,9]. The increase
from weekly alcohol use to daily use indicates increased
physiological and psychological risk as well as a risk of
developing possible alcohol use disorders [28].

Although we found that significant changes were observed from
no prior alcohol use to some level of increased use, we also
observed the opposite in both the US-born and foreign-born
groups. The decrease in alcohol use was slightly more
pronounced among foreign-born participants. That is, there was
a 5.1% overall change in some level of alcohol use before the
pandemic to no alcohol use during the pandemic among
foreign-born participants, compared with a 4.3% change among
US-born participants. In our findings, the largest shift was not
associated with increased alcohol use but with decreased alcohol
use. This decrease in substance use may also be indicative of
isolation [26].

Comparison With Prior Work
The use of both licit and illicit substances can have deleterious
effects not only on mental health but also on physiological health
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and physical functioning, as well as damage organ systems that
can increase morbidity and mortality from COVID-19 [29].
First, given our findings, the synergistic effects of isolation and
alcohol use must be considered. Although participants may use
alcohol to cope with the deleterious effects of isolation and
psychological distress caused by the COVID-19 pandemic, the
use of substances in themselves has been reported to be
maladaptive [9,26]. One could argue that the use of alcohol has
social connotations, whereas others would argue that substance
use creates isolation owing to its taboo in the social context
[26]. In the context of our findings, the increase from weekly
alcohol use to daily use may be interpreted as increased personal
use, not during social gatherings, given the context of social
distancing practices. Conversely, decreases in alcohol use may
also be tracked to the social nature of general alcohol
consumption that the pandemic disrupted [30,31].

When specifically seeking to understand the differences in
alcohol use between US-born and foreign-born participants
during the COVID-19 pandemic, the available studies were
limited. Overall, when foreign-born immigrants were assessed
for substance use during the pandemic, they reported less
substance use when compared with their US-born counterparts
[24,26,27]. Our findings parallel what the limited studies have
found, yet we did find that changes in decreased alcohol use
were higher in foreign-born individuals compared with US-born
individuals, that is, from once to several times per month to not
at all during the pandemic.

Nevertheless, decreased alcohol use may be observed in our
sample owing to a wide range of socioeconomic status factors
such as low income and unemployment and environmental
factors such as access and scarcity [32]. This may also be an
artifact of our oversampling of lower socioeconomic status
groups. Regardless, more information is needed to assess the
deleterious effects on physical and mental health based on the
frequency and number of drinks consumed as well as the level
of risk of developing possible alcohol use disorders.

Our findings at this stage may indicate small percentage changes
but may reveal the ideal point of intervention to mitigate the
effect of use disorders. Moreover, we must acknowledge the

synergetic effects of mental health and physiological health,
especially in the context of COVID-19. As such, the extremes
of general alcohol consumption and use disorders must continue
to be monitored not only for concomitant health effects, such
as alcohol-associated liver disease and mortality [28,29], but
also to better understand the social and environmental effects
of the COVID-19 pandemic and the policies that affect changes
in alcohol use [33]. Future research should focus on
polysubstance, mental health, coping behaviors, and prior
substance use to identify the groups most at risk and design the
most appropriate intervention strategies.

Limitations
Our study had some limitations. First, although the survey was
anonymous, the possibility of bias in recall and responses must
be considered. There is a possible recall bias from self-reports,
as we asked about behaviors before COVID-19 owing to the
data collection starting in May 2021 and ending in January 2022.
This may be magnified by asking sensitive questions concerning
substance use behaviors before and during the pandemic,
increasing the response bias. Second, the data were obtained
from a cross-sectional survey that provided a descriptive analysis
of substance use change in a large US sample. However, this
sample is not representative of the United States. Moreover,
because this was a cross-sectional sample, we could not discern
causality or temporal directionality. The data and descriptive
analysis provided a solid foundation for further examination
and identification of substance use patterns across a diverse US
sample.

Conclusions
Pandemics are predicted to increase in frequency in the near
future. To better prepare for the indirect effects of public health
policies meant to protect the health of individuals, we must also
prepare for their indirect effects on mental health and related
coping mechanisms. Substance use affects both physical and
mental health and will therefore require a multimodal approach
to efficiently and effectively address and intervene on the
deleterious effects, especially for underserved and
underrepresented communities.
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Abstract

Background: Mobile health (mHealth) apps are rapidly emerging technologies in China due to strictly controlled medical needs
during the COVID-19 pandemic while continuing essential services for chronic diseases. However, there have been no large-scale,
systematic efforts to evaluate relevant apps.

Objective: We aim to provide a landscape of mHealth apps in China by describing and comparing digital health concerns before
and after the COVID-19 outbreak, including mHealth app data flow and user experience, and analyze the impact of COVID-19
on mHealth apps.

Methods: We conducted a semilongitudinal survey of 1593 mHealth apps to study the app data flow and clarify usage changes
and influencing factors. We selected mHealth apps in app markets, web pages from the Baidu search engine, the 2018 top 100
hospitals with internet hospitals, and online shopping sites with apps that connect to smart devices. For user experience, we
recruited residents from a community in southeastern China from October 2019 to November 2019 (before the outbreak) and
from June 2020 to August 2020 (after the outbreak) comparing the attention of the population to apps. We also examined
associations between app characteristics, functions, and outcomes at specific quantiles of distribution in download changes using
quantile regression models.

Results: Rehabilitation medical support was the top-ranked functionality, with a median 1.44 million downloads per app
prepandemic and a median 2.74 million downloads per app postpandemic. Among the top 10 functions postpandemic, 4 were
related to maternal and child health: pregnancy preparation (ranked second; fold change 4.13), women's health (ranked fifth; fold
change 5.16), pregnancy (ranked sixth; fold change 5.78), and parenting (ranked tenth; fold change 4.03). Quantile regression
models showed that rehabilitation (P75, P90), pregnancy preparation (P90), bodybuilding (P50, P90), and vaccination (P75) were
positively associated with an increase in downloads after the outbreak. In the user experience survey, the attention given to health
information (prepandemic: 249/375, 66.4%; postpandemic: 146/178, 82.0%; P=.006) steadily increased after the outbreak.

Conclusions: mHealth apps are an effective health care approach gaining in popularity among the Chinese population following
the COVID-19 outbreak. This research provides direction for subsequent mHealth app development and promotion in the
postepidemic era, supporting medical model reformation in China as a reference, which may provide new avenues for designing
and evaluating indirect public health interventions such as health education and health promotion.

(JMIR Public Health Surveill 2023;9:e40552)   doi:10.2196/40552
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Introduction

Background
In the wake of the COVID-19 outbreak, digital health
technologies to assist medical service systems and people [1],
such as telemedicine, have moved from a convenience to a
demand [2-5]. Mobile health (mHealth) apps are a novel
platform that uses mobile devices to acquire data across wellness
and disease diagnosis, prevention, and management [6,7].

Before the COVID-19 outbreak, several studies investigated
the characteristics of apps in China; these studies focused on
only specific health domains, such as disease management,
women's health, and sports, instead of elaborating on the overall
mHealth app situation [8-11]. However, in the context of
COVID-19, the development of mHealth apps has become a
hot topic [12]. Only a few studies have investigated the mHealth
app market status, focusing on the assessment of functional
distribution but without refined classifications of mHealth apps
and lacking information integrity [13]. Therefore, the
classifications for mHealth apps have not been elaborated, and
detailed descriptive research on mHealth apps is lacking.

After the outbreak, apps directly related to COVID-19 that were
used to track high-risk groups and assist in diagnosis were the
most studied [14-16]. One study provided an overview and
classifications of mHealth apps currently available on the market
to combat COVID-19, based on differences in basic functions
and purpose [17]. However, in the face of the significant
challenges posed by the pandemic, app types other than those
related to COVID-19 were also considered valuable tools, such
as easing the burden on hospitals, providing access to reliable
information, tracking individuals’ symptoms and mental health,
and discovering new predictors [18]. Previous studies have
shown that mHealth apps can improve people's life needs (such
as fertility), which promote their use [19]. However, the
development trends for many types of mHealth apps have been
complicated due to the pandemic, which requires attention.

At the same time, unlike other countries, China implemented
normalized pandemic prevention and control and rarely used
contact tracing apps in a personal form; thus, the apps developed
directly as a result of the pandemic were not the focus of this
research. There was a spike in the volume of phone calls asking
medical questions after the outbreak with a great increase in
online demand in China [17]. The unbalanced allocation of
health resources between the east and west, due to the vast size
of China, also led to the demand for telemedicine. During the
COVID-19 pandemic, a multimodal telemedicine network in
Sichuan Province in Western China was activated immediately,
which was demonstrated to be feasible, acceptable, and effective
[20]. Moreover, due to the unique national conditions of the
1-child policy and the aging population, changes in mHealth
app fields before and after the outbreak are different from those
in other countries [21,22]. Therefore, mHealth apps, as emerging
tools, that focus on changes in various health functions before

and after the outbreak are worth studying in China and could
be important for prevention, diagnosis, treatment, and
management decisions for future public health emergencies.

However, it is presently unclear what mHealth app
characteristics, if any, have been influenced and appropriately
deployed in the pre and postpandemic periods.

Objectives
Here, we conducted a nationwide study of mHealth apps in
China. The aim of this study was (1) to describe and compare
digital health concerns before and after the COVID-19 outbreak,
including mHealth app data flow and user experience, and (2)
to analyze the impact of COVID-19 on mHealth apps.

Methods

Data Acquisition
Before the COVID-19 outbreak, we conducted a comprehensive
electronic search of 4 sources up to October 25, 2019: (1) apps
on leaderboards of health-related categories in the 6 largest app
markets in China, including the top 50 on the Huawei Android
Market (Huawei Technologies Co Ltd; Shenzhen, China), top
50 on the OPPO Android Market (Oppo Electronics Co Ltd;
Dongguan, Guangdong, China), top 100 on the Vivo Android
Market (Vivo Co Ltd; Dongguan, Guangdong, China), top 50
on the Tencent Android Market (Tencent Holdings Limited;
Shenzhen, China), top 100 on the 360 Android Market (Qihoo
360 Technology Co Ltd; Beijing, China), and top 100 on the
Apple iTunes store for China (Apple; Cupertino, CA) [23]; (2)
the mHealth apps on the first 20 web pages of the Baidu search
engine, which is the largest search engine in China; (3) apps
that can connect to smart devices from the 4 large online
shopping sites (Tmall, JD, Pinduoduo, and Suning); and (4)
apps affiliated with internet hospitals on the list of the top 100
Chinese hospitals in 2018. The exclusion criteria were (1)
duplicated apps, (2) app descriptions irrelevant to health, (3)
apps not available in the Chinese language, (4) apps that were
not available for download through the official Android and
Apple app stores or the Baidu search engine, and (5) apps that
could not be opened or used due to technical problems. Apps
with patient and clinician versions were evaluated as different
items. Search terms, sample quantities, and data collection times
for each source are provided in Table S1 in Multimedia
Appendix 1.

We collected 4 types of data: (1) basic app characteristics from
the description interface, including the size of apps, number of
app downloads, and target users; (2) app developers’ information
from the largest commercial inquiry platform, the Tianyancha
website [24], including transaction amount, registered capital,
number of staff, operating status, establishment date, and
geographic location; (3) app permission listing data from the
permission interface; and (4) app functions from app trials,
except for apps only open to internal users. As the iOS App
Store does not display the number of downloads, we replaced
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total downloads in iOS with the number of reviews and used
statements of “downloads” in the following paragraphs. If an
app existed on multiple platforms, the total number of app
downloads was calculated as the sum of app downloads from
all platforms. The app trial included at least two investigators
who downloaded selected applications and independently
identified application functionality according to a clear
functional definition by using iPhones and Android phones. See
Table S2 in Multimedia Appendix 1 for details on function
definitions.

Following the outbreak, the same mHealth apps were
investigated a second time in April 2021 as semilongitudinal
samples with download data, and we determined whether
COVID-19 content had been added. A download change was
defined as the difference between post and prepandemic
downloads.

User Experience Survey
We recruited residents through a community health checkup
program to explore the user experience with mHealth apps
among a large community of more than 20,000 people with a
balanced age distribution in southeastern China. We used an
offline questionnaire to survey 400 participants from October
2019 to November 2019 before the COVID-19 outbreak and
200 participants from June 2020 to August 2020 after the
outbreak. A total of 553 (553/600, 92.2%) participants
completed the survey: 375 (375/400, 93.8%) before the outbreak
and 178 (178/200, 89.0%) after the outbreak. A predesigned,
structured questionnaire was provided to potential participants
in the waiting areas of the medical examination center in this
community. The questionnaire was designed to collect
information on participants’ attention to health information,
various aspects of mHealth technology usage, willingness to
consume mHealth technology, and health status and
demographic characteristics. Trained research assistants who
were fluent in Chinese administered the questionnaire and
provided verbal instructions about how to complete them.

Ethical Considerations
Before taking the survey, informed consent was obtained from
each participant. This study was approved by the Biomedical
Research Ethics Committee of Fujian Medical University (2018
number 11). All procedures were performed using the relevant
guidelines and regulations.

Data Analysis
A descriptive analysis was conducted for mHealth app
characteristics, developers, permission, functions, and user
experiences in China. Data are presented using frequencies and
percentages, bar charts, statistical maps, Venn diagrams, and
heat maps. Continuous variables are presented as the mean and

SD or the median and IQR, while categorical variables are
presented as the frequency and percentage. Mann-Whitney U
tests or chi-square tests were used to assess differences among
variables.

We also compared the post and prepandemic app downloads of
each category using paired t tests. To account for multiple
comparisons, we calculated a Bonferroni-corrected P value

criterion of .05/28. Therefore, P<1.79x10-3 was considered
statistically significant.

Quantile regression (QR) models were used to explore the
relationship between modeling covariates and quartiles of the
outcome variable of interest [25]. Because of the wide range
and non-normal distribution of download changes, we used QR
models to examine associations between app characteristics,
functions, and outcomes at specific quantiles of distribution in
download changes. This analysis does not make assumptions
about the residual distribution and is more robust to outliers in
the outcome [26]. Unlike an ordinary linear regression model,
which models the mean of only 1 dependent variable, QR
examines the effect of covariates at different points of the
conditional distribution of the response variable and gives more
comprehensive results. QR models provided a more detailed
view of associations of app characteristics, functions, and
outcomes with download changes. We obtained estimates and
plotted them at the following quantiles: 10th, 25th, 50th
(median), 75th, and 90th. In the QR analysis, significance was
assessed at the 10% level.

All analyses were prespecified and performed using SPSS 25.0
(IBM Corp; Armonk, NY) and Stata version 13 (StataCorp;
College Station, TX).

Results

App Characteristics
A total of 1593 mHealth apps were included in the analysis (see
Figure 1). During the COVID-19 pandemic, various app
downloads showed an overall upward trend (change in median:
61,561), and approximately 10% (182/1593, 11.4%) of the apps
had functions or content added for COVID-19 (see Table 1).
Figures 2 and 3 show the target users and geographic distribution
of the apps. Target users included healthy people (921/1593,
57.8%), patients (513/1593, 32.2%), and health care
professionals (393/1593, 24.7%). The geographical distribution
of mHealth app developers included in the study was
concentrated in megacities (ie, Beijing, Shanghai, Guangzhou)
and southeast China (coastal areas with a developed economy;
see Figure 3). Additional permission requests were found in
app markets (see Table S3 in Multimedia Appendix 1).
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Figure 1. Flow diagram of app selection.
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Table 1. Characteristics and developers of mobile health (mHealth) apps available on the Chinese market (1593 apps and 1196 developers).

ResultsCharacteristics

Basic information

37.26 (75.46)Size of app (MB), mean (SD)

24.90 (13.50-39.88)Size of app (MB), median (IQR)

Download price, n (%)

1530 (96.0)Free download

63 (4.0)Paid

1444 (90.6)If download is free, in-app purchase available, n (%)

175 (11.0)In-app advertisement, n (%)

Target users, n (%)

72 (4.5)Medical researchers

100 (6.3)Medical personnel

513 (32.2)Patients

921 (57.8)Healthy people

101 (6.3)Has a membership system, n (%)

292 (18.3)Connects to smart devices, n (%)

6.99 (2.33)User rating score, mean (SD)

7.00 (6.00-9.20)User rating score, median (IQR)

Total downloads (x103)

8967.33 (118,905.97)Prepandemic, mean (SD)

44.09 (1.47-787.00)Prepandemic, median (IQR)

17,342.13 (275,177.12)Postpandemic, mean (SD)

223.12 (10.93-2252.00)Postpandemic, median (IQR)

2.72 (2.25)Number of functions, mean (SD)

2 (1-4)Number of functions, median (IQR)

182 (11.4)Added functions or content for the pandemic, n (%)

Type of function or content added for the pandemic, n (%)

105 (6.6)Pandemic consultation

108 (6.8)Pandemic prevention knowledge

9 (0.6)Pandemic dynamics

App developers

267.66 (812.75)Transaction amount (¥; x106)a, mean (SD)

50.00 (20.50-150.00)Transaction amount (¥; x106)a, median (IQR)

188.10 (204.15)Registered capital (¥; x106)a, mean (SD)

937.50 (166.00-210.53)Registered capital (¥; x106)a, median (IQR)

262 (3016)Number of staff, mean (SD)

17 (2-62)Number of staff, median (IQR)

Operating status, n (%)

482 (30.3)In business

697 (43.8)Remainder enterprise

15 (1.0)Closed down

aA currency exchange rate of ¥1=US $0.15 is applicable.
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Figure 2. Sankey diagram of flow direction in apps. The width of the colored boxes and their connecting gray bands are directly proportional to the
frequency of apps from every data source (left side) and flow quantities of these apps to the attributable user communities (right side). Hcps: health care
professionals.
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Figure 3. (A) Geographical distribution and (B) distribution of the time of establishment of mobile health (mHealth) app developers in China. There
is another developer in Canada.

Of the 1593 mHealth apps, 1285 (80.7%) apps had full
functionality available to conduct the app trial, including apps
for health management (1248/1593, 78.3%) and apps for medical
support (697/1593, 43.8%). The frequency of each function
available in Chinese mHealth apps is shown in Figure 4. Figure

5 shows the associations between the 5 app classifications, with
the circles scaled to the number of apps in each app
classification. The rating concepts for these 5 different
classifications in app trials are available in Table S4 in
Multimedia Appendix 1 [27].
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Figure 4. For each classification of mobile health (mHealth) apps in China: (A) frequency of app functions for 5 classifications; (B) ranking of the
frequency of app functions is displayed on a color scale ranging from green (lowest charge rates) to orange, yellow, and red (highest charge rates).
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Figure 5. Venn diagrams illustrating the associations between app classifications: (A) user communities, (B) mobile health service function, (C) content
or services provided by apps, (D) tertiary prevention, and (E) service time provided by apps.

Comparison of Download Changes in Apps With
Different Functions Between Pre and Postpandemic
Overall upward trends in app downloads during the pandemic
were driven by some key app functions (see Figures 6 and 7).
Rehabilitation (prepandemic median 1,437,500; postpandemic
median 2,741,890; P<.001) and pregnancy preparation
(prepandemic median 480,520; postpandemic median 1,982,490;
P<.001) were the most often used functions, with statistically
significant differences between pre and postpandemic. The 9
most important drivers for increasing downloads were divided
into 2 categories. Three functions related to children and
maternal health were observed: women's health (fold change
5.16), pregnancy (fold change 5.78), and parenting (fold change
4.03). Increased downloads of these apps (women’s health,
P<.001; pregnancy, P<.001; parenting, P<.001) were also
observed between pre and postpandemic. The other 6 most
popular functions regarding treatment needs and maintenance
were treatment (fold change 5.31), plastic surgery (fold change
8.77), drug use (fold change 5.92), patient information
management (fold change 5.06), nutrition (fold change 8.79),

and Chinese medicine (fold change 10.04). Vaccination, which
was most relevant to COVID-19, saw a large spike in download
rates, with an increase of 6.26 times (absolute change in mean:
7,233,800) postpandemic compared with prepandemic.

The 6 functions that decreased in ranking the most in the
postpandemic period were health education, genetic screening,
medical service purchases, drug purchases, inquiries, and
physiological testing via mobile phone; 4 additional functions
that declined after the COVID-19 outbreak included medical
examination, medical community, patient management, and
disease management. Bodybuilding, which was closely related
to outdoor activities, also declined in ranking, with an increase
of only 2.71 times prepandemic rates, but its absolute change
in mean was 28,247,800. All these functions with declining
rankings were growing, albeit at lower speeds relative to
high-ranking functions. For example, the increase in drug
purchases was 2.05 times (absolute change in mean: 7,388,400)
the prepandemic rate, and patient management downloads were
4.98 times (absolute change in mean: 3,039,900) the
prepandemic rate.
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Figure 6. The number of occurrences of each function (ie, function frequency) in the 1593 mobile health (mHealth) apps with multiple functions in
China.

Figure 7. Leading functions of mobile health (mHealth) apps in the pre and postpandemic periods in China, connected by lines between the periods
to show increased (solid line) or decreased (dashed line) ranking, while bold number indicate significant changes between the periods as determined

using paired t tests with Bonferroni-corrected P values <1.79x10-3. Fold change in median of the number of app downloads=(Medpost-Medpre)/Medpre.
Absolute change in mean of the number of app downloads=∑(npost-npre)/n.
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Relationship Between App Characteristics and
Download Changes
Based on the QR analysis, a positive effect for adding
COVID-19 function and content on apps (P10: P=.001; P50:
P=.01; P75: P=.009; P90: P=.01) was observed across download

changes in most quantiles, with the largest effect at the 90th
quantile (see Table 2, Figure 8, and Multimedia Appendix 2).
Positive effects of the size of apps on download changes were
also observed at high quantiles (P75: P=.03; P90: P=.002). Other
characteristics of the QR are shown in Table 2.

Table 2. Quantile regression coefficients of app characteristics for changes in downloads.

QuantilesApp characteristics

0.900.750.500.250.10

Operating status

–20.304 (–120.276
to 79.669)

–4.951 (–28.311 to
18.409)

0.809 (–2.786 to
4.404)

–0.0428 (–0.500 to
0.414)

0.000142 (–0.151 to
0.151)

Coefficient (x104; 95% CI)

.69.68.66.85>.99P valuea

Size of app

16.728 (6.124 to
27.332)

3.173 (0.239 to
6.108)

0.256 (–0.041 to
0.554)

0.0102 (–0.018 to
0.038)

0.0000367 (–0.005
to 0.005)

Coefficient (x104; 95% CI)

.002.03.09.45.99P valuea

In-app advertisement

2840.221 (–213.048
to 5898.490)

648.489 (–267.967
to 1564.944)

101.809 (15.949 to
187.668)

1.072 (–11.297 to
13.441)

–0.0857 (–0.321 to
0.150)

Coefficient (x104; 95% CI)

.07.17.02.87.48P valuea

Number of functions

–143.767 (–321.698
to 34.165)

–31.571 (–69.032 to
5.889)

–3.501 (–9.198 to
2.196)

–0.691 (–1.340 to
–0.041)

–0.0504 (–0.252 to
0.151)

Coefficient (x104; 95% CI)

.11.098.23.04.62P valuea

Prevention classification

66.478 (–22.249 to
155.205)

7.928 (–10.998 to
26.855)

1.675 (–0.448 to
3.798)

0.0593 (–0.147 to
0.265)

0.0258 (–0.019 to
0.071)

Coefficient (x104; 95% CI)

.14.41.12.57.26P valuea

Connect to smart devices

34.596 (–256.520 to
325.712)

5.069 (–51.167 to
61.305)

–1.576 (–6.213 to
3.062)

0.166 (–0.323 to
0.655)

0.337 (0.008 to
0.665)

Coefficient (x104; 95% CI)

.82.86.51.51.045P valuea

Added functions or contents for pandemic

1517.683 (352.991
to 2682.376)

529.365 (132.535 to
926.194)

46.627 (9.800 to
83.453)

1.788 (–3.121 to
6.698)

0.450 (0.190 to
0.710)

Coefficient (x104; 95% CI)

.01.009.01.48.001P valuea

aSignificance was assessed at the 10% level.
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Figure 8. Statistically significant differential effects of app characteristics by quantile: (A) app size, (B) in-app advertisement, (C) number of functions,
(D) functions or content added for the pandemic, (E) Internet of Things.

Relationship Between App Functions and Download
Changes
We found that 4 of 28 functions, including rehabilitation (P75:
P=.003; P90: P=.02), pregnancy preparation (P90: P=.09),
bodybuilding (P50: P=.07; P90: P=.08), and vaccination (P75:
P=.06), were positively associated with download changes,

mainly in the higher quantiles (see Table 3, Figure 9, and
Multimedia Appendix 3). Health education (P75: P=.09; P90:
P=.09), drug use (P90: P=.08), cultivation of lifestyle (P25:
P=.02; P50: P=.06; P75: P=.07), men’s health (P90: P=.07), and
disease management (P75: P=.03) had negative correlations with
download changes. Other functions in the QR are shown in
Table S5 in Multimedia Appendix 1.
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Table 3. Quantile regression coefficients of app functions for changes in downloads.

QuantilesApp functions

0.900.750.500.250.10

Health education

–108.990 (–234.145
to 16.166)

–21.668 (–46.305 to
2.969)

–1.036 (–4.364 to
2.293)

0.0292 (–0.308 to
0.367)

0.0002 (–0.0687 to
0.0691)

Coefficient (x104; 95% CI)

.09.09.54.87>.99P valuea

Drug use

–207.444 (–436.652
to 21.764)

–26.942 (–103.928
to 50.045)

–3.450 (–11.716 to
4.816)

0.133 (–0.866 to
1.132)

0.0739 (–0.388 to
0.536)

Coefficient (x104; 95% CI)

.08.49.41.79.75P valuea

Rehabilitation

1132.3840 (172.086
to 2092.682)

470.025 (160.786 to
779.265)

26.345 (–10.549 to
63.239)

1.624 (–0.807 to
4.055)

0.0992 (–0.218 to
0.417)

Coefficient (x104; 95% CI)

.02.003.16.19.54P valuea

Bodybuilding

376.090 (–49.408 to
801.587)

41.692 (–39.050 to
122.433)

7.194 (–0.472 to
14.861)

0.0219 (–0.375 to
0.419)

0.0004 (–0.0324 to
0.0332)

Coefficient (x104; 95% CI)

.08.31.07.91.98P valuea

Men's health

–415.092 (–869.710
to 39.527)

–65.017 (–242.440
to 112.407)

–11.928 (–45.420 to
21.565)

–1.497 (–5.075 to
2.081)

–0.0047 (–0.0324 to
0.0332)

Coefficient (x104; 95% CI)

.07.47.49.41>.99P valuea

Pregnancy preparation

3257.672 (–446.489
to 6961.834)

226.703 (–248.826
to 702.233)

16.135 (–26.886 to
59.157)

3.037 (–1.692 to
7.765)

0.1684 (–1.938 to
2.275)

Coefficient (x104; 95% CI)

.09.35.46.21.88P valuea

Cultivation of lifestyle

–166.124 (–461.988
to 129.740)

–39.345 (–81.525 to
2.834)

–4.078 (–8.238 to
0.083)

–0.445 (–0.803 to
–0.0872)

8.35b (–0.0418 to
0.0418)

Coefficient (x104; 95% CI)

.27.07.06.02>.99P valuea

Vaccination

566.790 (–5041.161
to 6174.740)

410.179 (–18.195 to
838.553)

44.707 (–139.634 to
229.048)

7.758 (–18.734 to
34.251)

0.0046 (–5.995 to
6.004)

Coefficient (x104; 95% CI)

.84.06.63.57>.99P valuea

Disease management

–95.521 (–237.203
to 46.161)

–37.508 (–71.617 to
–3.398)

–4.011 (–9.643 to
1.622)

–0.102 (–0.856 to
0.652)

0.0418 (–0.377 to
0.460)

Coefficient (x104; 95% CI)

.19.03.16.79.85P valuea

aSignificance was assessed at the 10% level.
b10-17.
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Figure 9. Statistically significant differential effects of app functions by quantile: (A) health education, (B) drug use, (C) rehabilitation, (D) bodybuilding,
(E) men’s health, (F) pregnancy preparation, (G) cultivation of lifestyle, (H) vaccination, (I) disease management.

User Experience
No significant difference was found in the sex (P=.41) or mean
age (P=.52) of the participants. The attention given to health
information (prepandemic: 249/375, 66.4%; postpandemic:
146/178, 82.0%; P=.006) and the percentage of people owning
smartphones (prepandemic: 186/375, 49.7%; postpandemic:
108/178, 60.7%; P=.02) steadily increased after the outbreak

(see Table 4). The vast majority of individuals (prepandemic:
129/141, 92.1%; postpandemic: 89/90, 98.9%) used social
networks (eg, WeChat) to obtain health information online.
Furthermore, the ratio of internet hospital use rose dramatically
(prepandemic: 6/375, 1.6%; post-pandemic: 23/178, 12.9%;
P<.001). Other characteristics of the user experience analysis
are shown in Table 4.
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Table 4. Population use of mobile health (mHealth) apps in the pre and postpandemic periods.

P valueAfter the outbreak (n=178)Before the outbreak (n=375)Characteristics

.5270 (66-75)70 (66-74)Age (years), median (IQR)

—a70.85 (7.680)70.46 (6.329)Age (years), mean (SD)

.41Sex, n (%)

85 (48.0)166 (44.3)Male

92 (52.0)209 (55.7)Female

.006Attention to health information, n (%)

 32 (18.0)125 (33.3)Never

 75 (42.1)131 (34.9)Sometimes

 57 (32.0) 73 (19.5)Often

 14 ( 7.9) 45 (12.0)Always

.02108 (60.7)186 (49.7)The ability to use electronic products (mobile phone, tablet, computer), n (%)

<.001104 (58.4)108 (28.8)Getting health information offline in the past 6 months, n (%)

.004 90 (50.6)141 (37.6)Getting health information through the internet in the past 6 months, n (%)

Ways to obtain health information, n (%)

.00889 (98.8)129 (92.1)Social network (eg, WeChat, QQ)

.6319 (22.6)36 (25.9)Portal web

.712 ( 2.5)6 ( 4.3)mHealth apps

.8722 (26.5)36 (25.5)Search engine

<.00123 (12.9)6 ( 1.6)Internet hospitals

.70Consuming intention for internet health information per month (¥b), n (%)

150 (84.3)316 (84.3)0

5 (2.8)10 (2.7)1-10

9 (5.1)19 (5.1)11-50

0 (0)3 (0.8)51-100

1 (0.6)2 (0.5)101-200

0 (0)1 (0.3)201-500

0 (0)0 (0)>500

.45The actual cost for internet health information last month (¥b), n (%)

164 (92.1)348 (92.8)0

2 (1.1)0 (0)1-10

2 (1.1)0 (0)11-50

0 (0)1 (0.3)51-100

0 (0)1 (0.3)101-200

0 (0)1 (0.3)201-500

0 (0)1 (0.3)>500

.67Intention to avoid some unhealthy behaviors after obtaining health information from the internet, n (%)

0 (0) 15 (4.0)Never

16 (9.0) 12 (3.2)Sometimes

47 (26.4) 65 (17.3)Often

9 (5.0) 25 (6.7)Always

aAge was not normally distributed, so differences in the median value were assessed using a nonparametric test.
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bA currency exchange rate of ¥1=US $0.15 is applicable.

Discussion

Principal Findings
Our study demonstrates that the usage and population utilization
of mHealth applications increased after the COVID-19 outbreak.
As a powerful tool for providing health care services, functions
closely related to the pandemic, including rehabilitation,
treatment, drug use, and vaccination, were positively associated
with changes in app downloads. The high growth of app use
related to maternal and child health, including pregnancy
preparation and women’s health, shows the potentially increased
desire for family among the Chinese population in the
postpandemic era. Moreover, the user experience and high use
of health management apps also reflect great attention to
self-care. Overall, mHealth apps assist with health improvement
against the background of normalized pandemic control and
may improve fertility.

COVID-19–Related Apps
The usage of COVID-19 pandemic-related apps, such as
vaccination, increased in rank. Furthermore, adding
pandemic-related functions positively correlated with increased
downloads. The likely reason behind this rise was that apps
inherently related to the pandemic can easily capture the
attention of the public as a means of obtaining information.
Some apps with larger user groups may also add COVID-19
modules to respond to normalized pandemic prevention and
control policies [14].

Medical Support Apps
Unprecedented large-scale quarantine measures and shortages
of medical resources have made telemedicine care an important
and real demand during the pandemic [28]. In our research,
rehabilitation, including apps for long-term care or chronic
disease management, was the most widely used function before
and after the outbreak, overcoming the interruption of personal
health care services caused by COVID-19. mHealth apps are
used for many rehabilitation purposes [25]. One study showed
that effective rehabilitation apps helped patients increase their
health and happiness index during the pandemic period [29].
Furthermore, the use of mHealth apps can help improve
adherence to treatment [30]. Use of apps with functions for
rehabilitation, treatment, and drug use increased significantly
after the outbreak, providing stable medical services to reduce
the negative impact of home isolation. China’s emerging internet
model provides the basis for remote pharmacy services [31],
assisting patients who cannot always go to the pharmacy. At
the same time, personalized medical plans are also an important
part of precision medicine [32]. The city of Taizhou, China,
had a successful experience using telemedicine to prevent and
treat COVID-19 [33]. Consequently, mHealth apps are an
effective medical tool in the context of COVID-19.

Health Management Apps
Most apps were designed for health management by all people,
mainly focusing on bodybuilding and nutrition. In our research,
app flow and user experience surveys both showed that the

rankings of most functions related to health management were
rising, which reflects great attention to self-care postpandemic.

It is interesting that there was increased use of maternal and
child health apps, including pregnancy preparation, women’s
health, pregnancy, and parenting, after the outbreak, showing
potentially increased desire for fertility among the Chinese
population.

One study concluded that the pandemic is affecting people’s
desire to become parents, which was consistent with our results
[34]. Another previous study conducted a cross-sectional survey
of 285 apps to analyze the current situation of maternity apps
in Italy, finding that high-quality, targeted, and effective apps
for pregnancy and postnatal health care had relevant implications
in terms of maternal and newborn health prevention and
promotion [35]. mHealth apps have the potential to be used
extensively in improving maternal well-being [36]. The high
growth of maternal and child health-related apps such as
pregnancy preparation and women's health in our study
coincides with this. Before the pandemic, the progression of
population aging, decline of women in the childbearing period,
and increase in high-risk pregnancies had led to the continuous
decline in China’s fertility rate [21]. Women have suffered
significant reproductive health disruption since the beginning
of the COVID-19 pandemic [37,38], which may have aggravated
the decline in fertility [39]. However, with long-term home
isolation and 2-child and 3-child policies proposed by the
government, people are giving more attention to family matters,
including pregnancy preparation and raising children, which
may slow the decline in fertility to a certain extent. Therefore,
maternal and child health apps can effectively assist health
management and fill the vacancy of in-person perinatal health
care services [40], despite interrupted pregnancy checkups [39].
It has been suggested that a model of health management
combined with continuous care using the WeChat platform can
significantly improve patients’ postoperative medication
compliance and quality of life by requiring them to complete
their rehabilitation tasks in the WeChat group, which is worth
applying and promoting [41]. In China, pregnant women are
accustomed to using WeChat groups recommended by hospitals
to discuss pregnancy health information and may promote apps
in it, which may be a way to increase app usage.

For bodybuilding apps, this function had positive changes in
downloads during the COVID-19 pandemic. One study found
that the keyword “mHealth” was closely associated with
“physical activity” and “ehealth” in the last 2 decades of
research on digital health behavior change technologies [42].
Closed gyms and restricted outdoor activities during the
pandemic reduced physical activity levels; however, the use of
physical activity apps may counteract the decline in exercise
[43].

Many kinds of apps attempted to provide health education,
which was the most widely available function in our study.
Although this function declined during the pandemic and had
negative changes in downloads, the population’s attention to
health information increased. The probable cause behind this
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phenomenon is that new media platforms in China, such as
WeChat and Weibo, have been vigorously promoted as
important means for pandemic-related health information
dissemination, which may decrease interest in acquiring apps
when the information is readily available on these platforms.
The high levels of knowledge of the Chinese public about
COVID-19 prevention mainly comes from WeChat [44]. This
is consistent with the results of our study that people use WeChat
most often to obtain health information.

The COVID-19 pandemic has caused health anxiety at the
population level. Digital intervention by mHealth apps is suitable
for alleviating such sociopsychological consequences [45].
However, it may be because of the vigorous development of
the psychological counseling hotline project in China during
the pandemic that mental health apps were not of great concern.
Furthermore, a study that conducted a systematic assessment
of self-guided cognitive behavioral therapy (CBT)–based apps
concluded that only a few self-guided CBT-based apps offer
comprehensive CBT programs or suicide risk management
resources, which may also be one of the reasons for not getting
much attention [46].

Willingness to Use mHealth Apps
Consistent with the report of the rapid increase in older adult
internet users during the COVID-19 pandemic in China, we
found that people over 50 years old paid more attention to
mHealth apps after the outbreak [47-50]. In conjunction with
the increased interest of older adults in the mHealth space, the
results of a previous study suggested that person-centered
mHealth apps can be used to create mHealth solutions with
positive outcomes for older adults [51]. Coupled with the higher
probability of chronic diseases or other conditions, older
individuals should be a primary and adaptable group for mHealth
apps [52]. However, the digital divide makes optimizing
mHealth apps among older individuals difficult [53]. The
Chinese people strongly support public health measures
proposed due to COVID-19, which makes it possible to develop
the ability to use smart devices, reduce the digital divide, and
provide QR codes for pass certificates [54]. It is worth noting
that a larger software file size was positively associated with
download changes, indicating that excessive software size has
little effect on the willingness to use the software. Having the
right function is what users are most concerned about, and the
causal relationship needs to be further studied [55].

Limitations
Our study should be considered in the context of important
limitations. First, this study excluded apps that were used
internally by medical staff because we could not log in as an
internal account holder; this dilutes the results of mHealth apps
designed for health care professionals. However, our research
focused on apps for patients and healthy people rather than
internal apps. Future work will be conducted with apps used
internally in medical care. Second, the absence of newly
emerging apps made it impossible to provide an overview of
the mHealth market after the COVID-19 outbreak. Therefore,
we compared the changes in downloads during the pre and
postpandemic periods to explore the relationship between
various types of apps and the pandemic. Third, as a

semilongitudinal survey, this study measured exposure and
outcome, and it was difficult to derive causal relationships from
the analysis; thus, we only made assumptions based on the status
quo.

Strengths
The study has practical implications and applications. This study
is the first to investigate the relationship between COVID-19
and population-level utilization of mHealth apps through a
semilongitudinal study of app markets’ data and a field
questionnaire, combined with the results of both the web-based
survey and the population user experience survey. As China is
one of the few countries to adopt more active public health
prevention and control measures, this study, which involves a
multilevel and broad research scope, can provide strong data
support for future comparative studies between different
countries and regions. In the user experience survey, we
explored the changing attitudes of the population toward digital
health technology, suggesting that there is a good development
environment for mHealth apps in the postpandemic era. This
study, with consistent definitions of variables and processes,
allowed the investigators to consistently classify mHealth apps
and ensure data integrity, underpinning its strength. Our research
clarified the relationship between various types of apps and
usage changes by conducting investigations in the pre and
postpandemic periods. We believe our results provide a good
reference for the subsequent development of future mHealth
apps. In addition to the increasing number of COVID-19–related
apps prompted by pandemic policies, app developers should be
aware that maternal, child, and self-care management are app
functions about which the population is concerned.

Perspective
mHealth apps utilize information and telecommunications
technology to transfer medical information for diagnosis,
therapy, and education and played a significant role following
the COVID-19 outbreak. The pandemic made people aware of
the value of mHealth in promoting universal health coverage,
which promotes stronger management of self-care. Against the
backdrop of an increased desire to raise a family among the
Chinese population in the postpandemic era, maternal and child
health apps, as a health education tool, promote a healthy
lifestyle for women’s self-management in the antenatal and
postpartum periods. Further research is needed to understand
the users’ requirements for these apps, which will influence
their adoption. The explicit design of apps is another potential
factor that can facilitate or hinder user engagement and requires
further investigation.

Conclusion
mHealth apps are an effective approach to providing health care
in the context of COVID-19. This study clarifies the increasing
usage of different apps during the pre and postpandemic periods,
showing greater attention to self-care and the Chinese
population’s increasing desire to raise a family. Moreover, our
research provides direction for subsequent mHealth app
development and promotion in the postepidemic era, supporting
medical model reformation in China as a reference. This may
provide new avenues for designing and evaluating indirect
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public health interventions such as health education and health
promotion. Further research is needed to investigate the
functions in each kind of app, which will contribute to the

personalized development and specific improvement measures
of mHealth apps as a health promotion strategy.
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Abstract

Background: While many studies evaluated the reliability of digital mobility metrics as a proxy of SARS-CoV-2 transmission
potential, none examined the relationship between dining-out behavior and the superspreading potential of COVID-19.

Objective: We employed the mobility proxy of dining out in eateries to examine this association in Hong Kong with COVID-19
outbreaks highly characterized by superspreading events.

Methods: We retrieved the illness onset date and contact-tracing history of all laboratory-confirmed cases of COVID-19 from
February 16, 2020, to April 30, 2021. We estimated the time-varying reproduction number (Rt) and dispersion parameter (k), a
measure of superspreading potential, and related them to the mobility proxy of dining out in eateries. We compared the relative
contribution to the superspreading potential with other common proxies derived by Google LLC and Apple Inc.

Results: A total of 6391 clusters involving 8375 cases were used in the estimation. A high correlation between dining-out
mobility and superspreading potential was observed. Compared to other mobility proxies derived by Google and Apple, the
mobility of dining-out behavior explained the highest variability of k (ΔR-sq=9.7%, 95% credible interval: 5.7% to 13.2%) and
Rt (ΔR-sq=15.7%, 95% credible interval: 13.6% to 17.7%).

Conclusions: We demonstrated that there was a strong link between dining-out behaviors and the superspreading potential of
COVID-19. The methodological innovation suggests a further development using digital mobility proxies of dining-out patterns
to generate early warnings of superspreading events.

(JMIR Public Health Surveill 2023;9:e44251)   doi:10.2196/44251

KEYWORDS

COVID-19; contact tracing; unlinked; superspreading; dispersion; public health; surveillance; digital health surveillance; digital
surveillance; disease spread

Introduction

The COVID-19 pandemic has caused nearly 300 million
confirmed cases and over 5 million attributable deaths
worldwide during 2020-2021. As human mobility is a key driver

of SARS-CoV-2 transmission [1], nonpharmaceutical
interventions (NPI) aimed at reducing human movements and
contacts, including travel restrictions, case detection, isolation,
quarantine of close contacts, and social distancing, have been
effective in flattening incidence curves and protecting the health
care system from being overwhelmed [2]. Of the human
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activities, indoor dining at eateries exposes people to a high
SARS-CoV-2 infection risk, especially since mask mandate
does not apply in those occasions. Several investigations have
shown that permitting on-premises dining was associated with
increased risk of COVID-19 infections [3,4].

In the current pandemic, digital data encoding human mobility
information have been highly leveraged for purposes of
assessing risk of infectious disease transmission, quantifying
the effectiveness and compliance of NPI, and enabling early
detection early detection of cases to prompt timely interventions.
To facilitate the control of the COVID-19 pandemic, several
multinational companies with GPS-related services released
their mobility data, such as the community mobility reports
from Google LLC [5], mobility trends report from Apple Inc
[6], and the COVID-19 mobility data network from Meta Data
for Good program [7]. There are some more fine-grained digital
proxies applied to construct the COVID-19 mobility networks,
which entailed hourly movements to specific points of interest,
including restaurants [8,9].

As a densely populated metropolitan, Hong Kong was vulnerable
to considerable COVID-19 outbreak risk and has kept
community transmissions at a containable level through case
detection and isolation, intense contact tracing, and quarantine
in the early phases of the pandemic [10,11]. However, the
superspreading events (SSE), where a large number of secondary
cases were generated by a few primary cases, presented
challenges for the effectiveness of these measures. Previous
studies indicated that approximately 20% of cases seeded 80%
of all local transmissions in the first and second wave of
COVID-19 epidemics [12,13]. Similar observations were also
reported in other Asia-Pacific settings such as South Korea [14].
The government has rolled out different levels of measures to
prevent transmissions by restricting capacity, limiting the
number of diners per table, and shortening the dine-in hours.
Eateries were found to be settings where major clusters with
SSE occurred, even though corresponding restriction measures
such as social distancing and limited dine-in hours were in place
[15,16].

Many studies assessed the reliability of different digital mobility
metrics as a proxy of the SARS-CoV-2 transmission [17-21].
For example, Kurita et al [19] demonstrated that Apple mobility
data were useful for the short-term prediction of COVID-19
transmissibility. Nevertheless, to our knowledge, none have
examined the relationship between the trend of dining-out
behaviors and the superspreading potential of COVID-19. A
good understanding of the relationship is essential for informing
and evaluating the effectiveness of NPI. In this work, we aim
to examine the association between the trend of dining-out
behaviors and disease transmissibility in Hong Kong, a setting
with COVID-19 outbreaks characterized by SSE.

Methods

Epidemiological Data
Surveillance data on local COVID-19 cases were provided by
the Centre for Health Protection, Department of Health of the
Government of the Hong Kong Special Administrative Region.

All COVID-19 infections were confirmed by testing with
polymerase chain reaction. We retrieved the illness onset date
and contact-tracing history of the confirmed cases. Based on
the contact history, we reconstructed the transmission clusters,
defined as a number of cases with the same source of infection
(ie, a primary case) or epidemiologically linked [22]. Cases
without source cases that did not have epidemiological linkage
with other confirmed cases were defined as sporadic cases (ie,
cases with untraceable contacts). A sporadic case was considered
as a cluster equal to one. The study period was from February
16, 2020, to April 30, 2021, when the third wave of
transmissions was brought under control.

Digital Mobility Proxy of Dining-Out Patterns
A web crawler was developed to retrieve user comments from
OpenRice, the most commonly used restaurant catalog for
people to search and provide feedback in Hong Kong. The
website covers restaurant information and user comments for
more than 28,000 eateries and is open for public access without
a log-in requirement. We obtained the daily total number of
comments as a proxy of dining out in eateries from February
16, 2020, to April 30, 2021. The daily counts were normalized
using the baseline means of total comments between November
1 and December 31, 2018.

Other Digital Mobility Proxies
We obtained anonymized and aggregated human mobility data
released by Google and Apple during the COVID-19 pandemic
by locations and transport modes [5,6]. The Google COVID-19
community mobility reports included the daily change of visitor
numbers to 6 locations (ie, retail and recreation, grocery and
pharmacy, parks, transit stations, workplaces, and residential)
compared to the median value in baseline days (from January
3, 2020, to February 6, 2020). The commuting information was
collected through GPS linked with the Google Maps app.
Similarly, mobility data from Apple mobility trends were also
obtained, which reports on the daily ratio of trip numbers to the
baseline (January 13, 2020). The data sets were generated from
users’ devices connected to the Apple Maps service for
directions and were categorized by driving and walking.

Estimation of the Time-Varying Reproduction Number
Following Cori et al [23], we estimated the time-varying
reproduction number (Rt) over the study period. In this approach,
the daily number of cases by illness onset date was modeled
through a branching process, where the incidence at time t (ie,

It) is Poisson distributed with the mean given by , where ωs

is the discretized probability distribution of the serial interval.
Epidemiologically, a serial interval approximated the
infectiousness of a COVID-19 case at time s after the symptom
onset. We assumed the mean and SD of the serial interval during
the study period to be 6.5 and 4.1 days, respectively, based on
a previous study conducted in Hong Kong [24]. As the empirical
serial interval estimates may be biased due to the sampling and
selection bias within the contact-tracing data collected during
an ongoing epidemic [25], we also tested another assumption
of serial interval distribution (mean 4.6, SD 4.9 days) estimated
from a modeling study that corrected for such bias [26] as a
sensitivity analysis. We only considered cases that acquired the
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infection locally in the estimation. The Rt was estimated by
fitting the time-series data to the Poisson distributions in a
sliding window process, assuming the Rt remained constant
within each window.

Estimation of Superspreading Potential
Given the stochastic effect of transmissions, the transmission
dynamics can be described by an offspring distribution (ie, the
distribution of the number of secondary cases generated by the
primary case). Following Lloyd et al [27], we assumed a
negative-binomial offspring distribution, which was
parametrized by a reproduction number and a dispersion
parameter (k). When k is sufficiently low (ie, less than 1), SSE
are more likely to occur. Applying the branching process theory,
k could be estimated by fitting the transmission cluster data to
a cluster size distribution [28], which describes the probability
of clusters with a size of z seeded by u primary cases. We only
included transmission clusters that were initiated by local cases.
For an ongoing epidemic, the clusters’ sizes are likely to grow
after the time of estimation. To this end, we also considered
right censoring in the cluster size distributions [22,28,29]. Thus,
the likelihood function is:

Here, Pr(.) is the probability mass function of the cluster size
distribution assuming a negative binomial offspring distribution
following previous studies [22]. The term c is an indicator of
censoring, where c=0 if the cluster is censored and c=1 if the
cluster is considered as self-limited. A cluster is censored if it
has new confirmed cases within 11 days before the day of
estimation [22]. We determined the time-varying k during the
study period in a sliding window process.

The window length was fixed at 30 days, which could cover 4
transmission generations based on the upper bound of the
estimated generation interval of COVID-19 [30]. Within each
window period, we estimated k using the Markov chain Monte
Carlo method. Gamma distribution and half-normal distribution
were used as prior distributions for Rt and k, respectively. For
each Markov chain Monte Carlo chain, we obtained 10,000
thinned posterior samples from 500,000 iterations.

Associations Between Mobility Proxies and
Transmission Dynamics
Time series of the mobility proxies were smoothed by a 7-day
rolling average. The Pearson correlation coefficients (r) between
the mobility proxies and Rt, and between the mobility proxies
and k, were computed, respectively. The R-square was
determined to quantify the proportion of variance explained by
a mobility proxy using linear regression. A full regression model
was built including all the mobility proxies. Rt and k were
log-transformed and negative log-transformed in the regression
models, respectively. To quantify the relative contribution of a
specific mobility proxy in predicting the Rt or k, we determined
the difference in R-squares (ΔR-sq) between a full model and
the model without the proxy [31]. We calculated the means and
95% credible intervals (CrIs) for the estimates by sampling
10,000 times from the posterior distributions of the estimates;

3 and 7 days of lags were tested to examine the lag effects of
mobility on the outcomes of disease transmissibility ensuring
the robustness of the study findings.

The analysis was conducted in R statistical software (version
4.0.3; The R Foundation). The programming code is available
upon request.

Ethics Approval
Ethics approval was obtained from the Survey and Behavioral
Research Ethics Committee, The Chinese University of Hong
Kong (SBRE-20-581). Because this study was a modeling
analysis using secondary data with no personal information, the
requirement for obtaining informed consent was waived.

Results

The relationship between and among social distancing policies,
disease transmission dynamics, and the mobility proxies from
February 16, 2020, to April 30, 2021, is illustrated in Figure 1
and Figure 2. The estimated Rt decreased from 1.94 (95% CrI
1.63 to 2.29) to 0.17 (95% CrI 0.07 to 0.34), from 2.88 (95%
CrI 2.59 to 3.20) to 0.59 (95% CrI 0.55 to 0.63), and from 1.63
(95% CrI 1.29 to 2.01) to 0.72 (95% CrI 0.66 to 0.78) at 3
intervention phases, respectively.

A total of 6391 clusters involving 8375 cases were reported
during the study period. Among the identified clusters, there
were 4527 clusters with a size equal to 1 (ie, sporadic cases).
The distribution of the number of secondary cases generated by
the primary cases for the whole study period is showed in
Multimedia Appendix 1. Of the 7194 linked cases, 1096
(15.23%) cases generated at least 2 secondary cases, and 1 case
even initiated a transmission cluster composing 394 cases. The
cluster data were used to estimate k, which was negative
log-transformed, so the larger the value, the higher the
superspreading potential. At the 3 intervention phases, the
negative-log k decreased from 3.49 (95% CrI 3.12 to 3.83) to
2.34 (95% CrI –0.70 to 3.30), from 3.02 (95% CrI 2.63 to 3.37)
to 0.69 (95% CrI 0.28 to 1.06), and from 2.51 (95% CrI 1.61
to 3.17) to 0.68 (95% CrI 0.09 to 1.19), respectively (Figure 2).

Similar decreasing trends were observed for the mobility proxies
(Figure 2 and Table 1). A high correlation between dining-out
behavior and k was observed (r=0.46, 95% CrI 0.32 to 0.56).
While several other mobility proxies were also highly correlated
with k, including visiting retail and recreation (r=0.41, 95% CrI
0.24 to 0.54), parks (r=0.36, 95% CrI 0.17 to 0.51), and
workplaces (r=0.37, 95% CrI 0.24 to 0.46), mobility proxies of
transit stations, driving, and walking had a weaker correlation
with k (r<0.15). Correlations between mobility proxies and Rt

were generally weaker. Only the mobility of dining-out behavior
in eateries (r=0.16, 95% CrI 0.14 to 0.18) and workplace
(r=0.13, 95% CrI 0.10 to 0.16) maintained a larger correlation
with Rt.

The mobility proxies could explain a higher percent of
variability of k than that of Rt. In the full model, including all
the mobility proxies, the R-squares were 54.3% (95% CrI 30.3%
to 75.2%) and 23.7% (95% CrI 21.5% to 25.9%) for regressing
k and Rt, respectively. We used ΔR-sq to quantify how much
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of the variabilities of the k and Rt were explained by each of the
mobility proxies (Figure 3 and Table 1). Among the proxies,
the mobility of dining-out behavior explained the most of
variability of k (ΔR-sq=9.7%, 95% CrI 5.7% to 13.2%) and Rt

(ΔR-sq=15.7%, 95% CrI 13.6% to 17.7%). Other mobility
proxies result in a mean ΔR-sq of less than 5% when regressing
k. For Rt, the proxies of driving and transit stations had a ΔR-sq
of 7.8% (95% CrI 6.3% to 9.3%) and 3.3% (95% CrI 2.3% to
4.5%), respectively. Other mobility proxies had the mean
ΔR-sq<3% when regressing Rt.

We examined the effects of 3-day and 7-day lags of mobility
proxies on k and Rt (Multimedia Appendix 2). In general,

dining-out behavior still explained the highest variance of the
outcomes. The ΔR-sq of a 3-day lag of the metric was 7.8%
(95% CrI 4.2% to 11.4%) and 13.1% (95% CrI 11.1% to 15.2%)
for k and Rt, respectively, whereas that of a 7-day lag of the
metric was 4.1% (95% CrI 2.1% to 6.8%) and 11.7% (95% CrI
9.9% to 13.7%) for k and Rt, respectively. The changes in ΔR-sq
for other mobility proxies were also not apparent when their
lag effects were considered. Apart from that, a change of the
assumed serial interval (mean 4.6, SD 4.9 days) only resulted
in a minor change in the ΔR-sq for Rt with the primary findings
remaining unaffected (Multimedia Appendix 3).

Figure 1. Number of reported cases and estimated time-varying reproduction number (Rt) in Hong Kong from February 16, 2020, to April 30, 2021.
The number of reported cases is indicated by the gray bars (left axis), and the posterior median estimate of Rt is indicated by the red line, with shading
indicating the 95% credible interval (right axis). The purple shaded areas show the intervention phases at different periods. Phase 1: A table of restaurants
was limited to 4 people, and 6 types of premises must close from 6 PM from March 28, 2020, and bars must close from 6 PM from April 3, 2020. The
measures started to be relaxed from May 5, 2020 (left); Phase 2: Restaurant dine-in services at night were banned, and no more than 2 persons may be
seated together at 1 table in restaurants since July 13, 2020. The measures started to be relaxed since August 28, 2020 (middle). Phase 3: Business hours
of restaurants, bars, and clubs were shortened; the number of people allowed to be seated together at 1 table was reduced; and the number of people
participating in any 1 banquet in catering premises would be limited to 40 since November 16, 2020. Dine-in services at restaurants from 6 PM to 5
AM of the next day were banned, and the number of people participating in a banquet was further limited to 20 since December 10, 2020. The measures
started to be relaxed since February 18, 2021 (right).
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Figure 2. Negative logarithm of dispersion parameter (k) and mobility proxies. A. The negative logarithm of k is indicated by the blue line, with shading
indicating the 95% credible interval (left axis), and the normalized counts of dining-out mobility is indicated by the orange line (right axis). B. The
Google Mobility Index by types. C. The Apple Mobility Index by types.

Table 1. Associations between mobility proxies and transmission dynamicsa.

k cRt
bMobility proxies

ΔR-sq (%)rΔR-sqe (%)r d

9.7 (5.7 to 13.2)0.46 (0.32 to 0.56)15.7 (13.6 to 17.7)0.16 (0.14 to 0.18)Dining-out behavior

3.7 (1.0 to 7.3)0.41 (0.24 to 0.54)0.8 (0.4 to 1.4)0.00 (–0.02 to 0.02)Retail and recreation

1.3 (0.0 to 4.1)–0.23 (–0.36 to –0.042.4 (1.5 to 3.5)–0.01 (–0.04 to 0.03)Grocery and pharmacy

0.4 (0.0 to 1.6)0.36 (0.17 to 0.51)0.8 (0.3 to 1.4)–0.10 (–0.12 to –0.08)Parks

0.7 (0.0 to 2.3)0.16 (0.06 to 0.24)3.3 (2.3 to 4.5)0.02 (–0.01 to 0.04)Transit stations

0.1 (0.0 to 0.5)0.37 (0.24 to 0.46)1.3 (0.8 to 1.9)0.13 (0.10 to 0.16)Workplaces

1.0 (0.2 to 2.0)–0.21 (–0.29 to –0.11)0.1 (0.0 to 0.2)–0.03 (–0.05 to –0.01)Residential

0.4 (0.0 to 1.8)0.11 (–0.01 to 0.22)7.8 (6.3 to 9.3)0.02 (0.00 to 0.05)Driving

2.7 (1.0 to 4.7)0.01 (–0.08 to 0.08)0.0 (0.0 to 0.1)–0.05 (–0.08 to –0.03)Walking

aThe results were presented using means and 95% credible intervals of the estimates from the posterior distributions. Proxy of dining-out behavior was
retrieved from OpenRice. Proxies of retail and recreation, grocery and pharmacy, parks, transit stations, workplaces, and residential were retrieved from
Google COVID-19 community mobility reports. Proxies of driving and walking were retrieved from Apple mobility trends.
bRt: time-varying reproduction number.
ck: dispersion parameter of superspreading potential.
dr: Pearson correlation coefficient.
eΔR-sq: difference in R-squares between a full model and the model without the proxy.
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Figure 3. Relative contributions of the mobility proxies in predicting dispersion parameter (k) and time-varying reproduction number (Rt). A, B: The
relative contributions of each of the mobility proxies, including eateries, retail and recreation, grocery and pharmacy, parks, transit stations, workplaces,
residential, driving, and walking, in predicting (A) k and (B) Rt were quantified by the differences in R-squares (ΔR-sq). The black dot indicates the
mean estimate of ΔR-sq interpolated with an SD.

Discussion

Principal Findings
Digital data on human mobility play an important role in
tracking public compliance with NPI as well as monitoring
infectious disease dynamics. While many studies evaluated the
reliability of different digital mobility metrics as a proxy of the
SARS-CoV-2 transmission [17-21], none have examined the
relationship between the trend of dining-out behaviors and the
superspreading potential of COVID-19. In this study, we
evaluated the reliability of dining-out activities at eateries as a
proxy for SARS-CoV-2 transmission risk in Hong Kong with
outbreak highly characterized by SSE. According to our results,
dining out activities were associated with the change in disease
transmissibility as well as the superspreading potential of
COVID-19. This finding is consistent with the fact that eatery
venues were high-risk settings for frequent virus exposure and
superspreading, as they tend to be indoors, populated, and
without the mandate of mask wearing, having the highest
proportion of COVID-19 infection counts than other places
[32,33]. According to the COVID-19 spread pattern in Hong
Kong, as characterized by previous research, eateries had a
higher outbreak potential of unlinked cases than other settings
and accounted for the second highest number of linked

transmissions after the households [15,16], as dining-out
activities gather individuals that are not socially connected in
adjacent and common areas of the restaurant, widening the
dispersion of infected persons and subsequently sustaining case
clusters propagated across different settings. Similar to our
results, the county-level COVID-19 growth in the United States
increased from 1.1% to 1.2% when dining-out restrictions were
removed, and a 55% decline in new COVID-19 cases was found
after imposing bans on indoor on-premises dining [3,4].

During the COVID-19 epidemic, Hong Kong did not impose
any stringent measures on eatery settings (eg, compulsory
banning of indoor dining and closures of eatery venues), which
has been adopted in a number of countries such as the United
Kingdom and Singapore, before the availability of COVID-19
vaccines [34,35]. Nevertheless, as demonstrated in this study,
less stringent measures such as shortening the business hours
and restricting the capacity of eateries were still able to decrease
the related mobility as well as the superspreading potential,
particularly in the second and the third intervention phases. The
finding supports the effectiveness of these measures, even
though the related effect on transmission has been questioned
[36]. However, we cannot factor in the effects of other social
distancing measures implemented, although by including other

JMIR Public Health Surveill 2023 | vol. 9 | e44251 | p.2767https://publichealth.jmir.org/2023/1/e44251
(page number not for citation purposes)

Chong et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


mobility proxies in our analyses, we have adjusted for some
secular effects from the other measures.

Of the mobility proxies, mobile device data including the
community mobility reports from Google LLC and mobility
trend reports from Apple Inc have been well studied as proxies
for changes in human activities and SARS-CoV-2
transmissibility [17-19]. For instance, a Japanese investigation
demonstrated that Apple mobility data were reliable for a
short-term prediction of COVID-19 transmission [19], whereas
an Italian investigation showed the changes in transmissibility
of SARS-CoV-2 were associated with both social distancing
measures and Google mobility [18]. While the studies assured
the reliability of these metrics, we showed that dining-out
behavior had a greater contribution to the COVID-19
transmissibility compared with the digital proxies generated by
Google and Apple, likely because their data are not specific to
eateries. Nevertheless, our analysis showed that the movement
metrics including driving and transit stations still accounted for
a certain proportion of variability of the community
transmission. This observation echoes a previous study in Hong
Kong using digital transactions in public transport and social
mixing data to forecast the COVID-19 epidemics [20]. Similar
movement metrics provided by Baidu Huiyan were also well
demonstrated as useful data to improve the temporal and spatial
resolution of COVID-19 transmissions [20,21].

In this study, estimating superspreading potential required
comprehensive data of rapid contact tracing. In the Omicron
epidemic, public health resources for conventional contact
tracing were overwhelmed in Hong Kong due to a rapid and
huge surge in infections. With insufficient data on case linkages,
the superspreading potential cannot be determined during the
Omicron period. It suggests a need for novel digital tools for
contact tracing, for example, by app-based tools that can notify
users instantaneously when their contacts are confirmed positive
[37,38]. The deployment of app-based tools at a population
level not only improves the timeliness of tracing but also avoids
the recall bias in contact tracing. While digital contact tracing
is common in many places [39], residents in Hong Kong were
skeptical of this type of app due to ethical and privacy concerns
[40]. As long as the digital data are available with a large
population coverage and adequate compliance, they could be
incorporated in our analytical framework that requires
comprehensive contact tracing data.

With the comprehensive information of rapid contact tracing
before an Omicron outbreak in Hong Kong, the major strength
of this study is the capability of using the corresponding data
for the estimation of time-varying superspreading potential,

which were unlikely to be available in other settings without
intense contact tracing during the COVID-19 pandemic. In
addition, while a majority of studies related the mobility proxies
to reproduction numbers [17,19], our study is the first
investigation that linked the mobility pattern to disease
superspreading, especially for the COVID-19 transmission,
which was found to be highly heterogeneous [12-14,28,41].

Limitations
Nonetheless, this study had several limitations. First,
individual-level data on demographics, duration of indoor
dining, and the number of people dining together were not
available, thus lowering the resolution of transmission risk
imposed on the individual in an eatery. Still, the aggregated
information provided a simple, inexpensive, and readily
available data source for informing decisions for pandemic
control and predicting the superspreading potential. Second,
dining-out behavior may be different by geographic locations
given the differential distributions of eateries. Due to a lack of
the geographic information of the mobility proxies, the modeling
analysis was unable to account the spatial variation, and the
study findings may thus suffer from bias. Third, our study did
not intend to develop a forecast model given limited mobility
and social mixing data [20]. We expect that an increased
coverage of app-based tools would offer high-resolution data
for further development of a prediction model. Fourth, a single
data source of proxy for the dining-out behavior was used for
this study. While OpenRice was the most common web page
for commenting and rating different eateries, we were unable
to include diners who preferred using other web page or apps
such as Facebook.

Conclusion
In conclusion, we demonstrated that there was a strong link
between dining-out behaviors and the superspreading potential
of COVID-19, and the metric was more reliable than other
common mobility data derived by Google and Apple Inc. The
findings suggest that the mobility proxy of dining-out behavior
is able to help health officials for monitoring the public
compliance of social distancing measures as well as the cluster
outbreak potential. For example, officials could adjust the
intensity of social distancing measures (eg, restriction of the
maximum number of seats in a restaurant and mandatory closure
of eateries) based on the disease transmissibility inferred by the
mobility proxies. In addition, our methodological innovation
recommends a further development of using digital mobility
proxies of dining-out patterns to generate early warnings of
SSE, thereby assisting in resource planning on corresponding
measures.
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Multimedia Appendix 1
The observed offspring distribution with fitted curve for the transmission chains, February 16, 2020, to April 30, 2021. Dotted
dark blue curve is the estimated probability density function of the negative binomial distribution.
[PDF File (Adobe PDF File), 56 KB - publichealth_v9i1e44251_app1.pdf ]

Multimedia Appendix 2
Relative contributions of (A, B) 3-day and (C, D) 7-day lag effects of mobility proxies in predicting dispersion parameter (k) and
time-varying reproduction number (Rt). The relative contributions of each of the mobility proxies, including eateries, retail and
recreation, grocery and pharmacy, parks, transit stations, workplaces, residential, driving, and walking, in predicting (A, C) k and
(B, D) Rt were quantified by the differences in R-squares (ΔR-sq). The black dot indicates the mean estimate of ΔR-sq interpolated
with an SD.
[PDF File (Adobe PDF File), 159 KB - publichealth_v9i1e44251_app2.pdf ]

Multimedia Appendix 3
Relative contributions of the mobility proxies in predicting time-varying reproduction number (Rt) when the mean and SD of the
assumed serial interval distribution were changed to 4.6 and 4.9 days, respectively. The relative contributions of each of the
mobility proxies, including eateries, retail and recreation, grocery and pharmacy, parks, transit stations, workplaces, residential,
driving, and walking, in predicting Rt were quantified by the differences in R-squares (ΔR-sq). The black dot indicates the mean
estimate of ΔR-sq interpolated with an SD.
[PDF File (Adobe PDF File), 46 KB - publichealth_v9i1e44251_app3.pdf ]
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Abstract

Background: The pan-European VACCELERATE network aims to implement the first transnational harmonized and sustainable
vaccine trial Volunteer Registry, being a single entry point for potential volunteers of large-scale vaccine trials across Europe.
This work exhibits a set of harmonized vaccine trial–related educational and promotional tools for the general public, designed
and disseminated by the pan-European VACCELERATE network.

Objective: This study primarily aimed to design and develop a standard toolkit to increase positive attitudes and access to
trustworthy information for better access and increased recruitment to vaccine trials for the public. More specifically, the produced
tools are focused on inclusiveness and equity, and are targeting different population groups, including underserved ones, as
potential volunteers for the VACCELERATE Volunteer Registry (older individuals, migrants, children, and adolescents). The
promotional and educational material is aligned with the main objectives of the Volunteer Registry to increase public literacy
and awareness regarding vaccine-related clinical research or trials and trial participation, including informed consent and legal
issues, side effects, and frequently asked questions regarding vaccine trial design.

Methods: Tools were developed per the aims and principles of the VACCELERATE project, focusing on trial inclusiveness
and equity, and are adjusted to local country-wise requirements to improve public health communication. The produced tools are
selected based on the cognitive theory, inclusiveness, and equity of differently aged and underrepresented groups, and standardized
material from several official trustworthy sources (eg, COVID-19 Vaccines Global Access; the European Centre for Disease
Prevention and Control; the European Patients’ Academy on Therapeutic Innovation; Gavi, the Vaccine Alliance; and the World
Health Organization). A team of multidisciplinary specialists (infectious diseases, vaccine research, medicine, and education)
edited and reviewed the subtitles and scripts of the educational videos, extended brochures, interactive cards, and puzzles. Graphic
designers selected the color palette, audio settings, and dubbing for the video story-tales and implemented QR codes.

Results: This study presents the first set of harmonized promotional and educational materials and tools (ie, educational cards,
educational and promotional videos, extended brochures, flyers, posters, and puzzles) for vaccine clinical research (eg, COVID-19
vaccines). These tools inform the public about possible benefits and disadvantages of trial participation and build confidence
among participants about the safety and efficacy of COVID-19 vaccines and the health care system. This material has been
translated into several languages and is intended to be freely and easily accessible to facilitate dissemination among
VACCELERATE network participant countries and the European and global scientific, industrial, and public community.

Conclusions: The produced material could help fill knowledge gaps of health care personnel, providing the appropriate future
patient education for vaccine trials, and tackling vaccine hesitancy and parents’ concerns for potential participation of children
in vaccine trials.

(JMIR Public Health Surveill 2023;9:e44491)   doi:10.2196/44491

KEYWORDS

vaccine trials; volunteer registry; educational material; promotional material; patient education; health communication; health
promotion; public health; COVID-19; coronavirus; SARS-CoV-2; pandemic; vaccine; vaccination; hesitancy; campaign;
misinformation
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Introduction

VACCELERATE [1] is an independent, innovative, and
transparent Pan-European academic network with the aim of
harmonizing multinational vaccine trial initiatives and
conducting capacity mapping of vaccine clinical trials sites and
laboratories with standardized methods and protocols across
Europe. The network identifies and provides access to
state-of-the-art vaccine trial sites to accelerate the development
of vaccines and recruit volunteers for vaccine trials through the
VACCELERATE Volunteer Registry [2].

The main goal of the VACCELERATE Volunteer Registry [2]
is to establish the first transnational harmonized trial
participation platform serving as single entry point for the
European region. The VACCELERATE Volunteer Registry
[2], under the mandate of the European Union’s Health
Emergency Preparedness and Response Authority (HERA) [3],
provides a sustainable platform source for the recruitment of
potential volunteers for clinical studies for the current
COVID-19 pandemic and future epidemics.

According to the literature, one of the main challenges of a
volunteer registry is the registration of a large number of
potential trial participants with great diversity [4,5] and
dedication in order to be able to recruit and match suitable
candidates for the selected clinical trial. Therefore, a great
amount of effort is spent looking for strategies to improve
communication [6] and convince [7] potential volunteers to take
part in vaccine trials.

The enrollment of volunteers in vaccine trials is also influenced
by factors such as complacency, conspiracy theories [8] on
social media regarding COVID-19, convenience and confidence
(the “Three Cs” model of vaccine hesitancy) [7,9],
disinformation [10], fake news [11], fear [12], and increasing
level of health misinformation [13-15]. The latter leads to an
infodemic [16] of misleading information with immediate effects
on public health, refusal, and vaccine hesitancy [9] for
participation in clinical trials [17,18]. It should be noted that
health misinformation is responsible for increased fear and lack
of trust, which are major factors for enrollment also in cancer
clinical trials [19-21]. Recently, Luís et al [22] reported that
there is a lack of public information about COVID-19 vaccine
trials among several population groups (eg, minorities and
underrepresented populations or individuals), while the available
tools for trial participation were also sparse.

The main purpose of this study is the design and development
of a standardized toolkit based on the Social Cognitive Theory
[23,24] to increase positive attitudes, access to trustworthy
information for better access and increased recruitment to
vaccine trials. Our secondary objective is to foster engagement
of the community through the VACCELERATE Volunteer
Registry and smart technology for participating in forthcoming
clinical trials [25-28]. The VACCELERATE toolkit has been
translated into several languages and is freely and easily
accessible to facilitate dissemination among the participating
countries of the VACCELERATE Consortium [1].

Methods

The development of the VACCELERATE educational and
promotional tools included the following steps: (1)
conceptualization of the idea and context based on the selected
educational aims and objectives; (2) selection of targeted
population groups (eg, older individuals, children, adolescents,
and minorities); (3) prioritization of trustworthy sources and
websites for seeking information about COVID-19 vaccine
trials for the developed materials; (4) performing graphical
design (eg, visualization, audio, product, print, and animation
design); and (5) acquisition of a digital object identifier (DOI)
for each produced material from a DOI registration agency.
More details on the developed tools are presented in the Results
section.

The context of the educational and promotional tools was created
and reviewed by a group of experts in the field of infectious
diseases and vaccine and pedagogical research. Two graphic
designers developed and selected the appropriate color palette
and audio (music, speaker voice, and dubbing) for the video
story-tales and they adapted the produced material into an
efficient pedagogical, attractive, and eye-catching way. The
developed tools were (1) icons related to the COVID-19
pandemic (eg, use of a face mask, syringe, microscope, vaccine,
handwashing, virus, etc); (2) different versions of logotypes for
the VACCELERATE project; (3) typefaces; (4) samples of
fonts with different sizes; (5) color palettes (primary and
secondary colors); (6) imagery templates and guidelines for
social media (eg, Twitter and Instagram); (7) human characters
(ie, medical staff, minorities, and older individuals) as prototypes
for any future VACCELERATE promotional and or educational
material. Special attention was also paid to foster inclusiveness
among the characters (different age groups, different ethic and
other minority groups, citizens with disabilities, migrants, etc).
The provided tools also include QR codes with a URL. The
selected URL can be a website (as shown on the
VACCELERATE website [29]) or selected animation videos
from trustworthy sources of information (eg, COVID-19
Vaccines Global Access [ie, COVAX]; the European Centre
for Disease Prevention and Control; the European Patients’
Academy on Therapeutic Innovation; the European Vaccine
Initiative; Gavi, the Vaccine Alliance; the United Nations
International Children's Emergency Fund; and the World Health
Organization).

In addition, the produced puzzles test memory in a team-based
manner and help develop hand-eye coordination.

Finally, the developed tools have been designed in a such a way
that can be adjusted in accordance with local country-wise
requirements and requirements to build confidence among
participants about the safety and efficacy of COVID-19 vaccines
and the health care system, which is a key parameter to improve
recruitment among minority communities.
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Results

VACCELERATE Flyers
The flyers (see Multimedia Appendix 1) provide the appropriate
amount of information to the public regarding the registration
process and the VACCELERATE Volunteer Registry in general.
The flyers are A3-sized (29.7×43.18 cm) and include a short
description of the VACCELERATE Volunteer Registry
objectives and volunteer selection process. In addition, they
contain the appropriate contact details (email ID) and link (along
with a QR code) for registration in the Volunteer Registry [30].
The registration link directs the interested volunteer to a brief
survey (which takes 5-10 minutes to complete) that collects
comprehensive information required for clinical trials. The flyer
invites all citizens to register, including those with prior
COVID-19 vaccination, with specific questions regarding
COVID-19 infection, and the invitations to eligible volunteers
for future vaccine trials will be sent out by the Coordination
Office of VACCELERATE (University Hospital Cologne,
Cologne, Germany). Finally, the flyers have been translated
into 9 languages (Cypriot Greek, English, French, German,
Greek, Hebrew, Italian, Portuguese, and Spanish).

VACCELERATE Posters
The developed posters (see Multimedia Appendix 1) are
A0-sized (84.1×118.9 cm) and depict human characters (ie,
medical staff, minorities, and older individuals, among others)
and a QR code including a URL for the VACCELERATE
Volunteer Registry website [30], as well as catchy slogans such
as “Be the missing piece” and “Together we can tackle the
COVID-19 pandemic.” Finally, the posters have been translated
into 7 languages, namely English, French, German, Greek,
Hebrew, Italian, and Spanish, in collaboration with individual
partners and national coordinators of the VACCELERATE
Consortium. The promotion of the VACCELERATE Volunteer
Registry for participating in COVID-19 vaccine trials could be
achieved by affixing these prototype posters to a wall at sites

or in buildings with high visibility (eg, hospitals, universities,
malls, and public buildings).

VACCELERATE Extended Brochure (Booklet)
The extended VACCELERATE brochure (see Multimedia
Appendix 1) comprises valuable information regarding the
VACCELERATE Volunteer Registry, such as “What is the
VACCELERATE Network,” the mission and objectives, the
current promotion activities, the importance of registration, and
a description of the registration process. The brochure also
contains key information for the volunteers, such as the
possibility to withdraw their registration at any time. Finally,
the extended brochure also includes a QR code that directs the
interested reader to the VACCELERATE Volunteer Registry
website [30] after scanning it with a smart device.

VACCELERATE Interactive Educational Cards
The educational cards enhance general knowledge and address
the misinformation about COVID-19 vaccines, vaccine trials,
and COVID-19 vaccination, as well as voluntary trial
participation of children and adults. Each set of educational
cards represents an educational aim and comprises a specific
number of cards and target groups, as shown in Table 1.

The interactive educational cards (Multimedia Appendix 1)
have been prepared with the help of 2 graphic designers and
under the guidance of a pediatrician and several
VACCELERATE participants. The educational cards include
a QR code with a URL for promoting educational material on
the one side and additional text script and characters on the
other. The URL can be a website (eg, the one showed on the
VACCELERATE website [29]) or selected videos from
trustworthy sources (eg, COVID-19 Vaccines Global Access
[ie, COVAX]; the European Centre for Disease Prevention and
Control; the European Patients’ Academy on Therapeutic
Innovation; the European Vaccine Initiative; Gavi, the Vaccine
Alliance; the United Nations International Children's Emergency
Fund; and the World Health Organization) and produced
animation videos from VACCELERATE.

Table 1. Characteristics of interactive educational cards.

AimTarget groupCards, nSet

Increase literacy about vaccine trials, trial registries, participation in vaccine trials, and
participant procedures in trials

Individuals aged >12 years251

Increase literacy about COVID-19 vaccination and messenger RNA vaccinesIndividuals aged ≥12 years102

Increase literacy about vaccine manufacturing, the vaccine approval process, safety
monitoring, and awareness against vaccine misinformation

Individuals aged ≥12 years73

Improve awareness and information about the VACCELERATE Volunteer RegistryAll individuals irrespective of age44

Increase literacy about COVID-19 vaccination, expand awareness for COVID-19 vaccine
equity, and utilitarianism

All individuals irrespective of age125

VACCELERATE Puzzles
The VACCELERATE puzzles (Multimedia Appendix 1) were
developed using graphic techniques under the guidance of the
VACCELERATE participants, including a pediatrician, with
focus on younger children (aged <12 years) in order to raise
their awareness of clinical trials, vaccines, and participation in

trials and to promote inclusiveness. The link to the produced
puzzles is provided in Multimedia Appendix 1.

One of the developed puzzles comprises 25 pieces and depicts
a variety of human characters (ie, medical staff, minorities, older
individuals, and children, among others) obtained from the
VACCELERATE toolkit, including the appropriate link to the
VACCELERATE Volunteer Registry [30]. The concept herein
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is to include as many human characters as possible to highlight
the importance of inclusiveness and diversity in vaccine trials,
especially for underserved population groups such as racial and
ethnic minorities and older individuals.

The other 2 smaller puzzles (8 pieces each) were developed to
familiarize children with symbols and icons related to the
COVID-19 pandemic, as well as to understand and recognize
the effectiveness of vaccines in minimizing the risk of infection
and harmful effects of COVID-19.

VACCELERATE Animation Videos

Educational Videos (Adult and Pediatric)
The first produced educational video (see Multimedia Appendix
1) was mainly focused on adults and designed using advanced
animation techniques, appropriate subtitles based on a
storyboard and educational aims, and audio settings (eg, music
and a speaker voice). In addition, the video included the
following sections: (1) highlight and increase information
regarding clinical trials and their necessity and usefulness for
public health (eg, good clinical practices, vaccine trial phases
and monitoring, and applied safety protocols); (2) the
contribution of volunteers (ie, citizens, patient advocacy groups,
and underserved populations) to this effort for capacity mapping
and building of registries; and (3) volunteer safety, benefits,
and any potential risks during a clinical trial.

The second educational video (see Multimedia Appendix 1)
was mainly aimed at children and adolescents. Special attention
was given to contain informative animations while delivering
the learning aim and keeping each video segment short. The
produced video included the following sections: (1) provide
information about the significance of vaccine trials; (2) share
knowledge and information about the high value of vaccination
as the most powerful “weapon” to prevent morbidity and
mortality associated with infectious diseases; (3) acknowledge
the advancements in technology and safety procedures, which
have contributed significantly to the development, evaluation,
approval, and monitoring of safe and effective vaccines; and
(4) highlight the contribution and importance of pediatric
volunteers in vaccine clinical trials and ensure their safety and
the benefits and risks of participating in clinical trials.

Promotional Video
The promotional video (see Multimedia Appendix 1) presents
short, recorded videos by the VACCELERATE work package
leaders and the National Coordinator’s pictures to promote,
inform, and describe the VACCELERATE Volunteer Registry
through specific text scripts. The aim of the video is the
inclusiveness and representation of all participating European
Union countries and European Union–associated countries of
the VACCELERATE Consortium. Currently, we have active
representation from 17 countries (Austria, Belgium, Cyprus,
Czech Republic, Germany, Greece, Ireland, Israel, Italy,
Hungary, Lithuania, the Netherlands, Norway, Portugal, Spain,
Sweden, and Turkey) in the VACCELERATE Volunteer
Registry.

Discussion

Principal Findings
This paper presents the first set of harmonized promotional and
educational tools of the VACCELERATE Volunteer Registry
[2]. The produced material, based on the selected population
group, includes flyers, posters, interactive educational cards,
puzzles, and animation videos. The tools can be downloaded
from the official website of VACCELERATE [29] and
appropriate references, based on their own DOIs. It should be
noted that the provided educational material can be adopted to
the user needs and may also be used as base-prototypes for
further improvement and production of related tools.

To ensure high rates of vaccination in populations [31] and a
large number of participants in vaccine trials, it is necessary to
ensure effective, targeted, and trustworthy educational and
promotional tools regarding vaccines and vaccine trials,
guaranteeing high diversity and inclusiveness in vaccine trials
without underrepresentation of minorities.

The developed standardized toolkit is one example of
information from trustful sources that can be used against health
misinformation and disinformation, lack of trust, fear, and fake
news. Furthermore, it can be also used to increase literacy and
understanding of the importance of vaccine clinical trials in the
general population as part of an emergency preparedness plan.

In addition, the promotional and educational material will be
able to bridge the gap in public information (eg, communication
approach, target audiences, and type of media produced)
regarding COVID-19 vaccine trials, which is covered in only
2.51% of the collected media and only in 4 languages (English,
French, German, and Czech) [22]. Another challenge is using
visual material and stories in order to inform children about the
procedures, importance of, and volunteer participation in vaccine
trials and about vaccination.

Limitations
The impact and assessment of the promotional and educational
material are beyond the scope of this study. Nevertheless, we
are currently in the process of evaluating them for vaccine trials
during this year by another expert group (WP4) of the
VACCELERATE Consortium.

Conclusions
Communicating with trustworthy information to the public,
related to public health issues and vaccine research or trials,
constitutes the most important preventive strategy against
infectious diseases and threats of future emerging infection
diseases.

Future initiatives could involve further improvement of the
dissemination process for the developed tools in order to
increase the number of volunteer registrations and in particular
among population groups, which remain underrepresented in
vaccine trials. Another initiative could be the design of an
innovative video game [31,32] targeting training and educational
material for vaccine clinical trials, addressing vaccine hesitancy
and refusal.
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Other prospective initiatives could be the conduct of studies
based on citizen science methods (eg, community-based
participatory action research [28]) for vaccine research
[25-27,33] and future epidemics by engaging community
members and service providers as partners in the research

process and providing them the appropriate educational tools
for tackling current and future public health issues. Such actions
will eventually contribute to reduce the knowledge gaps and
hesitancy regarding participation in vaccine trials in the general
population.
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Abstract

Background: Contact tracing is a fundamental intervention in public health. When systematically applied, it enables the breaking
of chains of transmission, which is important for controlling COVID-19 transmission. In theoretically perfect contact tracing, all
new cases should occur among quarantined individuals, and an epidemic should vanish. However, the availability of resources
influences the capacity to perform contact tracing. Therefore, it is necessary to estimate its effectiveness threshold. We propose
that this effectiveness threshold may be indirectly estimated using the ratio of COVID-19 cases arising from quarantined high-risk
contacts, where higher ratios indicate better control and, under a threshold, contact tracing may fail and other restrictions become
necessary.

Objective: This study assessed the ratio of COVID-19 cases in high-risk contacts quarantined through contact tracing and its
potential use as an ancillary pandemic control indicator.

Methods: We built a 6-compartment epidemiological model to emulate COVID-19 infection flow according to publicly available
data from Portuguese authorities. Our model extended the usual susceptible-exposed-infected-recovered model by adding a
compartment Q with individuals in mandated quarantine who could develop infection or return to the susceptible pool and a
compartment P with individuals protected from infection because of vaccination. To model infection dynamics, data on
SARS-CoV-2 infection risk (IR), time until infection, and vaccine efficacy were collected. Estimation was needed for vaccine
data to reflect the timing of inoculation and booster efficacy. In total, 2 simulations were built: one adjusting for the presence and
absence of variants or vaccination and another maximizing IR in quarantined individuals. Both simulations were based on a set
of 100 unique parameterizations. The daily ratio of infected cases arising from high-risk contacts (q estimate) was calculated. A
theoretical effectiveness threshold of contact tracing was defined for 14-day average q estimates based on the classification of
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COVID-19 daily cases according to the pandemic phases and was compared with the timing of population lockdowns in Portugal.
A sensitivity analysis was performed to understand the relationship between different parameter values and the threshold obtained.

Results: An inverse relationship was found between the q estimate and daily cases in both simulations (correlations >0.70).
The theoretical effectiveness thresholds for both simulations attained an alert phase positive predictive value of >70% and could
have anticipated the need for additional measures in at least 4 days for the second and fourth lockdowns. Sensitivity analysis
showed that only the IR and booster dose efficacy at inoculation significantly affected the q estimates.

Conclusions: We demonstrated the impact of applying an effectiveness threshold for contact tracing on decision-making.
Although only theoretical thresholds could be provided, their relationship with the number of confirmed cases and the prediction
of pandemic phases shows the role as an indirect indicator of the efficacy of contact tracing.

(JMIR Public Health Surveill 2023;9:e43836)   doi:10.2196/43836

KEYWORDS

COVID-19; public health; public health surveillance; quarantine; infection transmission; epidemiological models

Introduction

Background
Contact tracing is a fundamental activity in public health and
is the process of identifying, triaging, and monitoring individuals
exposed to a communicable disease to prevent secondary
transmission [1]. When systematically applied, contact tracing
leads to the breaking of transmission chains, and its valuable
role in controlling COVID-19 transmission is widely recognized
in the context of low transmission and active community
transmission [2]. It is also acknowledged that the earlier the
identification of infection cases and individuals to trace, the
higher the likelihood of the pandemic situation being controlled
even in instances where contact identification is incomplete
[1,3,4].

In Portugal, contact tracing and the imposing of quarantine
measures are tasks specific to public health units [5]. The
capacity of local public health units to perform contact tracing
is constrained by the availability of technological and workforce
resources [3]. Several simulation studies have demonstrated
that contact tracing could only be effective if a combination of
high adherence to quarantine measures, minor delays from
symptom onset to isolation of cases, and an increased number
of contacts traced occurred [3,6-8].

Such conditions were more likely to be verified in moments
with a lower number of confirmed cases (ie, corresponding to
the troughs of the epidemic curve) [9]. Moreover, the initial
Portuguese guidelines for tackling the pandemic predicted that
contact tracing efforts would be abandoned when the pandemic
entered a community transmission phase [10]. Therefore, it
should be deemed necessary to estimate a threshold beyond
which contact tracing and potential individual quarantine
measures cease to be effective in breaking infection chains and,
consequently, diminishing SARS-CoV-2 infection rates in the
community [11]. This information may be used as a
decision-making support tool for imposing generalized
population containment measures and offers important lessons
concerning population control of viral infections with
characteristics similar to those of SARS-CoV-2 [12].

The effectiveness of contact tracing as a mechanism for breaking
transmission chains occurs because of the quarantine of contacts
of confirmed infected cases. Should these contacts develop the

disease, they will not transmit it to other community members
[1]. Thus, the hypothetical identification of all contacts of all
SARS-CoV-2–infected individuals would necessarily lead to
the breaking of all transmission chains. In other words, in a
scenario where all the contacts of all infection cases were
identified, new infection cases would only occur in those
contacts. Hence, the effectiveness threshold of a contact tracing
and quarantine strategy could be derived from the proportion
of infection cases that arise in contacts of confirmed cases.

Hence, the effectiveness threshold of contact tracing is the point
at which its utility as a health intervention that includes
quarantine in controlling and breaking transmission chains is
defined. The proportions of confirmed cases from quarantined
individuals above this threshold could be indicative of effective
contact tracing, and the pandemic combat strategy could rely
mainly on this intervention. In contrast, proportions below the
threshold could indicate that contact tracing is not effective and
that further interventions may be necessary to stop transmission.

The proportions of confirmed cases from quarantined individuals
lower than the effectiveness threshold may have occurred at
different stages throughout the pandemic, mainly in periods of
case surges, situations in which there was a need to implement
more restrictive measures (namely, general or selective
confinements). Imposing confinements has been demonstrated
to affect pandemic control regarding case numbers, hospital
admissions, and deaths because of COVID-19 when
implemented at least 14 days before the peak of a case surge
[13,14]. In Portugal, the decision to impose a population
lockdown was primarily based on the 14-day incidence rate;
the transmissibility rate (Rt); and, more recently, the critical
care bed occupancy rate [15].

Despite the public availability of several global databases on
COVID-19, especially concerning the number of new cases,
deaths, tests performed, and vaccination data, there is no
information on the number of infected cases coming from
individuals identified as high-risk contacts through contact
tracing. Furthermore, data on quarantined individuals are scarce.
Portuguese data were until recently an exception in that the
Directorate-General of Health (DGS) reported in a daily bulletin
on COVID-19 the number of high-risk contacts identified,
defined as individuals in quarantine by mandate from health
authorities [16]. The Data Science for Social Good (DSSG)
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initiative developed a data repository [17] for COVID-19 in
which it gathered, compiled, and curated the data made public
by the DGS in these bulletins.

Infection dynamics and the effectiveness of contact tracing are
not only influenced by the vaccinated population (for which the
DSSG also kept curated data). They may also be affected by
the prevalence of different SARS-CoV-2 variants at different
points in time. The European Centre for Disease Prevention and
Control keeps a data repository on the prevalence of different
variants in Europe reported through The European Surveillance
System in an open-access database [18].

Objectives
The aim of this study was to identify the ratio of COVID-19
cases that occurred in individuals in quarantine mandated by
health authorities and the potential use of this ratio as a proof
of concept of an indicator for assessing pandemic control in
parallel with other established criteria such as the
transmissibility index (Rt) and incidence.

Methods

Study Design
In this study, we collected data on COVID-19 for Portugal and
built an expanded structure to a susceptible-exposed-infected
-recovered (SEIR) compartmental model to emulate the
pandemic. All compartment data came from collected data
except for those of protected individuals. The purpose of the
model was to estimate the daily number of quarantined
individuals who became infected and the daily number of
susceptible and vaccinated individuals who were quarantined
as data regarding those values were lacking.

We input different values for each known strain of SARS-CoV-2
(infection risk [IR] and time until infection and until the end of
quarantine) and immunity from vaccination and ran the model

for 690 days. Consequently, we estimated the daily ratio of
cases arising from daily quarantined individuals (q estimate)
using the number of daily confirmed cases as the denominator.
We measured the correlation between this q estimate and data
from confirmed cases.

According to the epidemic case curve, we defined 3 pandemic
phases in the Portuguese data: interpandemic phase, alert phase,
and pandemic phase. As a proof of concept, we estimated the
best hypothetical cutoff for our q estimates to distinguish the
interpandemic and alert phases and compared that theoretical
cutoff with the timing of population confinement measures.
Finally, we performed a 2-part sensitivity analysis. Initially, we
ran a multiple linear regression on the thresholds that each set
of parameters conveyed to assess how each parameter would
change the threshold value. In addition, we fixed the maximum
and minimum values for each parameter and measured the
correlation with the main simulation results and threshold values
obtained by changing all other parameters.

Table 1 includes all model inputs, values, and sources of each
input. We also describe the only 2 outputs of the model, namely,
the number of daily quarantined individuals who develop
infection and the theoretical q estimate.

The compartment transition dynamics were in accordance with
the following equations (note that only equations 1 and 3 were
estimated, corresponding to compartments S and E, for which
real data were not available. All other compartment data were
directly collected from official reports [17]):

S' = κQ+ ρP − (φ + ψ + ε)S (1)

Q' = φS+ χP − (γ + κ + ς)Q (2)

E' = I − γQ (3)

I' = γQ+ ιE − πI (4)

R = πI (5)
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Table 1. Data sources and model inputs and outputs.

SourceValueParameter

EstimatedBase case: 10 millionSusceptible (S)

EstimatedP (Protection) × VProtected through vaccination (P)

DSSGa [17]Base case: 0Quarantined (Q)

EstimatedBase case: 0Exposed not traced (E)

DSSG [17]Base case: 2Infected (I)

DSSG [17]Base case: 0Recovered from infection (R)

DSSG [17]Base case: 0Vaccinated (V)

Hall et al [19] and Polack et al [20]10%-60% (uniform distribution)Inoculation vaccine efficacy (Ve0)

Hall et al [19] and Polack et al [20]Ve0-95% (uniform distribution)Maximum vaccine efficacy (Vemax)

Estimated(Ve0 + Vemax)/2Waned vaccine efficacy (Vewaned)

EstimatedVewaned-80%Inoculation booster dose efficacy (Be0)

EstimatedBe0-95%Maximum booster dose efficacy (Bemax)

Estimated(Be0 + Bemax)/2Waned booster dose efficacy (Bewaned)

Hall et al [19] and Polack et al [20]15 dTime until maximum efficacy (Δtemax)

Hall et al [19]180 dTime until waned efficacy (Δtewaned)

ECDCb [18]Base case: other=100%; alpha, beta, gamma,
delta, and omicron=0%

Variant prevalence

DGSc [5,21] and Wu et al [22]2-14 days (uniform distribution)Maximum time until γ (Δtγmax)

DGS [5,21] and Wu et al [22]2-Δtγmax days (uniform distribution)Average time until γ (Δtγmean)

Estimated2-14 days (uniform distribution)Maximum time until κ and ς (Δtκςmax)

Estimated2-Δtκςmax days (uniform distribution)Average time until κ and ς (Δtκςmean)

ECDC [1], Karumanagoundar et al [23], and
Tang et al [24]

10%-50% (uniform distribution)IRd simulation A

Calibration0.1%-2.5%IR simulation B

EstimatedγQQuarantined infected

EstimatedγQ/(γQ + ιE)Ratio of cases from quarantined (q)

aDSSG: Data Science for Social Good.
bECDC: European Centre for Disease Prevention and Control.
cDGS: Directorate-General of Health.
dIR: infection risk.

Data Collection
The sources of data are described in full in Table 1. The primary
data source to meet this study’s aim was the DSSG COVID-19
data repository [17]. The data included the number of confirmed
cases, daily new cases, people under surveillance, people fully
vaccinated, and individuals with vaccine booster doses (using
any of the vaccines available in Portugal) between the first
confirmed case of COVID-19 in Portugal (March 2, 2020) and
January 20, 2022. Open-access data from The European
Surveillance System regarding the weekly prevalence of
SARS-CoV-2 variants were also collected through the European
Centre for Disease Prevention and Control open repository [18]
for the same period. In the absence of specific data on the
number of cases of COVID-19 among high-risk contacts, we

built a simulation model to calculate the ratio of daily cases
from those contacts using the available data.

Epidemiological Compartmental Model
Data were inserted into an epidemiological model based on
compartmental models already applied to COVID-19 and other
epidemiological contexts [25,26]. Several expanded models to
an SEIR model have been attempted, including either one or
more quarantine compartments and one or more protected
individuals through vaccination [27]. In addition, the concept
of high-risk exposure and exposed individuals (frequently
included in compartment E) did not entirely comprise the DGS
definition of high-risk contact in that, in all models, an exposed
individual could not return to being susceptible [28].
Furthermore, in most models, a quarantined individual could
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have come from being susceptible and either return to being
susceptible or progress to being infected [29]. Other quarantine
definitions, different from the idea of prophylactic isolation,
came from infected individuals [30].

Moreover, 2 transitions have not been reported in the reviewed
literature on expanded SEIR models, namely, the direct
transition between compartments S and I and the transition
between vaccinated or protected compartments and quarantine
or exposure compartments. As our model needed to comprise
these transitions, several differences from already published
models had to be introduced. To keep with the base SEIR
structure, compartment E included only individuals who would
progress to compartment I without previous contact tracing.
The model was extended with compartments Q and P. Figure
1 illustrates the compartmental model used and the transitions
between compartments and subcompartments.

Compartment S (susceptible) is the initial compartment of the
model (ie, the starting point for all individuals). From
compartment S, individuals can progress to compartments P,
Q, and E.

Compartment P (protected) refers to the group of individuals
who are immune to SARS-CoV-2 infection because of
vaccination. Although the main effect of vaccines is protection
against severe disease and not protection against infection [20],
short-term efficacy in infection prevention has been proven
[19]. This preventive effect is considerably reduced 6 months
after the date of inoculation. When classified as high-risk
contacts through contact tracing, individuals in this compartment
could be quarantined regardless of their vaccination status in
line with Portuguese norms that only lifted these compulsory
measures for fully vaccinated individuals on January 10, 2022
[5].

Compartment Q (quarantined or exposed with tracing) includes
all high-risk contacts of SARS-CoV-2–infected individuals for

whom quarantine was mandated by a public health authority
according to norms and guidelines [5] and the definition by the
Portuguese DGS as “individuals under surveillance” applicable
at each moment. Individuals in this compartment could return
to compartment S. This compartment is further divided into
subcompartments, each representing a day in which an
individual stayed in the exposed compartment. Thus, the
transitions φ and κ, χ and ς, and γ are the pooled transitions
from each subcompartment inside compartment Q and
compartments S, P, and I, respectively.

Compartment E (exposed without tracing) includes exposed
individuals who will develop COVID-19 and have not been
traced by health authorities. Compartment I consists of all the
confirmed cases of SARS-CoV-2 infection.

Compartment R (recovered) includes all individuals who
recovered from infection. Compartment R is the terminal
compartment as the model is not circular. This is because an
individual previously infected with COVID-19 cannot be
considered a high-risk contact before 180 days have passed
from the date of infection or when not presenting symptoms
suggesting SARS-CoV-2 infection [21]. In other words, until
the natural immunity gained from infection fades, there can be
no transition between the recovered (R) and exposed (E) or
quarantined (Q) compartments. When such immunity wanes,
the individual should return to compartment S. However, and
assuming a large enough number of individuals in compartment
S (equal to or greater than the total number of confirmed cases
in the analysis period), there is no need to consider transitions
between compartments R and S—even in case of reinfection,
each new case of COVID-19 can be regarded as a case from a
different individual.

The daily ratio of cases arising from individuals in quarantine
mandated by health authorities was given by the quotient of the
daily transitions between compartments Q and I (represented
by γ) and the daily total confirmed cases.
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Figure 1. Compartmental model without subcompartments (A) and with subcompartments (B). E: individuals exposed to SARS-CoV-2 who will
develop COVID-19 and have not been traced by health authorities; I: infected individuals; P: subset of susceptible individuals protected from SARS-CoV-2
infection through vaccination; Q: quarantined individuals; Q0, Q1, Q2,..., Qn: subcompartments of the quarantine compartment (each number represents
the number of days since exposure); R: recovered individuals; S: susceptible individuals.

Parameterization and Transitions
The compartmental model was run for 690 days (from March
2, 2020, to January 20, 2022). The data collected populated
compartments Q, I, and R daily. In the absence of data for
compartment S, an initial value of 10 million individuals was
assumed, which is a frequently used approximation for the
Portuguese population. This value ensured that the model was
not circular and obviated the need to consider the possibility of
reinfection. Data on compartments P and E were calculated,
and expected values for other parameters were defined within
each simulation run (Table 1).

Regarding daily transitions between compartments and
subcompartments, the model was built in 3 steps: transitions
from subcompartments inside Q (step 1), S-E-I transitions (step
2), and S-Q and P-Q transitions (step 3). Despite the existence
of data for all compartments and some model parameters, owing
to a lack of data in each of these steps regarding the actual
number of individuals that transition in each iteration of the
model, some parameters were input by defining expected values
for the parameters that govern those transitions. Only those
parameters were estimated (Table 1).

In step 1, Q-S, Q-P, and Q-I transitions are the sums of the
number of individuals who each day (represented by each
subcompartment) transition to compartments S, P, or I,
respectively. Each day, transitions from each subcompartment
are governed by the probabilities of staying in compartment Q
(transition to the following subcompartment Qi+1), making the
transition γ to compartment I, or returning to compartment S or
P (transitions κ and ς). The probabilities of transition of each
subcompartment were defined according to the IR of a high-risk
contact of a confirmed COVID-19 case and to the mean and
maximum periods an individual remains exposed until the
person either develops the infection or is considered susceptible
again. Any of these 5 parameters can vary with the viral variant

to which the individuals were exposed and with the quarantine
period. Therefore, in the context of the described model, the
probability of transitioning from any subcompartment to
compartment S, P, or I is given by the sum of the product of the
transition probability of each specific variant and the number
of individuals exposed to that variant. Step 1 is concluded after
calculating the ratio of new daily cases of infection that came
from compartment Q (resulting from transition γ) to the total
number of new daily cases (q estimate).

Steps 2 and 3 aim to keep the model closed (a necessary
condition for using compartmental models), allowing the model
to simulate the following day. The number of individuals that
follow the ε and ι transitions in step 2 is given by the difference
between the number of new daily infections and the number of
individuals in transition γ. The φ and χ transitions in step 3 are
calculated as the difference between the number of exposed
individuals (high-risk contacts) on the following simulation day
and the number of individuals inside compartment Q after steps
1 and 2. The value of this transition corresponds to the number
of individuals inside subcompartment Q0 at the beginning of
step 1 on the following simulation day.

Finally, compartment P was defined according to 5 parameters,
namely, vaccine efficacy after inoculation, maximum efficacy,
and efficacy after a waning period as well as the elapsed time
between vaccination and maximum efficacy and between
maximum efficacy and waned efficacy. This compartment was
calculated as the product of the probability of each vaccinated
individual being protected from SARS-CoV-2 infection and the
number of vaccinated individuals.

Assumptions of the Simulation
To operationalize the proposed model, several assumptions
were made, namely regarding the transitions involving
compartments Q and P.
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A Markov chain Monte Carlo simulation defined the transitions
between the Q subcompartments. Consequently, to compute
the transitions between subcompartments, a series of steps were
taken (Textbox 1).

Regarding compartment P, and particularly vaccine efficacy, a
constant rate was assumed between two events: (1) efficacy
after inoculation and maximum efficacy and (2) maximum
efficacy and waned efficacy. Hence, vaccinated individuals
were probabilistically placed in compartment P each day
according to the time elapsed since inoculation. After defining
new values for booster efficacy, the same procedure was
replicated for individuals with booster doses. Individuals in
compartment P could transition to compartment Q, but their IR
was set at 0. Individuals in compartments S and P would
transition to compartment Q according to the ratio between
those compartments.

Owing to the inherent variability in the timing of contact tracing
and imposing quarantine, it is impossible to accurately define
certain parameters in the model for each variant of SARS-CoV-2
and each vaccine. Therefore, we decided to simulate a set of
different parameterizations for these parameters. For each
variant, the maximum time elapsed for the transition to

compartments I and S was assumed to range from 2 to 14 days.
The mean time for these transitions ranged from 2 days to the
maximum time previously set for each variant. IR was set to
range from 10% to 50% [1,23,24], and we considered 6 different
variants, namely, “alpha,” “beta,” “gamma,” “delta,” “omicron,”
and “others” (according to collected data). We assumed that the
weekly prevalence of each variant [18] was equal to the
prevalence on each day of that week, and individuals in the φ
transition would be distributed to each variant according to that
prevalence.

Regarding vaccination, we defined an efficacy between 10%
and 60% after inoculation and a maximum efficacy of up to
95% [19,20]. We assumed a waned efficacy as the mean value
between both efficacies. Booster vaccines had an assumed
efficacy between the waned efficacy previously defined and
80% after inoculation and a maximum efficacy of up to 95%.
A period of 15 days until maximum vaccine efficacy, and a
period of 180 days until waned efficacy were assumed [19,20].
Individuals from compartment P entered the model as exposed
to variant “others” with an IR set at 0%—in other words, they
were set to follow the Poisson distribution estimated for
returning to compartments S and P for the variant “others.”

Textbox 1. Steps taken to compute the transitions between subcompartments.

• To calculate the different transition probabilities, we assumed that everyone who transitions to compartment Q has a predetermined probability
of becoming infected, called infection risk (IR). IR is specific to each variant.

• For each variant included, 2 different Poisson distributions were applied to the individuals who would become infected and those who would
return to compartments S and P. Each distribution had a maximum and mean time until transition.

• From the combined transition probabilities of each distribution and according to the IR, a transition table was constructed, including the pooled
transition probabilities from each subcompartment to the following subcompartment, to compartments S and P, and to compartment I.

• A Monte Carlo simulation was then applied to this transition table. Therefore, on each simulation day, an individual in a subcompartment of the
Q compartment transitions probabilistically to the following subcompartment, to compartments S and P, or to compartment I.

Description of the Simulations
In total, 2 different simulations were performed, approaching
the objective in 2 different ways. Table 2 summarizes the main
characteristics and differences between the simulations. We
first defined that each simulation should have a run time of ≤9
hours. An iteration of the model was tested on a computer with
an Intel64 Family 6 Model 126 Stepping 5 GenuineIntel
processor with a maximum clock frequency of 1498.0 MHz
with 4 physical cores, 8 logical cores, and 15.60 GB of RAM
using the operating system Windows 10.0.19041. With this
hardware and software combination, the response time (time
taken from start to end of the process) for this iteration was 10
seconds [31].

Simulation A aimed to be as approximate as possible to what
we could expect in real life by accounting for the potential
influence of variants and vaccination. However, it assumed that
the risk of infection was fixed for all variants at the beginning
of the simulation. For this simulation, 100 parameterizations
were established, and these were quadrupled to reflect the
presence and absence of the influence of variants and
vaccination. Each parameterization was iterated 100 times,

totaling 40,000 model iterations with an estimated run time of
8 hours and 20 minutes.

Simulation B ignored the presence of different variants (we
assumed that all cases came from the variant “others”) and
estimated the maximum value of IR for which the model kept
the q estimate at <1. However, as in simulation A, the risk of
infection in exposed individuals was fixed for each
parameterization and did not fluctuate throughout each iteration.
This simulation used the same set of 100 parameters used in
simulation A, doubled to account for the presence or absence
of vaccination. The IR started at 100% with each iteration
interrupted, and this value was reset and diminished by 0.1
percentage points every time the daily q estimate was >1. We
assumed that this approach might lead, in extremis, to circa
1000 iterations of each parameterization. Although mostly
incomplete because of the described procedure to calibrate the
IR, this number of iterations would lead model B to take 20
times longer to run than model A. Therefore, the research team
opted to conduct only 10 iterations of each parameterization,
which, jointly with half of the total parameterizations of
simulation A, kept the estimated simulation running time at 8
hours and 20 minutes.
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Table 2. Main characteristics of the implemented simulations.

Simulation BSimulation A

YesYesUsed information on vaccines

NoYesUsed information on variants

200 (100 × 2)400 (100 × 4)Number of different parameterizations, n

YesNoCeiling value for the ratio of cases (q estimate)

YesYesParameters included fixed infection risk

Approximately 1000100Number of iterations per parameterization, n

200,00040,000Total model iterations, n

8 h and 20 min8 h and 20 minEstimated run time

Data Analysis
The parameters’ characteristics were aggregated in means and
medians and described for each simulation. For each simulation,
the distribution of the ratio of daily cases resulting from the γ
transition (q estimate) for each parameterization was combined
into a single distribution according to the methodology
implemented by Hill [32]. We also combined the results of each
simulation into a single distribution according to the presence
or absence of both vaccination and different variants in the
model when applicable. Although the q estimate intended to
represent the proportion of cases arising from high-risk contacts,
certain parameter combinations yielded values of the q estimate
of >1 (Textbox 2).

Since other COVID-19 measures for lockdown were presented
in a 14-day moving average, we applied a 14-day moving
average to the daily q estimate for each simulation and to the
gathered data on daily cases. The Spearman correlation was
calculated between the 14-day q estimate and the 14-day average
number of cases.

Local maxima for 14-day data on confirmed infected cases were
computed, and local minima immediately before and after the
computed local maxima were maintained. By using an
adaptation of the method used by Vázquez-Seisdedos et al [33]
and applied by Gianquintieri et al [34] to data on COVID-19
cases, we determined the inflection point of the case curve that
occurs between the local minimum and the local maximum.
This inflection point corresponds to the beginning of a pandemic
phase. Each pandemic phase was defined, in the context of this
study, as the interval between an inflection point and the
following local minimum, which had a local maximum between
them.

It was assumed that, by definition, a contact tracing effectiveness
threshold would have to be surpassed during a pandemic phase.
Specifically, the value of the effectiveness threshold would have
to occur in an alert phase, defined as the critical period between
the wave’s inflection point and up until 14 days before the day
when the peak number of cases was registered. In addition, it
was assumed that contact tracing as a main strategy for
pandemic combat was reset after the end of each pandemic
phase (ie, local minimum after case peak) and the model entered
an interpandemic phase. For this reason, an effectiveness
threshold was calculated considering the interpandemic and

alert phases. In other words, we included the entire period
analyzed except for periods between the end of an alert phase
and the end of each pandemic phase. The data between a local
minimum and the next inflection point (interpandemic phase)
were considered as controls for determining the threshold. As
there was a more considerable period of control data than the
period in the alert phase, we oversampled the test data. This
classification into interpandemic, alert, and pandemic phases
was loosely based on the World Health Organization pandemic
phases for influenza [35].

This threshold estimation from the q estimates was a theoretical
demonstration of the impact of applying the same procedure to
the actual proportion of cases arising from high-risk contacts
in anticipation of the need for populational lockdown measures
that were ultimately imposed.

Effectiveness threshold values were estimated for each
simulation using a receiver operating characteristic model
applying the Youden method. The sensitivity, specificity, and
positive predictive value (PPV) were calculated for the
theoretical effectiveness threshold. Sensitivity represented the
proportion of days in the alert phase in which the q estimate
was below the effectiveness threshold. Specificity represented
the proportion of days in the interpandemic phase in which the
q estimate was above the effectiveness threshold. The PPV was
the quotient of the number of alert phase days in which the q
estimate was below the effectiveness threshold and the number
of days in which the q estimate was below the effectiveness
threshold.

Finally, we implemented a 2-part sensitivity analysis. First, we
estimated a hypothetical threshold for each of the different
parameterizations used (both in simulations A and B) and ran
a multiple linear regression with the estimated thresholds as the
dependent variable. We included 10% increases in IR of a
high-risk contact of a confirmed COVID-19 case and mean and
maximum periods during which an individual remains
quarantined until they either develop the infection or are
considered susceptible in days, for each strain, and 10%
increases in maximum and waned efficacies for complete
vaccination and booster doses as independent variables. The
second part consisted of fixing the maximum and minimum
values for parameters included in simulation B (all but those
related to virus variants) and estimating both the thresholds
obtained and the Spearman correlation coefficients with the
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results of simulation B. We presented the range of thresholds
and correlations obtained.

The adapted compartmental model was constructed, the
simulations were run, and the data were analyzed using the
statistical computing and graphics software R (version 4.0.2; R

Foundation for Statistical Computing) in the integrated
development environment RStudio (version 2022.07.1+554;
Posit). Packages zoo (version 1.8-10), pROC (version 1.18.0),
and unbalanced (version 2.1) were used. The 95% CIs were
calculated for all punctual estimates.

Textbox 2. Scenarios for different q estimates.

• The q estimate derived from the constructed models represents the ratio between the daily expected number of cases arising from quarantined
high-risk contacts and the total number of daily cases. Several parameterizations might lead to different numbers of expected cases resulting
from applying the modeled transitions to the real number of quarantined individuals.

• Simplifying the presented model to a single-day transition (all quarantined individuals must progress to being infected or return to being susceptible
or protected), if on any given day 100 individuals were in compartment Q and the total number of new cases was 20 and…:

• ...the infection risk (IR) was defined as 10%, the q estimate would be 0.5 (10% × 100/20). In other words, we would expect half the cases
to come from quarantined individuals.

• ...the IR was defined as 20%, the q estimate would be 1.0 (20% × 100/20). In other words, we would expect all cases to come from quarantined
individuals.

• ...the IR was defined as 30%, the q estimate would be 1.5 (30% × 100/20). In other words, we would expect more cases from quarantined
individuals than the total number of new cases.

• Therefore, the q estimate determined by this model is not a proportion as q estimates of >1 are possible within the constructed model (see the
Discussion section).

Ethical Considerations
Our study used publicly available aggregated secondary data
with no characteristics that allowed for individual identification.
Therefore, the research team considered that there were no
relevant data protection and privacy issues to report.

Results

Descriptive Analysis of the Parameterizations
The characteristics of the parameterizations used in the model
and for each simulation are described in Table 3. The median

of the maximum transition periods (Δtγmax/Δtκςmax) was 8 days
(IQR 6 for the γ transition and IQR 7 for the κ and ς transitions)
and 4 days for the average transition periods (Δtγmean/Δtκςmean;
IQR 4). The main difference between the simulations is in the
IR, with an average of 28.9% (SD 13.6%) verified in simulation
A, which is much higher than that of 0.8% (SD 0.5%) for
simulation B.
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Table 3. Descriptive analysis of simulation parameters.

Simulation BSimulation A

Variants

8 (6)8 (6)Δtγmax
a (d), median (IQR)

4 (4)4 (4)Δtγmean
b (d), median (IQR)

9 (7)8 (7)Δtκςmax
c (d), median (IQR)

4 (4)4 (4)Δtκςmean
d (d), median (IQR)

0.8 (0.5)28.9 (13.6)IRe (%), mean (SD)

Complete vaccination (%), mean (SD)

33.7 (16.3)33.7 (16.3)Ve0
f

64.8 (21.8)64.8 (21.8)Vemax
g

49.2 (14.9)49.2 (14.9)Vewaned
h

Booster doses (%), mean (SD)

65.1 (14.0)65.1 (14.0)Be0
i

80.1 (12.3)80.1 (12.3)Bemax
j

49.2 (14.9)49.2 (14.9)Bewaned
k

aΔtγmax: maximum time until γ.
bΔtγmean: average time until γ.
cΔtκςmax: maximum time until κ and ς.
dΔtκςmean: average time until κ and ς.
eIR: infection risk.
fVe0: vaccine efficacy.
gVemax: maximum vaccine efficacy.
hVewaned: waned vaccine efficacy.
iBe0: booster dose efficacy.
jBemax: maximum booster dose efficacy.
kBewaned: waned booster dose efficacy.

Descriptive Analysis of the Simulations
The daily value of the q estimate is plotted in Figures 2-5 for
simulations A and B. This estimate exceeded the value of 1 at
some moments in simulation A, indicating that, according to
the model’s parameters, it would be expected that more infection
cases resulting from quarantined individuals had occurred than
the total number of new cases of COVID-19 reported for those
specific days (Textbox 2).

An inverse relationship between the values of the q estimate
and the total number of new cases of COVID-19 is ascertainable
through analysis of Figures 2 and 4. Indeed, simulation A

presented a correlation of −0.71 (95% CI −0.74 to −0.67), and
simulation B showed a correlation of −0.76 (95% CI −0.79 to
−0.73).

Despite the different procedures underlying the 2 simulations
(A and B), the maximum q estimate in both simulations was
reached on day 161. After that, the same q estimate never
reached >50% of that maximum value.

The analysis of all iteration results according to the presence or
absence of different variants and vaccination’s protective effect
(Figures 3 and 5) shows the considerable overlap between the
curves in either simulation A or B.
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Figure 2. Results of simulation A in comparison with the daily total number of new COVID-19 cases at scale.

Figure 3. Results of simulation A separated according to inclusion or exclusion of vaccines or SARS-CoV-2 variants.

Figure 4. Results of simulation B in comparison with the daily total number of new COVID-19 cases at scale.
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Figure 5. Results of simulation B separated according to the inclusion or exclusion of vaccines.

Defining the Effectiveness Threshold
Figure 6 shows the distribution of the number of daily cases
throughout the 690 days included in the compartmental model,
including the local maxima; local minima; inflection points;
and pandemic, alert, and interpandemic phases. Case peaks
occurred on days 40, 264, 335, and 511 of the study period. We
also considered that, on day 690 (end of the study period), we
were at a new peak because of the number of cases. The
inflection points for each of the 5 peaks identified show that
alert phases occurred between days 18 and 26 for the first
pandemic phase, between days 220 and 250 for the second
pandemic phase, between days 310 and 321 for the third
pandemic phase, between days 470 and 497 for the fourth
pandemic phase, and between days 660 and 676 for the fifth
and final pandemic phase. The period included in calculating
the effectiveness threshold encompassed 403 days (between
days 1 and 26, days 82 and 250, days 302 and 321, days 400
and 497, and days 588 and 676 in accordance with each of the
5 pandemic phases). Table 4 shows the testing periods of the
theoretical thresholds derived from both models and the
classification of those periods in the alert (test-positive) and
interpandemic (test-negative) phases.

For simulation A, we observed that the value of the q estimate
that would most likely define the theoretical effectiveness
threshold of contact tracing would be 1.93, with 85.7%
(258/301; 95% CI 82.1%-89.7%) of alert phase days in which
the q estimate was below the effectiveness threshold (ie,

sensitivity), 66.1% (199/301; 95% CI 60.5%-71.1%) of
interpandemic phase days in which the q estimate was above
the effectiveness threshold (ie, specificity), and a proportion of
alert days among days with the q estimate below the
effectiveness threshold (ie, PPV) of 71.7% (258/360; 95% CI
68.4%-75.1%). For simulation B, the hypothetical effectiveness
threshold was 0.07, with 87% (262/301; 95% CI 83.4%-90.7%)
sensitivity, 66.8% (201/301; 95% CI 61.5%-72.1%) specificity,
and a 72.5% (262/362; 95% CI 69.2%-75.9%) PPV.

In Portugal, population lockdowns were imposed during all
pandemic phases except the fifth one [36]. In the model days,
lockdowns occurred on days 18, 236, 313, and 488. Both
simulations would, by default, start below the effectiveness
threshold from day 1 in the model until the first pandemic phase.
Unsurprisingly, by day 18, both would still stay below the
effectiveness threshold. Neither of the simulations’ q estimates
went above threshold levels between the second and third
pandemic phases, which may indicate that this hypothetical
estimate could be used as an argument against lifting lockdown
measures, thus avoiding an interpandemic phase of just 8 days.
Both models kept q estimates below the effectiveness threshold
after the fourth pandemic phase. For the 2 remaining pandemic
phases (second and fourth), simulation A broke the threshold
within the respective alert phases 7 and 17 days before the actual
lockdowns (days 229 and 471), and simulation B broke the
threshold 4 and 16 days before the actual lockdowns (days 232
and 472).
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Figure 6. Daily COVID-19 case number evolution with identification of wave peaks and periods included in the effectiveness threshold for contact
tracing. Vertical dotted lines represent the imposing of population lockdown measures by Portuguese authorities in each pandemic phase during the
period of analysis.

Table 4. Testing periods for theoretical effectiveness threshold.

ClassificationPhaseDays

NegativeInterpandemic1-17

PositiveAlert18-26

NegativeInterpandemic82-219

PositiveAlert220-250

NegativeInterpandemic302-309

PositiveAlert310-321

NegativeInterpandemic400-469

PositiveAlert470-497

NegativeInterpandemic588-659

PositiveAlert660-676

Sensitivity Analysis
Tables 5 and 6 show the results of the sensitivity analysis. On
the basis of the multiple linear regression results (Table 5), a
10% increase in IR for each variant was associated with an
increase in the estimated threshold value of at least 0.01. The
influence was maximal for the variant “other” (β=.52; P<.001).
The influence on the result of the model for the remaining
variant parameters was inconsistent, with some parameters
leading to an increase in the hypothetical threshold for a certain
variant and the same parameter leading to a decrease in the
estimated threshold for other variants. Of these parameters,
maximal and mean times until κ and ς for variant “other” were
negatively related to the estimated threshold (β=−.10 and
P<.001, and β=−.08 and P=.02, respectively), as were the mean
times until κ and ς for the alpha and delta variants (β=−.08 and

P=.04, and β=−.08 and P=.048, respectively). In contrast, an
increase in the mean time until κ and ς for the omicron variant
was related to an increased threshold (β=.08; P=.02). Regarding
vaccination, only an increase in efficacy at inoculation for
booster doses was negatively related to the estimated threshold
(β=−.11; P=.02). All other vaccine efficacies did not present a
significant relationship with the threshold attained.

Regarding the correlation and threshold analyses (Table 6), we
obtained a minimum correlation coefficient of 0.87 and a
maximum correlation coefficient of 0.99. Threshold values were
highly variable except for those resulting from IR and when
vaccine efficacy at inoculation (Ve0) was set to 60%, where the
ratio between the maximum and minimum thresholds was <20.
This result corroborates the results obtained in the multiple
linear regression regarding the impact of IR on the threshold
estimates and, consequently, on q estimates.
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Table 5. Multiple linear regression model parameter coefficients for threshold determination.

P valueCoefficient (95% CI)Variant and model parameter

Other variant

.510.02 (−0.04 to 0.08)Δtγmax
a

.07−0.08 (−0.16 to 0.01)Δtγmean
b

<.001−0.10 (−0.16 to −0.05)Δtκςmax
c

.02−0.08 (−0.15 to −0.02)Δtκςmean
d

<.0010.52 (0.41 to 0.64)IRe

Alpha

.35−0.03 (−0.09 to 0.03)Δtγmax

.25−0.04 (−0.12 to 0.03)Δtγmean

.260.03 (−0.02 to 0.09)Δtκςmax

.04−0.08 (−0.15 to 0.00)Δtκςmean

.410.05 (−0.07 to 0.18)IR

Beta

.990 (−0.07 to 0.06)Δtγmax

.790.01 (−0.07 to 0.09)Δtγmean

.410.03 (−0.04 to 0.10)Δtκςmax

.780.01 (−0.07 to 0.09)Δtκςmean

.840.01 (−0.11 to 0.13)IR

Gamma

.31−0.04 (−0.11 to 0.04)Δtγmax

.080.07 (−0.01 to 0.16)Δtγmean

.230.03 (−0.02 to 0.09)Δtκςmax

.750.01 (−0.06 to 0.09)Δtκςmean

.020.15 (0.03 to 0.28)IR

Delta

.190.04 (−0.02 to 0.10)Δtγmax

.32−0.04 (−0.12 to 0.04)Δtγmean

.470.02 (−0.04 to 0.09)Δtκςmax

.048−0.08 (−0.16 to 0.00)Δtκςmean

.160.11 (−0.04 to 0.26)IR

Omicron

.590.02 (−0.05 to 0.08)Δtγmax

.890.00 (−0.07 to 0.06)Δtγmean

.16−0.04 (−0.09 to 0.01)Δtκςmax

.020.08 (0.01 to 0.15)Δtκςmean

.160.08 (−0.03 to 0.20)IR

.480.02 (−0.04 to 0.09)Ve0
f

.850.01 (−0.05 to 0.06)Vemax
g
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P valueCoefficient (95% CI)Variant and model parameter

N/AN/AiVewaned
h

.02−0.11 (−0.20 to −0.02)Be0
j

.840.01 (−0.09 to 0.11)Bemax
k

N/AN/ABewaned
l

aΔtγmax: maximum time until γ.
bΔtγmean: average time until γ.
cΔtκςmax: maximum time until κ and ς.
dΔtκςmean: average time until κ and ς.
eIR: infection risk.
fVe0: vaccine efficacy.
gVemax: maximum vaccine efficacy.
hVewaned: waned vaccine efficacy.
iN/A: not applicable; coefficients for waned efficacy were not calculated as this parameter was input in the model as the mean of the inoculation and
maximum efficacies (Table 1).
jBe0: booster dose efficacy.
kBemax: maximum booster dose efficacy.
lBewaned: waned booster dose efficacy.

JMIR Public Health Surveill 2023 | vol. 9 | e43836 | p.2794https://publichealth.jmir.org/2023/1/e43836
(page number not for citation purposes)

Marques-Cruz et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 6. Correlation and threshold estimates for fixed parameters.

Threshold (range)Correlationa (range)Variable and value

Δtγ max
b (d)

0.003-13.3720.87-0.882

0.002-11.0570.88-0.9914

Δtγmean
c (d)

0.037-2.9650.92-0.982

0.002-2.6960.89-0.9514

Δtκςmax
d(d)

0.016-13.3720.91-0.992

0.002-11.2780.88-0.9914

Δtκςmean
e (d)

0.030-7.3850.95-0.992

0.002-3.1370.88-0.9914

IRf

0.002-0.0310.87-0.990.001

1.248-13.3720.88-0.990.500

Ve0
g

0.002-13.3720.87-0.990.10

0.046-0.4480.90-0.960.60

Vemax
h

0.002-13.3720.89-0.990.10

0.002-10.7440.87-0.960.95

Be0
i

0.002-13.3720.87-0.990.10

0.002-13.1440.89-0.990.80

Bemax
j

0.002-13.3720.89-0.990.10

0.030-8.3520.89-0.990.95

aCompared with simulation B results.
bΔtγmax: maximum time until γ.
cΔtγmean: average time until γ.
dΔtκςmax: maximum time until κ and ς.
eΔtκςmean: average time until κ and ς.
fIR: infection risk.
gVe0: vaccine efficacy.
hVemax: maximum vaccine efficacy.
iBe0: booster dose efficacy.
jBemax: maximum booster dose efficacy.
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Discussion

Principal Findings
In this study, we developed a compartmental model to describe
the relationship among the official data on COVID-19 for
Portugal, namely regarding the DGS definition of quarantined
individuals. The main aim of this study was to estimate the daily
ratio of cases that occurred in individuals in imposed quarantine
through contact tracing (q estimate). Despite being a
compartmental model, only transitions to and from compartment
Q (quarantined individuals) were modeled. Daily data regarding
all the other transitions and daily data on all compartments
except compartments S (susceptible) and E (exposed individuals
not traced) were already available and, therefore, not processed.

To the best of our knowledge, this study is the first attempt to
use COVID-19 contact tracing data to define the infection
dynamics of SARS-CoV-2. The main reason for this might be
that the DGS was, as far as the authors are aware, the only
national health authority with public data regarding individuals
under quarantine systematically imposed by health authorities.

We obtained q estimates for 2 different simulations, both
grounded on published evidence and some degree of parameter
estimation. Simulation A was intended to reflect the presence
of multiple strains with different infectious characteristics,
whereas simulation B was intended to calibrate the IR of
SARS-CoV-2 in quarantined individuals. The q estimates
obtained by the 2 simulations were highly negatively correlated
with the number of confirmed daily cases of COVID-19, which
shows that a diminishing ratio of cases from quarantined
individuals indirectly indicates the waning effectiveness of
contact tracing. Assuming that we have proven this concept, it
may indicate epidemiological contexts in which contact tracing
as an epidemic combat measure would be insufficient, thus
prompting the need to consider implementing complementary
pandemic combat measures that result in further social
restrictions, namely, general lockdowns.

To demonstrate the impact of applying this theoretical q
estimate, we tried to establish, for each simulation, a
hypothetical effectiveness threshold for contact tracing and
relate it to the key moment for implementing general lockdowns,
either by defining the phases of the pandemic and estimating a
PPV (ie, the quotient of the number of alert phase days in which
the q estimate was below the effectiveness threshold and the
number of days in which the q estimate was below the
effectiveness threshold) of each simulation or by comparing
with actual lockdown measures in Portugal. We found a PPV
of >70% for both simulations, and an anticipation of at least 4
days in the second and fourth lockdowns was the result of the
theoretical simulations used for decision-making.

In addition, a sensitivity analysis of the parameters used to
model compartment Q transitions showed that only the IR for
any strain and the vaccine efficacy at booster dose inoculation
did significantly affect the q estimates. Despite having a residual
influence, the parameters input do not allow for a direct
interpretation of the value of the q estimate, especially in
simulation A as this simulation at times obtained values of >1.

The scenarios where this situation could occur in our model
were explained in Textbox 2. The main reasons for these
estimates are more likely related to an overestimated IR in
compartment Q and may include misclassification of low-risk
exposures as high-risk exposures (eg, in schools when the first
guidelines initially considered all same-class students as
high-risk contacts regardless of mask or social distancing
measures implemented [37]), delayed diagnosis, or different
timing for testing in quarantined individuals (such as changes
in guidelines for testing in the beginning, middle, or end of
imposed quarantine [5,21,38]) and different isolation timing
(some individuals might only be traced near the end of their
period of isolation, which in turn leads to a reduced time in
compartment Q not controlled by our model design).

Therefore, our study should be regarded as a demonstration of
the application of an effectiveness threshold for contact tracing
as a measure of pandemic control. Consequently, the q estimates
and effectiveness thresholds derived from both simulations are
hypothetical values but likely to be highly correlated with the
true proportion of cases from quarantined individuals, as shown
by our sensitivity analysis.

We deem it necessary to draw attention to the importance of
open data and data sharing as a way to catalyze research and
accelerate innovation and development that shortens the time
between the detection of potentially epidemic pathogens and
the development of appropriate containment and mitigation
measures [39,40]. The advantages of data sharing will only be
fully attained if data are reported on an everyday basis of
definitions and procedures. This factor was not observed during
the COVID-19 pandemic. This research team expects that this
lesson, too, can be derived from this pandemic and that,
consequently, definitions and procedures will be adapted in
conformity [41].

Limitations
The main limitation of our study arises from implementing a
compartmental model and simulation methods to estimate
transitions between compartments, potentially leading to results
that only partially reflect reality as it occurred at each moment
of the period analyzed. Furthermore, it is not possible to exclude
the influence that the implementation of confinement measures
or other measures implemented during each pandemic wave
may have had on the proportion of new cases from exposed
individuals. However, the impact of considering different
parameterizations of variants or vaccination efficacy,
demonstrated by the visual overlap between the results of the
different simulations as well as the conducted sensitivity
analysis, strengthens the potential robustness of the results and
the model.

In addition, the parameters chosen include other limitations as
they are based on data collected in studies that were run under
controlled conditions [42]. Most of those studies also focused
on the disease’s transmission dynamics [22], analyzing mainly
those persons who developed the disease and the time that
elapsed until infection. Therefore, we lacked estimates of the
duration of epidemiological surveillance for exposed individuals
who did not develop the infection. To mitigate this limitation,
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we assumed that this time would be similar to the time required
for individuals to develop the disease.

Few studies have compared the risk of infection per virus variant
throughout the quarantine period. Therefore, although we
acknowledge that some variants might have been more
transmissible than others, it did not allow us to determine
whether this variable translated only to a higher IR or a lower
time until the transition between exposed and infected (or any
other hypotheses, for that matter). To mitigate the impact of
this limitation, different values for parameters (which assumed
that all variants could have variable IR and time to infection)
had the potential to depict variant differences concerning the
degree of contagion and infection. The residual impact of
different variants, except for their respective IRs, on the
simulation results may attenuate this limitation.

It is not possible to exclude the hypothesis that the effect of
implementation of confinement measures (or other measures
implemented during each pandemic phase) on the ratio of new
cases from quarantined individuals may have led the model to
present q estimates that were different from those expected
without such measures. Thus, the definition of a value for the
ratio of cases of quarantined individuals that could work as a
threshold for lifting those more restrictive measures or restarting
contact tracing as the primary pandemic combat strategy is
beyond the scope of this study. This “lift measures threshold”
could define the moment where the influence of confinement
measures stopped manifesting. In our model, we assume that
the contact tracing strategy is maintained throughout the
simulation period and only use data from the interpandemic and
alert phases to define the hypothetical effectiveness threshold.

Finally, given the format in which the data were collected, the
analysis could be conducted only at the national level. This lack
of data granularity demanded an implicit assumption that any
change in the number of cases or individuals under quarantine
imposed by health authorities affects national, regional, and
local levels simultaneously and proportionally. Greater data
detail, both geographical and sectorial, would potentially allow
for determining effectiveness thresholds—and the consequent
implementation of pandemic containment measures—at those
differentiated levels, with a more apparent effort-benefit ratio
that could be better understood and better accepted by the
population. This would most likely result in higher population
adherence to containment measures and finer-tuned control of
both the sanitary and socioeconomic impacts of the pandemic.

Future Work
As we have stated, this work is a starting point for using data
on high-risk contacts of COVID-19 cases to define transmission
dynamics of SARS-CoV-2, which could lead to further studies
addressing the aforementioned limitations and discussions of
alternative hypotheses and perspectives left unexplored in this
study. An immediate suggestion could be the case of a scenario
in which the variation in IR for compartment Q occurs within
each iteration. Such dynamic IR should reflect the
implementation of pandemic combat measures that have been
proven to change the IR (namely, large-scale testing [11], scaling

up of contact tracing [1], and population lockdowns [13,14]).
Caution should be taken when applying this dynamic IR to these
models to tackle q estimates of >1. Such an approach, without
accounting for other measures, would lead to a maximization
of IR in quarantined individuals, which would mean that, in
pandemic phases in which cases are expected to occur mostly
in non–contact-traced individuals, we would contrarily have a
maximization of the q estimate.

Another scenario to tackle in future work—perhaps also
resorting to simulation methods—would be to investigate what
would happen should contact tracing come to a halt and what
would be the impact of fully transferring resources allocated to
this public health task to other activities regarding
epidemiological dynamics and the pandemic’s impact on a
country’s sanitary and economic dimensions.

As mentioned previously, the theoretical definition of contact
tracing effectiveness thresholds that would allow for the relief
of restrictive measures is beyond the scope of this work.
Nonetheless, it might be equally valuable to define thresholds
for restrictive measure relief as it could be helpful for
communication by public officials during pandemic scenarios
as well as to balance the scales between the implicit
health-economy dichotomy that so often arose in narratives with
global reach. There is also a relevant economic component to
this work as it is intertwined with the efficiency of these
pandemic control measures and their direct and indirect impacts
on countries’ health and economy. This work might be very
helpful in drawing lessons that better enable us to adapt our
society to events such as pandemics.

Finally, and from a health economics standpoint, it would be
interesting to understand how the population perceives contact
tracing as an instrument used by health authorities to contain
pandemics and what the perception would be, for example, in
terms of adherence to pandemic control measures should contact
tracing cease.

Conclusions
Our work provides important information for policy and decision
makers, namely in terms of epidemiology and pandemic/crisis
management, as well as for public health professionals. It also
constitutes a relevant source of information and an objective
acknowledgment of the importance of contact tracing, which
was widely used worldwide in all stages of the COVID-19
pandemic.

Concretely, this study, although using secondary data, allowed
us to (1) provide a proof concept for using estimates of an
effectiveness threshold for contact tracing as a primary measure
of pandemic containment and (2) consider the potential use of
this effectiveness threshold as a decision variable for imposing
more restrictive measures, namely, lockdowns, along with
indicators that were used to assess the pandemic situation (such
as the transmissibility indexes and case incidence). Our results
are consistent with this last possibility and, notwithstanding the
presented limitations, reveal a path that, we hope, deserves
further exploration.
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Abstract

Background: The community environment plays a vital role in the health of older adults. During the COVID-19 epidemic,
older adults, who were considered the most impacted and most vulnerable social group, were confined to their homes during the
implementation of management and control measures for the epidemic. In such situations, older adults may have to contend with
a lack of resources and experience anxiety. Therefore, identifying the environmental factors that are beneficial for their physical
and mental health is critical.

Objective: This study aimed to assess the association between community cohesion and the physical and mental health of older
adults and to identify the related community services and environmental factors that may promote community cohesion.

Methods: This community-based cross-sectional study was designed during the COVID-19 epidemic. A multistage sampling
method was applied to this study. A total of 2036 participants aged ≥60 years were sampled from 27 locations in China. Data
were collected through face-to-face interviews. The neighborhood cohesion instrument consisting of scales on 3 dimensions was
used to assess community cohesion. Self-efficacy and life satisfaction, cognitive function and depression, and community services
and environmental factors were also measured using standard instruments. Statistical analyses were restricted to 99.07% (2017/2036)
of the participants. Separate logistic regression analysis was conducted to assess the association among community cohesion and
physical and mental health factors, related community services, and environmental factors among older adults.

Results: The results showed that high levels of community cohesion were associated with good self-perceived health status and
life satisfaction (odds ratio [OR] 1.27, 95% CI 1.01-1.59 and OR 1.20, 95% CI 1.15-1.27, respectively) and high levels of
self-efficacy and psychological resilience (OR 1.09, 95% CI 1.05-1.13 and OR 1.05, 95% CI 1.03-1.06, respectively). The length
of stay in the community and the level of physical activity were positively associated with community cohesion scores, whereas
the education level was negatively associated with community cohesion scores (P=.009). Community cohesion was also associated
with low levels of depression and high levels of cognitive function. Community cohesion was significantly associated with
community services and environmental factors on 4 dimensions. High levels of community cohesion were associated with
transportation services and rehabilitation equipment rental services as well as high levels of satisfaction with community physicians’
technical expertise and community waste disposal (OR 3.14, 95% CI 1.87-5.28; OR 3.62, 95% CI 2.38-5.52; OR 1.37, 95% CI
1.08-1.73; and OR 1.23, 95% CI 1.01-1.50, respectively).

Conclusions: Community cohesion was found to be associated with the physical and mental health of older adults. Our research
suggests that enhancing community services and environmental resources may be an effective strategy to increase community
cohesion during major infectious disease epidemics.
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Introduction

Background
Older adults become more vulnerable to mental diseases and
environmental challenges as their age increases [1]. The
community environment plays a vital role in their health,
especially their mental health, as they age [2]. They usually
wish to remain living in the community as long as possible, but
their health status may deteriorate during the last stage of their
lives to the point where they can no longer live alone. Therefore,
the World Health Organization suggests the provision of a
familiar environment and an emotional bond to support aging
in place to enable older adults to live in their community
independently and comfortably by experiencing a sense of
attachment, connectedness, security, and identity [3-5].

During the COVID-19 pandemic, older adults were considered
the most impacted and vulnerable social group because they
had a high risk of being infected by SARS-CoV-2 and dying
[6]. Several epidemic prevention and control measures had
changed to a large extent the way of living they were
accustomed to and seriously interfered with their access to public
resources. During the initial stage of the pandemic, they were
alone and unattended at home; thus, they could not purchase
masks and obtain any information on disease prevalence; they
also felt anxious, helpless, and scared [7-9]. Some studies
showed that the deterioration in physical functioning and the
reduction in social contact may have caused many older adults
to experience poor mental health [10,11]. During
COVID-19–related lockdowns imposed by the authorities, older
adults were cut off from the outside world, which also hindered
them from receiving social support [12]. In such circumstances,
older adults can experience serious physical and mental health
consequences, and, as a result, they become more dependent
on community services and environment resources.

The Importance of Community Cohesion
Community cohesion, which is an important element of the
community, includes 3 essential dimensions. It involves social
relations, identification with the geographical unit, and
orientation toward the common good [13]. Individual-level
community cohesion is assessed in a geographically bounded
neighborhood; this is known as the community or neighborhood
cohesion assessment. In recent years, interest in the study of
community cohesion has escalated, probably because of the
sharp increase in older populations. A study suggested that
community cohesion is an important factor that affects physical
and psychological health outcomes among older adults [14].
Many studies have shown that community cohesion may
positively influence both friendship and well-being, which act
as buffers against serious psychological distress among older
adults [15-17]. A lack of community cohesion is associated with
depression, loneliness, suicidal ideation, and poor mental health

[18-20]. Community cohesion is also an important protective
factor for preventing posttraumatic stress disorder symptoms
when older adults experience negative events and disasters [21].
Clinical and epidemiological studies have found a lack of
community cohesion to be associated with disability,
hypertension, myocardial infarction, stroke, and mortality
[22-25]. Empirical studies have confirmed that low levels of
community cohesion can accelerate epigenetic aging, and high
levels of community cohesion can reduce the risks of diseases
associated with genetic risk factors [26,27].

The COVID-19 pandemic has had an enormous and long-lasting
negative impact on the physical and mental health of older adults
worldwide. However, the unprecedented COVID-19 outbreak
and special prevention and control measures have resulted in a
limited number of studies being conducted on the association
of community cohesion with the physical and mental health of
older adults. We found several similar studies on the relationship
between community cohesion and mental health, but these
studies have a small sample size, resulting in low statistical
power [28,29]. In addition, the difficulty in data collection
during the COVID-19 pandemic resulted in only a single study
(with a lack of theoretical models) being conducted on the
association of community cohesion with the mental health of
older adults. A multiscale evaluation study on the complex
impact of the COVID-19 pandemic on the physical and mental
health of older adults has not yet been conducted. To our
knowledge, no research has assessed community cohesion
factors, such as community services and community resources,
that affected the physical and mental health of older adults and
the possible community public strategies that could have been
used to improve their physical and mental health during the
COVID-19 pandemic while at the emergency prevention and
control stage. Through this research, we expected to collect
considerable amounts of community resources information as
well as physical and mental health measurement data so that
we could fully explore the effects of community cohesion on
the physical and mental health of older adults at the individual,
community, and social levels during the COVID-19 pandemic
based on the social-ecological model and investigate the
complex relationship among community cohesion, community
services, environmental resources, and the physical and mental
health of older adults and the potential interaction mechanism.

We hypothesized that a good community environment and
satisfactory health service facilities can improve community
cohesion and enhance community residents’perception of social
support and self-efficacy in the effective use of community
services and environmental resources. This study aimed to
explore the effects of community cohesion on the physical and
mental health of older adults living in a community during the
COVID-19 epidemic, identify the association between
community cohesion and perceived social support and
self-efficacy, and clarify and define the community services
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and environmental factors that may promote community
cohesion.

Methods

Study Design
A cross-sectional study was conducted among
community-dwelling older adults to assess the related factors
of community cohesion and the association between community
cohesion and the physical and mental health of older adults
during the COVID-19 pandemic. This study was supported by
a big data–driven community mental health management model
as well as an accessibility evaluation of health-related resource
projects. Two community-based surveys that aimed to assess
health status and accessibility of community health services
among older adults living in the community were conducted to
discover the main psychological and mental health challenges
and explore ways to promote community health based on the
theory of social ecology.

Participants
A total of 2036 community residents were selected through a
multistage sampling design according to comprehensive
geographic location attributes and fully considering the regional
aging degree. Sampling was performed at 27 locations in 4
provinces in China from July 15, 2020, to August 31, 2022. All
participants were aged ≥60 years. Participants with severe
physical dysfunction and mental disorders who would not have
been able to complete the questionnaire were not eligible to
participate in this study.

Ethics Approval and Participation
The study was approved by the institutional review board at the
School of Public Health, Zhejiang University (ZGL2020-010),
and it was performed in accordance with the principles of the
Declaration of Helsinki. All participants provided written
informed consent; the secondary analysis was allowed without
additional consent. All data were anonymous and kept
confidential to protect the privacy of participants. This study
was required to pay ≥CN¥40 (US $5.8) to each participant.

Data Collection
Well-trained investigators conducted face-to-face interviews
with all participants in the presence of family members or in
the community. Before the formal survey, community
administrators made a home visit or telephone call to older
adults living in the community. The community administrators
briefly explained the basic situation and recruitment
requirements for the project to the older adults and asked them
whether they would participate in the survey. Participants who
agreed were then scheduled to take the survey. On the day of
the survey, the investigator explained the purpose, content,
method, and other information regarding the survey to the
eligible participants. Subsequently, the investigator received
the participants’ informed consent. Most of the participants
(1835/2036, 90.13%) completed the interview in 50-60 minutes.
The questionnaires consisted of 16 parts and included 578 items.
The main contents included the following information:
demographic characteristics; behavioral habits and general

health status; community services and environmental resources;
community cohesion; social support and psychological
resilience; self-efficacy; neurocognition and social cognition;
and assessment of depression, personality disorder, and activities
of daily living.

The following general characteristics of the participants were
collected: age, sex, education level, individual monthly income,
marital status, physical activity level, and dietary habit.
Community services and environmental resources were assessed
in terms of 4 dimensions: community service facilities, medical
resources, nursing resources, and welfare resources. Smoking
status was examined using the question Do you smoke? If the
response was yes, the question What kind of cigarette do you
smoke? was asked, followed by the question How many
cigarettes do you smoke in a day? Smoking history and age of
starting smoking were also included in the questions. Physical
activity status was examined using the question Do you regularly
participate in sports, such as hiking, jogging, playing ball, or
swimming? If the response was yes, details regarding time spent
and frequency of participation in physical activity were obtained.
Sleep was assessed using the following questions: How many
hours of actual sleep did you have per night during the past
month? and When do you usually go to bed and get up?
Regarding daily living habits, participants were asked the
following questions: Do you eat at regular times every day?
Do you have the habit of drinking tea? and Do you have a
mobile phone? Self-perceived health status was assessed using
the question Would you say your health is very good, good, fair,
poor, or very poor? Individuals with chronic diseases were
identified using the question Have you ever been diagnosed
with chronic diseases by a doctor? A total of 28 chronic diseases
were included in the options.

Public service facilities in the community were assessed by
using the questions Does your community provide a meal
service? Are activity centers for older adults available near
your community? and Are you satisfied with the clearing and
disposal of garbage? The answer options were Yes and No.
Community medical service resources were assessed using the
questions How far is your home from the nearest medical
institution? and Does your community provide a family doctor
contract service? Nursing resources were assessed using the
questions Does your community provide day care services? and
Does your community provide nursing care for patients with
severe chronic disease? The questions used to determine welfare
resources included Does your community organize regular
outdoor activities for older adults? and Does your community
provide transportation services?

Measurements

Community Cohesion
The neighborhood cohesion instrument was applied to assess
community cohesion using 18 items [30]. The neighborhood
cohesion instrument consists of scales on 3 dimensions to
measure the synthesis of community cohesion concepts. The 3
items—Overall, I am very attracted to living in this
neighborhood; Given the opportunity, I would like to move out
of this neighborhood; and I rarely have neighbors come over
to my house to visit—measure attraction to the neighborhood.
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Six items, including If I needed advice about something I could
go to someone in my neighborhood, I borrow things and
exchange favors with my neighbors, and I rarely have neighbors
come over to my house to visit, measure the degree of
neighboring. Nine items, including I feel like I belong to this
neighborhood, I think I agree with most people in my
neighborhood about what is important in life, and I feel loyal
to the people in my neighborhood, measure the psychological
sense of community. The response options for each item are (1)
strongly agree, (2) agree, (3) neither agree nor disagree, (4)
disagree, and (5) strongly disagree based on a 5-point Likert
scale. The estimated Cronbach α coefficients range from .86 to
.95.

Other Measurements
The general self-efficacy scale was used to measure the level
of self-efficacy [31]. The general self-efficacy scale consists of
10 items with a total score ranging from 10 to 40 points; the
higher the score, the higher the level of self-efficacy. The
Chinese version of the Older American Resources and Services
(OARS) scale was used to assess the level of social support
[32]. The OARS scale consists of 3 dimensions: social
interaction, family support, and interpersonal relations. High
OARS scores indicate high levels of social support. The Chinese
version of the 21-item Dementia Assessment Sheet for
Community-Based Integrated Care System (DASC-21) was
used to assess individual cognitive functions [33]. A score of
≥27 points suggests possible dementia, and a high score is
recognized as indicative of a low level of cognitive function.
The Eysenck Personality Questionnaire-Revised Short Scale
was used to assess the personality characteristics of participants
[34]. Community services and environmental resources included
44 items. However, the item Help with using the toilet was
removed, given that participants with severe physical
dysfunction were not eligible to participate in the study [35].

Statistical Analysis
The data obtained from participants with complete
questionnaires (N=2017) were used for statistical analysis.
Descriptive statistics were used to report the general
characteristics of participants. Frequencies and percentages
were computed for the variables.

The means and SDs of community cohesion scores were
calculated using participant characteristics. A 2-tailed t test was
used to compare the mean values between 2 groups, and 1-factor
ANOVA was used to compare multiple groups. We conducted
a normality test and a variance homogeneity test before
performing the t test and 1-factor ANOVA.

Three separate logistic regression analyses were conducted to
evaluate the association between community cohesion and
physical and mental health factors by area (urban vs rural).

Community cohesion scores were treated as a binary dependent
variable and added to the logistic regression model.
Self-perceived health and life satisfaction, cognitive function
and depression, and self-efficacy and psychological resilience
were added as independent variables to the 3 logistic regression
models. Age, sex, marital status, education level, individual
monthly income, physical activity level, and dietary habit were
adjusted in all models, and the Eysenck Personality
Questionnaire-Revised Short Scale scores for psychological
factors were also controlled.

Binary logistic regression analysis was used to assess the
association between community cohesion and self-perceived
social support. The scores of the 3 dimensions for social support
and the total scores were added to the logistic regression model.
The association of community cohesion with community
environmental factors was assessed on 3 dimensions—attraction
to neighborhood, degree of neighboring, and psychological
sense of community—using binary logistic regression analysis.
The total community cohesion score, which was divided into 2
categories, was used as a dependent variable to establish the
logistic regression model. For each logistic regression model,
we used the stepwise regression method to select the variables.
A variable has a power of 80% at a significance level of .05 for
univariate analyses that can be added to the logistic regression
model. The community cohesion scores among different levels
of community services and environmental resources were
calculated, and a radar map was drawn.

The association among community cohesion and self-efficacy,
social support, cognitive function, community services and
environmental resources, and physical and mental health was
evaluated through mediating and moderating effect tests based
on step-by-step general linear regression model. Statistical
significance was set at P<.05 for the 2-tailed test. All data
analyses were performed using SAS for Windows (version 9.4;
SAS Institute Inc).

Results

Participant Characteristics
The general characteristics of participants by sex are shown in
Table 1. Of the 2017 participants, 855 (42.39%) were aged ≥70
years, 771 (38.22%) were male, and 1246 (61.77%) were female.
A total of 20.48% (413/2017) of the participants reported that
they had completed ≥13 years of education. In terms of marital
status, 9.5% (73/771) of the male participants and 23.43%
(292/1246) of the female participants were unmarried. Overall,
72.93% (1471/2017) of the participants self-reported that they
had ≥1 chronic diseases. More than half of the participants
(1108/2017, 54.93%) had lived in their community for ≥30
years.
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Table 1. Characteristics of study participants by sex (N=2017).

Female participants (n=1246), n (%)Male participants (n=771), n (%)Variable categories

Age (years)

763 (61.23)399 (51.8)<70

483 (38.76)372 (48.2)≥70

Years of education

231 (18.53)72 (9.3)0-6

464 (37.23)314 (40.7)7-9

307 (24.63)216 (28.1)10-12

244 (19.58)169 (21.9)≥13

Individual monthly income (CN¥ [US $])

362 (29.05)256 (33.2)0-1999 (0-291)

621 (49.83)281 (36.5)2000-3999 (292-584)

186 (14.92)234 (30.3)≥4000 (585)

Marital status

954 (76.56)698 (90.5)Married

292 (23.43)73 (9.5)Unmarried

Smoking status

19 (1.52)364 (47.2)Smoker

1227 (98.48)407 (52.8)Nonsmoker

Alcohol use

152 (12.19)419 (54.4)Yes

1094 (87.80)234 (45.6)No

Physical activity

794 (63.72)390 (50.6)Yes

452 (36.28)381 (49.4)No

Chronic disease status

892 (71.59)579 (75.1)Yes

354 (28.41)192 (24.9)No

Years lived in the community

610 (48.96)299 (38.8)<30

636 (51.04)472 (61.2)≥30

Community Cohesion Scores Based on Participant
Characteristics
Table 2 shows the means and SDs of community cohesion scores
based on the characteristics of the participants. According to
the logistic regression analysis, education level was negatively
associated with the community cohesion score: the lower the

education level, the higher the community cohesion score. In
addition, we used a generalized linear regression model, and
we observed a strong statistically significant linear trend
(P<.001). Participants’ self-reported levels of physical activity
were positively associated with community cohesion scores
(P=.003). The community cohesion scores were higher (P<.001)
when individuals lived in the community longer.

JMIR Public Health Surveill 2023 | vol. 9 | e45110 | p.2805https://publichealth.jmir.org/2023/1/e45110
(page number not for citation purposes)

Li et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 2. The means and SDs of community cohesion scores by participant characteristics.

P valueValues, mean (SD)Variable categories

.39Age (years)

68.4 (9.5)<70

69.1 (8.3)≥70

.01Sex

67.3 (8.2)Male

69.3 (9.2)Female

<.001Years of education

71.6 (9.3)0-6

70.5 (8.2)7-9

68.1 (9.6)10-12

65.6 (7.9)≥13

<.001Individual monthly income (CN¥ [US $])

65.3 (8.8)0-1999 (0-291)

70.4 (8.7)2000-3999 (292-584)

66.9 (8.8)≥4000 (585)

.43Marital status

68.9 (9.0)Married

68.1 (8.5)Unmarried

.31Smoking status

69.7 (8.6)Smoker

68.6 (9.0)Nonsmoker

.07Alcohol use

67.6 (8.7)Yes

69.2 (9.0)No

.003Physical activity

69.3 (9.1)Yes

66.5 (8.1)No

.41Chronic disease status

68.6 (8.8)Yes

69.3 (9.3)No

<.001Years lived in the community

67.2 (8.9)<30

70.8 (8.6)≥30

Community Cohesion–Related Physical and Mental
Health Status
The evaluation of community cohesion–related physical and
mental health status by area (urban vs rural) is presented in
Table 3. The logistic regression analysis showed that high levels
of community cohesion were positively associated with life
satisfaction, psychological resilience, levels of self-efficacy,
and self-perceived health status (odds ratio [OR] 1.21, 95% CI
1.14-1.28; OR 1.05, 95% CI 1.03-1.07; OR 1.11, 95% CI
1.06-1.16; and OR 1.36, 95% CI 1.04-1.78, respectively, in

urban areas; and OR 1.15, 95% CI 1.03-1.28; OR 1.07, 95% CI
1.02-1.11; OR 1.02, 95% CI 1.01-1.07; and OR 1.14, 95% CI
0.90-1.83, respectively, in rural areas). High levels of
community cohesion were associated with good levels of
cognitive function and low levels of depression, and community
cohesion was negatively associated with cognitive function and
depression scores (OR 0.92, 95% CI 0.87-0.98 and OR 0.80,
95% CI 0.71-0.90, respectively, in urban areas; and OR 0.88,
95% CI 0.79-0.91 and OR 0.92, 95% CI 0.90-0.99, respectively,
in rural areas).
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Table 3. Community cohesion–related physical and mental health factors by logistic regression analysis.

P valueMultivariable adjusted odds ratio (95% CI)Variables

Urban areas

<.0011.21 (1.14-1.28)Life satisfaction

<.0010.92 (0.87-0.98)Cognitive function

<.0010.80 (0.71-0.90)Depression

.0021.11 (1.06-1.16)Self-efficacy

<.0011.05 (1.03-1.07)Psychological resilience

.031.36 (1.04-1.78)Self-perceived health

Rural areas

<.0011.15 (1.03-1.28)Life satisfaction

.020.88 (0.79-0.91)Cognitive function

.040.92 (0.90-0.99)Depression

.051.02 (1.01-1.07)Self-efficacy

.021.07 (1.02-1.11)Psychological resilience

.061.14 (0.90-1.83)Self-perceived health

Association Between Community Cohesion and
Self-perceived Social Support
Table 4 shows a positive association between community
cohesion and self-perceived social support after education level,
dietary habit, age, sex, marital status, physical activity level,

and individual monthly income were adjusted (OR 1.27, 95%
CI 1.15-1.40; P<.001). Community cohesion was significantly
associated with the 3 dimensions of social support: social
interaction, family support, and interpersonal relations (OR
1.39, 95% CI 1.18-1.65; OR 1.34, 95% CI 1.05-1.72; and OR
1.31, 95% CI 1.13-1.52, respectively).

Table 4. The association between community cohesion and self-perceived social support.

P valueMultivariable adjusted odds ratio (95% CI)Variables

<.0011.27 (1.15-1.40)Total scores of social support

<.0011.39 (1.18-1.65)Social interaction

.021.34 (1.05-1.72)Family support

<.0011.31 (1.13-1.52)Interpersonal relations

.0090.72 (0.56-0.92)Education level

.410.85 (0.57-1.27)Dietary habit

.591.15 (0.70-1.89)Sex

.321.02 (0.98-1.06)Age

.160.63 (0.33-1.19)Marital status

.831.06 (0.63-1.80)Physical activity

.210.84 (0.63-1.11)Individual monthly income

Association Between Community Cohesion and
Community Services and Environmental Factors
The community cohesion scores from different dimensions
associated with community services and environmental factors
by logistic regression analysis are shown in Table 5. In model
1, attraction to neighborhood was significantly associated with
levels of satisfaction with community physicians’ attitude,
rehabilitation equipment rental services, caregiver guidance,
and community waste disposal (OR 1.55, 95% CI 1.18-2.05;
OR 3.91, 95% CI 2.39-6.37; OR 1.85, 95% CI 1.08-3.17; and
OR 1.37, 95% CI 1.10-1.71, respectively). In model 2, the

degree of neighboring was associated with re-employment
assistance, rehabilitation equipment rental services, and levels
of satisfaction with community physicians’ technical expertise
(OR 2.49, 95% CI 1.49-4.18; OR 1.63, 95% CI 1.10-2.42; and
OR 1.24, 95% CI 1.01-1.53, respectively). In model 3,
psychological sense of community was associated with
transportation services, rehabilitation equipment rental services,
and health assessment (OR 2.96, 95% CI 1.78-4.92; OR 3.55,
95% CI 2.34-5.39; and OR 2.27, 95% CI 1.28-4.04,
respectively). In model 4, the overall levels of community
cohesion were associated with transportation services and
rehabilitation equipment rental services as well as levels of
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satisfaction with community physicians’ technical expertise and
community waste disposal (OR 3.14, 95% CI 1.87-5.28; OR
3.62, 95% CI 2.38-5.52; OR 1.37, 95% CI 1.08-1.73; and OR
1.23, 95% CI 1.01-1.50, respectively).

The mean scores of community cohesion from the 4 dimensions
of community services and environmental resources are shown
in Figure 1. In the community services environment, provision
of meals, use of farmers’ markets, and neighborhood showed
high community cohesion scores (Figure 1A). In health care
services, high community cohesion scores were observed in the
following services: day care service, medication guidance,

rehabilitation equipment rental services, and caregiver guidance
(Figure 1B). In medical services, health assessment, satisfaction
with community physicians’ attitude, receipt of community
health service, satisfaction with community physicians’ technical
expertise, nursing of patients with severe chronic disease, and
use of electronic health records showed high community
cohesion scores (Figure 1C). In welfare services, home visit
bath service, transportation service, volunteer service, regular
follow-ups, self-care training, re-employment assistance, going
out support, and part-time jobs were associated with high
community cohesion scores (Figure 1D).

Table 5. The odds ratios of community environment and other factors related to community cohesion by logistic regression model.

P valueMultivariable adjusted odds ratio (95% CI)Variables

Model 1 (attraction to neighborhood)

.0011.55 (1.18-2.05)Levels of satisfaction with community physicians’ attitude

.0051.37 (1.10-1.71)Levels of satisfaction with community waste disposal

<.0013.91 (2.39-6.37)Rehabilitation equipment rental services

.031.85 (1.08-3.17)Caregiver guidance

.0010.85 (0.76-0.94)Depression scores

.0041.09 (1.03-1.16)EPQ-RSSa scores

Model 2 (degree of neighboring)

.0491.24 (1.01-1.53)Levels of satisfaction with community physicians’ technical expertise

.021.63 (1.10-2.42)Rehabilitation equipment rental services

<.0012.49 (1.49-4.18)Re-employment assistance

.040.90 (0.82-0.99)Depression scores

.0060.96 (0.94-0.98)Age

Model 3 (psychological sense of community)

.0053.55 (2.34-5.39)Rehabilitation equipment rental services

<.0012.96 (1.78-4.92)Transportation services

<.0012.27 (1.28-4.04)Health assessment

.0050.86 (0.77-0.96)Depression scores

.031.07 (1.01-1.13)EPQ-RSS scores

Model 4 (total model)

.0081.37 (1.08-1.73)Levels of satisfaction with community physicians’ technical expertise

.0481.23 (1.01-1.50)Levels of satisfaction with community waste disposal

<.0013.62 (2.38-5.52)Rehabilitation equipment rental services

<.0013.14 (1.87-5.28)Transportation services

.0010.84 (0.75-0.93)Depression scores

.0011.09 (1.04-1.16)EPQ-RSS scores

.0041.05 (1.02-1.08)Self-efficacy scores

aEPQ-RSS: Eysenck Personality Questionnaire-Revised Short Scale.
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Figure 1. Mean community cohesion scores. (A) Community cohesion scores for public services. (B) Community cohesion scores for health care
services. (C) Community cohesion scores for medical services. (D) Community cohesion scores for welfare services.

The results of the association among community cohesion and
self-efficacy, social support, cognitive function, community
services and environmental resources, and physical and mental
health are shown in Figure 2. Community cohesion, community
resources, and social support were directly associated with
physical and mental health. Community cohesion was associated
with physical and mental health (self-perceived health,
depression, cognitive function, and psychological resilience),

which may be partially mediated by social support. Community
resources were associated with physical and mental health
(depression, cognitive function, psychological resilience, and
self-efficacy), which may be partially mediated by community
cohesion. In addition, the association between community
cohesion and psychological resilience and depression may be
moderated by community resources.

Figure 2. The association among community cohesion and social support, community resources, and physical and mental health of older adults.

Discussion

Principal Findings
In this study, we found that community cohesion had an
important effect on the physical and mental health of older
adults during the COVID-19 pandemic. Moreover, high levels
of community cohesion were associated with good
self-perceived health status and high life satisfaction.

Participants who reported high levels of community cohesion
stated that they had high levels of self-efficacy, psychological
resilience, and self-perceived social support. Community
cohesion was positively associated with transportation and
rehabilitation equipment rental services as well as levels of
satisfaction with community physicians’ technical expertise and
community waste disposal.
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Some studies have reported the beneficial effects of community
cohesion on the mental health of older adults; however, studies
on the association between community cohesion and physical
and mental health during the COVID-19 pandemic, especially
studies on community services and environment factors that
can improve community cohesion during major infectious
disease epidemics, are limited [36,37]. The COVID-19 pandemic
has brought about major changes in the daily lives and
environment of older adults. Social support from children and
relatives was unavailable because of COVID-19–related
restrictions, regular visits to medical facilities were banned, and
public transportation was inaccessible because they could not
operate intelligent public transportation apps on their mobile
phones. As they could not acquire and show health codes, as a
result, they will be refused public transportation, which would
lead them to feel more panicked and helpless. The restrictions
on the use of public resources also caused them to become more
dependent on the community. However, the implementation of
COVID-19 prevention and control measures increased the
interaction between the older adults and community staff, and
this proved to be of considerable help to the older adults. Free
testing to assess the prevalence of COVID-19 in the community
made them feel safer. The community became a big presence
in their lives. These pieces of evidence from the field supported
our findings.

Studies have shown that rural areas have more neighborhood
networks than urban areas [38], but community cohesion for
health benefits between urban and rural areas demonstrates no
difference among the general population. Our study showed
that, during the COVID-19 pandemic, there were no differences
between individuals with high levels of community cohesion
association and good levels of physical and mental health in
different areas (urban vs rural). However, the association
between community cohesion and self-perceived health was
inconsequential in rural areas. The prevalence of COVID-19
has resulted in the return of people to their community, which
supports the observation on the effects of community cohesion
on the physical and mental health of older adults during the
COVID-19 pandemic. Our results showed that high levels of
community cohesion were associated with high levels of
self-perceived health status and life satisfaction. However, older
adults were highly anxious about their health, and their lives
were grossly circumscribed. During the pandemic, because
family and social support for older adults was hindered, they
became emotionally dependent on their community, and the
rising levels of community cohesion enabled them to experience
a high level of social support. Several studies have suggested
that community cohesion can be viewed as a pattern of social
support, which might affect individual mental health through
enhancing mutual trust and emotional support as well as
reducing stress levels [39].

Community cohesion can be linked to individual health benefits,
but the underlying mechanism is still not fully understood.
Studies have suggested that community cohesion enhances
subjective well-being by promoting positive emotions and
purpose in life, which acts as a barrier to psychopathology
factors, resulting in better physical health and longevity [40-42].
Community cohesion can strengthen collective advocacy for

resources, which promotes the dissemination of health-related
information and increases awareness of chronic disease [43].
However, there is limited quantitative research on the association
between community cohesion and physical and mental health
among older adults during the COVID-19 pandemic. Our results
showed that high levels of community cohesion were associated
with low levels of depression and high levels of psychological
resilience and cognitive function. This result can be easily
explained by qualitative observation. During the pandemic,
community prevention and control measures resulted in
increased communication between individuals and community
staff. There was also an increase in the exchange of information
among neighbors on disease prevalence and prevention. In these
circumstances, community cohesion and individual sense of
security were enhanced, promoting the spread of health-related
information and improving the recognition for diseases among
older adults. A study has reported on the association between
community cohesion and the use of preventive health services
[44]. The study suggested that high levels of community
cohesion could be positively associated with an increase in the
use of influenza vaccine and cholesterol tests for community
individuals through 4 hypothesized mechanisms: increasing the
diffusion of information, providing emotional support,
advocating for environmental resources, and maintaining healthy
behaviors through informal social control.

There is growing interest in studying the effects of the
environment on health and health-related outcomes, such as
identifying the environmental resources and community services
that may enhance community cohesion. In this study, we found
that transportation and rehabilitation equipment rental services
as well as levels of satisfaction with community physicians’
technical expertise and community waste disposal were
positively associated with community cohesion. These factors
are extremely important for improving community cohesion.
During the pandemic, operating intelligent public transportation
apps on their mobile phones was a huge barrier for older adults
when taking public transport. Being confined to the home for
long periods and the restrictions on going out led to difficulties
in physical functioning, which increased the use of, and demand
for, transportation and rehabilitation equipment rental services
among older adults. The COVID-19 outbreak made older adults
more dependent on community physicians. A high level of
technical expertise demonstrated by community physicians can
make older adults living in the community feel safe and reduce
their fear of disease. At the initial stage of the pandemic, normal
garbage disposal was also disrupted. The normalization of
community garbage disposal and the clean and tidy community
environment once again made the community attractive to older
adults. These factors directly or indirectly affected the physical
and mental health of older adults during the COVID-19
pandemic.

The main strength of this study is that it was based on the use
of big data platforms to study the mental health of older adults
during the COVID-19 pandemic. We collected complete data,
which enabled us to consider more indicators of mental health
measurement and community cohesion–related factors for the
analysis and control of many potential confounding factors. The
large amount of data also ensured the reliability of the study
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results. This study included ≥10 mental health measurement
instruments and identified the association between community
cohesion and the physical and mental health of older adults at
the individual, community, and social levels based on the
social-ecological model. Using moderation and mediation
analysis, this study further revealed community cohesion to be
a potential interaction mechanism linking social support,
self-efficacy, environmental resources, and the physical and
mental health of older adults. This study also identified specific
community services and environmental factors that can increase
community cohesion and that can be considered when designing
public health policies to deal with major infectious disease
pandemics. Furthermore, when the COVID-19 pandemic
initially broke out in China, the country’s public health
administration and disease control departments implemented a
series of unprecedented prevention and control measures,
including a dynamic clearing epidemic prevention policy and
home isolation. This provided us with a rare opportunity to
study the effects of community cohesion on the physical and
mental health of older adults.

Study Limitations
Our study includes several limitations. First, the causality could
not be determined, given that this study adopted a cross-sectional
design. However, the associations between community cohesion
and community services and environmental factors were
observed through relatively large sample sizes, and the inference
was based on some previous studies. Second, all participants
in this study were older adults. During the first stage of the
study, the face-to-face interviews took approximately 45 minutes

to complete. Each participant was compensated with CN¥40
(US $5.8), based on local research payment standards and as
required by the ethics committee. After the items to be
investigated were added, the survey time was extended to
approximately 60 minutes, and participants were offered higher
remuneration accordingly. It is possible that the compensation
offered could have led prospective participants to deceive the
researchers regarding their eligibility, and the information they
provided could have been biased [45]. Third and last, the study
was conducted during the COVID-19 pandemic. We selected
the participants according to the inclusion and exclusion criteria;
however, we excluded some older adults with severe physical
dysfunction and mental disorders, which could have resulted
in potential exclusion bias.

Conclusions
We obtained important evidence on the effects of community
services and environmental factors on community cohesion
during the COVID-19 pandemic. We found that community
cohesion is substantially positively associated with
transportation and rehabilitation equipment rental services as
well as high levels of satisfaction with community physicians’
technical expertise and community waste disposal. Community
cohesion is also directly or indirectly associated with the
physical and mental health of older adults. Our research suggests
that enhancing community services and environmental resources
is an effective strategy to increase community cohesion during
major infectious disease epidemics. Improving community
cohesion will also help to promote the physical and mental
health of older adults.
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Abstract

Background: Prior to the development of effective vaccines against SARS-CoV-2, masking and social distancing emerged as
important strategies for infection control. Locations across the United States required or recommended face coverings where
distancing was not possible, but it is unclear to what extent people complied with these policies.

Objective: This study provides descriptive information about adherence to public health policies pertaining to mask wearing
and social distancing and examines differences in adherence to these policies among different population groups in the District
of Columbia and 8 US states.

Methods: This study was part of a national systematic observational study using a validated research protocol for recording
adherence to correct mask wearing and maintaining social distance (6 feet/1.83 meters) from other individuals. Data were collected
from December 2020 to August 2021 by research team members who stationed themselves in outdoor areas with high pedestrian
traffic, observed individuals crossing their paths, and collected data on whether individuals’ masks were present (visible or not
visible) or worn (correctly, incorrectly, not at all) and whether social distance was maintained if other individuals were present.
Observational data were entered electronically into Google Forms and were exported in Excel format for analysis. All data
analyses were conducted using SPSS. Information on local COVID-19 protection policies (eg, mask wearing requirements) was
obtained by examining city and state health department websites for the locations where data were being collected.

Results: At the time these data were collected, most locations in our study required (5937/10,308, 57.6%) or recommended
(4207/10,308, 40.8%) masking. Despite this, more than 30% of our sample were unmasked (2889/10136, 28.5%) or masked
incorrectly (636/10136, 6.3%). Masking policy was significantly related to correct masking with locations that required or
recommended masking (66% correct masking vs 28/164, 17.1% in locations that did not require masking, P<.001). Participants
who maintained social distance from others were more likely to be correctly masked than those who were not (P<.001). Adherence
to masking policy by location was significant (P<.001); however, this was driven by 100% compliance in Georgia, which did
not require masks at any point during the data collection period. When the same analysis was conducted for compliance with
mask requirements and recommendations, there was no significant difference by location. Overall adherence to masking policies
was 66.9%

Conclusions: Despite a clear relationship between mask policies and masking behavior, one-third of our sample was nonadherent
to those policies, and approximately 23% of our sample did not have any mask, either on or visible. This may speak to the
confusion surrounding “risk” and protective behaviors, as well as pandemic fatigue. These results underscore the importance of
clear public health communication, particularly given variations in public health policies across states and localities.
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Introduction

Since the novel COVID-19 pandemic became known in January
2020, the United States has experienced over 103 million cases
and over 1.1 million deaths (cumulative as of February 25, 2023)
[1]. From the beginning of the pandemic, certain communities
have been shown to be disproportionately affected by
COVID-19; a recent systematic review of disparities in
COVID-19 infections, hospitalizations, and deaths showed that
African Americans/Blacks and Hispanic/Latinx populations
had disproportionately higher rates of SARS-CoV-2 infection,
hospitalization, and COVID-19–related mortality compared
with non-Hispanic/Latinx White populations [2]. Other data
show that older age and presence of health
comorbidities—including presence of obesity and diabetes,
cardiovascular disease, and chronic kidney disease—are
associated with higher risk of COVID-19 morbidity and
mortality [3].

Although the development and widespread dissemination of
effective vaccines to prevent COVID-19 infection have helped
to reduce infection rates, voluntary uptake of the vaccine has
been slower than expected. National surveillance data show
that, although 81.1% of the total US population—including
92% of adults over the age of 18 years—have had at least 1
dose of the SARS-CoV-2 vaccine, only 69.2% completed the
primary series and only 16% have received an updated bivalent
booster dose [4]. Nonetheless, vaccine uptake, combined with
continued preventive behaviors (ie, mask wearing and social
distancing), remain the most effective ways to minimize
infection and transmission risk [5-9].

The importance of mask wearing continues to be an effective
way to protect against infection against COVID-19 and other
respiratory infections. There have been numerous studies of the
effectiveness of mask wearing against SARS-CoV-2 infection.
For example, in a cross-sectional, web-based study of US-based
individuals, Rader et al [10] found that a reported 10% increase
in mask wearing was associated with more than a 3-fold increase
in infection control and that communities with high reported
mask wearing and social distancing had the highest predicted
probability of transmission control. In another study from Japan
that surveyed close contacts of SARS-CoV-2–infected patients,
Sugimura et al [11] found that the individuals who indicated
that they did not wear face masks were infected at a higher rate
than mask wearers (16.4% compared with 7.1%). A
comprehensive narrative review published in 2021 by Howard
et al [12] found support for the effectiveness of public mask
wearing, stating that “...public mask wearing is most effective
at reducing spread of the virus when compliance is high...in
conjunction with existing hygiene, distancing, and contact
tracing strategies.” They further recommended that “public
officials and governments strongly encourage the use of
widespread face masks in public, including the use of
appropriate regulation” [12]. The importance of continued

masking is underscored by the presence of highly transmissible
variants such as the Omicron variants, which, combined,
accounted for 93.8% of infections in the United States (as of
February 25, 2023) [13] and are contagious even among those
who are fully vaccinated and boosted.

The issue of regulation—such as the enforcement of vaccine
and mask wearing mandates—for the protection of public health
has historically been and continues to be contentious [14]. In
the way the COVID-19 pandemic unfolded in the United States,
general vaccine hesitancy, politicization of governmental
mandates, and the politicization of the pandemic itself served
to hamper timely uptake and adherence to public health
recommendations for mask wearing at a time when infections
were rapidly spreading and vaccines had not yet become
available. The politicization of the pandemic and mask wearing
by conservative governmental leaders was particularly
noteworthy; in the absence of a national mask wearing mandate,
individual states implemented legislation requiring the wearing
of face masks in public. In August 2020, while the epidemic
was sweeping through the United States, 34 states and the
District of Columbia had mask mandates, while 16 states—each
of which had a Republican governor—did not [14]. A study
that examined adherence to state-level masking policies and
SARS-CoV-2 infection rates in those states at around this same
time period in 2020 found that 93% of the states that had no
mask wearing policies for the general public reported high
COVID-19 rates, whereas none of the 8 states that had at least
75% adherence to masking policies reported high infection rates
[15].

The effectiveness of a public health mandate to protect against
disease spread may also be dependent on the level of
mobilization of people in and and out of the community. For
example, efforts to prevent SARS-CoV-2 infection and
transmission in metropolitan regions may be especially tricky
given the movement of people into and out of cities and their
surrounding suburban areas, and Black and Indigenous People
of Color (BIPOC) communities may have elevated levels of
vulnerability to COVID-19 because of their participation in
sectors of the workforce that are deemed essential. For example,
the pandemic picture in the Washington, DC, region—which
includes the District of Columbia and immediate surrounding
jurisdictions in Maryland and Virginia—mirrors that of the rest
of the nation in terms of its impact on disproportionately affected
populations [16-18]. Because of its location between Maryland
and Virginia, the District has very fluid boundaries and
experiences a significant amount of population migration to and
from these states as people enter and exit the District for
employment, commerce, and tourism. As a result, the level of
infection risk for SARS-CoV-2 in the District may be affected
by factors in its neighboring jurisdictions, including the R0
(basic reproduction number), rate of vaccination uptake, and
levels of social and community vulnerability that might increase
SARS-CoV-2 infection risk. For these reasons, adherence to
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preventive behaviors in urban centers is of paramount
importance.

Although there are data about the adherence to these preventive
behaviors for other locations in the country, little is known about
the levels of adherence to these behaviors in the metropolitan
Washington, DC area and how this region compares with other
metropolitan centers. The purpose of this paper was to provide
descriptive information about adherence to mask wearing and
social distancing in the District of Columbia and 8 other US
states and to examine differences in adherence among different
population groups within these locations.

Methods

This study was conducted by the George Washington University
team that was part of the larger, national-level Systematic
Observation of Mask Adherence and Distancing (SOMAD)
study [19]. Although the methodological details pertaining to
this study are provided elsewhere [20], we will also explain
them in the following sections to provide clarity about the study
procedures.

Student Researcher Training
The research team included 13 student researchers who were
trained by the SOMAD principal investigator (via Zoom
meeting) on the study protocol [21] and data collection
procedures. The student researchers spent approximately 1 week
practicing the data collection procedures to ensure comfort with
and ability to adhere to the study protocol. Issues that arose
during the “practice data collection” sessions were discussed
with our university’s faculty team leaders to ensure that study
procedures were clear and that data collection practices were
adherent with the master SOMAD protocol. Student researchers
were advised that, although it may be difficult to ascertain exact
ages, genders, and race/ethnicity of persons observed, they
should use their best judgment based on the way the person is
presenting.

Data Collection Methods
Our study was conducted from December 1, 2020, to August
1, 2021. During this time, the university was operating virtually,
so student researchers were attending classes and research team
meetings from their home locations. Student researchers chose
places close to home as their observation sites. Although most
data were collected in the metropolitan Washington, DC area
(which includes parts of Maryland and Northern Virginia), we
did have team members who were collecting data in other states.
As such, in addition to data from the metropolitan Washington,
DC area, data were collected from Georgia, Missouri, Arizona,
California, Nevada, and Illinois.

As these data were collected prior to the wider availability of
COVID-19 vaccines, all observation locations were outdoors
and in high pedestrian traffic areas, such as parks, multi-use
paths and trails (eg, walking, running, and biking trails), city
intersections, and shopping areas that had outdoor pedestrian
walkways and spaces. Student researchers wore masks and
maintained social distance from others while collecting data to
protect themselves from infection risk.

Per the SOMAD protocol [21], the student researcher (acting
as the observer) selected a specific spot for data collection. As
individuals passed by that spot, the student researcher recorded
the characteristics of that person, entered those data into the
online data collection form, and then continued to observe and
enter data for the next person who passed by. If persons were
walking in groups, student researchers would assess the general
characteristics of 4 persons within each group (in order to retain
as much detailed information as possible) and enter those data
into the online form for each person.

Data were collected for a minimum of 2 hours per week, with
1 observation session occurring on a weekday and 1 session
occurring on a weekend. Both observation sessions occurred at
the same time of day to ensure comparability between weekdays
and weekends. Data were collected using the national SOMAD
team’s online data collection form. Data were then cleaned by
the national team’s statistician and returned to our university
team for analyses.

Measures
Data were collected pertaining to a variety of characteristics
related to the outdoor space where data collection occurred and
the persons being observed. These variables are described in
the following sections.

Location and Setting Variables
At the start of each observation session, the student researcher
recorded the date, time, city, address, and zip code in which the
observation was occurring. Additionally, student researchers
recorded the type of location where the observation was
occurring (eg, commercial street, neighborhood park, trail) and,
if applicable, the official name of the location (eg, the specific
name of the park or trail). Student researchers also noted if the
location had a masking policy and whether there was sufficient
space in the location for social distancing, which is defined as
being able to maintain 6 feet or 1.83 meters from another person.

Demographic Variables
With regard to the persons being observed, it was understood
that it is often difficult to ascertain with certainty the
demographic characteristics of individuals simply by looking
at physical characteristics. Such judgments may be made even
more difficult if individuals are wearing face coverings.
Nonetheless, student researchers were asked to do the best they
could to ascertain the approximate age, gender, and
race/ethnicity of the persons being observed. Options for age
group included infant or toddler (0-2 years of age), child (3-12
years of age), adolescent or teen (13-19 years of age), adult
(20-59 years of age), and older adult (60 years of age and older).
With regard to gender and race/ethnicity, student researchers
were asked to note the gender (male, female, unable to judge)
and apparent race/ethnicity (White, Black/African American,
Asian, Latinx, unable to determine) of each observed individual.

Additionally, as these observations were occurring in outdoor
spaces, student researchers were asked to record the physical
activity levels of the individuals. Individuals could be
categorized as being sedentary (eg, sitting, laying down, or
being carried in the case of a child), moderately active (eg,
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walking or biking slowly), or vigorously active (eg, running,
biking, climbing). Similarly, individuals using modes of
transportation were recorded as being either “on wheels” (ie,
being on a bicycle or skateboard or in a wheelchair or stroller)
or “not on wheels” (ie, being on foot).

COVID-19 Protective Practices
Student researchers collected data on the adherence to
COVID-19 protective practices of mask wearing and social
distancing. For mask wearing, individuals were noted as having
their masks on correctly (ie, covering the nose and mouth),
wearing their masks incorrectly (eg, mask covering mouth but
not nose or vice versa), having visible masks present but not on
their face (eg, masks in hand, dangling from an ear, or being
worn under the chin), or having no face covering at all. With
regard to social distancing, student researchers recorded if
observed individuals were traveling alone or in a group (defined
as 2 or more people together) and whether individuals (including
those traveling in groups) were maintaining social distance from
others.

Policy Variables
In addition to the notation about masking policies of specific
locations where observations occurred, we collected data
pertaining to state and local masking and social distancing
policies through examination of city and state health department
websites for the locations where data were being collected.

Analyses
Observational data were entered electronically into Google
Forms and were then exported in Excel format for analysis.
Univariate and bivariate analyses were conducted to obtain
descriptive information about the observational sample.
Pearson’s chi-square analyses were used to test for significant
associations between study variables. All data analyses were
conducted using SPSS version 24.

Ethical Considerations
Prior to engaging in data collection, the study protocol was
submitted to the George Washington University’s Institutional
Review Board for review. A waiver of informed consent was
requested due to (1) the nature of the study being purely
observational and not requiring personal interaction with

prospective participants (ie, those persons being observed) and
(2) the fact that no protected personally identifying information
or protected health data were collected from individuals who
were observed as part of the study. Because no personally
identifying information were collected, all data from persons
observed were anonymous and analyzed in aggregate. Finally,
as these data were collected without involving interpersonal
interaction, individuals whose behaviors were observed as part
of this study were not offered compensation. Based on these
aspects of the study, the George Washington University
Institutional Review Board determined that this study constituted
minimal risk to research participants and therefore was exempt
from review (IRB# NCR213396).

Results

Sample Demographics
The findings presented here represent data collected between
November 29, 2020, and August 1, 2021, in multiple locations
across 8 states and the District of Columbia. The geographic
locations of our study sites in the United States are shown in
Figure 1. In addition to geographic location, we have provided
the daily average of new COVID-19 cases in each location
(using data from the New York Times COVID-19 Tracker) [22]
in order to demonstrate how the pandemic was affecting each
state or, where more specific data were available, each city at
the approximate date when data collection started.

Demographic data about the individuals observed are presented
in Table 1. A total of 10,308 observations were collected. The
sample was relatively evenly split between persons observed
to be male and persons observed to be female (4539/10,081,
45% vs 5542/10,081, 55%), with most persons observed being
adults between the ages of 20 years and 59 years (7490/10,118,
74%), of White or Black race (5271/10,308, 51.1% and
2623/10,308, 25.4% respectively), and of non-Latinx ethnicity
(8928/9822, 90.9%). Of the observations, 47% (4836/10,291)
were collected in the metropolitan Washington, DC area, and
38% (3942/10,291) came from 3 sites in the metropolitan
Atlanta area in Georgia. Most data collection locations had
policies requiring (5937/10,308, 57.6%) or recommending
(4207/10,308, 40.8%) masking in outdoor locations.
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Figure 1. Study locations and daily average new COVID-19 cases (as of December 2020).
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Table 1. Sample demographics (n=10,308).

Resultsa, n (%)Variable

Sexb,c

4539 (45)Male

5542 (55)Female

Ageb,d (years)

110 (1.1)0-2

542 (5.4)3-12

802 (7.9)13-19

7490 (74)20-59

1174 (11.6)≥60

Raceb

5271 (51.1)White

2623 (25.4)Black

1034 (10)Asian

1380 (13.4)Other/unknowne

Ethnicityb,f

894 (9.1)Latinx

8928 (90.9)Non-Latinx

Data collection locationg

858 (8.3)Washington, DC

1578 (15.3)Alexandria, VA

660 (6.4)Arlington, VA

1740 (16.9)Bethesda, MD

167 (1.6)Atlanta, GA

3628 (35.3)Lawrenceville, GA

147 (1.4)Dunwoody, GA

1201 (11.7)Las Vegas, NV

12 (0.1)Peoria, AZ 

180 (1.7)Springfield, IL

90 (0.9)St Louis, MO

30 (0.3)Fresno, CA

Outdoor masking policy

5937 (57.6)Mask required

4207 (40.8)Mask recommended

164 (1.6)Mask not required

aThe total sample sizes for the variables may not match due to missing data.
bIndicated by observer report based on appearance.
cn=10,081.
dn=10,118.
eObservations marked as unknown have been combined with missing.
fn=9822.
gn=10,291.
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Adherence to COVID-19 Preventive Behaviors
Regarding adherence to social distancing, the sample was almost
evenly split between those correctly social distancing
(maintaining a distance between persons of >6 feet/1.83 meters;
5185/10,113, 51.3%) and those incorrectly social distancing
(standing <6 feet//1.83 meters from others; 4928/10,113, 48.7%).
Approximately 65% (6611/10,136, 65.2%) of participants
observed were wearing masks correctly (ie, fully covering the
nose and mouth), while another 23.2% (2353/10,136) were not
wearing masks at all. These data are shown in Table 2.

When examining correlates of correct masking behavior, several
interesting findings emerged. These data are presented in Table
3. Persons who were correctly masked were more likely to be

those observed as female (3828/5538, 69.1%; χ2
1=74.8, P<.001),

of Asian race (793/1033, 76.8%; χ2
2=129.6, P<.001), and aged

60 years or older (790/1172, 67.4%; χ2
4=206.7, P<.001). Those

correctly masked were also more likely to be adherent to social

distancing guidelines (3556/5180, 68.6%; χ2
1=55.7, P<.001).

Correct masking behavior was more likely to be observed
outside of the metropolitan Washington, DC area compared
with within the metropolitan Washington, DC area (3585/5401,

66.4% vs 3018/4718, 64%; χ2
1=6.4, P=.01) and in locations

with required or recommended outdoor masking policies
(3796/5791, 65.5% and 2787/4181, 66.7%, respectively;

χ2
2=171.7, P<.001). We further examined potential differences

in adherence to masking policy by state or region, focusing on
the 4 states and regions for which we had the most data: the
metropolitan Washington, DC area; Georgia; Nevada; and
Illinois. These data are presented in Table 4. In the time during
which these data were collected, the metropolitan Washington,
DC area; Illinois; and Nevada had policies that mandated
masking in both indoor and outdoor locations, while Georgia
did not have a mask mandate in place. However, despite the
absence of a state-level mask mandate, the businesses in Georgia
where those data were collected did require or recommend that
customers entering those indoor spaces wear masks. When we
examined masking behavior and adherence to state policies
where masking was mandated, we found that, overall, there was

significant adherence to masking policies (χ2
3=1584.1, P<.001),

and the significance was largely driven by Georgia’s 100%
adherence to a state policy that did not require masking. We
then examined masking behavior and adherence to policies
where masking was either mandated (eg, state policy) or
required or recommended (eg, business policies in GA). When
combining these 2 conditions, we found that, although overall
levels of masking adherence were close to 66%, the comparison

was no longer statistically significant (χ2
3=3.2, P=.37).

Table 2. COVID-19 preventive behaviors among the study sample (n=10,308).

Resultsa, n (%)Variable

Social distancing behaviorb

5185 (51.3)Correctly social distancing

4928 (48.7)Incorrectly social distancing

Masking behaviorc,d

6611 (65.2)Mask on

636 (6.3)Mask partially on (eg, worn below nose)

536 (5.3)Mask visible

2353 (23.2)No mask

aThe total sample sizes for the variables may not match due to missing data.
bn=10,113.
cCategories are mutually exclusive.
dn=10,136.
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Table 3. Correlates of correct masking behavior (n=10,136).

P valueχ2 (df)Incorrect or no masking, n (%)Correct masking, n (%)Variable

.016.4 (1)Locationa

1700 (36)3018 (64)Metropolitan Washington, DC area

1816 (33.6)3585 (66.4)Outside of Metropolitan Washington,
DC area

<.00174.8 (1)Sexb,c

1774 (39.1)2762 (60.9)Male

1710 (30.9)3828 (69.1)Female

<.001129.6 (2)Racec,d

2074 (39.4)3194 (60.6)White

802 (30.6)1820 (69.4)Black

240 (23.2)793 (76.8)Asian

.201.7 (1)Ethnicityc,e

331 (37.1)562 (62.9)Latinx

3116 (34.9)5807 (65.1)Non-Latinx

<.001206.7 (4)Agef (years)

101 (91.8)9 (8.2)0-2

259 (47.8)283 (52.8)3-12

274 (34.2)528 (65.8)13-19

2503 (33.4)4983 (66.6)20-59

382 (32.6)790 (67.4)≥60

<.00155.7 (1)Distancingg

1624 (31.4)3556 (68.6)Correctly social distancing

1893 (38.4)3033 (61.6)Incorrectly social distancing

<.001171.7 (2)Mask policy

1995 (34.5)3796 (65.5)Required

1394 (33.3)2787 (66.7)Recommended

136 (82.9)28 (17.1)Not required

an=10,119.
bn=10,075.
cUnknown/other has been designated as missing.
dn=8923.
en=9816.
fn=10,112.
gn=10,106.
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Table 4. Adherence to masking policy by state or region.

P valueχ2 (df)Adherence with masking policy, n (%)Nonadherence with masking policy, n (%)State or region

<.0011584.1 (3)Policy: masking mandated

3178 (67.4)1540 (32.6)Metropolitan Washington, DC
area

3942 (100)0 (0)Georgia

823 (68.6)377 (31.4)Nevada

119 (77.8)34 (22.2)Illinois

8062 (80.5)1951 (19.5)Total

.373.2 (3)Policy: masking required or recommended

3130 (66.3)1588 (33.7)Metropolitan Washington, DC
area

2619 (66.8)1300 (33.2)Georgia

823 (68.6)377 (31.4)Nevada

106 (66.9)44 (33.1)Illinois

6678 (66.9)3309 (33.1)Total

Discussion

Principal Findings
Our data show that, in a sample that included observations from
8 states and the District of Columbia, individuals who were
observed to be female, older than 60 years, and of Asian race
were more likely to be correctly adherent to public health
guidelines in terms of the correct utilization of face masks when
outdoors in public spaces. Moreover, we found that those who
had engaged in correct masking behavior were also more likely
to be adherent to social distancing guidelines. The findings from
this study support the findings from the other SOMAD studies
that also observed higher levels of adherence to correct mask
usage among female individuals and persons of older age, as
well as persons of Asian ancestry [20,23].

Comparisons With Prior Work
It is of interest to note that, while most of the data collection
sites had policies in place that either required or recommended
masking outdoors, we found that approximately 23% of the
sample were not wearing masks at the time they were observed.
This may be due to the perception—which is supported by
epidemiological data—that SARS-CoV-2 transmission risk is
significantly lower in outdoor spaces [24]. To that point, we
did find a 66% adherence to state or local masking policies.
This finding supports the results of another national-level
systematic observation study that found that mask mandates
result in a 3-fold increase in adherence to mask wearing [25].
Additionally, our finding showed that local policies—such as
those implemented by private businesses in Georgia requiring
or recommending mask wearing by their customers even though
there was no mask mandate in place at the state level—may be
influential in prompting preventive behaviors even in broader
environmental and legislative contexts where such behaviors
are not deemed important. Together, these findings support the
idea that policies promoting or mandating public health
protective behaviors can be useful in helping states and localities

mitigate the impact of disease spread. It is likely that future
observational studies of indoor mask wearing may show
different levels of adherence to ongoing recommendations
pertaining to social distancing and mask wearing, particularly
in light of rising rates of vaccination among the general
population, changing state and local policies pertaining to indoor
mask usage, and waning rates of infection in the general
population.

Limitations
There are several significant limitations of this research that
should be noted. As mentioned previously, all data collected
were observational. Because most participants were masked, it
may have been more difficult than it would be under normal
circumstances to ascertain persons’ race, ethnicity, sex, and age.
Similarly, because of the diversity of people observed and
general difficulties in guessing people’s ages, race/ethnicity,
and gender, there is likely some amount of error in our data
pertaining to our participants’demographic characteristics. This
lack of precision is a limitation of the data collection procedures.
Also, because data collectors were frequently observing
individuals as they moved through spaces (eg, crossing a street
or walking on a sidewalk), it may be possible that observers
were unable to clearly determine individuals’ demographic
characteristics or mask usage. This may have contributed to
misclassification of individuals into demographic and behavioral
adherence categories.

Conclusions
Despite these limitations, we were able to collect a substantial
amount of data from a variety of locations across the country,
thereby providing a representative picture of COVID-19
preventive behaviors in a diverse population. These data provide
some significant takeaways that can inform public health
practice as the world moves into the third year of addressing
the COVID-19 pandemic. The first of these points is that, despite
significant gains in vaccination uptake, there is still a need for
adherence to COVID-19 preventive behaviors, particularly in
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places (eg, rural communities) and among populations (eg,
communities of color) where disparities in vaccine access and
uptake exist and where the presence of significant health
comorbidities increase risk of severe disease if persons do
become infected. Similarly, with the continued emergence of
new SARS-CoV-2 variants, maintaining high levels of
adherence to protective behaviors will be critical to preventing
further surges in the numbers of COVID-19 cases, including
both new and breakthrough infections. As the pandemic becomes
endemic and more normalized, maintaining adherence to
preventive behaviors is challenging, as the presence of effective
vaccines may cause the public to believe that the pandemic is
over or that preventive behaviors are no longer relevant. Future
research should focus on developing more innovative ways to
promote continued adherence to masking and social distancing
guidance where necessary and appropriate, with particular
attention to how to mitigate “pandemic fatigue” [26].

Our findings also highlight the importance of clear and effective
public health communication regarding the need for adherence
to preventive behaviors other than or in addition to vaccination.

This is particularly necessary considering variations in state and
local adherence with federal guidance, as well as the abundance
of misinformation about COVID-19 that continues to circulate
in the news media and on social media. A recent Kaiser Family
Foundation report found that, in a sample of 1519 adults 18
years of age and older sampled through random digit dialing,
approximately 78% indicated that they believed or were unsure
about at least one false statement about the COVID-19 pandemic
or about vaccination that they had seen in the news media [27].
Future research should focus not only on improving the health
messages that are disseminated to the public about COVID-19
and disease prevention but also on improving health literacy
among the general population so that individuals are better able
to determine the veracity of information they hear through the
news media so that they can more easily spot “fake news” about
the pandemic. Moreover, given the continued evolution of highly
transmissible and contagious SARS-CoV-2 variants, it is critical
that public health campaigns effectively communicate the
continued benefit of protective behaviors such as vaccination,
masking, and distancing as strategies to reduce the morbidity
and mortality associated with the COVID-19 pandemic.
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Abstract

Background: Studying patients’ social needs is critical to the understanding of health conditions and disparities, and to inform
strategies for improving health outcomes. Studies have shown that people of color, low-income families, and those with lower
educational attainment experience greater hardships related to social needs. The COVID-19 pandemic represents an event that
severely impacted people’s social needs. This pandemic was declared by the World Health Organization on March 11, 2020, and
contributed to food and housing insecurity, while highlighting weaknesses in the health care system surrounding access to care.
To combat these issues, legislators implemented unique policies and procedures to help alleviate worsening social needs throughout
the pandemic, which had not previously been exerted to this degree. We believe that improvements related to COVID-19 legislature
and policy have positively impacted people’s social needs in Kansas and Missouri, United States. In particular, Wyandotte County
is of interest as it suffers greatly from issues related to social needs that many of these COVID-19–related policies aimed to
improve.

Objective: The research objective of this study was to evaluate the change in social needs before and after the COVID-19
pandemic declaration based on responses to a survey from The University of Kansas Health System (TUKHS). We further aimed
to compare the social needs of respondents from Wyandotte County from those of respondents in other counties in the Kansas
City metropolitan area.

Methods: Social needs survey data from 2016 to 2022 were collected from a 12-question patient-administered survey distributed
by TUKHS during a patient visit. This provided a longitudinal data set with 248,582 observations, which was narrowed down
into a paired-response data set for 50,441 individuals who had provided at least one response before and after March 11, 2020.
These data were then bucketed by county into Cass (Missouri), Clay (Missouri), Jackson (Missouri), Johnson (Kansas), Leavenworth
(Kansas), Platte (Missouri), Wyandotte (Kansas), and Other counties, creating groupings with at least 1000 responses in each
category. A pre-post composite score was calculated for each individual by adding their coded responses (yes=1, no=0) across
the 12 questions. The Stuart-Maxwell marginal homogeneity test was used to compare the pre and post composite scores across
all counties. Additionally, McNemar tests were performed to compare responses before and after March 11, 2020, for each of
the 12 questions across all counties. Finally, McNemar tests were performed for questions 1, 7, 8, 9, and 10 for each of the
bucketed counties. Significance was assessed at P<.05 for all tests.

Results: The Stuart-Maxwell test for marginal homogeneity was significant (P<.001), indicating that respondents were overall
less likely to identify an unmet social need after the COVID-19 pandemic. McNemar tests for individual questions indicated that
after the COVID-19 pandemic, respondents across all counties were less likely to identify unmet social needs related to food
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availability (odds ratio [OR]=0.4073, P<.001), home utilities (OR=0.4538, P<.001), housing (OR=0.7143, P<.001), safety among
cohabitants (OR=0.6148, P<.001), safety in their residential location (OR=0.6172, P<.001), child care (OR=0.7410, P<0.01),
health care access (OR=0.3895, P<.001), medication adherence (OR=0.5449, P<.001), health care adherence (OR=0.6378,
P<.001), and health care literacy (0.8729, P=.02), and were also less likely to request help with these unmet needs (OR=0.7368,
P<.001) compared with prepandemic responses. Responses from individual counties were consistent with the overall results for
the most part. Notably, no individual county demonstrated a significant reduction in social needs relating to a lack of
companionship.

Conclusions: Post-COVID-19 responses showed improvement across almost all social needs–related questions, indicating that
the federal policy response possibly had a positive impact on social needs across the populations of Kansas and western Missouri.
Some counties were impacted more than others and positive outcomes were not limited to urban counties. The availability of
resources, safety net services, access to health care, and educational opportunities could play a role in this change. Future research
should focus on improving survey response rates from rural counties to increase their sample size, and to evaluate other explanatory
variables such as food pantry access, educational status, employment opportunities, and access to community resources. Government
policies should be an area of focused research as they may affect the social needs and health of the individuals considered in this
analysis.

(JMIR Public Health Surveill 2023;9:e41369)   doi:10.2196/41369

KEYWORDS

social determinants of health; COVID-19; food assistance program; public health; quality of life; well-being; health disparity;
health inequity; health policy; Kansas; social work; socioeconomic

Introduction

When people think of health care, facilities such as hospitals,
primary care clinics, and other direct health care services
typically come to mind. The direct services provided by health
care professionals at these institutions are generally considered
to constitute the health care system in its entirety. However,
this is only one piece of the health care system. An individual’s
social needs outside of health care facilities also directly impact
their health, and are important in understanding the causes of
many health conditions and health disparities and in determining
the actions society should take to improve overall health [1].
For example, obesity is influenced by the consumption of foods
with poor nutritive value, a decrease in physical activity, and
many other factors, which in turn lead to negative long-term
health impacts [2,3].

One area of scientific research focuses on the neighborhood
effect, which involves the interaction of social and
environmental factors and how these interactions impact
housing, crime, and violence [2]. The Robert Wood Johnson
Foundation formed the Commission to Build a Healthier
America, a nonpartisan group focused on improving public
health outcomes for vulnerable populations, and released a
report in 2014 comparing average life expectancy by county
demonstrating wide variations in outcomes based on
race/ethnicity, gender, income, and other factors [2,4]. A
geospatial analysis showed that children with asthma residing
in certain hotspot counties considered to be underserved have
higher social vulnerabilities and are associated with longer
hospital stay durations [5]. Another study found that social risk
factors were associated with persistent functional disability
caused by juvenile idiopathic arthritis [6].

Among the 105 counties in Kansas, United States, Wyandotte
County is ranked 102nd according to county health rankings
[7]. Wyandotte County residents are very diverse, with a
distribution of 24.4% African American and 26.9% Latino [8].

Despite having one of the largest populations in the state
(165,265 people), Wyandotte County is ranked among the lowest
25% of counties in Kansas regarding health outcomes and health
factors [7]. Among adults, Wyandotte has a smoking rate of
20%, an obesity rate of 40%, a physical inactivity rate of 39%,
and an uninsured rate of 17% compared to state averages of
17%, 36%, 26%, and 11%, respectively. Such vulnerable
populations have been disproportionately impacted by the
COVID-19 pandemic, creating the added burdens of stress and
family challenges, both of which have impacted mental
well-being [9].

The COVID-19 pandemic, declared by the World Health
Organization on March 11, 2020, created challenges not only
for the public health system but also for children and families
suffering from housing and food insecurity [10]. COVID-19
had a different impact on each population group. For example,
children experienced an increase in food insecurity due to the
rising costs of food and reduced access to in-person school
lunches [10]. In addition, people of color have experienced
higher rates of COVID-19 infections, fatalities, and lower
vaccination rates [11]. A lack of access to health care has been
shown to cause food insecurity as health complications lead to
or exacerbate the issue [12]. Lower-income households
purchased shelf-stable processed foods and were more reliant
on these types of foods than fresh food [13].

Income and education are other significant contributors to food
insecurity, with lower-income families and those with lower
educational attainment experiencing greater levels of insecurity
[14]. Both income and education were also found to be major
factors contributing to food security in Arkansas, which is one
of the most food-insecure states in the United States [14].
Moreover, the COVID-19 pandemic exacerbated food insecurity
for groups such as unemployed students [15,16].

During the first surge of the pandemic, an interview conducted
with 20 nurses indicated that nearly every patient they were
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serving was a person of color, especially individuals of Hispanic
ethnicity, who constituted a majority of the COVID-19 patients
[17]. Many patients were suffering from untreated comorbidities,
especially cases of diabetes and hypertension, that made patients
more susceptible to the more serious outcomes associated with
COVID-19 [17]. Some nurses also described cultural
differences; for example, many Hispanic patients would not
seek treatment when they began experiencing symptoms, and
only sought medical attention when they became seriously ill
at which time they were admitted directly to the intensive care
unit (ICU) [17].

Differences in geographic location, income, education, and
employment could explain a large amount of the disparity in
vaccination coverage between Hispanic and white populations
[18,19]. Models developed by Williams et al [20] indicated that
health insurance in particular accounted for a 0.9
percentage-point disparity, and if the Hispanic population had
a 13 percentage-point higher health insurance coverage to match
that of white respondents, their predicted vaccination coverage
would be an additional 1% higher. Their findings suggested
that lack of insurance, unfamiliarity with the health care system,
and not knowing that vaccines are provided free of charge may
explain part of the vaccination coverage difference between
these groups [20]. Compared with individuals identifying as
white, minority groups such as Black, Asian, and Native
American populations were more likely to have higher rates of
ICU admissions, hospitalizations, and deaths when adjusted for
age [21]. Research studies differ on the exact level of disparity;
however, some minority groups experienced hospitalization
rates that were nearly 9-times higher and infection rates that
were 27-times higher than those of white individuals [21-23].
Based on data collected during the pandemic, life expectancy
projections indicate that individuals of all races will experience
a decreased life expectancy; however, Black and Latino
individuals are expected to lose 2 and 3 years of life expectancy,
respectively [24].

Social needs have a serious impact on a patient’s access to care
and vulnerability to the COVID-19 virus; this causes disparities
in health outcomes between counties within the United States.
Access to healthy food, health care services, and willingness to
accept COVID-19 vaccines play a significant role in population
health outcomes. To help minimize the impact of COVID-19,
the United States implemented several policies. Moratoriums
on evictions were implemented nationwide [25,26], meal plans
for children and vulnerable populations were expanded [27],
and stimulus funds were made available to nearly all citizens.
These policies may have prevented many families from suffering
dire consequences associated with business closures and
COVID-19–related medical expenses. These programs aimed
to help alleviate the elevated social needs issues across the
nation.

Despite the vast amount of research aimed at examining the
effects of COVID-19 on human health in the United States,
very little research has been conducted to examine the outcomes
associated with funds provided to households to combat food
insecurity, the moratorium implemented to prevent evictions,

and other federal policies on the population. This is an important
gap in the literature that should be addressed as socials impacts
could play an important role in directing federal policy during
the next pandemic.

With this in mind, the research question we set out to address
is whether there is a significant difference in social needs before
and after the COVID-19 pandemic declaration. Additionally,
we wanted to explore how the social needs of individuals
compare across counties. A notable county of interest is
Wyandotte County, Kansas. Compared to other counties in the
Kansas City metropolitan area, Wyandotte has a high poverty
rate of 16.9%, a large minority population, and a high crime
rate [28,29]. Therefore, we expected Wyandotte County to be
impacted the most by COVID-19 and the resulting polices. If
we can better understand how COVID-19 policies and programs
have impacted individuals’ social needs, we will gain a better
understanding of how to address social needs from both
legislative and individual perspectives.

Our study thus aimed to illustrate the differences in social needs
between populations living in the different counties throughout
the state of Kansas and western Missouri. These counties
represent a combination of rural and urban counties throughout
the two states; however, our research focuses primarily on the
regions of Johnson (Kansas), Jackson (Missouri), and Wyandotte
(Kansas), since these jurisdictions are urban/suburban, are
located near one another geographically, and are part of the
same metropolitan area. The socioeconomic factors are also
quite different among these jurisdictions, which may be a cause
of disparities in patient responses and experiences.

Methods

Study Design
We used a survey developed at The University of Kansas Health
System (TUKHS), which is a modified version of the validated
social needs survey built from the Health Leads Toolkit [30].
The updates were specific to the separation of personal violence
from community violence as those resources may differ [31].
The survey responses are used by the 12 social workers at
TUKHS who aid patients who answer “yes” to any of the social
needs questions. The data were retrieved from TUKHS
informatics data warehouse HERON (aka. i2b2). The data set
consists of patient demographic information along with the
social needs responses. R studio with R version 4.1.2 was used
to perform the descriptive and statistical analyses [32].

Ethical Considerations
The study protocol was approved by the Institutional Review
Board at the University of Kansas Medical Center
(STUDY00148041).

Data Sources
The primary data element utilized for this study was the
patient-administered social needs survey, which is completed
by patients during their primary care visit at TUKHS. The survey
included 12 questions related to social needs, which are listed
in Textbox 1.
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Textbox 1. Items of the social needs survey.

Question 1: In the last 12 months, did you ever eat less than you should because there wasn’t enough? (Food)

Question 2: In the last 12 months, has your utility company shut off your service for not paying your bill? (Utility)

Question 3: Are you worried that in the next 2 months, you may not have stable housing? (Housing)

Question 4: Are you afraid you might be hurt in your home by someone you know? (Safe home)

Question 5: Are you afraid you might be hurt in your apartment building or neighborhood? (Safe area)

Question 6: Do problems getting child care make it difficult for you to work or study? (Child care)

Question 7: In the last 12 months, have you needed to see a doctor, but could not because of cost? (Health care access)

Question 8: In the last 12 months, did you skip medications to save money? (Medication)

Question 9: In the last 12 months, have you ever had to go without health care? (Skip health care)

Question 10: Do you have problems understanding what is told to you about your medical conditions? (Health literacy)

Question 11: Do you often feel that you lack companionship? (Support)

Question 12: If you answered YES to any questions above, would you like to discuss help? (Need help in general)

Data (responses to the survey) were abstracted from the
electronic medical record along with the zip code, city, and
county of the patient on January 4, 2022. After deidentification
of the patient information, data from patients not in Kansas or
western Missouri were removed. This provided a longitudinal
data set with 248,582 observations (820 from 2017, 47,877 from
2018, 58,376 from 2019, 74,618 from 2020, and 66,891 from
2021) representing the catchment area of TUKHS. In addition
to the survey questions, 2020 county population estimates were
obtained from the May 2021 Annual Resident Population
Estimates of the US Census Bureau; population division area
deprivation index by zip code was obtained from the 2019
release for both Kansas and Missouri, and 2013 Rural-Urban
Continuum Code (RUCC) classifications were obtained from
the update on December 10, 2020. RUCC codes 1, 2, and 3
were classified as urban, and codes 4, 5, 6, 7, 8, 9, and 10 were
classified as rural [33,34].

Data Analysis
For the pre-post COVID-19 analysis, the longitudinal data set
was subset down to a paired-response data set for 50,441
individuals who had at least one response before March 11,
2020, and at least one response after. If an individual had
multiple responses before the pandemic declaration, the response
closest to March 11, 2020, was kept, and if an individual had
multiple responses after, the most recent response was kept (ie,
that closest to January 4, 2022). A contingency table and bar
chart were constructed to explore the data responses. An overall
pre-post composite score was calculated by adding the responses
coded as yes=1 and no=0 across the 12 questions. The 3M Social
Determinants of Health (SDoH) score in combination with
individual metrics has been used to model health care utilization
within a population; SDoH scores were highly impactful in
these models when compared to the other variables [35]. Recent
studies have proposed a similar approach, referring to these
composite scores as polysocial risk scores or health indices
[36,37]. A comprehensive risk score helps with a holistic
approach to conduct statistical evaluation, addressing outliers
or patients with enormous social needs. For example, patients
with multiple social conditions would have a higher composite
score compared with that of patients under relatively minimal

social conditions such as a lack of child support. The composite
score allows researchers to evaluate the impact of risk scores
on patients’ health outcomes [37].

A Stuart-Maxwell marginal homogeneity test was run to
compare the pre and post composite scores (relative to the
pandemic announcement on March 11, 2020) across all counties.
McNemar tests were then run to evaluate whether there is a
statistically significant difference for each question when
compared to paired pre-post responses across all counties.
County-level McNemar tests were performed for questions 1,
7, 8, 9, and 10 for the county groupings of Cass (Missouri),
Clay (Missouri), Jackson (Missouri), Johnson (Kansas),
Leavenworth (Kansas), Platte (Missouri), Wyandotte (Kansas),
and Other.

Results

The most recent responses were divided into a subset and the
data set was visualized to determine the number of respondents
per county. Figure 1 shows that the majority of patients in the
data set reside in the immediate surrounding counties of
TUKHS. The number of patients by county was then divided
by their corresponding 2020 census county population estimate
to determine the percentage of the county captured. Figure 2
shows that when adjusting for county populations, most of the
respondents in the data set were still based in the immediate
surrounding counties of TUKHS. Because of the low percentage
of counties not immediately near TUKHS, we decided to classify
the respondents into the counties of Cass, Clay, Jackson,
Johnson, Leavenworth, Platte, Wyandotte, and Other, which
created groupings with at least 1000 responses in each.

The yes/no counts by group for the most recent responses are
provided in Table 1, showing that Wyandotte County
consistently had a higher proportion of “yes” responses when
compared to the other counties. Table 1 also shows that the
proportion of “yes” response was below 6% for the most recent
responses, demonstrating the rarity of this response. The county
buckets of Cass, Clay, Jackson, Johnson, Leavenworth, and
Platte all had a “yes” response rate below 4%.
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The Stuart-Maxwell test showed a significant (P<.001)
difference in the composite scores between the pre and post
responses. Unadjusted P values of the McNemar test for each
of the questions across all counties showed significance at an
α level of .05 for all the questions except question 11 (Support).
However, it should be noted that statistical significance does
not necessarily mean that a meaningful difference exists given
the rarity in the event of a respondent answering “yes.” This
scenario is particularly apparent for questions 2 (Utility), 3
(Housing), 4 (Safe home), 5 (Safe area), and 6 (Child care).
Therefore, questions 1 (Food), 7 (Health care access), 8
(Medication), 9 (Skip health care), and 12 (Need help in general)
are the notable questions to consider further (Table 2).

Notable results from the county-level McNemar tests were
related to questions 1, 7, 8, and 9 from Wyandotte County,
which had a relatively high percentage of respondents who

answered “yes” in the pre-COVID-19 category and subsequently
answered “no” in the post-COVID-19 category. The unadjusted
P values from the McNemar test were significant for these
questions. When looking at the McNemar test results by county,
significant reductions in respondents answering “yes” for
question 1 were found in Clay, Jackson, Johnson, Wyandotte,
and Other counties. Significant reductions in respondents
answering “yes” for question 7 were found in Cass, Clay,
Jackson, Johnson, Platte, Wyandotte, and Other counties.
Significant reductions in respondents answering “yes” for
question 8 were found in Cass, Clay, Jackson, Johnson, Platte,
Wyandotte, and Other counties. Significant reductions in
respondents answering “yes” for question 9 were found in
Jackson, Johnson, and Wyandotte. Finally, no county buckets
demonstrated a significant change in the response to question
10 (Table 2).

Figure 1. Heat map of the raw response count by counties under The University of Kansas Cancer Center catchment area; yellow indicates lower counts
and red indicates higher counts. ©Mapbox ©OpenStreetMap.

Figure 2. Heat map of the percentage of the total county population to responses by county in The University of Kansas Cancer Center catchment area;
yellow indicates lower counts and red indicates higher counts. ©Mapbox ©OpenStreetMap.
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Table 1. Response distribution by counties with a minimum of 1000 patient responses.

OtherWyandotte, KSPlatte, MOLeavenworth,
KS

Johnson, KScJackson, MOClay, MOCass, MObQuestiona

1: Food, n (%)

3897 (96.82)15,088 (95.63)27,535 (98.78)1717 (97.95)36,331 (98.74)25,655 (98.01)8235 (98.32)1837 (98.29)No

128 (3.18)689 (4.37)34 (1.22)36 (2.05)463 (1.26)520 (1.99)<25 (1.68)32 (1.71)Yes

2: Utility, n (%)

3961 (98.48)15,324 (97.01)2773 (99.36)1741 (99.20)36,621 (99.42)25,905 (98.95)8322 (99.31)1853 (99.09)No

61 (1.52)473 (2.99)<25 (0.64)<25 (0.80)215 (0.58)275 (1.05)58 (0.69)<25 (0.91)Yes

3: Housing, n (%)

3945 (98.09)15,363 (97.26)2763 (99.03)1723 (98.23)36,523 (99.15)25,820 (98.62)8270 (98.62)1859 (99.41)No

77 (1.91)432 (2.74)27 (0.97)31 (1.77)313 (0.85)360 (1.38)110 (1.31)<25 (0.59)Yes

4: Safe home, n (%)

4003 (99.53)15,739 (99.65)2784 (99.78)1751 (99.77)36,755 (99.81)26,115 (99.76)8367 (99.86)1863 (99.68)No

<25 (0.47)55 (0.35)<25 (0.22)<25 (0.23)70 (0.19)62 (0.24)<25 (0.14)<25 (0.32)Yes

5: Safe area, n (%)

3988 (99.15)15,593 (98.73)2780 (99.64)1747 (99.54)36,720 (99.72)25,963 (99.20)8347 (99.59)1867 (99.84)No

34 (0.85)201 (1.27)<25 (0.36)<25 (0.46)102 (0.28)210 (0.80)34 (0.41)<25 (0.16)Yes

6: Child care, n (%)

3989 (99.35)15,603 (98.93)2772 (99.50)1740 (99.20)36,649 (99.57)26,044 (99.54)8331 (99.49)1857 (99.46)No

26 (0.65)168 (1.07)<25 (0.50)<25 (0.80)160 (0.43)120 (0.46)43 (0.51)<25 (0.54)Yes

7: Health care access, n (%)

386514,9452722170336,04525,16080691819No

153 (3.81)842 (5.33)69 (2.47)51 (2.91)792 (2.15)1016 (3.88)306 (3.65)49 (2.62)Yes

8: Medication, n (%)

3868 (96.17)15,102 (95.64)2733 (97.92)1707 (97.21)36,179 (98.22)25,410 (97.09)8134 (97.08)1830 (97.38)No

154 (3.83)689 (4.36)58 (2.08)49 (2.79)655 (1.78)761 (2.91)245 (2.92)40 (2.14)Yes

9: Skip health care, n (%)

3899 (97.01)15,173 (96.10)2765 (99.10)1726 (98.35)36,466 (99.01)25,750 (98.39)8275 (98.76)1849 (98.93)No

120 (2.99)616 (3.90)25 (0.90)29 (1.65)364 (0.99)421 (1.61)104 (1.24)<25 (1.07)Yes

10: Health literacy, n (%)

3876 (96.39)15,063 (95.44)2752 (98.71)1698 (96.75)36,198 (98.30)25,692 (98.17)8227 (98.19)1837 (98.24)No

145 (3.61)719 (4.56)36 (1.29)57 (3.25)627 (1.70)479 (1.83)152 (1.81)33 (1.76)Yes

11: Support, n (%)

3718 (94.44)14,631 (94.66)2676 (97.24)1674 (96.60)35,376 (97.00)24,685 (96.19)7992 (98.19)1805 (98.31)No

219 (5.56)826 (5.34)76 (2.76)59 (3.40)1094 (3.00)979 (3.81)291 (3.51)31 (1.69)Yes

12: Need help in general, n (%)

3790 (96.91)14,791 (95.98)2714 (98.44)1690 (97.52)35,538 (98.52)25,068 (97.64)8155 (98.19)1807 (98.74)No

121 (3.09)620 (4.02)43 (1.56)43 (2.48)535 (1.48)607 (2.36)150 (1.81)23 (1.26)Yes

aFor detailed questions, see Textbox 1.
bMO: Missouri.
cKS: Kansas.
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Table 2. McNemar test results for responses before and after the COVID-19 pandemic declaration overall and by county.

P valueORb (95% CI)Questiona

Q1: Food

<.0010.4073 (0.3577-0.4629)Overall

.120.3636 (0.0844-1.2272)Cass, MOc

<.0010.2381 (0.1259-0.4230)Clay, MO

<.0010.4038 (0.3106-0.5210)Jackson, MO

<.0010.4365 (0.3348-0.5652)Johnson, KSd

.581.6000 (0.4615-6.2161)Leavenworth, KS

.020.4375 (0.2157-0.8435)Other

.060.4500 (0.1804-1.0339)Platte, MO

<.0010.4014 (0.3201-0.5006)Wyandotte, KS

<.0010.4538 (0.3853-0.5331)Q2: Utility (Overall)

<.0010.7143 (0.6183-0.8245)Q3: Housing (Overall)

<.0010.6148 (0.4548-0.8263)Q4: Safe home (Overall)

<.0010.6172 (0.5029-0.7555)Q5: Safe area (Overall)

.010.7410 (0.5820-0.9412)Q6: Child care (Overall)

Q7: Health care access

<.0010.3895 (0.3498-0.4331)Overall

<.0010.1667 (0.0420-0.4851)Cass, MO

<.0010.4359 (0.3074-0.6106)Clay, MO

<.0010.4091 (0.3346-0.4980)Jackson, MO

<.0010.4441 (0.3632-0.5409)Johnson, KS

.210.5333 (0.1958-1.3400)Leavenworth, KS

<.0010.3148 (0.1711-0.5515)Other

.0010.3684 (0.1844-0.6956)Platte, MO

<.0010.3158 (0.2484-0.3985)Wyandotte, KS

Q8: Medication

<.0010.5449 (0.4928-0.6021)Overall

.0010.2857 (0.1125-0.6434)Cass, MO

.020.6735 (0.4853-0.9295)Clay, MO

<.0010.5464 (0.4492-0.6627)Jackson, MO

<.0010.5076 (0.4186-0.6138)Johnson, KS

.681.3000 (0.5266-3.3119)Leavenworth, KS

.020.5556 (0.3265-0.9255)Other

.040.4815 (0.2281-0.9658)Platte, MO

<.0010.5451 (0.4441-0.6671)Wyandotte, KS

Q9: Skip health care

<.0010.6378 (0.5574-0.7291)Overall

.180.2857 (0.0290-1.5006)Cass, MO

.891.0769 (0.4929-1.9118)Clay, MO

<.0010.5436 (0.4095-0.7173)Jackson, MO

.010.6825 (0.5127-0.9050)Johnson, KS
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P valueORb (95% CI)Questiona

.800.7778 (0.2462-2.3470)Leavenworth, KS

.340.7419 (0.4131-1.3144)Other

.660.7500 (0.2791-1.9394)Platte, MO

<.0010.6068 (0.4819-0.7615)Wyandotte, KS

Q10: Health literacy

.020.8729 (0.7823-0.9737)Overall

.420.6667 (0.2678-1.5863)Cass, MO

.170.7458 (0.4929-1.1208)Clay, MO

.460.9125 (0.7241-1.1492)Jackson, MO

.650.9510 (0.7772-1.1633)Johnson, KS

>.991.1000 (0.4241-2.8891)Leavenworth, KS

.440.7879 (0.4525-1.3583)Other

.690.7857 (0.3228-1.8630)Platte, MO

.070.8263 (0.6729-1.0137)Wyandotte, KS

.110.9337 (0.8583-1.0157)Q11: Support (Overall)

<.0010.7368 (0.6619-0.8198)Q12: Need help in general (Overall)

aFor detailed questions, see Textbox 1.
bOR: odds ratio.
cMO: Missouri.
dKS: Kansas.

Discussion

Principal Findings
An interesting takeaway from the pre-post COVID-19
comparison is that the post-COVID-19 responses across the
questions showed an improvement in social needs. Less
respondents answered “yes” to the social needs questions in the
post-COVID-19 survey period. At this point, we can only
speculate on the reasons for this improvement. One possibility
is that this was due to the government policies issued during
the pandemic [38]. Across society, changes were made regarding
economic relief, food availability, and the ability to evict tenants;
thus, it is possible that these changes are directly impacting
individuals’ social needs [39,40]. This trend was maintained
when breaking down the analysis to the county level, notably
in Wyandotte County. Based on the results, it is possible that
Wyandotte County was affected by COVID-19 differently than
Johnson County or Jackson County. It certainly appears that
some of the responses to the social needs survey improved in
the post-COVID-19 period to the greatest extent in Wyandotte
County. Further investigation should be performed with respect
to Wyandotte County to try and explain this observation. When
looking at the most recent responses, Wyandotte County ranked
higher in the proportion of “yes” responses to all questions
except questions 4 and 11, and differences in outcomes were
also significant when comparing all counties in the analysis.

Among the counties examined in this analysis, Johnson County
and Jackson County have the two largest populations; however,
Johnson County had the lowest affirmative response rate for

nearly every question, while Jackson County had an affirmative
response rate second only to that of Wyandotte County. This
suggests that a county’s population is not proportional to the
resources available for its residents to weather a
pandemic-related storm and that large communities may have
worse social needs outcomes than smaller communities.
Similarly, both Johnson County and Jackson County are urban
communities and yet their outcomes are strikingly different,
suggesting that the urban/suburban population density may not
be a factor in the social needs for a given population. The
primary difference may lie in the socioeconomic factors
associated with the various counties. Johnson County is a more
socially affluent community with respect to nearly all metrics,
with low unemployment rates, a strong social safety net, and
good access to health care and educational opportunities. These
factors should be considered in future research.

As observed in this study, the usage and expansion of assistance
programs may lead to a reduction in social needs issues. Across
the state of Kansas and in western Missouri, we found
improvements in TUKHS survey responses after COVID-19
policies had been implemented. When broken down by county,
it became clear that these programs impacted each county
differently. As a society, we must better utilize assistance
programs and policies that are in place and understand the
different and unique needs of our diverse populations. Health
and social workers should be well versed and keep their patients
informed on programs that they are eligible for. These programs
are not useful without public knowledge of their existence.
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Limitations
This study has several important limitations that should be
considered when implementing policy recommendations and
determining future research. First, the data are limited only to
patients of TUKHS, located in the Kansas City Metropolitan
Statistical Area. Over 98% of the unique responses were from
individuals residing in counties that are part of the metropolitan
area and this population may not be representative of other
counties within the states of Kansas or Missouri. Due to
socioeconomic conditions prevalent in rural areas, such as high
rates of poverty, unemployment, and lack of social services,
patients located in these counties may not see similar rates of
improvements in social needs following the COVID-19
pandemic declaration.

Second, due to the large sample size and unadjusted P values,
even small differences in outcomes will be statistically
significant, but these results are not necessarily practically
significant. A determination should be made as to what level
of improvement is considered practically significant before
policy recommendations can be made using this analysis. In
addition, the sample size is much smaller for rural counties
(<2% of responses), which could skew the results, and larger
sampling would potentially correct for the rural-urban disparity.

Third, the data set does not include uninsured patients. Although
we do not have data on household income for the individuals
that responded to this survey, the presence of insurance could
be used as a proxy variable, whereas those with insurance have
higher incomes than those who do not. Because this study only
considered those with insurance, we can presume that these
individuals are less likely to answer “yes” to the questions
presented in the survey, which could underrepresent the baseline
scores as well as the level of improvement.

Moreover, the economic and societal hardships brought about
by COVID-19 could have changed public perceptions of social
needs. What was once considered an issue before the pandemic
may not have been considered an issue after. Perhaps a societal
shift in the perception or willingness to share social needs
accounts for our findings. Patients may be less likely to disclose
their social needs to health care professionals now that they
have seen the government willingly address them. Perhaps the
social needs survey was distributed with less importance during

the pandemic as COVID-19 screening surveys took priority
during patient visits. Survey responses are a subjective
measurement that can be impacted by self-reported biases, as
each respondent has different thoughts, behaviors, and feelings
in the context of social needs. Some of their social needs could
be relative to their perception based on past encounters.

Due to the limitations of the data and disparities in the patient
population, the generalizability of this study may be limited to
populations in urban and suburban areas. However, despite the
small sample size, significant differences were found when
aggregate patient responses from rural counties were compared
to the urban counties, and previous research on rural poverty
and lack of health care in these areas suggest a larger sample
will not likely change the results [41]. By contrast, additional
data from rural patients may increase the disparity in these
populations and confirm the differences we identified.

Policy Implications and Future Research
Further research should focus on certain counties, particularly
those in rural areas to increase the number of patients from these
areas. Since education has been identified as an important
indicator of poverty and income, exploring educational programs
in poor-performing counties could improve outcomes. Social
workers and navigators play an important role in helping
individuals access food pantries, educational opportunities,
employment, and other resources that influence these outcomes;
thus, further study should be directed toward outcomes
associated with interactions that reduce barriers to care, and
unit-level acuity metrics should be evaluated and reviewed
frequently to understand the correlation between health
outcomes and patient success rates in accessing these resources
[42].

Finally, unlike the responses to many viruses that have spread
throughout the world in recent decades, the United States took
unprecedented steps to not only curtail the spread of COVID-19
but also to minimize the economic impact on the country and
ensure the financial well-being of its people. Although it is
unclear whether the country would implement similar policies
in the event of a future pandemic, the impact of these policies
should be thoroughly analyzed in the context of social needs
outcomes, as they could be a significant reason why many
individuals are not experiencing severe negative impacts.
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Abstract

Background: Mobility restriction was one of the primary measures used to restrain the spread of COVID-19 globally.
Governments implemented and relaxed various mobility restriction measures in the absence of evidence for almost 3 years, which
caused severe adverse outcomes in terms of health, society, and economy.

Objective: This study aimed to quantify the impact of mobility reduction on COVID-19 transmission according to mobility
distance, location, and demographic factors in order to identify hotspots of transmission and guide public health policies.

Methods: Large volumes of anonymized aggregated mobile phone position data between January 1 and February 24, 2020,
were collected for 9 megacities in the Greater Bay Area, China. A generalized linear model (GLM) was established to test the
association between mobility volume (number of trips) and COVID-19 transmission. Subgroup analysis was also performed for
sex, age, travel location, and travel distance. Statistical interaction terms were included in a variety of models that express different
relations between involved variables.

Results: The GLM analysis demonstrated a significant association between the COVID-19 growth rate ratio (GR) and mobility
volume. A stratification analysis revealed a higher effect of mobility volume on the COVID-19 GR among people aged 50-59
years (GR decrease of 13.17% per 10% reduction in mobility volume; P<.001) than among other age groups (GR decreases of
7.80%, 10.43%, 7.48%, 8.01%, and 10.43% for those aged ≤18, 19-29, 30-39, 40-49, and ≥60 years, respectively; P=.02 for the
interaction). The impact of mobility reduction on COVID-19 transmission was higher for transit stations and shopping areas
(instantaneous reproduction number [Rt] decreases of 0.67 and 0.53 per 10% reduction in mobility volume, respectively) than
for workplaces, schools, recreation areas, and other locations (Rt decreases of 0.30, 0.37, 0.44, and 0.32, respectively; P=.02 for
the interaction). The association between mobility volume reduction and COVID-19 transmission was lower with decreasing
mobility distance as there was a significant interaction between mobility volume and mobility distance with regard to Rt (P<.001
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for the interaction). Specifically, the percentage decreases in Rt per 10% reduction in mobility volume were 11.97% when mobility
distance increased by 10% (Spring Festival), 6.74% when mobility distance remained unchanged, and 1.52% when mobility
distance declined by 10%.

Conclusions: The association between mobility reduction and COVID-19 transmission significantly varied according to mobility
distance, location, and age. The substantially higher impact of mobility volume on COVID-19 transmission for longer travel
distance, certain age groups, and specific travel locations highlights the potential to optimize the effectiveness of mobility restriction
strategies. The results from our study demonstrate the power of having a mobility network using mobile phone data for surveillance
that can monitor movement at a detailed level to measure the potential impacts of future pandemics.

(JMIR Public Health Surveill 2023;9:e39588)   doi:10.2196/39588
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Introduction

Background
The COVID-19 pandemic had led to over 630 million infections
and 6 million deaths worldwide by November 2022 [1]. Human
mobility is critical to the transmission of airborne diseases.
Reduction in human mobility was considered as one of the main
tools to suppress and mitigate the pandemic, and has been
applied widely and even repeatedly in multiple waves globally
[2]. However, frequent mobility restrictions globally have caused
unprecedented public health, social, and economic challenges.
For example, mobility reduction was associated with indirect
health outcomes, such as increased cerebrovascular excess
deaths [3] and increased mental health issues [4]. Substantial
economic and social burdens of lockdown measures were
reflected in regions with different financial capacities [5]. The
vaccine program may fail to help reach herd immunity, and
easing mobility restrictions should be carefully considered
against the risk of new outbreaks [6]. When variants with higher
transmissibility circulate globally, mobility restriction could be
one of the primary tools to control the pandemic. Therefore, it
is important to determine how to optimize such mobility
restriction measures to balance the indirect adverse outcomes
in the society and economy, and the benefits of controlling
transmission risk for COVID-19.

In almost 3 years of the COVID-19 pandemic, unprecedented
efforts have been made to explore the association between
human mobility and COVID-19 transmission [7]. Mobile-based
mobility data can be used to assess mobility reduction and the
effectiveness of social distancing for mitigating disease spread
[8,9]. Most studies used mobility volume (ie, number of trips)
for investigating the impact of mobility restriction policies on
the transmission of COVID-19, but the correlation between
reductions in mobility volume and COVID-19 transmission
became weaker and even disappeared in the middle stage of the
pandemic according to 2 studies in the United States [10,11].
Another study using the data of 52 countries indicated that the
association between mobility volume and the reproduction
number R changed over time [12]. After public health
interventions were relaxed, the association between mobility
and COVID-19 transmission decoupled in most countries. More
detailed research is needed to better understand such a relation.
Very few studies have explored the association between mobility
distance and COVID-19 transmission [13], and it is unclear

whether the weaker impact of mobility volume was influenced
by a disproportional change in mobility distance. COVID-19
is known to exhibit age-related severity, and exposure rates are
strongly dependent on age [14]. Similar mobility reductions
among <18, 18-64, and ≥65 years age groups were reported in
France [15], but it is unclear whether such reductions in various
age groups have similar effects on COVID-19 transmission.
Governments around the world have different policies for
implementing and easing social distancing measures in various
locations in the absence of evidence. These locations may have
different transmission risks and social benefits [16]. It is critical
to differentiate the impact of mobility reduction for various
locations when making decisions to shut down specific locations.
The impact of mobility reduction on COVID-19 transmission
according to travel distance, location, and demographic factors
is of great importance for understanding mobility restriction
policies, but it has been poorly explored.

Objectives
In this study, we integrated anonymized geolocalized mobile
phone data with census and demographic data in the Greater
Bay Area of China. We aimed to analyze the impact of mobility
reduction on COVID-19 transmission according to travel
distance (long and short), location (workplaces, schools,
recreation areas, shopping areas, transit stations, and other
areas), age (≤18, 19-29, 30-39, 40-49, 50-59, and ≥60 years),
and sex. The coverage rate of mobile phone use among the
population aged 15-65 years was almost 100% [17]. This
analysis could provide evidence to optimize mobility restriction
policies for balancing the adverse outcomes of mobility
reduction and the benefits of limiting community transmission
of COVID-19.

Methods

Data Source

Mobility Data From the Greater Bay Area, China
Large volumes of anonymized aggregated mobile phone position
data between January 1 and February 24, 2020, were collected
for the 9 megacities of Guangzhou, Shenzhen, Foshan, Huizhou,
Dongguan, Zhongshan, Zhaoqing, Zhuhai, and Jiangmen in
Guangdong-Hong Kong-Macao Greater Bay Area, China. The
Greater Bay Area is the most populated and largest urban area,
and is 1 of the 4 largest bay areas in the world. Mobile phone
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data were provided by 1 of the 3 leading mobile phone service
providers. Origin-destination matrices were constructed by
computing the number of people that move between different
locations on an hourly basis, as done previously [18]. The
mobility volume was calculated as the number of trips between
various locations. The mobility distance was determined by
calculating the great circle distance between movement origins
and destinations [19]. Aggregated sex- and age-specific daily
mobility volumes were also obtained. Daily mobility volumes
to various destinations (eg, workplaces, schools, recreation
areas, shopping areas, transit stations, and other areas) were
calculated by integrating the origin-destination matrices with
the land use type of the trip destination (Table S1 in Multimedia
Appendix 1). Official estimates of the total, sex-specific, and
age-specific populations in the Greater Bay Area were retrieved
from relevant government websites [20].

COVID-19 Transmission Data
Daily incidences of COVID-19 were obtained from official
governmental reports in the Greater Bay Area, China [21]. Data
on country-level estimates of the instantaneous reproduction
number (Rt) were obtained from the EpiForecasts project by
the London School of Hygiene & Tropical Medicine (London,
UK) [22], which was calculated based on the daily number of
COVID-19 infections by the European Centre for Disease
Prevention and Control. The timings and details for public health
interventions were taken as published on relevant government
websites in the Greater Bay Area, China [23].

Ethics Approval
We used anonymized and aggregated mobile phone data at the
population level without individual travel patterns for strict
protection of personal privacy. All data were obtained in an
anonymous format without personal identifying information.
This study was approved by the Institutional Review Board of
Shenzhen University, China (review number PN-202300030).

Statistical Analysis
The growth rate ratio (GR) of COVID-19 was computed as the
average number of new cases per day over the previous 3 days
to that over the previous 7 days. The static correlation and
dynamic correlation between the GR and mobility volume were
determined by Pearson correlation and rolling correlation. We
tested the different day lags between the GR and mobility in
the correlation analysis, as there may be a time lag between
reported cases and true community infections. A generalized
linear model (GLM) was established to test the association
between mobility volume and COVID-19 transmission.
Subgroup analysis was also performed for sex, age, travel
location, and travel distance. The statistical interaction terms
were included in a variety of models that express different
relations between the involved variables. The Rt in Shenzhen
by time for real transmission was estimated according to the
likelihood-based estimation method [24].

An interaction analysis was performed by including the
interaction terms of mobility volume ratio (VR) and distance
ratio (DR) in the GLM analysis to determine whether the impact
of mobility volume on COVID-19 transmission differs by
mobility distance in the Greater Bay Area, China. The VR and

DR were defined for each day (t), which quantified the change
in mobility patterns and were similar to previous studies [25].
The baseline dates for the VR and DR were the normal days in
2020, which are here defined as the days before Chunyun
(Spring Festival; January 1-10, 2020; Multimedia Appendix 1)
for the Greater Bay Area, China. The VR is the sum of the total
trips between various locations on a given day divided by the
same measure on the baseline day, which reflects the change in
the number of individual trips made to each area per day. VRit

was calculated as follows:

where Vij
t represents the number of trips between areas i and j

on day t, and t0 represents the baseline measure. Using this
function, VR values of 0, 0.5, and 1.0 indicate no trips, half the
number of trips relative to baseline, and no change compared
with baseline, respectively.

The DR represents the change in the distance of individual trips
made to each area per day, relative to ordinary behavioral
patterns (ie, before COVID-19), which was calculated as
follows:

where Dij
t represents the distance of trips between areas i and j

on day t, and t0 represents the baseline measure. DR values of
0, 0.5, and 1.0 indicate no trips, half of the mobility distance at
baseline, and no change compared with baseline, respectively.
Any value above 1 indicates that the mobility distance increased
from baseline. The Rt ratio was defined as the Rt on a given day
compared to the first Rt at the beginning of the study. ANOVA
was used to evaluate the model with and without the interaction
term. All statistical analyses were performed using R version
3.6.3 (R Foundation for Statistical Computing).

Results

The Effect of Mobility Volume on COVID-19
Transmission
The public health interventions in the Greater Bay Area, China
during the study period are illustrated in Multimedia Appendix
2. The population mobility volume decreased by approximately
75%-85% and then was maintained at such a substantially low
level for approximately 2 weeks in January 2020 in the Greater
Bay Area, China (Figure 1A and 1B). The GR gradually
decreased from 2.33 on January 19, 2020, to below 0.50 on
February 20, 2020 (Figure 1C). The static correlation between
the GR and mobility volume was 0.71 (P<.001; Figure 1D),
considering the time lag of 2 days representing the highest
correlation between the GR and mobility volume (Multimedia
Appendix 3). The rolling correlation coefficients were >0.75
from January 24, 2020, to January 31, 2020 (all P<.01) but
declined in February 2020. The GLM analysis demonstrated a
significant association between the GR and mobility volume,
with a 7.56% decrease in the GR per 10% reduction in mobility
volume (95% CI 6.13%-9.00%; P<.001; Figure 1E).
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Figure 1. Relationship between mobility volume and the GR in the Greater Bay Area, China. (A) Average mobility volume based on the mobile phone
position data from January to February 2020 in the Greater Bay Area, China. (B) The change in mobility volume for 9 cities from January to February
2020 (the dots represent the observed data, and the plotted lines are smoothed by a generalized additive model). (C) The GR of COVID-19 from January
to February 2020 (the line represents GLM fit to the data, and the shadow represents the 95% CI). (D) Correlation between mobility volume and the
GR. (E) Association between mobility volume and the GR (the line represents GLM fit to the data, and the shadow represents the 95% CI). The dashed
lines represent the main public health interventions. GLM: generalized linear model; GR: growth rate ratio.

Demographic Disparities in the Impact of a Reduction
in Mobility Volume on COVID-19 Transmission
We next investigated the impact of a reduction in mobility
volume on COVID-19 transmission in various subgroups of sex
and age. Although the mobility volume for females was less
than that for males before, during, and after the COVID-19
pandemic (Figure 2A), a similar magnitude of decrease was
observed (77.4% for females and 77.8% for males during the
pandemic; Multimedia Appendix 4). The sex-specific GR
declined with similar trends for both sexes (Figure 2B). The
slopes of the association between the sex-specific mobility
volume and sex-specific GR (Figure 2C and 2G) were similar
in the GLM analysis for females and males.

Among different age groups, those aged 50-59 and ≥60 years
exhibited the lowest levels of reduction in mobility volume of

72.9% and 67.0%, respectively, during the pandemic. The
percentage reductions in mobility volume were 78.1%, 81.5%,
81.4%, and 77.7% for those aged ≤18, 19-29, 30-39, and 40-49
years, respectively (Figure 2D; Multimedia Appendix 4). The
slopes of the association between the age-specific mobility
volume and age-specific GR were significantly different among
various age groups. The percentage decreases in the GR per
10% reduction in mobility volume were 7.80% for those aged
≤18 years (P<.001), 10.43% for those aged 19-29 years
(P<.001), 7.48% for those aged 30-39 years (P<.001), 8.01%
for those aged 40-49 years (P<.001), 13.17% for those aged
50-59 years (P<.001), and 10.43% for those aged ≥60 years
(P<.001) (P=.02 for the interaction) (Figure 2F and 2G). The
age group of 50-59 years had the highest slope in the GLM
analysis for the age-specific GR and age-specific mobility
volume.
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Figure 2. Relationship between mobility volume and the GR by sex and age. (A) Time series of the daily average mobility volume and (B) the
sex-specific GR for males and females. The dots represent the raw data, while the plotted lines are smoothed by a generalized additive model. (C)
Relationship between the sex-specific GR and sex-specific mobility volume. The line represents GLM fit to the data, and the shadow represents the
95% CI. (D) Time series of the daily average mobility volume and (E) the age-specific GR for various age groups. The dots represent the raw data,
while the plotted lines are smoothed by a generalized additive model. (F) Relationship between the age-specific GR and age-specific mobility volume.
The line represents GLM fit to the data, and the shadow represents the 95% CI. The dashed lines represent the main public health interventions. (G)
The change in the demographic-specific GR per 10% reduction in mobility volume. GLM: generalized linear model; GR: growth rate ratio.

Location Disparities in the Impact of a Reduction in
Mobility Volume on COVID-19 Transmission
The distribution of mobility volume at 6 types of locations at
different time periods in the city of Shenzhen (one of the Greater
Bay Area cities) is illustrated in Figure 3A. The mobility volume
for workplaces was notably higher than other locations. The
mobility volume at the 6 types of locations had declined during
the pandemic, with average reductions of 83.8% for workplaces,
75.1% for transit stations, 83.5% for shopping areas, 82.9% for

recreation areas, 83.7% for schools, and 81.8% for other
locations (Figure 3B). The impact of mobility volume on the
Rt was higher for the locations of transit stations and shopping
areas, with the highest slope in the GLM analysis. The decreases
in the Rt per 10% reduction in mobility volume were 0.67 for
transit stations (P<.001), 0.53 for shopping areas (P<.001), 0.30
for workplaces (P<.001), 0.37 for schools (P<.001), 0.44 for
recreation areas (P<.001), and 0.32 for other locations (P<.001)
(P=.02 for the interaction; Figure 3D).
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Figure 3. Relationship between mobility volume and COVID-19 transmission by various destinations. (A) The distribution of mobility volume for
various destinations in the city of Shenzhen at different time periods in the Greater Bay Area, China (the peak of 3D bars represents the mobility volume
in the given period), and (B) the time series of mobility volume at these destinations. (C) Time series of the instantaneous reproduction number (Rt) in

Shenzhen. The shadow represents the 95% CI. (D) The change in the Rt per 10% reduction in mobility volume for a certain destination. Adjusted R2

represents the goodness of fit for the models.

Mobility Distance Disparities in the Impact of a
Reduction in Mobility Volume on COVID-19
Transmission
The change in mobility volume occurred earlier and was greater
than the change in distance during the pandemic in the Greater
Bay Area, China (Figure 4A). The population mobility volume
had an average reduction of 76.1% in February compared with
the baseline period of 2020 in the Greater Bay Area, China, and
the mobility distance declined by an average of 18.6% (Figure
4A). The Rt had reduced to <1 by February 8, 2020, in China
(Figure 4B). Exploratory analyses showed statistical evidence
of an interaction between the VR and DR for the COVID-19 Rt

ratio. In the analysis of Chinese cities, the impact of a reduction
in mobility volume on the Rt was lower with a decreasing
mobility distance. The percentage decreases in the Rt per 10%
reduction in mobility volume were 11.97% when the average

mobility distance increased by 10% compared with the baseline
period, such as in the Chunyun period when people travelled
longer distances in the Spring Festival (P<.001), 6.74% when
the average mobility distance remained unchanged (P<.001),
and 1.52% when the distance declined by 10% (P<.001) (P<.001
for the interaction; Figure 4C).

ANOVA showed that removing the interaction did significantly

affect the fit of the model (P<.001). The R2 for the model
without an interaction was 0.65, which was lower than that for
the model with an interaction (0.73 in the China model),
increasing the variance of the dependent variable explained by
the predictors. Finally, we validated the mobile phone mobility
data for the Greater Bay Area, China by comparing it to Baidu
mobility data for the whole country [26]. Here, the trend of
mobility volume reduction was quite similar to the change in
the mobility index from the Baidu Qianxi map (Multimedia
Appendix 5).
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Figure 4. Relationship between mobility volume and COVID-19 transmission by mobility distance. (A) Time series of the VR and DR in the Greater
Bay Area, China. The dots represent the observed data, and the plotted lines are smoothed by a generalized additive model. (B) Time series of the
instantaneous reproduction number (Rt) in the Greater Bay Area, China. The shadow represents the 95% CI. (C) Relationship between the VR and Rt
ratio by different DRs in the Greater Bay Area, China. The line represents GLM fit to the data, and the shadow represents the 95% CI. DR: distance
ratio; GLM: generalized linear model; VR: volume ratio.

Discussion

Principal Findings
In this study, we found that the impact of reductions in human
mobility on COVID-19 transmission significantly varied by
travel distance, location, and age. There was a significant
positive interaction between mobility volume and mobility
distance regarding COVID-19 transmission, with steeper slopes
for the association (larger coefficient in the regression analysis)
between mobility volume and COVID-19 transmission with
increasing mobility distance. We found a significantly steeper
slope for the association between the reduction in mobility
volume and COVID-19 transmission among persons aged 50-59
years than among other age groups. Furthermore, the slope for
the association was steeper for the locations of transit stations
and shopping areas, compared with workplaces, schools,
recreation areas, and other locations.

Our study indicated that the introduction of mobility restrictions
in the Greater Bay Area, China led to a marked decrease in
COVID-19 transmissibility. The time lag between mobility
reduction and decline in the GR was estimated as 2 days at the

very beginning of the pandemic in this area, which is shorter
than the time of around 2 weeks in a similar study in the United
States reported by Badr et al [11]. Our study also showed that
the Rt in Shenzhen City, one of the megacities in this area, had
declined from >3 to <1 within around 2 weeks, which means
that the public health interventions in this area worked very fast.
Therefore, the shorter time lag of 2 days between mobility
reduction and change in the GR may be possible in the Greater
Bay Area, China. The reduction in mobility volume with longer
travel distances was associated with a greater reduction in
COVID-19 transmission than shorter travel distances in our
study. The decreasing correlations of mobility volume with
COVID-19 transmission observed in our study were consistent
with previous studies in the United States. Badr et al [11] found
a strong correlation between mobility volume and COVID-19
case growth rates in the early stage of March to April 2020, but
a strong linear association was absent after April 2020. Gatalo
et al [10] also identified a strong correlation between March 27,
2020, and April 20, 2020, and only a weak correlation at later
time periods (April 21, 2020, to May 24, 2020). The significant
positive interaction between mobility volume and distance may
provide a possible explanation for the time-driven relationship
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between mobility volume and COVID-19 transmission. The
changes in mobility distance and volume are not necessarily
synchronized. Our study indicated that there is an interaction,
and changes in moving distance may affect the impact of
mobility volume on COVID-19 transmission. This provides
evidence for stricter restrictions in long-distance travel for better
control of COVID-19 transmission. However, the different start
times and levels of reduction in mobility volume and distance
during the pandemic need to be further explored.

The mobility reduction was associated with a greater reduction
in the GR for the age group of 50-59 years than the other age
groups in our study. The slope of the association between
mobility volume and the GR for those aged 50-59 years was
steeper than that for the other age groups. Those aged 50-59
years showed lower mobility reduction than those aged ≤49
years, but were vulnerable to COVID-19 infection with a higher
proportion of underlying chronic diseases compared with young
people [27]. Those aged 50-59 years faced a higher risk of
exposure to SARS-CoV-2 with more traveling for occupational
and behavioral reasons compared with those aged ≥60 years
[28]. These factors may provide possible explanations for the
finding that most infections of COVID-19 in the initial wave
in China were among those aged 50-59 years (22.4%) [29]. The
highest proportion of COVID-19 cases was also among those
aged 50-59 years during the initial wave from January to May
2020, but shifted toward younger people from June to August
2020 in the United States [30]. A similar age shift was observed
in Europe, with the median age of patients with COVID-19
declining from 54 years at the beginning to 39 years in the later
time periods [31]. Whether such an age shift is associated with
a change in the mobility pattern for various age groups at the
different stages of the pandemic needs further exploration. In
addition, our data suggested that the declined magnitude of
mobility volume and the effect of mobility volume on
COVID-19 transmission were quite similar for both males and
females, which is consistent with the conclusion of no sex
variation for COVID-19 infections in China [32].

The mobility reduction for transit stations and shopping centers
was associated with a greater reduction in COVID-19
transmission in the whole city compared with the findings for
workplaces, schools, and recreation areas. The slopes for the
association between mobility to transit stations and shopping
centers and the Rt were steeper than the slopes for the
association involving other locations. These high-contact
environments are more crowded and therefore have a higher
risk. However, the mobility reduction for transit stations was
less than that for other locations. Many governments applied
various policies for mobility restriction at specific locations,
since there was not enough evidence available regarding which
locations should be closed or which locations should remain
open. Our study provides evidence that controlling mobility to
a small number of locations could reduce transmission in the
entire city. Therefore, location-specific mobility restrictions
should be taken into consideration for precise interventions and
reopening strategies with substantially lower economic costs
[33].

Strengths and Limitations
Our results have public health and policy implications. First,
we analyzed the relationship between mobility responses and
COVID-19 transmission using mobility data of only a certain
travel destination, travel distance, or demographic subgroup
(age and sex groups) to gain more insightful knowledge. Our
study provides evidence to identify hotspots of transmission
and guide policy interventions for specific age groups or
mobility patterns associated with higher risks of mobility-related
COVID-19 transmission. Second, mobile phone data at fine
spatial and temporal resolutions provide strong added value for
explaining variations in COVID-19 transmission. The results
from our study demonstrate the power of having mobility
networks using mobile phone data that monitor movement at a
detailed level across cities to measure the potential impacts of
public health events. The network can be regularly updated and
used to identify populations and travel characteristics at risk of
adverse impacts during future pandemics or other crises. It is
also suggested to set up a national mobility network that captures
human mobility habits, which can form the basis for longitudinal
studies.

It is important to note that our study has several limitations.
First, we illustrated the detailed structural change in mobility
patterns using mobile phone data from users in the Greater Bay
Area, China, and these patterns may not be fully representative
of other locations in China. However, the mobility change in
the Greater Bay Area based on the mobile phone was quite
similar to the change in the Baidu mobility index for the whole
country, owing to nationally unified public health interventions.
We believe that this analysis for the Greater Bay Area is an
intuitive and representative estimate of the structural change in
mobility patterns in China, but future extension of this analysis
for the whole country should be further explored. Second, we
focused on quantifying the relationship between mobility
patterns and COVID-19 transmission; there is extensive
evidence indicating that population-wide social distancing and
other potential mitigating factors (eg, wearing face masks and
washing hands) all contribute to achieving control of the
COVID-19 pandemic [34,35]. Further studies are needed to
evaluate the synergistic effect of other public health
interventions along with mobility change in the environment
confounded by climate, urban space, and other potential factors
[36]. Third, our mobility estimates may also be biased toward
the populations included in the mobile phone data, as the
consumer location history feature is only available for
smartphone users (young infants or very old people may be
excluded from the data). However, despite these limitations,
our fine-grained study facilitates a step toward using multiple
data sets to capture population-level mobility patterns and
provides important insights into the complex effects of mobility
reduction for policymakers and future research.

Conclusions
The COVID-19 pandemic was the first time in human history
that human mobility showed a large-scale decline after mobility
restrictions to prevent and control the infectious disease. Our
study demonstrated that the impact of reductions in human
mobility on COVID-19 transmission was significantly modified
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by travel distance, travel location, and age. The higher impact
of mobility reduction on COVID-19 transmission for longer
distances, certain age groups, and specific locations highlights
the potential to optimize mobility restriction policies to balance
adverse health, society, and economic outcomes and the benefits

of controlling the spread of COVID-19. It is of great significance
to understand the impact of mobility reduction on the spread of
infectious diseases in detail, and it provides evidence for the
prevention and control of future pandemics.
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Abstract

Background: The ongoing COVID-19 pandemic has emphasized the necessity of a well-functioning surveillance system to
detect and mitigate disease outbreaks. Traditional surveillance (TS) usually relies on health care providers and generally suffers
from reporting lags that prevent immediate response plans. Participatory surveillance (PS), an innovative digital approach whereby
individuals voluntarily monitor and report on their own health status via web-based surveys, has emerged in the past decade to
complement traditional data collection approaches.

Objective: This study compared novel PS data on COVID-19 infection rates across 9 Brazilian cities with official TS data to
examine the opportunities and challenges of using PS data, and the potential advantages of combining the 2 approaches.

Methods: The TS data for Brazil are publicly accessible on GitHub. The PS data were collected through the Brazil Sem Corona
platform, a Colab platform. To gather information on an individual’s health status, each participant was asked to fill out a daily
questionnaire on symptoms and exposure in the Colab app.

Results: We found that high participation rates are key for PS data to adequately mirror TS infection rates. Where participation
was high, we documented a significant trend correlation between lagged PS data and TS infection rates, suggesting that PS data
could be used for early detection. In our data, forecasting models integrating both approaches increased accuracy up to 3% relative
to a 14-day forecast model based exclusively on TS data. Furthermore, we showed that PS data captured a population that
significantly differed from a traditional observation.

Conclusions: In the traditional system, the new recorded COVID-19 cases per day are aggregated based on positive
laboratory-confirmed tests. In contrast, PS data show a significant share of reports categorized as potential COVID-19 cases that
are not laboratory confirmed. Quantifying the economic value of PS system implementation remains difficult. However, scarce
public funds and persisting constraints to the TS system provide motivation for a PS system, making it an important avenue for
future research. The decision to set up a PS system requires careful evaluation of its expected benefits, relative to the costs of
setting up platforms and incentivizing engagement to increase both coverage and consistent reporting over time. The ability to
compute such economic tradeoffs might be key to have PS become a more integral part of policy toolkits moving forward. These
results corroborate previous studies when it comes to the benefits of an integrated and comprehensive surveillance system, and
shed light on its limitations and on the need for additional research to improve future implementations of PS platforms.

(JMIR Public Health Surveill 2023;9:e44517)   doi:10.2196/44517

KEYWORDS

participatory surveillance; COVID-19; digital epidemiology; coronavirus; infectious disease; epidemic; pandemic; SARS-CoV-2;
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Introduction

The global COVID-19 pandemic in March 2020 has had
unprecedented consequences around the world. It caused
widespread illness and deaths, as well as worldwide economic,
political, and social repercussions [1]. The occurrence of such
an extraordinary event emphasizes the need for well-functioning
disease surveillance systems to detect and monitor disease
outbreaks and epidemics. Countries use disease monitoring
systems to assess, predict, and mitigate infectious disease
outbreaks [2,3]. Reliable and timely data are critical to protect
populations and build the foundation for governments, policy
makers, and officials to intervene and prevent widespread
infections [4]. As such, developing and improving on existing
surveillance methods remains a rapidly growing and emerging
field [5].

Most current surveillance systems, listed here as traditional
surveillance (TS) systems, rely largely on traditional health care
institutions, such as clinics, hospitals, and laboratories, to
systematically collect data from practitioners as a public health
monitoring tool [2]. Health care providers send reports to public
health officials with certain regional or national data
aggregation. In a few cases (usually, only a small percentage),
these reports are then confirmed by laboratory analysis. Reported
cases are then accounted as official disease cases [6-8]. Since
the data are sourced from different institutions, aggregation
often involves several time lags throughout the chain of data
collection, reducing the timeliness of measures and actions
[4,9,10]. Moreover, the true burden of the disease is often
underestimated. In industrialized countries, healthy adults with
no previous conditions usually do not visit a doctor if their
symptoms remain mild. In emerging countries,
socioeconomically weak communities lack access or financial
resources to seek medical aid and thus are overlooked by TS
[11]. Over the last 2 decades, new digital disease surveillance
approaches have emerged to supplement traditional data
collection, such as participatory surveillance (PS). Participatory
disease surveillance is understood as an approach that directly
engages the public in providing health data. Individuals monitor
and assess their own health status and are encouraged to submit
self-reports through digital platforms using mobile apps,
websites, and phone-based surveys via SMS text messages or
automated calls (interactive voice response [IVR]) [12]. Any
individual can register on the platform (if they live in a country
where a PS platform is deployed) and participate on a voluntary
basis. As such, digital crowdsourced data can be aggregated
and analyzed in large numbers [13-15]. Users are asked to
regularly complete a questionnaire aimed at gathering
information about their current (lack of) symptoms, access to
health care, risk exposure, and medications. In the case of
COVID-19, the main difference compared to TS is the lack of
laboratory-confirmed testing; positive cases are categorized as
such only based on the reporting of certain symptoms, with a
so-called syndromic surveillance approach. The added value of
PS systems is that they can even reach individuals who do not
engage with health care providers because of financial or cultural
factors, because they live too remotely to have access to health
care facilities, or because their symptoms are too mild to cause

concern [12]. The rapid global increase in the use of mobile
phones and wide access to the internet are largely responsible
for the rise of such digital surveillance systems [3]. By
integrating an additional subset of the population not covered
by TS, the complementary data provide an additional layer of
surveillance, potentially enabling more accurate detection of
ongoing infections as well as anticipation of trend changes
[13,14].

PS systems have so far proven to be accurate and reliable for
influenza-like illness (ILI) surveillance [15,16]. Most recently,
as testing capacities were exhausted across many countries in
the context of the pandemic, PS systems were implemented to
support traditional systems in monitoring and controlling
COVID-19 infections [17,18]. So far, Brazil is the first and only
Latin American country that has implemented a PS system on
a large scale to carry out syndromic surveillance, specifically
during the 2014 FIFA World Cup [19] and the 2016 Olympic
Games [20]. Lately, a local Brazilian health authority has used
a PS platform to complement the traditional system, with the
goal of optimizing the targeting of test areas during the
COVID-19 pandemic [17]. This PS system has been shown to
be beneficial in identifying risk clusters for infections in this
context; in particular, it was able to cover blind spots of the TS
system, showcasing the potential to increase its sensitivity by
complementing it with additional data, and to allocate scarce
resources more efficiently by prioritizing certain areas for the
distribution of test kits. Notably, in Europe and the United
States, health agencies and governments are increasingly prone
to using the innovative and digital PS approach as a
complementary source of disease surveillance.

Low public funding and suboptimal resource allocation persist
in the Brazilian health sector [21]. The limitations of the TS
system stress the need to reduce the burden of diseases among
vulnerable and socioeconomically weak communities. This
motivates the study to examine the opportunities and challenges
of a PS system in the context of COVID-19 case detection across
9 Brazilian cities. During 7 months of the global pandemic in
2020, several city-level governments implemented the Brazil
Sem Corona PS platform to gather additional insights on the
spread of the disease. Brazil Sem Corona was an initiative led
by Colab in partnership with several local governments from
Brazilian cities, with the purpose of leveraging PS data to
complement TS systems in order to mitigate COVID-19 risk at
the local level. For our analysis, we focused on 9 cities with the
largest PS participation across Brazil. Our objective was to
investigate the capability of PS data to approximately mirror
traditional infection rates captured through TS, as well as the
relevance of citizen participation for the identification of trends
in COVID-19 cases. Furthermore, we investigated the potential
benefits of combining the PS and TS systems for forecasting
case trends. Among the benefits, we showed that the PS system
captures a part of the population that is so far overseen by
traditional sources.
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Methods

Goal
In this work, the goal was to compare daily official COVID-19
infections at the municipality level with daily PS infection
numbers.

TS Data
TS data for Brazil are publicly accessible on GitHub [22]. These
data aggregate the official laboratory-confirmed daily new
COVID-19 cases at the municipality level. Using the 2020
population size estimates for each city [23], we calculated the
infection rate per 100,000 inhabitants as follows:

where i denotes the city and t denotes the day.

PS Data
PS data for this study were collected through the Brazil Sem
Corona platform, a Colab participatory platform developed
previously [24]. To gather information on an individual’s health
status, each participant was asked to fill out a daily questionnaire
in the Colab app on symptoms as well as exposure. The app
was available on the Apple Store as well as the Google Play
Store. The list of symptoms was based on the COVID-19 case
definition and contained the following: fever, cough, shortness
of breath, runny nose, sore throat, headache, fatigue, nausea,
rash, joint pain, chills, diarrhea, and loss of taste. Additionally,
participants were asked to report about medication intake and
whether they sought a health care facility for their symptoms.
For this study, Colab subsequently provided access to the
anonymized data set of Brazil Sem Corona.

Ethical Considerations
Before filling out the questionnaire, participants were asked to
agree with an informed consent form in the registration phase.
The form described the study and the purpose of the project,
and provided information about how the data could be used by
third parties for research analysis purposes. Access to the data
and study was approved by the Colab Institutional Management
Board. All methods were carried out in accordance with
guidelines and regulations, including but not limited to the Lei
Geral da Proteção de Dados – LGPD, the official regulation
on data privacy and protection valid in Brazil. All collected
study data were anonymous and deidentified. No compensation
was provided to the participants. The data used in this study
can be made available through a formal request to the Colab
team.

Data Collection
The platform was set up online on March 20, 2020, right after
the World Health Organization officially declared COVID-19
as a public health issue with pandemic implications on March
11, 2020 [25]. During the period following this official
statement, Brazilian newspapers and magazines extensively
advertised the Brazil Sem Corona platform, leading to an
increase in self-report submissions [26-28].

The increase in the number of participants allowed the creation
of a database of symptom-based reports that could be used for
the analysis. Each report was categorized into one of the
following categories: (1) no symptoms, (2) light symptoms, (3)
suspected COVID-19 case, (4) severe suspected COVID-19
case, and (5) confirmed case. In order to be categorized as a
suspected case, the user must report fever together with at least
one other symptom. If along with these symptoms either
medication intake is reported or a health care facility is sought,
the report is labeled as severe suspected case [29]. Only those
users reporting a positive laboratory COVID-19 test result were
categorized as confirmed cases. All the suspected, severe
suspected, and confirmed cases were then treated as possible
COVID-19 cases, while light and no symptom cases were treated
as negative cases. The inclusion of not only confirmed cases
but also suspected cases is one of the key differences with
respect to case counts performed in TS settings.

For each city in which data were collected, we aggregated the
reports submitted for each day and calculated the daily infection
rate:

where i denotes the city and t denotes the day.

Data sparsity and fluctuations were addressed by applying a
simple but powerful tool called LOESS to the PS data. It fits
smooth lines to empirical data using a nonparametric approach
[30]. For all 9 cities, the smoothed PS and TS infection rates
were then compared.

Pearson Correlation Calculation
To measure the statistical relationship between the 2 time series,
we calculated the Pearson correlation (PCt) coefficient for the
original time series. Additionally, we used a 7-day and 14-day
lagged PS series to calculate PCt-7 and PCt-14. Finally, we
determined the coefficients over a reduced 4-month observation
period during which public engagement and participation rates
were the largest.

Finally, we looked at the proportion among self-reported cases
of confirmed cases and the percentage of confirmed cases
seeking health care assistance.

Forecasting Models
In order to further assess the added value of insights generated
by PS systems, we used the PS data to inform 3 different
forecasting models to predict incidence rates for COVID-19
with a time horizon varying between 1 and 3 weeks (Figure 1).
TS data were used to generate a baseline model that represents
the “ground truth” against which the forecasting models were
compared.

Thus, the first model (further referred to as the baseline model)
was a univariate model based on only TS data. The second and
third models (referred to as the combination model and lagged
combination model, respectively) were bivariate models
integrating both TS and PS data. The third model also used a
14-day lag in the PS incidence rate series. For all 3 models, we
used a linear autoregression function with n daily lagged
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components. For each city, the optimal number of independent
variables was selected based on the Akaike Information
Criterion (AIC) that estimates the prediction error and quality
of statistical models. Thereby, the explained part of the variation
was maximized while using only the lowest possible amount
of time lag.

To evaluate the performance of the forecasting models, we
calculated the root mean squared error (RMSE) and mean

absolute error (MAE). The RMSE measures the difference
between predicted and true values as follows:

The MAE measures the average of the absolute errors between
predicted and true values as follows:

Figure 1. Model overview. stands for the estimation, whereas TS stands for the true value. By weighing n past components, 1-, 7-, and 14-day

forecasts are estimated. The model parameters and are estimated based on a training subsample that contains the first 80% of the data. The
out-of-sample forecasting accuracy is then calculated based on the remaining 20% of the data. Thus, the first 80% of the observation period is used to
fit the models, while the remaining 20% is used to evaluate its performance. PS: participatory surveillance; TS: traditional surveillance.

Results

Reports were collected between March 20, 2020, and October
20, 2020. The analysis covered the whole 7-month observation
period. Even though the platform was accessible all around
Brazil, nearly 65% of the reports were submitted from 9 cities.
Therefore, the study focused only on those cities with the largest
number of submitted reports. People from Teresina, Caruaru,
Santo Andre, Niteroi, Recife, Porto Alegre, Campinas, Sao
Paulo, and Rio de Janeiro submitted an aggregated total of
83,005 reports (13,582 individuals).

To assess the importance of participation, we compared the
capability of the PS data to mirror the infection rates reported
by the TS systems implemented in the 9 cities. In Table 1, we
present the 9 cities with the largest PS participation (the highest
number of submitted reports across Brazil). As the population
size varied between the cities, we additionally weighted the
number of submitted reports by the population size displayed
by the variable “number of reports by 100.” As participants
could report several times throughout the observation period,
there was a relatively large number of submitted reports
compared with the number of participants. Even though São
Paulo recorded a relatively large number of submitted reports,
it was ranked only second to last due to its large population size.
Teresina, Caruaru, and Santo André were ranked as the top 3
based on the variable “number of reports by 100.” The large
participation in those 3 cities was not coincidental but rather
driven by massive local media campaigns led by local officials
[26-28]. Those social media campaigns seem to have impacted
the participation behavior, underlining the government’s role.
Additionally, we displayed the variable “share of zeros,” which
captures the share of observation days on which no possible
COVID-19 case was recorded on the platform within a city.
This problem is often referred to as zero inflation (as the sample
contains an excess of zeros) and is equivalent to censored data.

Those numbers were negatively correlated with the level of
engagement, as the cities at the bottom of the ranking displayed
a striking share of zeros (as high as 96%).

As mentioned in the Methods section, every submitted report
was categorized as either a negative COVID-19 case or
suspected COVID-19 case based on the symptoms reported in
the survey. In Figure 2, we show the TS and PS incidence rates
over the entire 7-month observation period to compare
differences in detected infection rates between the 2 surveillance
methods. The 9 cities have been arranged according to the
participation ranking (Table 1) from top left to bottom right.
The top row displays the 3 cities with the largest community
engagement (Teresina, Caruaru, and Santo André). Here,
infections identified through PS and TS followed a relatively
similar pattern, at least between March and August 2020. For
most cities, the trend of detected cases diverged between the 2
methods toward the end of the observation period, which can
be explained by the relatively low number of submitted reports
over that interval. More details on the daily number of submitted
reports can be found in Figure S1 in Multimedia Appendix 1.
From the graphical analysis, it follows that the capability of the
PS system to potentially point to the trend of infections seemed
to decrease with low participation rates. This finding is
supported by Table 2, which reports the Pearson correlation
coefficients between the PS and TS time series within each city.

Table 2 confirms that the largest correlation between the 2 data
sources was indeed noted for the cities with the largest
participation rates (namely, Teresina, Caruaru, and Santo
André). The Pearson correlation coefficients for those 3 cities
were above 0.5, indicating a moderate to high positive
correlation between the 2 data sources.

We next analyzed the participation behavior of individuals
across all 9 cities. A significant share of 40%-50% of individuals
participated only once throughout the observation period, while
roughly 6%-13% were considered as frequent participants, with
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at least 15 submitted reports. Detailed numbers can be found
in Table S1 in Multimedia Appendix 1.

In order to assess the effect of lag on the time series correlation,
we also determined the Pearson correlation coefficients for the
3 key cities with the largest public engagement, using 7-day
and 14-day lags in the PS data series. Table 3 shows the lagged
Pearson correlations for the full observation period, while Table
4 presents the results for the reduced period from April 1 to July
31, 2020.

In Table 3, an increased correlation can only be found for
Teresina, where the coefficient increased from 0.82 to 0.89 for
the 14-day lag. For Caruaru and Santo André, the coefficients
declined from 0.79 to 0.71 and from 0.56 to 0.45, respectively.

However, the correlations for the 7-day lag remained at roughly
the same level. While these results are ambiguous and rather
weak, the picture appears clearer in Table 4.

In Table 4, the coefficients remain either constant or show an
increase using 7-day and 14-day lags across all 3 cities. By
removing the tails of the observation period, the focus was set
on the months with the strongest engagement, as shown by the
higher daily average of submitted reports in Table 4.

Table 5 presents the proportion of confirmed COVID-19 cases,
proportion of cases for which health care assistance was sought,
and proportion of cases involving medication intake among all
submitted reports that were categorized as potential COVID-19
cases.

Table 1. Participation ranking for the 9 Brazilian cities under examination.

Share of zerosb, %Number of participantsNumber of reports per 100aNumber of reportsCity

7.044493.1727,558Teresina

32.013632.8110,279Caruaru

46.728661.9714,207Santo Andre

62.98971.316757Niteroi

73.94920.243895Recife

96.13360.192779Porto Alegre

92.93070.172006Campinas

70.723600.1012,453Sao Paulo

74.67340.053071Rio de Janeiro

aThe ranking is based on the variable “number of reports per 100,” from the largest to the smallest. This variable shows the number of submitted reports
per 100 inhabitants and is calculated as the number of submitted reports divided by population size times 100.
bThe variable “share of zeros” shows the share of observation days on which no possible COVID-19 case was recorded within a city.
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Figure 2. Daily PS and TS infection rates per city. The graphs are arranged according to the weighted participation from top left to bottom right. PS:
participatory surveillance; TS: traditional surveillance.

Table 2. Pearson correlations for each study city.

P valuePearson correlationCitya

<.0010.82Teresina

<.0010.79Caruaru

<.0010.56Santo Andre

<.0010.24Niteroi

<.0010.23Recife

<.0010.18Porto Alegre

<.001−0.34Campinas

<.0010.32Sao Paulo

.190.09Rio de Janeiro

aThe cities are ranked according to population-weighted participation from the largest to the smallest.

Table 3. Lagged Pearson correlations for the full observation period (full 7-month period).

Average daily reportsPC (14-day lag)PC (7-day lag)PCaCity

1280.890.870.82Teresina

490.710.770.79Caruaru

660.450.560.56Santo Andre

aPC: Pearson correlation coefficient.
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Table 4. Lagged Pearson correlations for the reduced observation period (April to July 2020).

Average daily reportsPC (14-day lag)PC (7-day lag)PCaCity

1930.930.910.86Teresina

760.880.850.85Caruaru

880.880.890.82Santo Andre

aPC: Pearson correlation coefficient.

Table 5. Characteristics of potential COVID-19 case reports.

Santo Andre (N=189), n (%)Caruaru (N=356), n (%)Teresina (N=987), n (%)Variable

108 (57.1)152 (42.7)362 (36.7)Confirmed cases

65 (34.6)112 (31.4)270 (27.4)Cases seeking health care

110 (58.0)185 (50.2)495 (50.2)Cases involving medication intake

Forecasting Models
For the 3 cities with an at least moderate (higher than 0.8)
positive Pearson correlation coefficient, we compared the
RMSEs and MAEs from the baseline model with those from
the combination as well as lagged combination model (Tables
6-8). We show the results for 1-day, 7-day, and 14-day forecasts.

Even though improvements were only modest, there was a
pattern that could be identified across all 3 cities. The
combination model outperformed the baseline model for the
14-day forecast by up to 2.7%. The results for the 7-day forecast
were ambiguous; while there were improvements of up to 4.1%,
only 2 out of the 3 cities showed reduced RMSEs.

Table 6. Forecasting errors using different models for 1-day, 7-day, and 14-day forecasts in the city of Teresina.

MAEcRMSEbForecast period and modela

1-day forecast

0.01330.0195Baseline model

0.01400.0198Combination model

0.01370.0193Lagged combination model

7-day forecast

0.03020.0410Baseline model

0.02810.0393Combination model

0.03100.0409Lagged combination model

14-day forecast

0.02450.0347Baseline model

0.02460.0338Combination model

0.02490.0340Lagged combination model

aThe models used n=13 lagged components as independent variables.
bRMSE: root mean squared error.
cMAE: mean absolute error.
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Table 7. Forecasting errors using different models for 1-day, 7-day, and 14-day forecasts in the city of Caruaru.

MAEcRMSEbForecast period and modela

1-day forecast

0.01620.0214Baseline model

0.01600.0212Combination model

0.02200.0290Lagged combination model

7 -day forecast

0.02340.0316Baseline model

0.02370.0318Combination model

0.02440.0329Lagged combination model

14-day forecast

0.01900.0293Baseline model

0.01870.0288Combination model

0.01900.0292Lagged combination model

aThe models used n=5 lagged components as independent variables.
bRMSE: root mean squared error.
cMAE: mean absolute error.

Table 8. Forecasting errors using different models for 1-day, 7-day, and 14-day forecasts in the city of Santo Andre.

MAEcRMSEbForecast period and modela

1-day forecast

0.00940.0137Baseline model

0.01810.0236Combination model

0.01570.0203Lagged combination model

7 -day forecast

0.01690.0225Baseline model

0.01740.0219Combination model

0.02450.0321Lagged combination model

14-day forecast

0.02450.0292Baseline model

0.02360.0284Combination model

0.02510.0299Lagged combination model

aThe models used n=14 lagged components as independent variables.
bRMSE: root mean squared error.
cMAE: mean absolute error.

Discussion

The goal of this study was to show how PS systems, already
well established as a routine surveillance monitoring approach
for ILI, can also complement and enhance TS systems for
monitoring pandemic diseases such as COVID-19. The results
showed that the validity of the approach strongly depends on
the rate of participation among the general population.

We found that the PS infection rates from the 3 cities with the
largest participation approximately mirrored the TS infection
rates, even though the representativeness of the PS

subpopulation was most likely biased in terms of sex and age.
The 3 cities were able to engage a large group of individuals
due to social media campaigns promoted by local officials and
governments. The insights from the other cities were less reliable
as the data were not able to represent the traditional infection
rates due to low engagement and zero inflation. In Campinas,
the city with the lowest total number of submitted reports, PS
performed so poorly that its data displayed a negative correlation
with TS data. With a total of only 2006 submitted reports over
a period of 210 days (Table 1), a daily average of self-reports
of just under 10 was observed, implying that the sample size
was far too small. The same was true for the other cities at the
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low end of the ranking, with Pearson correlations below 0.25.
The only exception was São Paulo, whose correlation was
smaller than the correlations of the top 3 cities. Even though it
was ranked as second to last regarding population-weighted
participation, the total number of submitted reports for São
Paulo was relatively large at 12,453 reports. This corresponded
to an average of nearly 60 submissions per day, resulting in a
Pearson correlation coefficient of 0.32. Overall, low
participation is considered one of the main limitations for the
capability of PS data to mirror traditional infection rates. Even
though it is known for ILI that participation of 1%-2% is
reasonable in epidemic periods, additional work is necessary
to better estimate a reasonable cutoff for COVID-19.

A stronger correlation between the TS and lagged PS time series
supports the theory of early trend detection, which is one goal
pursued by PS. However, this was only conducted for 3 cities,
which showed a strong positive PCt above at least 0.5. It was
found that toward the end of the observation period, only few
people participated on the platform, such that around 80% of
the reports were submitted within the period from April 1 to
July 31, 2020.

The results from the forecasting analysis were also consistent
with this conclusion. The errors for the 1-day ahead forecasts
were generally smaller than the errors found in the 7-day and
14-day forecasts for all 3 cities. This is not surprising, as
uncertainty rises with longer forecast horizons, and hence, the
forecast accuracy of a model is lower. When looking at the
1-day forecasts, the baseline model seemed to outperform the
combination model, at least for Teresina and Santo André. As
mentioned before, uncertainty grows with longer horizons,
which might explain the lack of value addition that comes from
integrating PS data in a 1-day forecast. In Teresina, however,
both the 7-day and 14-day forecasts from the combination and
lagged combination models performed better than the baseline
model, with slightly lower RMSEs. The combination model
showed a 4.2% reduction in the RMSE for the 7-day horizon
and a 2.6% reduction for the 14-day horizon, while the lagged
combination model showed reductions of 0.2% and 2.1%,
respectively. In Caruaru, the combination model performed
slightly worse for the 7-day forecast relative to the baseline
model, with a 0.5% increase in the RMSE, but an improvement
was noted for the 14-day forecast, with a 1.7% reduction in the
RMSE. Similar results were found for the lagged combination
model, whereby the 7-day forecast showed a 4.1% increase in
RMSE, while the 14-day forecast showed an improvement by
0.4%. The combination model applied on the data from Santo
André again reduced the RMSEs for both the 7-day and 14-day
forecasts by 2.8% and 2.7%, respectively. However, the lagged
combination model was not able to improve the forecast for any
of the applied horizons. This shows how complementing
traditional disease surveillance systems may further increase
the possibility for the early identification of outbreaks under
the condition of sufficiently large participation. Slight
improvements in the forecasting accuracy of up to 3% were
identified for the models integrating data from both surveillance
sources compared to the baseline model relying entirely on
traditional data. Even if forecasting improvements are only
weak, the detection of infections is improved as PS can cover

an additional subset of the population that is overseen by the
traditional system. The above findings contribute to a deeper
understanding of the benefits of a complementary digital
surveillance layer. They corroborate previous literature,
emphasizing that the 2 approaches can be complements for
timely health threat identification [3,14,16]. Even though some
of the results indicate only small improvements in accuracy,
the possibility of enhancing case detection through broader
coverage cannot be neglected.

Some limitations related to the PS approach should be
mentioned. Studies conducted in the United States and Western
Europe suggest that the population subgroup captured by the
Brazil Sem Corona PS system does not necessarily represent
the general Brazilian population [31-33]. In previous PS data,
female participants were significantly overrepresented compared
to the general population. Besides that, age groups below 30
years and above 80 years were underrepresented. Moreover,
the average participant most likely held a higher educational
degree than the average population [34]. Furthermore,
individuals living in bigger cities were more likely to participate,
leading to clusters around more urban areas and information
gaps in more remote regions. This is supported by the
geocoordinates from the submitted reports on the Brazil Sem
Corona platform, which indicate that a significant share of
participants live in or around urban areas. Targeting the
underrepresented population may prospectively improve the
complementary benefit of the platform, particularly among those
not seeking medical attention. Despite the biases found in the
population covered by PS, studies highlight that PS systems
that engage a sufficiently large group of participants can still
adequately capture TS infection trends [33,35]. Ideally, PS
tracks individuals throughout the season. Knowing that nearly
half of the participants did not continue their engagement after
the first report submission stresses the need for efforts to ensure
more frequent participation in the future. Previous studies from
the United States and Canada have found significant differences
in participation across age groups, along with a 25% lower
probability of frequent participation by women relative to men
[33].

Another important aspect of complementing disease surveillance
systems is the goal of early trend detection to identify disease
outbreaks. Integrating multiple data sources not only aims at
improving data insights and detecting more cases but also ideally
leads to the detection of outbreaks at an earlier stage. The
finding of greater coefficients in the lagged Pearson correlation
indicates that the timeliness of the PS system helps in identifying
slightly preceding trends. This supports the idea that a PS
system, which engages a larger volunteer network, is more likely
to depict infection trends, resulting in better data insights and,
eventually, in earlier anticipation of trend changes. Recognizing
outbreak patterns only slightly in advance might already have
great benefits for health agencies when it comes to fighting
pandemics. Improvements in 14-day forecasts allow health
officials to respond more quickly and prioritize certain areas
identified as more likely to suffer from rising infection numbers.
This may be of particular importance for low-income countries
or for regions that suffer from a considerable scarcity in health
services. The PS system brings value by producing information
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that can be used to reduce uncertainty in allocation decisions.
Furthermore, infection monitoring can be improved thanks to
the geolocation information provided by PS data, which allows
for a typically higher spatial resolution. Aside from preventing
local transmissions, improvements in the surveillance system
may result in externalities, such as lower infections in other
regions [36].

We hypothesize that the severity of COVID-19 likely influenced
individuals’ motivation to engage in a voluntary surveillance
system. Governments have adjusted their behavior during the
ongoing pandemic and made significant efforts to improve the
timeliness of traditional data reporting. Many countries,
including Brazil, have overcome administrative burdens and
were ultimately able to report daily new infections. As such,
the timeliness that usually distinguishes a PS system from a TS
system has most likely vanished. We see this as a reasonable
explanation for why the magnitude of the results from the
forecasting is weaker compared to the findings of previous
studies conducted in the field of ILI [14,15]. Besides that, ILI
tracking allows for data collection across several flu seasons,
increasing the amount of available data and allowing for
consistency checks across seasons, whereas the novelty of
COVID-19 only allows for a single 7-month observation period
in Brazil.

We emphasize the successful collaboration among governments,
locals, and professionals when it comes to maximizing the use
and gain of the Brazil Sem Corona platform. The 3 cities with
extensive social media campaigns clearly demonstrated the
capabilities of the PS system, under the condition of sufficient
participation. Defining sufficient participation remains relevant
for future research; so far, previous studies only highlighted the
number of reports as a critical element and claimed the need to
maintain sufficient coverage without setting a certain threshold
[13,32,37]. Factors, such as population density, urbanization,
and area size, most likely cause regional variations, making it
significantly more difficult to determine a specific number that
is generally valid.

The implementation of a proper surveillance system remains
an important challenge in developing countries. While the PS
system aims to address disparities in health outcomes, it
currently reaches more urban regions and relatively more
educated people. Therefore, voluntary crowdsourced information
likely contains a population bias. Assessing the potential benefits
for more rural communities remains open to future research in

order to realize the system’s full potential. Engaging and
motivating a greater diversity of individuals remain key
challenges that must be addressed in future PS platform
implementations. Obstacles, such as lack of access to modern
technologies, illiteracy, and simply lack of awareness of the
benefits from participation, might hinder progress toward a
more diverse reporting population.

Nearly half of the participants in Brazil submitted only a single
report. This prevents monitoring the health status of individuals
over a longer observation period, and as a result, reduces the
insights that can be gained from PS systems. This stresses the
need to evaluate incentives to induce more frequent
participation. Additionally, in-depth research is needed to
determine the reasons that lead to discontinuation of
participation after the first submission. Addressing the above
issues in future PS platform implementations is likely to lead
to even greater benefits.

The unavailability of data on participants’ sociodemographic
characteristics in the Brazil Sem Corona platform prevents an
important analysis of the representativeness of participants
versus the general Brazilian population. Performing further tests
and extending the method could confirm the validity of the
results and deepen the insights. The forecasting models were
kept rather simple on purpose, with only the TS and PS data as
independent variables. Adding mobility data or contact tracing
data, for instance, could improve accuracy, leading to a better
understanding of transmission. There are further limitations to
keep in mind, such as the impact of the criteria of categorization
of a submitted report into either a suspected COVID-19case or
a negative case, as this can influence the number of reports
included in the case counts and the likelihood of false positives.
Furthermore, the applied local regression (“LOESS”) remains
an approximation for smoothing the highly sparse data.
Alternative smoothing techniques might produce different
results, which could lead to divergent interpretations.

Public engagement remains a challenge. Future research needs
to identify determinants of participation and proper incentives
to induce larger coverage and higher diversity of participants.
As the quality of data insights improves, PS benefits may further
expand. Deeper insights allow for greater acceptance and
credibility among governments and health authorities.
Expanding collaboration among researchers, officials, and health
authorities is needed to leverage data insights for timely response
plans, which can ultimately lead to better health outcomes.

 

Acknowledgments
DP was supported by EU Horizon 2020 grants PANDEM-2 (883285) and EpiPose (101003688) and Horizon Europe VERDI
(101045989) as well as grants from the Lagrange Project of the Institute for Scientific Interchange Foundation (ISI Foundation)
funded by Fondazione Cassa di Risparmio di Torino (Fondazione CRT).

Data Availability
The data that support the findings of this study are available from Colab, but restrictions apply to the availability of these data.
The data were used under license for this study, and thus, they are not publicly available. The data are however available from
the authors upon reasonable request and with permission from Colab.

JMIR Public Health Surveill 2023 | vol. 9 | e44517 | p.2860https://publichealth.jmir.org/2023/1/e44517
(page number not for citation purposes)

Wittwer et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Conflicts of Interest
None declared.

Multimedia Appendix 1
Data description.
[PDF File (Adobe PDF File), 551 KB - publichealth_v9i1e44517_app1.pdf ]

References
1. Ingram A. Outbreak, epidemic, pandemic: The politics of global health events. A review of Sara E. Davies' Containing

Contagion. Singapore Journal of Tropical Geography 2021 May 17;42(2):350-352. [doi: 10.1111/sjtg.12367]
2. Mostashari F, Hartman J. Syndromic surveillance: a local perspective. J Urban Health 2003 Jun 01;80(2 Suppl 1):i1-i7

[FREE Full text] [doi: 10.1093/jurban/jtg042] [Medline: 12892064]
3. Salathé M. Digital Pharmacovigilance and Disease Surveillance: Combining Traditional and Big-Data Systems for Better

Public Health. J Infect Dis 2016 Dec 01;214(suppl_4):S399-S403 [FREE Full text] [doi: 10.1093/infdis/jiw281] [Medline:
28830106]

4. Smith P, Hadler JL, Stanbury M, Rolfs RT, Hopkins RS, CSTE Surveillance Strategy Group. "Blueprint version 2.0":
updating public health surveillance for the 21st century. J Public Health Manag Pract 2013;19(3):231-239. [doi:
10.1097/PHH.0b013e318262906e] [Medline: 22759985]

5. Abat C, Chaudet H, Rolain J, Colson P, Raoult D. Traditional and syndromic surveillance of infectious diseases and
pathogens. Int J Infect Dis 2016 Jul;48:22-28 [FREE Full text] [doi: 10.1016/j.ijid.2016.04.021] [Medline: 27143522]

6. Event-based Surveillance. CDC. URL: https://www.cdc.gov/globalhealth/healthprotection/gddopscenter/how.html [accessed
2023-04-04]

7. Institute of Medicine. Managed Care Systems and Emerging Infections Challenges and Opportunities for Strengthening
Surveillance, Research, and Prevention: Workshop Summary. Washington, DC: The National Academies Press; 2000.

8. Starnini M, Aleta A, Tizzoni M, Moreno Y. Impact of data accuracy on the evaluation of COVID-19 mitigation policies.
Data & Policy 2021 Oct 28;3:e28. [doi: 10.1017/dap.2021.25]

9. Nsubuga P, White ME, Thacker SB, Anderson MA, Blount SB, Broome CV, et al. Chapter 53: Public Health Surveillance:
A Tool for Targeting and Monitoring Interventions. In: Jamison DT, Breman JG, Measham AR, editors. Disease Control
Priorities in Developing Countries. 2nd edition. Washington, DC: The International Bank for Reconstruction and
Development/The World Bank; 2006.

10. Ramalingam B. Real-time Monitoring in Disease Outbreaks: Strengths, Weaknesses and Future Potential. Brighton, United
Kingdom: Institute of Development Studies; 2016.

11. Peters D, Garg A, Bloom G, Walker DG, Brieger WR, Rahman MH. Poverty and access to health care in developing
countries. Ann N Y Acad Sci 2008;1136:161-171. [doi: 10.1196/annals.1425.011] [Medline: 17954679]

12. Leal Neto O, Haenni S, Phuka J, Ozella L, Paolotti D, Cattuto C, et al. Combining Wearable Devices and Mobile Surveys
to Study Child and Youth Development in Malawi: Implementation Study of a Multimodal Approach. JMIR Public Health
Surveill 2021 Mar 05;7(3):e23154 [FREE Full text] [doi: 10.2196/23154] [Medline: 33536159]

13. Smolinski MS, Crawley AW, Olsen JM, Jayaraman T, Libel M. Participatory Disease Surveillance: Engaging Communities
Directly in Reporting, Monitoring, and Responding to Health Threats. JMIR Public Health Surveill 2017 Oct 11;3(4):e62
[FREE Full text] [doi: 10.2196/publichealth.7540] [Medline: 29021131]

14. Guerrisi C, Turbelin C, Blanchon T, Hanslik T, Bonmarin I, Levy-Bruhl D, et al. Participatory Syndromic Surveillance of
Influenza in Europe. J Infect Dis 2016 Dec 01;214(suppl_4):S386-S392. [doi: 10.1093/infdis/jiw280] [Medline: 28830105]

15. Perrotta D, Tizzoni M, Paolotti D. Using Participatory Web-based Surveillance Data to Improve Seasonal Influenza
Forecasting in Italy. In: WWW '17: Proceedings of the 26th International Conference on World Wide Web. 2017 Presented
at: 26th International Conference on World Wide Web; April 3-7, 2017; Perth, Australia. [doi: 10.1145/3038912.3052670]

16. Paolotti D, Carnahan A, Colizza V, Eames K, Edmunds J, Gomes G, et al. Web-based participatory surveillance of infectious
diseases: the Influenzanet participatory surveillance experience. Clin Microbiol Infect 2014 Jan;20(1):17-21 [FREE Full
text] [doi: 10.1111/1469-0691.12477] [Medline: 24350723]

17. Leal-Neto O, Santos F, Lee J, Albuquerque J, Souza W. Prioritizing COVID-19 tests based on participatory surveillance
and spatial scanning. Int J Med Inform 2020 Nov;143:104263 [FREE Full text] [doi: 10.1016/j.ijmedinf.2020.104263]
[Medline: 32877853]

18. Mahmud AS, Chowdhury S, Sojib KH, Chowdhury A, Quader MT, Paul S, et al. Participatory syndromic surveillance as
a tool for tracking COVID-19 in Bangladesh. Epidemics 2021 Jun;35:100462 [FREE Full text] [doi:
10.1016/j.epidem.2021.100462] [Medline: 33887643]

19. Leal Neto O, Dimech GS, Libel M, de Souza WV, Cesse E, Smolinski M, et al. Saúde na Copa: The World's First Application
of Participatory Surveillance for a Mass Gathering at FIFA World Cup 2014, Brazil. JMIR Public Health Surveill 2017
May 04;3(2):e26 [FREE Full text] [doi: 10.2196/publichealth.7313] [Medline: 28473308]

JMIR Public Health Surveill 2023 | vol. 9 | e44517 | p.2861https://publichealth.jmir.org/2023/1/e44517
(page number not for citation purposes)

Wittwer et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=publichealth_v9i1e44517_app1.pdf&filename=3f0dbfc5585d873d52ae591dce69fb69.pdf
https://jmir.org/api/download?alt_name=publichealth_v9i1e44517_app1.pdf&filename=3f0dbfc5585d873d52ae591dce69fb69.pdf
http://dx.doi.org/10.1111/sjtg.12367
https://europepmc.org/abstract/MED/12892064
http://dx.doi.org/10.1093/jurban/jtg042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12892064&dopt=Abstract
https://europepmc.org/abstract/MED/28830106
http://dx.doi.org/10.1093/infdis/jiw281
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28830106&dopt=Abstract
http://dx.doi.org/10.1097/PHH.0b013e318262906e
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22759985&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1201-9712(16)31038-4
http://dx.doi.org/10.1016/j.ijid.2016.04.021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27143522&dopt=Abstract
https://www.cdc.gov/globalhealth/healthprotection/gddopscenter/how.html
http://dx.doi.org/10.1017/dap.2021.25
http://dx.doi.org/10.1196/annals.1425.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17954679&dopt=Abstract
http://hdl.handle.net/2318/1789640
http://dx.doi.org/10.2196/23154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33536159&dopt=Abstract
https://publichealth.jmir.org/2017/4/e62/
http://dx.doi.org/10.2196/publichealth.7540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29021131&dopt=Abstract
http://dx.doi.org/10.1093/infdis/jiw280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28830105&dopt=Abstract
http://dx.doi.org/10.1145/3038912.3052670
https://linkinghub.elsevier.com/retrieve/pii/S1198-743X(14)60188-9
https://linkinghub.elsevier.com/retrieve/pii/S1198-743X(14)60188-9
http://dx.doi.org/10.1111/1469-0691.12477
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24350723&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1386-5056(20)30853-4
http://dx.doi.org/10.1016/j.ijmedinf.2020.104263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32877853&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1755-4365(21)00021-9
http://dx.doi.org/10.1016/j.epidem.2021.100462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33887643&dopt=Abstract
https://publichealth.jmir.org/2017/2/e26/
http://dx.doi.org/10.2196/publichealth.7313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28473308&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


20. Leal Neto O, Cruz O, Albuquerque J, Nacarato de Sousa M, Smolinski M, Cesse P, et al. Participatory Surveillance Based
on Crowdsourcing During the Rio 2016 Olympic Games Using the Guardians of Health Platform: Descriptive Study. JMIR
Public Health Surveill 2020 Apr 07;6(2):e16119 [FREE Full text] [doi: 10.2196/16119] [Medline: 32254042]

21. Massuda A, Hone T, Leles FAG, de Castro MC, Atun R. The Brazilian health system at crossroads: progress, crisis and
resilience. BMJ Glob Health 2018 Jul 03;3(4):e000829 [FREE Full text] [doi: 10.1136/bmjgh-2018-000829] [Medline:
29997906]

22. Cota W. Monitoring the number of COVID-19 cases and deaths in Brazil at municipal and federative units level. SciELO
Preprint posted online May 7, 2020.

23. Cities and States. Instituto Brasileiro de Geografia e Estatística. URL: https://www.ibge.gov.br/en/cities-and-states.html?view
=municipio [accessed 2023-04-05]

24. Brasil Sem Corona. URL: https://www.brasilsemcorona.com.br/ [accessed 2023-04-05]
25. Rolling updates on coronavirus disease (COVID-19). World Health Organization. URL: https://www.who.int/emergencies/

diseases/novel-coronavirus-2019/events-as-they-happen [accessed 2023-04-05]
26. Apple e Google se unem para alertar sobre contágio de COVID-19 (Apple and Google team up to warn of COVID-19

contagion). CNN Brazil. URL: https://www.cnnbrasil.com.br/tecnologia/apple-e-google-se-unem-para-alertar-contagio-de
-covid-19/ [accessed 2023-04-05]

27. Startups lançam aplicativo para monitorar riscos de infecção por coronavírus no (Startups launch application to monitor
risks of coronavirus infection in Brazil). Época Negócios. URL: https://epocanegocios.globo.com/Empresa/noticia/2020/
03/startups-lancam-aplicativo-para-monitorar-riscos-de-infeccao-por-coronavirus-no-brasil.html [accessed 2023-04-05]

28. Com colaboração de cidadãos, aplicativo Colab vai detectar risco de casos de coronavírus em todo o Brasil (With the
collaboration of citizens, the Colab application will detect the risk of coronavirus cases throughout Brazil). Fórum de Saúde
Digital. URL: https://forumsaudedigital.com.br/com-colaboracao-de-cidadaos-aplicativo-colab-vai-detectar-risco-de-casos
-de-coronavirus-em-todo-o-brasil/ [accessed 2023-04-05]

29. Kennedy B, Fitipaldi H, Hammar U, Maziarz M, Tsereteli N, Oskolkov N, et al. App-based COVID-19 syndromic surveillance
and prediction of hospital admissions in COVID Symptom Study Sweden. Nat Commun 2022 Apr 21;13(1):2110 [FREE
Full text] [doi: 10.1038/s41467-022-29608-7] [Medline: 35449172]

30. Jacoby WG. Loess: a nonparametric, graphical tool for depicting relationships between variables. Electoral Studies 2000
Dec;19(4):577-613. [doi: 10.1016/s0261-3794(99)00028-1]

31. Cantarelli P, Debin M, Turbelin C, Poletto C, Blanchon T, Falchi A, et al. The representativeness of a European multi-center
network for influenza-like-illness participatory surveillance. BMC Public Health 2014 Sep 20;14(1):984 [FREE Full text]
[doi: 10.1186/1471-2458-14-984] [Medline: 25240865]

32. Debin M, Turbelin C, Blanchon T, Bonmarin I, Falchi A, Hanslik T, et al. Evaluating the feasibility and participants'
representativeness of an online nationwide surveillance system for influenza in France. PLoS One 2013 Sep 11;8(9):e73675
[FREE Full text] [doi: 10.1371/journal.pone.0073675] [Medline: 24040020]

33. Baltrusaitis K, Santillana M, Crawley AW, Chunara R, Smolinski M, Brownstein JS. Determinants of Participants' Follow-Up
and Characterization of Representativeness in Flu Near You, A Participatory Disease Surveillance System. JMIR Public
Health Surveill 2017 Apr 07;3(2):e18 [FREE Full text] [doi: 10.2196/publichealth.7304] [Medline: 28389417]

34. Bajardi P, Vespignani A, Funk S, Eames KT, Edmunds WJ, Turbelin C, et al. Determinants of follow-up participation in
the Internet-based European influenza surveillance platform Influenzanet. J Med Internet Res 2014 Mar 10;16(3):e78 [FREE
Full text] [doi: 10.2196/jmir.3010] [Medline: 24613818]

35. Santillana M, Nguyen AT, Dredze M, Paul MJ, Nsoesie EO, Brownstein JS. Combining Search, Social Media, and Traditional
Data Sources to Improve Influenza Surveillance. PLoS Comput Biol 2015 Oct 29;11(10):e1004513 [FREE Full text] [doi:
10.1371/journal.pcbi.1004513] [Medline: 26513245]

36. de Vries L, Koopmans M, Morton A, van Baal P. The economics of improving global infectious disease surveillance. BMJ
Glob Health 2021 Sep 02;6(9):e006597 [FREE Full text] [doi: 10.1136/bmjgh-2021-006597] [Medline: 34475025]

37. Wójcik OP, Brownstein JS, Chunara R, Johansson MA. Public health for the people: participatory infectious disease
surveillance in the digital age. Emerg Themes Epidemiol 2014 Jun 20;11(1):7 [FREE Full text] [doi: 10.1186/1742-7622-11-7]
[Medline: 24991229]

Abbreviations
ILI: influenza-like illness
MAE: mean absolute error
PS: participatory surveillance
RMSE: root mean squared error
TS: traditional surveillance

JMIR Public Health Surveill 2023 | vol. 9 | e44517 | p.2862https://publichealth.jmir.org/2023/1/e44517
(page number not for citation purposes)

Wittwer et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://publichealth.jmir.org/2020/2/e16119/
http://dx.doi.org/10.2196/16119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32254042&dopt=Abstract
https://gh.bmj.com/lookup/pmidlookup?view=long&pmid=29997906
http://dx.doi.org/10.1136/bmjgh-2018-000829
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29997906&dopt=Abstract
https://www.ibge.gov.br/en/cities-and-states.html?view=municipio
https://www.ibge.gov.br/en/cities-and-states.html?view=municipio
https://www.brasilsemcorona.com.br/
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/events-as-they-happen
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/events-as-they-happen
https://www.cnnbrasil.com.br/tecnologia/apple-e-google-se-unem-para-alertar-contagio-de-covid-19/
https://www.cnnbrasil.com.br/tecnologia/apple-e-google-se-unem-para-alertar-contagio-de-covid-19/
https://epocanegocios.globo.com/Empresa/noticia/2020/03/startups-lancam-aplicativo-para-monitorar-riscos-de-infeccao-por-coronavirus-no-brasil.html
https://epocanegocios.globo.com/Empresa/noticia/2020/03/startups-lancam-aplicativo-para-monitorar-riscos-de-infeccao-por-coronavirus-no-brasil.html
https://forumsaudedigital.com.br/com-colaboracao-de-cidadaos-aplicativo-colab-vai-detectar-risco-de-casos-de-coronavirus-em-todo-o-brasil/
https://forumsaudedigital.com.br/com-colaboracao-de-cidadaos-aplicativo-colab-vai-detectar-risco-de-casos-de-coronavirus-em-todo-o-brasil/
https://doi.org/10.1038/s41467-022-29608-7
https://doi.org/10.1038/s41467-022-29608-7
http://dx.doi.org/10.1038/s41467-022-29608-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35449172&dopt=Abstract
http://dx.doi.org/10.1016/s0261-3794(99)00028-1
https://air.unimi.it/handle/2434/240039
http://dx.doi.org/10.1186/1471-2458-14-984
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25240865&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0073675
http://dx.doi.org/10.1371/journal.pone.0073675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24040020&dopt=Abstract
https://publichealth.jmir.org/2017/2/e18/
http://dx.doi.org/10.2196/publichealth.7304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28389417&dopt=Abstract
https://www.jmir.org/2014/3/e78/
https://www.jmir.org/2014/3/e78/
http://dx.doi.org/10.2196/jmir.3010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24613818&dopt=Abstract
https://dx.plos.org/10.1371/journal.pcbi.1004513
http://dx.doi.org/10.1371/journal.pcbi.1004513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26513245&dopt=Abstract
https://gh.bmj.com/lookup/pmidlookup?view=long&pmid=34475025
http://dx.doi.org/10.1136/bmjgh-2021-006597
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34475025&dopt=Abstract
https://ete-online.biomedcentral.com/articles/10.1186/1742-7622-11-7
http://dx.doi.org/10.1186/1742-7622-11-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24991229&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Edited by A Mavragani, T Sanchez; submitted 22.11.22; peer-reviewed by A Husnayain, Y Wang, S Bezerra, P Susumpao; comments
to author 09.01.23; revised version received 25.01.23; accepted 07.03.23; published 26.04.23.

Please cite as:
Wittwer S, Paolotti D, Lichand G, Leal Neto O
Participatory Surveillance for COVID-19 Trend Detection in Brazil: Cross-sectional Study
JMIR Public Health Surveill 2023;9:e44517
URL: https://publichealth.jmir.org/2023/1/e44517 
doi:10.2196/44517
PMID:36888908

©Salome Wittwer, Daniela Paolotti, Guilherme Lichand, Onicio Leal Neto. Originally published in JMIR Public Health and
Surveillance (https://publichealth.jmir.org), 26.04.2023. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work, first published in JMIR Public Health and Surveillance, is properly
cited. The complete bibliographic information, a link to the original publication on https://publichealth.jmir.org, as well as this
copyright and license information must be included.

JMIR Public Health Surveill 2023 | vol. 9 | e44517 | p.2863https://publichealth.jmir.org/2023/1/e44517
(page number not for citation purposes)

Wittwer et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

https://publichealth.jmir.org/2023/1/e44517
http://dx.doi.org/10.2196/44517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36888908&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Hesitancy to Undergo SARS-CoV-2 Rapid Antigen Testing in
China: Nationwide Cross-sectional Study

Zhen Lu1, MSc; Leiwen Fu1, MSc; Luoyao Yang1, BD; Tian Tian1, PhD; Yanxiao Gao1, MSc; Xiaojun Meng2, MSc;

Huachun Zou1, PhD
1School of Public Health (Shenzhen), Sun Yat-sen University, Shenzhen, China
2Wuxi Municipal Center for Disease Control and Prevention, Wuxi, China

Corresponding Author:
Huachun Zou, PhD
School of Public Health (Shenzhen)
Sun Yat-sen University
No. 66, Gongchang Road, Guangming District
Shenzhen, 518107
China
Phone: 86 20 8733 5651
Email: zouhuachun@mail.sysu.edu.cn

Abstract

Background: SARS-CoV-2 rapid antigen testing (RAT) could be a useful supplementary test to diagnose larger numbers of
acute asymptomatic infections and alleviate the limitations of polymerase chain reaction testing. However, hesitancy to undergo
SARS-CoV-2 RAT may compromise its implementation.

Objective: We aimed to understand the prevalence and correlates of hesitancy to undergo RAT among adults not infected with
SARS-CoV-2 in mainland China.

Methods: A nationwide cross-sectional survey on hesitancy to undergo SARS-CoV-2 RAT was conducted among adults not
infected with SARS-CoV-2 in mainland China between April 29, 2022, and May 10, 2022. Participants completed an online
questionnaire that covered the following COVID-19–related factors: sociodemographic characteristics, experiences of COVID-19
restrictions and knowledge of COVID-19, and attitude toward COVID-19 and its screening. This study was a secondary analysis
of data from the survey. We compared the characteristics of participants by hesitancy to undergo SARS-CoV-2 RAT. Thereafter,
logistic regression with a sparse group minimax concave penalty was used to identify correlates of hesitancy to undergo RAT.

Results: We recruited 8856 individuals with diverse demographic, socioeconomic, and geographic characteristics in China.
Eventually, 5388 participants (valid response rate of 60.84%; 52.32% [2819/5388] women; median age 32 years) were included
in the analysis. Among the 5388 participants, 687 (12.75%) expressed hesitancy to undergo RAT and 4701 (87.25%) were willing
to undergo RAT. Notably, those who were from the central region (adjusted odds ratio [aOR] 1.815, 95% CI 1.441-2.278) and
those who received COVID-19 information from traditional media (aOR 1.544, 95% CI 1.279-1.863) were significantly more
likely to report hesitancy to undergo RAT (both P<.001). However, those who were women (aOR 0.720, 95% CI 0.599-0.864),
were older (aOR 0.982, 95% CI 0.969-0.995), had postgraduate education (aOR 0.612, 95% CI 0.435-0.858), had children (<6
years old) and elders (>60 years old) in the family (aOR 0.685, 95% CI 0.510-0.911), had better knowledge about COVID-19
(aOR 0.942, 95% CI 0.916-0.970), and had mental health disorders (aOR 0.795, 95% CI 0.646-0.975) were less likely to report
hesitancy to undergo RAT.

Conclusions: Hesitancy to undergo SARS-CoV-2 RAT was low among individuals who were not yet infected with SARS-CoV-2.
Efforts should be made to improve the awareness and acceptance of RAT among men, younger adults, individuals with a lower
education or salary, families without children and elders, and individuals who access COVID-19 information via traditional
media. In a reopening world, our study could inform the development of contextualized mass screening strategies in general and
the scale-up of RAT in particular, which remains an indispensable option in emergency preparedness.

(JMIR Public Health Surveill 2023;9:e43555)   doi:10.2196/43555
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Introduction

Multiple variants of SARS-CoV-2 have occurred [1], of which
the Omicron variant has spread swiftly across the world and
has become the progressive strain globally [2-5]. During the
period of the COVID-19 pandemic, policy makers from various
countries and regions have been focusing on efforts to mitigate
the pandemic’s devastating impacts on public health, economy,
and social development. COVID-19 vaccination and
nonpharmaceutical interventions (NPIs) are expected to contain
the pandemic to a large extent. Across the world, as of August
11, 2022, there were 34 COVID-19 vaccines that had been
authorized for use [6]. In addition, many countries implemented
NPIs, including face mask wearing, hand washing, and physical
distancing, in response to the ongoing COVID-19 pandemic
[7].

When the genetic sequence of SARS-CoV-2 was published in
January 2020 [8], 3 types of diagnostic tests for COVID-19
were implemented, including polymerase chain reaction (PCR)
testing, rapid antigen testing (RAT), and serology testing. While
PCR testing and RAT could be used to diagnose an acute
infection involving COVID-19, serology testing provides
indirect evidence of infection 1-2 weeks after the onset of
symptoms [9] and thus was not applied to large-scale screening
in the early phase. PCR testing is highly sensitive and specific,
and requires the support of laboratory facilities and highly
trained staff. Its results become available in the time range of
less than 2 hours to up to 7 days [10]. However, a delay of
several days in receiving testing results is unacceptable for mass
screening, as it may lead to missed diagnosis of many cases,
which would cause secondary transmission. RAT, on the other
hand, is a useful supplementary testing approach that detects
viral proteins (eg, spike and nucleocapsid proteins) to diagnose
larger numbers of acute asymptomatic SARS-CoV-2 infections,
and it can overcome the limitations of PCR testing in the early
phase of infection in mass screening. Of note, RAT requires
minimal effort of medical personnel training and is much faster
(within 15 minutes) at providing results [11,12]. Hence, RAT
could confirm or exclude infection with SARS-CoV-2 at the
individual level for case management or self-isolation, and at
the population level for large-scale screening and emergency
responses.

To tackle sporadic COVID-19 outbreaks, testing for large-scale
screening should be one of the backbones of the response [13].
China has adopted the general strategy of “guarding against
imported cases and preventing a resurgence of the outbreak at
home” and the policy of “dynamic zero-COVID,” which include
large-scale screening in a timely manner [14]. Furthermore, in
March 2022, China implemented RAT to successfully identify
infected individuals in the early phase in Shanghai. RAT has
been used at universities and other congregate settings in the
United States [12]. Germany, France, and the United Kingdom
have already adopted RAT in their own strategies [15]. RAT is
very useful in surveillance and emergency responses; however,
the public may lack knowledge of RAT, that is, when and how
to undergo RAT, or may be hesitant to undergo the procedure.
In the case of outbreaks of COVID-19, especially those
involving the Omicron variant, optimization of strategies of

RAT for individuals in order to exert a dramatic effect on
COVID-19 spread should be carefully considered. To address
the transition from a pandemic to an endemic, evidence-based
optimization of diagnostic strategies should be considered in
the global agenda. Many studies have assessed reasons for
COVID-19 vaccination hesitancy [16,17]; however, research
characterizing hesitancy and the factors influencing hesitancy
to undergo RAT for COVID-19 is scarce. Our study aimed to
understand the prevalence and correlates of hesitancy to undergo
RAT for COVID-19 among adults uninfected with SARS-CoV-2
in mainland China. For the COVID-19 pandemic and outbreaks
of novel infectious diseases, the findings of this study could
inform the future decision-making of the scale-up of RAT.

Methods

Study Participants
We conducted a nationwide online cross-sectional survey on
hesitancy to undergo RAT among mainland Chinese adults
uninfected with SARS-CoV-2 between April 29, 2022, and May
10, 2022. Participants were recruited through WeChat, which
is a popular social media platform in China with over 1 billion
monthly active users [18]. An online, self-administered,
anonymous questionnaire was developed via Wenjuanxing, an
online survey platform.

Eligibility criteria were as follows: (1) age of 18 years or older;
(2) no previous infection with SARS-CoV-2; (3) residing in
mainland China; (4) ability to complete the survey in Chinese;
and (5) willingness to participate in the survey. To improve the
quality of collected data, responses were deleted if (1) there
were logically contradictory answers and (2) the time to
complete the questionnaire was less than 2 minutes.

This survey based on a convenience sampling method [19,20]
(assuming a 60% response rate) had access to respondents with
diverse demographic, socioeconomic, and geographic
characteristics in China. The questionnaire was comprised of
closed-ended questions. Respondents were required to respond
to all closed-ended questions so that there were no missing
values for those questions. To avoid unmotivated, dishonest,
inattentive, or duplicate responses, we tried to improve the
quality of the questionnaire responses by deleting such
responses. Moreover, in the process of data cleaning, we set
rigorous standards for valid responses from participants.

Ethical Considerations
The nationwide cross-sectional survey was conducted with the
approval of the Ethics Committee of the School of Public Health
(Shenzhen), Sun Yat-sen University (approval number:
SYSU-SPH2022020). Respondents were recruited without
compensation. Respondents had to provide informed consent
before proceeding to the questionnaire response page in the
survey.

This study was a secondary analysis of data from the survey;
therefore, this study received an exemption from the Ethics
Committee of the School of Public Health (Shenzhen), Sun
Yat-sen University. The study data were deidentified.
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Measures
The questionnaire was adapted based on past literature on similar
topics [16,21,22] and was revised by a panel of epidemiologists.
A pilot study was conducted to help improve the questionnaire.
All closed-ended questions had a single-answer or
multiple-answer format, including “yes/no” scale, nominal and
ordinal scale, and Likert scale questions. The questionnaire
covered the following 3 parts: (1) sociodemographic
characteristics; (2) experiences of COVID-19 restrictions and
knowledge of COVID-19; and (3) attitude toward COVID-19
and its screening.

Sociodemographic Characteristics
The sociodemographic variables considered in this study were
gender, age, ethnicity, socioeconomic status, residence,
education level, marital status, age of other family members,
occupation type, monthly salary during the COVID-19
pandemic, change in monthly salary during the COVID-19
pandemic, presence of chronic diseases (cardiovascular diseases,
respiratory diseases, diabetes, cancers, liver diseases, and renal
diseases, among others), and frailty status. Participants from 31
provinces, autonomous regions, and municipalities in mainland
China were reclassified into the following 3 groups of
socioeconomic status [23]: high (eastern region), medium
(central region), and low (western region). The 5-item FRAIL
scale (fatigue, resistance, ambulation, illness, and loss of weight)
was used to identify frail persons at risk of developing disability,
as well as decline in health functioning and mortality [24].
FRAIL scale scores range from 0 to 5 (0, best; 5, worst) and
represent robust (0), prefrail (1-2), and frail (3-5) health statuses.

Experiences of COVID-19 Restrictions and Knowledge
of COVID-19
Experiences of COVID-19 restrictions and knowledge of
COVID-19 included experience of any NPIs, number of
roommates, self-reported number of close contacts (physical
contact distance of <1 meter) daily, COVID-19 vaccination
status (COVID-19 vaccines include inactivated vaccines
administered on a 2-dose schedule, recombinant subunit
vaccines administered on a 3-dose schedule, or recombinant
adenovirus type 5–vectored vaccines administered as a single
dose), number of PCR tests for COVID-19 in the last month,
frequency of attention to information about COVID-19, and
information sources and health literacy about COVID-19. Health
literacy about COVID-19 specifically refers to an individual’s
ability to access, comprehend, and apply information related to
COVID-19. Having adequate health literacy about COVID-19
is essential for individuals to take appropriate measures to
prevent the spread of the virus, protect themselves and their
loved ones, and make informed decisions about
COVID-19–related health care options. Examples of health
literacy about COVID-19 include understanding how the virus
spreads, knowing the symptoms and when to seek medical
attention, following public health guidelines, such as wearing
masks and practicing physical distancing, and understanding
the safety and efficacy of COVID-19 vaccines. In addition, we
used a 5-point Likert scale (strongly disagree, disagree, neither
agree nor disagree, agree, and strongly agree) to assess items
relating to health literacy about COVID-19.

Attitude Toward COVID-19 and Its Screening
Questions about attitude toward COVID-19 and its screening
were asked, including perceived risk of infection of COVID-19,
worries about COVID-19 infection, self-assessed mental health
status, perceived burden or stress during the COVID-19
pandemic, and hesitancy about RAT. Mental health disorders
related to COVID-19 refer to a range of psychological and
emotional conditions that have arisen as a result of the
COVID-19 pandemic. We asked respondents if they experienced
mental health disorders related to the pandemic in the survey
questionnaire. Respondents were asked whether they were
unsure or unwilling to undergo SARS-CoV-2 RAT. The question
we used in the questionnaire was as follows: “When
SARS-CoV-2 RAT becomes available, will you take it?” The
response options were “yes,” “not sure,” and “no.” Based on
the answers, respondents were classified into the following 2
groups: willing and hesitant (including the answers of “not sure”
and “no”).

Statistical Analysis
To tackle the question of the age of other family members with
the multiple-answer format, the categorical variable was
reclassified as follows: the age of other family members was
reclassified by whether a participant had children (<6 years old)
or elders (>60 years old). For other questions with the
multiple-answer format, categorical variables were converted
into binary dummy variables. Likert scale–type questions
relating to health literacy about COVID-19 were treated as
continuous variables. We calculated proportions or medians
with interquartile ranges for all variables, stratified by hesitancy
to undergo RAT. Chi-square tests (for proportions) and
Wilcoxon rank sum tests (for medians) were used to assess
statistically significant differences between the willing and
hesitant groups.

Logistic regression models were fitted to the data to assess
correlates of hesitancy to undergo RAT. The outcome variable
was whether a participant was willing to undergo RAT (coded
as 0) or was hesitant (coded as 1). In addition, the questionnaire
data had a group structure for all categorical variables, including
25 groups (ie, questions or covariates) that consisted of 44
variables (ie, the sum of [the number of answer choices for each
binary dummy variable − 1], the number of other categorical
variables, and the number of continuous variables). Due to the
multicollinearity among covariates in regression analysis, we
employed a variable selection step to determine the optimal
covariate sets. In this study, to control multicollinearity
effectively by assessing covariates with groups of variables as
opposed to independent variables and to select the optimum
group of variables by inducing sparsity in the number of
covariates, we used the sparse group minimax concave penalty
(MCP), which has been proven to outperform other penalties,
such as the group LASSO (least absolute shrinkage and selection
operator) [25]. Once the optimal penalty was estimated, the
final logistic regression models were refitted without the penalty
to debias the shrunken estimates in the coefficients due to the
penalty [26]. All statistical analyses were performed using R
software version 4.2.1 (R Core Team).
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Results

Characteristics of the Study Participants
This survey had access to 8856 respondents with diverse
demographic, socioeconomic, and geographic characteristics
in China. In the process of data cleaning, we set rigorous
standards for valid responses from participants. Ultimately, a
total of 5388 participants (response rate of 60.84%; adults
nationwide) was set as the fixed sample size. Figure 1 shows
the geographical distribution (province level) of study
participants in China. Among the participants, 2819 were

women, and the proportions of women and men were 52.32%
(2819/5388) and 47.68% (2569/5388), respectively. The median
age of all participants was 32 years. In this survey, 88.33%
(4759/5388) of participants were from urban areas, 80.31%
(4327/5388) had an undergraduate education or above, 28.64%
(1543/5388) were professional technicians, and 26.90%
(1449/5388) had a monthly salary of at least 10,000 RMB (1
RMB=0.14 USD). With regard to health status, 86.06%
(4637/5388) had absence of chronic diseases. Moreover 56.01%
(3018/5388) had experienced any NPIs and 73.20% (3944/5388)
were receiving or had completed the booster vaccination against
COVID-19.

Figure 1. Geographical distribution of the study participants.

In this survey, among the 5388 participants, 687 (12.75%)
expressed hesitancy to undergo RAT for COVID-19 and 4701
(87.25%) were willing to undergo RAT. The characteristics of
study participants in the RAT willing and hesitant groups are
shown in Tables 1-3. The 2 groups were roughly similar with
respect to ethnicity, monthly salary, and COVID-19 vaccination
status. Among 4701 participants in the willing group, 2529
(53.80%) were women, while among 687 participants in the
hesitant group, 290 (42.21%) were women. The willing group
was significantly older than the hesitant group (P<.001). Those

in the willing group were more likely to be in the eastern region
(3940/4701, 83.81% vs 479/687, 69.72%), be in urban areas
(4186/4701, 89.04% vs 573/687, 83.41%), have a postgraduate
education (901/4701, 19.17% vs 79/687, 11.50%), be married
(2843/4701, 60.48% vs 387/687, 56.33%), and have elders in
the family (2513/4701, 53.45% vs 248/687, 36.10%) than those
in the hesitant group. In addition, the other variables (except
ethnicity, monthly salary, and COVID-19 vaccination status)
were correlated with willingness to undergo RAT.
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Table 1. Sociodemographic characteristics of study participants by hesitancy to undergo rapid antigen testing.

P valueHesitant group (n=687)Willing group (n=4701)Overall (N=5388)Variable

<.001Gender, n (%)

397 (57.79)2172 (46.20)2569 (47.68)Men

290 (42.21)2529 (53.80)2819 (52.32)Women

<.00129 (23-36)32 (26-40)32 (26-40)Age, median (IQR)

.64Ethnicity, n (%)

656 (95.49)4507 (95.87)5163 (95.82)Han

31 (4.51)194 (4.13)225 (4.18)Others

<.001Socioeconomic statusa, n (%)

479 (69.72)3940 (83.81)4419 (82.02)High (eastern)

167 (24.31)487 (10.36)654 (12.14)Medium (central)

41 (5.97)274 (5.83)315 (5.85)Low (western)

<.001Residence, n (%)

573 (83.41)4186 (89.04)4759 (88.33)Urban

114 (16.59)515 (10.96)629 (11.67)Rural

<.001Education, n (%)

170 (24.75)891 (18.95)1061 (19.69)High school or below

438 (63.76)2909 (61.88)3347 (62.12)Bachelor’s degree

79 (11.50)901 (19.17)980 (18.19)Master’s degree or above

.002Marital status, n (%)

288 (41.92)1694 (36.03)1982 (36.79)Single

387 (56.33)2843 (60.48)3230 (59.95)Married

12 (1.75)164 (3.49)176 (3.27)Divorced/widowed

<.001Age of other family members, n (%)

312 (45.41)1640 (34.89)1952 (36.23)Not having children (<6 years old) or elders (>60 years
old)

127 (18.49)548 (11.66)675 (12.53)Having children (<6 years old)

171 (24.89)1748 (37.18)1919 (35.62)Having elders (>60 years old)

77 (11.21)765 (16.27)842 (15.63)Having children (<6 years old) and elders (>60 years old)

<.001Occupation, n (%)

137 (19.94)652 (13.87)789 (14.64)Company employee

27 (3.93)251 (5.34)278 (5.16)Health care professional

193 (28.09)1350 (28.72)1543 (28.64)Professional technician

80 (11.64)508 (10.81)588 (10.91)Student

68 (9.90)713 (15.17)781 (14.50)Public servant

31 (4.51)260 (5.53)291 (5.40)Self-employed

53 (7.71)211 (4.49)264 (4.90)Teacher

13 (1.89)138 (2.94)151 (2.80)Service worker

33 (4.80)161 (3.42)194 (3.60)Unemployed

18 (2.62)184 (3.91)202 (3.75)Retiree

34 (4.95)273 (5.81)307 (5.70)Others

.17Monthly salary (RMB)b, n (%)

144 (20.96)1030 (21.91)1174 (21.79)<5000
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P valueHesitant group (n=687)Willing group (n=4701)Overall (N=5388)Variable

238 (34.64)1611 (34.27)1849 (34.32)5000-10,000

92 (13.39)647 (13.76)739 (13.72)10,001-15,000

33 (4.80)281 (5.98)314 (5.83)15,001-20,000

42 (6.11)354 (7.53)396 (7.35)>20,000

138 (20.09)778 (16.55)916 (17.00)No fixed salary

<.001Change in monthly salary, n (%)

284 (41.34)2318 (49.31)2602 (48.29)No change

115 (16.74)581 (12.36)696 (12.92)Decrease by 10% or less

268 (39.01)1708 (36.33)1976 (36.67)Decrease by more than 10%

12 (1.75)44 (0.94)56 (1.04)Increase by 10% or less

8 (1.16)50 (1.06)58 (1.08)Increase by more than 10%

Presence of chronic diseases (multiple answers), n (%)

.07576 (83.84)4061 (86.39)4637 (86.06)None

.0166 (9.61)327 (6.96)393 (7.29)Cardiovascular diseases

<.00138 (5.53)117 (2.49)155 (2.88)Respiratory diseases

.00333 (4.80)128 (2.72)161 (2.99)Diabetes

.00121 (3.06)63 (1.34)84 (1.56)Cancer

.00113 (1.89)32 (0.68)45 (0.84)Liver diseases

.258 (1.16)35 (0.74)43 (0.80)Renal diseases

.0097 (1.02)126 (2.68)133 (2.47)Other diseases

<.001Frailty status, n (%)

312 (45.41)2458 (52.29)2770 (51.41)Robust

328 (47.74)2134 (45.39)2462 (45.69)Prefrail

47 (6.84)109 (2.32)156 (2.90)Frail

aThe eastern region includes Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, and Hainan. The central
region includes Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei, and Hunan. The western region includes Sichuan, Chongqing, Guizhou,
Yunnan, Tibet, Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang, Inner Mongolia, and Guangxi.
bA currency exchange rate of 1 RMB=0.14 USD is applicable.
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Table 2. Experiences of COVID-19 restrictions and knowledge of COVID-19 by hesitancy to undergo rapid antigen testing.

P valueHesitant group (n=687)Willing group (n=4701)Overall (N=5388)Variable

<.001Experience of any NPIsa, n (%)

215 (31.30)2155 (45.84)2370 (43.99)No

472 (68.70)2546 (54.16)3018 (56.01)Yes

.02Number of roommates, n (%)

91 (13.25)573 (12.19)664 (12.32)0

172 (25.04)1046 (22.25)1218 (22.61)1

398 (57.93)2973 (63.24)3371 (62.56)2-5

26 (3.78)109 (2.32)135 (2.51)>5

<.001Self-reported number of close contacts dailyb, n (%)

300 (43.67)1813 (38.57)2113 (39.22)0-5

192 (27.95)1166 (24.80)1358 (25.20)6-10

98 (14.26)684 (14.55)782 (14.51)11-20

25 (3.64)288 (6.13)313 (5.81)21-30

72 (10.48)750 (15.95)822 (15.26)>30

.10COVID-19 vaccination statusc, n (%)

180 (26.20)1066 (22.68)1246 (23.13)Basic vaccination phase

486 (70.74)3458 (73.56)3944 (73.20)Booster vaccination phase

21 (3.06)177 (3.77)198 (3.67)No

<.001Number of PCRd tests for COVID-19 in the last month, n (%)

300 (43.67)855 (18.19)1155 (21.44)0-5

187 (27.22)1504 (31.99)1691 (31.38)6-10

129 (18.78)1528 (32.50)1657 (30.75)11-20

71 (10.33)814 (17.32)885 (16.43)>20

<.001Frequency of attention to information about COVID-19, n (%)

552 (80.35)4089 (86.98)4641 (86.14)Often

114 (16.59)508 (10.81)622 (11.54)Sometimes

16 (2.33)92 (1.96)108 (2.00)Rarely

5 (0.73)12 (0.26)17 (0.32)Never

Information sources (multiple answers), n (%)

.045 (0.73)12 (0.26)17 (0.32)Not interested in any information

<.001596 (86.75)4359 (92.72)4955 (91.96)Internet media

.41425 (61.86)2985 (63.50)3410 (63.29)Local authorities

<.001393 (57.21)2016 (42.88)2409 (44.71)Traditional media

.92265 (38.57)1804 (38.37)2069 (38.40)Friends or family members

.0442 (6.11)397 (8.45)439 (8.15)Others

<.00110.0 (6.0-12.0)12.0 (8.0-13.0)11.0 (7.0-13.0)Health literacy about COVID-19, median (IQR)

aNPI: nonpharmaceutical intervention.
bClose contacts refer to contacts with a physical contact distance of <1 meter.
cCOVID-19 vaccines include inactivated vaccines administered on a 2-dose schedule, recombinant subunit vaccines administered on a 3-dose schedule,
or recombinant adenovirus type 5–vectored vaccines administered as a single dose.
dPCR: polymerase chain reaction.
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Table 3. Attitude toward COVID-19 and its screening by hesitancy to undergo rapid antigen testing.

P valueHesitant group (n=687)Willing group (n=4701)Overall (N=5388)Variable

.005Perceived risk of infection of COVID-19, n (%)

244 (35.52)1440 (30.63)1684 (31.25)Low

341 (49.64)2359 (50.18)2700 (50.11)Medium

102 (14.85)902 (19.19)1004 (18.63)High

Worry about COVID-19 if infected (multiple answers), n (%)

.47515 (74.96)3583 (76.22)4098 (76.06)Worry about health

.41259 (37.70)1696 (36.08)1955 (36.28)Worry about discrimination

<.00148 (6.99)634 (13.49)682 (12.66)Worry about others

.1285 (12.37)489 (10.40)574 (10.65)No worry

<.001Self-assessed mental health status, n (%)

199 (28.97)1623 (34.52)1822 (33.82)General

58 (8.44)276 (5.87)334 (6.20)Good

61 (8.88)210 (4.47)271 (5.03)Better

304 (44.25)2291 (48.73)2595 (48.16)Relatively poor

65 (9.46)301 (6.40)366 (6.79)Poor

Perceived burden and stress (multiple answers), n (%)

.2525 (3.64)217 (4.62)242 (4.49)None

.87333 (48.47)2295 (48.82)2628 (48.78)Postal and delivery services

.02308 (44.83)2335 (49.67)2643 (49.05)Nationwide travel restrictions

.57296 (43.09)1971 (41.93)2267 (42.07)Financial insecurity

.05201 (29.26)1209 (25.72)1410 (26.17)Medical services

<.001189 (27.51)1810 (38.50)1999 (37.10)Mental health disorders

.57296 (43.09)1971 (41.93)2267 (42.07)Burden of work

.27219 (31.88)1599 (34.01)1818 (33.74)Social isolation

.0028 (1.16)156 (3.32)164 (3.04)Others

Correlates of Hesitancy to Undergo RAT
In total, 21 groups that consisted of 40 variables selected by the
MCP-penalized group regression were included in the final
model. Only 13 groups were significantly associated with
developing hesitancy to undergo RAT for COVID-19 (Table
4). The forest plot given in Figure 2 reveals the difference in
the adjusted odds ratios (aORs) of the risk factors of hesitancy
to undergo SARS-CoV-2 RAT between the willing group and
hesitant group. Actually, Figure 2 shows the forest plot
summarizing only the significant variables that were associated
with hesitancy to undergo RAT. The complete table containing
all variables left in the final model is presented in Multimedia
Appendix 1.

Six sociodemographic variables were selected to be included
in the model. Those who were women (aOR 0.720, 95% CI
0.599-0.864), were older (aOR 0.982, 95% CI 0.969-0.995),
had a postgraduate education (aOR 0.612, 95% CI 0.435-0.858),
and had children and elders in the family (aOR 0.685, 95% CI
0.510-0.911) showed willingness to undergo RAT. However,
those who were from the central region (aOR 1.815, 95% CI

1.441-2.278) and had a decrease in the monthly salary by more
than 10% (aOR 1.449, 95% CI 1.123-1.875) were significantly
more likely to report hesitancy to undergo RAT for COVID-19
(P<.001 and P=.005, respectively). Five variables concerning
experiences of COVID-19 restrictions and knowledge of
COVID-19 were also selected to be included in the model.
Those who had 21-30 close contacts daily (aOR 0.621, 95% CI
0.386-0.960), had >20 PCR tests for COVID-19 (aOR 0.279,
95% CI 0.205-0.377), and had more knowledge about
COVID-19 (aOR 0.942, 95% CI 0.916-0.970) showed greater
ease in accepting RAT. In addition, those who experienced any
NPIs (aOR 1.613, 95% CI 1.322-1.973) and received COVID-19
information from traditional media (aOR 1.544, 95% CI
1.279-1.863) were significantly more likely to report hesitancy
to undergo RAT for COVID-19 (both P<.001). Two
psychological and attitudinal variables were also found to be
significantly associated with developing hesitancy to undergo
RAT for COVID-19. Those who had a better self-assessed
mental health status (aOR 1.943, 95% CI 1.352-2.765) were
significantly more likely to report hesitancy to undergo RAT
for COVID-19 (P<.001), while those who had mental health
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disorders (aOR 0.795, 95% CI 0.646-0.975) showed higher wiliness to undergo RAT.
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Table 4. Correlates of hesitancy to undergo rapid antigen testing.

P valueaORa (95% CI)Variable

Sociodemographic characteristics

Gender

N/AbReferenceMen

<.0010.720 (0.599-0.864)Women

.0060.982 (0.969-0.995)Age

Socioeconomic statusc

N/AReferenceHigh (eastern)

<.0011.815 (1.441-2.278)Medium (central)

.220.787 (0.531-1.140)Low (western)

Education

N/AReferenceHigh school or below

.270.878 (0.699-1.107)Bachelor’s degree

.0050.612 (0.435-0.858)Master’s degree or above

Age of other family members

N/AReferenceNot having children (<6 years old) or elders (>60 years old)

.311.149 (0.879-1.497)Having children (<6 years old)

<.0010.659 (0.530-0.817)Having elders (>60 years old)

.010.685 (0.510-0.911)Having children (<6 years old) and elders (>60 years old)

Change in monthly salary

N/AReferenceNo change

.0021.577 (1.172-2.117)Decrease by 10% or less

.0051.449 (1.123-1.875)Decrease by more than 10%

.591.234 (0.554-2.575)Increase by 10% or less

.301.546 (0.634-3.350)Increase by more than 10%

Experiences of COVID-19 restrictions and knowledge of COVID-19

Experience of any NPIsd

N/AReferenceNo

<.0011.613 (1.322-1.973)Yes

Self-reported number of close contacts dailye

N/AReference0-5

.860.981 (0.790-1.217)6-10

.940.989 (0.754-1.290)11-20

.040.621 (0.386-0.960)21-30

.060.755 (0.558-1.010)>30

Number of PCRf tests for COVID-19 in the last month

N/AReference0-5

<.0010.370 (0.296-0.463)6-10

<.0010.262 (0.203-0.336)11-20

<.0010.279 (0.205-0.377)>20

Information sources (multiple answers)

N/AReferenceNot interested in any information
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P valueaORa (95% CI)Variable

.110.780 (0.577-1.064)Internet media

.110.852 (0.699-1.040)Local authorities

<.0011.544 (1.279-1.863)Traditional media

.481.073 (0.881-1.304)Friends or family members

.420.863 (0.597-1.219)Others

<.0010.942 (0.916-0.970)Health literacy about COVID-19

Attitude toward COVID-19 and its screening

Self-assessed mental health status

N/AReferenceGeneral

.011.583 (1.109-2.232)Good

<.0011.943 (1.352-2.765)Better

.331.114 (0.897-1.387)Relatively poor

.111.337 (0.930-1.904)Poor

Perceived burden and stress (multiple answers)

N/AReferenceNone

.561.058 (0.876-1.277)Postal and delivery services

.580.947 (0.779-1.150)Nationwide travel restrictions

.190.875 (0.716-1.069)Financial insecurity

.341.104 (0.898-1.353)Medical services

.030.795 (0.646-0.975)Mental health disorders

.191.142 (0.935-1.392)Burden of work

.191.149 (0.934-1.413)Social isolation

.200.614 (0.268-1.221)Others

aaOR: adjusted odds ratio.
bN/A: not applicable.
cThe eastern region includes Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, and Hainan. The central
region includes Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei, and Hunan. The western region includes Sichuan, Chongqing, Guizhou,
Yunnan, Tibet, Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang, Inner Mongolia, and Guangxi.
dNPI: nonpharmaceutical intervention.
eClose contacts refer to contacts with a physical contact distance of <1 meter.
fPCR: polymerase chain reaction.
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Figure 2. Forest plot summarizing only the significant variables that were associated with hesitancy to undergo SARS-CoV-2 rapid antigen testing.
The central region includes Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei, and Hunan. Close contacts refer to contacts with a physical
contact distance of <1 meter. NPI: nonpharmaceutical intervention; PCR: polymerase chain reaction.

Discussion

In this nationwide cross-sectional survey, we found that 12.75%
(687/5388) of the participants were hesitant to undergo RAT
for COVID-19, while 87.25% (4701/5388) were willing to
undergo RAT. Several characteristics were found to be
associated with hesitancy to undergo RAT, which could help
identify subgroups to improve the awareness and acceptance of
RAT.

Hesitancy about COVID-19 in China was low but may
compromise the scale-up of RAT. A cross-sectional survey
involving residents of Greece and Cyprus found that 79%
(196/248) reported willingness to self-test in fighting the
COVID-19 pandemic [27]. In another representative survey of
the Greek population conducted in the first half of August 2021,
two-thirds of responders characterized COVID-19 self-tests as
unreliable and two-fifths believed they were dangerous [28].
An Indonesia study found that, if rapid COVID-19 antigen
self-tests were available, 62.70% (395/630) would use them
when necessary [29]. In addition to positive attitudes toward
COVID-19 vaccination [30], this relatively high percentage of
willingness to undergo RAT in China might reflect public trust
in the government, and health authorities in China spared no
effort to offer accessible health care services to increase safety
and the perceptions of safety for the public. As the COVID-19
pandemic continues and in the postpandemic era, it would be
important to monitor and promote public willingness toward
RAT further in order to identify infected individuals in the early
phase and keep COVID-19 incidence low, as well as improve
the coverage of routine RAT for COVID-19.

Hesitancy to undergo RAT was found to be associated with
being male, which is similar to the epidemiologic characteristic
in the Greek population [28]. In addition, younger individuals
reported low willingness to undergo RAT compared to their
older counterparts. This association was also found in a
representative survey of 17 countries on COVID-19 vaccine
hesitancy [31]. There could be some possible explanations.
Younger individuals may perceive themselves as being at lower
risk of experiencing a severe illness associated with COVID-19,
as the disease tends to affect older people more severely. This
perception of lower risk could lead them to believe that RAT
is unnecessary. In addition, younger individuals may have lower
incomes or be more financially insecure, and the cost of RAT
may be a barrier for them. They may also be more concerned
about missing work or school if they test positive and need to
isolate. Moreover, we found that socioeconomic status and
education might play a role in determining hesitancy to undergo
RAT. Areas further to the east in China have a better
socioeconomic status and higher education level, and a better
socioeconomic status and higher education level have been
previously found to be associated with better health literacy and
lower vaccine hesitancy [32,33]. This might have resulted in a
situation where those who were from the central region and had
a high school education or lower were significantly more likely
to report hesitancy to undergo RAT, similar to vaccination for
COVID-19. A change in the monthly salary during the
COVID-19 lockdown was much more likely to be associated
with hesitancy to undergo SARS-CoV-2 RAT compared with
the current monthly salary. This could indicate that those who
experience job loss, reduced income, and increased debt during
the COVID-19 pandemic should receive much more attention

JMIR Public Health Surveill 2023 | vol. 9 | e43555 | p.2875https://publichealth.jmir.org/2023/1/e43555
(page number not for citation purposes)

Lu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


to improve the awareness and acceptance of SARS-CoV-2 RAT.
The pandemic has also highlighted existing social inequalities,
with communities, who experienced heavier financial burden,
being disproportionately affected by the virus. A study also
found that individuals with lower salary were more likely to
have higher similar mistrust about vaccines [33]. In addition,
we found that not having children or elders in the family was
correlated with hesitancy to undergo RAT. This may be due to
the desire to protect children and elders in the family and prevent
chains of intrahousehold transmission. Those having elders or
having both children and elders in the family showed willingness
to undergo RAT.

We identified 5 variables concerning experiences of COVID-19
restrictions and knowledge of COVID-19, which were
significantly associated with hesitancy to undergo RAT. Those
who experienced any NPIs and had 0-5 close contacts daily
were more likely to report hesitancy. A prior study has found
that more social contacts and large households increased the
risk of SARS-CoV-2 infection [34,35]. The finding for the
experience of any NPIs or the self-reported number of close
contacts daily might be because the subgroup believed there
was a low risk of SARS-CoV-2 infection and had stronger faith
in the health condition, compared with those who did not
experience NPIs for COVID-19 or had more close contacts in
daily life. Moreover, those who had 0-5 PCR tests for
COVID-19 in the last month were more likely to report
hesitancy. PCR testing remains the gold standard in all countries,
with the majority also employing it for diagnostic and
surveillance purposes [36]. Fewer PCR tests might deepen
hesitancy to undergo RAT. Furthermore, those who received
COVID-19 information from traditional media were more likely
to report hesitancy. Over the course of fighting the COVID-19
pandemic, health-related information and knowledge have
played large roles in shaping vaccine hesitancy [37]. Increased
likelihood of vaccine acceptance was seen among those who
obtained COVID-19 information from digital media or
nonhealth-related sources like influencers [38], and this likely
was related to hesitancy to undergo RAT among participants
in our survey. Traditional media like newspapers are not prone
to misinformation, but do not have the same tremendous and
popular health information available as other information
sources like internet media. Moreover, inadequate knowledge
has been found to be associated with vaccine hesitancy [39],
which might be in line with our finding that those who had less
knowledge about COVID-19 were significantly more likely to
report hesitancy to undergo RAT.

We identified 2 psychological and attitudinal variables that were
significant predictors of hesitancy to undergo RAT. Those who
had good or better self-assessed mental health and did not
perceive a high risk for SARS-CoV-2 infection were more likely
to report hesitancy, which might be attributable to the belief
that one ought to undergo RAT if they are at high risk for
SARS-CoV-2 infection. This finding suggests that the
government should offer appropriate recommendations on RAT,
with the aim of identifying infected individuals in the early
phase and keeping COVID-19 incidence low to tackle outbreaks
in the future and especially to safeguard the shift from a

pandemic phase to an endemic phase of the COVID-19 global
response.

To reliably scale up RAT further for case management or
self-isolation at the individual level and for large-scale screening
and emergency responses at the population level, the government
should offer more accurate recommendations on RAT to the
target population. First, the public should be provided with the
test as widely and freely as possible, which could be a strategy
to improve the availability of RAT and the willingness to
undergo RAT without additional financial cost for the public.
Second, trust about RAT should be enhanced, including enough
knowledge about COVID-19 and clear instructions about RAT
via multiple media. Furthermore, the public should be provided
with complete guidelines after undergoing RAT. For example,
accessible PCR testing could be used to validate the results of
RAT owing to the risk of false-positive results. If positive results
are confirmed, guidelines about case management or
self-isolation should be put in place.

SARS-CoV-2 has infected up to 900 million people as of
January 11, 2023, in Mainland China after lifting of the
COVID-19 policy [40]. The emergence of new variants (the
Omicron sublineage XBB [41]) of the virus has also raised
concerns about their potential to evade existing vaccines and
treatments, highlighting the importance of ongoing surveillance
and research. Given the reopening of society, vaccines;
medication; and public health measures, such as masking, social
distancing, and screening remain important tools in controlling
the spread of the virus. Furthermore, by fully using the lessons
learned from the mass screening (including timely scale-up of
RAT) during the COVID-19 pandemic, this study could help
to develop more resilient and prepared mass screening strategies,
and could inform future responses to other novel infectious
diseases.

In this study, we used group regression with an MCP penalty
to discern variables that significantly shaped hesitancy to
undergo RAT. It was found that several sociodemographic
variables, variables concerning experiences of COVID-19
restrictions and knowledge of COVID-19, and psychological
and attitudinal variables were associated with hesitancy to
undergo RAT for COVID-19. Notably, variables, such as
residence, marital status, and occupation type, were not selected
for inclusion in the final model despite statistically significant
differences between the study groups, which suggests that group
regression with an MCP penalty was successful in not only
selecting significant variables but also encouraging model
sparsity. Some limitations of this study are worth
acknowledging. In this survey, 88.33% of participants were
from urban areas and 80.31% had an undergraduate education
or above. Thus, it is very likely that individuals from rural areas
and those with lower education are underrepresented. Individuals
with SARS-CoV-2 infection were not included in the analysis.
In addition, the sample size in this study was small compared
to the large population size of China, which is another limitation
of the study. Therefore, our findings should be interpreted and
generalized with caution. Moreover, regarding hesitancy to
undergo RAT, a single question was asked to assess hesitancy.
Despite its simplicity and efficiency, more multidimensional
items should be adopted to assess hesitancy in future studies.

JMIR Public Health Surveill 2023 | vol. 9 | e43555 | p.2876https://publichealth.jmir.org/2023/1/e43555
(page number not for citation purposes)

Lu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


In addition, the general bias for a cross-sectional design could
not be dismissed, which limited our capacity to statistically
discern causal relationships. Furthermore, given the reopening
of society, the aim was no longer completely relevant,
considering the lifting of global and Chinese preventive and
control measures for COVID-19. However, the real-world
evidence in this study could inform future responses to other
novel infectious diseases.

In conclusion, our study found a low but potentially problematic
level of hesitancy to undergo RAT. Although hesitancy to

undergo SARS-CoV-2 RAT in China was low, it may influence
the scale-up of RAT. Special efforts should be made to improve
the awareness and acceptance of RAT among men, younger
adults, individuals with a lower education or salary, families
without children and elders, and individuals who access
COVID-19 information via traditional media. Given the gradual
reopening of society, this study could inform our responses to
future novel infectious diseases and help to develop more
resilient and prepared mass screening strategies (including
timely scale-up of RAT).
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Abstract

Background: With COVID-19 being a newly evolving disease, its response measures largely depend on the practice of and
compliance with personal protective measures (PPMs).

Objective: This systematic review aimed to examine the knowledge and practice of COVID-19 PPMs in African countries as
documented in the published literature.

Methods: A systematic search was conducted on the Scopus, PubMed, and Web of Science databases using appropriate keywords
and predefined eligibility criteria for the selection of relevant studies. Only population-based original research studies (including
qualitative, quantitative, and mixed methods studies) conducted in Africa and published in the English language were included.
The screening process and data extraction were performed according to a preregistered protocol in PROSPERO (CRD42022355101)
and followed the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines. The quality of
the included studies was assessed using the Mixed Methods Appraisal Tool. Thematic analysis was used to systematically
summarize the studies into 4 predefined domains: knowledge and perception of PPMs, mask use, social and physical distancing,
and handwashing and hand hygiene, including their respective levels and associated factors.

Results: A total of 58 studies across 12 African countries were included, published between 2019 and 2022. African communities,
including various population groups, had varying levels of knowledge and practice of COVID-19 PPMs, with the lack of personal
protective equipment (mainly face masks) and side effects (among health care workers) being the major reasons for poor compliance.
Lower rates of handwashing and hand hygiene were particularly noted in several African countries, especially among low-income
urban and slum dwellers, with the main barrier being the lack of safe and clean water. Various cognitive (knowledge and perception),
sociodemographic, and economic factors were associated with the practice of COVID-19 PPMs. Moreover, there were evident
research inequalities at the regional level, with East Africa contributing 36% (21/58) of the studies, West Africa contributing
21% (12/58), North Africa contributing 17% (10/58), Southern Africa contributing 7% (4/58), and no single-country study from
Central Africa. Nonetheless, the overall quality of the included studies was generally good as they satisfied most of the quality
assessment criteria.

Conclusions: There is a need to enhance local capacity to produce and supply personal protective equipment. Consideration of
various cognitive, demographic, and socioeconomic differences, with extra focus on the most vulnerable, is crucial for inclusive
and more effective strategies against the pandemic. Moreover, more focus and involvement in community behavioral research
are needed to fully understand and address the dynamics of the current pandemic in Africa.

Trial Registration: PROSPERO International Prospective Register of Systematic Reviews CRD42022355101;
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42022355101
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Introduction

Background
After its emergence in December 2019, COVID-19 was declared
a pandemic by the World Health Organization on March 11,
2020, and it has spread to almost all countries and regions,
including Africa [1,2]. Spreading to the continent through
travelers returning from hot spots in Asia, Europe, and the
United States, COVID-19 was first recorded in Africa in Egypt
on February 14, 2020, and within a few months, the virus had
spread throughout the continent [1,3]. As of March 20, 2023, a
total of 12,804,191 cumulative cases and 258,623 deaths have
been reported in Africa compared with 682,546,389 cases and
6,819,835 deaths across the globe, showing a disproportionately
low case fatality rate of COVID-19 in Africa [4].

As in the rest of the world, various response measures were
implemented in different African countries to curb the spread
of the virus, including statewide lockdowns, restrictions on
movement, bans on social gatherings, and school closures [5,6].
Although the continent appears to have a lower absolute number
of cases and deaths compared with other regions [7], which
might also be related to the lower number of tests administered,
the pandemic has had a deep impact on the socioeconomic
systems of African countries [8,9]. The pandemic has also
strained the weak and fragmented health systems, as shown by
the lack of personal protective equipment (PPE), testing kits,
and other treatment necessities, especially for patients with
COVID-19 who are critically ill [6,8].

With COVID-19 being a newly evolving disease, its less-defined
outcomes and unprecedented prevention, treatment, and control
modes largely require indisputable collaboration among various
stakeholders in the community [9]. Nonpharmaceutical
interventions play an important role in the control and prevention
of pandemics, including the COVID-19 pandemic, especially
in its early phase and wave. Despite the availability of approved
vaccines against COVID-19, response measures toward this
pandemic still largely depend on the practice of and compliance
with personal protective measures (PPMs), including face mask
use, social and physical distancing, and hand hygiene [10].
Moreover, knowledge and perceptions of PPMs have been
reported as among the key determinants of practice and
compliance with PPMs against COVID-19 as they influence
people’s behavior [10,11]. These were also considered in this
study in the African context.

The pandemic has had a broad range of impacts and challenges
across regions, and different communities have responded
differently. However, given the diversity of social systems
across regions and countries, preparedness and the search for a
country- or region-specific practical solution to the pandemic
require a better understanding of the challenges of practicing
PPMs and hard-learned experiences through comprehensive
research [9]. There has been a high research output documenting

COVID-19 characteristics, clinical outcomes, response, and
impact throughout the world but with much less research coming
from African countries [12,13]. The unavailability of research
information might be seen as a barrier to successful prevention
and further as a sign of inequity between high- and low-income
countries and regions [14]. This scant literature poses knowledge
gaps on how African countries are responding to the pandemic
in terms of PPMs. Nonetheless, a recent review by Nwagbara
et al [15] reported that most communities in sub-Saharan Africa
had a positive attitude toward and good practices regarding
COVID-19. Notably, this review considered studies only from
sub-Saharan Africa and those conducted in the first stages of
the pandemic, so it lacked insights into the overall practice of
PPMs in Africa.

Objectives
Thus, this systematic review aimed to examine COVID-19 PPM
research from African countries as documented in the published
literature. On the basis of specific keywords, the review looked
at the levels and associated factors of (1) knowledge and
perception of PPMs and (2) practice of COVID-19 PPMs in
various populations (including face mask use, physical and
social distancing, and handwashing and hand hygiene).

Methods

Study Design
This systematic review was conducted according to a
preregistered protocol in PROSPERO (CRD42022355101) and
the PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines (Multimedia Appendix 1) [16].
This systematic review considered literature concerning PPMs
from African countries. Literature was sourced from the
following databases: Scopus, PubMed, and Web of Science.
These databases were considered as they sufficiently cover most
of the key journals, including most African journals. In addition,
2 of these databases (Scopus and Web of Science) could refine
the search based on countries and regions, unlike other
databases, which enabled us to specifically assess publications
from African countries only.

Search Strategy
We conducted a comprehensive search using a set of appropriate
keywords and Medical Subject Heading terms to identify studies
reporting on PPMs. For consistency and precision, similar
keywords and Medical Subject Heading terms were used and
searched for in the article titles across the databases. A
comprehensive search of the published literature was performed
in each of the 3 selected databases using combinations of key
terms and Boolean operators (Textbox 1). These included
“mask,” “nose covering,” “personal protective equipment,”
“handwashing,” “hand washing,” “hand sanitizer,” “hand
sanitiser,” “sanitation,” “hygiene,” “social distance,” “social
distancing,” “physical distance,” “physical distancing,” “social
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acceptance,” “COVID-19,” “2019-nCoV,” “coronavirus disease,” “SARS-CoV-2,” and “corona virus disease 2019.”

Textbox 1. Key terms or Boolean operators used for the search.

• “Mask” OR “nose covering” OR “personal protective equipment” OR “handwashing” OR “hand washing” OR “hand sanitizer” OR “hand
sanitiser” OR “sanitation” OR “hygiene” OR “social distance” OR “social distancing” OR “physical distance” OR “physical distancing” OR
“social acceptance” AND “COVID-19” OR “2019-nCoV” OR “coronavirus disease” OR “SARS-CoV-2” OR “corona virus disease 2019”

• “Mask” OR “nose covering” OR “personal protective*” OR “hand wash*” OR “hand-wash*” OR “hand sanitize*” OR “hand sanitise*” OR
“sanitation*” OR “hygiene*” OR “social distance*” OR “physical distance*” OR “social accept*” OR “social acceptance” AND “COVID-19”
OR “COVID*”

• “Mask” OR “nose covering” OR “personal protective*” OR “hand wash*” OR “hand-wash*” OR “hand sanitize*” OR “hand sanitise*” OR
“sanitation*” OR “hygiene*” OR “social distance*” OR “physical distance*” OR “social accept*” OR “social acceptance” AND “coronavirus*”
OR “corona*”

• “Mask” OR “nose covering” OR “personal protective*” OR “hand wash*” OR “hand sanitize*” OR “hand sanitise*” OR “sanitation*” OR
“hygiene*” OR “social distance*” OR “physical distance*” OR “social accept*” OR “social acceptance” AND “SARS-CoV-2*” OR “2019-nCoV*”

Inclusion and Exclusion Criteria
The inclusion and exclusion criteria are listed in Table 1. Only
population-based original research studies (including qualitative,
quantitative, and mixed methods studies) conducted in Africa,
published in English, and reporting on PPMs against COVID-19

were considered in the full review. In addition, multicountry
studies were considered if they included an African country as
part of their study population. Only English-language articles
published between November 1, 2019, and March 4, 2022, were
considered.

Table 1. Summary of the inclusion and exclusion criteria.

Exclusion criteriaInclusion criteriaParameter

Article or study
type

•• Reviews, commentaries, and editorialsPopulation-based original research studies
• •Qualitative, quantitative, and mixed methods

studies
Dissertations, government reports, newspaper articles, textbooks, book
chapters, and protocols

•• Gray literature and preprintsMulticountry studies
• Laboratory studies, model and framework studies, and validation

studies

Language •• All other non-English languagesEnglish language

Publication period •• All periods outside November 2019 to March 2022November 1, 2019, to March 4, 2022

Study setting •• All non-African country settingsAfrican countries

Data Extraction
After screening, data from the relevant studies were
independently extracted by 2 reviewers (JK and PSC) onto a
structured data extraction template, and a consensus was reached
through discussion in case of disagreements on the extracted
data. The following variables were extracted: first author, year
of publication, study location, study design, key measurements,
study population, sample size. and main findings.

Quality Assessment and Analysis
We assessed the information from the included articles using
the Mixed Methods Appraisal Tool (version 2018) with detailed
descriptions of the rating [17]. In total, 2 reviewers also
independently assessed the quality of the included studies, and
in case of discrepancies, a consensus was reached through
discussion.

This study used thematic analysis, and the literature in this
review was used to understand the practice of PPMs against
COVID-19 in African countries. The studies were classified
according to four main themes: (1) knowledge and perception
of PPMs, (2) mask use, (3) social and physical distancing, and

(4) handwashing and hand hygiene, including their respective
levels or prevalence and associated factors. In addition, various
population groups and challenges faced in practicing COVID-19
PPMs were examined under each of the main themes based on
the available information in the analyzed studies. The 4 themes
were drafted by a panel of public health experts after a series
of discussions to reach a consensus.

The analysis process involved a six-step data synthesis process:
(1) in total, 2 reviewers (JK and PSC) extracted relevant
information on knowledge and practice of PPMs from each
article independently; (2) after extraction, they discussed to
reach a consensus on the key information identified in each
article; (3) the extracted information was coded under the 4
predefined domains by the 2 reviewers independently; (4) after
completing the coding independently, they discussed the results,
where any discrepancies were resolved through discussion; (5)
the revised coding results were read and checked by the 2
reviewers independently to ensure that all the extracted
information was mapped to the 4 domains correctly; and (6) all
the information in the codebook was adapted into a tabular
format.
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Results

Selection of Studies Conducted in Africa
The number of studies identified, reviewed, and selected,

including the reasons for exclusion, is summarized in Figure 1.
A total of 58 studies were selected through this process and
further analyzed [18-75]. The information and main findings
extracted from all included studies is detailed in Table 2.

Figure 1. The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart of the selected studies. WoS: Web of
Science.
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Table 2. Characteristics of the included studies.

Relevant findingsAdherence or non-
compliance rates

Sample
size, N

Study popula-
tion

Study type and
key measures

Study setting
or country

Study

51.5% had poor
mask use

1114CommunityCross-sectional;
knowledge, atti-
tudes, and prac-

UgandaSikakulya et
al [18], 2021

• Most participants (60.1%) had satisfactory
knowledge of the use of face masks, and this
was greater among participants with tertiary

tices regarding educational levels.
proper use of face
masks • Regarding attitude, 69.4% were confident

enough to correctly put on a face mask, 83.4%
believed that a face mask can protect against
COVID-19, and 75.9% had never shared their
face mask. Most (95.2%) agreed that wearing
face masks in public places was important to
protect themselves against COVID-19, and
60.3% reported washing their hands before
wearing and after removing the face mask.

Overall, 55.4% had
poor compliance

401CommunityCross-sectional
and mixed meth-

EthiopiaHailu et al
[20], 2021

• Most (63.84%) reported that they went to
crowded places without putting on a face mask,
but 60.6% and 76.3% had good knowledge ofwith social distanc-

ing measures
ods; compliance
with social dis-
tancing

COVID-19 transmission and prevention, respec-
tively.

• Only age was associated with social distancing
measures, with older persons more likely than
younger persons to comply with social distanc-
ing guidelines.

82% were not
strictly practicing
social distancing

1036CommunityCross-sectional;
perception and
practice of social
distancing

EgyptBakry and
Waly [21],
2020

• Most (70%) perceived that social distancing
measures reduced the transmission of COVID-
19.

• There was a significant association between the
practice of social distancing and some sociode-
mographic factors such as sex, age, education,
working status, place of residence, and commu-
nity of residence.

68.8% had poor
COVID-19 preven-
tion practice

628Community
employees

Cross-sectional;
predictors of pre-
ventive practices

EthiopiaTadesse et al
[22], 2020

• Most (>50%) had high perceived susceptibility,
severity, benefit, barriers, cues to action, and
self-efficacy regarding COVID-19 prevention
practice.

• Employees with a low level of perceived barri-
ers were less likely to have a poor practice of
COVID-19 prevention compared with employ-
ees with a high level of perceived barriers.

• Moreover, employees with low cues to action
and employees with a low level of self-efficacy
practiced COVID-19 prevention measures to a
lesser extent compared with those with high
cues to action and high levels of self-efficacy.

—b1988CommunityCross-sectional;
face mask use

MCPa—6
countries:

Iyamu et al
[23], 2022

• A total of 58.8% used social media as their main
source of information, whereas 85% agreed that
face masks were effective against COVID-19.perception and

social media
Botswana,
Kenya, • Respondents who used social media were more

likely to agree that face masks were effectiveMalawi,
compared with those who did not.Nigeria,

Zambia, and
Zimbabwe

52% and 78%
wore face masks

1054CommunityCross-sectional;
face mask wear-

UgandaBukuluki
and

• Approximately 90% of respondents agreed that
wearing a mask inside or outside in public

sometimes insideing in public
places

Kisaakye
[24], 2021

spaces can prevent COVID-19 infection.
in public spaces
and always outside

• Age and frequency of face mask wearing inside
or outside in public spaces were significantly
related to belief in face mask efficacy.in public spaces,

respectively
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Relevant findingsAdherence or non-
compliance rates

Sample
size, N

Study popula-
tion

Study type and
key measures

Study setting
or country

Study

• Findings revealed that most of the respondents
believed that the COVID-19 pandemic was
more of a hoax than a reality.

• Other findings showed that this poor knowledge
negatively affected their compliance with pre-
ventive measures to curb the spread of coron-
avirus.

—36CommunityQualitative study;
knowledge of and
compliance with
preventive mea-
sures

NigeriaNnama-
Okechukwu
et al [25],
2020

• Results revealed varied conceptualizations and
interpretations of the disease and social distanc-
ing. Notably, COVID-19 regulations such as
social distancing and face mask wearing were
perceived as an imported policy, a misconcep-
tion responsible for nonadherence to COVID-
19 protocols.

• Furthermore, the study underscored that the
disease and policies related to it disrupted ways
of social life, infringed on people’s social-cul-
tural rights, and had adverse health conse-
quences.

—20CommunityCross-sectional
and qualitative;
social distancing
perceptions

8 African
countries

Kajiita and
Kang’ethe
[26], 2021

• Adherence rates were higher in countries where
masking was mandatory or highly encouraged
by the government during the early phases of
the COVID-19 outbreak.

• Reusable cloth masks (more cost-beneficial and
environmentally friendly than surgical masks)
were the most frequent, accounting for 51.1%
of all mask types.

• There were differential rates of mask uptake
and use between sexes and age groups observed
in different countries. Even in countries where
no preexisting culture of mask use existed, high
uptake of mass masking was feasible.

Face mask
use—DRC: 43.2%;
Uganda: 32.7%;
Mozambique:
93.9%; Somalia:
51.2%

206,729General pub-
lic

Multicountry
web-based sur-
vey; compliance
with mask use

10 countries;

DRCc,
Uganda,
Mozam-
bique, and
Somalia

Fodjo et al
[27], 2020

• A total of 50.6% were in close physical distance
with 1-10 people, 21.1% were in close physical
distance with 11-50 people, and 8% were in
close physical distance with >50 people.

• Larger household sizes and incorrect knowledge
about the importance of social distancing were
associated with being in contact with >50 peo-
ple. Male sex, younger age, and being in the
White and non-White population groups were
significantly associated with being in contact
with 1-10 people but not with larger numbers
of people.

• Employment, at least a secondary school educa-
tion, the lack of self-efficacy in being able to
protect oneself from infection, and moderate or
high risk perception of becoming infected were
all associated with increased odds of close con-
tact with 1-10, 11-50, and >50 people relative
to remaining at home.

20.3% reported
having not left
home

17,563CommunityCross-sectional;
compliance with
and determinants
of social distanc-
ing

South AfricaSewpaul et
al [28], 2021

Generally, 59.4%
had good preven-
tion practices for
COVID-19

803CommunityCross-sectional;
predictors of pre-
ventive practices

EthiopiaWondimu et
al [29], 2020
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Relevant findingsAdherence or non-
compliance rates

Sample
size, N

Study popula-
tion

Study type and
key measures

Study setting
or country

Study

• Approximately 64.7% had a history of going to
crowded places, whereas only 30.3% of the
participants had a history of wearing a mask
when leaving home.

• A total of 64.4% had a history of maintaining
their distance at 2 meters, and 64.8% washed
their hands with soap and water or used alcohol-
based hand sanitizers.

• Urban residence, family size, good knowledge,
positive attitude, intention to seek care, and
perceived mortality were positively associated
with good prevention practices.

• Younger age (26-35 years) and being employed
were positively associated with good social
distancing practice, whereas poor knowledge,
negative attitude, and low perceived susceptibil-
ity had a negative association.

38.3% had good
social distancing
practices

410CommunityCross-sectional;
social distancing
and associated
factors

EthiopiaFikrie et al
[30], 2021

• A total of 70% of the respondents threw their
discarded masks and gloves in the house trash
or trash bins after their first use, whereas nearly
30% of respondents admitted that they did not
wear masks as they did not leave their homes
during the lockdown.

70% used face
masks at least once
a day

185CommunityCross-sectional;
mask use and dis-
posal behavior

MoroccoMejjad et al
[31], 2021

• Self-efficacy, the prevalence of others’ mask
wearing in the same district, and affluence were
positively associated with reported mask wear-
ing.

• Those who reported staying at home were sig-
nificantly less likely to report wearing a mask.

• Despite having a higher mortality risk, older
adults had significantly lower odds of mask
wearing.

• The prevalence of mask wearing increased sig-
nificantly from May 2020 to August 2020 (from
50% to 74%) as COVID-19 cases increased and
lockdown restrictions were eased, but staying
at home, physical distancing, and social distanc-
ing decreased.

74% wore face
masks when in
public

7074CommunityLongitudinal sur-
vey; predictors of
mask wearing

South AfricaBurger et al
[32], 2022

• The level of concern about the spread of the
virus increased the likelihood of washing hands
with soap under running water for a minimum
of 20 seconds at least 5 times a day.

• Heterogeneous effects across gender and age
groups, locality, and various water sources were
noted.

54.6% washed
their hands for 20
seconds >5 times a
day, and 4.2% did
not wash their
hands at all

4788CommunityCross-sectional;
handwashing and
COVID-19 con-
cerns

MCP—12
sub-Saharan
African
countries

Amuakwa-
Mensah et al
[33], 2021

• Higher handwashing adherence was associated
with more frequent exposure to handwashing
guidelines, being a health care professional,
being older, being female, and being married.

• Stricter containment and health policies were
associated with lower handwashing adherence.

—6064CommunityObservational
study; handwash-
ing adherence

MCP—Gam-
bia

Szczuka et al
[19], 2021

—49Slum resi-
dents

Cross-sectional
and qualitative;
impact of physi-
cal distancing
policies

NigeriaIwuoha and
Aniche [34],
2020

JMIR Public Health Surveill 2023 | vol. 9 | e44051 | p.2887https://publichealth.jmir.org/2023/1/e44051
(page number not for citation purposes)

Kawuki et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Relevant findingsAdherence or non-
compliance rates

Sample
size, N

Study popula-
tion

Study type and
key measures

Study setting
or country

Study

• The study demonstrated that the peculiar and
adverse conditions of low-income urban
dwellers were not considered in the formulation
of the COVID-19 lockdown and physical dis-
tancing policies in Nigeria. Thus, such policies
worsened the living conditions of extremely
low-income urban or suburban slum dwellers
in Nigeria.

• There is a need to engender an indigenous
(Afro-centered) approach to the containment of
the pandemic.

• Extrahousehold social contact fell substantially
following the imposition of COVID-19 distanc-
ing regulations in that there were substantial
declines in close physical and conversational
contacts and also in beyond-household sharing
of indoor space.

• However, there was ongoing contact within in-
tergenerational households, highlighting a po-
tential limitation of social distancing measures
in protecting older adults.

—1704CommunityLongitudinal sur-
vey; impact of
social distancing
regulations

South AfricaMcCreesh et
al [35], 2021

• Increases in planning, selecting, and preparing
healthy foods were found for women and men
and were positively related to perceived time
availability and stay-at-home policies.

• Psychological distress was a barrier for women
and an enabler for men, whereas financial stress
was a barrier and enabler depending on various
sociodemographic variables.

—37,207CommunityCross-sectional;
impact of social
distancing on
healthy meals

MCP—38
countries;
Uganda,
South
Africa, and
Egypt

De Backer et
al [36], 2020

• A total of 77.4% and 60.6% of people living in
Kibera and Mathare, respectively, had limited
WASH facility accessibility or opportunity.

• Overall accessibility and opportunity were better
in Mathare than in Kibera.

—647Slum
dwellers

Cross-sectional;

WASHd accessi-
bility

KenyaKim et al
[37], 2022

• The main challenges concerning the implemen-
tation and adoption of physical distancing mea-
sures included the proximity in which internally
displaced people live, their beliefs and values,
the lack of toilets and safe water on sites, inter-
nally displaced people’s habits and economic
situation, humanitarian actors’ lack of financial
resources and authority, and social pressure
from religious leaders.

• Implemented mitigation measures included the
building of new shelters or their compartmental-
ization, the creation of income-generating activ-
ities and food banks, psychosocial support,
promotion of awareness of internally displaced
people, and night police patrols and surveillance
to discourage internally displaced people from
going out.

—68Internally
displaced
people

Qualitative study;
adoption of physi-
cal distancing
measures

MaliAg Ahmed
et al [38],
2021

—80Prisoners
and staff

Qualitative study;
social distancing
and prevention
measures

ZimbabweMhlanga-
Gunda et al
[39], 2022

JMIR Public Health Surveill 2023 | vol. 9 | e44051 | p.2888https://publichealth.jmir.org/2023/1/e44051
(page number not for citation purposes)

Kawuki et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Relevant findingsAdherence or non-
compliance rates

Sample
size, N

Study popula-
tion

Study type and
key measures

Study setting
or country

Study

• Outdated infrastructure, severe congestion, in-
terrupted water supply, and inadequate hygiene
and sanitation were conducive to ill health and
the spread of disease.

• Health professionals had been well trained re-
garding COVID-19 control measures, and
COVID-19 awareness among prisoners was
generally adequate.

• There was no routine COVID-19 testing in place
beyond thermal scanning.

• Access to health care was good, but standards

were hindered by inadequate medicine and PPEe

supply, and isolation measures were compro-
mised by accommodation capacity issues.

• The flow of prison entries constituted a transmis-
sion risk, and social distancing was impossible
during meals and at night.

• All the HCWs practiced different COVID-19
prevention methods, and most were knowledge-
able (93.8%) and had a favorable attitude (74%).

• However, 84.5% of the respondents faced chal-
lenges during alcohol-based hand sanitizer use
owing to it being unavailable (68.8%) or expen-
sive (52.1%); forgetting (11.5%); and experienc-
ing health-associated risks such as skin irritation
(28.1%), skin dryness (62.5%), and ocular irri-
tation (11.5%).

76% had good
hand hygiene prac-
tices with alcohol-
based hand sanitiz-
ers

96HCWsfCross-sectional;
knowledge, atti-
tude, practice,
and challenges
regarding hand
hygiene

EthiopiaAssefa et al
[40], 2021

• The overall good knowledge score of health
care providers regarding proper face mask use
was 65.8%.

• Of them, 67.3% knew that face masks were
worn with the white side facing in, 62.6% knew
that face masks had 3 layers, and 78.4% knew
that surgical face masks were worn for up to 8
hours.

59.5% practiced
proper mask use

422HCWsHospital-based
cross-sectional
study; knowledge
and practice of
proper face mask
use

EthiopiaSeid Yimer
and Gebre-
hana Belay
[41], 2021

• Only 28.74% of the house officers had good
preparedness, whereas 85.83% had a good PPE
attitude.

• Preparedness and willingness were significantly
associated with the overall worry related to the
pandemic (fear of contracting COVID-19 and
having family members at risk of severe
COVID-19).

• The house officers with good preparedness and
willingness to deal with COVID-19 seemed to
have a good PPE attitude.

—254HCWsCross-sectional;
preparedness and
attitude toward
PPE

EgyptAhmed
Sayed et al
[42], 2021

• Only 25.7% had adequate knowledge about
PPE. Of the respondents who presumed that
they had adequate knowledge about donning
and doffing PPE, 94 (56%) were incorrect.

• The predictors of good knowledge were younger
age (<45 years) and practice location.

—272HCWsCross-sectional;
knowledge, atti-
tudes, beliefs,
and use of PPE

NigeriaAlao et al
[43], 2020

—723HCWsCross-sectional
and institution-
based; PPE use

TunisiaDaghmouri
et al [44],
2020
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Relevant findingsAdherence or non-
compliance rates

Sample
size, N

Study popula-
tion

Study type and
key measures

Study setting
or country

Study

• There was a likely overuse of PPE in addition
to a high rate of side effects caused by PPE.

• A total of 57.3% of participants reported a lack
of PPE, which could be extremely stressful and
detrimental to them.

• A total of 72.5% of respondents reused dispos-
able PPE, especially facial protective shields

and FFP2g.
• Only 37.8% of frontline HCWs had received

official training on the correct use of PPE, espe-
cially on how to fit FFP2 masks (only 32.6%).

• A total of 89.1% of participants believed that
they needed additional training.

• Being a male health care provider, having work
experience of 6-10 years, and having a poor at-
titude toward COVID-19 were found to be sig-
nificantly associated with poor COVID-19 pre-
ventive practices among HCWs.

38.7% (95% CI
34.8%-42.5%)
good preventive
practice against
COVID-19

630HCWsCross-sectional;
preventive prac-
tices

EthiopiaKassie et al
[45], 2020

• Feedback for safety, training on COVID-19
prevention, and perception of infection risk were
significant factors of good compliance with PPE
use.

32% and 22.3%
were compliant
with PPE use and
hand hygiene prac-
tice, respectively

489HCWsCross-sectional;
PPE use and hand
hygiene and asso-
ciated factors

EthiopiaKeleb et al
[46], 2021

• Being male, being a nurse or midwifery profes-
sional, regularly sanitizing hands and medical
equipment, having national COVID-19 manage-
ment guidelines, taking COVID-19 training,
and the feeling of eventually contracting
COVID-19 at the workplace had a positive as-
sociation with PPE use.

• However, not feeling safe at work when using
standard precautions was negatively associated
with PPE use.

37.6% had good
practice of PPE use

418HCWsCross-sectional;
PPE use

EthiopiaBirhanu et al
[47], 2021

• Most reported a shortage in N95 respirators
(91.3%) and practiced extended PPE use
(88.1%). Better compliance with proper PPE
use was reported among female individuals,
physicians, and medical specialties with <10
years of work experience and working >8 hours
per day.

• Significant predictors of compliance were receiv-
ing previous training on the proper use of PPE,
exposure to patients with COVID-19, and per-
forming procedures that posed a high risk of
exposure to COVID-19 to HCWs.

53.2% were non-
compliant with
mask use

404HCWsCross-sectional;
mask use and
compliance

EgyptEl-Sokkary
et al [48],
2021

• Academic qualification was a significant predic-
tor of good practice in favor of respondents with
a degree in Nursing.

• Challenges identified were the lack of financial
motivation, fear of infecting family members,
and fear of contracting the virus (93.5%).

85.6% maintained
a good level of
preventive prac-
tices, and 89.1%
performed hand
hygiene

367NursesCross-sectional;
transmission-
based precaution
practices

NigeriaAfemikhe et
al [49], 2020

—68.1% had mask
wearing adherence

15,087General pop-
ulation and
HCWs

Cross-sectional;
mask wearing

LibyaElhadi et al
[50], 2021
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Relevant findingsAdherence or non-
compliance rates

Sample
size, N

Study popula-
tion

Study type and
key measures

Study setting
or country

Study

• Powered air-purifying respirators were used
routinely and for intubation only by 7% and
13% of respondents, respectively.

• Surgical masks were used for routine care and
for intubations by 15% and 2% of respondents,
respectively.

• At least one piece of standard PPE was unavail-
able for 1402 (52%) respondents, and 30% re-
ported reusing single-use PPE.

• PPE was worn for a median of 4 (IQR 2-5)
hours. Adverse effects of PPE were associated
with longer shift durations and included heat
(51%), thirst (47%), pressure areas (44%),
headaches (28%), inability to use the bathroom
(27%), and extreme exhaustion (20%).

For routine care,
58% used FFP2 or
N95 masks, water-
proof long-sleeved
gowns (67%), and
face shields or vi-
sors (62%)

2711HCWsA cross-sectional,
international sur-
vey; PPE use

90 countries;
Libya,
Egypt, Mo-
rocco, and
Tunisia

Tabah et al
[51], 2020

• The most affected areas from wearing PPE were
the hands (49.8% and 54.5%), followed by the
auricular area (44% and 40.9%), the nasal bridge
(28.9% and 22.7%), the cheeks (16.9% and
13.6%), and the whole face (15.6% and 25%)
among Saudi and Egyptian HCWs, respectively.

• Approximately 70% of Egyptian HCW partici-
pants used 70% alcohol in the form of a gel as
sanitizer, which was significantly higher than
Saudi HCWs (59.1%).

• The most adverse reaction to using sanitizers
was skin dryness (55.1% and 63.6% among
Saudi and Egyptian HCWs, respectively).

—428HCWsComparative and
cross-sectional;
effect of sanitiz-
ers and PPE use

Egypt and
Saudi Arabia

Mahmoud et
al [52], 2021

• A total of 77.3% had all the PPE and protective
measures they needed.

• A total of 66.2% had been recently educated on
infection control.

• A total of 20.8% always used a standard surgical
mask and thought that it was sufficiently protec-
tive, 12.3% used either mask according to their
availability, and none of the participants re-
frained from using masks.

66.9% used N95,
N98, or a surgical
mask, and 86.4%
had good hand hy-
giene

154HCWsCross-sectional;
PPE use and hand
hygiene

MCP that in-
cluded Egypt

Shadi et al
[53], 2022

• Most (77%) of the HCWs reported that their
hospital did not have adequate PPE. A critical
shortage of N95 respirators was particularly re-
ported; it only increased from 13% to 24% from
before to during the COVID-19 pandemic.

• The use of N95 increased from 9% to 21% from
before to during the COVID-19 pandemic. Al-
most 72% of the respondents were dissatisfied
with the availability and use of PPE in their
hospital.

• The independent predictors of the respondents’
satisfaction levels with PPE were HCWs who
reported that PPE was adequately available in
the hospital and preparedness to provide care
to COVID-19 cases.

—1134HCWsCross-sectional;
availability and
use of PPE and
satisfaction with
PPE

EthiopiaDeressa et al
[54], 2021

—258HCWsCross-sectional
and mixed meth-
ods; availability
and use of PPE

NigeriaOladele et al
[55], 2021
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• Only 22.1% of HCWs had regular access to
PPE, and only 20.6% had access to N95 face
masks compared with other PPEs. Male HCWs
and those working at secondary or tertiary facil-
ities had access to N95 face masks.

• Facilitators of PPE use were the leadership
quality of the hospital head and donation of PPE
to the facilities, whereas barriers to PPE use in-
cluded a limited supply of PPE as well as the
facility’s infrastructural and operational chal-
lenges.

• The analysis of the responses showed that most
ophthalmologists used face masks without sub-
stantial problems during their examinations,
whereas face shields followed by protective
goggles were the most inconvenient PPE in the
current ophthalmic practice.

• Moreover, most (77.3%) noticed an increase in
their examination time when using PPE. A
considerable proportion (40.7%) stopped using
one or more of the PPE because of inconve-
nience or discomfort.

—172Ophthalmolo-
gists

Cross-sectional;
challenges and
difficulties of us-
ing PPE

MCP—Egypt
and Morocco

Ashour et al
[56], 2021

• Results indicated that comfort, vision, and
communication were significantly reduced be-
cause of PPE wearing in all physician groups
(81.1%, 88.7%, and 75.5%, respectively).

• In contrast, the handling of instruments was not
significantly affected in the second group only.
Moreover, decision-making and the rate of
complications were not significantly affected.

—272PhysiciansCross-sectional;
effect of wearing
PPE on perfor-
mance and deci-
sion-making

EgyptFoula et al
[57], 2021

• The overall prevalence of headaches related to
PPE was 62%. It was experienced de novo by
32.9% of participants, whereas it was an aggra-
vation of a preexisting headache in 29% of par-
ticipants.

• Working >8 hours per shift during the pandemic
was correlated to de novo headache (P=.008).
The profession of physician and working >12
hours per shift were correlated with aggravated
headaches. HCWs experienced moderate discom-
fort, blurred vision, and reduced concentration.
They judged their professional performance to
be mildly reduced by the use of PPE.

—155HCWsCross-sectional;
PPE and
headaches

MoroccoHajjij et al
[58], 2020

• HCWs wore masks for periods ranging from 68
to 480 minutes. The discomfort experienced
with the use of the N95 mask was greater than
with the surgical mask.

• No significant change in arterial oxygen satura-
tion was observed with the use of either mask
type, and the tight strapping of the N95 mask
was perceived as a contributor to the discomfort
experienced with mask use.

—66HCWsCross-sectional;
impact of differ-
ent face masks on
comfort

NigeriaNwosu et al
[59], 2021

—273HCWsCross-sectional;
skin reactions to
PPE use

MoroccoMarraha et
al [60], 2021
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• A total of 80% of HCWs had adverse reactions,
including skin problems, after wearing goggles
(58%), wearing surgical masks and respirators
(57%), handwashing and wearing gloves (45%),
wearing a face shield (23%), and wearing pro-
tective clothing (11%).

• Bleach immersion was highly significantly as-
sociated with hand reactions, whereas hand
cream use more than twice daily was associated
with fewer reactions.

• The skin reactions were related to goggle use,
wearing masks and N95 respirators was signifi-
cantly associated with longer use duration, and
adverse reactions to regular use of protective
clothing were related to the frequency of its use
per shift.

• Patients were worried about contracting the
virus strongly (33%) or mildly (48%), and most
(>80%) reported avoiding the following actions:
hand shaking, hugging and kissing, social gath-
erings, meeting friends, and visiting markets.

• Some reported adopting healthier diets (35%),
using dietary supplements (18%), and reciting
the Quran (61%) or supplications (75%).

• Approximately 23% would choose not to show
up for a scheduled medical appointment, and
43% had appointment cancellations at the re-
quest of the medical team (31%) or the patients
themselves (12%).

• Moreover, 84% preferred web-based medical
appointments over regular visits.

Adherence to
handwashing
(77%), keeping
distance from oth-
ers (67%), mask
use (77%), and
hand hygiene with
hand sanitizer
(69%) and soap
(81%)

1012Patients with
cancer

Multicountry sur-
vey; behavioral
response

6 countries;
Egypt, Alge-
ria, and Mo-
rocco

Jazieh et al
[61], 2020

• Participants’ subjective norms and perceived
behavioral control were the factors associated
with their intention.

• Good knowledge and a positive attitude were
found to be significant factors associated with
the participants’actual practice of PPMs among
other independent factors.

52% and 76.3% in-
tended to practice
and had ever prac-
ticed PPMs

806Adults with
chronic con-
ditions

Cross-sectional
and facility-
based; intention
and practice of

PPMsh

EthiopiaAndarge et
al [62], 2020

• There was an overall satisfaction and future use
score of 91% among the interviewed patients
who received teledermatology services; a use-
fulness score of 93.7%; interface and interaction
quality scores of 85.9% and 87%, respectively;
ease and use learnability score of 87.8%; and a
reliability score of 86.7%.

—62Patients of
dermatology

Cross-sectional,
observational
study

EgyptMostafa and
Hegazy [63],
2020

• Overall knowledge of the students was 29.2%,
and their attitude was 88.1%.

• Students from the College of Natural and
Computational Sciences and students having
good knowledge were found to be independently
associated with face mask use.

89.5% had good
practice of face
mask use

764University
students

Cross-sectional;
face mask use
and associated
factors

EthiopiaLarebo and
Abame [64],
2021

Only 20.5% report-
ed double masking

348Medical stu-
dents

Cross-sectional;
patterns of dou-
ble mask use

UgandaNalunkuma
et al [65],
2022
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• A total of 68.7% believed that double masking
was superior to single masking for COVID-19
prevention and control.

• Those with a past COVID-19 positive test and
those who believed that double masks had a
superior protective advantage were more likely
to double mask.

• The lack of trust in the quality of masks (46.5%)
was the most frequent motivation for double
masking, whereas excessive sweating (68.4%),
high cost of masks (66.4%), and difficulty in
breathing (66.1%) were the major barriers.

• Only 44.7% of the mothers perceived masking
in children as an appropriate measure for the
prevention of COVID-19, and the frequent rea-
sons for the inappropriateness of face masks in
children given by most (55.3%) of the mothers
included perceived difficulty in breathing
(38.5%) and the child’s readiness to take the
masks off (29.3%).

• A significantly higher proportion of children
whose mothers were aged ≥35 years would wear
face masks (64.2%) when compared with 31.7%
of those whose mothers were aged <30 years.
Similarly, 51% of the children who were aged
>1 year would wear a face mask compared with
20.5% of those aged 8 days to 1 year.

• The children whose mothers were aged <30
years were approximately 4 times less likely to
wear a face mask when compared with those
whose mothers were aged ≥35 years. The chil-
dren whose fathers had attained tertiary educa-
tion were approximately twice less likely to
wear face masks when compared with those
whose fathers had attained a secondary educa-
tion or lower.

—387MothersCross-sectional;
perception of
masking in chil-
dren

NigeriaAronu et al
[66], 2020

• Face mask use was significantly associated with
the knowledge score, employment status, gen-
der, age, and educational status of the study
participants.

46% did not wear
a face mask when
leaving home

331Quarantined
adults

Cross-sectional;
face mask use

EthiopiaHaftom and
Petrucka
[67], 2021

• A total of 94.8% avoided close contact with
people, including hand shaking; 95.6% consis-
tently followed government recommendations;
88.1% avoided mass gatherings and crowded
places; 71.8% restricted movement and travel-
ing; and 35.6% stayed home.

• A total of 80% perceived that consistently
wearing a face mask was highly effective in
preventing coronavirus infection, and the per-
ception varied by region (Oromia residents be-
ing less likely to have good perceptions).

• A total of 57% perceived that the policy mea-
sures in response to the pandemic were inade-
quate.

96% wore face
masks, 94.5%
practiced frequent
handwashing, and
89.5% practiced
physical distancing

1573Government
employees

Cross-sectional;
social distancing
and preventive
measures

EthiopiaDeressa et al
[68], 2021

• The policy on face masks was complied with
only partially in most vehicles.

• A total of 12.6% of the vehicles had <3 com-
muters without face masks, whereas 21.3% of
buses had <3 people with face masks.

98% of buses com-
plied with the so-
cial distancing
guidelines

850CommutersCross-sectional,
roadside observer
survey; adher-
ence to social dis-
tancing and mask
use

GhanaDzisi and
Dei [69],
2020

—500Ghana
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Agyemang
et al [70],
2021

• Most drivers had a high vulnerability perception
to COVID-19. It further emerged that older
drivers in particular consistently wore face
masks and insisted on other persons in their
commercial vehicles to follow suit.

• Sociodemographic factors and the need to en-
sure one’s safety and that of loved ones were
critical determinants of face mask use among
surveyed drivers.

Commercial
drivers

Cross-sectional;
perception and
mask use

• Good knowledge and positive attitude were re-
ported in 69.8% and 67.6% of the drivers, re-
spectively.

• Educational level, place of residence, and atti-
tude toward COVID-19 prevention were factors
associated with good knowledge about COVID-
19. Furthermore, age of >30 years, a secondary
education or higher, income, and knowledge
about COVID-19 in taxi drivers were factors
associated with a positive attitude toward
COVID-19 prevention. Moreover, attitude to-
ward COVID-19 and educational level were the
factors associated with good frequent hand hy-
giene practices.

66.4% had good
frequent hand hy-
giene practices

417Taxi driversCross-sectional;
knowledge, atti-
tude, and fre-
quent hand hy-
giene practices

EthiopiaNatnael et al
[71], 2021

• Most had heard about COVID-19 (99.7%) and
believed that face masks were protective against
it (87.3%), whereas 67.9% reported having re-
ceived information on face mask use.

• Food market vendors and those with no formal
education were 0.5 and 0.3 times less likely to
have received information about face mask use
than hospital workers and those who had com-
pleted secondary school, respectively.

• Those who had received information on face
mask use were 2.9 and 1.8 times more likely to
own face masks and perceive them as protective,
respectively. Food market vendors were 3.9
times more likely to reuse their face masks than
hospital workers.

—644High-risk
groups

Cross-sectional;
knowledge, atti-
tudes, and prac-
tices regarding
face mask use

UgandaMboowa et
al [72], 2021

• It was observed that adherence to COVID-19
safety protocols at shopping centers was very
poor, and in 78% of the shops observed, no shop
attendant wore a mask.

• Despite the provision of handwashing facilities
and widespread advocacy to minimize COVID-
19 infections, the citizenry, especially the youth,
demonstrated a poor attitude toward safety
measures. Nonadherence to COVID-19 proto-
cols was higher in shops where there was no
pressure to conform to the protocols.

91.3% of the cus-
tomers did not
practice handwash-
ing, and 84.2% did
not wear face
masks

751Shoppers
and shop-
keepers

Cross-sectional,
observational
study; hand hy-
giene and safety
behaviors

GhanaFielmua et al
[73], 2021

• A total of 72.3% of patrons wore face masks
appropriately, whereas appropriate handwashing
was recorded among only 10.1%.

• Compared with inappropriate handwashing,
appropriate handwashing was negatively associ-
ated with adherence to infection and control
guidelines.

81.6% wore face
masks, 12.3% per-
formed hand hy-
giene, and 11.5%
adhered to both
measures

800Shop patronsObservational
study; hand hy-
giene and face
mask wearing
practices

GhanaAmeme et al
[74], 2021

—415Bank visitorsObservational
cross-sectional
study; handwash-
ing practice

EthiopiaYigzaw et al
[75], 2021
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• Most (93.5%) heard and watched proper hand-
washing practice. The proportion of proper
handwashing performance was 21.4% before
the demonstration, but after the demonstration,
it increased to 82.2%.

• Older age, being married, and higher education
were associated with proper handwashing
practice. Overall, there was a significant change
in handwashing practice after the demonstration.

aMCP: multicountry paper.
bNot available.
cDRC: Democratic Republic of the Congo.
dWASH: water, sanitation, and hygiene.
ePPE: personal protective equipment.
fHCW: health care worker.
gFFP2: filtering face piece 2.
hPPM: personal protective measure.

Distribution and Characteristics of the Studies
Of the 58 analyzed studies that primarily reported on PPMs
against COVID-19 in Africa, 47 (81%) were single-country
studies and were conducted in only 12 of the 54 African
countries, whereas the remaining 11 (19%) involved multiple
countries (Figure 2). Of the single-country studies, 36% (21/58)
were from East Africa, 21% (12/58) were from West Africa,
17% (10/58) were from North Africa, 7% (4/58) were from
Southern Africa, and none were from Central Africa. Ethiopia
(16/58, 28%), Nigeria (7/58, 12%), and Egypt (5/58, 9%) were
the top contributors and altogether produced 48% (28/58) of
the analyzed studies. Thus, no single-country studies regarding
COVID-19 PPMs had been conducted in 42 African countries
at the time of our literature search (Figure 2).

The 58 analyzed studies included 51 (88%) quantitative studies,
5 (9%) qualitative studies, and 2 (3%) mixed methods studies,

and their sample sizes ranged from 20 to 206,729. The 4 themes
were represented as follows: knowledge and perception of PPMs
(21/58, 36%), mask use (37/58, 64%), physical and social
distancing (17/58, 29%), and handwashing and hand hygiene
(19/58, 33%), considering that most studies covered more than
one theme. Moreover, 34% (20/58) of the analyzed studies were
conducted among health care workers (HCWs), 33% (19/58)
were conducted among the general public, 5% (3/58) were
conducted among patients with comorbidities, 3% (2/58) were
conducted among university students, and 22% (13/58) were
conducted among other groups. The studies were published
between 2019 and 2022, and their overall quality was generally
good, meaning that the included studies satisfied most of the
criteria. However, lower scores on item 4 (nonresponse bias)
and item 5 (appropriateness of statistical methods used) were
noted among several quantitative studies (9/51, 18% and 13/51,
26%, respectively), with a similar trend observed among
qualitative studies, as detailed in Multimedia Appendix 2.
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Figure 2. Country distribution of single-country studies. DR: Democratic Republic.

Knowledge and Perception of PPMs and Associated
Factors
The results of the knowledge and perception of PPMs and other
domains are summarized and presented in Table 3. Among the
general public, higher rates of knowledge of COVID-19
preventive measures (>60%) were reported in Western Uganda
[18] and Northwest Ethiopia [20]. Higher rates of good attitudes
and perceptions were also reported in Western Uganda [18] and
Egypt [21], but a lower rate of perceived benefits of preventive
measures was reported in Addis Ababa, Ethiopia [22]. Similar

findings of good perception were also reported in the Greater
Kampala Metropolitan area of Uganda and in other 6 countries
(Botswana, Kenya, Malawi, Nigeria, Zambia, and Zimbabwe),
where a great majority of the residents believed that face masks
were effective against COVID-19 spread and infection [23,24].
However, most individuals in Nigeria believed that COVID-19
was more of a hoax than a reality, and in several countries,
preventive measures such as social distancing and face masking
were perceived as imported policies that negatively affected
their compliance with preventive measures to curb the spread
of the disease [25,26].
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Table 3. Levels and associated factors of personal protective measure (PPM) knowledge and perceptions and the practice of face mask use, social and
physical distancing, and hand hygiene.

Handwashing and hand hygieneSocial and physical distancingFace mask useKnowledge and percep-
tions of PPMs

General public

Levels • Higher rate (>60%) informa-
tion not available

• Higher rate (>60%) infor-
mation not available

• Higher rates (>60%)
[24,27,31,32]

• Higher rates (>60%)
of knowledge of
PPMs [18,20] • Lower rates (<60%)

[33,37-39]
•• Lower rates (<60%)

[20-22,28-30,39]
Lower rate (<60%)
[18,20,22,27,29,39]• Higher rates (>60%)

of good attitude and
perception
[18,21,23,24]

• Lower rates (<60%)
of good attitude and
perception [22,25,26]

Associated
factors

• Gender, age, educational lev-
el, marital status, profession,
place or community of resi-

• Gender, age, educational
level, working status,
place or community of

• Gender, age, educational
level, marital status, work-
ing status, profession, place

• Educational level,
age, frequency of

PPEa practice, and
dence, knowledge and atti-residence, family size,or community of residence,social media expo-
tude, exposure to handwash-knowledge and attitude,knowledge and attitude,sure [18,23,24]
ing guidelines, strictness ofstrictness of containmentstrictness of containment
containment and health poli-and health policies, per-and health policies, per-
cies, type and availability ofceived risk and barriers,ceived risk and barriers,
water sources, and perceivedcues to action, and self-ef-cues to action, and self-effi-
risk and barriers, among oth-ficacy, among otherscacy, among others
ers [19,22,29,33][20-22,28-30][22,27,29,32]

Health care workers

—bLevels • Higher rates (>60%)
[40,49,52,53]

•• Higher rates (>60%)
[49-53]

Higher rates (>60%)
of knowledge and atti-
tude [40-42] • Lower rates (<60%)

[41,45-48]
• Lower rates (<60%) [45-47]

• Lower knowledge
rate (<50%) [43]

—Associated
factors

• Educational level, gender,
work experience, medical
specialty (being a nurse or

•• Gender, educational level,
work experience, medical
specialty (being a nurse or

Age, practice loca-
tion, PPE attitude,
and perceived threat

midwifery professional), pre-midwifery professional),[42,43]
vious training on COVID-19hours of work, previous
prevention and PPE use, per-training on COVID-19 pre-
ceived risk and attitude to-vention and PPE use, per-
ward COVID-19, feedbackceived risk and attitude to-
on safety, having COVID-19ward COVID-19, feedback
management guidelines, andon safety, having COVID-
ease and safety when using19 management guidelines,
standard precautions, amongand ease and safety when
others [45-47,49]using standard precautions,

among others [44-49,55]

Other groups

Levels • Higher rates (>60%) among
patients with chronic diseases

• Higher rates (>60%)
among patients with

• Higher rates (>60%) among
patients with chronic dis-

• Higher rates of
knowledge, good atti-

[61,62], government employ-chronic diseases [61,62],eases [61,62], universitytude, and perception
ees [68], taxi drivers [71],government employeesstudents [64], governmentamong university stu-
and bank visitors [75][68], and commuters [69]employees [68], patrons ofdents [64,65], pa-

convenience shops [74], andtients with chronic • Lower rate (<60%) among
shopping centers [73] and

• Lower rate (<60%) infor-
mation not availabletaxi drivers [70]diseases [61], govern-

ment employees [68], patrons of convenience shops• Lower rate (<60%) among
medical students [65], chil-taxi drivers [70,71], [74]

and market vendors dren [66], quarantined indi-
viduals [67], commuters[72]
[69], and shopping centers• Poor perception

among mothers [66] [73]
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Handwashing and hand hygieneSocial and physical distancingFace mask useKnowledge and percep-
tions of PPMs

• Age, marital status, knowl-
edge, educational level, atti-
tude, and adherence to infec-
tion and control guidelines,
among others [62,71,74]

• Knowledge and attitude
[62]

• Age, gender, knowledge,
attitude, field of study (for
university students), educa-
tional level, employment
status, history of having
COVID-19, and perceived
benefit and susceptibility,
among others [62,64-67]

• Age, educational lev-
el, income, and resi-
dence (for taxi drivers
and government em-
ployees) [68,70,71]

Associated
factors

aPPE: personal protective equipment.
bNot available.

Among African HCWs, higher rates of knowledge and attitude
regarding the use of PPE were reported in Ethiopia [40,41] and
Egypt [42]. However, a lower knowledge rate of PPE use
(<30%) was reported in Nigeria, and in the early stages of the
pandemic, a large number of frontline HCWs in Tunisia had
not received official training on the correct use of PPE as many
believed that they needed additional training [44]. In Egypt,
although a substantial proportion (>80%) of house officers (fresh
medical graduates doing their 1-year training in different
specialties) had good PPE attitudes, <30% had good
preparedness and willingness to participate in COVID-19
management and care [42].

Among other groups, only 3% of patients with chronic
conditions such as cancer in Egypt, Algeria, and Morocco knew
someone who had a COVID-19 infection, but most were worried
about contracting the virus [61]. In Ethiopia, although university
students had higher rates (>85%) of good attitude toward face
mask use, their overall knowledge about mask use was very
low (<30%) [64], which contrasts with medical students in
Uganda with a better knowledge rate and where close to 70%
agreed on the superiority of double masking over single masking
for COVID-19 prevention and control [65]. In Nigeria, >50%
of mothers perceived masking in children as not an appropriate
preventive measure against COVID-19 because of the perceived
difficulty in breathing and discomfort among children [66].
Notably, government employees in Ethiopia were reported to
have higher rates of good perception of COVID-19 PPMs,
whereby approximately 80% perceived consistent mask wearing
as highly effective against COVID-19 spread and infection [68].
High COVID-19 vulnerability perception was also reported
among commercial drivers in Ghana, mostly among older
drivers, who consistently wore face masks and insisted on other
persons in their vehicles doing the same [70]. Similar findings
were reported among Ethiopian drivers who had good
knowledge and positive attitudes [71]. Furthermore, most of
the high-risk individuals in Uganda, including market vendors,
had received information on face mask use and believed that
face masks were protective against COVID-19. Moreover, those
who had received information on face mask use were more
likely to own face masks and perceive them as protective despite
market vendors being more likely to reuse face masks than
hospital workers [72].

As possible predictors, educational level, age, income, residence,
frequency of PPE practice, PPE attitude, social media exposure,
and perceived threat were associated with knowledge and

perception of PPMs among the general population, HCWs, and
other groups (taxi drivers and government employees)
[18,23,24,42,43,68,70,71]. Moreover, practice location was
notably significantly associated among HCWs [43] (Table 3).

Mask Use and Associated Factors
Among the general public, largely lower adherence rates (range
20.3%-59.4%) of face mask use were reported in various African
countries, including Uganda, the Democratic Republic of the
Congo, Somalia [18,27], and Ethiopia [20,22,29]. Notably,
adherence rates to mask use were reported to be higher (>60%)
after the lifting of lockdown restrictions and in countries where
mask use was mandatory, such as Mozambique [27], Uganda
[24], Morocco [31], and South Africa [32]. In addition, reusable
cloth masks, which are more cost-beneficial and environmentally
friendly, were the most used mask type [27]. Interestingly, in
South Africa, the prevalence of close others’ mask wearing was
reported to affect mask use, and older adults had poor mask use
practices despite having a higher mortality risk [32]. In addition,
the prevalence of mask wearing was noted to have increased
substantially (50% to 74%) from May 2020 to August 2020 as
COVID-19 cases increased and lockdown restrictions were
eased, but staying at home, physical distancing, and social
distancing decreased [32]. Regarding used mask disposal, poor
disposal practices were reported in several African countries,
including Morocco, where most threw their used masks and
gloves in their house trash or trash bins, posing a transmission
risk to sanitary workers or stray animals [31].

Among HCWs, varying rates of PPE use were reported in
different regions and countries. Generally, lower rates (<60%)
were reported in the Northwest [45], Northeast [46], Eastern
[47], and Amhara regions [41] of Ethiopia, as well as in Egypt
[48]. Nevertheless, higher rates (>60%) were reported in Nigeria
[49], Libya [50], and 3 multicountry surveys [51-53]. The main
challenges reported were inadequate PPE and side effects. The
lack of PPE and, thus, the reuse of single-use PPE, especially
facial protective shields and masks, were reported in several
African countries, including Tunisia [44], Ethiopia [40,54],
Egypt [48], and Nigeria [55], and in a multicountry survey
including 4 North African countries [51].

Several side effects because of the use of PPE were also reported
among African HCWs, including skin problems; heat; thirst;
pressure areas; headaches; inability to use the bathroom; extreme
exhaustion; discomfort; and reduced vision, concentration, and
performance during or after wearing PPE [40,44,51,56-60].
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Moreover, such side effects were associated with longer shift
durations, the frequency of use, and medical specialty
[51,58-60], and the most affected body areas from wearing PPE
were the hands, the auricular area, the nasal bridge, the cheeks,
and the whole face [52]. Notably, the most reported adverse
reactions particularly because of using sanitizers were skin
dryness, skin irritation, and ocular irritation [40,52]. Moreover,
bleach immersion was reported to be highly associated with
hand reactions, whereas hand cream use more than twice daily
was associated with fewer reactions [60]. In contrast, a recent
multicountry survey that included Egypt indicated that >70%
of HCWs had all the PPE and protective measures they needed,
>60% had been recently educated on COVID-19 infection
control, and none of the interviewed HCWs refrained from using
face masks [53].

Among other population groups, strict adherence to face mask
use in public areas was reported among patients with cancer in
a multicountry survey that included Egypt, Algeria, and
Morocco [61]. In Ethiopia, >50% of adults with chronic
conditions intended to practice and had ever practiced the
recommended personal preventive measures against COVID-19
[62]. University students in Ethiopia were reported to have a
higher adherence rate (>80%) of mask use [64]. Furthermore,
approximately 20% of medical students in Uganda practiced
double masking, where the lack of trust in the quality of masks
was the most compelling factor for double masking [65].
Nonetheless, excessive sweating, the high cost of face masks,
and difficulty in breathing were the major barriers to double
masking among these medical students [65]. Moreover, poor
adherence to mask use was highlighted among quarantined
individuals in Ethiopia, where nearly half of them did not wear
a face mask when leaving home [67]. However, high rates
(>80%) of mask use were documented among government
employees in Ethiopia [68]. Similar findings of high mask use
(>70%) were also observed among taxi drivers [70] and patrons
of convenience shops in Ghana [74] but with contrasting
observations among commuters and in shopping centers, where
less compliance with face mask use was reported [69,73].

Adherence to mask use was associated with gender, age,
educational level, marital status, working status, profession,
place or community of residence, knowledge and attitude,
history of having COVID-19, perceived benefit, strictness of
containment and health policies, subjective norms, perceived
risk, barriers, cues to action, and self-efficacy among the general
public, HCWs, and other groups (Table 3)
[22,27,29,32,44-49,55,62,64,65,67,70]. Moreover, work
experience, medical specialty (being a nurse or midwifery
professional), hours of work, previous training on COVID-19
prevention and PPE use, having COVID-19 management
guidelines, and ease and safety when using standard precautions
were outstanding predictors among HCWs [44-49,55], and the
field of study was a strong predictor of mask use among
university students [64]. Surprisingly, mask use among children
in Nigeria was highly dependent on the mother’s opinions and
characteristics, whereby it was associated with the mother’s
age, the age of the child, and the parental level of education
[66].

Social and Physical Distancing and Associated Factors
Generally, lower adherence rates (range 18%-59%) of social
distancing were reported in various African countries, including
Egypt [21], South Africa [28], and Ethiopia [20,22,29,30].
Nonetheless, physical distancing policies disrupted social life
and infringed on people’s sociocultural rights, causing adverse
socioeconomic and health consequences, especially for
low-income urban or suburban slum dwellers [26,34]. Although
the imposition of COVID-19 distancing regulations led to a
substantial decrease in extrahousehold social contacts (close
physical and conversational contacts) in several African
countries, including South Africa, there was ongoing contact
within intergenerational households, highlighting a potential
limitation of social distancing measures in protecting older
adults [35]. In contrast, such restrictive policies improved
feeding habits through increased meal planning and selection
and preparation of healthy foods among residents of various
countries [36].

Regarding the implementation and adoption of physical
distancing measures, despite the implementation of various
mitigation measures, the internally displaced people in Mali
still faced several challenges, including the proximity in which
internally displaced people live, the lack of toilets and safe
water, and the lack of financial resources [38]. Similar findings
were reported among prisons in Zimbabwe, where there were
several challenges in the adoption of COVID-19 PPMs, such
as severe congestion, interrupted water supply, outdated
infrastructure, and inadequate hygiene and sanitation [39].
Moreover, although prisoners had adequate COVID-19
awareness and prison health professionals received training on
COVID-19 control measures, PPE supply was inadequate, with
no routine COVID-19 testing in place beyond thermal scanning;
isolation measures were compromised by accommodation
capacity issues; and social distancing was impossible during
meals and at night [39].

Among other population groups, strict adherence to social and
physical distancing was documented among patients with cancer,
and most preferred web-based medical appointments over
regular visits. In addition, some adopted healthier diets, used
dietary supplements, and recited the Quran or supplications
[61]. Similar findings of good practice of social distancing were
also reported among patients with chronic conditions in Ethiopia
[62]. Moreover, in Egypt, patients preferred teledermatology
services to the usual physical clinic visits as they perceived
them as reliable and safe during the pandemic [63]. Government
employees in Ethiopia also had higher rates (>80%) of good
practice of physical distancing [68], and the same applied to
commuters in Ghana, who had high compliance rates with social
distancing guidelines [69].

Adherence to social and physical distancing was associated with
gender, age, educational level, working status, place or
community of residence, family size, knowledge and attitude,
strictness of containment and health policies, perceived risk and
barriers, cues to action, and self-efficacy among the general
public and other groups (patients with chronic diseases; Table
3) [20-22,28-30,62].

JMIR Public Health Surveill 2023 | vol. 9 | e44051 | p.2900https://publichealth.jmir.org/2023/1/e44051
(page number not for citation purposes)

Kawuki et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Handwashing and Hand Hygiene and Associated
Factors
Regarding community adherence to hand hygiene, lower rates
(<60%) were reported in 12 sub-Saharan countries, where the
likelihood of handwashing mainly varied with the level of
concern about COVID-19 [33]. In resource-restricted settings,
a recent study indicated that >60% of the slum dwellers in
Nairobi, Kenya, had limited water, sanitation, and hygiene
facility accessibility and opportunity, making adherence to
COVID-19 PPMs impossible [37].

Concerning hand hygiene adherence among African HCWs,
varying rates were reported in different regions and countries.
Generally, lower rates (<60%) were reported in the Northwest
[45], Northeast [46], and Eastern [47] regions of Ethiopia.
Nevertheless, higher rates (>60%) were reported in Nigeria
[49], Southwest Ethiopia [40], and 2 multicountry surveys
[52,53].

Regarding other groups, strict adherence to proper hand hygiene
was reported among patients with chronic conditions in various
African countries, including Egypt, Algeria, Morocco [61], and
Ethiopia [62]. A similar observation was made among
government employees [68] and taxi drivers [71] in Ethiopia,
both of whom had higher rates (>60%) of frequent handwashing
and hand hygiene as a means of protection against COVID-19.
However, poor adherence to COVID-19 safety protocols at
shopping centers in Ghana was reported, whereby, although
shops complied with providing handwashing facilities, most of
the customers did not practice handwashing before entering the
shops and did not wear face masks during shopping, and neither
did the shop attendants [73]. Similarly, a very low rate (10%)
of appropriate handwashing was reported among patrons of
convenience shops in Accra, Ghana [74]. In contrast, an increase
in proper handwashing performance was reported among bank
visitors in Ethiopia after watching a handwashing demonstration
[75].

Handwashing and hand hygiene during the COVID-19 pandemic
was associated with gender, age, educational level, marital
status, profession, place or community of residence, knowledge
and attitude, exposure and adherence to handwashing guidelines,
strictness of containment and health policies, type and
availability of water sources, and perceived risk and barriers
among the general public, HCWs, and other groups (Table 3)
[19,22,29,33,45-47,49,62,71,74,75]. Moreover, work experience,
medical specialty (being a nurse or midwifery professional),
previous training on COVID-19 prevention and PPE use,
feedback on safety, having COVID-19 management guidelines,
and ease and safety when using standard precautions were
notable predictors among HCWs [45-47,49].

Discussion

Principal Findings
To our knowledge, this is the first systematic review to evaluate
PPMs against COVID-19 among various population groups in
Africa. This systematic review has important implications as it
reflects cognitive behavioral issues (knowledge and practice)
regarding PPMs in some African countries during an infectious

disease outbreak. Future outbreaks or waves of COVID-19 may
force people to use PPMs again. The review used a
multidimensional approach involving the systematic evaluation
of evidence based on region, country, and population group.
Moreover, comprehensive coverage of the literature was
attained, and a reproducible search methodology was applied
using a predefined framework, all of which are strengths of this
review.

Among the general community, the review showed varying
levels of knowledge, attitudes, and perceptions, which in turn
influenced the practice levels of and compliance with COVID-19
PPMs, especially face mask use, hand hygiene, and physical
and social distancing. This finding is in agreement with a
previous study from sub-Saharan Africa [15], and similar
findings have been reported in other regions where communities’
cognition directly affected the practice and uptake of COVID-19
PPMs [76]. Nonetheless, the observed difference in the practice
and adherence to PPMs across African countries may be due to
the differences in COVID-19 control policies, income (gross
domestic product), and the situation of the pandemic among the
countries. Notably, the compliance rates of face mask use
reported in most African communities were generally lower
compared with those reported in studies from high-income
countries [77,78]. This may partly be explained by the inability
to afford to buy face masks and the differences in the strictness
of such preventive measures [22,29,79]. Nevertheless, poor
adherence to face mask use was also reported in some
high-income countries such as Australia, Norway, and Sweden
[80], the reasons for which may be other than just the inability
to afford face masks. Moreover, lower rates of handwashing
and hand hygiene were also reported in several African
communities, especially among low-income urban and slum
dwellers. This was partly due to a lack of safe and clean water
in slum communities [37]. Moreover, buying soap or hand
sanitizers was an additional financial constraint for low-income
urban dwellers and, thus, may be seen as a luxury.

The results indicate a reduction in the rates of PPM practice
(mainly mask use and social and physical distancing) noted in
several African countries following the lifting of restrictive
lockdown measures and the rollout of COVID-19 vaccination
programs. This can be partly explained by pandemic fatigue as
more people become demotivated and exhausted to follow the
recommended infection prevention and control measures owing
to the prolonged impact and existence of COVID-19 [81]. As
COVID-19 PPMs complement the vaccination protective
advantage, this implies a need for continued community
sensitization and education programs to rectify the reluctance
to practice PPMs amid the relaxation of preventive restrictions.
Moreover, prompt management of infodemics in the current
and future infectious outbreaks is needed to address the
misinformation about PPMs [82].

Among African HCWs, generally good knowledge of PPE use
was reported but with varying levels of practicing PPMs, and
the low practice rates were attributed mainly to the lack of PPE
and the side effects of prolonged PPE use. With HCWs being
at the frontline of screening and managing suspects and patients
with COVID-19, the lack of PPE increases the risk of infection
when doing their work. Nonetheless, the lack of PPE has also
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been documented in other countries and regions outside Africa
[83]. Furthermore, this review showed that most patients with
comorbidities in Africa reported strict adherence to COVID-19
PPMs, which may be due to their perceived high vulnerability
to COVID-19 infection and complications. Other studies outside
Africa have reported similar findings among patients with
comorbidities [84,85].

The study findings show that several cognitive (including
knowledge, attitude, and perception), demographic, and
socioeconomic factors were associated with the practice of and
compliance with COVID-19 PPMs among African communities.
COVID-19 being a newly evolving disease with varying
cross-cutting impacts implies a need for consideration of such
cognitive, demographic, and socioeconomic differences in the
design of targeted response measures against the pandemic.
Nonetheless, similar findings on the association of
sociodemographics with the practice of COVID-19 PPMs have
been reported in other regions outside Africa [80].

This review has some practical recommendations for improving
COVID-19 control programs in Africa. Efforts are needed to
improve the local capacity to produce and supply PPE,
especially to HCWs, as the lack of PPE was the main barrier to
PPE use. In the early phase of the pandemic, most countries
were overwhelmed by the increased demand for PPE, which
disrupted the global supply chain, and this had dire
consequences for countries with inadequate local manufacturing
and supply capacity [83]. In addition, providing free or
subsidized face masks and soap, especially to low-income
earners, would be a helpful strategy for improving PPM practice
and adherence. Moreover, the consideration of vulnerable groups
such as low-income urban dwellers and internally displaced
people and targeted responses tailored to their socioeconomic
dynamics are paramount for effective pandemic control
programs. Knowledge and perception influenced the practice
of PPMs, implying a need for continuous infodemic
management, community education, and sensitization, and this
should be tailored to address the existing misconceptions and
barriers to PPM adherence. Notably, although several of the
analyzed studies (11/58, 19%) evaluated the association between
age and the practice of COVID-19 PPMs and showed varying
rates and results, no single study focused on exploring
COVID-19 PPMs among the older adult population of Africa.
Given the known vulnerability of older people to severe
COVID-19, efforts are needed to explore this special group to
help fully understand their behavioral response to the pandemic,
which is vital for guiding targeted responses.

The review also reveals substantial inequalities in terms of
research output from different regions of Africa, with PPM
studies mostly coming from East, West, and North Africa and
only 3 countries (Ethiopia, Nigeria, and Egypt) producing >40%
(28/58, 48%) of all the studies. This finding coincides with the
study by Nwagbara et al [15], which showed the dominance of
East and West Africa in COVID-19 research. The high PPM
research output from North and West Africa could be because
they were the first regions to record COVID-19 cases in the
continent [86]. Although South Africa is known to lead African
research with sound and more vibrant research institutions in

the continent [14], its contribution to COVID-19 PPM research
is far lower, as indicated by the study results. Regarding other
African countries, the observed pattern may be explained by
the differences in research capabilities and resources.
Nonetheless, such research inequalities pose gaps in
understanding how such countries and regions respond to the
COVID-19 pandemic. This implies a need for more focus,
funding, and involvement in behavioral health research, which
is as important as clinical research and vital in guiding
evidence-based and country-specific or tailored policies and
responses in addressing the dynamics of the current COVID-19
pandemic.

Limitations
This systematic review has some limitations. Although we used
a comprehensive keyword search strategy, some relevant studies
might have been missed as only 3 databases and only
English-language articles were considered. In addition, we did
not consider gray literature and preprints in this review; thus,
they should be considered in future or updated reviews on PPM
practice for a more comprehensive search. Although a
comprehensive search was performed, no relevant studies were
found from 42 of the 54 African countries; thus, the findings
might not provide a comprehensive picture of the knowledge
and practice of PPMs across the entire continent. Moreover, the
findings and conclusions of this review are based on studies
that were mostly web-based surveys, which, although this was
inevitable because of the restrictive preventive measures and
lockdowns, are prone to selection bias based on internet
accessibility. Owing to the self-report nature of these surveys,
recall and social desirability bias cannot be overlooked.
Moreover, assessments of statistical analyses of associations
with the practice of COVID-19 preventive measures, as well as
meta-analyses, were not performed as these were not the main
focus of this review. Despite these limitations, this study
provides valuable insights into the facilitators of and barriers
to the practice of PPMs in Africa.

Conclusions
This review evaluated the knowledge and practice of COVID-19
PPMs in African countries. The findings, conclusions, and
recommendations of this review specifically apply to the
included countries and, thus, should be interpreted with caution.
The results indicate that African communities, including various
population groups, have varying levels of practice and
compliance with COVID-19 PPMs, with the lack of PPE (mainly
face masks) and side effects of PPE use being the major reasons
for poor compliance, especially among HCWs. In addition,
various cognitive, sociodemographic, and economic factors
were associated with the practice of COVID-19 PPMs.
Therefore, this review highlights a need for enhancing the local
capacity to produce and supply PPE. The consideration of
various cognitive, demographic, and socioeconomic differences,
with extra focus on low-income urban dwellers and those who
are less advantaged, is vital for inclusive and more effective
strategies against the pandemic. Moreover, more focus,
involvement, and funding of community behavioral (including
protective measures) research is needed to fully understand and
address the dynamics of the current pandemic in Africa.
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Abstract

Background: The COVID-19 pandemic has the potential to accelerate another pandemic: physical inactivity. Daily steps, a
proxy of physical activity, are closely related to health. Recent studies indicate that over 7000 steps per day is the critical physical
activity standard for minimizing the risk of all-cause mortality. Moreover, the risk of cardiovascular events has been found to
increase by 8% for every 2000 steps per day decrement.

Objective: To quantify the impact of the COVID-19 pandemic on daily steps in the general adult population.

Methods: This study follows the guidelines of the MOOSE (Meta-analysis Of Observational Studies in Epidemiology) checklist.
PubMed, EMBASE, and Web of Science were searched from inception to February 11, 2023. Eligible studies were observational
studies reporting monitor-assessed daily steps before and during the confinement period of the COVID-19 pandemic in the general
adult population. Two reviewers performed study selection and data extraction independently. The modified Newcastle-Ottawa
Scale was used to assess the study quality. A random effects meta-analysis was conducted. The primary outcome of interest was
the number of daily steps before (ie, January 2019 to February 2020) and during (ie, after January 2020) the confinement period
of COVID-19. Publication bias was assessed with a funnel plot and further evaluated with the Egger test. Sensitivity analyses
were performed by excluding studies with low methodological quality or small sample sizes to test the robustness of the findings.
Other outcomes included subgroup analyses by geographic location and gender.

Results: A total of 20 studies (19,253 participants) were included. The proportion of studies with subjects with optimal daily
steps (ie, ≥7000 steps/day) declined from 70% before the pandemic to 25% during the confinement period. The change in daily
steps between the 2 periods ranged from –5771 to –683 across studies, and the pooled mean difference was –2012 (95% CI –2805
to –1218). The asymmetry in the funnel plot and Egger test results did not indicate any significant publication bias. Results
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remained stable in sensitivity analyses, suggesting that the observed differences were robust. Subgroup analyses revealed that
the decline in daily steps clearly varied by region worldwide but that there was no apparent difference between men and women.

Conclusions: Our findings indicate that daily steps declined substantially during the confinement period of the COVID-19
pandemic. The pandemic further exacerbated the ever-increasing prevalence of low levels of physical activity, emphasizing the
necessity of adopting appropriate measures to reverse this trend. Further research is required to monitor the consequence of
long-term physical inactivity.

Trial Registration: PROSPERO CRD42021291684; https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=291684

(JMIR Public Health Surveill 2023;9:e40650)   doi:10.2196/40650
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COVID-19; daily steps; physical activity; meta-analysis

Introduction

Physical activity has been crucial for preventing and treating
multiple chronic health conditions [1,2] and premature mortality
[3,4], while the number of daily steps is a primary proxy
measure for physical activity [5]. Daily step goals can be tailored
to meet individual needs and when used with a monitor are
effective in promoting physical activity [6]. Previous studies
have found that higher daily steps are associated with multiple
health benefits, such as lower risk of cardiovascular disease [7],
diabetes [8,9], and all-cause mortality [10-13]. For example,
the risk of all-cause mortality in adults shows a declining trend
with an increase in daily steps and plateaus at approximately
7000 steps per day [12,13]. In contrast, a decrease in daily steps
is responsible for a range of unhealthy outcomes, such as
increased risk of cardiovascular disease [14], compromised
muscle metabolism [15], and elevated systemic inflammation
[15,16]. Specifically, the risk of cardiovascular events was
reported to increase by 8% for every 2000 steps per day
decrement [14]. A sharp reduction in daily steps might also
reduce leg lean mass and induce impairments of myofibrillar
protein synthesis in healthy elderly individuals, accompanied
by increased circulating inflammatory markers [15,16].

Although global responses were far from homogeneous, most
countries adopted restriction measures in varying forms to limit
the transmission of COVID-19, such as physical distancing,
working from home, and closing schools [17]. These measures
have resulted in unprecedented changes in all aspects of daily
life [18], and physical activity is certainly one of the aspects
being most affected. Recently, several studies reported a
significant decline in daily steps during the confinement period
of the COVID-19 pandemic [19-23]. One study found that the
daily steps of young adults in Singapore decreased by 42% on
average during the lockdown period compared with the time
before the pandemic [20]. Another study reported a sharp, 30%
reduction in daily steps in Chinese citizens and a significant
increase in the proportion of adults with frequent low daily steps
(≤1500 steps/day for ≥14 days) during the confinement period
[19]. By contrast, one study reported only a 5% reduction in
daily steps 30 days after the start of lockdown in Australia [22].
These findings indicate the possibility of geographically specific
variations in the relationship between COVID-19–related
restrictions and daily steps, which limits the generalization of
conclusions drawn from single country–based analyses.
Therefore, a systematic review is needed to consolidate the

current understanding of the impact of COVID-19 on daily steps
in order to enlighten future interventions and research directions.
In addition, a few studies have also evaluated whether the impact
of COVID-19 on physical activity varied by gender. One study
suggested that men had more reduction in time spent in
moderate-vigorous physical activities and a larger increase in
sedentary behaviors than women during the pandemic [24].
However, another study failed to confirm this finding [25].

To fill this knowledge gap, we conducted a meta-analysis of
observational studies to quantify both global and regional
impacts of confinement during the COVID-19 pandemic on
daily steps in the general adult population, and we also examined
whether the decline in daily steps differed between men and
women.

Methods

Protocol and Registration
The MOOSE (Meta-analysis Of Observational Studies in
Epidemiology) [26] and PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) 2020 [27]
guidelines were followed for reporting this study (Multimedia
Appendix 1). The protocol for this study was prospectively
registered in the PROSPERO database (CRD42021291684).

Search Strategy
A preliminary search was conducted on PubMed, EMBASE,
and Web of Science to retrieve studies that reported daily step
data both before and during the confinement period of the
COVID-19 pandemic in the general adult population published
before November 22, 2021. Further, an updated search was
performed on February 11, 2023, to add recently published
articles. The detailed search strategy is listed in Multimedia
Appendix 2 [28-31]. The International Standard Randomized
Controlled Trial Number Register (ISRCTN) and the World
Health Organization COVID-19 database were also searched
for potential gray literature. The reference lists and citing articles
of relevant literature on this topic were also checked to find
possible studies that could be included in this research. The
language of publication was not restricted.

Eligibility Criteria and Study Selection
We included observational studies that reported daily steps
before and during the confinement period of the COVID-19
pandemic in the general adult population. The reference period
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was restricted to ≤2 years before the time points when the
government implemented the confinement measures. Further

eligibility criteria are listed in Textbox 1.

Textbox 1. Eligibility criteria for study screening.

Inclusion criteria

Study type: Observational studies

Participants: General adult population (average age over 20 years)

Outcomes: Daily steps, measured using monitoring devices including wearable physical activity trackers (eg, pedometers, accelerometers, smartwatches,
and smart bands) and smartphones mobile apps (eg, iPhone Health, Google Fit, WeChat, and Exercise Health)

Other criteria: Daily step data collected both before and during the confinement period of COVID-19. The reference period was restricted to ≤2 years
before the time points when the government implemented the confinement measures

Exclusion criteria

Study type: Any non–observational study (eg, reviews, randomized controlled trials, and case reports), conference abstracts

Participants: Children, adolescents, athletes, specific patient groups, participants with particular conditions (eg, pregnant women or elderly individuals
at high risk of falls)

Outcomes: Data other than daily steps (eg, physical activity measured using questionnaires alone or data measured by wearable devices that are
classified as light, moderate, or vigorous physical activity)

Other criteria: Studies offering financial incentives that may promote physical activity (eg, rewards for individuals who achieve predetermined goals
through monitors), studies lacking available data for meta-analysis

Two independent reviewers (LS and WR) screened all titles and
abstracts. The full text of potentially relevant literature was
further evaluated. A third reviewer (ZW) arbitrated the decision
if a consensus was not reached.

Data Extraction
Two authors (LS and WR) extracted the following data
independently: study design, country and continent (Africa,
Asia, Europe, North America, South America, and Oceania)
where the study was conducted, the sample size used for daily
step analysis, participant characteristics (ie, mean age and female
ratio), monitoring devices used to measure daily steps, the
algorithm used to analyze daily steps, data collection duration,
and COVID-19 restriction measures by the government at the
time of data collection. The outcomes of interest were the total
number of daily steps before and during the confinement period
of COVID-19 and the percentage change between the 2 periods.
If not reported, the mean (SD) of the outcome was estimated
based on the methods provided by the Cochrane Handbook [32].
If data needed to be extracted from graphs, the GetData digitizer
was used [33]. This tool has been validated and has good
accuracy and precision for data extraction; it has been used in
meta-analysis by previous studies [34]. Disagreements, if any,
were resolved by consulting with a third reviewer (ZW). When
any desired information related to daily steps was missing or
unclear, the corresponding author was contacted via email to
request or confirm the relevant data, as appropriate. If the data
could not be obtained, the study was excluded from the
meta-analysis.

Risk of Bias and Quality of Individual Studies
The modified Newcastle-Ottawa Scale (NOS) for applicable
observational studies was used to assess the methodological
quality and risk of bias in each study [28-30]. Specifically, the
modified NOS consists of 3 domains: selection (maximum 3
stars), comparability (maximum 2 stars), and outcome
(maximum 2 stars). Therefore, 1 study can be awarded a

maximum of 7 stars. Studies with 6 to 7 stars were rated as high
quality, those with 5 stars were rated as moderate quality, and
those with 4 or fewer stars were rated as low quality [29]. Two
reviewers (LS and ZW) rated the methodological quality of
each study independently, and discrepancies, if any, were
discussed for consensus or resolved by consulting a third
reviewer (YW).

Data Synthesis and Analysis
A random effects meta-analysis was conducted using Stata
software (version 14.0; StataCorp). The change in daily steps
was calculated using the mean difference (MD) with the 95%
CI between the mean (SD) of daily steps before and during the
confinement period of COVID-19. The Cochran Q statistic of

the inconsistency index (I2) was used to test statistical

heterogeneity across studies [32,35]. An I2 value of more than
75% indicated high heterogeneity [32]. Publication bias was
assessed with a funnel plot and further evaluated with the Egger
test [36]. To test the robustness of the findings on the primary
outcome (ie, the number of daily steps), we performed 3
sensitivity analyses. First, we conducted an analysis that
eliminated each study one at a time. Second, we performed an
analysis that removed the studies rated as having low
methodological quality. Third, we performed an analysis that
excluded the studies with a small sample size (less than 140)
based on the recommendations of Dunton and colleagues [37].
Finally, we also conducted subgroup analyses according to
country, continent, and gender.

Results

Study Selection
A total of 6937 unduplicated records were preliminarily
retrieved, and 214 potentially eligible studies were identified
after the title and abstract screening. Then, 5 studies were
excluded because the full text was unavailable, and full text
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assessments were made of the remaining 209 articles. Another
189 articles were eliminated. Of these, 151 studies did not report
relevant outcomes (ie, daily steps), 14 did not provide necessary
data for meta-analysis, 13 focused on irrelevant populations, 5
were not observational studies, 3 were conducted with financial

incentives, 2 reported duplicated data, and 1 was a conference
abstract. The remaining 20 studies were included in the
meta-analysis [19,20,37-54]. Figure 1 shows the PRISMA flow
diagram.

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram.

Study Characteristics
The included studies were conducted in Australia [38], Canada
[39], China [19,40-43], France [38], Italy [44], Japan [45-48],
Norway [49], Singapore [20], South Korea [50], Spain [51], the
United Kingdom [38,52], and the United States [37,38,53,54],
and all of them investigated the change in daily steps in the
early stage of COVID-19 (from January to September 2020).
The reference pre–COVID-19 period was from January 2019
to March 2020. The detailed duration of observation for each

study is shown in Table 1. Nine studies measured daily steps
with smartphones [19,37,40,41,43,45,46,50,54], 8 with wearable
activity trackers [20,38,39,47,48,51-53], and 2 with both
wearable activity trackers and smartphones [44,49]; 1 study did
not specify the measurement device used in the survey [42].
One study provided 4 groups of data from 4 countries separately
[38]. Therefore, the 20 studies included a total of 19,253
participants, and 23 sets of data were included in the
meta-analysis. Additional study characteristics are summarized
in Table 1.
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Table 1. Characteristics of studies and participants included in the meta-analysis.

Reference
period

Observation
period

Definition of restriction mea-
sures

AlgorithmDeviceFe-
male,
%

Age
(years)

Partici-
pants,
n

Coun-
try/Conti-
nent

Study

Feb 24 to
Apr 26,
2019

Feb 24 to
Apr 26, 2020

Declared emergency (closed
schools and “stay at home”
recommendation issued)

Averaged data
from 9 weekly
averages

Smartphone
(iPhone Health)

75.1—b530aJapan/AsiaAzuma et al
[45] 2021

Before
March
2020

March to
May 2020

Lockdown—Mobile device
(eg, smart-
watch)

77.9Range
18-85

190UK/Eu-
rope

Bird et alc

[52] 2021

One week
in Jan 2020

Mar 23 to
Mar 29,
2020

LockdownWeekly aver-
age

Smart technolo-
gy devices (eg,
smartphone,
smart band, and
smartwatch)

——197Italy/Eu-
rope

Buoite Stella
et al [44]
2021

Dec 28,
2019, to

Mar 11 to
Mar 24,
2020

LockdownAveraged data
from 14-day
data

Smartphone
(WeChat)

76.4—301Chi-
na/Asia

Ding et alc

[40] 2021
Jan 10,
2020

Feb 2020Apr 2020Declared “shelter in place”
and “stay at home” orders

Monthly aver-
age

Smartphone
(iPhone Health)

—Range
18-74

149US/North
America

Dunton et al
[37] 2020

Apr 3 to
Apr 9,
2019

Apr 3 to Apr
9, 2020

Social distancingWeekly aver-
age

Smartphone
(iPhone Health)

41.4Mean
35.2

220US/North
America

Gollwitzer et
al [54] 2022

Dec 23,
2019, to

Jan 27 to
Mar 1, 2020

Semilockdown (assembly was
suspended, and curfew and
quarantine measures were

Average data
during the ob-
servation peri-
od

Smartphone
(eg, Exercise
Health, Keep)

53.4Wom-
en:
mean
37.6;
men:

339Chi-
na/Asia

He et al [41]
2020

Jan 26,
2020implemented in some dis-

tricts)
mean
36.4

Mar 2019Mar 13 to
Mar 31,
2020

LockdownMonthly aver-
age

Wearable activi-
ty trackers (Ap-
ple, Fitbit,
Garmin, Oura,

56.2Mean
40.6

113Nor-
way/Eu-
rope

Henriksen et

ald [49] 2021

Polar, Samsung,
and Withings),
and smart-
phones (Google
Fit and Apple
Health)

30 days be-
fore spring
break 2020

30 days after
spring break
2020

Academic break in 2020, dur-
ing which the university tran-
sitioned to remote learning

Monthly aver-
age

Wearable activi-
ty trackers

—Mean
32.2

80US/North
America

Hudgins et
al [53] 2021

———————781Chi-
na/Asia

Ji et al [42]
2022

Before Mar
21, 2020

Mar 21 to
Apr 7, 2020

Declared “stay at home” orderSelf-reported
daily steps
based on de-
vices’ records

Electronic de-
vices

76.4Mean
40.7

1029US/North
America

Kara-
georghis et
al [38] 2021

Before Mar
23, 2020

After Mar
23, 2020

National lockdown80.1Mean
51.2

392UK/Eu-
rope

Kara-
georghis et
al [38] 2021

Before Mar
16 2020

After Mar 16
2020

National lockdown76.0Mean
37.7

734France/Eu-
rope

Kara-
georghis et
al [38] 2021

Before Mar
19, 2020

After Mar
19, 2020

Interstate border closurese72.5Mean
42.5

386Aus-
tralia/Ocea-
nia

Kara-
georghis et
al [38] 2021

JMIR Public Health Surveill 2023 | vol. 9 | e40650 | p.2913https://publichealth.jmir.org/2023/1/e40650
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Reference
period

Observation
period

Definition of restriction mea-
sures

AlgorithmDeviceFe-
male,
%

Age
(years)

Partici-
pants,
n

Coun-
try/Conti-
nent

Study

Apr 30 to
May 6,
2019

Apr 21 to
Apr 27, 2020

Declared emergency (closed
schools and issued “stay at
home” recommendation)

Weekly aver-
age

Smartphone76.7—2587Japan/AsiaObuchi et al
[46] 2021

Jan 2 to
Jan 22,
2020

Apr 7 to Apr
27, 2020

LockdownAveraged data
from 3-week
data

Wearable activi-
ty tracker (Fit-
bit)

51.6Mean
30.9

1824Singa-
pore/Asia

Ong et alc

[20] 2021

Jan to Dec
2019

Sep 2020Level 2.5 (gatherings of more
than 50 people indoors and
more than 100 people out-
doors were prohibited)

Monthly aver-
age

Smartphone
(iPhone Health)

45.6Mean
23.7

1163aSouth Ko-
rea/Asia

Park et al
[50] 2021

One week
in Feb
2020

One week,
between Mar
24 and Apr
3, 2020

LockdownWeekly aver-
age

Xiaomi Mi
Band 2 wrist-
worn accelerom-
eter

47Mean
22.6

20Spain/Eu-
rope

Sañudo et al
[51] 2020

Jan 1 to
Feb 29,
2019

Apr 7 to
May 13,
2020

Declared emergency (closed
schools and issued “stay at
home” recommendation)

Average data
during the ob-
servation peri-
od

Accelerometer
(Panasonic)

59.6Mean
45.9

2846Japan/AsiaSato et al
[47] 2022

Feb 2 to
Mar 3,
2019

Jan 22 to
Feb 20, 2020

Declared emergency (physical
distancing measures were is-
sued)

Monthly aver-
age

Smartphone
(WeChat)

34.6Mean
51.6

3544Chi-
na/Asia

Wang et alc

[19] 2020

Based on
the date
each per-
son began
physically
distanc-
ing/self-
isolating

Based on the
date each
person began
physically
distanc-
ing/self-iso-
lating

Declared emergency (physical
distancing measures were is-
sued)

—Wearable activi-
ty trackers (Ap-
ple, Fitbit, Sam-
sung, Garmin)

80Mean
36.2

121Cana-
da/North
America

Woodruff et
al [39] 2021

April 2019April 2020Declared emergency (closed
schools and issued “stay at
home” recommendation)

Monthly aver-
age

Wearable activi-
ty tracker (EW-
NK63)

——678Japan/AsiaYamada et al
[48] 2023

Jan 21 to
Jan 25,
2020

Three
months after
entering iso-
lated life

LockdownSelf-reported
daily steps
based on
smartphone’s
records

Smartphone
(WeChat)

69.1Range
18-76

1029Chi-
na/Asia

Zhu et al
[43] 2021

aObservations are reported instead of participants for these studies, because of uncertainty about the number of participants who were double counted
(before and after the confinement period).
bNot available.
cData for daily steps were obtained from the authors for these studies.
dOnly 106 of 113 participants provided characteristics in this study.
e“Interstate border closures” means that Australia closed its borders to all noncitizens and nonresidents. This started on March 20, 2020, with no
exceptions for Australian citizens, permanent residents, or their immediate families. Furthermore, a lockdown policy started in Australia on March 23,
2020.

Quality Assessment
Thirteen studies (65%) were rated as having moderate to high
methodological quality (Multimedia Appendix 2, Table S1).
Considering the widespread weaknesses of small sample size,
imbalanced gender ratio, limited age range of the study sample,
and poor nationwide representativeness, only 2 studies were
rated as having national representativeness of the exposed cohort
(ie, samples during the confinement period of COVID-19).
Thus, 10% of the included studies received 3 stars in the

selection dimension, 30% received 2 stars in the comparability
dimension, and 60% received 2 stars in the outcome dimension.

Quantitative Synthesis
As shown in Figure 2, the proportion of studies with subjects
with optimal daily steps (ie, ≥7000 steps per day) declined from
70% before the pandemic to 25% during the confinement period.
The change in daily steps between the 2 periods ranged from
–5771 to –683. The pooled MD from the random effects pooled
analysis was –2012 (95% CI –2805 to –1218; Figure 3), with

significant heterogeneity among studies (P<.001; I2=97.6%).
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The funnel plot shows a symmetrical horizontal distribution for
each study relative to the vertical line, suggesting the absence
of reporting bias (Multimedia Appendix 2, Figure S1). The
Egger publication bias indicated a lack of publication bias
(Multimedia Appendix 2, Figure S2). Sensitivity analysis,
performed by omitting each study one by one, revealed that the
change in daily steps was not significantly altered by any

individual study (Multimedia Appendix 2, Figure S3). Moreover,
the results remained robust in sensitivity analyses after removing
low-quality studies (MD=–1714, 95% CI –2809 to –618) and
after removing small-sample studies (MD=–2024, 95% CI –2836
to –1212). The percentage change in daily steps varied from
–69.6% to –10.6% across different studies (Figure 4).

Figure 2. Average daily steps around the period before and during the confinement period across studies.

Figure 3. Forest plot of reduction in daily steps during the confinement period. DL: DerSimonian and Laird method.
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Figure 4. Percentage reduction in daily steps during the confinement period of the COVID-19 pandemic. DL: DerSimonian and Laird method.

Country-specific analyses (Figure 5) showed that the most
significant decline in daily steps occurred in subjects from Spain
(MD=–5771, 95% CI –7519 to –4023), followed by Italy
(MD=–4990, 95% CI –5819 to –4161) and Singapore
(MD=–3813, 95% CI –4077 to –3549). The decline in daily
steps was less in subjects from Canada (MD=–1012, 95% CI
–1896 to –128), Japan (MD=–1051, 95% CI –1286 to –816),
and Norway (MD=–1131, 95% CI –1998 to –264). In terms of
continent, European subjects presented the most significant
reduction in daily steps but with a wide CI (MD=–2821, 95%

CI –4552 to –1089), followed by subjects from Oceania
(MD=–2714, 95% CI –3548 to –1879) and Asia (MD=–1931,
95% CI –2940 to –921), while subjects from North America
presented the smallest decline in daily steps (MD=–1626, 95%
CI –2403 to –850). Of the studies that provided gender-specific
data [20,41,43,45-47,52], no apparent difference was observed
in the change in daily steps between men (MD=–2105, 95% CI
–3770 to –439) and women (MD=–1748, 95% CI –2965 to
–531).

Figure 5. Pooled subgroup results of reduction in daily steps during the confinement period of the COVID-19 pandemic.

Discussion

Principal Results
Our study quantified the change in daily steps during the
confinement period of COVID-19. The proportion of studies
with subjects with optimal daily steps (ie, ≥7000 steps/day)

declined from 70% before the pandemic to 25% during the
confinement period, and the average number of daily steps was
reduced by 2000. Our results also suggest a possible inequality
in physical activity across countries, whether before or during
the pandemic. However, given that most included studies lacked
sufficient nationwide representativeness, this difference should
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be interpreted cautiously. Furthermore, there was no apparent
gender difference in the decline in daily steps before and during
the confinement period of COVID-19.

Possible Explanations and Clinical Implications
The population-level trends in daily steps during the
confinement period of COVID-19 may reflect public panic
about the virus and adherence to confinement measures (ie,
physical distancing and sheltering in place) [55,56]. Our findings
are not surprising given that COVID-19 restriction measures
deprived the general population of many opportunities for
physical activity, such as commuting, shopping, sports, and
vacations or trips. In addition, the observed differences in the
change in daily steps across studies may reflect regional
variations in enforcement and behavioral changes [57,58].
Socioeconomic inequalities might also influence such variations
among regions and disparities in the ability to engage in or
access recreational physical activity within areas [59].

Daily steps are strongly associated with health outcomes [7-16].
Recent studies indicate that over 7000 steps per day is the critical
physical activity standard for minimizing the risk of all-cause
mortality [12,13]. Moreover, the risk of cardiovascular events
increases by 8% for every 2000 steps per day decrement [14].
We found that daily steps declined by 2000, and half of the
included studies reported that average daily steps declined to
below 7000 during the confinement period of the COVID-19
pandemic. Such findings imply that the pandemic further
exacerbated the ever-increasing prevalence of low-level physical
activity [60,61], emphasizing the necessity of adopting
appropriate measures to reverse this trend. Furthermore, this
meta-analysis focused on observational studies based on
monitoring devices. Since monitoring devices may encourage
users to engage in physical activities [6], the number of daily
steps during the confinement period might have been even lower
in the population than was currently observed in the samples.
In addition, the impact of COVID-19 on daily steps may persist
in the long term. Although some researchers report that daily
steps gradually recovered to the prepandemic level after the
lifting of restriction measures [49,62], more studies argue that
worldwide daily steps remain depressed compared with the
prepandemic level (ie, the immediate 2 years before the outbreak
of COVID-19) [59,63-66]. Thus, the consequences of long-term
physical inactivity, which may be further exacerbated, should
be addressed.

Comparison With Previous Work
Our finding of a reduction in daily steps during the confinement
period of the pandemic is consistent with findings from previous
studies using different physical activity metrics [67,68]. An
earlier meta-analysis found that sedentary time significantly
increased, by 126.9 minutes per day in adults and by 46.9
minutes per day in the elderly, during the confinement period
of the pandemic [67]. Another systematic review reported that
most of the included studies revealed a decrease in physical
activity in most participants [68]. All studies showed an
increased sedentary time in healthy adults and those with
medical conditions during the lockdown period [68]. According
to this evidence, public health messages about staying active
during the pandemic appear to have had little effect on the

population’s engagement in physical activity [69]. In addition,
2 studies explored gender differences in the change in physical
activity during the COVID-19 pandemic but had inconsistent
conclusions [24,25]. One study found that men had more clearly
decreased moderate-vigorous physical activity and increased
sedentary behaviors than women during the pandemic [24].
However, another study failed to show significant differences
between men and women in self-reported decline in physical
activity [25]. Our meta-analysis adopted a primary indicator of
physical activity, ie, daily steps, and found that daily steps
declined substantially during the COVID-19 confinement period.
Such a decline varied by region but not by gender. These results
are consistent with previous studies [24,25,67,68].

Based on data collected from 187 countries and districts by a
smartphone app, Tison and colleagues [59] found that mean
daily steps declined by 5.5% (287 steps) within 10 days of the
pandemic declaration by the World Health Organization and
by 27.3% (1432 steps) within 30 days. The authors also reported
noticeable differences across regions; for example, Italy, France,
Brazil, and Iran exhibited a more than 40% maximum decrease,
while Sweden exhibited a maximum reduction of daily steps of
less than 10% [59]. Furthermore, regional differences were
significant. For example, several studies showed that the decline
in daily steps during confinement varied considerably among
Chinese adults from different provinces [40,41,43]. One
nationwide study in Japan found that daily steps declined
significantly after the declaration of a state of emergency in
urban areas but not rural areas [62].

Limitations
Several limitations should be acknowledged. First, daily step
data are lacking from Africa and South America, limiting the
generalizability of our findings. Second, when comparing
regional differences across countries, we could not rule out
potential sampling bias, because most of the included studies
lacked sufficient nationwide representativeness. Therefore,
future studies are needed to verify our findings. Third, since
long-term data from the period that confinement was lifted are
not suitable for inclusion in a meta-analysis, we could not
directly assess the long-term impact of COVID-19 on physical
activity levels using meta-analysis techniques. As more
published data become available [59,63-66], this will be an
important direction for future studies. Fourth, we did not
examine the impact of reduced daily steps on health outcomes,
owing to a lack of relevant data. Future studies are expected to
address this crucial issue. Finally, there was considerable study
heterogeneity. Potential explanations include discrepancies in
confinement measures across countries or districts and in the
adherence to policy of residents, as well as unclear or different
time frames over which the average daily steps were calculated,
the possibility that monitoring devices were changed in the
different reporting periods, and different durations of
observation.

Conclusion
In summary, we found that daily steps declined substantially
during the COVID-19 confinement period. Our findings indicate
that COVID-19 further exacerbated the ever-increasing
prevalence of low levels of physical activity, emphasizing the
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necessity of adopting appropriate measures to reverse this trend.
Further research is required to monitor the consequence of

long-term physical inactivity.
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Abstract

Background: Both COVID-19 and pregnancy are associated with hypercoagulability. Due to the increased risk for thrombosis,
the United States National Institute of Health’s recommendation for prophylactic anticoagulant use for pregnant patients has
expanded from patients hospitalized for severe COVID-19 manifestation to all patients hospitalized for the manifestation of
COVID-19 (no guideline: before December 26, 2020; first update: December 27, 2022; second update: February 24, 2022-present).
However, no study has evaluated this recommendation.

Objective: The objective of this study was to characterize prophylactic anticoagulant use among hospitalized pregnant people
with COVID-19 from March 20, 2020, to October 19, 2022.

Methods: This was a retrospective cohort study in large US health care systems across 7 states. The cohort of interest was
pregnant patients who were hospitalized with COVID-19, without previous coagulopathy or contraindication to anticoagulants
(n=2767). The treatment group consisted of patients prescribed prophylactic dose anticoagulation between 2 days before and 14
days after COVID-19 treatment onset (n=191). The control group was patients with no anticoagulant exposure between 14 days
before and 60 days after COVID-19 treatment onset (n=2534). We ascertained the use of prophylactic anticoagulants with attention
to the updates in guidelines and emerging SARS-CoV-2 variants. We propensity score matched the treatment and control group
1:1 on the most important features contributing to the prophylactic anticoagulant administration status classification. Outcome
measures included coagulopathy, bleeding, COVID-19–related complications, and maternal-fetal health outcomes. Additionally,
the inpatient anticoagulant administration rate was validated in a nationwide population from Truveta, a collective of 700 hospitals
across the United States.

Results: The overall administration rate of prophylactic anticoagulants was 7% (191/2725). It was lowest after the second
guideline update (no guideline: 27/262, 10%; first update: 145/1663, 8.72%; second update: 19/811, 2.3%; P<.001) and during
the omicron-dominant period (Wild type: 45/549, 8.2%; Alpha: 18/129, 14%; Delta: 81/507, 16%; and Omicron: 47/1551, 3%;
P<.001). Models developed on retrospective data showed that the variable most associated with the administration of inpatient
prophylactic anticoagulant was comorbidities prior to SARS-CoV-2 infection. The patients who were administered prophylactic
anticoagulant were also more likely to receive supplementary oxygen (57/191, 30% vs 9/188, 5%; P<.001). There was no statistical
difference in a new diagnosis of coagulopathy, bleeding, or maternal-fetal health outcomes between those who received treatment
and the matched control group.

Conclusions: Most hospitalized pregnant patients with COVID-19 did not receive prophylactic anticoagulants across health
care systems as recommended by guidelines. Guideline-recommended treatment was administered more frequently to patients
with greater COVID-19 illness severity. Given the low rate of administration and differences between treated and untreated
cohorts, efficacy could not be assessed.

JMIR Public Health Surveill 2023 | vol. 9 | e45586 | p.2923https://publichealth.jmir.org/2023/1/e45586
(page number not for citation purposes)

Hwang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:jhadlock@systemsbiology.org
http://www.w3.org/Style/XSL
http://www.renderx.com/


(JMIR Public Health Surveill 2023;9:e45586)   doi:10.2196/45586

KEYWORDS

anticoagulants stillbirth; COVID-19; electronic health record; low birth weight; NIH antithrombotic therapy guideline; pregnancy;
preterm birth; SARS-CoV-2; small for gestational age; thromboprophylaxis

Introduction

Both COVID-19 and pregnancy are associated with thrombosis
[1-13]. Severe COVID-19 is accompanied by Virchow’s triad
of endothelial injury, stasis, and hypercoagulable state:
categories of factors contributing to thrombosis [1-10]. The
related virus, SARS-CoV-2, directly invades endothelial cells,
leading to endothelial injury, exocytosis, and endotheliitis
[1-4,8,14,15]. Hospitalization causes stasis of blood flow due
to decreased mobility regardless of the presence of the
SARS-CoV-2 virus [16]. COVID-19–induced changes in
prothrombotic factors are linked to an increased risk of
hypercoagulability [5-7,17-26]. Studies have reported elevated
factor VIII, elevated fibrinogen, circulating prothrombotic
microparticles, neutrophil extracellular traps, and hyperviscosity
among severely ill patients with COVID-19 [5-7,17-20].
Multiple meta-analyses studies report high rates of coagulopathy
and thrombosis across multiple tissues and organ sites among
patients infected with COVID-19 since early in the pandemic
[21-26].

Hypercoagulability is a physiologically adaptive mechanism
that prevents bleeding from miscarriage, childbirth, and
postpartum hemorrhage. Women in pregnancy or the postpartum
period are at a 4- to 5-fold higher risk of thromboembolism than
nonpregnant women [11-13]. Normal pregnancy is accompanied
by increased concentration of factors VII, VIII, X, and von
Willebrand factor and by pronounced increases in fibrinogen
[12,27,28]. Due to the combination of increased risk of
hypercoagulability, the National Institutes of Health (NIH)
COVID-19 Treatment Guideline Panel recommends using a
prophylactic dose of anticoagulation for pregnant patients who
are hospitalized for COVID-19 unless a contraindication exists,
since February 24, 2022 [29].

We hypothesized that we would observe a high prophylactic
anticoagulant administration rate after the second update in NIH
COVID-19 treatment guidelines. As prophylactic anticoagulant
was recommended to all hospitalized pregnant patients with
COVID-19, we expected a minimal difference in clinical
condition between the treatment and control group, leading to
minimized confounding by indication. This would allow us to
properly evaluate the impact of prophylactic anticoagulants on
inpatient pregnant patients with COVID-19. No study yet has
evidence for or against the guideline on recommending

prophylactic anticoagulants on inpatient pregnant patients with
COVID-19 [29].

Here, we aim to characterize prophylactic anticoagulant use
among hospitalized pregnant patients with COVID-19. We
assessed the difference in the prophylactic anticoagulant use
across the timeline of NIH guideline changes and SARS-CoV-2
variants. We evaluated the association between prophylactic
anticoagulant use and risks of coagulopathy, COVID-19, and
maternal-fetal health outcomes, after addressing the discrepancy
in variables that could influence outcomes.

Methods

Study Setting and Population
Providence Health and Services and Affiliates (PHSA) is an
integrated not-for-profit US community health care system that
provides care in urban and rural settings across 7 states: Alaska,
California, Montana, Oregon, New Mexico, Texas, and
Washington. PHSA service includes 52 hospitals, 1085 clinics,
and 120,000 caregivers. We used PHSA electronic health
records of pregnant patients who delivered from January 26,
2020, through October 19, 2022 (n=149,423). Multimedia
Appendix 1 ([30-36]) provides supplementary methods, tables,
and figures. Figure S1 in Multimedia Appendix 1 and Figure 1
describe the cohort selection. Table S1 in Multimedia Appendix
1 defines variables and terminology. We excluded multiple
pregnancies and deliveries with a gestational age of less than
20 weeks (n=126,261). We limited our analyses to pregnant
patients aged between 18 and 45 years (n=144,114). Our
inclusion criterion was COVID-19 diagnosis during the
pregnancy period (n=9271). We excluded patients who were
not hospitalized with COVID-19 (n=2829). The definition of
this exclusion criterion was no overlap of hospitalization stay
with an infection period between 7 days before and 14 days
after the COVID-19 diagnosis date. This infection period was
determined based on previous studies on incubation and
symptomatic period [30]. We excluded patients with any
coagulopathy event before COVID-19 diagnosis,
contraindication to anticoagulant administration, or a record of
therapeutic anticoagulant dosage [31] in the past 2 years (Tables
S2 and S3 in Multimedia Appendix 1). We defined the
remaining patients as our cohort of interest, relevant to the NIH
antithrombotic therapy guideline (n=2767). This study was
reported following STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) guidelines [37].
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Figure 1. Cohort selection flowchart. We excluded patients with any history of coagulopathy before the time of SARS-CoV-2 infection. We excluded
patients with any contradiction to anticoagulant if the diagnosis was between 2 years before the pregnancy and the time of SARS-CoV-2 infection.
Contraindications included major bleeding, peptic ulcer, stage 2 hypertension, esophageal varices, intracranial mass, end-stage liver diseases, aneurysm,
proliferative retinopathy, and bleeding disorders. We considered administration to be valid unless the administration status was “Canceled Entry,”
“Held,” “Missed,” “Automatically Held,” “Held by Provider,” “MAR Hold,” “Stopped,” or “Paused.” GA: gestational age; NIH: National Institutes of
Health.
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Variables

Exposures
Figure S1 in Multimedia Appendix 1 and Figure 1 describe
definitions of exposure groups. From the cohort of interest
(n=2767), patients with no anticoagulant administration record
during pregnancy or within 14 days before and 60 days after
the SARS-CoV-2 infection date comprised the control group
(no anticoagulant administration group, n=2534). We defined
the treatment group (prophylactic anticoagulant administration
group, n=191) as patients who received prophylactic
anticoagulation between 2 days before and 14 days after the
potential COVID-19 treatment onset (Figure S1 and Tables S1,
S3, and S4 in Multimedia Appendix 1). Our definition of
prophylactic included prophylactic and intermediate dosages
(Table S4 in Multimedia Appendix 1) [31].

Outcomes
Variables and diagnoses are defined in Tables S1 and S2 in
Multimedia Appendix 1. Our primary outcome of interest was
coagulopathy. We additionally observed diagnoses relevant to
the consequences of COVID-19-associated coagulopathy
[8,38,39]. These included thrombosis, pulmonary embolism,
thromboembolism, myocardial infarction, skin necrosis or
purpura, and stroke (Table S1 in Multimedia Appendix 1).
Secondary outcomes were COVID-19 severity and
maternal-fetal health outcomes. COVID-19 complications
included the need for supplemental oxygen, vasopressor usage,
mortality, length of hospital stay, unique diagnosis count, and
unique medication count. Maternal-fetal outcomes were
stillbirth, preterm birth (PTB), low birth weight (LBW), and
small for gestational age. We also assessed the risk of bleeding
during pregnancy and postpartum hemorrhage to evaluate the
safety of anticoagulant use.

Covariates
Maternal characteristics were evaluated, including parity,
gravidity, history of preterm delivery, age, race, ethnicity,
insurance, pregravid BMI, smoking, illegal drug use, Centers
for Disease Control and Prevention Social Vulnerability Index
(CDC-SVI), and rural-urban classification (Table S1 in
Multimedia Appendix 1). The count of unique diagnoses before
COVID-19 was used to reflect the patient’s previous
comorbidity. Missing values were imputed using the cohort
median. COVID-19–related features assessed were vaccination,
previous SARS-CoV-2 infection, presumed SARS-CoV-2
variant, timing of SARS-CoV-2 infection, and stage of NIH
COVID-19 antithrombotic therapy guidelines (Supplementary
Methods and Table S5 in Multimedia Appendix 1). We defined
the stages of guidelines based on major updates in NIH
antithrombotic therapy guidelines on pregnant women [29]. Up
until December 20, 2020, there was no specific guideline for
pregnant women. On December 21, 2020, there was an update
to recommend the prophylactic use of anticoagulants among
pregnant patients with severe COVID-19. On February 24, 2022,
a second update expanded the recommendation to any
hospitalized patient with COVID-19.

Analyses

Descriptive Statistics
P value was calculated using the chi-square test and the
2-sample t test. Multiple testing error was corrected using
Bonferroni correction. We performed pairwise Pearson
correlation between variables using python library scipy (version
1.6.2). We ranked the count of diagnoses each exposure group
received between COVID-19 diagnosis and delivery.

Classification Model, Feature Importance, and
Propensity Score Matching
We conducted a classification model and feature importance
analysis to investigate the differences between the treatment
and control groups, and to select variables to be addressed in
propensity score matching. Using 28 covariates (Table S1 in
Multimedia Appendix 1), we built classification models,
including logistic regression, random forest, and gradient
boosting machine (GBM) models (Supplementary Methods in
Multimedia Appendix 1). We applied random undersampling
to address a class imbalance between the control and treatment
groups. Due to the small sample size, we leveraged
leave-one-out cross-validation. We then used Gini feature
importance and SHAP (Shapley additive explanation) [40] to
identify which covariates were most important for classifying
the administration of prophylactic anticoagulant during a
COVID-19–related hospitalization in the best-performing model
(Supplementary Methods in Multimedia Appendix 1). We
evaluated whether the model trained with these top features
achieved comparable performance to the original model with
28 features. We then performed propensity score matching to
control for these top features between the treatment and control
groups. Compared to other propensity score methods and
covariate adjustment methods, propensity score matching
provided exceptional covariant balance across most
circumstances [41]. Given the extreme weights between
treatment and control, the inverse probability treatment
weighting method (IPTW) was considered unsuitable for this
analysis. K-nearest neighbors (k=1) were used to match with
replacement across covariates using propensity logit and caliper
of 0.2 using Python library PsmPy (version 0.2.8) to identify
patients most similar on the top features and generate a matched
control group [42]. The number of neighbors (k) and caliper
threshold value were selected based on recommendations from
previous studies [43,44]. The effect size of these matched
features was evaluated using Cohen d score before and after
matching with a score of <0.2 indicating a small effect size [45].
We evaluated outcome differences between the treatment and
matched control groups using Fisher exact test for categorical
variables and the Mann-Whitney U test for continuous variables.

Sensitivity Analysis
We assessed the influence of illness severity at the time of
SARS-CoV-2 infection using the count of medication 3 days
before and 3 days after the potential COVID-19 treatment onset.
These counts of medications are measures of relative clinical
severity in a generally healthy patient population when patients
are unlikely to need mechanical ventilation. Although they are
imperfect proxies, they have been shown to provide valuable
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insight, especially in COVID-19–related research. The date
range for collecting the medication count was selected based
on the distribution of the time gap between the anticoagulant
administration date and the COVID-19 treatment onset date
(Figure S3 in Multimedia Appendix 1). We conducted
propensity score matching on this medication count at the time
of SARS-CoV-2 infection, in addition to the best-performing
features. We also addressed the influence of maternal age and
pregravid BMI, as these variables are known risk factors for
coagulopathy.

Investigation of Inpatient Anticoagulant
Administration Rate Across Multiple Health Care
Systems Using Truveta
We calculated the rate of the inpatient anticoagulant
administration rate in the Truveta patient population (Figure S2
in Multimedia Appendix 1). Truveta is a consortium of 28 health
care systems, including PHSA, providing patient care in over
20,000 clinics and 700 hospitals across 43 states [46]. Similar
data fields across systems are mapped following the common
schema referred to as the Truveta Data Model [47]. Among
pregnant patients aged between 18 and 45 years and delivered
singleton from January 26, 2020, through October 19, 2022, we
identified patients with a COVID-19 diagnosis during
pregnancy. We excluded patients who did not have any inpatient
encounters during the active COVID-19 infection. We further
excluded patients who had any anticoagulant use before
pregnancy and defined the remaining patients as our Truveta
cohort of interest, relevant to NIH antithrombotic therapy
guidelines. From this analytic cohort, we calculated patients
who were administered inpatient anticoagulants.

Ethical Considerations
All procedures were reviewed and approved by the institutional
review board at the PHSA through expedited review on
November 4, 2020 (study number STUDY2020000196).
Consent was waived because the disclosure of protected health
information for the study involved no more than minimal risk
to the privacy of individuals. Patient data in the Truveta Studio
were deidentified.

Results

Our cohort of interest was composed of 2767 patients (Figure
S1 in Multimedia Appendix 1 and Figure 1). A total of 191 and
2534 patients were in the treatment and control groups,
respectively. The treatment group was older (mean age 30.9
years; P=.02), less likely to be vaccinated (33/191, 17%;
P<.001), less likely to be infected during the third trimester
(139/191, 72.8%; P<.001), and more likely to be infected with
Delta variant (81/191, 42%; P<.001). The treatment group was
exposed to enoxaparin and heparin only (Table 1). The date
difference between the anticoagulant administration date and
potential COVID-19 treatment onset (anticoagulant
administration date – COVID-19 treatment onset) ranged from
–2 to 14 days. A total of 74.9% (143/191) of the treatment group
received anticoagulant prescriptions during the first 3 days of
COVID-19 treatment (Figure S3 in Multimedia Appendix 1).

Figure 2 displays the overall timeline of the prophylactic
anticoagulant administration status from March 20, 2020, to
October 19, 2022. The overall prevalence rate of prophylactic
anticoagulant administration was 7% (191/2725). The
administration rate was the lowest when the Omicron variant
was dominant (47/1551, 3%) and after the second guideline
update (19/811, 2.3%). It was the highest when the Delta variant
was dominant (81/507, 16%) and when there was no guideline
(27/262, 10%). The top 10 diagnoses of the control group were
subcategories of COVID-19 and pregnancy (Figure S4 in
Multimedia Appendix 1). The treatment group additionally
included COVID-19 complications, such as pneumonia, acute
respiratory failure with hypoxia, and hypokalemia (Figure S4
in Multimedia Appendix 1).

Figure S2 in Multimedia Appendix 1 displays the cohort
selection procedure in the Truveta patient population. We
identified 14,075 patients as our Truveta cohort of interest.
Among these patients, 973 (6.9%) patients were administered
inpatient anticoagulants.

The GBM model had the best performance with an area under
the receiver operating characteristics curve (AUC-ROC) of 0.84
(95% CI 0.81-0.87; Figure S5 and Table S6 in Multimedia
Appendix 1). Pre–COVID-19 diagnoses count, variant-omicron,
socioeconomic status, third-trimester infection, housing type
and transportation vulnerability, minority status and language
vulnerability, and household composition and disability
vulnerability were the most important 7 features (Figures S5 in
Multimedia Appendix 1). The GBM model trained with these
7 features reached an AUC-ROC of 0.85 (95% CI 0.83-0.89;
Figure S5 in Multimedia Appendix 1 and Figure 3). In the
SHAPley figure, red and blue dots indicate high and low feature
values. Red dots of pre–COVID-19 diagnoses count were
clustered in the positive end of the SHAP axis. Red dots of
third-trimester infection and variant Omicron were clustered in
the negative SHAP axis. The matched control group (n=188)
was generated by propensity score matching on the 7 most
important features. These features had small effect sizes after
matching (Cohen d values <0.2 [45] Table S7 in Multimedia
Appendix 1).

The GBM model trained with the 7 top features and initial
medication count reached an AUC-ROC of 0.93 (95% 0.91-0.95;
Figure S6 in Multimedia Appendix 1). The feature importance
showed that initial medication count was the most important
feature classifying prophylactic anticoagulant administration
status (Figure S6 in Multimedia Appendix 1). The red and blue
dots were spread out across extreme negative SHAP values and
up to 0.2 SHAP value, but the end of the positive SHAP axis
(SHAP value >0.2) was clustered with red dots (Figure S6 in
Multimedia Appendix 1).

Compared with the control group, the treatment group had an
increased risk of maternal death (relative risk [RR] not
calculable due to the small number of cases; 3/191, 1.6% vs
0/2545, 0%; P<.001), O2 assistance (RR 9.3, 95% CI 6.9-12.3;
57/191, 33% vs 91/2545, 3.6%; P<.001), LBW (RR 2.1, 95%
CI 1.5-2.8; 36/190, 19% vs 233/2539, 9.2%; P<.001), PTB (RR
2.1, 95% CI 1.5-2.8; 47/191, 25% vs 295/2545, 12%; P<.001),
and bleeding (RR 2.5, 95% CI 1-6.3; 5/191, 2.6% vs 27/2545,
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1.1%; P=.08). After matching, risk of LBW (RR 1.2, 95% CI
0.8-1.8; P=.50), PTB (RR 1.2, 95% CI 0.8-1.8; P=.33), and
bleeding (RR 1.0, 95% CI 0.3-3.3; P>.99) were reduced and no
longer statistically significant. We also did not observe an
increase or decrease in risk between the treatment coagulopathy
and other maternal-fetal health outcomes (Tables S8 and S9 in
Multimedia Appendix 1 and Figure 4). However, the treatment
group had significantly worse outcomes regarding COVID-19
illness severity even after the matching. The treatment group

had a higher likelihood of supplemental oxygen (RR 6.9, 95%
CI 3.5-13.4; 57/191, 30% vs 9/188, 5%; P<.001), longer
inpatient stay (median 6 vs 3; P<.001), higher medication
(median 51 vs 39; P<.001), and diagnoses count (median 7 vs
0; P<.001). The statistical significance remained even in our
sensitivity analysis (Tables S8 and S9 in Multimedia Appendix
1) where we additionally addressed the initial illness severity.
Maternal age and pregravid BMI did not influence the
association between the treatment and outcomes of interest.
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Table 1. Descriptive statistics of treatment and control group. Variables are defined in Table S1 in Multimedia Appendix 1. This table was generated
using tableone PyPI package. P value was calculated using the chi-square test and the 2-sample t test. Multiple testing error was corrected using
Bonferroni correction.

P value (ad-
justed)

Treatment group
(n=191)

Control group
(n=2545)

Overall
(N=2736)

Missing, n

.0230.9 (5.3)29.6 (5.7)29.7 (5.7)0Maternal age (years), mean (SD)

.01191 (100.0)2545 (100.0)2736 (100.0)0Maternal age group (years), n (%)

28 (14.7)619 (24.3)647 (23.6)18-24

45 (23.6)713 (28.0)758 (27.7)25-29

79 (41.4)718 (28.2)797 (29.1)30-34

33 (17.3)402 (15.8)435 (15.9)35-40

6 (3.1)93 (3.7)99 (3.6)41-44

0 (0.0)0 (0.0)0 (0.0)Unknown

.02191 (100.0)2545 (100.0)2736 (100.0)0Race group, n (%)

3 (1.6)42 (1.7)45 (1.6)American Indian or Alaska Native

20 (10.5)146 (5.7)166 (6.1)Asian

15 (7.9)111 (4.4)126 (4.6)Black or African American

8 (4.2)38 (1.5)46 (1.7)Native Hawaiian or other Pacific Islander

85 (44.5)1381 (54.3)1466 (53.6)White or Caucasian

12 (6.3)138 (5.4)150 (5.5)Multiracial

40 (20.9)580 (22.8)620 (22.7)Other

8 (4.2)109 (4.3)117 (4.3)Unknown

.74191 (100.0)2545 (100.0)2736 (100.0)0Ethnic group, n (%)

64 (33.5)1013 (39.8)1077 (39.4)Hispanic or Latino

123 (64.4)1444 (56.7)1567 (57.3)Not Hispanic or Latino

4 (2.1)88 (3.5)92 (3.4)Unknown

.1556 (100.0)792 (100.0)848 (100.0)1888Pregravid BMI, n (%)

0 (0.0)11 (1.4)11 (1.3)Underweight (below 18.5)

12 (21.4)314 (39.6)326 (38.4)Healthy weight (18.5-24.9)

17 (30.4)224 (28.3)241 (28.4)Overweight (25-29.9)

27 (48.2)243 (30.7)270 (31.8)Obesity (>30)

>.99191 (100.0)2521 (100.0)2712 (100.0)24Gravidity, n (%)

175 (91.6)2354 (93.4)2529 (93.3)1-5

16 (8.4)167 (6.6)13 (6.7)>5

>.99191 (100.0)2521 (100.0)2712 (100.0)24Parity, n (%)

26 (13.6)355 (14.1)381 (14.0)0

162 (84.8)2136 (84.7)2298 (84.7)1-5

3 (1.6)30 (1.2)33 (1.2)>5

>.99158 (100.0)2145 (100.0)2303 (100.0)433Preterm history, n (%)

133 (84.2)1879 (87.6)2012 (87.4)0

25 (15.8)266 (12.4)291 (12.6)1

>.99191 (100.0)2545 (100.0)2736 (100.0)1Insurance status, n (%)

69 (36.1)890 (35.0)959 (35.1)Commercial

122 (63.9)1649 (64.8)1771 (64.8)Medicaid

0 (0.0)3 (0.1)3 (0.1)Medicare
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P value (ad-
justed)

Treatment group
(n=191)

Control group
(n=2545)

Overall
(N=2736)

Missing, n

0 (0.0)2 (0.1)2 (0.1)Uninsured self-pay

0.49191 (100.0)2545 (100.0)2736 (100.0)0Smoking status, n (%)

166 (86.9)2322 (91.2)2488 (90.9)No

25 (13.1)223 (8.8)248 (9.1)Yes

>.99191 (100.0)2545 (100.0)2736 (100.0)0Illegal drug use status, n (%)

173 (90.6)2226 (87.5)2399 (87.7)No

18 (9.4)319 (12.5)337 (12.3)Yes

>.99166 (100.0)2029 (100.0)2198 (100.0)538Rural-urban classification, n (%)

151 (89.3)1846 (91.0)1997 (90.9)Metropolitan

15 (8.9)114 (5.6)129 (5.9)Micropolitan

1 (0.6)30 (1.5)31 (1.4)Rural

2 (1.2)39 (1.9)41 (1.9)Small town

>.990.5 (0.3)0.5 (0.3)0.5 (0.3)455Socioeconomic status vulnerability, mean (SD)

>.990.5 (0.3)0.4 (0.3)0.4 (0.3)452Household composition and disability vulnerability, mean
(SD)

.150.6 (0.2)0.7 (0.3)0.7 (0.3)452Minority status and language vulnerability, mean (SD)

>.990.6 (0.3)0.6 (0.3)0.6 (0.3)455Housing type and transportation vulnerability, mean (SD)

<.001191 (100.0)2545 (100.0)2736 (100.0)0Vaccination status, n (%)

158 (82.7)1645 (64.6)1803 (65.9)No

33 (17.3)900 (35.4)933 (34.1)Yes

>.99191 (100.0)2545 (100.0)2736 (100.0)0Previous SARS-CoV-2 infection, n (%)

190 (99.5)2500 (98.2)2690 (98.3)No

1 (0.5)45 (1.8)46 (1.7)Yes

<.001191 (100.0)2545 (100.0)2736 (100.0)0Trimester of SARS-CoV-2 infection, n (%)

7 (3.7)18 (0.7)25 (0.9)First trimester

45 (23.6)75 (2.9)120 (4.4)Second trimester

139 (72.8)2452 (96.3)2591 (94.7)Third trimester

<.001191 (100.0)2545 (100.0)2736 (100.0)0SARS-CoV-2 variant, n (%)

45 (23.6)504 (19.8)549 (20.1)Wild type

18 (9.4)111 (4.4)129 (4.7)Alpha

81 (42.4)426 (16.7)507 (18.5)Delta

47 (24.6)1504 (59.1)1551 (56.7)Omicron

<.001191 (100.0)2545 (100.0)2736 (100.0)0NIHa antithrombotic therapy guideline, n (%)

27 (14.1)235 (9.2)262 (9.6)No guideline

145 (75.9)1518 (59.6)1663 (60.8)First update

19 (9.9)792 (31.1)811 (29.6)Second update

>.992 (3.3)1.9 (3.7)1.9 (3.6)0Diagnosis count before SARS-CoV-2 infection, mean (SD)

aNIH: National Institutes of Health.
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Figure 2. Timeline of prophylactic anticoagulant administration among hospitalized COVID-19 pregnant patients from March 20, 2020, to October
19, 2022. The anticoagulant administration rate is defined as the count of the patients who belong to the treatment group divided by the sum of patients
who belong to the treatment group and control group. (A) Timeline of prophylactic anticoagulant administration rate among hospitalized COVID-19
pregnant patients from March 20, 2020, to October 19, 2022. Marked time points are described in part C of the figure. Timeline definitions: red, blue,
yellow, and purple dots indicate the prophylactic anticoagulant administration rate among COVID-19 wild type, Alpha, Delta, and Omicron variants,
respectively. Grayline chart indicates the count of hospitalized pregnant patients with COVID-19. The first (left) vertical line is on December 17, 2020,
the first update date in COVID-19 antithrombotic therapy guidelines to recommend the administration of prophylactic anticoagulants on pregnant
patients hospitalized with severe COVID-19 manifestation. The second (right) vertical line is on February 24, 2022, the second update date to expand
the recommendation to all pregnant patients hospitalized with COVID-19 manifestation. The overall administration rate of prophylactic anticoagulants
was 7% (191/2725) (B) Prophylactic anticoagulant administration rate based on SARS-CoV-2 variant. The SARS-CoV-2 variant was determined based
on the period during which each variant was the dominant variant accounting for >50% of cases as part of the Centers for Disease Control and Prevention
(CDC) genomic surveillance for SARS-CoV-2 in Region 10 (Alaska, Idaho, Oregon, and Washington; CDC 2022).(C) Prophylactic anticoagulant
administration rate was lowest during the omicron-dominant period (Wild type: 45/549, 8.2%; Alpha: 18/129, 14%; Delta: 81/507, 16%; and Omicron:
47/1551, 3%) (C) Timeline definition. Text colors indicate the SARS-CoV-2 variant and COVID-19 antithrombotic therapy guideline time period in
parts A, B, and D of the figure. (D) Prophylactic anticoagulant administration rate based on COVID-19 antithrombotic therapy guideline. The first
update was to recommend the administration of prophylactic anticoagulants on pregnant patients hospitalized with severe COVID-19 manifestations.
The second update expanded the recommendation to all pregnant patients hospitalized with COVID-19 manifestation. Prophylactic anticoagulant
administration rate was lowest after the second guideline update (no guideline: 27/262, 10%; first update: 145/1663, 8.7%; second update: 19/811,

2.3%). WT: wild type. nsP>.05, *P≤.05, **P≤.01, ***P≤.001, ****P≤.0001.
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Figure 3. Performance of best-performing classification model and feature importance. (A) Performance of original and limited gradient boosted
machine learning model classifying prophylactic anticoagulant administration status among hospitalized pregnant patients with COVID-19. The limited
model was trained with the 7 most important features from the original model. The feature importance result of the original model is in Figure S5 in
Multimedia Appendix 1. The 95% CI of the original and limited models were (0.81-0.87) and (0.83-0.89), respectively. (B) Feature importance ranking
of the limited model. Variables are defined in Table S1 in Multimedia Appendix 1. (C) Shapley permutation explainer of the feature contribution. SHAP
value reflects the contribution of the 7 most important features from the gradient boosting models toward classifying prophylactic anticoagulant
administration status. SHAP value is the average marginal contribution of a feature value across all permutations of features. Each row represents an
individual feature, and the dot represents a sample. The dot color reflects the value of the feature of the sample relative to all samples. The evaluation
was done on the sample set composed of a treatment group and a 1:1 randomly undersampled matched control group (n=382). AUC: area under the
curve; GBM: gradient boosting machine.
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Figure 4. Clinical outcomes of the treatment and matched control. Results are presented in Tables S7 and S8 in Multimedia Appendix 1. Unless
specified, the observation cutoff was the delivery date. The observation start point was the anticoagulant exposure date and potential COVID-19 treatment
onset date, respectively. (A) Coagulopathy prevalence rate of the treatment and matched control. SNOMED codes we used for coagulopathy diagnosis
are listed in Table S1 in Multimedia Appendix 1. (B) Bleeding and postpartum hemorrhage prevalence rate of the treatment and matched control.
SNOMED codes we used for bleeding and postpartum hemorrhage diagnoses are listed in Table S1 in Multimedia Appendix 1. Postpartum hemorrhage
was collected from the delivery date to +12 weeks postpartum. (C) O2 assistance use, vasopressor use, maternal death prevalence rates for the treatment,
and matched control groups. Violin plots of the length of inpatient stay (days), medication counts 48 hours after the potential COVID-19 treatment
onset, and diagnoses count after the potential COVID-19 treatment onset. The cutoff point was the delivery date. (D) Stillbirth, low birth weight, preterm
birth, small for gestational age prevalence rate of the treatment, matched control, and sensitivity analysis matched control group.
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Discussion

Principal Results
To our knowledge, this was the first study evaluating the NIH
antithrombotic therapy guideline on pregnant women. We
initially hypothesized to observe a high prophylactic
anticoagulant administration rate among hospitalized COVID-19
pregnant patients and minimal difference in patient
characteristics between the treatment and control groups.
However, we identified most patients relevant to NIH
antithrombotic therapy guidelines, pregnant women hospitalized
with COVID-19, did not receive prophylactic anticoagulant
dosage. Instead, patients with higher comorbidity levels, infected
in the first or second trimester, and infected with a non-Omicron
variant were more likely to receive prophylactic anticoagulant.
Despite having more severe COVID-19, the treatment group
did not have an elevated risk of coagulopathy, bleeding, and
maternal-fetal health outcomes.

Comparisons With Previous Works, Interpretation,
and Implication
The most important and interesting finding was an unexpectedly
low prophylactic anticoagulant administration rate among
hospitalized COVID-19 pregnant patients across health care
systems despite the guideline. A possible explanation for this
observation is that clinicians administered prophylactic
anticoagulants based on the patient’s COVID-19 illness severity.
The initial medication count, a proxy variable for COVID-19
illness severity at COVID-19 treatment onset, was the most
important feature in the sensitivity analysis model classifying
prophylactic anticoagulant administration status. It also
enhanced the area under the curve score by 0.09 reaching 0.94.
Besides, we noticed the treatment group was enriched with
diagnoses indicative of severe COVID-19 symptoms, such as
pneumonia, acute respiratory failure with hypoxia, and
hypokalemia. In contrast, the control group was not. We
presume clinicians did not follow the guideline because it was
not strongly recommended and lacked studies to support it. The
rating scheme of the NIH guideline is BIII. B and III,
respectively, indicate a moderate recommendation and expert
opinion evidence. This means no study yet has evidence for or
against this recommendation [42]. Few studies describing
COVID-19-positive pregnant patients have reported prophylactic
use of anticoagulants during hospitalization. In these studies,
the sample size was small, ranging from 9 to 20, and
complications following the treatment were not evaluated
[48-50].

We noted an elevated risk of respiratory assistance among the
treatment group. This was inconsistent with previous studies.
Although there was no study on pregnant patients, there have
been multiple observational studies supporting prophylactic
anticoagulant use on nonpregnant hospitalized patients with
COVID-19. Studies showed that prophylactic anticoagulants
improved freedom from intubation and lowered mortality,
indicating better COVID-19 outcomes [51-53]. In these studies
with a nonpregnant population, including men and an older
population, the rate of prophylactic anticoagulant administration
ranged from 45% (1959/4389) to 84% (3627/4297), whereas

that of our study was 7% (191/2736). In addition, in our study,
prophylactic anticoagulant administration was highly correlated
with the comorbidity level before the SARS-CoV-2 infection
and the initial illness severity. We do not think the increased
risk in respiratory assistance in our study was influenced by the
exposure to anticoagulants, but rather a byproduct of failure to
overcome the confounding by indication.

Although we could only partially address the confounding by
indication, we did not observe elevated risks of coagulopathy,
bleeding, and maternal-fetal health outcomes among the
treatment group. Given that severe COVID-19 is associated
with coagulopathy and adverse pregnancy outcomes
[1-10,54,55], this finding was somewhat promising as we
expected worse outcomes in coagulopathy and maternal-fetal
health outcomes. Based on our findings, we cannot support the
benefit of the guideline, but can, at least, support its potential
safety regarding maternal-fetal health outcomes. The treatment
group had a similar likelihood to deliver low birthweight,
preterm, and small for gestational age babies. This observation
was less limited with a small sample size, compared to rare
outcomes of interest, due to the high incidence rate of cases
across groups. Considering this is the first study to evaluate the
guideline, our study can contribute to our knowledge in treating
hospitalized pregnant patients with COVID-19. Future research
should be conducted in larger and various study settings and
minimize the confounding by indication to understand better
the risk, safety, and benefit of the treatment.

Strengths and Limitations
The small percentage of patients receiving
guideline-recommended treatment was both an interesting
observation and a major limitation. We expected to observe a
high prophylactic anticoagulant administration rate after the
second guideline update as all hospitalized COVID-19 pregnant
patients were relevant, but only 7% (191/2736) were
administered prophylactic anticoagulants. This led to
confounding by indication. The treatment group had higher
pre-COVID-19 comorbidity levels and included more critically
ill patients. Although we attempted to minimize the bias using
propensity score matching, we could not overcome it due to the
unexpectedly small sample size and lack of appropriate variables
reflecting COVID-19 illness severity at the time of infection.
This study was conducted on retrospective structured data,
which is insufficient to determine medical reasoning. In addition,
individuals had a wide range of anticoagulant administration
start times before and after the potential COVID-19 treatment
onset. As covariates that occurred after the exposure are
inappropriate for the propensity score method, we excluded
them from the main matching model. Nevertheless, we
performed sensitivity analysis on the impact of the initial
medication count to partially address the COVID-19 illness
severity at the time of treatment onset. Last, we did not verify
whether the heightened risk of O2 assistance among the
treatment group resulted from confounding by indication or not.
We assumed it was due to confounding by indication based on
the previous studies [51-53] on hospitalized patients with
COVID-19. More generally, electronic health record data are
known to contain errors; inpatient medication administration
records are carefully tracked and unlikely to be omitted, but it
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is not uncommon for comorbidities to be undiagnosed,
unreported, or listed in more than one way. To address all of
these limitations, a similar study should be conducted in a larger
prospective cohort, with appropriate variables to assess
COVID-19 illness severity at the time of admission.

This was the first study assessing the prophylactic use of
anticoagulants on hospitalized patients after the guideline update
on February 24, 2022. Although the guideline recommends on
all hospitalized patients regardless of COVID-19 severity, no
study to date has assessed the exposure of anticoagulants among
COVID-19 hospitalized patients. Another strength of our study
includes adjustments for social and economic risk factors. We
adjusted for differences between CDC-SVI scores and rural and
urban classifications in the treatment and control groups based
on the census tract level. Social vulnerability and rural health
disparities are significant risk factors for adverse pregnancy
outcomes and severe COVID-19 symptoms [56-63]. As the
census tract is more granular than the county level, it captures
the environmental factors to which patients have been exposed
more accurately. Indeed, all 4 CDC-SVI indexes were important
predictors of anticoagulant administration status. This study
was conducted on a COVID-19 maternity population that has
been investigated by other researchers [64,65], allowing deeper
insight into the study setting and population.

We validated the number of inpatient anticoagulant
administration rates in Truveta’s patient population, comprised
of various health care systems. Overall inpatient anticoagulant
administration rates in Truveta were similar to those observed
in PHSA. This indicates that the unexpectedly low adaptation
rate of NIH recommendations was not limited to the PHSA

health care system. Here, we could not completely replicate our
analysis as Truveta and Providence data models were different,
and the leading researcher of this study had limited access to
Truveta Studio. We did not exclude patients who were
contraindicated to anticoagulants and did not differentiate
between prophylactic and therapeutic dosage. Nevertheless, we
expect our final estimation of the inpatient anticoagulant
administration rate on the Truveta patient population would not
drastically change based on the number we observed from the
cohort selection procedure in the PHSA population.

Conclusions
We found that in a population of patients from multiple health
care systems nationwide, only a small percentage of hospitalized
pregnant patients received the prophylactic anticoagulation
recommended by the NIH antithrombotic therapy guideline.
Guideline recommended prophylactic anticoagulants were
administered more frequently to patients with greater COVID-19
illness severity. We were not able to show the efficacy of
prophylactic anticoagulation. However, anticoagulation was
not associated with elevated risks of coagulopathy, bleeding,
and maternal-fetal health outcomes despite the worse health
conditions of the treatment group. This study cannot make a
recommendation to administer prophylactic anticoagulant to
hospitalized COVID-19 pregnant patients. However, as this
was the first study characterizing prophylactic anticoagulant
use after the NIH guideline update on February 24, 2022, these
results can help inform patient-specific clinical decisions. An
observational study with a larger sample size should be
considered to further evaluate outcomes with prophylactic
anticoagulation.
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Abstract

Background: The Flexible Adaptive Algorithmic Surveillance Testing (FAAST) program represents an innovative approach
for improving the detection of new cases of infectious disease; it is deployed here to screen and diagnose SARS-CoV-2. With
the advent of treatment for COVID-19, finding individuals infected with SARS-CoV-2 is an urgent clinical and public health
priority. While these kinds of Bayesian search algorithms are used widely in other settings (eg, to find downed aircraft, in submarine
recovery, and to aid in oil exploration), this is the first time that Bayesian adaptive approaches have been used for active disease
surveillance in the field.

Objective: This study’s objective was to evaluate a Bayesian search algorithm to target hotspots of SARS-CoV-2 transmission
in the community with the goal of detecting the most cases over time across multiple locations in Columbus, Ohio, from August
to October 2021.

Methods: The algorithm used to direct pop-up SARS-CoV-2 testing for this project is based on Thompson sampling, in which
the aim is to maximize the average number of new cases of SARS-CoV-2 diagnosed among a set of testing locations based on
sampling from prior probability distributions for each testing site. An academic-governmental partnership between Yale University,
The Ohio State University, Wake Forest University, the Ohio Department of Health, the Ohio National Guard, and the Columbus
Metropolitan Libraries conducted a study of bandit algorithms to maximize the detection of new cases of SARS-CoV-2 in this
Ohio city in 2021. The initiative established pop-up COVID-19 testing sites at 13 Columbus locations, including library branches,
recreational and community centers, movie theaters, homeless shelters, family services centers, and community event sites. Our
team conducted between 0 and 56 tests at the 16 testing events, with an overall average of 25.3 tests conducted per event and a
moving average that increased over time. Small incentives—including gift cards and take-home rapid antigen tests—were offered
to those who approached the pop-up sites to encourage their participation.

Results: Over time, as expected, the Bayesian search algorithm directed testing efforts to locations with higher yields of new
diagnoses. Surprisingly, the use of the algorithm also maximized the identification of cases among minority residents of underserved
communities, particularly African Americans, with the pool of participants overrepresenting these people relative to the demographic
profile of the local zip code in which testing sites were located.

Conclusions: This study demonstrated that a pop-up testing strategy using a bandit algorithm can be feasibly deployed in an
urban setting during a pandemic. It is the first real-world use of these kinds of algorithms for disease surveillance and represents
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a key step in evaluating the effectiveness of their use in maximizing the detection of undiagnosed cases of SARS-CoV-2 and
other infections, such as HIV.

(JMIR Public Health Surveill 2023;9:e39754)   doi:10.2196/39754
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active surveillance; bandit algorithms; infectious disease; community health; reinforcement learning; COVID-19; SARS-CoV-2

Introduction

Background
Columbus, Ohio—like much of the world during the first 3
years of the pandemic—experienced multiple waves of
infections in which the number of SARS-CoV-2 infections
overwhelmed and outstripped the capacity of efforts to detect
new cases [1,2]. In fact, estimates suggest that even at the height
of the Omicron surge, a significant number of infections went
undetected by case-based surveillance systems and the rise of
at-home testing [3]. As the epidemic continues, particularly as
public testing sites are scaled back and closed, the ability to
quickly identify individuals with SARS-CoV-2 and link them
to treatment has become difficult, risking patient and population
health [4,5]. Given the integral role of active surveillance efforts
in identifying cases, linking patients to care, and managing
COVID-19, local public health departments require ways to
maximize the resources they have at their disposal to continue
to find new cases of disease in their jurisdictions even as
resources for these efforts continue to shrink [4,6,7].

How to optimize resource allocation over time is a well-studied
problem in sequential decision-making and reinforcement
learning. The introduction of a spatial component to these kinds
of dilemmas has been applied in a variety of settings, from
military search and rescue to oil exploration [8]. We have
previously described the use of one set of tools, bandit
algorithms, to address these kinds of problems for detection of
HIV and SARS-CoV-2 in the community [8-10]. Up until now,
these methods have only been evaluated in computer
simulations. The study described here represents the first-ever
real-world implementation that investigates these tools for active
infectious disease surveillance.

An academic-governmental partnership—the Flexible Adaptive
Algorithmic Surveillance Testing (FAAST) program—between
Yale University, Ohio State University (OSU), Wake Forest
University (WFU), the Ohio Department of Health (ODH), the
Ohio National Guard (ONG), and the Columbus Metropolitan
Libraries (CML) conducted a study of bandit algorithms to
maximize the detection of new cases in SARS-CoV-2 in
Columbus in 2021.

This initiative began as the Delta variant of SARS-CoV-2
established itself in Ohio in the summer of 2021, ending a period
of decreasing case numbers in the state. From mid-August to
mid-September, the daily case count rose from over 2000 to
over 9000 [11]. Around the same time, the ODH started
distributing home rapid antigen tests (RATs) for COVID-19 to
allow people to monitor their own health status. These tests
were provided to community-based organizations in Ohio,
including over 246 library locations, which received more than

53,000 rapid tests in late summer 2021 [12]. While the high
demand meant that these libraries quickly ran out of tests to
distribute, the community’s relationship and trust in libraries
as a testing resource for COVID-19 enabled us to partner with
the CML for this study [13]. The strong uptake of RATs is
consistent with evidence that voluntary use of these tests is high
in settings where they have been widely distributed [14], but it
is important to note that decisions to opt in to population-level
voluntary testing programs appear to be influenced by factors
such as socioeconomic status rather than infection risk alone
[15]. Thus, active surveillance has an important role in both
prioritizing limited testing resources and in reaching individuals
not seeking voluntary testing.

Working with our partners, we were able to offer an option to
maximize the effectiveness of the scarce testing resources in
Columbus by feeding our daily testing information into the
bandit algorithm to target the next day’s testing efforts. Our
“learn by doing” method adaptively targeted locations in the
CML system, with tests supplied by ODH and performed by
ONG with student and faculty support from OSU, WFU, and
Yale.

As the COVID-19 pandemic continues, we will further evaluate
the tools in Columbus and the state of Ohio and elsewhere as
opportunities arise. Given the flexibility of these methods, we
can tailor them to identify new cases more efficiently in
underserved communities, which may be at higher risk of
transmission and serious clinical disease either due to
undervaccination and the prevalence of underlying conditions
or due to specific kinds of workplaces and high-risk settings
(eg, skilled nursing facilities). Importantly, the potential utility
of these tools is not limited to SARS-CoV-2. Evaluation of these
tools for HIV, hepatitis C virus, and other sexually transmitted
diseases is also being considered.

Goals of the Study
The purpose of this study was to evaluate the use of bandit
algorithms to maximize the yield of testing for SARS-CoV-2
across multiple community sites in Columbus, Ohio, over a
3-month period from August to October 2021.

We sought to understand (1) if an algorithm-guided site selection
would be operationally feasible for the branches of the CML
system and ONG, since locations could shift from day to day,
requiring staff to be ready and prepared for quick deployment
and setup of testing efforts; (2) if shifting locales would present
difficulties for uptake of testing services by the community,
given the fact that the announcement of testing locations would
only occur a few days in advance; and (3) how algorithm-guided
site selection impacted the recruitment of minority residents of
underserved communities in terms of number of tests conducted
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at each event among key demographic groups, particularly
African-Americans, in Columbus.

In general, we were interested in a better understanding of the
operational performance of the algorithm—as a formal analysis
of the effectiveness of this algorithm-guided site selection
approach to active disease surveillance would require a large
cluster-randomized trial. Specifically, we chose 2 a priori
indicators that the algorithm was homing in on hotspots for
detecting new cases. Our goal was to sustain a testing positivity
rate that was greater than (1) the estimated prevalence of the
surrounding community and (2) the positivity rates of other
types of testing events in the same zip codes. It is important to
clarify that we were not attempting to estimate local prevalence
of disease or positivity rates in this study nor making inferences
about the effectiveness of the algorithm in practice but using
these 2 metrics as a guide as to its basic performance as we
assessed its initial feasibility in this research. The algorithm is
a sequential decision-making tool; in this case, it was designed
to guide resource allocation decisions for SARS-CoV-2 testing
efforts.

Methods

Statistical Approach
The algorithm used to direct pop-up SARS-CoV-2 testing for
this project has been described in detail elsewhere [8-10]. The
algorithm is based on Thompson sampling, which uses a
Bayesian updating process involving iteratively sampling from
prior probability distributions of all potential testing sites—the
set of all locations at which testing is being considered—to
home in on those with the highest probability over the long run
in finding new cases of SARS-CoV-2 [16,17]. Multimedia
Appendix 1 describes Thompson samplng in more detail. This
approach is not being used to estimate the local prevalence or
test positivity at each site in the community but to maximize
success in finding new cases over time. This algorithm is not a
sampling strategy in which we seek to learn about an underlying
population parameter (eg, prevalence) but simply a process by
which we can direct testing efforts most efficiently. In fact, the
reason this algorithm is not designed to estimate local prevalence
is because this metric, while related to testing yield, may be
confounded by other factors at work in a given location. That
is, while testing yield is indeed a function of prevalence in part,
prevalence does not provide a one-to-one proxy for the number
of tests obtainable at a given location. For instance, a given site
may have a lower prevalence than another but be a place in
which more new diagnoses are garnered for other reasons (eg,
higher health-seeking behavior, fewer options for testing in
other settings); thus, this algorithm is designed to maximize
testing yields alone.

Testing sites are determined a priori and serve as a fixed list of
potential locations for deploying testing. Initial prior probability
distributions for each site can be assigned to be noninformative
(ie, uniform), reflecting a lack of information about where yield
might be highest, or informative based on local knowledge of
the pandemic, previous testing efforts, or social and economic

characteristics of a given neighborhood. While informative
priors can aid convergence on hotspots if the information is
accurate, they can delay convergence if the information is
incorrect, so one should use caution when specifying the initial
prior distributions.

For this study, we chose to specify informative prior
distributions for each site based primarily on results from
previous feasibility testing events that we conducted at each
site prior to use of the algorithm, with slight modifications to
account for the current pandemic conditions. To estimate the
baseline values for the parameters for our prior distributions for
each potential testing site, we consulted with experts on the
local epidemiological conditions and considered the prior testing
event results, the reported rate of SARS-CoV-2 infections, and
the vaccination rate in the neighborhoods surrounding each site.
Taken together, this process yielded assumed β distributions
for the positivity rate at each site where the α parameter
represented the assumed number of positive tests and the β
parameter the assumed number of negative tests. The assumed
positivity was α / α + β and the total number of tests (ie, the
sum of the α and β parameters). Details of the derived values
for each site are shown in the Results section. While the true
values of these parameters are unknown, we decided that given
the short duration of our study period and the quality of the
empirical and expert knowledge on these testing sites, estimating
the values for these initial α and β parameters for each location
was a reasonable choice.

Before assigning a location for a given day’s testing efforts, the
algorithm randomly samples from the probability distributions
of all the potential testing sites. Then, the site which has the
largest realized value from these random draws is selected for
the day’s testing deployment [18]. The data on the number of
tests at that day’s site and the number of new diagnoses among
them is then used to update the prior probability distribution
for the site. The resulting posterior distribution after that day’s
testing then becomes the updated prior distribution for the next
day’s testing deployment. Before the next outing, a random
draw from all the sites’updated probability distributions happens
again. This process is then repeated so the algorithm updates
with each subsequent testing deployment. The entire procedure
is described in Figure 1. The intuition here is that over time,
using the knowledge accrued by each outing’s successes or
failures (positive and negative tests), the algorithm learns the
expected yields at each site and refines the probability
distributions used for the random draws. Though all sites will
have a nonzero chance of being chosen, the Bayesian updating
processes here will be drawn toward sites where successes are
occurring in previous rounds of testing. What is important is
that other sites can still be chosen by chance and offer the
opportunity to keep gathering information on the entire
landscape of testing sites, but through the algorithm, we will
prioritize the ones with the current greatest yields. If a
low-priority site gets picked by random draw and turns out to
have a high yield of positive tests, that site’s probability
distribution now will shift its likelihood of being chosen in
subsequent rounds.
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Figure 1. Steps in the implementation of the Thompson sampling algorithm.

Based on this algorithm, a web app was created for this project
[19]. The underlying code is also available [20]. The app
requires data input from each location where a testing event
took place. Based on the information received, the tool then
suggests testing locations likely to yield the most undetected
positive cases per test for the next event. Views of the app’s
regional and location pages are presented in Figures 2 and 3,
respectively. Figure 2 shows a map of Columbus with pinned

testing locations. After each testing event, data from the outing
were entered into the algorithm in Figure 3 (eg, date and time,
the total number of tests conducted, and number of positives).
The app then integrates this data into the bandit algorithm, which
delivers a new testing location for the next outing. Given
conjugacy of the underlying Bayesian model, the computational
cost of this process is minimal, as it only requires the ability to
generate random draws from a beta distribution.

Figure 2. Regional map page of the web app for targeting SARS-CoV-2 testing with mobile units.
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Figure 3. Locations page of the web app for targeting SARS-CoV-2 testing with mobile units.

Program Design and Implementation Overview
The logic model for program design and implementation is
shown in Textbox 1. The logic model depicts the program events
and expected outcomes through the integration of resources,
the execution of activities, and the participation of communities
and community organizations, resulting in measurable near-term
and long-term outcomes. The inputs include program partners
and the resources they provided to the project. The activities
represent the main programmatic tasks accomplished with the
participation of those tested in underserved communities in
Columbus and with the assistance of local community-based
organizations. The achievements of the program are denoted in
short-term, measurable outcomes and benefits to participants
and the larger community, as well as long-term, large-scale
outcomes and benefits for the city and beyond.

The project team established partnerships with ODH, ONG, the
CML system, and the Columbus Department of Neighborhoods
(CDN). ODH supported the project by providing BinaxNOW
RATs (Abbott), while ONG became a clinical partner who
deployed their clinical staff to the sites to conduct testing. The
neighborhood liaisons from CDN consulted the team regarding
the initial location selection and promoted testing events in their
designated areas of oversight. Finally, CML provided 7 of their
branch locations as sites for pop-up testing and promoted the
testing events through the CML network.

The study lasted 3 months, from August to October 2021. The
duration of each testing event was about 4 hours each day. We
conducted a total of 16 testing events at 13 zip codes. Figure 4
shows dates of testing events, tests conducted, number of
positive SARS-CoV-2 diagnoses, and the site positivity rate.
Multimedia Appendix 2, Table S1 contains information about
the sites and the zip codes where they were located.

JMIR Public Health Surveill 2023 | vol. 9 | e39754 | p.2944https://publichealth.jmir.org/2023/1/e39754
(page number not for citation purposes)

Rayo et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Textbox 1. Logic model for the program and its implementation.

Inputs

• Resources

• Research and statistical design

• Funding

• Staffing

• Mobile van

• Logistics

• Testing sites

• Rapid tests

• Personal protective equipment

• Clinical support

• Partners

• Ohio State University

• Yale University

• Wake Forest University

• Columbus Metropolitan Libraries

• Ohio Department of Health

• Ohio National Guard

Processes

• Activities

• Build the application

• Conduct pop-up COVID-19 testing events

• Distribute COVID-19 home test kits

• Disseminate information about COVID-19

• Participants

• Target population: underserved communities in Columbus

• Community organizations (eg libraries, parks, and recreation centers)

Outcomes

• Near-term

• Consistent detection of undiagnosed cases with the positivity rate being close to the state’s rate

• Increased community access to COVID-19 rapid home tests

• Increased community awareness about COVID-19 testing opportunities

• Long-term

• Convenient and effective testing in low-opportunity areas in Columbus, Ohio

• Prevention of transmission of COVID-19 in Columbus

• Use of bandit approach in other infectious disease surveillance efforts
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Figure 4. Positivity rate (black bars) and tests conducted (grey lines) for each testing session. The letter A is used to indicate testing at a library location.
Starting on September 14, 2021, all testing locations were chosen by the algorithm.

The initial choice of testing sites was derived from a set of
highly trafficked candidate locations based on raw cellphone
data from the UberMedia COVID-19 recovery data set spatially
joined with Loveland Landgrid parcel data to produce indices
of contacts and unique contacts per parcel ranked by volume
[21,22]. From this list, 30 of the most highly trafficked locations
from the data set were selected for further analysis. A team of
volunteers from OSU then visited each location to assess the
viability of each site in terms of the availability of the venue
(whether it was private or public, its accessibility, its hours of
operation, and the availability of onsite parking). The final step
of the selection process was a discussion of each site with the
neighborhood liaisons from the CDN, who shared their insights
about the proposed locations and the potential for attracting
participants to come forward for testing at each site.

Each testing event required the deployment of 2 volunteers from
OSU and 2 ONG staff members. At the start of the study, events

took place 2 to 3 times a week at community centers, movie
theaters, parks, community events, shelters for the homeless,
and libraries. These early weeks were dedicated to exploring
the viability of the sites, constructing prior probability
distributions for the algorithm for each site, and establishing an
efficient operational workflow. In the last 2 weeks of the study,
we deployed the bandit algorithm to choose sites for testing,
restricting our sites to the branches of the CML, which turned
out to be the most suitable sites for SARS-CoV-2 testing in the
previous weeks. In these last weeks, the algorithm chose to send
the team to sites 2, 4, 5, and 7, in that order, from September
16 to October 2, 2021 (site attributes can be found in Table 1).
CML became an active partner in these efforts, promoting the
testing events throughout their system with posters announcing
the upcoming testing events distributed among the libraries in
English, French, and Spanish. Figure 5 shows the location of
the CML branches and underlying demographic information
about these zip codes.

Table 1. Parameters for the assumed prior probability distributions for each testing site.

βαTests, nPositivitySite

546600.1001

51.9753.025550.0552

18.41.6200.0803

36.23.8400.0954

546600.1005

36.43.6400.0906

27.32.7300.0907
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Figure 5. Location and zip codes of final testing sites with percentage of Black or African American residents.

Testing efforts were focused on reaching underserved
communities through strategic selection of potential sites;
however, testing was open to everyone. To invite undocumented
immigrants to be tested as well, participants were not required
to present identification documents. Results of the tests were
entered in SimpleReport—a free tool built by the US Centers
for Disease Control and Prevention that makes it easy for
COVID-19 testing sites to record results for rapid point-of-care
tests and quickly report required data to public health
departments [23].

Ethical Considerations
The Office of Responsible Research Practices and the
institutional review board at the Ohio State University deemed
this project (2021E0496) exempt and not subject to regulations
requiring institutional review board review and approval.

Results

We set a baseline goal of testing approximately 20 people at
each event through consultation with other institutions that have
deployed mobile pop-up testing sites (eg, New York City Health
and Hospitals Corporation, University of Cincinnati Medical
Center). Of 16 testing events conducted, 10 testing events met
the baseline goal of testing over 20 participants. The total
number of people tested over the course of the study was 405
(the mean number of tests conducted at each event was 25.3),

producing 20 positive tests. This gave us an average positivity
rate of 4.9% across all sites, with the highest being 9.5%. The
positivity rates observed at our testing sites were comparable
to or greater than the officially documented positivity rates in
those same areas in central Ohio on the days of our testing
events [24-26]. In particular, the proportion of symptomatic
positive tests in our study exceeded those obtained from other
providers in the state, which prioritized symptomatic individuals
for diagnosis [27]. The rolling 2-week average positivity rate
for all tests conducted in our study ranged from 2.9% (3/105)
to 6.5% (9/138); for asymptomatic individuals, positivity ranged
from 0% to 5% (3/57); and for symptomatic individuals, the
range was from 0% to 21.4% (3/14). In each week of testing,
and in each rolling 2-week period, the positivity of symptomatic
testing was greater than the daily rate range of the surrounding
county. In the final 2 weeks, when the bandit algorithm was
used to select testing event sites, the average positivity rate for
symptomatic testing was 17.4 (4/23)%, which nearly doubled
the highest recorded daily positivity rate in Franklin county at
that time (Table 1) [24-26]. Details are shown in Table 2.

Underrepresented communities were reached at testing events
at rates higher than or near their proportion of the population
in the zip codes we tested in. The percentage of Black or African
American people tested was larger than the corresponding
percentage of African Americans in 3 of 5 zip codes in which
our testing sites were located [28]. Details are shown in Table
3.
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Table 2. Study positivity rates compared to tests conducted by other providers in Franklin County, Ohio.

Positivity for rolling 2-week periods in 2021

TotalSept 23-OctaSept 16-29Sept 9-22Sept 2-15Aug 26-Sept 8Aug 19-Sept 1Aug 12-25

Flexible Adaptive Algorithmic Surveillance Testing clinic , n/N (%)

22/408
(5.4)

6/106 (5.7)3/105 (2.9)9/138 (6.5)8/146 (5.5)4/99 (4)5/96 (5.2)3/65 (5)All tests

9/330 (2.7)2/83 (2.4)0/78 (0)3/105 (2.7)3/116 (2.6)1/85 (1.2)4/82 (4.9)3/57 (5)Asymptomatic individu-
als

13/78
(16.7)

4/23 (17.4)3/27 (11.1)6/33 (18.2)5/30 (16.7)3/14 (21.4)1/14 (7.1)0/8 (0)Symptomatic individuals

5.5-10.48.9-109.3-10.49.5-10.49.5-10.27-9.95.5-95.5-7.2Franklin County daily rateb

(%), range

aTime period when bandit algorithm was used to select testing event sites.
bAbsolute numbers were not available for county daily rate.

Table 3. Study representation of Black or African American people by zip code.

Zip code, n/N (%)

4321343068432074312543227

13/28 (46)13/29 (45)8/31 (26)17/31 (55)18/24 (75)Black or African American participants in Flexible
Adaptive Algorithmic Surveillance Testing clinics

18,205/35,954
(50.6)

20,658/58,426
(35.4)

13,936/46,308
(30.3)

3429/13,756 (24.9)16,740/24,779 (67.6)Black or African American population of Franklin
county (US Census; 2021 American Community Sur-
vey 5-year data)

Throughout the study, 55% (156/284) of the population tested
identified themselves as African American, and 36% (103/284)
self-identified as White. Almost half of the population tested
(105/227, 46%) stated their level of education was high school
or below, and 47% (106/225) stated they worked full-time. Data
about vaccination status against COVID-19 was collected as
well: 56% (126/224) were vaccinated, compared to the
vaccination rate in Franklin County of 54% [29].

Our survey results indicate that 27% (41/153) of those who
attended our testing events found out about the testing event
from others, 22% (34/153) by communicating with the library,
and 29% (45/153) by walking or driving by.

Discussion

Principal Findings
This study demonstrated that a pop-up testing strategy using a
bandit algorithm can be feasibly deployed in an urban setting
during a pandemic. Although this was a limited roll-out of the
strategy, positivity rates in this feasibility study were comparable
or greater to those obtained by other testing initiatives primarily
targeted at symptomatic individuals at the same time in these
same areas of central Ohio on the days of our testing events,
even though the bulk of those tested at our sites were
asymptomatic, providing encouraging, though only preliminary,
evidence that this bandit algorithm may be useful in improving
case detection efforts [24-26]. It is the first real-world use of
these kinds of algorithms for disease surveillance and represents
the first step in evaluating the effectiveness of their use in
maximizing the detection of undiagnosed cases of SARS-CoV-2

and other infections, such as HIV. In addition, the study showed
that a simple, scaled-down testing approach with a total budget
of under US $10,000 could carry out a program that could test
up to 60 people in a single 4-hour event during its 3-month run.
This shows that a flexible, adaptive approach to SARS-CoV-2
surveillance can be run efficiently with support for basic supplies
(eg, tents, chairs, tables), and partnerships with organizations
who could supply the tests (ODH) and carry them out (ONG)
[30].

The program’s ability to reach underserved communities is
especially notable for several reasons. The quick-pivot nature
of the program required that we give communities very little
notice of upcoming events, potentially taxing their ability to
hear about and be able to travel to locations to participate.
Accessibility and transportation are barriers to health services
in some of these communities [31,32]. In addition, there have
been nationwide and state-wide trends of COVID-19 resources
being allocated inequitably toward wealthier, predominantly
White communities [33]. This is particularly troubling as both
general determinants of health as well as the specific impact of
COVID-19 make communities of color and other underserved
communities more vulnerable to COVID-19 infection and the
morbidity and mortality associated with the disease [34,35].

Libraries are important resources for communities in the context
of population health [36,37]. A novel discovery during the study
was the importance of the CML system in our active disease
surveillance efforts. We learned that the CML is known and
trusted by the communities of the city as a source of information
and a site for social services. Subsequent studies in Columbus
will now be done in partnership with the CML, as it excels at
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community outreach, has a network of facilities strategically
placed in targeted neighborhoods, communicates well within
its network, and is eager to work with public health partners.
Our testing partner, ONG, was suitable for this study, but
because of other commitments, we could not deploy the
algorithm on less than 3 days’ notice with them, and we are
seeking out partners (a local federally-qualified health center)
for the next phase of this work that have greater flexibility and
can be available on short notice. While a major strength of our
approach is its ability to deploy testing teams to locations based
on emerging data in real time, it requires an operational
nimbleness from partners, which may not be possible for some.

This study uses a novel approach to implementation science in
that it addresses feasibility and acceptability of a new strategy
for active surveillance of infectious diseases as a precursor to
additional evaluation of the effectiveness of these algorithms
in the field. Randomized controlled trials (RCTs) are expensive
to mount and time consuming for both researchers and
participants—this kind of preliminary research on
implementation challenges is critical to understand the
contextual factors that might present difficulties for the conduct
of RCTs or real-world use of the intervention under study [38].

Limitations
This study has a number of limitations. First, it was conducted
over a comparatively short period of time at a specific point of
increasing concern in the pandemic. As such, the engagement
of the community and the effectiveness of the algorithm must
be set within that context. In addition, this study was only
conducted in one midsized Midwestern city and may not be
generalizable to other settings.

Conclusions
Through the implementation of a bandit algorithm in this study,
we demonstrated the feasibility of such approaches to guide
community testing for SARS-CoV-2. In addition, we established
an efficient workflow and operational plan that can be extended
to other organizations conducting mobile testing. In particular,
we were pleased that the program appears to be well-suited to
reach historically underserved communities in Columbus. As
the COVID-19 pandemic persists in the United States, using
our approach not only for active surveillance but as a core
component of “test-to-treat” or “test-to-vaccinate” efforts
targeted at the communities most at risk of the disease should
be considered as well [39,40]. Finally, this algorithmic approach
is pathogen-agnostic—it can be used for other infectious disease
efforts. It was initially developed for maximizing the yield of
undiagnosed HIV infections but could be used similarly for
other infections to maximize case detection in the community
(eg, for sexually transmitted diseases) or as an adjunct to other
efforts, beginning with case identification (eg, test-to-treat for
SARS-COV-2, HIV, hepatitis C virus, and sexually transmitted
infections). The important next step is to evaluate the
effectiveness of this algorithm in its ability to maximize the
number of cases of disease detected in comparison to standard
operating procedures for such deployment by public health
practitioners. As an interim step, we have established a new
partnership with a public health department in one of the largest
US cities and will be evaluating the performance of Thompson
sampling using historical data provided by it to compare how
yields of testing using this algorithm would have differed from
the actual number of positive tests collected for SARS-CoV-2
over the past 3 years with their fleet of mobile health vans.
Depending on the outcome of this analysis, we will pursue
funding for a prospective study of our approach in the context
of a cluster randomized trial.
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Abstract

Background: The COVID-19 pandemic is characterized by rapid increases in infection burden owing to the emergence of new
variants with higher transmissibility and immune escape. To date, monitoring the COVID-19 pandemic has mainly relied on
passive surveillance, yielding biased epidemiological measures owing to the disproportionate number of undetected asymptomatic
cases. Active surveillance could provide accurate estimates of the true prevalence to forecast the evolution of the pandemic,
enabling evidence-based decision-making.

Objective: This study compared 4 different approaches of active SARS-CoV-2 surveillance focusing on feasibility and
epidemiological outcomes.

Methods: A 2-factor factorial randomized controlled trial was conducted in 2020 in a German district with 700,000 inhabitants.
The epidemiological outcome comprised SARS-CoV-2 prevalence and its precision. The 4 study arms combined 2 factors:
individuals versus households and direct testing versus testing conditioned on symptom prescreening. Individuals aged ≥7 years
were eligible. Altogether, 27,908 addresses from 51 municipalities were randomly allocated to the arms and 15 consecutive
recruitment weekdays. Data collection and logistics were highly digitized, and a website in 5 languages enabled low-barrier
registration and tracking of results. Gargle sample collection kits were sent by post. Participants collected a gargle sample at
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home and mailed it to the laboratory. Samples were analyzed with reverse transcription loop-mediated isothermal amplification
(RT-LAMP); positive and weak results were confirmed with real-time reverse transcription–polymerase chain reaction (RT-PCR).

Results: Recruitment was conducted between November 18 and December 11, 2020. The response rates in the 4 arms varied
between 34.31% (2340/6821) and 41.17% (2043/4962). The prescreening classified 16.61% (1207/7266) of the patients as
COVID-19 symptomatic. Altogether, 4232 persons without prescreening and 7623 participating in the prescreening provided
5351 gargle samples, of which 5319 (99.4%) could be analyzed. This yielded 17 confirmed SARS-CoV-2 infections and a
combined prevalence of 0.36% (95% CI 0.14%-0.59%) in the arms without prescreening and 0.05% (95% CI 0.00%-0.108%) in
the arms with prescreening (initial contacts only). Specifically, we found a prevalence of 0.31% (95% CI 0.06%-0.58%) for
individuals and 0.35% (95% CI 0.09%-0.61%) for households, and lower estimates with prescreening (0.07%, 95% CI 0.0%-0.15%
for individuals and 0.02%, 95% CI 0.0%-0.06% for households). Asymptomatic infections occurred in 27% (3/11) of the positive
cases with symptom data. The 2 arms without prescreening performed the best regarding effectiveness and accuracy.

Conclusions: This study showed that postal mailing of gargle sample kits and returning home-based self-collected liquid gargle
samples followed by high-sensitivity RT-LAMP analysis is a feasible way to conduct active SARS-CoV-2 population surveillance
without burdening routine diagnostic testing. Efforts to improve participation rates and integration into the public health system
may increase the potential to monitor the course of the pandemic.

Trial Registration: Deutsches Register Klinischer Studien (DRKS) DRKS00023271; https://tinyurl.com/3xenz68a

International Registered Report Identifier (IRRID): RR2-10.1186/s13063-021-05619-5

(JMIR Public Health Surveill 2023;9:e44204)   doi:10.2196/44204
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Introduction

Background
Epidemiological surveillance of populations using serological
or nucleic acid–based diagnostics is a well-known public health
preparedness tool and is, for example, implemented in the global
influenza surveillance network. Here, a system of World Health
Organization collaborating centers acts mainly reactively to
seasonally adjust influenza vaccines depending on emerging
variants in representative samples [1,2]. In contrast, the
COVID-19 pandemic has been characterized by less seasonality
and a comparatively faster periodicity of episodes in which the
burden of infection in the population rapidly increased because
of the emergence of new variants with higher transmissibility
and immune escape. The ever-present threat of overburdening
the health care systems resulted in the implementation of
containment measures based on limited forecasting tools [3].

Both presymptomatic and asymptomatic SARS-CoV-2 carriers
are able to transmit; thus, the proportion of asymptomatic cases
plays a key role in the spread of the virus, challenging the
containment of this highly contagious disease [4-7]. With respect
to the SARS-CoV-2 alpha variant (B.1.1.7, prevalent at the time
of the study), asymptomatic or minimally symptomatic
SARS-CoV-2 carriers accounted for approximately 40% of all
unvaccinated infected individuals [8]. A surveillance system
that randomly samples a representative population to test for
active infection is therefore needed for pandemic preparedness.
If combined with longitudinal serological studies to monitor
historical exposure and thus the extent of immunity, the
prevalence estimates could be incorporated into a prognostic
model to effectively monitor the pandemic and predict the
further course of the outbreak. This would enable
evidence-based decision-making, especially as strict lockdowns
and curfews can only serve as temporary measures [9].

Furthermore, active disease surveillance could assess
symptomatology in combination with downstream genome
sequencing [10].

Most countries mainly used results from different testing
purposes in the so-called passive surveillance as a surrogate for
active systems to restrictedly monitor the course of the pandemic
[11,12]. This involves recording persons presenting to the health
system with COVID-19–like symptoms to initiate their
treatment, as well as symptomatically and asymptomatically
infected persons identified through targeted screening (eg,
workplaces and retirement homes), supplemented by contacts
of detected cases who tested positive with the aim of isolating
these individuals and containing the spread of the infection [13].
Others extended existing primary care influenza surveillance
systems to virological and serological SARS-CoV-2 surveillance
[14]. However, these largely symptom-driven surveillance
systems do not provide representative prevalence estimates and
are therefore of limited use in terms of informing decision
makers [11]. Similarly, surveillance studies that rely on
syndromic surveillance rather than direct testing focus on
symptomatic cases only and are further limited as they do not
differentiate between respiratory pathogens [15,16]. In contrast,
active surveillance would test a representative proportion of the
population without necessarily assuming the presence of
COVID-19 symptoms [17].

However, testing for SARS-CoV-2 for surveillance in
communities requires extensive, complex testing capacities and
different strategies compared with testing for individual health
purposes and screening with respect to sampling, turnaround
time, and reporting [18,19]. Real-time reverse
transcription–polymerase chain reaction (RT-PCR), a laboratory
technology used to detect viral RNA, is considered the gold
standard for SARS-CoV-2 detection during acute infection and
up to 2 to 3 weeks thereafter [20]. However, RT-PCR is costly
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and only applicable in population screening if pooling
techniques are applied [21,22]. Alternatively, reverse
transcription loop-mediated isothermal amplification
(RT-LAMP)–based method allows for the detection of viral
RNA with sensitivity similar to that of RT-PCR but with reduced
cost and straightforward application, not requiring a thermal
cycler, hence enabling scale-up testing [23-26].

In addition, there is sufficient evidence that saliva, gargle
solution, and expectorated mucus are suitable sources of
biological material for the sensitive detection of SARS-CoV-2
[27-32]. Saliva samples are very stable as their viral load hardly
changes even over several days at room temperature (20-25 °C),
which makes it easily transportable even by post [33]. Therefore,
the combination of self-collected saliva samples shipped by
post and analyzed by RT-LAMP appears to be a promising
approach for active population surveillance.

However, there is limited evidence regarding the use of
comprehensive and effective active surveillance strategies. Most
of the active surveillance studies conducted in the general
population have exhibited a repeated cross-sectional design. To
date, the best-described active surveillance systems of similar
type have been implemented in the United Kingdom using
RT-PCR assays and self-administered swabs [19,34]. These 2
attempts have demonstrated the importance and viability of
implementing active surveillance for SARS-CoV-2 in affluent
areas by providing significant SARS-COV-2 prevalence
estimates in the community during various time points. Some
studies have observed fixed cohorts over time [35,36]. Although
these studies have shown the feasibility of active surveillance,
no study to date has compared different surveillance approaches
to assess their comparative feasibility, effectiveness, and cost.
Nonetheless, the combination of these factors is relevant to
public health decision makers facing resource constraints, with
testing capacity depending mainly on external factors (eg,
production of reagents and test materials), independent of the
testing strategy.

The question for decision makers in health policy is therefore
which active surveillance strategy is most effective in
monitoring the actual progress of an epidemic or pandemic with
a limited number of available tests and without limiting the
capacity of passive surveillance.

Objectives
The objective of this study was to compare 4 different
approaches to population-level surveillance of active
SARS-CoV-2 infection and to report the epidemiological
outcomes and feasibility. The cost-effectiveness was reported
separately [37].

Methods

This study followed the principles of CONSORT (Consolidated
Standards of Reporting Trials; extension for multiarm
parallel-group randomized trials) statement (Multimedia
Appendix 1) [38]. Details regarding the methods and study
design are provided in the study protocol by Deckert et al [39].

Ethics Approval
The trial was approved by the ethics committee at the University
of Heidelberg on November 2, 2020 (amendment November 9,
2020; file number S790/2020).

Participation and Informed Consent
The study applied the Declaration of Helsinki ethical standards
and adhered to the legal requirements for research on humans
in Germany as stated in the guidelines for good clinical practice
and the Medical Devices Act (Medizinproduktegesetz) issued
by the Ministry of Health of Germany and implemented by the
Federal Institute for Drugs and Medical Devices.

With the invitation letter, participants were informed about the
study purpose and procedures in an age group–appropriate
manner by means of a detailed brochure; all web-based
information was also available in 5 languages. Children and
adolescents were asked to assent their participation with a
mandatorily complemented consent of their legal representatives.
Consent or assent to participate could be given on the web or
on paper, whereas additional consent or assent to get the gargle
sample analyzed had to be provided on paper (Multimedia
Appendix 2 [20-26,28-33,39-48]). Participants’ addresses were
provided by the registers of residents based on a German law
(Bundesmeldegesetz, § 46 Gruppenauskunft) that allows
research institutions to draw collective address data for research
purposes; consent was sought from the population register
offices.

Data protection measures were implemented according to the
Basic Data Protection Regulation (article 6, paragraph 1, letter
a Datenschutz-Grundverordnung) and the Federal Data
Protection Act. The manner of data collection and scope and
content of data collected were authorized by the data protection
officer of Heidelberg University. The consent forms provided
information about the data protection measures and
pseudonymization of data to identify individuals who tested
positive; data analyses were conducted with anonymized data
only. Withdrawal from study participation and deletion of data
were possible at any time during the study. Participants were
informed that the data could be used beyond the study for other
research purposes related to SARS-CoV-2 or other respiratory
viruses; however, the gargle samples were destroyed after study
completion.

Compensation for study participation was not provided.

Trial Registration
The trial was registered (November 30, 2020) on the German
Clinical Trials Register (registration number DRKS00023271),
and the study protocol has been published accordingly [49].

Study Design
The study was designed as a 2-factor factorial, multiarm parallel
randomized controlled trial. The 4 study arms represented all
combinations of two factors: i) testing unconditional (A) versus
testing under the condition of upstream COVID-19 symptom
prescreening (B), and ii) testing individuals (1) versus
households (2). The designation of the 4 study arms A1, A2,
B1, and B2 depict these combinations.
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Individuals aged ≥7 years who consented (by legal guardian in
the case of minors) were eligible and provided a self-collected
gargle sample (all 4 study arms) after completion of a
prescreening questionnaire (B1 and B2).

Study Setting
The trial was conducted during the second SARS-CoV-2 wave
in fall 2020 in Germany in Heidelberg and the Rhine-Neckar
district, which is the location of Heidelberg University and the
catchment area of the closely cooperating district health
authority. The public health authority of the Rhine-Neckar
district, also responsible for Heidelberg city, is responsible for
56 municipalities with approximately 700,000 inhabitants.
Containment measures were tightened by mid-December 2020,
and vaccination was not yet available at that time.

Outcomes
We considered effectiveness, feasibility, and costs to
comprehensively inform policy makers as trade-offs are to be
expected when the evidence is reviewed by an
evidence-to-decision framework, for example, Grading of
Recommendations, Assessment, Development, and Evaluations
[49]. Here, we report the feasibility and epidemiological
outcomes and review the cost-effectiveness separately. The
epidemiological outcomes included the following: (1)
cumulative SARS-CoV-2 prevalence and (2) prevalence
precision.

The secondary outcomes were the participation rate (number
of gargle samples; A1 and A2), the prescreening results or gargle
samples (B1 and B2) divided by the number of contacts, the
population prevalence estimation, and the symptom frequencies.

Sample Size
As high-quality test capacity is a limiting resource in active
surveillance, we designed the study so that each arm would end
up with the same number of laboratory tests, competing for
feasibility, effectiveness, and cost-effectiveness. However, a
composite end point was not possible, and a priori assumptions
regarding cost-effectiveness could only be made arbitrarily.
Therefore, we powered the effectiveness part to finally receive
the same number of gargle samples in each arm to estimate a
specific prevalence with a certain precision, based on the
estimator theoretically closest to the true prevalence in study
arm A1 (randomly selected individuals). The costs required to
achieve this equal number of gargle samples might differ by
design in the study arms, as may the number of positive cases
among the gargle samples. Strategy A2 was designed to account
for the likelihood of higher infection rates within households
of infected individuals. In contrast, the detection rates of
strategies B1 and B2 were expected to differ because of the
different effects of the upstream prescreening mechanisms.

At the time of planning the study, the 4-week cumulative
SARS-CoV-2 prevalence was estimated to be 0.25% in the
region, based on data from the first surge [50], mainly sourced
from passive surveillance (ie, symptomatic persons). Assuming
a similarly high proportion of asymptomatic SARS-CoV-2
carriers, the overall prevalence was estimated to be
approximately 0.5%. Thus, in the most representative study arm

A1, which used a purely random sample to directly reflect the
pandemic events, a total of 2500 gargle samples could estimate
such a prevalence with a relative precision of −0.35% to +0.35%
(95% CI) and a power of 95% [51]. Hence, assuming a 50%
response rate after one-time prompting, at least 5000 addresses
were required for strategy A1. For strategy A2, assuming an
average household size of 2 and a response rate of 50% after
prompting, a gross sample of at least 2500 addresses was
necessary [52]. For strategy B1, we assumed an 80% response
to the sampling request after positive prescreening; hence, at
least 3125 sample kits had to be mailed out to yield 2500 tested
samples. On the basis of this and assuming a SARS-CoV-2
prevalence of 0.5% and a prescreening tool sensitivity of 90%
and specificity of 70%, at least 10,313 participants had to
complete the initial prescreening. Furthermore, expecting a 50%
response to the prescreening request and 50% response to
prompting required an initial gross sample of at least 13,750
addresses. Similarly, for strategy B2, a gross sample of at least
6875 addresses was required (average household size of 2).
Consequently, a total gross sample of 28,125 addresses was
required, and the participants were allocated in a ratio of
10:5:28:14 to the study arms (Figure S1 in Multimedia Appendix
2) [39].

Randomization
A stratified general population representative sample with 2
strata (Rhine-Neckar district plus Heidelberg city) and 2
different sampling approaches (Heidelberg—simple random
sample and Rhine-Neckar—2 stage cluster sampling) were used
to draw 3 weekly batches to avoid negative impacts on the
response rate owing to uncertain external circumstances (such
as holidays or a higher rate of infections). Because of the
considerably larger population of Heidelberg city, the
stratification was used to avert a decrease in statistical power
for estimation in rural areas. The batches were then divided
among 15 consecutive recruitment weekdays and randomly
assigned to the 4 study arms. The gross sample included 21,739
individuals in the Rhine-Neckar district and 6386 individuals
in the Heidelberg stratum. Potential participants were randomly
drawn from municipalities’ (51/53, 96%) population registers
as samples proportional to the population size of the
municipalities (Multimedia Appendix 2) [39].

The 2-stage sampling was designed by the Leibnitz Institute for
Social Sciences in Mannheim, Germany. The Heidelberg
Institute of Global Health requested the addresses from the
municipalities.

Recruitment and Study Materials
Study recruitment started on November 18, 2020, and ended
on December 11, 2020, and one-time reminders were sent until
December 16, 2020. The general implementation (including
testing activities and hotlines) lasted until December 23, 2020.

The study website displayed information in 5 languages
(German, Turkish, English, Russian, and Italian) and contained
a gargling demonstration video. The study information (brochure
and website) and the consent forms were separately presented
in adequate language for children (aged 7-11 years), adolescents
(aged 12-17 years), parents, and adults. In addition, a hotline
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was implemented and made accessible during the study period
(weekdays 7-11 AM and 2-6 PM).

A prescreening questionnaire was provided to all initially
contacted individuals. Its completion was voluntary in A1 and
A2 and mandatory in B1 and B2 study arms.

Logistics
The study arms A1 and A2 immediately received gargle sample
collection kits, whereas the study arms B1 and B2 had to
complete the prescreening questionnaire first. The differences
in logistics in are discussed in detail as follows:

1. Study arm A1: Randomly selected individuals (hereinafter
referred to as initially contacted individuals) received an
invitation letter by post containing the study information,
a sample collection kit, and a stamped biohazard return
envelope (Multimedia Appendix 3).

2. Study arm A2: The procedures were the same as in A1 with
the difference that the initially contacted individuals
received 4 kits to sample household members. Additional
kits could be ordered by email or via the hotline if needed.

3. Study arm B1: Initially contacted individuals first received
an invitation letter with the study information, a stamped
return envelope, and the prescreening questionnaire, asking
about 16 typical COVID-19 symptoms to be completed
web-based or in print. Next, the questionnaire was evaluated
using a random forest algorithm that had been trained on
data sets of patients with COVID-19 to classify participants
into COVID-19–free and potentially sick individuals. If the
questionnaire was flagged by the algorithm, the individual
received a second envelope containing the sample collection
kit and a stamped biohazard return envelope.

4. Study arm B2: The procedures were the same as in B1 with
the difference that the initially contacted individuals who
were classified as having COVID-19 by the prescreening
algorithm subsequently received 4 sample collection kits
for household members.

In each study arm, participants who received the sample
collection kits were asked to collect a gargle sample themselves
after gargling 5 mL of saline at home and return it to the
laboratory (Multimedia Appendices 2 and 3). The participants
were expected to take the sample latest 1 day after they received
the sample collection kit.

Laboratory and Blinding
To enable scale-up of testing while maintaining sensitivity, an
RT-LAMP was used for analyzing the liquid gargle samples.
Weakly (<3 replicates positive) and clearly positive gargle
samples (all replicates positive) were subsequently analyzed
using RT-PCR as a confirmation test [24-26].

Laboratory staff who conducted the RT-LAMP and the RT-PCR
confirmation tests were blinded with regard to the study arms.
The vials carried a unique barcode only, and the laboratory data
were kept on a separate server; linkage of laboratory data with
participants’ data was performed after the laboratory analysis
was completed.

Data Processing
Data cleaning was performed using SAS software (version 9.4
TS1M4; SAS Institute Inc). Statistical analyses were performed
using R (version 4.1.1; R Foundation for Statistical Computing)
and Stata (version 15.1; StataCorp).

Statistical Methods

Prescreening Questionnaire
We developed a symptom screening algorithm using machine
learning. The underlying data sets were from various settings
with and without SARS-CoV-2 infected patients, including
samples from a general population screen and persons tested
for SARS-CoV-2 infection because of symptoms or high-risk
exposure (Multimedia Appendix 2). The threshold of the
algorithm was optimized toward sensitivity (80% sensitivity
and 75% specificity).

Descriptive Statistics
Differences in demographics, frequency of COVID-19
symptoms, and epidemiological variables between the trial arms
were assessed using the chi-square test and ANOVA (no
adjustment for multiple testing). The significance level α was
set at 5%.

Prevalence Estimation
The total number of SARS-CoV-2 cases was calculated using
the Horvitz-Thomson estimator to account for unequal selection
probabilities in the 2-stage sampling [40]. The individual
probability to get selected for participation was based on the
number of primary sampling units per municipality, the
population in this municipality obtained from the
Leibniz-Institute for the Social Sciences, and was normalized
for each study arm separately to match the number of performed
tests. The Brewer approximation was used to calculate the
estimate’s variance [41]. We refrained from calculating
cluster-adjusted prevalence in A2 and B2 as the number of
positive cases was too small to take the within household
transmission rates into account. To compare the results of our
study with the reported number of cases, we estimated the
reported prevalence based on official data from the Robert Koch
Institute (RKI; Multimedia Appendix 2).

Sensitivity Analysis
The trial was implemented in parallel to the existing passive
surveillance system; hence, persons could have been captured
by both systems. Some hotline callers refused to participate
because they had already tested positive in the passive
surveillance. Therefore, we conducted a sensitivity analysis and
recalculated the prevalence estimates to account for missed
positive cases owing to overlap with passive surveillance
(Multimedia Appendix 2).

Results

Recruitment
Altogether, 30,629 addresses were provided by 51
municipalities’ registration offices. After excluding duplicates,
27,908 (99.23%) addresses out of the planned sample size of
28,125 were randomly allocated to the arms (Figure 1; Table
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S1 in Multimedia Appendix 2). Considering the longer
individual study course in B1 and B2 because of the
prescreening questionnaire, shipment of study materials and
recruitment of participants started on November 18, 2020, for
B1 and B2 and on November 23, 2020, for A1 and A2 and

stopped on December 8, 2020, for B1 and B2 and on December
11, 2020, for A1 and A2 (Figure 2). Similar gargle sampling
days should be achieved for all study arms. In total, 11,855
participants were recruited.

Figure 1. Study flowchart. A1: individuals without mandatory prescreening; A2: households without mandatory prescreening; B1: individuals with
mandatory prescreening; B2: households with mandatory prescreening; LAMP: loop-mediated isothermal amplification.

Figure 2. Study timeline. A1: individuals without mandatory prescreening; A2: households without mandatory prescreening; B1: individuals with
mandatory prescreening; B2: households with mandatory prescreening.
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Demographics
The participants were slightly older than the general population
(mean age 44.5 years in 2019; [53]), mainly because of the

exclusion of children aged <7 years (Table S2 in Multimedia
Appendix 2; Table 1). The study arms differed with regard to
the education level of participants who provided a valid
questionnaire (Table 2).

Table 1. Demographics of initially contacted individuals who decided to participate (initially contacted individuals who either provided a sample [A1
and A2] or a questionnaire [B1 and B2]).

P valueTotal (n=10,207)B2d (n=2340)B1c (n=4926)A2b (n=898)A1a (n=2043)Demographics

.64fSexe, n (%)

5417 (53.07)1265 (54.06)2615 (53.09)471 (52.45)1066 (52.18)Female

4789 (46.92)1075 (45.94)2311 (46.91)426 (47.44)977 (47.82)Male

1 (0.01)0 (0)0 (0)1 (0.11)0 (0)Missingg

.52hAge (years)e

47.3 (20.6; 7-99)47.7 (20.6; 7-98)47.2 (20.7; 7-98)47.5 (20.6; 7-93)46.8 (20.4; 7-99)Value, mean (SD;
range)

28 (0.27)27 (1.15)0 (0)1 (0.11)0 (0)Missing, n (%)g

aA1: individual participants without prescreening.
bA2: initially contacted individuals in households who decided to participate without prescreening.
cB1: individual participants with prescreening.
dB2: initially contacted individuals in households with prescreening.
eAge and sex were provided by the registration offices.
fPearson chi-square test.
gNumber of participants with missing information.
hLinear model ANOVA.
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Table 2. Demographics of participants who provided a valid questionnaire.

P valueTotal (n=10,038)B2e,f (n=2346)B1d (n=4926)A2b,c (n=824)A1a (n=1942)Demographics

.68hSexg, n (%)

5328 (53.11)1267 (54.05)2615 (53.09)427 (52.07)1019 (52.47)Female

4704 (46.89)1077 (45.95)2311 (46.91)393 (47.93)923 (47.53)Male

6 (0.06)2 (0.08)0 (0)4 (0.49)0 (0)Missingi

.33jAge (years)g

47.2 (20.6; 7-99)47.7 (20.5; 7-98)47.2 (20.7; 7-98)46.6 (20.7; 7-93)46.7 (20.5; 7-99)Values, mean (SD; range)

8 (0.08)2 (0.09)0 (0)6 (0.73)0 (0)Missing, n (%)i

<.001hEducation, n (%)

606 (6.59)150 (6.94)286 (6.29)49 (6.55)121 (6.97)Doctor of Philosophy

2177 (23.68)538 (24.9)1041 (22.9)182 (24.33)416 (23.95)Master studies or diploma
studies

801 (8.71)177 (8.19)393 (8.64)60 (8.02)171 (9.84)Bachelor studies

473 (4.15)99 (4.58)236 (5.19)39 (5.21)99 (5.7)Master craftsman training

1513 (16.46)327 (15.13)775 (17.05)144 (19.25)267 (15.37)High school or technical
or economic high school

1118 (12.16)244 (11.29)541 (11.9)97 (12.97)236 (13.59)Vocational school

2060 (22.41)532 (24.62)1072 (23.58)126 (16.84)330 (19.0)Secondary school

444 (4.83)94 (4.35)202 (4.44)51 (6.82)97 (5.58)No degree or still in school
education

846 (8.43)185 (7.89)380 (7.71)76 (9.22)205 (10.56)Missingi

.04hJob description, n (%)

427 (4.99)108 (5.38)215 (5.14)26 (3.61)78 (4.72)Managers

1987 (23.21)478 (23.83)907 (21.68)174 (24.13)428 (25.92)Professionals

952 (11.12)232 (11.57)467 (11.16)84 (11.65)169 (10.24)Technicians and associate
professionals

445 (5.2)89 (4.44)230 (5.5)36 (4.99)90 (5.45)Clerical support workers

602 (7.03)130 (6.48)289 (6.91)48 (6.66)135 (8.18)Services and sales workers

31 (0.36)7 (0.35)15 (0.36)6 (0.83)3 (0.18)Skilled agricultural,
forestry, and fishery work-
ers

323 (3.77)71 (3.54)156 (3.73)31 (4.3)65 (3.94)Craft and related trades
workers

88 (1.03)31 (1.55)40 (0.96)2 (0.28)15 (0.91)Plant and machine opera-
tors and assemblers

144 (1.68)37 (1.84)63 (1.51)15 (2.08)29 (1.76)Elementary occupations

3204 (37.42)746 (37.19)1614 (38.58)267 (37.03)577 (34.95)Not part of the labor force

51 (0.6)10 (0.5)27 (0.65)5 (0.69)9 (0.55)Other

308 (3.6)67 (3.34)161 (3.85)27 (3.74)53 (3.21)Ambiguous or incomplete
responses

1476 (14.70)340 (14.49)742 (15.06)103 (12.5)291 (14.98)Missingi

.26hEmployment status, n (%)

4165 (48.74)987 (49.28)1973 (47.26)356 (49.44)849 (51.52)Employed but not speci-
fied

141 (1.65)35 (1.75)76 (1.82)7 (0.97)23 (1.4)Self-employed paid work
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P valueTotal (n=10,038)B2e,f (n=2346)B1d (n=4926)A2b,c (n=824)A1a (n=1942)Demographics

626 (7.33)156 (7.79)302 (7.23)46 (6.39)122 (7.4)Nonself-employed paid
work

3 (0.04)0 (0)2 (0.05)0 (0)1 (0.06)Service contract

11 (0.13)3 (0.15)6 (0.14)0 (0)2 (0.12)Incapacitated for work

26 (0.3)4 (0.2)16 (0.38)1 (0.14)5 (0.3)Working from home

88 (1.03)22 (1.1)39 (0.93)14 (1.94)13 (0.79)Parental leave

42 (0.49)9 (0.45)19 (0.46)4 (0.56)10 (0.61)Unpaid family workers

287 (3.36)59 (2.95)155 (3.71)26 (3.61)47 (2.85)Pupil

563 (6.59)121 (6.04)289 (6.92)45 (6.25)108 (6.55)Student

11 (0.13)3 (0.15)5 (0.12)0 (0)3 (0.18)Internship

7 (0.08)1 (0.05)3 (0.07)2 (0.28)1 (0.06)Further education (full
time, long term)

43 (0.5)8 (0.4)23 (0.55)3 (0.42)9 (0.55)Doctor of Philosophy or
doctorate

13 (0.15)4 (0.2)6 (0.14)2 (0.28)1 (0.06)Traineeship in a school or
law firm

130 (1.52)26 (1.3)76 (1.82)12 (1.67)16 (0.97)Vocational training

168 (1.97)34 (1.7)77 (1.84)19 (2.64)38 (2.31)Pensioners

1779 (20.82)412 (20.57)881 (21.1)158 (21.94)328 (19.9)Retirement

47 (0.55)13 (0.65)20 (0.48)2 (0.28)12 (0.73)Partial retirement

337 (3.94)93 (4.64)179 (4.29)16 (2.22)49 (2.97)Unemployed

19 (0.22)2 (0.1)10 (0.24)3 (0.42)4 (0.24)Other (eg, military, civilian
service, holiday, or illness)

40 (0.47)11 (0.55)18 (0.43)4 (0.56)7 (0.42)Undetermined

1492 (14.86)343 (14.62)751 (15.24)104 (12.62)294 (15.14)Missingi

.04k2.66 (1.39)2.65 (1.43)2.66 (1.38)2.73 (1.24)2.64 (1.29)Household size, mean (SD)

aA1: individual participants without mandatory prescreening who voluntarily completed the prescreening questionnaire.
bA2: household members without mandatory prescreening who voluntarily completed the prescreening questionnaire.
cn=764 initially contacted individuals (n=730+34 initially contacted individuals who did not provide a valid sample or consent but answered or consented
the questionnaire) plus 60 household members who additionally filled out a questionnaire.
dB1: individual participants with mandatory prescreening.
eB2: initially contacted individuals in households with mandatory prescreening.
fn=2340 initially contacted individuals plus 6 household members who additionally filled out a questionnaire.
gAge and sex were available for initially contacted individuals from the registration offices and for household members from the consent form.
hPearson chi-square test.
iNumber of participants with missing information.
jLinear model ANOVA.
kWelch 2-sample t test (2-tailed) between study arms A2 and B2.

Response Rates
Overall, 36.57% (10,207/27,908) of the individuals who were
contacted responded by either directly providing a gargle sample
(A1 and A2) or by completing the prescreening questionnaire
(B1 and B2; Table 3). The response rates (A1: 41.2%, A2:
36.2%, B1: 36.1%, and B2: 34.3%) differed significantly among
the study arms (P<.001; chi-square test), with the study arms

involving household members responding the least. The lowest
variation in response rates across the study region could be
observed in A1 and B1 (Figure 3). Nonresponders were younger
(44.2 years vs 46.6 years; P<.001) and comprised a larger
proportion of males (50.5% vs 47.3%; P<.001). However, there
were no additional study arm–related selection effects
(responders’ age: ANOVA P=.52; sex: chi-square P=.64; Table
1).
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Table 3. Response rates and test results by study arm.

TotalPrescreening questionnaireNo prescreening questionnaire

Arm B2dArm B1cArm A2bArm A1a

27,908682113,64424814962People contacted/group, n

Participation rate

10,207/27,908 (36.57)2340/6821
(34.31)

4926/13,644 (36.10)898/2481 (36.19)2043/4962 (41.17)Number of responders/total
number of people contacted,

n/N (%)e

1648357N/A1291N/AfHousehold members, n

Questionnaires completed by initially contacted individuals

9890/10,207 (96.89)2340/2340 (100)4926/4926 (100)730/898 (81.29)g1894/2043 (92.71)g
Number completed/total num-
ber of responders, n/N (%)

Initially contacted individuals classified as having COVID-19 in the prescreening

1207/7266 (16.61)398/2340 (17.01)809/4926 (16.42)N/AN/ANumber classified as having
COVID-19/total number of re-
sponders, n/N (%)

Samples provided by initially contacted individuals

3760/4148 (90.65)262/398 (65.83)557/809 (68.85)898/898 (100)2043/2043 (100)Number of samples provid-
ed/number of responders or
classified as having COVID-19
in the prescreening, n/N (%)

Samples provided by household members

1591/1648 (96.54)335/357 (93.84)N/A1256/1291 (97.29)N/ANumber of samples/total num-
ber of participating household
members, n/N (%)

Samples tested for SARS-CoV-2 by LAMPh assay

5319/5351 (99.40)594/597j (99.5)555/557 (99.64)2139/2154 (99.30)i2031/2043 (99.41)Number of samples tested/total
number of samples received,
n/N (%)

Samples with (weakly) positive result by the LAMP assayk

75/5319 (1.41)10/594 (1.68)9/555 (1.62)30/2139 (1.40)26/2031 (1.28)Number of samples with
(weakly) positive LAMP re-
sults/number of samples tested,
n/N (%)

Samples with a positive result by the LAMP assayl

13/75 (17.33)0/10 (0)3/9 (33.33)5/30 (16.67)5/26 (19.23)Number of samples with posi-
tive LAMP result/number of
samples with (weakly) positive
LAMP results, n/N (%)

171376Total positive cases confirmed by

PCRm, n

Thereof weakly positive LAMP results confirmed positive by PCRn

4/75 (5.33)1/10 (10)o0/9 (0)2/30 (6.67)1/26 (3.85)Number of positive PCR re-
sults/number of samples with
(weakly) positive LAMP re-
sults, n/N (%)

Thereof LAMP positive samples confirmed positive by PCRp

13/13 (100)0/0 (0)3/3 (100)5/5 (100)q5/5 (100)Number of positive PCR re-
sults/number of samples with
positive LAMP result, n/N (%)

Asymptomatic casesr
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TotalPrescreening questionnaireNo prescreening questionnaire

Arm B2dArm B1cArm A2bArm A1a

3/17 (17.65)0/0 (0)0/3 (0)1/2 (50)2/6 (33.33)Number of asymptomatic cas-
es/number of cases with pre-
screening data, n/N (%)

aA1: individuals without mandatory prescreening.
bA2: households without mandatory prescreening.
cB1: individuals with mandatory prescreening.
dB2: households with mandatory prescreening.
eDefined as the number of people initially contacted who provided a gargle liquid sample (arms A1 and A2) or who answered the prescreening
questionnaire (arms B1 and B2), referred to as “responders,” out of the total number of people contacted in each arm.
fN/A: not applicable.
g7 questionnaires in A1 and A2 could not be considered in the random forest algorithm because of missing values in the paper version.
hLAMP: loop-mediated isothermal amplification.
iThe denominator consists of the number of samples provided by initially contacted individuals in study arm A2 and their household members. The
numerator consists of the samples tested by LAMP for initially contacted individuals (n=898) plus the samples tested by LAMP for household members
(n=1241).
jThe denominator consists of the number of samples provided by initially contacted individuals in study arm B2 and their household members. The
numerator consists of samples tested by LAMP for initially contacted individuals (n=262) plus the samples tested by LAMP for household members
(n=332).
kSamples with an initial weakly positive SARS-CoV-2 result by the LAMP assay.
lSamples that initially had a (weakly) positive SARS-CoV-2 result by the LAMP assay and that tested LAMP positive for SARS-CoV-2 upon retesting.
mPCR: polymerase chain reaction.
nSamples that initially had a weakly positive SARS-CoV-2 result by the LAMP assay, followed by a PCR positive test without an intermediate LAMP
positive test.
oOut of 1 PCR positive sample, 1 is from a household member.
pSamples that tested LAMP positive for SARS-CoV-2 and were then confirmed positive by PCR.
qOf the 5 PCR positives for SARS-CoV-2, a total of 3 were from household members.
rCases without any of the following symptoms among all positive cases: fever, cough, cough with sputum, sore throat, difficulty breathing, exhaustion,
headache, runny nose, muscle ache, chest pain, diarrhea, nausea, no taste or smell, chills, short breath, and confused; denominator: total number of PCR
samples with questionnaire data available.
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Figure 3. Response rates in the 51 municipalities; newly detected SARS-CoV-2 infections by study arm (the gray areas indicate municipalities randomly
excluded in the cluster sampling approach). A1: individuals without mandatory prescreening; A2: households without mandatory prescreening; B1:
individuals with mandatory prescreening; B2: households with mandatory prescreening; PCR: polymerase chain reaction.

Outcomes
Although the prescreening was not compulsory in A1 and A2,
approximately 92.71% (1894/2043) of the participants in A1
and 81.3% (730/898) of the initially contacted individuals in
A2 completed the optional questionnaire. The random forest
algorithm classified approximately 16.61% (1207/7266) of the
initially contacted individuals in B1 and B2 to have suspicious
COVID-19 symptoms (Table 3). Of those who were classified
as having COVID-19 in the prescreening, only 68.9% (557/809)
provided a valid gargle sample upon subsequent request in B1
and 65.8% (262/398) provided a valid gargle sample upon
subsequent request in B2. However, of the household members,
97.29% (1256/1291) provided valid gargle samples in A2 and
93.8% (335/357) provided valid gargle samples in B2.

In all study arms, 99.40% (5319/5351) of the gargle samples
were analyzed; only 0.60% (32/5351) of the samples could not
be processed because of the viscosity being too high. All positive
LAMP results were confirmed by RT-PCR. Of the weakly
positive LAMP results, approximately 5% yielded a positive
result in the PCR analysis. Overall, 17 SARS-CoV-2 infections
were detected in this study (Figure 3; Table 3).

Of the 17 positive cases, 8 (47%) were symptomatic and 3 (18%;
n=2, 67% adults in A1 and n=1, 33% child in A2) were
completely asymptomatic SARS-CoV-2 carriers. Of the 8
symptomatic cases, 6 (75%) had <3 acute COVID-19 symptoms
(n=4, 67% A1 and A2 and n=2, 33% B2), 1 (13%) had 8
symptoms (A1), and 1 (13%) had all 16 symptoms (B2).
COVID-19 symptom data were missing for 5 participants in
A2 (voluntary questionnaire) and 1 participant in B2 (household
member); hence, some asymptomatic cases may not have been
counted.

Overall, 8 hotline callers reported having recently tested positive
and declined to provide a gargle sample. Of the 8 hotline callers,
5 (63%) received the sample collection kit or called the hotline
within 14 days of testing positive elsewhere. These cases might
have been detected in our study as well. In addition, as recorded
at the local health authority, 51 of the nonresponders had been
tested positive elsewhere within 14 days before our invitation
(not considered in the sensitivity analysis).

The arms differed substantially regarding some COVID-19
symptoms (Figure 4; Table S3 and Figures S2 and S3 in
Multimedia Appendix 2). Approximately 20.60% (2054/9972)
either worked with children or in the medical field (Table S4
in Multimedia Appendix 2).
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Figure 4. Frequency of COVID-19–related symptoms among those who filled out the prescreening questionnaire (initially contacted individuals only;
P values based on Pearson chi-square test). A1: individuals without mandatory prescreening; A2: households without mandatory prescreening; B1:
individuals with mandatory prescreening; B2: households with mandatory prescreening.

Prevalence Estimates
The weighted prevalence estimates (initial cases only) differed
considerably between combined arms A with 0.36% (95% CI
0.14%-0.59%) and B with 0.05% (95% CI 0.00%-0.10%).
However, we did not detect a significant difference between
the single arms (household members in A2 and B2 included).
In A1, the prevalence was 0.32% (95% CI 0.06%-0.58%), and
in A2, the prevalence was 0.35% (95% CI 0.09%-0.61%), with
lower estimates in B1 and B2 (0.07%, 95% CI 0.00%-0.15%
and 0.02%, 95% CI 0.00%-0.06%; Figure 5; Table S5 in
Multimedia Appendix 2). We also compared our daily case
estimates with the RKI data (Figure S4 in Multimedia Appendix
2). Assuming that the participants remained positive on average
14 days, the estimated prevalence range based on RKI data

(0.23%-0.48%) stayed within the 95% CI 0.14-0.59 of our
estimate for the combined arms A. Assuming an average
duration of 10 days, the RKI-based prevalence range
(0.16%-0.36%) was completely within the lower half of our
95% CI (Figure 6). Figure S5 in Multimedia Appendix 2 depicts
the minimum number of positive cases that should have been
detected in the trial, with the lower bound determined by the
prevalence estimate based on RKI data (Figure 6). If we
additionally considered the hotline callers that tested positive
elsewhere, the prevalence increased further to 0.37% (95% CI
0.10%-0.65%) in A1, 0.35% (95% CI 0.09%-0.61%) in A2,
0.14% (95% CI 0.03%-0.26%) in B1, and 0.07% (95% CI
0.00%-0.15%) in B2 (Figure S6 and Table S5 in Multimedia
Appendix 2).
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Figure 5. Weighted prevalence estimates in study arms A1 (individuals without mandatory prescreening) and A2 (households without mandatory
prescreening) combined, B1 (individuals with mandatory prescreening) and B2 (households with mandatory prescreening) combined, and each arm
separately. Light blue indicates the fraction of positive cases among all the performed tests. For combined arms, only the initially contacted participants
are included to avoid household bias in arms A2 and B2.

Figure 6. Variation in the prevalence estimate derived from Robert Koch Institute incidence data, depending on the assumed duration of polymerase
chain reaction positivity (each prevalence curve is labeled by the corresponding duration in days; horizontal dashed line is the estimated prevalence
based on the combined results from arms A1 and A2, with 95% CI indicated by the shaded area).
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Discussion

Principal Findings
To the best of our knowledge, this is the only study to date that
has simultaneously tested different approaches to active
SARS-CoV-2 surveillance for the general public based on daily
renewed random and population representative samples in a
seamless chronology. In this paper, we focused on the feasibility
and epidemiological outcomes of the trial.

Our study demonstrated that in general, the combination of
postal mailing of sample collection kits and return of gargle
liquid samples followed by high-sensitivity RT-LAMP analysis
is a feasible way to conduct active SARS-CoV-2 surveillance
in the general population without placing an additional burden
on the capacity of PCR analysis and routine diagnostic testing
[26]. Furthermore, our study suggests that the primarily
symptom-based prescreening did not add benefit to case finding
but rather complicated processes. Even if optimized, such a tool
is unlikely to capture presymptomatic or asymptomatic cases
and might have to be adapted with each new SARS-CoV-2
variant. The surveillance strategies could detect additional cases,
some of them being asymptomatic, which were not captured by
passive surveillance.

We were able to design and implement this complex trial in just
8 weeks by using innovative digital tools, agile development,
and flat communication structures, which resulted in highly
digitized processes and ensured that the study logistics were
highly functional from the program outset. We are, therefore,
convinced that a similar active pandemic surveillance system
deployed outside a scientific study could be set up even faster,
provided appropriate laboratory infrastructure and open-source
software are held at the ready and standards are introduced [54].

Active SARS-CoV-2 surveillance should capture a sufficient
proportion of symptomatic and asymptomatic cases to allow
continuous estimation of the true prevalence trend with sufficient
precision. However, despite the random drawing of potential
participants, the nonresponders in our study were not missing
at random, as selection owing to voluntary self-enrollment
occurred, which was reflected in the younger and more male
responders on average. Taking this into account, study arm A1
(random selection of individuals) was most likely to yield the
best estimate of the true prevalence, although it was slightly
biased because of voluntary self-enrollment. Investing in
measures (eg, incentives and analytical corrections) to minimize
the proportion of nonresponders may further reduce bias and
increase accuracy.

The prevalence estimates derived from the RKI data based on
passive surveillance constituted the lower bound of the
prevalence estimates. As expected, the prevalence detected in
our study tended to be higher, and the estimates of A1 and A2
were the most accurate. However, we cannot make a definitive
statement regarding the most effective strategy because the
number of positive cases was too low because of the actual
sample size and the stage of the pandemic. It is important to
note that this study was a research project not embedded in the
public health system with data fusion and reconciliation. The

inclusion of theoretically detectable cases who refused to
participate but reported a recent infection to the study hotline
upwardly adjusted the prevalence estimates. If other
nonresponders who tested positive shortly before the invitation
had been considered, the prevalence estimate would have been
well above the official figures.

Study Participation
The overall participation rate of 36.57% (10,207/27,908) was
lower than the envisaged 50%. First, the complexity of the
information material necessary for a 4-arm trial might have been
difficult to understand, thereby hindering a timely and
appropriate participation [55]. Second, the different demands
on the participants in a difficult overall situation (ie, lockdown)
and an increasing pandemic fatigue before Christmas 2020
might have influenced the response [55]. One complicating
aspect, the requested sampling before breakfast, seems to be
less relevant based on new data (Multimedia Appendix 2).

Complementary qualitative data from approximately 80
responders and nonresponders shed light on these barriers. For
example, some of the nonresponders thought they were selected
because they participated in other studies or because
acquaintances had to quarantine themselves. The study invitation
also triggered fear of being infected in a few selected persons.
The amount of information and perceived test complexity
overwhelmed many [55].

Our study participation rates were similar to or exceeded those
of other studies. In the United Kingdom, repeated
community-based RT-PCR testing based on self-administered
throat and nasal swabs estimated prevalence on a monthly basis.
The number of invitation letters sent between May 2020 and
December 2021 increased from 395,000 to 804,000, but the
response rate (number of tests/letters) decreased from 30.5% to
12.1% and the PCR test return rate (number of tests
performed/kits requested) varied between 67.2% and 78.9%
[56]. During the same period as our study, 28.4% of the invitees
requested sample collection kits, and the actual response rate
was 22.4% [57]. We provided sample collection kits
immediately along with the invitation letter in A1 and A2. In
addition, we requested a gargle sample instead of a swab sample,
which resulted in response rates of 41.2% and 36.2%,
respectively. This may indicate that a low-barrier approach and
an alternative to throat and nasal swabs could unlock further
potential for participation.

Some methodological changes could have increased
participation. Government support, media campaigns, and
adding incentives could foster participation [58,59]. This might
be particularly important if rapid antigen tests are widely
available; therefore, adequate but not overly complicated
information should educate participants about test quality and
the purpose of active surveillance. Furthermore, the
methodology was tailored to the ethical requirements for
scientific trials, the mere extent of information materials might
have deterred, and the label of a scientific study might have
unsettled potential participants [55]. In contrast, routine
implementation accompanied by a legal framework would only
have to follow the general data protection laws, simplifying
paperwork, and could be integrated into pandemic containment
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strategies, eliminating the chance for double sampling by linking
data with passive surveillance systems.

Acceptability of Self-Sampling
In our study, mail-in gargle self-sampling proved to be feasible.
The method was perceived as pleasant, allowed for high test
accuracy in asymptomatic patients, and reduced the risk of
spreading infections. Liquid gargle sampling was valued as
more convenient than nasopharyngeal swabs, and although
self-sampling was cumbersome for some older participants,
many respondents found accurate self-sampling with gargling
easier. The acceptability was mainly driven by communication
(content of information, letters, support system, and rapidity of
test results) and trust in the sampling or laboratory-based testing
method [55]. Gargling a saline solution is a low-barrier sampling
method applicable in almost all age groups [60] and suitable
not only for LAMP but also for PCR analysis. Independently,
the RT-LAMP analysis allows high-throughput testing with low
costs and can be combined with nasopharyngeal, nasal, or throat
swab samples without compromising sensitivity. Sample pooling
can further multiply the testing capacity [21,22].

Cost-Effectiveness
From an epidemiological perspective, we identified A2 as the
most cost-effective strategy, closely followed by A1, based on
evidence from a parallel economic evaluation [37]. We postulate
that surveillance strategies similar to A1 and A2 likely yield
the best estimates and are most efficient. They are also
logistically simpler than the strategies with a prescreening tool.

Limitations
This study had several limitations. First, the actual execution
of the trial was limited to 3 weeks; time constraints limited
adequate testing of the prescreening tool and impeded pilot
studies. Second, random samples from most municipalities
yielded a representative pool of potential participants; however,
Heidelberg and its surrounding area have a higher
socioeconomic level than an average German municipality.
Voluntary participation likely correlates with gradients in
wealth; thus, the participation rate could have been different
elsewhere in Germany. As high socioeconomic strata are
simultaneously less susceptible to SARS-CoV-2 infection and
more likely to participate in studies, this possibly led to slightly
underestimated prevalence estimates [61]. Third, participants
in each study arm were expected to return samples no later than
1 day after receiving the sample collection kits. However, for
some participants, the instructions in the invitation letter were
not clear enough as this could not be tested in a pilot study
owing to time constraints. Therefore, some participants collected
samples on a day that was more convenient for them [55].
However, these untimely samples were most likely random,
which may explain the lower sample return at the beginning
and some late samples. Clear communication could yield timely
sample return and thus more stable return numbers throughout
the surveillance period. Finally, the calculation of the sample
size and thus the accuracy of the prevalence were limited by
the available financial resources and various uncertainties in
the assumptions.

We expected to receive a similar number of gargle samples in
each arm to enable systematic bias estimation. Because B1 uses
a symptom-based prescreening that cannot capture asymptomatic
cases, the prevalence should be systematically underestimated.
However, B2 could also capture asymptomatic household
members, and depending on the intrahousehold transmission
rate, B2 could systematically overestimate the prevalence in
certain scenarios. However, the average time between positive
prescreening and LAMP result in B1 and B2 was 8.4 days; many
of these participants had to be reminded to send the sample
back. Hence, although an average duration of PCR positivity
for 10 to 14 days seems reasonable, some people may have been
positive when first receiving the study materials but cleared the
infection before sampling [62]. In addition, the number of
samples in B1 and B2 was considerably lower than that in A1
and A2 (1152 vs 4179 samples), which resulted in inaccurate
prevalence estimates. Furthermore, the lower number of positive
cases in B1 and B2 may have been because of the poor
performance of the prescreening tool. The data sets used to train
the random forest algorithm may not have been optimal to
develop a sensitive discriminator. Including all household
members in the prescreening could increase the chance of
detecting symptomatic persons and might increase acceptance
in parallel. However, this was omitted because of increased
complexity and time constraints.

Active Versus Passive Surveillance
In Germany, the RKI’s COVID-19 figures stem from passive
surveillance, aiming to capture all positive test results (tested
symptomatic persons and positively tested contact persons) to
monitor the pandemic’s progress. However, data are transmitted
through multiple tiers from physicians and laboratories to the
RKI via local and state health departments, causing time delays
that affect the official reporting of case numbers. The RKI
therefore applies the nowcasting method for estimation by means
of assumptions and imputation of missing values [3].
Asymptomatic cases are also underrepresented, making it
challenging to assess the situation accurately. In contrast, an
active surveillance system would not claim completeness of
cases but test population representative random samples that
represent the actual occurrence of infections. Furthermore, it
would not rely on bottom-up reporting but sample infections
directly with less delays and yielding more accurate prevalence
estimates. Decentralized active surveillance systems could also
detect regional differences timely. Furthermore, a Bayesian
sliding-window estimator could enable the prediction of the
number of hospitalizations above a certain prevalence threshold.

Conclusions
The pandemic developed in a highly dynamic manner in most
countries, with scarcely comparable trends. The succession of
gradually increasing bouts of infection has been interrupted by
periods of low infection activity. There is no reason to believe
that future pandemics with similar hazard potential will evolve
in a less chaotic manner; therefore, SARS-CoV-2 can be seen
as a blueprint for future outbreaks. Therefore, rapidly deployable
outbreak surveillance systems should be developed and put on
standby.
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Continuous active SARS-CoV-2 surveillance based on general
population representative random samples of individuals or
households and postal mailing of gargle sample collection kits
for low-barrier home-based self-sampling, combined with a
rapid, highly sensitive, and specific nucleic acid amplification
test, is a feasible way to detect presymptomatic and

asymptomatic cases without overburdening PCR capacities.
However, additional measures are required to improve
participation. Information material and consent processes should
be tailored to real-life routine rather than scientific trials. In
addition, the information material should be more concise and
tested in pilot studies.
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Abstract

Background: Wastewater surveillance provided early indication of COVID-19 in US municipalities. Residents of long-term
care facilities (LTCFs) experienced disproportionate morbidity and mortality early in the COVID-19 pandemic. We implemented
LTCF building-level wastewater surveillance for SARS-CoV-2 at 6 facilities in Kentucky to provide early warning of SARS-CoV-2
in populations considered vulnerable.

Objective: This study aims to evaluate the performance of wastewater surveillance for SARS-CoV-2 at LTCFs in Kentucky.

Methods: We conducted a mixed methods evaluation of wastewater surveillance following Centers for Disease Control and
Prevention (CDC) guidelines for evaluating public health surveillance systems. Evaluation steps in the CDC guidelines were
engaging stakeholders, describing the surveillance system, focusing the evaluation design, gathering credible evidence, and
generating conclusions and recommendations. We purposively recruited stakeholders for semistructured interviews and undertook
thematic content analysis of interview data. We integrated wastewater, clinical testing, and process data to characterize or calculate
7 surveillance system performance attributes (simplicity, flexibility, data quality, sensitivity and positive predictive value [PPV],
timeliness, representativeness, and stability).

Results: We conducted 8 stakeholder interviews. The surveillance system collected wastewater samples (N=811) 2 to 4 times
weekly at 6 LTCFs in Kentucky from March 2021 to February 2022. Synthesis of credible evidence indicated variable surveillance
performance. Regarding simplicity, surveillance implementation required moderate human resource and technical capacity.
Regarding flexibility, the system efficiently adjusted surveillance frequency and demonstrated the ability to detect additional
pathogens of interest. Regarding data quality, software identified errors in wastewater sample metadata entry (110/3120, 3.53%
of fields), technicians identified polymerase chain reaction data issues (140/7734, 1.81% of reactions), and staff entered all data
corrections into a log. Regarding sensitivity and PPV, using routine LTCF SARS-CoV-2 clinical testing results as the gold
standard, a wastewater SARS-CoV-2 signal of >0 RNA copies/mL was 30.6% (95% CI 24.4%-36.8%) sensitive and 79.7% (95%
CI 76.4%-82.9%) specific for a positive clinical test at the LTCF. The PPV of the wastewater signal was 34.8% (95% CI
27.9%-41.7%) at >0 RNA copies/mL and increased to 75% (95% CI 60%-90%) at >250 copies/mL. Regarding timeliness,
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stakeholders received surveillance data 24 to 72 hours after sample collection, with delayed reporting because of the lack of
weekend laboratory staff. Regarding representativeness, stakeholders identified challenges delineating the population contributing
to LTCF wastewater because of visitors, unknown staff toileting habits, and the use of adult briefs by some residents preventing
their waste from entering the sewer system. Regarding stability, the reoccurring cost to conduct 1 day of wastewater surveillance
at 1 facility was approximately US $144.50, which included transportation, labor, and materials expenses.

Conclusions: The LTCF wastewater surveillance system demonstrated mixed performance per CDC criteria. Stakeholders
found surveillance feasible and expressed optimism regarding its potential while also recognizing challenges in interpreting and
acting on surveillance data.

(JMIR Public Health Surveill 2023;9:e44657)   doi:10.2196/44657
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Introduction

Background
Two years into the COVID-19 pandemic, myriad public health
challenges remain. Preventing disease in populations considered
vulnerable is among the most persistent and pressing issues.
Older adults, particularly those living in long-term care facilities
(LTCFs), experienced disproportionate morbidity and mortality
during the COVID-19 pandemic [1]. An estimated 23% of the
COVID-19 deaths in the United States occurred among LTCF
residents or staff as of early 2022 [2]. A combination of
age-related relative immunosuppression, high prevalence of
comorbid conditions, and increased exposure in congregate
living settings contributes to a greater burden of infection and
mortality among LTCF residents [1].

Early efforts in the pandemic to prevent and mitigate COVID-19
at LTCFs focused on limiting exposure (physical distancing
and personal protective equipment) and symptom screening to
identify potential cases [3]. There was limited availability of
clinical testing; for example, in June 2020, all LTCF staff and
residents in Kentucky underwent a single comprehensive round
of SARS-CoV-2 testing, and, at the time, it was unclear whether
more frequent clinical testing was feasible. We identified
wastewater surveillance for SARS-CoV-2 as a promising
approach to direct the limited clinical testing resources and
potentially mitigate the spread of infection at LTCFs.

Wastewater surveillance analyzes samples of wastewater for
the presence of disease markers, such as SARS-CoV-2 RNA
[4]. Many individuals who have been infected with
SARS-CoV-2 shed the virus in their stool [5], and there is
evidence that wastewater viral trends precede clinical case
detection by several days [6]. Monitoring wastewater for
SARS-CoV-2 RNA can identify previously unknown cases in
a population [7] and guide clinical testing and infection
prevention activities to mitigate new infections [7,8].

Wastewater surveillance has potential advantages over clinical
testing. Foremost, it measures disease presence in a population
via a single sample, making it more efficient than individual
surveillance [9]. It also has the potential to detect SARS-CoV-2
from asymptomatic individuals who might not otherwise seek
clinical testing [6]. It is noninvasive, which means that it may
be more acceptable to individuals than repeated clinical testing
[10]. Wastewater surveillance may provide more timely

information on disease presence and trends than clinical testing
owing to the earlier detection of SARS-CoV-2 shed by
asymptomatic or presymptomatic individuals in the population
[6]. However, there is little evidence to guide the implementation
of wastewater surveillance at LTCFs.

Objectives
We share our experience of implementing wastewater
surveillance for SARS-CoV-2 at 6 LTCFs in Kentucky during
the second year of the COVID-19 pandemic. We evaluated the
LTCF wastewater surveillance according to the framework put
forth by the Centers for Disease Control and Prevention (CDC)
Guidelines Working Group [11] for evaluating public health
surveillance systems.

Methods

Evaluation Approach and Manuscript Organization
The surveillance evaluation followed CDC guidelines for
evaluating public health surveillance systems [11]. We followed
the guidelines’ evaluation steps, including (1) engaging
stakeholders, (2) describing the surveillance system, (3) focusing
the evaluation design, (4) gathering credible evidence, and (5)
generating conclusions and recommendations. We describe step
1 (engaging stakeholders) and how we gathered and analyzed
credible evidence (steps 4 and 5) in this Methods section. In the
Results section, we describe the surveillance system (step 2)
and share credible evidence (step 4). In accordance with CDC
surveillance evaluation guidelines, we gathered evidence on 7
general performance attributes of surveillance systems
(simplicity, flexibility, data quality, sensitivity and positive
predictive value [PPV], timeliness, representativeness, and
stability). We incorporated additional concerns that arose during
stakeholder interviews into the evaluation. We provide
conclusions and recommendations (step 5) in the Discussion
section.

Stakeholder Interviews and Qualitative Analysis
The CDC guidelines identified stakeholder groups potentially
relevant to surveillance system evaluation to include public
health practitioners, health care providers, data providers and
users, representatives of affected communities, governments,
and professional and private organizations. The study team
identified the following stakeholder groups to focus the
evaluation design (step 3) and provide credible evidence (step
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4) relevant for the evaluation: LTCF management
(encompassing the categories of data provider and user, health
care provider, representative of affected community, and private
organization), public health practitioners, and wastewater testing
field and laboratory staff (another category of data provider).
We purposively recruited individuals from these groups based
on their involvement with LTCF wastewater surveillance and
jurisdictional relationship (eg, local public health department)
for semistructured interviews tailored to stakeholder roles.
Interview questions asked about LTCF wastewater surveillance
usefulness, resources, challenges, communication, concerns,
and actions. The semistructured interview guides are presented
in Multimedia Appendix 1. Author JL, a medical student not
involved in implementing the wastewater surveillance system,
conducted the interviews remotely using videoconferencing.
Stakeholder interviewees provided written informed consent
before the interview; they did not receive compensation for their
participation. Each stakeholder was interviewed once, and the
interviews lasted 18 to 35 minutes. We recorded and transcribed
the interviews for qualitative analysis. We analyzed interview
content using the rigorous and accelerated data reduction
approach for qualitative analysis [12]. The rigorous and
accelerated data reduction method involved identifying key
points and moving pertinent quotes or thoughts into a central
spreadsheet. After each interview transcript underwent this
process, we identified common themes and moved these data
into a secondary spreadsheet. The data went through several
rounds of this reduction process to isolate the most pertinent
ideas and generate representative quotations. We used
information from the stakeholder interviews to focus the
evaluation design (step 3).

Other Credible Data Sources
Credible evidence (step 4 of the evaluation process) came from
several sources. The project’s LTCF partner shared deidentified
staff and resident clinical testing results from the 6 facilities
during the wastewater surveillance period. LTCF clinical testing
occurred per state, CDC, and Centers for Medicare and Medicaid
Services guidance and varied from twice weekly to monthly
screening of unvaccinated staff per local disease transmission
levels. Wastewater testing data came from the study team. The
stakeholder interviews provided qualitative data. Additional
data came from the project team’s administrative records.

Wastewater Surveillance Performance
We calculated the sensitivity and specificity of wastewater
surveillance by comparing wastewater positivity with clinical
test positivity for SARS-CoV-2 at wastewater thresholds ranging
from 0 to 250 copies/mL of SARS-CoV-2 RNA. The study team
obtained wastewater measurements using a method developed
by our team and described in the Surveillance System
Description subsection of the Results section. We compared
the wastewater data with clinical test results during the week
that followed a wastewater measurement in a 2×2 contingency
table (true positives, true negatives, false positives, and false
negatives) at multiple wastewater SARS-CoV-2 threshold
values. We then estimated the sensitivity and specificity of
wastewater surveillance at each threshold and plotted a receiver
operating characteristic curve. To evaluate whether wastewater

testing identified SARS-CoV-2 at LTCFs earlier than routine
clinical screening, we conducted a lead-lag time correlational
analysis. We estimated the correlation between the average
wastewater RNA concentration and the number of known
SARS-CoV-2 infections at a specific LTCF by shifting the
wastewater result 1 to 7 days before and after the clinical test
collection date. We calculated the Kendall rank correlation
coefficient because this estimator is conservative compared with
the Pearson and Spearman correlation coefficients. We used
Microsoft Excel for descriptive analyses of administrative data
and SAS 9.4 (SAS Institute Inc) to estimate the wastewater
surveillance performance metrics of sensitivity and PPV, and
the correlation of the wastewater RNA signal with clinical test
data.

Ethics Approval
The University of Kentucky Institutional Review Board
reviewed and approved the study protocol (62384).

Results

Surveillance System Description

Overview
The study team collaborated with Trilogy Health Services, an
LTCF organization that manages >100 facilities across the
Midwest in the United States. The study team identified 6
LTCFs in Lexington and Louisville, Kentucky, for wastewater
surveillance. Proximity to the University of Kentucky campus
and the ability to access facility-specific wastewater effluent
guided facility site selection. The 6 participating LTCFs each
had 67 to 160 residents and 76 to 117 staff. Wastewater
sampling began on March 19, 2021, and ended in Louisville on
December 16, 2021, and in Lexington on February 23, 2022.

Wastewater Collection
The study team visited each LTCF to identify wastewater
effluent access points with facility management. For each
facility, there was manhole access to a sewer pipe that contained
the entirety of the facility’s wastewater effluent and did not
contain effluent from neighboring buildings. Field technicians
obtained LTCF wastewater effluent samples using autosamplers
suspended under the manhole covers that collected 100 mL of
wastewater every 20 minutes during a 24-hour period (ie, a
composite sample). Rechargeable batteries provided power for
the autosamplers. Ice packed around the autosampler jug
refrigerated the composite sample to minimize RNA
degradation. The technicians collected three to four 24-hour
composite samples each week from the Lexington LTCFs and
2 to 3 samples each week from the Louisville LTCFs. Field
technicians recorded wastewater composite sample collection
date, location, volume, and temperature using tablet computers
and a custom REDCap (Research Electronic Data Capture;
Vanderbilt University) database. The field technicians
transported 250 mL from each 24-hour composite sample to
the University of Kentucky in Lexington for analysis. The team
collected 811 composite wastewater samples across the 6
facilities during the study period.
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Laboratory Analysis
Laboratory analysis of the wastewater included (1)
heat-mediated viral lysis, (2) nucleic acid extraction using
paramagnetic particles with exclusion-based sample extraction
[13], and (3) SARS-CoV-2 RNA quantification using
CDC-recommended N1 primers and real-time qualitative
polymerase chain reaction (RT-qPCR) analysis. Laboratory
staff processed 8 aliquots from each sample and reported the
average SARS-CoV-2 RNA concentration across the 8 aliquots.
Strike et al [14] provide a detailed description of the laboratory
method. Laboratory quality control measures included negative
RT-qPCR controls, positive RT-qPCR controls, spiked
SARS-CoV-2 samples to assess RNA extraction efficiency, and
a visual inspection of RT-qPCR readouts for concurrence with
automated cycle threshold reads. In addition, the laboratory
measured crAssphage DNA concentrations in 2 aliquots from
each wastewater composite sample as an indicator of the
sample’s fecal load using the same general laboratory method
as for SARS-CoV-2 quantification. crAssphage is a human gut
bacteriophage that is ubiquitous in human stool at high
concentrations.

Data Architecture and Communication
The study team developed a custom computer program to join
the wastewater sample data stored in the REDCap database with
the RT-qPCR wastewater RNA data, which resulted in a text
file. The program incorporated multiple data validity checks
and generated an error log that triggered study team members
to investigate and rectify data quality issues. The team created
a web-based password-protected data visualization dashboard
that provided up-to-date results of wastewater surveillance to
Trilogy management. The study team also shared wastewater
surveillance results with Trilogy facility leadership via email
and telephone. Trilogy decided how to respond to the wastewater
surveillance data, including any enhanced clinical testing of
staff or residents.

Wastewater Surveillance Performance
In accordance with CDC surveillance evaluation guidelines, we
present credible evidence from stakeholder interviews (N=8),
administrative records, wastewater analysis, and clinical testing
results to address 7 general performance attributes of public
health surveillance systems.

Simplicity: How Cumbersome Was the Process of
Collecting Samples, Processing Them, and Sharing
Surveillance Data With Stakeholders?
Testing wastewater samples 3 to 4 times per week at 6 facilities
across 2 municipalities required 1 full-time laboratory
technician, 1 full-time field technician, and 1 part-time field
technician. Several part-time student laboratory assistants
worked ≤10 hours a week to conduct wastewater laboratory
analyses under the supervision of the full-time laboratory
technician. The field technicians had no relevant experience at
surveillance onset and acquired wastewater collection skills
through apprenticeship during several field site visits.

The method of communicating wastewater results evolved over
the study. Data sharing transitioned from emails and telephone

calls to a web-based data dashboard, complemented by emails
and telephone calls for results with perceived urgency. The
dashboard displayed levels of SARS-CoV-2 RNA in wastewater
by LTCF location and included clinical testing data from
Trilogy’s public-facing COVID-19 dashboard.

Flexibility: Did Wastewater Surveillance Adapt to the
Changing Realities of the Pandemic, and If So, How
Much Effort Was Needed, and How Successful Was the
Transition?
Wastewater surveillance demonstrated flexibility in sampling
frequency and duration, population under surveillance, and
pathogens targeted. Initially, the field team collected wastewater
samples 3 times weekly (Lexington) and twice weekly
(Louisville). The team increased the sampling frequency to 4
times weekly (Lexington) and 3 times weekly (Louisville) to
optimize the timely identification of new infections in the LTCF
population. In addition, the study team reported that they
efficiently resumed wastewater surveillance in January 2022
(after planned completion in December 2021) in Lexington
because of concern for infections related to the SARS-CoV-2
Omicron variant in the LTCF population.

Although the focus of the wastewater surveillance system was
SARS-CoV-2, the study team piloted testing LTCF wastewater
for Clostridioides difficile, a pernicious colonic bacterium that
can cause severe gastrointestinal illness. The testing of LTCF
wastewater identified pathogenic (toxin producing) C difficile
DNA, suggesting the flexibility of LTCF wastewater
surveillance for pathogens beyond SARS-CoV-2.

Data Quality: How Complete Were the Wastewater
Surveillance Data? How Was Data Quality Assured?
The wastewater surveillance system obtained 24-hour composite
wastewater samples from the LTCFs 2 to 4 days per week. In
Lexington, wastewater effluent was tested 47.3% (160/338) of
the days in the study period. In Louisville facilities, wastewater
testing covered 35.8% (98/274) to 37.2% (102/274) of the days
in the study period. The subsection describing system stability
provides additional information regarding wastewater sample
collection issues that may have affected data quality. Of the 811
wastewater samples collected, 31 (3.8%) were not processed
owing to reagent shortages (n=21, 68%), processing delays after
winter storms (n=9, 29%), and contamination during laboratory
extraction (n=1, 3%). Of the 780 samples analyzed for
SARS-CoV-2, 40 (5.1%) had no detectable concentration of
crAssphage or were not analyzed for crAssphage. The absence
of detectable crAssphage in a wastewater sample suggests low
or negligible presence of fecal material, which makes the
detection of SARS-CoV-2 RNA less likely.

Custom software identified data inconsistencies in the REDCap
database and the polymerase chain reaction (PCR) output files.
In addition, laboratory personnel visually reviewed PCR curves
and data generated by the PCR instrument to identify erroneous
machine-estimated results. To maintain data integrity,
technicians entered corrections into an Excel workbook. The
software applied these corrections to the REDCap data before
joining the data with the PCR results. The frequencies of
identified data issues are presented in Table 1.
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Table 1. Frequency of identified quality issues in long-term care facility wastewater surveillance data.

Values, n (%)Data source and data quality issue

REDCapa (n=780)

89 (11.4)Inaccurate sample ID

16 (2.1)Inaccurate location ID

0 (0)Inaccurate collection method

5 (0.6)Inaccurate sample date

RT-qPCRb (n=7734)

91 (1.2)False-positive PCRc value

2 (0)False-negative PCR value

19 (0.2)Inaccurate PCR value

aREDCap: Research Electronic Data Capture.
bRT-qPCR: real-time qualitative polymerase chain reaction.
cPCR: polymerase chain reaction.

Sensitivity and PPV: What Proportion of the Time When
There Was a Known SARS-CoV-2 Case Was There a
Positive Wastewater SARS-CoV-2 Signal? What Was
the Probability That a Positive Wastewater Signal
Indicated an Active SARS-CoV-2 Infection?
We used Trilogy’s clinical testing data to estimate the
performance of wastewater surveillance for detecting
SARS-CoV-2 infections. Trilogy primarily used antigen-based
SARS-CoV-2 tests. Trilogy tested LTCF staff per CDC and
state guidance, which recommended PCR testing of staff who
were symptomatic and every-other-week to twice-a-week testing
of unvaccinated staff based on COVID-19 activity in the
facility’s county. Residents received SARS-CoV-2 testing when
symptomatic and twice weekly after the identification of a case
in the facility until no new cases were identified for 2 weeks.
Trilogy did not require visitors to test.

Wastewater surveillance sensitivity for detecting the presence
of identified clinical cases was 30.6% (95% CI 24.4%-36.8%)
using a signal threshold of >0 RNA copies/mL and decreased
to 11.5% (95% CI 7.2%-15.8%) with a signal threshold of >250
RNA copies/mL (Figure 1). Wastewater surveillance specificity
ranged from 79.7% (95% CI 76.4%-82.9%; >0 RNA copies/mL)
to 98% (95% CI 97.7%-99.6%; >250 RNA copies/mL). When
limiting clinical test data to residents, wastewater surveillance
sensitivity at a signal threshold of >0 RNA copies/mL improved
to 48% (95% CI 36.5%-59.4%), with a specificity of 80% (95%
CI 77%-82.9%; Figure 1). The PPV of wastewater surveillance
ranged from 34.8% (95% CI 27.9%-41.7%) to 75% (95% CI
60%-90%) for wastewater signal thresholds of >0 copies/mL
and >250 copies/mL, respectively, when including all clinical
data and ranged from 19.7% (95% CI 13.8%-25.5%) to 39.3%
(95% CI 21.2%-57.4%) when considering only clinical tests
from residents (Figure 2).

Figure 1. Receiver operating characteristic curves depicting the sensitivity and specificity of wastewater surveillance at varying SARS-CoV-2 wastewater
signal thresholds to discriminate the presence of staff and residents with a positive SARS-CoV-2 clinical test at 6 long-term care facilities. Note: panel
A includes resident and staff clinical test results; panel B includes only resident clinical test results. cp: copies.
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Figure 2. Positive predictive value (PPV) of a SARS-CoV-2 wastewater signal at various threshold values for the presence of a long-term care facility
staff member or resident with a positive SARS-CoV-2 clinical test. cp: copies.

Limitations of the clinical testing data likely affected the
estimates of wastewater surveillance performance. Rapid antigen
test sensitivity is poor in asymptomatic individuals [15], and
there was incomplete and variable testing of residents and staff.
There was likely underascertainment of SARS-CoV-2 infections
in the LTCF population, which would falsely deflate the
estimates of wastewater surveillance specificity and PPV and
inflate the estimates of sensitivity.

Timeliness: How Much Time Elapsed Between
Collecting a Wastewater Sample, Analytic Results, and
Infection Prevention Action by the Facility? Did
Facility-Level Wastewater Surveillance Detect the
Presence of SARS-CoV-2 Sooner Than Routine Clinical
Testing or Testing Triggered by Symptom Screening?
Wastewater surveillance data were typically available for
stakeholders 24 to 72 hours after sample collection. Variation
in data timeliness was due primarily to personnel availability

for sample processing and data entry. In general, turnaround
time was faster for samples collected on Tuesdays, Wednesdays,
and Thursdays than for samples collected on Fridays because
laboratory staff did not work on weekends. Median turnaround
times for results for samples collected on Tuesdays,
Wednesdays, and Thursdays were 26, 37, and 28 hours,
respectively. For results for samples collected on Fridays, the
median turnaround time was 74 hours.

A lagged correlation analysis between the wastewater signal
and clinical case detection showed variable correlation across
the 6 facilities. At the 2 Lexington facilities with the greatest
number of clinical cases, the wastewater signal correlated
temporally with clinical testing results (Figure 3). Although
wastewater positivity generally led clinical positivity (rather
than lagged), there was not a specific lead time that
outperformed all others because significant correlations were
seen for lead times ranging from 1 (P<.001) to 7 (P<.001) days.

Figure 3. Lagged correlational analysis of wastewater SARS-CoV-2 positivity with SARS-CoV-2 clinical test positivity at 2 long-term care facilities.
The x-axis indicates the number of days the wastewater data are offset relative to the clinical data, with negative values indicating the number of days
that wastewater data lead, and positive values indicating the number of days that wastewater data lag, the clinical test data.
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Representativeness: How Thoroughly Did Wastewater
Testing Monitor the Population in the LTCFs?
Wastewater surveillance was representative of the population
contributing to the wastewater at LTCFs because it examined
building-wide sewer effluent over 24 hours. However, there
were important caveats. The LTCF population that potentially
contributed to wastewater at the facility was dynamic: there
were resident admissions and discharges, staff worked at ≥1
locations, and the LTCFs reinstated resident visitation during
the surveillance period. In addition, members of the LTCF
population may not have contributed to the sewer effluent
because they used toilets outside of the facility (staff) or because
of incontinence and the use of adult briefs (residents). As
previously mentioned, the inclusion of staff clinical results
alongside resident results substantially affected the sensitivity
(lower) and PPV (higher) of wastewater surveillance.

During a cluster of 10 identified resident cases at 1 LTCF, the
surveillance team noted an intermittently positive wastewater
signal. An investigation of this unexpected variability revealed
that 6 (60%) of the 10 residents were fully or partially
incontinent and using adult briefs. Their feces did not enter the
wastewater stream and therefore did not contribute to a
measurable SARS-CoV-2 wastewater signal.

Stability: What Issues Arose With Surveillance
Equipment, Processes, Data Collection, or Reporting,
and How Did This Affect Surveillance? How Much Did
the System Cost to Operate?
Global supply chain issues owing to the COVID-19 pandemic
required flexibility. At the study onset, autosamplers were
unavailable, which delayed surveillance implementation by a
month. Intermittent vendor shortages of laboratory supplies

forced reuse protocols when possible and resulted in a reduction
of replicates analyzed in 9.5% (74/780) of the samples. Several
environmental and infrastructure factors challenged wastewater
collection. Autosampler logs identified periods of low flow in
the wastewater effluent stream, which resulted in smaller sample
volumes and less representative composite samples at 1 facility
in particular. We did not observe clogging of the strainers at
the end of the autosampler tubing; however, intermittent
clogging may have occurred and contributed to the low flow
measured by the autosamplers. The results from the days and
locations with smaller composite volumes may not represent
conditions from the 24-hour collection period. In addition, sewer
architecture resulted in a likely false-positive wastewater signal
at 1 LTCF (Textbox 1).

Wastewater composite samples exceeded the goal temperature
threshold of 4 °C (for optimal RNA stability) during summer
months. Decreasing the composite sample volume (to 6000 mL)
and increasing the volume of ice used in the autosamplers
increased the frequency with which the composite wastewater
samples stayed below the target temperature.

The reoccurring cost to conduct 1 day of wastewater surveillance
at an LTCF was approximately US $144.50, or approximately
US $18.06 per replicate. This estimate included transportation,
labor, and materials based on wastewater testing at 6 sites (Table
2). Additional 1-time equipment expenses, such as laboratory
equipment (notably a PCR machine) and autosamplers,
contribute to start-up costs for wastewater surveillance.
Amortized over the lifetime of the equipment, these expenses
will increase per-sample costs by approximately US $5 to US
$10. There are potential economies of scale related to labor
because there are time efficiencies when obtaining and
processing samples from multiple facilities.

Textbox 1. Adapting wastewater sampling to mitigate sewer architecture challenges.

During routine wastewater surveillance, the team detected a strongly positive wastewater signal at a facility with no known COVID-19 infections.
This happened on a Friday, and the surveillance team notified long-term care facility (LTCF) leadership shortly before the close of business. Over
the subsequent 2 days, the LTCF leadership tested all residents and staff at the facility but did not identify an individual with SARS-CoV-2 infection.
LTCF site management shared that there were COVID-19 cases at a neighboring apartment building. An examination of sewer architecture revealed
that wastewater effluent from the LTCF and the apartment building converged at our sampling point (Figure 4). Although the field technician placed
the autosampler probe into the LTCF wastewater effluent channel, the technician noted intermittent probe migration into the convergent channel. We
presume that the strongly positive wastewater signal came from the apartment building. We addressed this sampling issue by designing an autosampler
probe guide made using a polyvinyl chloride pipe and rigid wire. This custom device ensured that the probe remained in the channel containing only
LTCF wastewater.

Table 2. Cost estimates for wastewater surveillance at long-term care facilities by expense category.

Cost per capitaa/sample (US $)Cost/sample (US $)Cost/replicate (US $)

0.2851.786.47Reagents

0.3158.387.30Labor

0.1834.334.29Transportation

0.77144.5018.06Total

aOn the basis of the total population (N=1124) of residents and staff at the 6 long-term care facilities at the conclusion of wastewater surveillance.
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Figure 4. Autosampler probe guide designed to address the sampling issue at a long-term care facility (LTCF). PVC: polyvinyl chloride.

Additional Wastewater Surveillance Considerations
Stakeholders mentioned that the relative newness of wastewater
surveillance added complexity to surveillance implementation.
The collaboration between university researchers and the LTCF
organization raised data sharing and privacy issues related to
resident and staff COVID-19 testing results. A formal data use
agreement clarified expectations.

All interviewed stakeholders raised the issue of how best to
interpret, and respond to, the wastewater data. LTCF and local
health department leadership expressed a desire for a clear
course of action. They asked questions about the strength of a
wastewater signal that should trigger clinical testing and about
how wastewater RNA concentrations correlated to the numbers
of infections at the facility. Study scientists stressed that, at best,
wastewater data indicated trends and not absolute numbers of
infections. Local health department officials could not foresee
incorporating wastewater surveillance into daily practice without
a high level of evidence and guidance supporting its adoption.

Several stakeholders mentioned the importance of goal setting
between LTCF leadership and the study team. Scientists
expressed a desire to define ideal parameters such as target
sensitivity and PPV, turnaround time, and methods of
communication. LTCF leadership prioritized a streamlined
approach to wastewater surveillance, such as an industry build
out with established resources to easily set up and maintain
systems off the shelf, such as commercially available fire
protection systems.

Discussion

Principal Findings
Our evaluation of wastewater surveillance for SARS-CoV-2 at
LTCFs found the approach feasible and timely, with results
available to stakeholders within approximately 24 to 72 hours.
Wastewater surveillance demonstrated decent specificity but
poor sensitivity for identifying known SARS-CoV-2 clinical
cases, although sensitivity improved when using only clinical
test results from LTCF residents (excluding staff). LTCF
wastewater surveillance was stable; solutions to environmental
challenges were manageable, and there were minimal disruptions
in sampling.

Stakeholders consistently raised questions about wastewater
surveillance performance and results interpretation. The
limitations of clinical testing data, such as less frequent testing
of residents and the use of rapid antigen tests, affected the team’s
ability to accurately estimate the performance of wastewater
surveillance (ie, there was not a gold standard on which to base
sensitivity and specificity calculations). Uncertainties also
existed regarding the population under wastewater surveillance.
Family visits resumed during the surveillance period, staff bowel
habits were unknown, and residents with fecal incontinence
used adult briefs, meaning that their feces did not enter the
wastewater stream. Staff with COVID-19 isolated at home for
a variable period before returning to work and potentially
contributing to the wastewater stream. These limitations eroded
confidence in wastewater surveillance performance.
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Stakeholders wanted to quantify the number of COVID-19 cases
represented by a specific wastewater signal intensity. The
relationship between wastewater signal intensity and number
of cases was not clear, owing in part to uncertainties regarding
the population under surveillance described in the preceding
paragraph. In addition, viral shedding of SARS-CoV-2 is
variable in frequency, intensity, and duration [16]. These
parameters likely vary among SARS-CoV-2 variants and across
host characteristics (age, disease intensity, and comorbid
conditions) [17]. Additional facility and environmental
considerations may have affected measured wastewater
SARS-CoV-2 concentrations, such as variations in wastewater
flow, presence of inhibitor substances (cleaning agents and
disinfectants), ambient temperature, and the heterogeneous
nature of wastewater [18,19]. However, water quality differences
among facilities may not correlate with changes in SARS-CoV-2
concentrations [20]. Because of these factors, precisely
delimiting the relationship between wastewater SARS-CoV-2
concentration and COVID-19 cases was difficult and may not
be realistic at the facility level. Furthermore, once there is an
established case in a building, identifying new infections using
wastewater measurements remains a hurdle because
convalescing individuals continue to shed virus [21].
SARS-CoV-2 RNA present in wastewater from convalescing
individuals may decrease the estimated specificity and PPV of
the wastewater signal for detecting new SARS-CoV-2 infections.

Variability in turnaround time from sample collection to result
dissemination was primarily because of staffing and the day of
sample collection. Samples collected on Tuesday through
Thursday underwent analysis the same day, with results typically
reported the next morning, whereas samples collected on Friday
had delayed reporting of results owing to limited weekend
staffing. Turnaround times observed in this evaluation were
comparable with those reported by a wastewater laboratory in
Berkeley, California [22]. Wastewater testing results turnaround
time, regardless of the day of the week, was quicker than typical
turnaround times for PCR clinical testing (48-72 h) but slower
than rapid antigen tests (15 min to 1 h) [7]. Adding staff in the
evening or during the weekend could mitigate the observed
variability in results turnaround times and support wastewater
surveillance as an effective early warning system.

Wastewater surveillance at LTCFs may provide an early warning
of infection at a facility before detection by routine screening
practices as suggested by the time-shifted correlation analysis.
A positive wastewater signal could trigger enhanced clinical
testing and infection prevention actions. To maximize the
potential lead time provided by the wastewater signal, an LTCF
would need clear operating procedures in place. These include
capacity to test, perform contact tracing, and isolate individuals
who have been potentially infected, as demonstrated on
university campuses that used wastewater surveillance to trigger
disease mitigation responses [23-25]. Uncertainties in how to
interpret the wastewater data and how best to communicate this
information within our academic-private partnership limited
actions taken in response to wastewater data and require
additional investigation in how best to use wastewater
surveillance as an infection-detection modality.

Facility wastewater surveillance was flexible, as demonstrated
by the rapid resumption of surveillance at the onset of the
SARS-CoV-2 Omicron variant wave in January 2022; however,
there are structural limitations to this surveillance. Sewer
architecture is an important consideration when evaluating
facility suitability for wastewater surveillance [26]. Situations
where facility-level wastewater surveillance is less suitable
include facilities where sewer access is limited to manholes in
busy streets, there is low effluent flow, and convergent
wastewater streams prohibit the selective sampling of
wastewater from the facility of interest. Labor availability or
lack of access to a laboratory skilled in RT-qPCR might prolong
results turnaround time to a point where wastewater surveillance
may not provide an early warning of disease [25].

Most stakeholders expressed enthusiasm for wastewater
surveillance, recognizing its cost-effective noninvasive nature
and potential for monitoring SARS-CoV-2 variants of concern
and other pathogens, including methicillin-resistant
Staphylococcus aureus and C difficile, as well as viruses that
cause respiratory infections such as influenza. The specific use
cases for wastewater surveillance will vary based on stakeholder
priorities, institutional wastewater infrastructure, and available
resources. Wastewater surveillance may also serve purposes
beyond disease surveillance, such as maintaining relationships
with external stakeholders [27]. In our case, the leadership at
the LTCF organization were interested in wastewater
surveillance as an emerging technology that could protect the
well-being of their residents and demonstrate their commitment
as an industry leader in safety.

Stakeholders in the LTCF industry cited the lack of easily
deployable wastewater surveillance systems as a major hurdle
to wider adoption. They described a desire for off-the-shelf,
ready-to-go wastewater surveillance systems, akin to fire
protection systems. The COVID-19 pandemic is driving rapid
innovation of wastewater surveillance technology, and as the
industry develops and technology improves, LTCF managers
may be open to broader adoption of this tool. Alternatively,
LTCFs could partner with local utilities or health departments
to build sustainable wastewater surveillance systems.

Although reports describing the use of wastewater surveillance
at LTCFs are sparse, there are other facility-based settings where
wastewater surveillance flourished during the COVID-19
pandemic. Universities, in particular, were early adopters and
implemented building-level wastewater testing, while
developing wastewater sampling strategies, laboratory assays,
and public health response measures [25]. Schools were another
congregate setting where wastewater surveillance demonstrated
utility in identifying and potentially mitigating SARS-CoV-2
infection [28,29]. Correctional settings have also used and
evaluated wastewater surveillance [30], and former inmates
have voiced a preference for wastewater surveillance over
individual testing for SARS-CoV-2 [31]. Many of the lessons
learned from this evaluation of wastewater surveillance at
LTCFs may apply to wastewater surveillance in other
facility-level settings.

This surveillance evaluation had limitations in addition to the
challenges we have already described. Sparse data from
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relatively few positive clinical tests during the surveillance
period reduced the power of the statistical analyses and may
have affected surveillance performance estimates. The
stakeholders interviewed for the evaluation shared perspectives
that may not represent the opinions and experiences of
individuals involved in wastewater surveillance in other settings,
meaning that the findings from this evaluation may not
generalize to other LTCF-based wastewater surveillance settings.
However, by adhering to the CDC guidelines for evaluating
public health surveillance systems, we used reproducible
methods and provide credible data and insight into the
performance of wastewater surveillance for SARS-CoV-2 at 6
LTCFs in Kentucky.

Conclusions and Recommendations
Facility-level wastewater surveillance can monitor populations
considered vulnerable for the presence of infectious diseases.

Stakeholders found the surveillance feasible and expressed
optimism regarding its potential while also recognizing
challenges in interpreting, and acting on, the data. Further
studies of the performance of facility-level wastewater
surveillance will improve the interpretation of wastewater data
and increase the utility of this emerging surveillance modality.

Specific recommendations based on this evaluation are to (1)
investigate the relationship between wastewater SARS-CoV-2
RNA levels and the number of individuals infected and
convalescing at a facility (fecal shedding studies may help
elucidate this relationship); (2) synthesize facility-based
wastewater surveillance data across projects to develop and test
guidance on data interpretation; and (3) foster relationships
among academic partners, LTCF organizations, and public
health officials to clarify and strengthen communication
practices to understand the priorities and limitations of
wastewater surveillance.
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Abstract

Background: The COVID-19 pandemic had wide-ranging systemic impacts, with implications for social and behavioral factors
in human health. The pandemic may introduce history bias in population-level research studies of other health topics during the
COVID-19 period.

Objective: We sought to identify and validate an accessible, flexible measure to serve as a covariate in research spanning the
COVID-19 pandemic period.

Methods: Transportation Security Administration checkpoint travel numbers were used to calculate a weekly sum of daily
passengers and validated against two measures with strong face validity: (1) a self-reported item on social distancing practices
drawn from a continuous tracking survey among a national sample of youths and young adults (15-24 years) in the United States
(N=45,080, approximately 280 unique respondents each week); and (2) Google’s Community Mobility Reports, which calculate
daily values at the national level to represent rates of change in visits and length of stays to public spaces. For the self-reported
survey data, an aggregated week-level variable was calculated as the proportion of respondents who did not practice social
distancing that week (January 1, 2019, to May 31, 2022). For the community mobility data, a weekly estimate of change was
calculated using daily values compared to a 5-week prepandemic baseline period (January 3, 2020, to February 6, 2020). Spearman
rank correlation coefficients were calculated for each comparison.

Results: Checkpoint travel data ranged from 668,719 travelers in the week of April 8, 2020, to nearly 15.5 million travelers in
the week of May 18, 2022. The weekly proportion of survey respondents who did not practice social distancing ranged from
18.1% (n=42; week of April 15, 2020) to 70.9% (n=213; week of May 25, 2022). The measures were strongly correlated from
January 2019 to May 2022 (ρ=0.90, P<.001) and March 2020 to May 2022 (ρ=0.87, P<.001). Strong correlations were observed
when analyses were restricted to age groups (15-17 years: ρ=0.90; P<.001; 18-20 years: ρ=0.87; P<.001; 21-24 years: ρ=0.88;
P<.001), racial or ethnic minorities (ρ=0.86, P<.001), and respondents with lower socioeconomic status (ρ=0.88, P<.001). There
were also strong correlations between the weekly change from the baseline period for checkpoint travel data and community
mobility data for transit stations (ρ=0.92, P<.001) and retail and recreation (ρ=0.89, P<.001), and moderate significant correlations
for grocery and pharmacy (ρ=0.68, P<.001) and parks (ρ=0.62, P<.001). A strong negative correlation was observed for places
of residence (ρ=−0.78, P<.001), and a weak but significant positive correlation was found for workplaces (ρ=0.24, P<.001).

Conclusions: The Transportation Security Administration’s travel checkpoint data provide a publicly available flexible
time-varying metric to control for history bias introduced by the pandemic in research studies spanning the COVID-19 period in
the United States.
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Introduction

On March 11, 2020, the outbreak of the disease resulting from
SARS-CoV-2 (COVID-19) was declared a pandemic by the
World Health Organization [1]. As cases surged in the United
States, public health and government officials engaged in
unprecedented efforts to limit the spread of the virus. Without
effective pharmacological interventions and vaccines, social
distancing emerged as the primary mitigation strategy [2,3].
Furthermore, many governments enacted stay-at-home mandates
and the closing of nonessential businesses, with the reasoning
that with fewer people traveling outside their homes, there would
be less close physical contact between infected and uninfected
individuals [4]. According to a growing body of research
evaluating the effectiveness of these interventions, these actions
were instrumental in reducing infection rates [5].

The COVID-19 pandemic, and subsequent control measures,
had wide-ranging systemic impacts with implications for social
and behavioral factors in human health. The time-dependent
nature of the pandemic introduces history bias into longitudinal
and time series analyses, with the pandemic’s many impacts
acting as confounders in population-level research studies. A
commentary by Tuttle et al [6] noted that potential bias
introduced by the COVID-19 pandemic has important
considerations for analysis and interpretation in clinical research,
and suggested that potential confounding may be addressed by
examining pre-and postpandemic data with a control for
COVID-19 behaviors. Such a control variable should have
validity within a variety of target populations addressed by
public health (eg, by age, socioeconomic status, race, or
ethnicity).

Mobility data have the ability to provide nearly real-time
information about changes in patterns of human movement as
measured by activity on mobile phones, GPS tracking, and
social media platforms. For the past several years, researchers
have used mobility data to inform epidemiological modeling,
situational awareness, and resource allocation during public
health crises [7-14]. Thus, most of the available literature
leverages mobility data to track the movements of individuals
during the COVID-19 pandemic, to identify areas of high
transmission, or evaluate the efficacy of interventions, such as
social distancing [7-12]. In contrast, few studies have applied
these data to other areas of public health research concurrent
with the COVID-19 pandemic. It was 1 study from the United
Kingdom that used mobility data to assess the impact of
COVID-19 pandemic restrictions on physical activity levels
[14]. Another in the United States established an association
between county-level social distancing patterns during the
COVID-19 pandemic and other county-level indicators of health
behavior (eg, smoking, obesity, flu vaccination, and
mammography screening) using data from GPS-enabled mobile
devices [13].

The purpose of this study is to identify a suitable control variable
for longitudinal or time series social and behavioral studies that
span the COVID-19 pandemic period. We sought to determine
whether air travel metrics can be used as a time-varying
endogenous indicator of COVID-19 impacts on societal
activities. The airline industry was detrimentally impacted by
the COVID-19 pandemic. Passenger air travel was the largest
contributor to industry losses during the pandemic, when the
number of air travel passengers dropped by approximately 60%
in 2020 [15,16]. Thus, we believe this may be a suitable control
variable to integrate retrospectively into data sets that span the
COVID-19 period. We will validate this measure against 2
time-varying population-level measures with strong face
validity: the first is calculated by aggregating individual-level
self-reported social distancing practices at a weekly level, drawn
from a continuous tracking survey of youths and young adults
in the United States; and the second is from Google’s COVID-19
Community Mobility Reports, which calculate daily values at
the national level to represent rates of change in visits and length
of stays to public spaces [9].

Methods

Data and Measures

Checkpoint Travel Data
Publicly available data from the Transportation Security
Administration (TSA) was used to construct an exogenous
indicator of COVID-19’s population-level impacts. TSA
maintains a daily count of travelers screened at TSA airport
checkpoints. As of this writing, data have been made available
by TSA on the internet from 2019 to the present [17]. A weekly
checkpoint travel variable was constructed by summing the
TSA’s daily checkpoint travel numbers within each week
(Wednesday-Tuesday), which was used for the analysis
correlating this measure to self-reported social distancing
(Multimedia Appendix 1). For analyses comparing checkpoint
travel data to community mobility data, the weekly checkpoint
travel data were calculated as a weekly change score compared
to the median checkpoint travel value for the corresponding day
of the week, during the 5-week prepandemic period spanning
January 3, 2020, to February 6, 2020.

Self-Reported Social Distancing Data
The self-reported measure of social distancing used data from
a cross-sectional, continuous tracking survey of youths and
young adults (aged 15-24 years) drawn from the Dynata national
web-based panel. The survey is administered continuously (ie,
sampling occurs every day) and receives responses from
approximately 280 unique participants per week. Participants
who completed a survey between January 1, 2019, to May 31,
2022 (N=45,080) were included in the analysis. Sampling quotas
were used and survey weights were applied using age, race or
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ethnicity, and sex based on demographic benchmarks from the
US Census to approximate a national sample.

A self-reported, single-response item on the frequency of social
distancing during the past week was added to the survey
instrument on March 25, 2020, and remained throughout the
study period. Respondents were presented with the following
question: “Social distancing means people stay home as much
as possible to prevent catching and spreading the virus, and if
they go outside, they stay at least 6 feet away at all times from
any person who they don’t live with. Other terms for social
distancing that some people use are self-quarantine and
self-isolation. In the past week, have you done social
distancing…?” Responses were coded as 0=at all times,
1=usually, 2=sometimes, 3=very little, and 4=not at all.
Responses to the self-reported measure on social distancing
were dichotomized (0=at all times or usually, 1=sometimes or
very little or not at all). An aggregated week-level variable was
calculated as the proportion of respondents that week who
reported social distancing sometimes or very little or not at all
(ie, coded as “1” for the dichotomized variable; Multimedia
Appendix 2). In weeks prior to March 9, 2020, respondents
were coded as “1” to reflect a lack of social distancing during
the pre–COVID-19 period. The survey did not ask about social
distancing during the first 2 weeks of the pandemic (weeks of
March 9 and March 16), so the Next Observation Carried
Backward method was used to impute values for the weeks of
March 9 and March 16 using the proportions from the week of
March 23. The aggregated values in weeks prior to March 9
were 100%, representing no social distancing across all
respondents (n=280) within each of those weeks.

We constructed 2 additional aggregate measures of self-reported
social distancing using only data from population subgroups
(ie, racial or ethnic minorities and lower socioeconomic status)
to determine if the correlation to the endogenous measure is
similar for target populations commonly found in public health
research. For racial or ethnic minorities, we limited the
aggregation of the self-reported measure to those from
respondents who self-identified as being non-White (ie, Black
or African American, Asian, Native Hawaiian or other Pacific
Islander, American Indian or Alaska Native, or multiracial) or
Hispanic (n=14,657). For socioeconomic status, we used a
subjective measure of household income that has been validated
among young adults. Young adult respondents are asked:
“Considering your own income and the income from any people
who help you, how would you describe your own overall
financial situation? Would you say you… (live comfortably;
meet needs with a little left over; just meet basic expenses with
nothing left over; don’t meet basic expenses).” This measure
was adapted to respondents aged 15 to 17 years, who are asked:
“Considering all income earners in your family, how would you
describe your family’s overall financial situation, would you
say you…” with the same response options as the original
measure. The aggregated measure for low socioeconomic status
was limited to respondents who reported having their basic
needs met with nothing left over or not having their basic needs
met (n=30,054).

COVID-19 Community Mobility Data
Google’s COVID-19 Community Mobility Data compare how
visits and length of stay in various sites within communities
changed compared to a 5-week prepandemic baseline period
(January 3, 2020, to February 6, 2020) [18]. Data are drawn
from mobile devices where users are signed into their Google
accounts. Data collection is limited to Google users who have
elected to activate their Location History; the default setting is
off. To be comparable to the TSA’s checkpoint travel data, the
analysis for this paper used country-level data for the United
States.

A daily change score is calculated using values from each day
compared to the median value for the corresponding day of the
week during the 5-week baseline period. For the purposes of
this study, we calculated weekly change scores for the TSA data
from the same baseline period.

Google classifies community locales using the following
categories: retail and recreation (eg, restaurants and cafes,
shopping centers, theme parks, museums, libraries, and movie
theaters), grocery and pharmacies (eg, grocery markets, food
warehouses, farmer’s markets, specialty food shops, drug stores,
and pharmacies), parks (eg, local parks, national parks, public
beaches, marinas, dog parks, plazas, and public gardens), transit
stations (eg, subway, bus, and train stations), workplaces, and
places of residence.

Ethics Approval
The study was conducted in accordance with the Declaration
of Helsinki. Checkpoint travel data and community mobility
report data were obtained from anonymous, aggregated publicly
available sources (TSA and Google, respectively). The protocol
for the survey providing self-reported social distancing data
was approved by the Advarra Institutional Review Board
(Protocol ID: Pro0010120). Informed consent was obtained
from all survey respondents aged 18 years or older, or from a
parent or legal guardian for all respondents under 18 years of
age. Respondent incentives were in accordance with their
membership in a web-based panel maintained by Dynata.

Statistical Analysis
The Shapiro-Wilk test for normality determined that measures
were not normally distributed for weekly air travel (W=0.919,
P<.001), aggregated weekly social distancing (W=0.942,
P<.001), and community mobility data (grocery: W=0.892,
P<.001; recreation: W=0.877, P<.001; transit: W=0.986,
P<.001) during the pandemic period, likely due to the high level
of social distancing and reduction in travel observed during a
short duration at the beginning of the pandemic period.

Spearman rank correlation coefficient was calculated for the
weekly sum of travel checkpoint data, as were (1) the weekly
proportion of survey respondents who did not practice social
distancing and (2) the weekly percent change in visits to public
spaces compared to the prepandemic baseline.

A secondary analysis was conducted using first-order
differencing to remove the effects of the overall trend spanning
the study period and determine the checkpoint travel data’s
usage in controlling for weekly change.
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All analyses were conducted using RStudio (version 2021.09.0),
developed by Posit, formerly known as RStudio Inc.

Results

Correlations Between Checkpoint Travel Data and
Self-Reported Social Distancing
The relationship between the checkpoint travel data and
self-reported social distancing measure (Figure 1) was visually

inspected. The plot suggested a positive linear relationship
between checkpoint travel numbers with no significant outliers
when examining the prepandemic period and pandemic periods
separately. Additional graphs were created to inspect whether
a positive relationship could also be observed between
checkpoint travel data and population subgroups (Multimedia
Appendix 3) and whether checkpoint travel varied in relation
to surges in COVID-19 variants (Multimedia Appendix 4).

Figure 1. Weekly checkpoint travel volume and proportion of youths and young adults reporting not social distancing before and during the COVID-19
pandemic. TSA: Transportation Security Administration.

Checkpoint travel data showed the minimum weekly sum of
travelers (n=668,719) occurring the week of April 8, 2020,
peaking at nearly 15.5 million the week of May 18, 2022
(Multimedia Appendix 1). The weekly proportion of survey
respondents who did not practice social distancing followed a
similar trend, ranging from 18.1% (n=42; week of April 15,
2020) to 70.9% (n=213; week of May 25, 2022; Multimedia
Appendix 2). The measures were strongly and significantly
correlated from January 2019 to May 2022 and March 2020 to
May 2022 (Table 1). Strong correlations were observed when
analyses were restricted to age groups (ie, 15-17, 18-20, and
21-24 years), racial or ethnic minorities, and respondents with

lower socioeconomic status, all of which were significant (Table
1). First-order differencing correlations between weekly
checkpoint travel data and self-reported social distancing were
not significant for either the overall sample, neither for racial
or ethnic minorities nor for respondents with lower
socioeconomic status. A weak positive and significant
correlation was observed for first-order differences of weekly
checkpoint travel data and self-reported social distancing among
youths aged 15-17 years (Table 1), but no other correlations
using first-order differencing were significant for other age
groups.
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Table 1. Correlation of Transportation Security Administration’s weekly checkpoint travel volume with other weekly indicators of behavioral impacts
of the COVID-19 pandemic, January 2019 to May 2022.

P valueρ

Self-reported social distancinga

<.0010.90Total population (aged 15-24 years)

<.0010.86Racial or ethnic minorities

<.0010.88Low SESb

<.0010.90Age 15-17 years

<.0010.87Age 18-20 years

<.0010.88Age 21-24 years

Change in community mobilityc

<.0010.92Transit stations

<.0010.89Retail and recreation

<.0010.68Grocery and pharmacy

<.0010.62Parks

<.0010.24Workplaces

<.001−0.78Places of residence

aAggregated weekly percent reporting socially distancing sometimes or very little or not at all in the past week.
bSES: socioeconomic status.
cAggregated weekly change score compared to baseline weeks (January 3, 2020, to February 6, 2020).

A consistent visual pattern was observed when we inspected
checkpoint travel data during the 10-week period before and
after the emergence of new variants or surge in cases over the
course of the study period (Multimedia Appendix 3). New
variants included Alpha B.1.1.7 (emerged December 29, 2020),
Delta B.1.617.2 (emerged June 1, 2021, and surged July 27,
2021), and Omicron B.1.1.529 (emerged December 1, 2021),
with surges of both Omicron and Delta variants identified on
January 1, 2022 [19]. Increased checkpoint travel numbers
reflected a rise in air travel during the winter holiday and
summer months. A rise in checkpoint travel numbers directly

preceded surges in new variants of COVID-19: Alpha B.1.1.7
(December 2020), Delta B.1.617.2 (July 2021), and Omicron
B.1.1.529 and Delta B.1.617.2 (December 2021). A drop in
checkpoint travel numbers immediately followed each surge
before rising again in subsequent months.

Correlations Between Checkpoint Travel Data and
Community Mobility Data
The relationship between the checkpoint travel measure and
community mobility measure was visually inspected (Figure
2).
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Figure 2. Change in weekly checkpoint travel volume and community mobility estimates compared to baseline weeks preceding the COVID-19
pandemic (January 3, 2020, to February 6, 2020). TSA: Transportation Security Administration.

There was a strong positive, significant correlation between the
weekly change from the baseline period for checkpoint travel
data and community mobility data for transit stations and retail
and recreation, and moderate significant correlations for grocery
and pharmacy as well as parks (Table 1). A strong negative
correlation was observed for places of residence, and a weak
but significant positive correlation was found for workplaces
(Table 1).

First-order differencing of changes in weekly checkpoint travel
and community mobility from baseline had moderate positive
and significant correlations for transit stations, retail and
recreation, grocery and pharmacy, and parks. A weak but
significant negative correlation was observed for places of
residence and workplaces (Table 1).

Discussion

Principal Findings
The TSA’s daily travel checkpoint data provide a publicly
available, flexible metric that may be easily incorporated into
national data sets to serve as a proxy for the intensity of
COVID-19 activity in the population at a given time interval.
As of this writing, these data are available on the internet and
span back to 2019. It is unknown whether these data will
continue to be tracked and published on the internet indefinitely.

Future data collection efforts may consider including a
self-reported measure on social distancing in population-based
surveys for as long as new strains of COVID-19 are expected
to impact social dynamics to a varying extent over time. Public
health officials have noted that society continues to be
vulnerable to other emergent and resurgent diseases with
pandemic potential [20]. This measure may be applicable to

other pandemic diseases requiring self-isolation and quarantine
at a broad scale.

Changes in checkpoint travel data used in our study correlated
in the expected direction with changes in community mobility,
with strong correlations observed for transit stations, and retail
and recreation sites. A moderate correlation was observed with
places to access essential goods and services (ie, grocery stores
and pharmacies) as well as parks, which were popular outdoor
recreational options during the pandemic. A weak correlation
was observed for workplaces, likely reflecting the adoption of
remote work policies by many employers. As expected, a strong
negative correlation was observed between checkpoint travel
data and being at home. Google ceased publication of its
COVID-19 Community Mobility Reports (used in this study)
as of October 15, 2022, yet daily checkpoint travel data remain
available. Mobility data are subject to proprietary data
processing methods and policies, including changes in
parameters used by Google in the change score calculation over
time (for example, to account for shifts in regional population
size or retailer density). For this reason, Google cautions against
comparing time periods that span longer than 6 months. By
contrast, checkpoint travel data do not rely on third parties to
generate estimates and can be applied to data sets spanning
multiple years. Checkpoint travel data are available in the years
preceding the COVID-19 pandemic, whereas the mobility data
used in our study could only be viewed as a percent change
from the prepandemic baseline determined by the company.

First-order differencing analysis at a weekly level found few
significant correlations between checkpoint travel data and
self-reported social distancing, and weak to moderate
correlations with community mobility data. These results suggest
that the measure is less useful as a control for time intervals
with high granularity, such as time series studies examining
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week-to-week changes within the COVID-19 period. Similarly,
Google cautions against using its Community Mobility Reports
to compare day-to-day activity and calculates its change score
from a median value from a pre-COVID baseline period
spanning several weeks. The use of checkpoint travel data as a
proxy for COVID-19 activity is, therefore, best applied to
analyses that need to control for time-dependent trends
attributable to the COVID-19 pandemic, such as analyses that
encompass the prepandemic and pandemic periods, or the first
several months of the pandemic when lockdowns occurred
compared to periods later in the pandemic after societal activities
began to resume.

Limitations
This study was subject to limitations. First, the daily air travel
metrics of interest to this study were validated against a national
sample of youths and young adults, rather than a nationally
representative data set of the general population. While we are
encouraged that the strength of the correlation was similar within
defined subgroups in our sample, these subgroups remain
restricted to people younger than 25 years. It is unclear how
similar the social distancing practices of young people in our
sample would be to those of the general adult population.

Second, the metric against which checkpoint travel data were
validated (Google Community Mobility Data) is only available
for Google account users with Location History settings

activated and thus is also subject to an unknown degree and
direction of bias.

Finally, while initially checkpoint travel numbers declined
sharply following the emergence of COVID-19 and society’s
attempts to limit its transmission, later in the pandemic a
predictive pattern was evident between a rise in checkpoint
travel numbers and subsequent COVID-19 variant surges. A
rise in seasonal travel (ie, holidays and summer vacations)
appeared to prompt surges in the incidence of emerging
COVID-19 variants. The steep drop in checkpoint travel
numbers immediately after each COVID-19 surge may have
been driven in part by individuals’ desire to avoid further
transmission, but it is also likely that these are normal seasonal
fluctuations after a popular travel period. These data illustrate
the extent to which air travel not only reflects but almost
certainly contributes to COVID-19 transmission. Therefore,
although they may serve as an appropriate proxy for COVID-19
dynamics in the population, checkpoint travel numbers are not
a completely independent indicator of this phenomenon.

Conclusions
We recommend using the TSA’s checkpoint travel data in
longitudinal or time series studies that span the COVID-19
pandemic period. This variable can control for the potential
confounding effect of COVID-19 activity in population-based
studies of a range of public health topics and within
demographic subgroups.
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Weekly sum of travelers screened at Transportation Security Administration (TSA) checkpoints, January 2019-May 2022.
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Multimedia Appendix 2
Proportion of youth and young adults reporting social distancing during the past week (approximately 280 unique respondents
per week, N=45,080), March 2020-May 2022.
[DOCX File , 27 KB - publichealth_v9i1e44950_app2.docx ]
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Multimedia Appendix 3
Weekly percent of subgroups of respondents not social distancing: (A) age (15-17 years, 18-20 years, 21-24 years), (B) lower
socioeconomic status, and (C) racial/ethnic minorities.
[PNG File , 129 KB - publichealth_v9i1e44950_app3.png ]

Multimedia Appendix 4
Weekly checkpoint travel volume and the emergence of new COVID-19 variants, 10 weeks before and after surges of (A) Alpha
B.1.1.7, (B) Delta B.1.617.2, and (C) Omicron B.1.1.529 and Delta B.1.617.2.
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Abstract

Background: The COVID-19 pandemic severely affected everyday life and working conditions for most Europeans, particularly
health care professionals (HCPs). Over the past 3 years, various policies have been implemented in various European countries.
Studies have reported on the worsening of mental health, work-related stress, and helpful coping strategies. However, having a
closer look is still necessary to gain more information on the psychosocial stressors and unmet needs of HCPs as well as nonmedical
staff.

Objective: This study aimed to obtain quantitative information on job-related stressors of physicians and nurses and the coping
strategies of HCPs and nonmedical staff at 2 periods of the COVID-19 pandemic. By further analyzing qualitative comments,
we wanted to gain more information on the psychosocial stressors and unmet needs of HCPs as well as nonmedical staff on
different levels of experience.

Methods: A cross-sectional survey was conducted at 2 time points during the COVID-19 pandemic in several European countries.
The first study period (T1) lasted between April 1 and June 20, 2020, and the second study period (T2) lasted between November
25, 2021, and February 28, 2022. On a quantitative level, we used a questionnaire on stressors for physicians and nurses and a
questionnaire on coping strategies for HCPs and nonmedical staff. Quantitative data were descriptively analyzed for mean values
and differences in stressors and coping strategies. Qualitative data of free-text boxes of HCPs and nonmedical staff were analyzed
via thematic analysis to explore the experiences of the individuals.

Results: T1 comprised 609 participants, and T2 comprised 1398 participants. Overall, 296 participants made 438 qualitative
comments. The uncertainty about when the pandemic would be controlled (T1: mean 2.28, SD 0.85; T2: mean 2.08, SD 0.90)
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and the fear of infecting the family (T1: mean 2.26, SD 0.98; T2: mean 2.02, SD 1.02) were the most severe stressors identified
by physicians and nurses in both periods. Overall, the use of protective measures (T1: mean 2.66, SD 0.60; T2: mean 2.66, SD
0.60) and acquiring information about COVID-19 (T1: mean 2.29, SD 0.82; T2: mean 1.99, SD 0.89) were identified as the most
common coping strategies for the entire study population. Using thematic analysis, we identified 8 themes of personal experiences
on the micro, meso, and macro levels. Measures, working conditions, feelings and emotions, and social climate were frequently
mentioned topics of the participants. In T1, feelings of isolation and uncertainty were prominent. In T2, feelings of exhaustion
were expressed and vaccination was frequently discussed. Moreover, unmet psychosocial needs were identified.

Conclusions: There is a need for improvement in pandemic preparedness. Targeted vocational education measures and setting
up of web-based mental health support could be useful to bridge gaps in psychosocial support needs in future crises.

(JMIR Public Health Surveill 2023;9:e45664)   doi:10.2196/45664

KEYWORDS

COVID-19; mental health; health care professionals; health care workers; pandemic preparedness; mixed methods; coping;
stressors; psychosocial

Introduction

Background
The COVID-19 pandemic had a drastic impact on daily life and
working conditions in Europe. By mid-March 2020, preventive
measures such as physical distancing were implemented across
European countries such as France, Italy, Spain, the United
Kingdom, and Belgium. In many countries, a shortage of health
care resources required reasonable distribution and sustainable
use of personal protective equipment (PPE), human resources,
and intensive care unit (ICU) beds. Triaging patients with
COVID-19 became necessary. The collapse of the health care
system proved serious in some countries such as Italy. Spain
was more affected than neighboring countries, such as Portugal,
which had fewer reported cases in March 2020. Before
COVID-19, there were 9.7 ICU beds per 100,000 people in
Spain versus 33.9 ICU beds per 100,000 people in Germany
[1]. At the beginning of the pandemic, Austria, Germany, and
Switzerland were successful in managing the crisis and reported
lower mortality rates than Belgium, the United Kingdom,
France, Spain, and Italy. Early efforts were made to contain the
number of cases, such as the implementation of information
websites. In Germany, for example, health care system
preparedness was improved by rapidly creating new ICU
resources rather than repurposing them, as was the case in
Switzerland and Austria. Furthermore, there was a large increase
in video consultations in terms of telehealth. However, in some
cases, policies in different federal states within the country were
not consistent [2].

As virus transmission subsided, eventually, these policies were
eased [3]. From June to September 2020, borders were reopened
[4] and detailed testing protocols were established for health
care professionals (HCPs) [5]. Italy was one of the first countries
to mandate vaccinations for HCPs in May 2021. By September
2021, mandatory vaccination protocols for HCPs were adopted
by Greece and France [6], followed by Germany [7]. Austria
became the first country to implement mandatory vaccinations
for all people. Italy and Greece followed the mandatory
vaccination for people above a certain age [8]. In some European
countries such as Germany, France, and Italy, only completely
vaccinated individuals or those who had already been infected
with COVID-19 had access to particular public spaces [7].

Emergency measures such as curfews, school closures, and a
shift to working from home or job losses are a few examples
of the challenges that people had to face. With the introduction
of vaccines, the topic of vaccine hesitancy became a focus of
attention [9]. As many new policies were introduced during the
COVID-19 pandemic, it was not surprising that the general
population in Europe was distressed and, in many cases, had
mental health problems [10]. On the one hand, a COVID-19
infection directly impacted mental health [11], whereas on the
other hand, there was the deterioration of mental health among
the general population [12] as an indirect effect of the pandemic,
for example, in terms of psychosocial problems. A psychosocial
problem can originate in a variety of domains (eg, environmental
problems, occupational problems, inadequate social support,
educational problems, inadequate access to health and other
services, and interpersonal losses), which can have a negative
influence on the individual and might cause mental illnesses
[13].

The COVID-19 pandemic posed major challenges for health
care systems and HCPs worldwide.

For European HCPs, there was an increase in workload [14].
In the nursing profession, staff shortages and increased
workloads were already commonplace before the pandemic [15]
and, during COVID-19, the burnout of nurses was identified
[16]. The negative impact of mental health on HCPs due to
COVID-19 has already been proven [17,18], whereby nurses
and frontline HCPs were particularly strained psychologically.
Nevertheless, in a study by Hummel et al [19], we found
significantly lower mean scores for depression and anxiety
among HCPs than among nonmedical staff.

As nurses and frontline HCPs (eg, physicians) seem to be the
most affected groups during the pandemic, it is worth focusing
on these professions regarding work-related stressful events
(hereafter referred to as stressors and psychosocial burden).
Stress occurs when the demands overwhelm the person [20].
Several stressors of HCPs were identified during the severe
acute respiratory syndrome (SARS) outbreak in 2003 [21] and
during the COVID-19 pandemic [22]. In 1 study, nurses rated
the fear of infection as the most important stressor, followed
by death [23]. Coping can be understood as an adaptation that
helps the individual deal with challenges that exceed their
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capacities [20]. Coping strategies are, in our context, to be
understood as profession-independent ways of dealing with the
strain of the COVID-19 pandemic in general. Taking personal
protective measures was a frequently used coping strategy by
nurses and physicians along with talking to family and friends
or doing relaxation activities in a study on the COVID-19
pandemic by Rose et al [22].

By adding qualitative data, one might gain more insights into
the participants’ way of thinking than by using only the results
of quantitative data. Responses to such questions can differ in
length and detail, and the participants have the opportunity to
explain themselves in detail. Open-ended survey questions help
to supplement the quantitative results by providing additional
information [24], which can be helpful in exploring psychosocial
factors and unmet needs. According to social work research,
individuals can be studied at a macro, meso, and micro level.
The micro level describes the level of the individual, the meso
level describes the interaction between groups, and the macro
level addresses social structures and institutions [25].
Considering the deterioration of HCPs and the nonmedical
staff’s mental health during the COVID-19 pandemic,
assessments are needed with different levels of individual
experiences (macro, meso, and micro) to identify existing gaps
in psychosocial care.

Objectives
This study aimed to gain quantitative information on
work-related stressors of physicians and nurses and the coping
strategies of HCPs and nonmedical staff during 2 periods of the
COVID-19 pandemic. By further analyzing the qualitative
comments, we obtained more information on the psychosocial
stressors and unmet needs of HCPs as well as nonmedical staff
at different levels of experience.

Methods

Study Design
A cross-sectional web-based survey was conducted at 2 different
stages during the COVID-19 pandemic. The first period lasted
from April 1 to June 20, 2020, during the first lockdown in
Europe [26]. The second phase lasted between November 25,
2021, and February 28, 2022, when the second and third
lockdowns ended in Europe [27,28].

Ethics Approval
The study was approved by the ethics committee of the
Heidelberg University Medical Faculty (S-361/2020).

Data Collection, Informed Consent, and Participation
Data collection was conducted in compliance with the European
General Data Protection Regulation. The survey questionnaire
was distributed in 10 European countries, and all health care
workers and associated staff at hospitals as well as nonmedical
staff were eligible to participate. Consent to participate was
included in the web-based questionnaire and obtained without
a signature. No allowance was provided for participation in the
survey. All the questionnaires were completed anonymously.
Data security was granted using the Secure Sockets
Layer–encrypted platform, SoSci Survey [29].

Questionnaire
A questionnaire comprising 3 sections on demographics, stress
factors, and coping strategies was administered. As no
COVID-19–specific questionnaires were available at the
beginning of the pandemic, we derived our instrument from a
study by Lee et al [21] on SARS. The original 23-item
questionnaire focused on work-related stressors for nurses during
SARS. Therefore, we modified the questionnaire to include
physicians and nurses working in hospitals [19]. For the stress
factors section, participants indicated on a Likert scale from 0
(not at all) to 4 (very much) how often they thought about or
were concerned about 23 specific stressors in their everyday
lives or at clinical work. Only physicians and nurses were
eligible to complete this section.

The section on coping strategies was also derived from the study
by Lee et al [21]. Participants responded to 12 items on a scale
from 0 (almost never) to 3 (almost always) to assess how
frequently these 12 coping strategies were applied in their
everyday lives. This section was available to all participants,
as it did not focus on medical issues. Considering the utility of
gaining qualitative data, at the end of the questionnaire, we
included an open-ended question with free-text boxes for the
participants to leave one or more comments at the end of the
survey. To ensure neutral responses within the context of the
study objectives, the question was framed as, “If there is
anything else you would like to tell us, you can do so here.”

Recruitment
The questionnaire was translated by native speakers or
professional translators into several European languages,
including English, Italian, German, French, Spanish, and
Portuguese, to obtain a larger sample population. Accordingly,
the questionnaire was also distributed in the respective countries.
It was made available on the web via the platform SoSci Survey
[29]. The link to the survey was distributed via email to our
personal and professional networks using the snowball sampling
method. Invitation emails were sent to colleagues at the
Heidelberg University Hospital and further distributed to related
institutions and to European contacts with their partner
organizations, hospitals, and professional associations.
Participants were also recruited via personal networks or public
social networking groups, such as Twitter, LinkedIn, and
Facebook.

Participants
The HCPs included physicians and nurses, as well as a group
of other job in health care comprising health care psychologists,
physiotherapists, other nursing professions, laboratorians,
technicians, and occupational therapists. The nonmedical staff
was a heterogeneous group, which, for example, consisted of
administrators, managers, engineers, teachers, retired persons,
or secretaries. However, not all nonmedical participants revealed
their actual profession.

Data Analysis

Overview
Quantitative and qualitative data were analyzed independently.
In the first study period, the sample comprised 609 participants,
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of whom 78 submitted 111 qualitative comments. In the second
phase, 1398 participants completed the survey, with 218
participants submitting 327 qualitative comments. Overall, 438
qualitative comments were made by 296 participants, of whom
31.4% (n=93) were nurses, 17.2% (n=51) were physicians, and
19.9% (n=59) were nonmedical staff. As the stressors’
questionnaire was specific for people working at hospitals, we
only analyzed the answers from physicians and nurses for this
questionnaire. The coping questionnaire was analyzed for the
entire study population. For not fulfilling the inclusion criteria,
69 cases were excluded from the data analysis of the first phase,
whereas 41 cases were excluded from the second period. The
population demographics and quantitative results for the first
study period were published earlier [19].

Quantitative Data
Missing data occurred only for the stressors section during the
first study period. Questionnaires with >10% missing data per
participant were excluded using a pragmatic and rigor approach
following previous recommendations [30]. In total, we analyzed
346 questionnaires for stressors in the first period and 696 in
the second period. For coping strategies, 609 questionnaires
were analyzed in the first period and 1398 in the second period.

Means and SDs were calculated for all items on stressors for
physicians and nurses and coping strategies for all participants.
We used Cronbach α to determine the internal consistency of
the stressors and coping scales for both study periods. Cronbach
α >.80 was considered a threshold for acceptance [31,32]. For
the stressors questionnaire, the internal consistency of the first
study period was assessed from a Cronbach α of .92 and that
of the second study period was assessed from a Cronbach α of
.93. For the coping questionnaire, the internal consistency of
the first study period was assessed from a Cronbach α of .74
and of the second study period was assessed from a Cronbach
α of .72. t tests (2-tailed) were conducted for independent groups
to compare the mean values of stressors and coping items of
the 2 study periods. In all analyses, P values <.05 were

considered statistically significant. Quantitative data were
analyzed using SPSS (version 26; IBM Corp) [33].

Qualitative Data
All comments in the free-text comment boxes by HCPs and
nonmedical staff were considered for analysis. We provided the
demographics of our qualitative data with means and SDs for
age, frequencies, and percentages. The length of the comments
made by the participants ranged from 3 words (eg, “not enough
staff”) to >100 words. The comments were translated and
analyzed for each study period separately using inductive
thematic analysis [34] to identify themes that tell a story about
what concerns people beyond quantitative data. We used the
6-step approach developed by Braun and Clarke [35].

Codes and resulting themes were elaborated by 2 authors (SH
and IM). After each step, the authors discussed the results to
create a common theme map. Second-level and third-level
themes were developed when the first-level theme revealed
multiple aspects. The key themes identified were located at
different levels in relation to the individual based on the levels
of experience. Therefore, the themes were divided into macro,
meso, and micro levels based on recommendations for social
work research [25].

As the pandemic situation, government or politics, and social
climate themes described the overarching sociopolitical impacts
of COVID-19, these themes were categorized to the macro level.
The topics measures and working conditions could be located
at a more individual impact level and were assigned the meso
level. The micro level included topics dealing with the individual
and included the themes daily life, coping, and infection effects
(Figure 1).

The 8 key themes and the most important second- and third-level
themes are presented in this paper, with relevant quotes to
illustrate the themes. The complete list of themes is available
in Multimedia Appendix 1 [36].
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Figure 1. First-level themes at their assigned levels of individual experience.

Results

Quantitative Data

Stressors for Physicians and Nurses
For both study periods, Uncertainty about when the epidemic
will be under control was rated as the most stressful factor,
followed by Worry about inflicting COVID-19 on family. In the
first period, Worry about nosocomial spread and Frequent
modification of infection control procedures were the third and
fourth biggest stressors, respectively. In the second period,
Worry about lack of manpower was the third and Frequent

modification of infection control procedures was the fourth
biggest stressor. The highest significant mean difference
(t752.58=10.09, P<.001) between first and second study period
was found for Worry about nosocomial spread (first study
period: mean 2.04, SD 0.91; second study period: mean 1.41,
SD 1.01; mean difference 0.63, 95% CI 0.50-0.75).

Another item with the most significant mean difference
(t656.97=7.39, P<.001) was Worry about lack of proper
knowledge and equipment (first study period: mean 1.66, SD
1.04; second study period: mean 1.17, SD 1.17; mean difference
0.50, 95% CI 0.36-0.63). The mean values and 2-tailed t test
results for all the items are presented in Table 1.
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Table 1. Stressors for nurses and physicians during COVID-19 for both study periods (first n=346 and second n=696).

P valuet test (df)Second study periodFirst study periodItemsa

Values, mean
(SD)

Values, n (%)Values, mean
(SD)

Values, n (%)

.001c3.48 (1039)2.08 (0.90)b696 (100)b2.28 (0.85)b345 (99.7)bUncertainty about when the epidemic
will be under control

<.001c3.60 (1040)2.02 (1.02)b696 (100)b2.26 (0.98)b346 (100)bWorry about inflicting COVID-19 on
family

<.001c10.09 (752.58)1.41 (1.01)696 (100)2.04 (0.91)b345 (99.7)bWorry about nosocomial spread

<.001c5.03 (741.61)1.73 (0.96)b696 (100)b2.03 (0.88)b345 (99.7)bFrequent modification of infection con-
trol procedures

<.001c3.57 (1039)1.50 (1.06)696 (100)1.75 (1.02)345 (99.7)Protective gears cause physical discom-
fort

.01c2.70 (1039)1.52 (1.04)696 (100)1.70 (1.00)345 (99.7)Deterioration of patients’ condition

<.001c7.39 (656.97)1.17 (0.99)696 (100)1.66 (1.04)346 (100)Worry about lack of proper knowledge
and equipment

<.001c6.03 (1040)1.25 (1.04)696 (100)1.66 (1.07)346 (100)Worry about being negligent and endan-
gering patients

.002c3.10 (1040)1.41 (1.00)696 (100)1.62 (1.03)346 (100)Worry about getting infected

.540.61 (1040)1.53 (0.99)696 (100)1.57 (0.96)346 (100)Patients’ emotional reaction

<.001c−5.86 (1040)1.97 (1.04)b696 (100)b1.57 (1.05)346 (100)Worry about lack of manpower

<.001c4.17 (1039)1.26 (1.00)696 (100)1.54 (1.01)345 (99.7)Documentation and reporting procedures
unclear

.211.26 (1039)1.44 (1.01)696 (100)1.52 (1.01)345 (99.7)Patient families’ emotional reaction

.36−0.92 (1040)1.59 (1.00)696 (100)1.53 (0.97)346 (100)Coworkers being emotionally unstable

.001c3.47 (1040)1.27 (1.06)696 (100)1.51 (1.08)346 (100)Being without properly fitted environ-
ment

.01c2.66 (649.35)1.30 (1.00)696 (100)1.48 (1.07)346 (100)Conflict between duty and safety

<.001c7.44 (652.43)0.98 (0.97)696 (100)1.48 (1.04)346 (100)Worry about being negligent and endan-
gering coworkers

.002c3.08 (662.88)1.10 (0.97)696 (100)1.30 (1.01)346 (100)Be infected by the colleagues

.051.93 (1040)1.15 (1.04)696 (100)1.28 (1.05)346 (100)Protective gears being a drag in provid-
ing quality care

.01c2.54 (1040)1.09 (0.96)696 (100)1.25 (0.97)346 (100)Coworkers displaying COVID-19–like
symptoms

.121.57 (1040)1.08 (1.02)696 (100)1.19 (1.04)346 (100)Equivocal definition of the responsibility
between physicians and nurses

.321.00 (1040)1.05 (0.98)696 (100)1.12 (1.04)346 (100)Yourself displaying COVID-19-like
symptoms

.02c−2.38 (1039)0.85 (1.04)696 (100)0.70 (0.95)345 (99.7)Blaming from commanding officers

aMean and SD for the question: “When you think about COVID-19 in your life and work, how often did you think or worry about the following things?”
(0=not at all and 3=very much).
bFrequently used stressor.
cP value <.05 was considered statistically significant.

Coping Strategies of the Whole Population
Taking protective measures (washing hands, wearing mask,
taking own temperature, etc) was the most often used coping
strategy, followed by Actively acquiring more knowledge about

COVID-19 (symptoms, transmission pathway, etc) in both study
periods. In the first period, the third most reported coping
strategy was Video-chatting with family and friends by phone
to share concerns and support, whereas in the second period,
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it was Engaging in recreational activities (web-based shopping,
social media, internet surfing...).

The highest significant mean difference (t1218.57=11.14, P<.001)
between the first and second periods was found for
Video-chatting with family and friends by phone to share
concerns and support (first study period: mean 1.85, SD 0.88;
second study period: mean 1.36, SD 0.93; mean difference 0.49,

95% CI 0.40-0.57). Another item with a significant mean
difference (t2005=7.09, P<.001) was Actively acquiring more
knowledge about COVID-19 (symptoms, transmission pathway,
etc; first study period: mean 2.29, SD 0.82; second study period:
mean 1.99, SD 0.89; mean difference 0.30, 95% CI 0.22-0.38).
The mean values and 2-tailed t test results for all the items are
presented in Table 2.

Table 2. Coping strategies during COVID-19 for the whole study population of both study periods (first n=609 and second n=1398).

P valuet test (df)Second study periodFirst study periodItemsa

Values, mean
(SD)

Values, n (%)Values, mean
(SD)

Values, n (%)

.950.06 (2005)2.66 (0.60)b1398 (100)b2.66 (0.60)b609 (100)bTaking protective measures (washing
hands, wearing mask, taking own temper-
ature, etc)

<.001c7.09 (2005)1.99 (0.89)b1398 (100)b2.29 (0.82)b609 (100)bActively acquiring more knowledge
about COVID-19 (symptoms, transmis-
sion pathway, etc)

<.001c11.14 (1218.57)1.36 (0.93)1398 (100)1.85 (0.88)b609 (100)bVideo-chatting with family and friends
by phone to share concerns and support

.03c2.18 (2005)1.57 (0.90)b1398 (100)b1.67 (0.94)609 (100)Engaging in recreational activities (web-
based shopping, social media, internet
surfing...)

<.001c4.57 (2005)1.41 (0.99)1398 (100)1.63 (0.97)609 (100)Engaging in health-promoting behaviors
(more rest, exercise, balanced diet, etc)

.003c2.93 (2005)1.45 (0.92)1398 (100)1.58 (0.88)609 (100)Switching thoughts and facing the situa-
tions with positive attitude

.01c−2.71 (2005)1.55 (0.99)1398 (100)1.42 (0.98)609 (100)Limiting oneself from watching too
much news about COVID-19

.111.62 (2005)1.28 (0.94)1398 (100)1.35 (0.94)609 (100)Distracting oneself from thinking about
COVID-19 issues by suppression or
keeping busy

.53−0.63 (2005)1.13 (0.97)1398 (100)1.10 (0.97)609 (100)Acquiring mental health knowledge and
information

<.001c−4.04 (1226.25)0.76 (0.97)1398 (100)0.57 (0.91)609 (100)Practicing relaxation methods (medita-
tion, yoga, Tai Chi, etc)

.01c2.48 (1065.30)0.44 (0.76)1398 (100)0.54 (0.85)609 (100)Venting emotions by crying, screaming,
smashing things, and so on

.15−1.45 (1203.59)0.39 (0.66)1398 (100)0.35 (0.65)609 (100)Using alcohol or drugs

aMean and SD for the question “When you think about COVID-19 in your life and work. How often did you use or try to use the following methods to
handle the situation?” (from 1=almost never to 4=almost ever) for all participants in the order of their frequency of use.
bFrequently used coping strategy.
cP value <.05 was considered statistically significant.

Qualitative Results

Study Participants
Table 3 provides the sociodemographic characteristics of the
study population for the qualitative analysis of each study

period. For the overall population, the age range was 22 to 76
years.
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Table 3. Demographic characteristics of the study participants in the first period, second period, and total.

Total (n=296)Second study period (n=218)First study period (n=78)Characteristics

45.33 (11.92)44.53 (11.09)46.12 (12.74)Age (years), mean (SD)

Gender, n (%)

74 (25)48 (22)26 (33.3)Man

221 (74.7)169 (77.5)52 (66.7)Woman

1 (0.3)1 (0.5)0 (0)Nonbinary

Country, n (%)

11 (3.7)0 (0)11 (14.1)United Kingdom

53 (17.9)35 (16.1)18 (23.1)Germany

5 (1.7)0 (0)5 (6.4)Austria

30 (10.1)25 (11.5)5 (6.4)Switzerland

86 (29.1)76 (34.9)10 (12.8)France

19 (6.4)7 (3.2)12 (15.4)Italy

17 (5.7)4 (1.8)13 (16.7)Spain

6 (2)2 (0.9)4 (5.1)Portugal

16 (5.4)16 (7.3)0 (0)Belgium

53 (17.9)53 (24.3)0 (0)Luxemburg

Language, n (%)

13 (4.4)1 (0.5)12 (15.4)English

111 (37.5)84 (38.5)27 (34.6)German

19 (6.4)7 (3.2)12 (15.4)Italian

17 (5.7)4 (1.8)13 (16.7)Spanish

7 (2.4)3 (1.4)4 (5.1)Portuguese

129 (43.6)119 (54.6)10 (12.8)French

Profession, n (%)

Health care professional

51 (17.2)31 (14.2)20 (25.6)Physicians

1 (0.3)0 (0)1 (1.3)Volunteers

1 (0.3)0 (0)1 (1.3)Dentist

93 (31.4)76 (34.9)17 (21.8)Nurse

91 (30.7)78 (35.8)13 (16.7)Other job in health care

59 (19.9)33 (15.1)26 (33.3)Nonmedical

Themes
From the thematic analysis, 8 key themes emerged, namely
pandemic situation, government or politics, social climate,
measures, working conditions, infection effects, daily life, and
coping. Among these key themes, 27 second-level themes were
identified. For some second-level themes, third-level themes
were also identified. A total of 3 themes were assigned to the
macro level of experience, 2 referred to the meso level, and 3
referred to the micro level of experience. Most topics were
related to the societal impact of the COVID-19 pandemic; one
topic addressed the impact of the COVID-19 infection itself on
the individual.

Macro Level

Pandemic Situation
Some participants talked about aspects that came along with
the pandemic situation in general. One aspect was uncertainty
in terms of not knowing how the pandemic would develop.
Another point is the feeling of isolation. Comments referring
to isolation revolved mostly around social isolation due to social
distancing. Many participants voiced criticism of the vaccine
itself, for example, on its effectiveness. Other criticisms targeted
mandatory vaccinations.

I have a feeling of emptiness, seeing my life just
floating by and a lot of uncertainty in the future...a
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lot of loneliness and a strong feeling of not being able
to move on because there is no security in the future.
[Female, aged 57 years, nonmedical staff; clerk, first
study period]

Government or Politics
Many participants criticized the management of the pandemic
by their governments or politicians. Frequently mentioned issues
were the lack of trust in politicians and dissatisfaction with
political decisions. On the other hand, there were participants
who were satisfied with the governmental crisis management:

...Anger at executives for failing to act proactively,
particularly over mask distribution and lack of testing.
Anger at leaders for conflicting announcements, late,
vague pronouncements or actions aimed at getting
us back to work at full steam to get the economy back
on its feet before the pandemic is quite over. [Female,
aged 69 years, nonmedical staff; legal secretary, first
study period]

Social Climate
The participants frequently discussed the social climate. The
social climate was indirectly reflected in the comments of many
participants, who either directly described it or expressed its
effects through comments such as fear, anger, frustration, or
annoyance. Many participants talked about a deterioration in
emotional well-being unrelated to their working conditions. The
unmet needs were mostly discussed during the second study
period. Societal split as a social response was directly mentioned
by some participants, primarily in relation to the decision to
vaccinate. The topic of radicalization was also related to
attitudes toward vaccination. Many participants described the
phenomenon of questionable information—we call this an
“infodemic,” according to the World Health Organization
(WHO) [36]—within society, for example, through the media.

People make me sick! [Female, aged 33 years,
nonmedical staff; administrator, first study period]

I’m so annoyed and can’t hear the word corona
anymore. [Female, aged 57 years, nurse, second study
period]

Meso Level

Measures
Measures in general other than vaccination were frequently
discussed by the participants. Topics included the
implementation of and reaction to the measures. Participants
voiced their complaints about side effects, for example, of
wearing masks. There were also comments on the impact of the
measures on daily life or work regarding their implementation
and inconsistencies.

Wearing the mask for more than 8 hours a day doesn’t
exactly help, but we have to live with that for now.
[Female, aged 47 years, other job in health care;
clinical pharmaceutical laboratory analyst, second
study period]

Working Conditions
Working conditions were a frequently mentioned topic. There
were comments on feelings or emotions such as the feeling of
pressure, for example, due to high workload and lack of
appreciation. Structural changes at work due to the pandemic
were mentioned by all profession groups. The HCPs reported
on how patient care had changed. Some reported thoughts of
quitting their jobs or having already done so. The need for
protection and supply was mentioned, for example, in terms of
psychological support.

As the other job in health care group was very heterogeneous,
there were also comments on nursing experiences given by this
group. Participants from all professions reported how well or
poorly they felt they had been cared for by their employers.

The pressure on the nursing staff has increased
greatly as a result of the pandemic and there is little
support from politicians and employers. [Male, aged
40 years, nurse, second study period]

I miss citizen support and acceptance. It cannot be
that nursing staff is denied access to grocery stores.
[Female, aged 56 years, nurse, first study period]

Recognizing of caregivers only at the peak of the
pandemic, and then when the pandemic ends, it is
over. [Female, aged 52 years, nurse, second study
period]

Micro Level

Infection Effects
The experiences of participants who had a COVID-19 infection
or experiences about the infection of acquaintances or relatives
also emerged, including the long-term effects of a past infection.

To date I have been diagnosed with long COVID. It’s
been a year now since I was infected. I still have
after-effects [loss of taste and smell, shortness of
breath, cough, fatigue, joint pain]. [Female, aged 46
years, nurse, second study period]

Daily Life
Many participants wrote about the upcoming challenges in their
daily lives due to the COVID-19 pandemic, mentioning caring
for children at home, dealing with vaccine opponents in
everyday life and reduced social life in general. However,
positive aspects, such as an increase in family activities, were
also reported.

I’m in a privileged situation, have a good family life,
a big house with lots of outdoor space... [Female,
aged 52 years, dentist, first study period]

Coping
Some participants reported on how they tried to deal with the
pandemic. Specifically, exercising and positive thinking seemed
to have helped the participants.

In terms of positive feelings, I have been able to adapt
by maintaining a healthy lifestyle and exercising at
home, taking time to read and after a few weeks
appreciating a slower pace of life [before I was very
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frantic and out of the house all day], I have not felt
any fear of contracting the disease, nor have I become
obsessed with the subject [I have followed
recommended prevention guidelines]. [Female, aged
34 years, nonmedical staff; occupational therapist,
first study period]

First Versus Second Period
Supporting quotes for the 2 periods are available in Multimedia
Appendix 2. For the first study period, participants talked about
isolation due to social distancing and voiced a lack of support
and protection, for example, regarding PPE. The sense of
uncertainty and insecurity was evident in many comments, but
there were also comments on the advantages of curfews. During
the second study period, vaccination and its effect on society
were frequently mentioned topics. The implementation and
impact of the COVID-19 pandemic measures were also
discussed. Working conditions, measures, social climate, and
feelings and emotions were mentioned during both the first and
second study periods. All second-level and third-level themes
that emerged in the data of the first study period could also be
found in the second study period, but some of the second-level
themes came up only in the second phase, for example,
vaccination and splitting and radicalization of the society. In
addition, unmet psychological needs mostly emerged during
the second study period.

I don’t feel adequately protected by the protective
clothing that we currently have and I am afraid of the
day when we will no longer have any protective
clothing. [Female, nurse, aged 27 years, first study
period]

OP's started again...letting everything go back to
normal during this time means more work for the
same thing. [Female, aged 30 years, nurse, second
period]

Discussion

Principal Findings
In this study, we investigated work-related stressors for
physicians and nurses and the coping strategies of both HCPs
and nonmedical staff at 2 different periods during the COVID-19
pandemic. In addition, qualitative data were analyzed to gain
more information on psychosocial stress factors and unmet
needs at different levels of experience of the population during
the COVID-19 pandemic crisis.

On the quantitative scale, the uncertainty about when the
pandemic will end and the fear of infecting the family were the
worst stressors for physicians and nurses at both periods. The
most frequent coping strategies for the entire study population
were the use of protective measures and active acquisition of
knowledge about COVID-19. Significant mean differences were
found for stressors such as Worry about nosocomial spread
(t752.58=10.09, P<.001) and coping strategies such as
Video-chatting with family and friends by phone to share
concerns and support (t1218.57=11.14, P<.001).

On the qualitative level, at the beginning of the pandemic, the
feeling of insecurity and uncertainty was present, and
participants talked about protective equipment and how to
handle the social distancing situation. During the second study
period, unmet psychosocial needs, exhaustion, and vaccination
were frequently mentioned. In the second phase, the topics were
more widely spread, as many participants used the free-text
fields to “process” their experiences in the previous years.

Overall, these results provide a deeper insight into the perceived
problems, burdens, and challenges that our participants faced
during the pandemic. By sorting the themes to different levels
of experience, the identification of targets for possible necessary
psychosocial support was easier. It turned out that the need for
psychosocial interventions existed and was even possible to
implement at the macro level (eg, more governmental support),
at the meso level (eg, working conditions and support of
employers), and at the micro level (eg, psychological support).

Changing of Themes Over the Study Periods
Analyzing the themes over 2 study periods, a shift in topics
within the population was observed. Social climate, measures,
emotions, and working conditions were frequently discussed
during both study periods, but there were different focuses in
some places. When the pandemic situation was new to the
people and protective gear was in short supply [14], the themes
of social distancing reflected feelings of isolation and a general
feeling of insecurity and uncertainty. In the second stage, the
sentiments of exhaustion and annoyance were more prominent.
Vaccination, in general, was a frequently discussed topic in the
second period, which in some cases can be connected to
comments on the increasing splitting and radicalization of
society. An earlier longitudinal study on the challenges of the
pandemic found a kind of indignation among their participants
in the later stages of the study, whereas at the beginning,
participants tended to express a sense of tiredness and monotony
[37].

Comments from the second study period mentioned the
consequences of the pandemic, such as side effects of the
measures or their implementation. Apart from vaccinations,
unmet needs, such as additional psychosocial support, mostly
emerged in the second study period. A possible explanation
might be that in the first study period, the whole situation was
new and unknown, so people were busier trying to handle the
situation rather than thinking about what could be helpful to
them.

This shift in topics illustrates the usefulness of studies at
different periods when attempting to understand the psychosocial
situation of society during the course of a pandemic. People
were overwhelmed by the situation and were more concerned
with basic care issues at the beginning, whereas psychosocial
burdens and needs seemed to emerge later in time.

Work Stressors of HCPs and Working Conditions of
All Participants
Uncertainty about control over the pandemic and possible
infection of family members was the most relevant stressor on
a quantitative level for physicians and nurses during both study
periods. For the first period, the third and fourth most relevant
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stressors were concerns about nosocomial spread and constant
change in infection control procedures. The measures and their
implementation were also discussed in the qualitative comments,
especially in the second study period. Considering how often
measures, guidelines, and policies have changed [38-40] during
the COVD-19 pandemic following the rising or falling infection
rates, this concern is easy to understand. Several federal states
within a country with differing policies have made this even
more complicated [2]. The stressors Worry about lack of proper
knowledge and equipment and Worry about nosocomial spread
seemed to be less important for the participants in the second
study period, as in the first study period, PPE was in short supply
[14].

Working conditions were frequently mentioned in the comments,
emphasizing the importance of this theme to participants. As
the other job in health care group was very heterogeneous, this
group also commented on their nursing experiences. One theme
was the lack of appreciation, which was frequently mentioned
by nursing people. Appreciation at work was proven to be
especially important when there were interruptions at work [41],
which might be the case in terms of the COVID-19 pandemic.
An increased workload, as well as a lack of support from
employers, was reported. Feelings of exhaustion, pressure, and
thoughts about quitting the job were mostly reported by HCPs.
An increase in workload due to the COVID-19 pandemic for
HCPs has already been discussed [14], as well as the decline in
mental health [17]. Some participants reported how caring for
patients has changed or how work processes, in general, have
changed due to the pandemic. In addition, telehealth and
telework were discussed as working from home increased,
especially during the first period of the pandemic [9]. Working
from home can indicate a decrease in mental well-being status
[42], and it also seemed to be a challenge for some participants
in our study. Another European study reported that there were
more people who wanted to work from home from the end of
2020 to the beginning of 2021 [9]. However, at this point, the
opinions of our participants differed, as many of them also
expressed criticism of telemedicine or teleworking regarding
the irreplaceability of personal contacts. Staff shortages and
high workloads have been a longstanding problem in nursing
[15], and there was even more workload during the pandemic
[14], as it was also reflected in our study. The fear of staff
shortages was also represented on a quantitative level as the
third most frequent stressor in the second study period. This
feeling might be aggravated by the high COVID-19 infection
rates of HCPs in general [3], which worsened again during the
omicron wave at the beginning of 2022 [43]. As nurses have
been identified as a vulnerable group regarding mental health
during the pandemic [17], our results indicated that this
professional group needs to be heard for its unmet psychological
support.

Vaccination in general and mandatory vaccinations for HCPs
was a huge topic in the second study period. This was associated
with feelings of being forced and having limited freedom.
Regarding working conditions, the emerging themes in our
study represent the areas where better preparedness is necessary,
for example, proper support by employers, reliable information,
employee protection, for example, in the sense of PPE but also

regarding workload and work processes, appreciation, more
options to combine family and career, and proper psychological
support. A European study on working conditions reported a
decrease in mental well-being, a decrease in work-life balance
for young parents, an increase in people in a financially fragile
situation, tiredness with regard to home schooling, and job losses
due to the pandemic [9].

Coping Strategies
When considering the results of the questionnaire on coping
strategies, low Cronbach α, which is below the threshold of
acceptance, must be considered. The most frequently rated
stressors were reflected in the most frequently rated coping
strategies. The best coping strategies for the entire study
population were to protect themselves and gather more
information about the virus. By comparing quantitative data
with qualitative comments on coping, the importance of digital
offers became clear. The third most often used coping strategy
in the first study period was Video-chatting with family and
friends by phone to share concerns and support, and in the
second study period, it was Engaging in recreational activities
(web-based shopping, social media, internet surfing...). The use
of video-chatting may have decreased during the pandemic, as
we found a significant decrease in the mean values of the first
and second study periods. One reason for this could be the
possibility of returning to personal contact during the pandemic.
However, it should be noted that few participants also
emphasized the non-substitutability of personal contacts by
digital contact. On a qualitative level, some participants shared
how they dealt with the pandemic situation, for example, by
going out, trying to relax, doing hobbies on the web, doing
sports, positive thinking, or being with the family. Gaining
information was one of the most often used coping strategy on
a quantitative level and not being sufficiently informed was also
often voiced by participants on a qualitative level, which might
be another important approach. Clear information is important
for mental health, especially for HCPs [44]. In this context,
vocational and educational training for pandemic preparedness
of HCPs might be a helpful approach that has already been
initiated by various organizations such as the WHO [45].

Psychosocial Approaches for Future Pandemic
Preparedness
Our results emphasize the necessity of an improvement
regarding pandemic preparedness, which is defined by the WHO
as having plans and resources in place to actively respond to a
pandemic. It includes, for example, prevention, detection, and
containment measures but also plans to respond to any shortages
that may arise. Preparing for possible future crises beforehand
using the lessons learned from the current pandemic is necessary
to face future challenges [46]. In this study, some participants
wished for more psychological support. One participant reported
that no mental or relaxing therapies were offered at work,
whereas another voiced that they were not supported on a
psychological level. The stated needs are in line with findings
from another study on the psychosocial impact of the COVID-19
pandemic, where the authors argued that support services for
future pandemics should be implemented [47].
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Previous studies have reported similar needs for HCPs, calling
for mental health support services for HCPs in particular [17].
A participant in our study mentioned video- or web-based
interventions to help HCPs dealing with stress. The emerging
use of e-mental health might be one way to address these
psychosocial needs in future crises, as the effectiveness of
e-mental health interventions has already been proven [48], and
the pandemic has accelerated further advancements [49].
However, it should be noted that few participants also
emphasized the non-substitutability of personal contacts by
digital contact. Regarding the need for sufficient information,
vocational and educational training may be an important
approach for future pandemic preparedness. Infodemic can have
adverse side effects [36] and clear and rapid information for the
general population [46] and for HCPs [44], in particular, is
important. For future psychometric approaches, attention to the
different macro, meso, and micro levels is relevant when
collecting psychosocial quantitative data, which might be
realized by the combination of qualitative and quantitative
approaches.

Limitations
Several limitations of this study should be considered when
interpreting these findings. First, as the questions in our study
questionnaire focused on the negative aspects or problems of
the pandemic and the open-ended question was very unspecific,
the open comments at the end of the study may also be biased
toward negative statements or inappropriate statements. Second,
the link to the web-based survey was distributed via social media
and via the personal and professional networks of the authors.
As the contact networks in the individual European countries
were not equally strong and web-based distribution was difficult
to control, the number of participants for each country was
different. Despite the large sample size, these results cannot be
generalized for Europe as our participants came from only 10
countries out of the 27 European Union countries. Furthermore,
only a small subset of the entire population provided qualitative
feedback. Third, the different groups within the HCP group of
nurses, physicians, and other professionals in health care
organizations were somewhat heterogeneous, as well as the
group of nonmedical staff, of whom not all revealed their actual

profession. We have attempted to explain these groups in as
much detail as possible.

Moreover, the study phases did not always occur at the exact
time of the lockdowns or peaks in infection rates in individual
European countries, which may have influenced the results. At
best, there was a partial overlap between respondents in the first
and second study periods. The validation of questionnaires on
stressors and coping should be part of future studies.

Conclusions
This mixed methods study provides valuable insights into the
individual and psychosocial problems faced by European HCPs
as well as nonmedical staff over the course of 3 years of the
COVID-19 pandemic. Open-ended questions supplemented our
quantitative surveys to identify the core problems on different
levels of experience of the individuals. Using thematic analysis
of qualitative data, we identified 8 major themes of experiences
in the pandemic situation: government or politics, social climate,
measures, working conditions, infection effects, daily life, and
coping mechanisms. These different levels of experiences could
be assigned to the macro, meso, and micro levels of social
structures.

Uncertainty about the end of the pandemic and the fear of
infecting family members were identified as the most important
stress factors for physicians and nurses. The most commonly
used coping strategies of the entire study population were the
use of protective measures and acquiring up-to-date information
on the COVID-19 pandemic. In the first study period, social
distancing, uncertainty, and the need for protection were the
topics mentioned. During the second study period, topics such
as vaccination, exhaustion, and unmet psychosocial needs
emerged. Working conditions were frequently discussed by all
participants during both periods. An improvement in pandemic
preparedness, with emphasis on vulnerable groups such as HCP
in general and nurses in particular, is needed. Several
psychosocial approaches should be considered for future
research, for example, the development of easily accessible
digital psychosocial services and educational and vocational
training.
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Abstract

Background: COVID-19 vaccination is crucial in combating the COVID-19 pandemic. Messenger RNA COVID-19 vaccines
were initially authorized as a 2-dose primary series and have been widely used in the United States; completing the 2-dose primary
series offers protection against infection, severe illness, and death. Understanding the risk factors for not completing the 2-dose
primary series is critical to evaluate COVID-19 vaccination programs and promote completion of the 2-dose primary series.

Objective: This study examined potential risk factors for not completing a 2-dose primary series of mRNA COVID-19
vaccination.

Methods: We conducted a retrospective cohort study among members aged ≥18 years from a large integrated health care system,
Kaiser Permanente Southern California, from December 14, 2020, to June 30, 2022. Noncompletion of the 2-dose primary series
was defined as not completing the second dose within 6 months after receipt of the first dose. Crude noncompletion rates were
estimated overall and by demographic characteristics, health care use patterns, comorbidity, and community-level socioeconomic
factors. A Poisson regression model was fit to examine associations of individual-level and community-level risk factors with
noncompletion of the 2-dose primary series.

Results: Among 2.5 million recipients of ≥1 dose of mRNA COVID-19 vaccines, 3.3% (n=81,202) did not complete the second
dose within 6 months. Members aged 25-44 years, 65-74 years, and ≥75 years were less likely to not complete the 2-dose primary
series than those aged 18-24 years, while members aged 45-64 years were more likely to not complete the 2-dose primary series
(adjusted risk ratio [aRR] 1.13, 95% CI 1.10-1.15). Male sex was associated with a higher risk of noncompletion (aRR 1.17, 95%
CI 1.15-1.19). Hispanic and non-Hispanic Black race/ethnicity were associated with a lower risk of noncompletion (range aRR
0.78-0.91). Having Medicaid and prior influenza vaccination were associated with a higher risk of noncompletion. Having
SARS-CoV-2 infection, experiencing an adverse event, or having an inpatient and emergency department visit during the minimum
recommended dose intervals were associated with a higher risk of not completing the 2-dose primary series (aRR 1.98, 95% CI
1.85-2.12; 1.99, 95% CI 1.43-2.76; and 1.85, 95% CI 1.77-1.93, respectively). Those who received the first dose after June 30,
2021, were more likely to not complete the 2-dose primary series within 6 months of receipt of the first dose.

Conclusions: Despite limitations such as being a single-site study and the inability to consider social factors such as employment
and vaccine attitudes, our study identified several risk factors for not completing a 2-dose primary series of mRNA vaccination,
including being male; having Medicaid coverage; and experiencing SARS-CoV-2 infection, adverse events, or inpatient and
emergency department visits during the minimum recommended dose intervals. These findings can inform future efforts in
developing effective strategies to enhance vaccination coverage and improve the completion rate of necessary doses.
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Introduction

The COVID-19 pandemic started in December 2019 and has
tragically resulted in millions of deaths worldwide. In combating
the pandemic, various mitigation measures have been
implemented, including social distancing, wearing masks,
promoting hygiene practices, testing, and using therapeutic
interventions. Among these measures, vaccination has played
a crucial role in our collective efforts to combat and control the
impact of the COVID-19 pandemic. Among 4 COVID-19
vaccines (BNT162b2, mRNA-1273, Ad26.COV2.S, and
NVX-CoV2373) authorized in the United States since December
2020, the 2 (messenger RNA) mRNA COVID-19 vaccines
(BNT162b2, manufactured by Pfizer-BioNTech, and
mRNA-1273, manufactured by Moderna) have been the most
widely used [1]. These COVID-19 vaccines are effective at
preventing infection, hospitalization, and death due to
SARS-CoV-2 infection [2-5]. Despite these benefits, a major
obstacle to COVID-19 vaccination has been vaccine hesitancy.
This hesitancy has been linked to concerns regarding vaccine
safety, a lack of knowledge about novel COVID-19 vaccines,
demographic factors, limited health care access, attitudes toward
COVID-19 vaccines, and use and trust in social media [6-11].

Two mRNA vaccines, BNT162b2 and mRNA-1273, were
initially authorized as a 2-dose primary series. Optimal
protection depends on completing the initial 2-dose primary
series of mRNA vaccines according to recommended dose
intervals, as well as receiving booster shots to counteract waning
immunity and new variants [5,12-19]. As of December 8, 2022,
89.5% (n=231,012,435) of the US population aged 18 years and
older received at least 1 COVID-19 vaccine dose, and 76.8%
(n=198,386,322) had completed the primary series [1]. Although
the vast majority of those who received an mRNA vaccine dose
completed the 2-dose primary series, some did not complete
the primary series and thus remained underprotected against
severe COVID-19 illness and death.

Understanding the risk factors for not completing a 2-dose
primary series is critical to evaluate COVID-19 vaccination
programs and to promote completion of the 2-dose primary
series. Although some studies examined the completion of
multidose series of hepatitis A and B vaccines [20,21] and
recombinant herpes zoster vaccine [22,23], studies of risk factors
associated with not completing a 2-dose primary series of
mRNA COVID-19 vaccines are limited. Nguyen et al [24] found
associations of sociodemographic characteristics with each of
3 COVID-19 vaccination categories: receipt of at least 1 dose,
receipt of the full primary series, and receipt of a booster dose
after the primary series. Although sampling methods and data
weighting were designed to produce nationally representative
results, the sample size was moderate with 74,995 responses

from the Household Pulse Survey from December 29, 2021, to
January 10, 2022 [25]. Vaccination status for respondents was
self-reported and was subject to social desirability bias.

The goal of this study was to examine potential risk factors for
not completing a 2-dose primary series of mRNA COVID-19
vaccination in a large health care system in the United States.
We considered a range of risk factors including individual-level
demographics, clinical comorbidities, prior health care usage,
and community-level socioeconomic characteristics, as well as
health care usage, adverse events, and SARS-CoV-2 infection
during the minimum recommended interval between doses.

Methods

Sample and Data
We conducted a retrospective cohort study using electronic
health records of members aged ≥18 years from a large
integrated health care system, Kaiser Permanente Southern
California (KPSC). KPSC serves 4.7 million members of diverse
sociodemographic, racial, and ethnic backgrounds at 15 medical
centers [26]. To evaluate potential risk factors for not completing
a 2-dose primary series of mRNA COVID-19 vaccination, we
required members to receive their first dose of either mRNA
COVID-19 vaccine from December 14, 2020, to December 31,
2021. We also required members to have continuous
membership (allowing up to a 31-day gap) from at least 1 year
before to 6 months after the first dose. The study outcome was
assessed by June 30, 2022.

Ethics Approval
Ethics approval for this study was obtained from the KPSC
Institutional Review Board On July 5, 2022 (approval 13270).
In accordance with 45CFR 46.116, the need for informed
consent was waived by the institutional review board because
the research activities (secondary analyses of electronic health
records data) presented no more than minimal risk to subjects.
To protect the privacy and confidentiality of human subjects,
all staff working on the research study were trained in
procedures to protect the privacy of medical record information.
All research data are stored behind a firewall in a
password-protected network within the Department of Research
& Evaluation at KPSC. Study participants were not compensated
given the observational nature of the study.

Measures of Variables
We assessed the completion rates of 2 mRNA vaccines,
BNT162b2 and mRNA-1273. The outcome, noncompletion of
the 2-dose primary series, was defined as not completing 2 doses
of mRNA vaccination (2 doses of BNT162b2, 2 doses of
mRNA-1273 or 1 dose of each) within 6 months after receipt
of the first dose. The minimum recommended intervals between
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dose 1 and dose 2 are 17 days and 24 days (allowing for a 4-day
grace period) for BNT162b2 and mRNA-1273, respectively
[27,28].

We considered individual-level risk factors including age at
receipt of the first dose, sex, race and ethnicity, Medicaid status,
health care usage (number of outpatient visits, virtual visits,
inpatient visits, and emergency department [ED] visits) within
1 year prior to the first dose date, inpatient or ED visit within
7 days prior to the first dose date (yes or no), Charlson
Comorbidity Index within 1 year prior to the first dose date,
and receipt of influenza vaccine in the 2 years prior to the first
dose date. We also considered community-level risk factors
such as neighborhood median household income and
neighborhood education level defined as 50% or more than or
less than 50% of the neighborhood attaining more than high
school education.

Additional individual-level risk factors that were measured
during the minimum recommended interval between doses
included SARS-CoV-2 infection, encounters with prespecified
serious adverse events (AEs), any inpatient or ED visit, and any
outpatient visit. SARS-CoV-2 infection was determined by a
positive laboratory test for SARS-CoV-2 or a COVID-19
diagnosis. In identifying encounters with serious AEs, 21 types
of prespecified AEs were evaluated based on their inclusion as
outcomes of interest in COVID-19 vaccine safety studies [29].

In April 2021, COVID-19 vaccinations were expanded from a
phased allocation to all eligible adults. To consider the impact
of this expansion, we created an indicator for the time of receipt
of the first dose of mRNA vaccine before and after June 30,
2021.

Model and Data Analysis Procedure
Characteristics of completers and noncompleters of the 2-dose
primary series were described and compared with chi-square test
and 2-tailed t test for categorical and continuous risk factors,
respectively. To examine the association between potential risk
factors and not completing the 2-dose primary series, we fit a
multiple Poisson regression model with noncompletion of the
2-dose primary series within 6 months after the first dose as the
dependent variable and potential risk factors as the independent
variables. The specification of the Poisson regression model is
as follows:

where µi is the expected value of yi given a set of risk factors;
yi is the outcome for the ith subject, yi=1 for not completing and
yi=0 for completing the 2-dose primary series; α is the intercept;
Xi is a row vector of individual- and community-level risk
factors, and β is a column vector of corresponding coefficients
to be estimated. Because we required members to have
continuous membership for at least 6 months after the first dose
and the outcome was assessed within 6 months after the first
dose, the follow-up period was identical across all individuals;
therefore, there was no need to adjust for person time as an
offset in the Poisson model. Exponentials of coefficients from
the Poisson model can be interpreted as risk ratios.

We reported unadjusted risk ratios (RRs), adjusted risk ratios
(aRRs), and 95% CIs. All analyses were conducted using SAS
Enterprise Guide (version 8.2; SAS Institute).

Results

Among more than 4 million members of KPSC who received
their first dose of mRNA COVID-19 vaccine during December
14, 2020, to December 31, 2021, 3.3 million (83.4%) were aged
≥18 years (Figure 1). Among members aged ≥18 years who
received ≥1 dose of mRNA COVID-19 vaccine, 2.5 million
met the membership requirement, and 3.3% (n=81,202) of them
did not complete the 2-dose primary series within 6 months
after receipt of the first dose (Table 1). Members who were <65
years old, male, or Hispanic were more likely not to complete
the primary series. Noncompletion rates were slightly higher
among members in communities with a median household
income <US $60,000 and lower education level than those in
communities with a higher median household income and higher
education level. Noncompleters of a 2-dose primary series of
mRNA COVID-19 vaccination were less likely to have had
influenza vaccine in the 2 years prior to receipt of dose 1 than
completers (n=48,886, 60.2% vs n=1,721,833, 72.5%).
Noncompleters were more likely to receive the first dose after
June 30, 2021, than completers (n=45,216, 55.7% vs n=255,354,
10.8%).
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Figure 1. Study population flowchart. mRNA: messenger RNA.
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Table 1. Characteristics of completers and noncompleters of a 2-dose primary series of messenger RNA vaccination among members of Kaiser
Permanente Southern California from December 14, 2020, to December 31, 2021.

P valueTotal (n=2,456,740)Completion of 2-dose primary series within 6 months
of first dose

Characteristic

No (n=81,202)Yes (n=2,375,538)

<.001aAge (years), n (%)

243,129 (10)11,401 (14)231,728 (9.8)18-24

777,874 (31.7)29,126 (35.9)748,748 (31.5)25-44

847,858 (34.5)29,658 (36.5)818,200 (34.4)45-64

357,936 (14.6)7066 (8.7)350,870 (14.8)65-74

229,943 (9.4)3951 (4.9)225,992 (9.5)≥75

<.001b49.7 (18.2)45.4 (17.1)49.8 (18.3)Age, mean (SD)

<.001aSex, n (%)

1,329,986 (54.1)39,584 (48.8)1,290,402 (54.3)Female

1,126,754 (45.9)41,618 (51.2)1,085,136 (45.7)Male

<.001aRace and ethnicity, n (%)

785,265 (32)24,284 (29.9)760,981 (32)White

979,261 (40)33,611 (41.4)945,650 (39.8)Hispanic

342,239 (13.9)9981 (12.3)332,258 (14)Asian or Pacific Islander

186,437 (7.6)6321 (7.8)180,116 (7.6)Black

163,538 (6.7)7005 (8.6)156,533 (6.6)Other/multiple/unknown

<.001aNumber of outpatient visits in 1 year prior to receipt of dose 1, n (%)

522,051 (21.2)20,122 (24.8)501,929 (21.1)0

1,081,271 (44)36,833 (45.4)1044,438 (44)1-4

505,135 (20.6)15,225 (18.8)489,910 (20.6)5-9

348,283 (14.2)9022 (11.1)339,261 (14.3)≥10

<.001aNumber of virtual encounters in 1 year prior to receipt of dose 1, n (%)

772,828 (31.5)32,370 (39.9)740,458 (31.2)0

1,095,259 (44.6)33,976 (41.8)1,061,283 (44.7)1-4

359,650 (14.6)8977 (11.1)350,673 (14.8)5-9

229,003 (9.3)5879 (7.2)223,124 (9.4)≥10

<.001aNumber of inpatient visits in 1 year prior to receipt of dose 1, n (%)

2,344,284 (95.4)77,599 (95.6)2,266,685 (95.4)0

95,634 (3.9)2917 (3.6)92,717 (3.9)1

16,822 (0.7)686 (0.8)16,136 (0.7)≥2

<.001aNumber of EDc visits in 1 year prior to receipt of dose 1, n (%)

2,129,489 (86.7)69,647 (85.8)2,059,842 (86.7)0

294,534 (12)10,163 (12.5)284,371 (12)1-2

32,717 (1.3)1392 (1.7)31,325 (1.3)≥3

<.001aCharlson Comorbidity Index in 1 year prior to receipt of dose 1, n (%)

1,732,506 (70.5)63,373 (78)1,669,133 (70.3)0

351,975 (14.3)9757 (12)342,218 (14.4)1

159,362 (6.5)3632 (4.5)155,730 (6.6)2
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P valueTotal (n=2,456,740)Completion of 2-dose primary series within 6 months
of first dose

Characteristic

No (n=81,202)Yes (n=2,375,538)

212,897 (8.7)4440 (5.5)208,457 (8.8)≥3

<.001aHad inpatient or ED visit in the 7 days prior to dose 1, n (%)

9560 (0.4)487 (0.6)9073 (0.4)Yes

2,447,180 (99.6)80,715 (99.4)2,366,465 (99.6)No

<.001aHad Medicaid in 1 year prior to receipt of dose 1, n (%)

173,092 (7)7453 (9.2)165,639 (7)Yes

2,283,648 (93)73,749 (90.8)2,209,899 (93)No

<.001aHad influenza vaccine in the 2 years prior to dose 1, n (%)

1,770,719 (72.1)48,886 (60.2)1,721,833 (72.5)Yes

686,021 (27.9)32,316 (39.8)653,705 (27.5)No

<.001aNeighborhood median household income, n (%), US ($)

88,294 (3.6)3442 (4.2)84,852 (3.6)<$40,000

438,931 (17.9)15,956 (19.7)422,975 (17.8)$40,000-$59,999

578,242 (23.5)19,533 (24.1)558,709 (23.5)$60,000-$79,999

550,359 (22.4)17,347 (21.4)533,012 (22.4)$80,000-$99,999

796,859 (32.4)24,678 (30.4)772,181 (32.5)≥$100,000

4055 (0.2)246 (0.3)3809 (0.2)Missing

<.001aNeighborhood-level education, n (%)

744,180 (30.3)26,299 (32.4)717,881 (30.2)Less than 50% of the neighbor-
hood attaining greater than a high
school education

1,708,402 (69.5)54,655 (67.3)1,653,747 (69.6)50% or more of the neighbor-
hood attaining greater than a high
school education

4158 (0.2)248 (0.3)3910 (0.2)Missing

<.001aHad SARS-CoV-2 infection during minimum recommended dose interval, n (%)

6641 (0.3)858 (1.1)5783 (0.2)Yes

2,450,099 (99.7)80,344 (98.9)2,369,755 (99.8)No

<.001aHad adverse event during minimum recommended dose interval, n (%)

446 (0.02)36 (0.04)410 (0.02)Yes

2,456,294 (99.98)81,166 (99.96)2,375,128 (99.98)No

<.001aHad inpatient or ED visit during minimum recommended dose interval, n (%)

37,415 (1.5)2363 (2.9)35,052 (1.5)Yes

2,419,325 (98.5)78,839 (97.1)2,340,486 (98.5)No

<.001aHad outpatient visit during minimum recommended dose interval, n (%)

1,374,088 (55.9)34,644 (42.7)1,339,444 (56.4)Yes

1,082,652 (44.1)46,558 (57.3)1,036,094 (43.6)No

<.001aReceipt of first dose after June 30, 2021, n (%)

300,570 (12.2)45,216 (55.7)255,354 (10.8)Yes
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P valueTotal (n=2,456,740)Completion of 2-dose primary series within 6 months
of first dose

Characteristic

No (n=81,202)Yes (n=2,375,538)

2,156,170 (87.8)35,986 (44.3)2,120,184 (89.2)No

aChi-square P value.
bt test P value.
cED: emergency department.

Among the 2.5 million members in the study cohort, 6641
(0.3%) members had SARS-CoV-2 infection during the
minimum recommended dose interval (Table 1), of whom 858
(12.9%) did not complete the primary series in the 6 months
after receipt of the first dose, higher than the overall
noncompletion rate of 3.3% (n=81,202). Among 446 (0.02%)
members who experienced an AE during the minimum
recommended dose interval, 36 (8.1%) did not complete the
primary series in the 6 months after receipt of the first dose.
Among 37,415 (1.5%) members who had an ED or inpatient
visit during the minimum recommended dose interval, 2363
(6.3%) did not complete the primary series in the 6 months after
receipt of the first dose.

Unadjusted RRs for noncompletion of the 2-dose primary series
are displayed in Figure S1 in Multimedia Appendix 1. The
multiple Poisson regression showed that after adjusting for other
potential risk factors, members aged 25-44 years, 65-74 years,
and ≥75 years were more likely to complete the 2-dose primary
series than those aged 18-24 years (aRR for noncompletion
0.94, 95% CI 0.92-0.96; aRR 0.90, 95% CI 0.87-0.93; and 0.92,
95% CI 0.88-0.96, respectively), while members aged 45-64
years were more likely to not complete the 2-dose primary series
(aRR 1.13, 95% CI 1.10-1.15) (Figure S2 in Multimedia
Appendix 1). Male sex was associated with a higher risk of
noncompletion (aRR 1.17, 95% CI 1.15-1.19).

Hispanic and non-Hispanic Black race and ethnicities were
associated with lower risk of noncompletion (aRR 0.91, 95%
CI 0.90-0.93; aRR 0.78, 95% CI 0.76-0.80, respectively), while
Asian and Pacific Islander race was associated with a slightly
higher risk of noncompletion (aRR 1.07, 95% CI 1.04-1.09).
Having Medicaid in 1 year prior to receipt of dose 1, having
influenza vaccine in the 2 years prior to receipt of dose 1, and
certain health care use patterns (1-4 and 5-9 outpatient visits,
≥2 inpatient visits, and ≥1 ED visits in the year prior to receipt
of dose 1) were associated with a higher risk of noncompletion.

Members with SARS-CoV-2 infection during the minimum
recommended dose interval were more likely to be
noncompleters (aRR 1.98, 95% CI 1.85-2.12) (Figure S2 in
Multimedia Appendix 1). Experiencing an AE during the
minimum recommended dose interval was also associated with
not completing the primary series (aRR 1.99, 95% CI 1.43-2.76).
In addition, members with an inpatient or ED visit during the
minimum recommended dose interval were more likely to be
noncompleters (aRR 1.85, 95% CI 1.77-1.93), but having an
outpatient visit during the minimum recommended dose interval
significantly decreased the risk of not completing the primary
series (aRR 0.53, 95% CI 0.52-0.53). Receipt of the first dose

after June 30, 2021, was associated with a higher risk of not
completing the primary series (aRR 9.78, 95% CI 9.63-9.93).

Discussion

Principal Findings
Acting in synergy with community pharmacy services and local
government mass vaccination efforts, the KPSC health care
system was very successful in promoting COVID-19 vaccination
and completion of the 2-dose primary series. During the
pandemic, KPSC implemented a community-oriented and
geographically targeted vaccine strategy aimed at identifying
specific zip codes that required additional resources. This
proactive approach proved helpful in enhancing COVID-19
vaccination coverage and effectively addressing the disparities
in vaccine uptake within underserved communities [30]. Several
other aspects should also be considered in designing effective
public policy to address future pandemic crises such as Peltzman
effects in vaccinations, the emergence of new variants of
concern, investment in health care, and the impact of
environmental pollution and climate factors [31].

This study showed some impact of sociodemographic
characteristics on the completion of a 2-dose primary series of
mRNA COVID-19 vaccination in KPSC. For example, after
adjusting for other risk factors, the characteristics of being aged
≥65 years, female, and Black or Hispanic, as well as living in
a neighborhood with a lower education level, were associated
with a lower risk of not completing the 2-dose primary series
within 6 months of receipt of the first dose. Members who had
≥2 ED visits in the year prior to receipt of dose 1 were less likely
to complete the primary series (aRR for noncompletion 1.23,
95% CI 1.16-1.30). Having SARS-CoV-2 infection,
experiencing an AE, or having an inpatient or ED visit during
the minimum recommended dose intervals were associated with
a higher risk of not completing the 2-dose primary series (aRR
1.98, 95% CI 1.85-2.12; 1.99, 95% CI 1.43-2.76; and 1.85, 95%
CI 1.77-1.93, respectively). Those who received the first dose
before June 30, 2021, were more likely to complete the 2-dose
primary series within 6 months of receipt of the first dose.

In this study, male sex was associated with a higher risk of not
completing the 2-dose primary series, while a study by Nguyen
et al [24] did not find an association between sex and
noncompletion. Although the association of age with
noncompletion of the 2-dose primary series in unadjusted
analyses (Figure S1 in Multimedia Appendix 1) was largely
consistent with those of Nguyen et al [24], the strength of
association attenuated after adjusting for other risk factors, from
unadjusted RRs of 0.37-0.80 to aRRs of 0.90-1.13. Our finding
of lower risk of not completing the 2-dose primary series among
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Black and Hispanic race and ethnicity was consistent with the
study by Nguyen et al [24]; for Asian race and ethnicity, our
study found a weak association with not completing the 2-dose
primary series (aRR 1.07, 95% CI 1.04-1.09), while Nguyen et
al [24] found that Asian race/ethnicity was strongly associated
with completion of the 2-dose primary series. Those with lower
household income had unadjusted RR ≥1 of not completing the
2-dose primary series (Figure S1 in Multimedia Appendix 1),
which is similar to Nguyen et al [24]; however, after adjusting
for other risk factors, the association became null. The 2 studies
differed in several aspects including the study population
(insured vs a general population), study design (retrospective
cohort study using electronic health records vs survey study),
and risk factors considered. These differences may have
contributed to the different findings. In comparison to mRNA
COVID-19 vaccination, completion rates for hepatitis A and B
vaccinations were observed to be lower, ranging from 40% to
65% across a broad age range [20]. Notably, individuals with
Medicaid coverage were found to be associated with a lower
completion rate for both the 2-dose primary series of mRNA
COVID-19 vaccination in our study and the multidose
vaccinations of hepatitis A (2 doses) and B (3 doses) in the
study by Nelson et al [20].

With more than 12 months of first-dose data from a large health
care organization, this study examined a broad range of potential
risk factors including individual- and community-level
sociodemographic characteristics, Medicaid status,
comorbidities, health care usage, and medical encounters during
minimum recommended dose intervals. In a study examining
potential factors associated with completing 2 doses of
recombinant zoster vaccine among individuals aged ≥50 years,
local and systemic reactions after receipt of the first dose were
examined in addition to sociodemographic characteristics and
health care usage; however, medical encounters with serious
AEs were not examined [23]. A unique strength of our study is
that we examined the association between medical encounters
with serious AEs during minimum recommended dose intervals
and noncompletion of the mRNA COVID-19 vaccine 2-dose
primary series. Only 87.1% (n=5783) of those who had
SARS-CoV-2 infection during the minimum recommended
dose intervals completed the primary series, which is

significantly lower than the overall completion rate of 96.7%
(n=2,375,538). The noncompleters might have felt that it was
not necessary to get the second dose because of natural
immunity gained from infection. Only 8.1% (n=36) of those
who experienced an AE during the minimum recommended
dose intervals did not complete the primary series.

There are some limitations in this study. First, the study
population is an insured population from a large health care
system. The completion rate of the 2-dose primary series among
KPSC members aged 18 years and older is 96.7% (n=2,375,538).
In contrast, the national completion rate for the primary series,
which includes individuals from various health care providers
and uninsured individuals, is notably lower at 76.8%
(n=198,386,322). The findings in this study may not be
generalizable to other health care systems and uninsured
populations. Second, data on other risk factors such as members’
employment were not available. Mandatory completion of a
2-dose primary series for employment would decrease the
likelihood of noncompletion. Third, we did not consider the
requirement of 3 doses for the primary series among
immunocompromised individuals [27]. Finally, while we
included SARS-CoV-2 infection during the minimum
recommended dose intervals as a risk factor for completing the
second dose, the impact of SARS-CoV-2 infection prior to
receipt of the first dose was not considered.

Conclusions
To adequately prepare for the pandemic, it is crucial to attain a
sufficient level of vaccination coverage, contributing to herd
immunity. This will effectively halt the spread of potential virus,
thereby protecting people against severe illness and death [32].
Despite limitations such as a study of a single site of an insured
population and inability to consider social factors such as
employment and attitude to vaccination, our study identified
several risk factors for not completing a 2-dose primary series
of mRNA vaccination. These factors include being male; having
Medicaid coverage; and experiencing SARS-CoV-2 infection,
AEs, or inpatient and ED visits during the minimum
recommended dose intervals. These findings can inform future
efforts in developing effective strategies to enhance vaccination
coverage and improve the completion rate of necessary doses.
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Abstract

Background: COVID-19 mitigation behaviors, such as wearing masks, maintaining social distancing, and practicing hand
hygiene, have been and will remain vital to slowing the pandemic.

Objective: This study aims to describe the period prevalence of consistent mask-wearing, social distancing, and hand hygiene
practices during the peak of COVID-19 incidence (August-December 2020) and just before COVID-19 vaccine availability,
overall and in demographic subgroups.

Methods: We used baseline survey data from a nationwide household probability sample to generate weighted estimates of
mitigation behaviors: wearing masks, maintaining social distancing, and practicing hand hygiene. Weighted logistic regression
explored differences in mitigation behaviors by demographics. Latent class analysis (LCA) identified patterns in mitigation
behaviors.

Results: Among 4654 participants, most (n=2727, 58.6%) were female, were non-Hispanic White (n=3063, 65.8%), were aged
55 years or older (n=2099, 45.1%), lived in the South (n=2275, 48.9%), lived in metropolitan areas (n=4186, 89.9%), had at least
a bachelor’s degree (n=2547, 54.7%), had an income of US $50,000-$99,000 (n=1445, 31%), and were privately insured (n=2734,
58.7%). The period prevalence of consistent mask wearing was 71.1% (sample-weighted 95% CI 68.8-73.3); consistent social
distancing, 42.9% (95% CI 40.5-45.3); frequent handwashing, 55.0% (95% CI 52.3-57.7); and frequent hand sanitizing, 21.5%
(95% CI 19.4-23.8). Mitigation behaviors were more prevalent among women, older persons, Black or Hispanic persons, those
who were not college graduates, and service-oriented workers. LCA identified an optimal-mitigation class that consistently
practiced all behaviors (n=2656, 67% of US adults), a low-mitigation class that inconsistently practiced all behaviors (n=771,
20.6%), and a class that had optimal masking and social distancing but a high frequency of hand hygiene (n=463, 12.4%).

Conclusions: Despite a high prevalence of COVID-19 mitigation behaviors, there were likely millions who did not consistently
practice these behaviors during the time of the highest COVID-19 incidence. In future infectious disease outbreak responses,
public health authorities should also consider addressing disparities in mitigation practices through more targeted prevention
messaging.

(JMIR Public Health Surveill 2023;9:e37102)   doi:10.2196/37102
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Introduction

The COVID-19 pandemic was first documented in China in
December 2019, with cases identified in the United States
shortly afterward [1,2]. As of December 2020, there were more
than 20 million COVID-19 cases and more than 360,000
COVID-19–related deaths in the United States [3]. Because the
vaccine did not become available to select groups until late
December 2020, the primary means of preventing COVID-19
infection during the first year of the pandemic included the
consistent use of mitigation behaviors of mask wearing, social
distancing, and hand hygiene [4].

Multiple published studies have explored the prevalence of
mitigation behaviors among US adults during the first year of
the pandemic, but many of these are convenience samples or
from limited geographic areas. Those that explored mask usage
in public settings have reported a highly variable prevalence
(40%-90%) of usage by the type of public setting for mask
wearing and the timing of local mask mandates [5-10]. Social
distancing, which can encompass limiting exposure to persons
outside of one’s household and keeping at least 6 feet apart from
others when outside the home, has been reported by a few
previous studies, and estimates have also been prone to variation
(70%-87%) due to rapidly changing local mandates for limiting
travel and closure of public venues [11,12]. Recommended hand
hygiene practices, such as frequent handwashing or the use of
alcohol-based hand sanitizers, have been infrequently reported
by studies of the general population but have more consistently
shown high variation (74%-93%) [13-15].

The COVID Impact Survey is one of the most comprehensive
and well-published studies of mitigation behaviors using
cross-sectional samples and emailed surveys at multiple time
points [12]. The study found that mask usage grew significantly
from 78% in April 2020 to 89% in June 2020. The authors also
found reductions in attending public venues, and >80% of
participants reported keeping at least 6 feet apart from others,
although there was a decreasing trend in these behaviors between
April and July 2020, likely associated with the easing of local
travel restrictions and business closures. Finally, the authors
found that the proportion of US adults who frequently washed
or sanitized hands was the highest (90%) in April 2020 but
declined through July 2020 [12].

Just as there has been substantial heterogeneity in COVID-19
cases, morbidity, and mortality among US adults from various
demographic backgrounds [16-19], there have also been some
reported differences in the uptake of mitigation practices during
the COVID-19 pandemic. Mask wearing may be more prevalent
among women, non-White persons, and those who do not live
in rural areas [5,9]. Handwashing may also be more prevalent
among women, older adults, and those who identify as Black
or Hispanic/Latinx [15]. Evidence from ecological analyses of
mobility data found that social distancing was higher in counties

with lower levels of poverty, a larger proportion of Black
residents, and a higher population density [20].

Despite these high-quality studies of COVID-19 mitigation
practices, there remain substantial gaps in our knowledge.
Currently published estimates of the prevalence of mitigation
practices were from before the peak of COVID-19 incidence,
and few were from probability-based samples of the general
US population. Having minimally biased information at multiple
time points during the pandemic is critical to understanding the
ongoing needs for public health communications regarding these
mitigation practices. Having additional reliable estimates from
later time points during the pandemic are also useful parameters
for COVID-19 modeling activities.

We collected and analyzed baseline assessment data of a
prospective cohort of a representative household-based sample
of US adults. The main objective of this study was to describe
the period prevalence of consistent mask-wearing, social
distancing, and hand hygiene practices during the peak of
COVID-19 incidence (August-December 2020) and just before
COVID-19 vaccine availability, overall and in demographic
subgroups. We also explored whether people engage in
mitigation practices as a set of activities or as individual
unconnected behaviors.

Methods

Participants and Procedures
COVIDVu is a prospective observational cohort study with a
nationwide household probability sample of US adults using
sampling methods that have been previously described [21]. A
total of 39,500 US households were sampled using addresses
derived from the US Postal Service Computerized Delivery
Sequence File, including oversampling of households with
census tracts comprising >50% Black residents and households
with surnames likely to represent Hispanic ethnicity. The
sampled households also include oversamples in California
(16.5%) and Georgia (30.4%) to allow state-level estimation.
All sampled households were shipped a study kit each. One
adult resident enumerated the number of household members
and each person’s age. One enumerated household member
aged ≥18 years was randomly selected and offered participation
in the study. Consenting participants were asked to complete
an online survey, self-collect an anterior nares swab and a dried
blood spot card, and return the specimens to a central laboratory
via a prepaid mailer. Participants who returned the specimens
were compensated at least US $40. Using procedures previously
described for this study, sample and design weights were applied
to estimate unbiased measures for noninstitutionalized, housed
US adults in 2020 [21].

Ethical Considerations
Informed consent was obtained from each participant in the
study. The study was conducted in compliance with federal
regulations governing protection of human subjects and was
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reviewed and approved by Emory University’s Institutional
Review Board (protocol 00000695).

Measures
The following primary dependent measures were used in this
study: mask wearing, social distancing, handwashing, and hand
sanitizer use. Mask wearing was defined by the question “When
you go out, do you wear a face mask?” with response options
of always, often, sometimes, rarely, and never. Social distancing
was defined by the question “How often are you trying to keep
at least 6 feet between you and other people you don’t live with
to avoid spreading illness?” with response options of always,
often, sometimes, rarely, and never. Those who reported always
wearing masks or maintaining social distancing were defined
as consistently practicing these behaviors. Handwashing was
defined by the question “In the past 24 hours, about how many
times did you wash your hands with soap and water?” Hand
sanitizer use was defined by the question “In the past 24 hours,
about how many times did you use an alcohol-based hand
sanitizer spray, gel, or wipes?” Based on a prior study examining
handwashing effectiveness at preventing seasonal coronavirus
[22], we categorized handwashing and hand sanitizer use as 0-5
times per day (the prior study referent group), 6-10 times per
day (the prior study effective intervention group), and ≥11 times
per day (the prior study intervention group that was not
effective). For dichotomous analyses, those in the categories of
6-10 and ≥11 times per day were defined as frequently practicing
hand hygiene.

Independent analysis measures included standard demographic
characteristics of gender, race/ethnicity, age group, US Census
region, ZIP code–based urbanicity, highest education, annual
household income, and current health insurance. For those
working, the job type was collected using 2018 US Bureau of
Labor Statistics major job categories [23]. Some types of jobs,
such as food service, education, health care, retail, and
transportation services, may have had additional
recommendations about mask wearing and hand hygiene [24].
These job types were differentiated from others in the analyses.
For those who leave home for work, we assessed whether their
jobs were completely indoors or outdoors/mix/other.

Analyses
We developed sample weights to represent noninstitutionalized,
housed adults (aged ≥18 years, US population). In brief,
hierarchical hot deck imputation was performed to ensure no
participants were missing data for key variables needed for
weighting, such as gender, education, race, ethnicity, and marital
status; each had <3% missingness [25]. Design weights, adjusted
with classification and regression tree (CART) analysis for a
differential nonresponse, were developed to facilitate population
inference. A raking procedure aligned weighted distributions
to the observed distributions from the Census along the lines
including age, race-ethnicity, education, and income [26]. To
address outlier weights, those at the 99th percentile of each
distribution side were trimmed.

Using the sampling weights, we estimated the weighted
prevalence and 95% modified Wilson score confidence limits
for (1) consistent mask wearing, (2) social distancing, (3)

handwashing, and (4) hand sanitizer use. Prevalence estimates
were descriptively summarized by sociodemographic factors
(race, sex, age, region, urbanicity, highest level of education,
annual income, health insurance, job type), personal behaviors
(leaving home for work), knowledge of mitigation behaviors,
and month of sampling. To identify significant differences in
the prevalence of mitigation behaviors by sociodemographic
factors, prevalence ratios (PRs) and corresponding 95% CIs
were estimated using weighted logistic regression procedures.
All prevalence analyses were performed using SAS v9.4 (SAS
Institute) and SUDAAN (RTI International).

People may follow all public health recommendations for
mitigation practices similarly, or there may be individual
variations in mitigation practices. This information may be
useful for understanding how different groups respond to
multicomponent prevention messages. We therefore conducted
latent class analysis (LCA) with polytomous outcomes variables
to classify participants based on their responses to the 4 primary
dependent measures (mask wearing, social distancing,
handwashing, and hand sanitizer use). Each measure was
included as a single item. Considering we did not know the
number of classes represented by these data, we fit several
models with a different number (1-6) of classes. All models
were fit using the polCA package in R v4.1.0 (R Foundation for
Statistical Computing), which uses maximum likelihood
parameter estimation with robust SEs. Each model was estimated
with 30 different sets of starting values and allowed a maximum
of 3000 iterations for convergence. To select the final model,
we compared fit statistics (ie, Bayesian information criteria
[BIC], Akaike information criteria [AIC], adjusted BIC) and
accuracy statistics (eg, entropy) [27]. Each participant was
classified into a latent class (ie, mitigation) group by the largest
posterior probability for belonging to each class indicated by
the final model. We estimated the weighted prevalence of each
latent class group in the entire sample and by sociodemographic
characteristics. Finally, as a minimal internal validity check,
we examined whether class membership was associated with
answering the following statements with “true”: “Consistently
wearing a face mask will provide me with 95% or better
protection from getting infected with the new coronavirus” and
“It is not necessary for children and young adults to take
measures to prevent infection by the COVID-19 virus.” PRs
and corresponding 95% CIs were estimated using weighted
logistic regression procedures in SUDAAN to identify any
differences by sociodemographic characteristics.

Results

Participants
A total of 4654 participants completed baseline enrollment
procedures and were included in this study (Table 1). These
participants represented 242,875,582 US adults in 2020. Most
were female, were non-Hispanic White, aged 55 years or older,
lived in the South, lived in metropolitan areas, had at least a
bachelor’s degree, had an income of US $50,000-$99,000, and
were privately insured. The highest monthly enrollment occurred
in November 2020. Among the available response options in
this study for job types, most respondents worked in health care
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and social services; however, most had other job types not
available for selection in the study. Most of those whose jobs

required leaving home worked completely indoors.
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Table 1. Prevalence of consistent mask wearing among a household probability sample of 4654 US adults (August-December 2020).

WeightedUnweightedCharacteristics

PRa (95% CI)Prevalence, n/N (%); 95% CIPrevalence, n/N (%)

N/Ab172,749,029/242,875,582 (71.1); 68.8-
73.3

3351/4654 (72.0)Overall

Sex

Reference (N/A)76,820,491/115,613,214 (66.4); 62.7-70.01315/1927 (68.2)Male

1.15 (1.08-1.22)95,928,538/127,262,368 (75.4); 72.6-77.92036/2727 (74.7)Female

Race/ethnicity

1.15 (1.07-1.25)31,465,187/40,277,007 (78.1); 72.1-83.1475/607 (78.3)Hispanic

1.16 (1.05-1.28)21,964,396/27,643,982 (79.5); 71.2-85.8540/683 (79.1)Non-Hispanic Black

Reference (N/A)104,453,228/153,881,404 (67.9); 65.1-
70.5

2113/3063 (69.0)Non-Hispanic White

1.06 (0.94-1.18)14,866,219/21,073,189 (70.5); 61.9-77.9223/301 (74.1)Other

Age (years)

0.83 (0.77-0.91)45,256,658/67,946,989 (66.6); 61.5-71.3699/1013 (69.0)18-34

0.85 (0.77-0.93)26,925,908/40,347,844 (66.7); 60.9-72.1528/777 (68.0)35-44

0.87 (0.80-0.95)27,180,059/39,524,761 (68.8); 63.0-74.0528/765 (69.0)45-54

0.93 (0.87-1.01)30,521,571/41,638,646 (73.3); 68.2-77.9685/926 (74.0)55-64

Reference (N/A)42,864,834/53,417,341 (80.2); 76.4-83.6911/1173 (77.7)≥65

US Census region

1.05 (0.96-1.14)32,878,801/42,937,799 (76.6); 71.2-81.2359/476 (75.4)Northeast

0.86 (0.78-0.96)31,994,649/51,141,237 (62.6); 57.1-67.8381/591 (64.5)Midwest

0.99 (0.92-1.07)65,323,037/90,171,242 (72.4); 68.7-75.91607/2275 (70.6)South

Reference (N/A)42,552,543/58,625,304 (72.6); 68.1-76.61004/1312 (76.5)West

Urbanicity

Reference (N/A)17,718,426/32,292,975 (54.9); 47.8-61.8282/468 (60.3)Micropolitan/small town/rural

1.30 (1.14-1.48)155,030,603/210,582,607 (73.6); 71.2-
75.9

3069/4186 (73.3)Metropolitan

Education

1.01 (0.93-1.10)60,604,634/85,965,483 (70.5); 65.4-75.1482/698 (69.1)High school/General Educational Develop-
ment (GED) or less

0.98 (0.91-1.06)48,068,329/69,226,861 (69.4); 65.6-73.0992/1409 (70.4)Some college/associate’s degree

Reference (N/A)39,476,277/55,756,279 (70.8); 67.0-74.31036/1430 (72.4)Bachelor’s degree

1.07 (1.00-1.15)24,599,790/31,926,958 (77.1); 73.3-80.4841/1117 (75.3)Graduate degree

Annual income (US $)

1.04 (0.94-1.14)21,167,549/29,566,723 (71.6); 65.2-77.2512/721 (71.0)0-24,999

0.99 (0.89-1.09)28,730,742/41,443,877 (69.3); 63.3-74.7659/916 (71.9)25,000-49,999

Reference (N/A)51,366,352/73,211,031 (70.2); 65.8-74.21054/1445 (72.9)50,000-99,999

1.02 (0.94-1.10)48,935,593/67,795,060 (72.2); 67.8-76.2817/1125 (72.6)100,000-199,999

1.03 (0.93-1.13)22,548,792/30,858,891 (73.1); 66.8-78.5309/447 (69.1)≥200,000

Health insurance

Reference (N/A)8,652,878/13,358,208 (64.8); 53.5-74.7173/263 (65.8)No health insurance

1.20 (1.01-1.4250,432,470/66,230,875 (76.1); 72.2-79.7992/1352 (73.4)Medicare/Medicaid/other

JMIR Public Health Surveill 2023 | vol. 9 | e37102 | p.3025https://publichealth.jmir.org/2023/1/e37102
(page number not for citation purposes)

Sanchez et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


WeightedUnweightedCharacteristics

PRa (95% CI)Prevalence, n/N (%); 95% CIPrevalence, n/N (%)

1.08 (0.91-1.28)101,517,515/147,299,448 (68.9); 65.9-
71.8

1958/2734 (71.6)Private insurance/parent’s plan

1.18 (0.98-1.44)12,146,167/15,987,051 (76.0); 67.7-82.7228/305 (74.8)Do not know

Month of sample collection

Reference (N/A)68,382,130/98,937,128 (69.1); 65.3-72.6830/1195 (69.5)August

1.03 (0.93-1.15)23,861,095/33,460,432 (71.3); 64.3-77.4301/406 (74.1)September

1.06 (0.98-1.14)40,495,885/55,101,083 (73.5); 68.7-77.8596/812 (73.4)October

1.06 (0.98-1.14)39,080,513/53,835,755 (72.6); 68.1-76.61569/2165 (72.5)November

0.99 (0.68-1.44)929,406/1,541,184 (60.3); 35.2-81.055/76 (72.4)December

Job typec

0.87 (0.66-1.14)3,947,552/6,572,047 (60.1); 43.8-74.461/86 (70.9)Accommodation and food services

1.12 (1.02-1.23)8,107,735/10,277,744 (78.9); 71.9-84.5261/334 (78.1)Educational services

1.03 (0.93-1.14)15,317,980/21,216,123 (72.2); 65.8-77.8308/433 (71.1)Health care and social assistance

0.89 (0.71-1.12)6,651,265/11,147,959 (59.7); 45.8-72.291/131 (69.5)Retail trade

0.67 (0.47-0.96)2,959,476/6,340,795 (46.7); 31.6-62.470/104 (67.3)Transportation and warehousing

Reference (N/A)60,001,477/86,625,204 (69.3); 65.3-72.91118/1606 (69.6)Other

Work locationd

1.18 (1.03-1.35)38,924,489/57,197,182 (68.1); 63.2-72.6735/1032 (71.2)Completely indoors

Reference (N/A)18,622,285/32,017,239 (58.2); 51.1-64.9362/571 (63.4)Completely outdoor/mixture/other

aPR: prevalence ratio.
bN/A: not applicable.
cAmong those who were employed.
dAmong those who were employed and left home for work.

Mask Wearing
The estimated national period prevalence of consistently wearing
a mask from August through December 2020 was 71.1% (95%
CI 68.8-73.3; Table 1). Consistent mask wearing was
significantly more prevalent among those who were female;
were Hispanic or non-Hispanic Black; lived in a metropolitan
area; had a graduate degree, were insured through Medicare,
Medicaid, or other public health insurance; worked in
educational services; or worked completely indoors (among
those who were working from somewhere other than at home).
Consistent mask wearing was significantly less prevalent among
those who were less than 65 years old, lived in the Midwest

(compared to the West), and worked in transportation or
warehouse services.

Social Distancing
The estimated national prevalence of consistently practicing
social distancing was 42.9% (95% CI 40.5-45.3; Table 2).
Consistent social distancing was significantly more prevalent
among those who were female, were Hispanic or non-Hispanic
Black, lived in the South (compared to the West), had a graduate
degree or some college education, or had an annual income of
less than US $25,000. Consistent social distancing was
significantly less prevalent among those aged 18-34 years
(compared to ≥65 years) or lived in the Midwest (compared to
the West).
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Table 2. Prevalence of consistent social distancing among a household probability sample of 4654 US adults (August-December 2020).

WeightedUnweightedCharacteristics

PRa (95% CI)Prevalence, n/N (%); 95% CIPrevalence, n/N (%)

N/Ab104,253,682/242,875,582 (42.9); 40.5-45.32138/4654 (45.9)Overall

Sex

Reference (N/A)46,015,009/115,613,214 (39.8); 36.2-43.5833/1927 (43.2)Male

1.15 (1.03-1.29)58,238,673/127,262,368 (45.8); 42.6-48.91305/2727 (47.9)Female

Race/ethnicity

1.19 (1.02-1.39)18,911,041/40,277,007 (47.0); 40.5-53.5274/607 (45.1)Hispanic

1.49 (1.27-1.76)16,316,928/27,643,982 (59.0); 50.3-67.2441/683 (64.6)Non-Hispanic Black

Reference (N/A)60,824,958/153,881,404 (39.5); 36.8-42.31298/3063 (42.4)Non-Hispanic White

0.98 (0.78-1.23)8,200,755/21,073,189 (38.9); 31.0-47.4125/301 (41.5)Other

Age (years)

0.67 (0.56-0.81)21,618,778/67,946,989 (31.8); 27.2-36.8351/1013 (34.6)18-34

0.91 (0.77-1.08)17,333,281/40,347,844 (43.0); 37.3-48.8314/777 (40.4)35-44

0.95 (0.81-1.13)17,811,654/39,524,761 (45.1); 39.3-51.0346/765 (45.2)45-54

1.13 (0.98-1.31)22,270,261/41,638,646 (53.5); 48.0-58.9499/926 (53.9)55-64

Reference (N/A)25,219,708/53,417,341 (47.2); 42.4-52.1628/1173 (53.5)≥65

US Census region

1.03 (0.86-1.22)18,423,748/42,937,799 (42.9); 37.1-48.9201/476 (42.2)Northeast

0.81 (0.68-0.97)17,432,852/51,141,237 (34.1); 29.4-39.2233/591 (39.4)Midwest

1.16 (1.01-1.33)43,864,240/90,171,242 (48.6); 44.5-52.81107/2275 (48.7)South

Reference (N/A)24,532,842/58,625,304 (41.8); 37.5-46.3597/1312 (45.5)West

Urbanicity

Reference (N/A)13,688,195/32,292,975 (42.4); 35.7-49.4219/468 (46.8)Micropolitan/small town/rural

1.01 (0.85-1.20)90,565,487/210,582,607 (43.0); 40.5-45.61919/4186 (45.8)Metropolitan

Education

1.13 (0.97-1.32)37,216,103/85,965,483 (43.3); 38.2-48.5351/698 (50.3)High school/General Educational Develop-
ment (GED) or less

1.16 (1.01-1.32)30,576,917/69,226,861 (44.2); 40.1-48.3641/1409 (45.5)Some college/associate’s degree

Reference (N/A)21,335,935/55,756,279 (38.3); 34.6-42.1605/1430 (42.3)Bachelor’s degree

1.23 (1.08-1.41)15,124,727/31,926,958 (47.4); 43.0-51.8541/1117 (48.4)Graduate degree

Annual income (US $)

1.22 (1.03-1.43)15,386,978/29,566,723 (52.0); 45.4-58.6380/721 (52.7)0-24,999

1.01 (0.85-1.20)17,864,754/41,443,877 (43.1); 37.3-49.1418/916 (45.6)25,000-49,999

Reference (N/A)31,156,215/73,211,031 (42.6); 38.3-47.0671/1445 (46.4)50,000-99,999

0.91 (0.78-1.06)26,369,580/67,795,060 (38.9); 34.5-43.5484/1125 (43.0)100,000-199,999

1.02 (0.85-1.23)13,476,156/30,858,891 (43.7); 37.1-50.5185/447 (41.4)≥200,000

Health insurance

Reference (N/A)6,131,940/13,358,208 (45.9); 34.9-57.3118/263 (44.9)No health insurance

1.08 (0.83-1.42)33,026,689/66,230,875 (49.9); 45.2-54.5727/1352 (53.8)Medicare/Medicaid/other

0.86 (0.66-1.11)58,149,331/147,299,448 (39.5); 36.5-42.51155/2734 (42.2)Private insurance/parent’s plan

0.95 (0.68-1.33)6,945,721/15,987,051 (43.4); 34.3-53.0138/305 (45.2)Do not know

Month of sample collection
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WeightedUnweightedCharacteristics

PRa (95% CI)Prevalence, n/N (%); 95% CIPrevalence, n/N (%)

Reference (N/A)43,165,763/98,937,128 (43.6); 39.8-47.6527/1195 (44.1)August

1.06 (0.89-1.26)15,505,163/33,460,432 (46.3); 39.5-53.3196/406 (48.3)September

0.92 (0.78-1.07)21,917,341/55,101,083 (39.8); 34.9-44.9348/812 (42.9)October

0.99 (0.86-1.14)23,238,793/53,835,755 (43.2); 38.7-47.71028/2165 (47.5)November

0.64 (0.33-1.23)426,622/1,541,184 (27.7); 14.1-47.239/76 (51.3)December

Job typec

0.72 (0.43-1.18)1,889,223/6,572,047.14 (28.7); 17.2-43.931/86 (36.0)Accommodation and food services

0.97 (0.77-1.24)4,010,043/10,277,744.49 (39.0); 31.1-47.6148/334 (44.3)Educational services

0.91 (0.74-1.12)7,690,760/21,216,123.32 (36.2); 30.0-43.0171/433 (39.5)Health care and social assistance

1.14 (0.83-1.56)5,088,591/11,147,959.41 (45.6); 33.1-58.857/131 (43.5)Retail trade

0.66 (0.41-1.09)1,687,619/6,340,794.69 (26.6); 16.1-40.735/104 (33.7)Transportation and warehousing

Reference (N/A)34,585,460/86,625,204.41 (39.9); 36.1-43.9663/1606 (41.3)Other

Work locationd

0.96 (0.77-1.21)19,740,169/57,197,182 (34.5); 30.2-39.1384/1032 (37.2)Completely indoors

Reference (N/A)11,466,330/32,017,239 (35.8); 29.4-42.7210/571 (36.8)Completely outdoor/mixture/other

aPR: prevalence ratio.
bN/A: not applicable.
cAmong those who were employed.
dAmong those who were employed and left home for work.

Handwashing
Among the 4090 participants who were administered the hand
hygiene questions, the average number of times the participants
washed hands in the past 24 hours was 8.8 (SE 0.3). The
estimated national prevalence of individuals frequently washing

hands was 55.0% (95% CI 52.3-57.7; Table 3). Frequent
handwashing was significantly more prevalent among those
who were female, were Hispanic or non-Hispanic Black, were
aged 35-54 years (compared to ≥65 years), were enrolled in
November 2020 (compared to August 2020), or worked in health
care and social assistance services.
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Table 3. Prevalence of frequent handwashing among a household probability sample of 4090 US adults (August-December 2020).

WeightedUnweightedCharacteristics

PRa (95% CI)Prevalence, n/N (%); 95% CIPrevalence, n/N (%)

N/Ab107,258,747/195,041,917 (55.0); 52.3-
57.7

2226/4090 (54.4)Overall

Sex

Reference (N/A)40,507,668/92,525,526 (43.8); 39.7-47.9746/1682 (44.4)Male

1.48 (1.34-1.64)66,751,079/102,516,391 (65.1); 61.8-68.31480/2408 (61.5)Female

Race/ethnicity

1.17 (1.04-1.32)21,843,430/36,294,202 (60.2); 53.5-66.5341/584 (58.4)Hispanic

1.17 (1.01-1.36)14,430,982/23,137,584 (62.4); 53.6-70.4376/661 (56.9)Non-Hispanic Black

Reference (N/A)62,577,192/119,543,448 (52.3); 49.1-55.61367/2578 (53.0)Non-Hispanic White

1.02 (0.85-1.22)8,407,143/16,066,683 (52.3); 43.1-61.4142/267 (53.2)Other

Age (years)

1.05 (0.90-1.21)29,369,641/54,991,956 (53.4); 47.7-59.0479/900 (53.2)18-34

1.23 (1.07-1.41)19,647,980/32,573,737 (60.3); 54.0-66.3405/685 (59.1)35-44

1.18 (1.01-1.37)17,923,525/30,308,444 (59.1); 52.4-65.5379/656 (57.8)45-54

1.07 (0.92-1.24)18,533,469/34,713,815 (53.4); 47.4-59.3442/825 (53.6)55-64

Reference (N/A)21,784,132/42,453,965 (51.3); 46.0-56.6521/1024 (50.9)≥65

US Census region

0.98 (0.83-1.15)13,690,592/26,689,317 (51.3); 43.8-58.8159/301 (52.8)Northeast

1.08 (0.95-1.22)23,078,467/40,022,544 (57.7); 51.6-63.5272/462 (58.9)Midwest

1.02 (0.91-1.14)38,443,937/69,829,637 (55.1); 50.4-59.71081/2018 (53.6)South

Reference (N/A)32,045,751/58,500,420 (54.8); 50.3-59.2714/1309 (54.5)West

Urbanicity

Reference (N/A)13,506,913/26,235,378 (51.5); 43.7-59.2213/403 (52.9)Micropolitan/small town/rural

1.06 (0.91-1.24)93,751,834/168,806,540 (55.5); 52.7-58.42013/3687 (54.6)Metropolitan

Education

1.00 (0.88-1.13)36,508,095/69,755,426 (52.3); 46.5-58.1309/609 (50.7)High school/General Educational Develop-
ment (GED) or less

1.08 (0.97-1.20)33,497,775/56,483,039 (59.3); 54.9-63.6729/1268 (57.5)Some college/associate’s degree

Reference (N/A)24,259,383/43,783,023 (55.4); 51.2-59.5660/1256 (52.5)Bachelor’s degree

0.93 (0.82-1.04)12,993,495/25,020,429 (51.9); 47.0-56.9528/957 (55.2)Graduate degree

Annual income (US $)

1.03 (0.88-1.20)12,398,320/22,961,654 (54.0); 46.8-61.1353/640 (55.2)0-24,999

1.05 (0.91-1.21)18,172,778/33,333,054 (54.5); 47.9-60.9428/811 (52.8)25,000-49,999

Reference (N/A)32,722,037/61,651,585 (53.1); 48.2-57.9720/1286 (56.0)50,000-99,999

1.04 (0.92-1.18)29,925,499/52,932,785 (56.5); 51.3-61.6519/966 (53.7)100,000-199,999

1.07 (0.92-1.24)14,040,112/24,162,839 (58.1); 50.8-65.0206/387 (53.2)≥200,000

Health insurance

Reference (N/A)5,896,607/11,801,478 (50.0); 38.0-61.9125/246 (50.8)No health insurance

1.04 (0.81-1.35)26,735,424/52,283,277 (51.1); 46.0-56.2616/1191 (51.7)Medicare/Medicaid/other

1.14 (0.89-1.46)68,204,026/118,431,180 (57.6); 54.2-60.91348/2393 (56.3)Private insurance/parent’s plan

1.05 (0.76-1.45)6,422,690/12,525,982 (51.3); 40.6-61.8137/260 (52.7)Do not know
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WeightedUnweightedCharacteristics

PRa (95% CI)Prevalence, n/N (%); 95% CIPrevalence, n/N (%)

Month of sample collection

Reference (N/A)26,438,562/52,551,995 (50.3); 45.0-55.6352/655 (53.7)August

1.06 (0.91-1.25)17,794,291/32,683,426 (54.4); 47.3-61.4224/392 (57.1)September

1.07 (0.93-1.22)30,795,988/54,773,380 (56.2); 51.0-61.3429/806 (53.2)October

1.15 (1.02-1.31)31,727,178/53,491,933 (59.3); 54.8-63.71176/2161 (54.4)November

0.71 (0.38-1.31)502,728/1,541,184 (32.6); 16.4-54.445/76 (59.2)December

Job typec

1.19 (0.90-1.57)3,700,939/5,866,155 (63.1); 45.6-77.753/79 (67.1)Accommodation and food services

1.14 (0.96-1.35)4,875,979/7,963,246 (61.2); 51.8-69.9171/291 (58.8)Educational services

1.30 (1.14-1.47)12,160,332/17,500,465 (69.5); 62.5-75.7251/384 (65.4)Health care and social assistance

1.23 (0.97-1.55)4,897,239/8,228,603 (59.5); 44.0-73.367/106 (63.2)Retail trade

1.05 (0.77-1.44)3,279,732/5,854,707 (56.0); 39.4-71.458/100 (58.0)Transportation and warehousing

Reference (N/A)37,061,432/70,086,074 (52.9); 48.4-57.3726/1412 (51.4)Other

Work locationd

1.11 (0.96-1.29)29,785,987/47,435,209 (62.8); 57.4-67.8568/907 (62.6)Completely indoors

Reference (N/A)14,909,587/26,354,333 (56.6); 49.0-63.9277/507 (54.6)Completely outdoor/mixture/other

aPR: prevalence ratio.
bN/A: not applicable.
cAmong those who were employed.
dAmong those who were employed and left home for work.

Hand Sanitizer Use
Among the 4090 participants who were administered the hand
hygiene questions, the average number of times the participants
used a hand sanitizer in the past 24 hours was 4.99 (SE 0.2).
The estimated national prevalence of frequently using a hand
sanitizer was 21.5% (95% CI 19.4-23.8; Table 4). Frequent use
of a hand sanitizer was significantly more prevalent among
those who were female, Hispanic or non-Hispanic Black, less
than 65 years of age, lived in the South (compared to the West),

had an annual income of less than US $25,000, were enrolled
in September or November 2020 (compared to August 2020),
or worked in accommodation, food services, health care, social
assistance, retail trade, or transportation/warehouse services.
Frequent use of a hand sanitizer was significantly less prevalent
among those who had an annual income of US
$100,000-$199,000 or were insured through Medicare,
Medicaid, or other public health insurance (compared to those
uninsured).
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Table 4. Prevalence of frequent hand sanitizer use among a household probability sample of 4090 US adults (August-December 2020).

WeightedUnweightedCharacteristics

PRa (95% CI)Prevalence, n/N (%); 95% CIPrevalence, n/N (%)

N/Ab41,964,720/195,041,917 (21.5); 19.4-23.8846/4090 (20.7)Overall

Sex

Reference (N/A)17,369,555/92,525,526 (18.8); 15.7-22.3293/1682 (17.4)Male

1.26 (1.02-1.56)24,595,165/102,516,391 (24.0); 21.1-27.1553/2408 (23.0)Female

Race/ethnicity

1.92 (1.51-2.44)11,525,753/36,294,202 (31.8); 25.8-38.4176/584 (30.1)Hispanic

1.84 (1.37-2.48)7,287,691/23,137,584 (31.5); 23.8-40.3197/661 (29.8)Non-Hispanic Black

Reference (N/A)20,054,567/119,543,448 (16.8); 14.6-19.2422/2578 (16.4)Non-Hispanic White

1.16 (0.80-1.68)3,096,709/16,066,683 (19.3); 13.5-26.851/267 (19.1)Other

Age (years)

2.14 (1.48-3.11)14,220,072/54,991,956 (25.9); 21.2-31.1233/900 (25.9)18-34

2.48 (1.71-3.60)9,327,426/32,573,737 (28.6); 23.4-34.5177/685 (25.8)35-44

1.92 (1.28-2.88)6,848,252/30,308,444 (22.6); 17.5-28.6150/656 (22.9)45-54

1.62 (1.09-2.41)6,460,726/34,713,815 (18.6); 14.6-23.4163/825 (19.8)55-64

Reference (N/A)5,108,245/42,453,965 (12.0); 8.7-16.4123/1024 (12.0)≥65

US Census region

1.12 (0.80-1.57)5,660,463/26,689,317 (21.2); 15.8-27.959/301 (19.6)Northeast

0.83 (0.60-1.13)6,519,188/40,022,544 (16.3); 12.5-20.973/462 (15.8)Midwest

1.31 (1.03-1.68)18,042,211/69,829,637 (25.8); 21.9-30.2478/2018 (23.7)South

Reference (N/A)11,742,858/58,500,420 (20.1); 16.6-24.0236/1309 (18.0)West

Urbanicity

Reference (N/A)4,709,547/26,235,378 (18.0); 13.0-24.381/403 (20.1)Micropolitan/small town/rural

1.21 (0.87-1.69)37,255,173/168,806,540 (22.1); 19.7-24.6765/3687 (20.7)Metropolitan

Education

1.69 (1.27-2.25)16,518,098/69,755,426 (23.7); 19.2-28.9141/609 (23.2)High school/General Educational Develop-
ment (GED) or less

1.60 (1.24-2.06)13,288,148/56,483,039 (23.5); 20.1-27.4309/1268 (24.4)Some college/associate’s degree

Reference (N/A)6,499,265/43,783,023 (14.8); 12.1-18.0210/1256 (16.7)Bachelor’s degree

1.50 (1.13-1.99)5,659,209/25,020,429 (22.6); 18.4-27.5186/957 (19.4)Graduate degree

Annual income (US $)

1.36 (1.01-1.81)6,956,140/22,961,654 (30.3); 23.8-37.6156/640 (24.4)0-24,999

1.07 (0.79-1.43)7,970,726/33,333,054 (23.9); 18.8-29.9188/811 (23.2)25,000-49,999

Reference (N/A)13,913,036/61,651,585 (22.6); 18.6-27.1267/1286 (20.8)50,000-99,999

0.73 (0.55-0.96)8,941,815/52,932,785 (16.9); 13.6-20.8179/966 (18.5)100,000-199,999

0.75 (0.51-1.09)4,183,004/24,162,839 (17.3); 12.3-23.856/387 (14.5)≥200,000

Health insurance

Reference (N/A)3,625,449/11,801,478 (30.7); 20.6-43.169/246 (28.0)No health insurance

0.62 (0.40-0.97)9,517,303/52,283,277 (18.2); 14.4-22.8196/1191 (16.5)Medicare/Medicaid/other

0.71 (0.48-1.05)25,573,342/118,431,180 (21.6); 18.9-24.5510/2393 (21.3)Private insurance/parent’s plan

0.88 (0.53-1.46)3,248,626/12,525,982 (25.9); 18.2-35.571/260 (27.3)Do not know

Month of sample collection
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WeightedUnweightedCharacteristics

PRa (95% CI)Prevalence, n/N (%); 95% CIPrevalence, n/N (%)

Reference (N/A)9,075,148/52,551,995 (17.3); 13.6-21.7101/655 (15.4)August

1.51 (1.09-2.10)8,760,306/32,683,426 (26.8); 21.0-33.5106/392 (27.0)September

1.12 (0.82-1.53)11,226,992/54,773,380 (20.5); 16.6-25.0144/806 (17.9)October

1.34 (1.01-1.79)12,787,219/53,491,933 (23.9); 20.1-28.2479/2161 (22.2)November

0.46 (0.15-1.42)115,054/1,541,184 (7.5); 2.6-19.616/76 (21.1)December

Job typec

1.86 (1.14-3.06)2,105,92/5,866,155 (35.9); 21.9-52.826/79 (32.9)Accommodation and food services

1.24 (0.86-1.78)1,926,548/7,963,246 (24.2); 17.5-32.472/291 (24.7)Educational services

2.35 (1.84-3.00)7,894,448/17,500,465 (45.1); 37.9-52.6164/384 (42.7)Health care and social assistance

2.15 (1.40-3.29)3,108,150/8,228,603 (37.8); 24.4-53.437/106 (34.9)Retail trade

1.94 (1.18-3.18)2,187,560/5,854,707 (37.4); 22.7-54.832/100 (32.0)Transportation and warehousing

Reference (N/A)13,321,475/70,086,074 (19.0); 15.7-22.8262/1412 (18.6)Other

Work locationd

1.14 (0.87-1.49)16,448,119/47,435,209 (34.7); 29.8-39.9297/907 (32.7)Completely indoors

Reference (N/A)8,086,420/26,354,333 (30.7); 24.2-38.1143/507 (28.2)Completely outdoor/mixture/other

aPR: prevalence ratio.
bN/A: not applicable.
cAmong those who were employed.
dAmong those who were employed and left home for work.

Mitigation Classifications
The final classification model identified 3 latent classes: (1)
optimal mitigation, (2) optimal mitigation with additional hand
hygiene, and (3) lowest mitigation. Optimal mitigation was
consistent mask wearing, consistent social distancing, and
handwashing or hand sanitizer use 6-10 times per day. Optimal
mitigation with additional hand hygiene was consistent mask
wearing, consistent social distancing, and handwashing or hand
sanitizer use >11 times per day. The lowest mitigation was
inconsistent mask wearing, inconsistent social distancing, and
handwashing or hand sanitizer use 0-5 times per day. There
were no classes that had suboptimal use of only some mitigation
strategies but optimal use of others. All participants were
categorized into these classes. Two-thirds (n=2656, 67%)
practiced optimal mitigation by consistently wearing a mask,
consistently following social distancing, and frequently washing
their hands or using a hand sanitizer (Tables 5-7). Furthermore,
1 in 5 (n=771, 20.6%) practiced the lowest mitigation by
inconsistently or infrequently engaging in all mitigation
practices. The final class made up the remainder (n=463, 12.4%)
who consistently wore masks and maintained social distance
but had the highest frequency of handwashing or sanitizer use
(>11 times per day). Compared to optimal mitigation practices,

the likelihood of being in the lowest-mitigation class was
significantly greater among those who were male, less than 65
years of age, lived in the Midwest (compared to the West), lived
outside a metropolitan area, had no health insurance (compared
to Medicare, Medicaid, or other public insurance), worked in
transportation or warehouse services, or worked somewhere
other than completely indoors (Table 8). Compared to just the
optimal-mitigation class, the likelihood of being in the class
with optimal mask wearing and social distancing but with
additional handwashing or sanitizer use was significantly greater
among those who were Hispanic or non-Hispanic Black, were
less than 65 years of age, had less than a bachelor’s degree, or
worked in any of the selected job types (compared to other jobs).

Compared to the optimal-mitigation class, those in the
lowest-mitigation class were 20% less likely (PR 0.80, CI
0.79-0.90) to agree that masks provide 95% or better protection
against COVID-19 and were twice as likely (PR 2.00, CI
1.27-3.15) to state that it was not necessary for youth to take
measures to prevent COVID-19 infection (Table 8). There were
no significant differences between the optimal-mitigation class
and the class with additional hand hygiene for both the
mask-wearing (PR 0.93, CI 0.82-1.06) and youth prevention
(PR 1.70, CI 0.92-3.16) questions.
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Table 5. “Optimal mitigation” latent class of combined strategies to prevent COVID-19 among a household probability sample of 4090 US adults
(August-December 2020).

Optimal mitigation (consistent masking and social distancing,
hand hygiene 6-10 times/day)

Total sampleCharacteristics

Weighted prevalence, n (%)Unweighted prevalence, n (%)Weighted, NUnweighted, N

122,800,910 (67.0)2656 (68.8)183,171,2443863Overall

Sex

56,182,229 (65.1)1102 (68.7)86,348,1931603Male

66,618,681 (68.8)1554 (68.8)96,823,0512260Female

Race/ethnicity

21,961,242 (65.5)364 (66.1)33,539,313551Hispanic

15,006,373 (67.5)423 (69.7)22,219,194607Non-Hispanic Black

74,776,252 (66.5)1678 (68.4)112,449,5292454Non-Hispanic White

11,057,042 (73.9)191 (76.1)14,963,209251Other

Age (years)

32,268,979 (61.2)538 (61.9)52,755,52586918-34

17,937,534 (60.1)405 (63.0)29,840,68864335-44

17,959,527 (63.7)400 (65.8)28,183,23260845-54

21,137,563 (66.7)542 (70.0)31,700,42977455-64

33,497,307 (82.3)771 (79.6)40,691,370969≥65

US Census region

17,676,409 (73.4)203 (72.8)24,075,803279Northeast

23,288,505 (62.1)285 (65.1)37,524,032438Midwest

43,782,348 (66.8)1249 (65.9)65,519,9531896South

38,053,648 (67.9)919 (73.5)56,051,4561250West

Urbanicity

14,006,081 (57.4)231 (61.8)24,397,071374Micropolitan/small town/rural

108,794,829 (68.5)2425 (69.5)158,774,1733489Metropolitan

Education

39,876,092 (63.3)350 (64.5)63,033,498543High school/General Educational De-
velopment (GED) or less

34,863,092 (64.9)766 (64.4)53,702,2281189Some college/associate’s degree

29,934,515 (71.3)862 (71.7)42,013,0581203Bachelor’s degree

18,127,211 (74.2)678 (73.1)24,422,460928Graduate degree

Annual income (US $)

13,895,746 (66.0)396 (67.6)21,039,4895860-24,999

18,888,597 (61.6)504 (66.7)30,682,88575625,000-49,999

37,446,727 (65.2)841 (68.9)57,414,158122050,000-99,999

35,542,740 (69.7)663 (71.0)50,966,442934100,000-199,999

17,027,100 (73.8)252 (68.7)23,068,271367≥200,000

Health insurance

6,510,927 (58.3)138 (60.0)11,173,450230No health insurance

35,945,737 (75.6)824 (74.8)47,572,5271101Medicare/Medicaid/other

72,421,450 (64.2)1535 (66.9)112,869,8792294Private insurance/parent’s plan

7,922,797 (68.6)159 (66.8)11,555,388238Do not know
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Optimal mitigation (consistent masking and social distancing,
hand hygiene 6-10 times/day)

Total sampleCharacteristics

Weighted prevalence, n (%)Unweighted prevalence, n (%)Weighted, NUnweighted, N

Month of sample collection

32,876,252 (68.5)430 (69.5)48,004,288619August

18,957,076 (61.8)242 (65.1)30,679,522372September

36,692,789 (69.5)557 (71.9)52,803,927775October

33,317,935 (66.1)1376 (67.9)50,370,8992026November

956,860 (72.9)51 (71.8)1,312,60871December

Job typea

3,208,728 (56.6)44 (57.1)5,669,02377Accommodation and food services

5,538,379 (71.0)195 (68.9)7,801,317283Educational services

8,084,708 (48.2)193 (53.2)16,769,318363Health care and social assistance

3,524,372 (48.6)57 (58.2)7,256,89598Retail trade

2,458,090 (43.4)56 (60.2)5,661,87593Transportation and warehousing

44,833,174 (67.2)925 (68.3)66,741,8971354Other

Work locationb

25,143,068 (56.0)519 (59.8)44,926,729868Completely indoors

11,660,499 (46.8)276 (56.9)24,905,513485Completely outdoor/mixture/other

aAmong those who were employed.
bAmong those who were employed and left home for work.
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Table 6. “Optimal mitigation plus additional hand hygiene” latent class of combined strategies to prevent COVID-19 among a household probability
sample of 4090 US adults (August-December 2020).

Optimal mitigation plus additional hand hygiene (consistent
masking and social distancing, hand hygiene ≥11 times/day)

Total sampleCharacteristics

Weighted prevalence, n (%)Unweighted prevalence, n (%)Weighted, NUnweighted, N

22,548,164 (12.3)436 (11.3)183,171,2443863Overall

Sex

8,424,160 (9.8)118 (7.4)86,348,1931603Male

14,124,004 (14.6)318 (14.1)96,823,0512260Female

Race/ethnicity

6,328,829 (18.9)103 (18.7)33,539,313551Hispanic

4,443,359 (20.0)105 (17.3)22,219,194607Non-Hispanic Black

10,067,066 (9.0)205 (8.4)112,449,5292454Non-Hispanic White

1,708,910 (11.4)23 (9.2)14,963,209251Other

Age (years)

7,686,991 (14.6)121 (13.9)52,755,52586918-34

4,992,781 (16.7)89 (13.8)29,840,68864335-44

4,417,403 (15.7)86 (14.1)28,183,23260845-54

3,907,870 (12.3)90 (11.6)31,700,42977455-64

1,543,119 (3.8)50 (5.2)40,691,370969≥65

US Census region

2,367,057 (9.8)28 (10.0)24,075,803279Northeast

3,709,602 (9.9)40 (9.1)37,524,032438Midwest

9,277,429 (14.2)240 (12.7)65,519,9531896South

7,194,076 (12.8)128 (10.2)56,051,4561250West

Urbanicity

3,079,673 (12.6)44 (11.8)24,397,071374Micropolitan/small town/rural

19,468,491 (12.3)392 (11.2)158,774,1733489Metropolitan

Education

9,177,714 (14.6)75 (13.8)63,033,498543High school/General Educational De-
velopment (GED) or less

7,573,166 (14.1)178 (15.0)53,702,2281189Some college/associate’s degree

3,420,744 (8.1)94 (7.8)42,013,0581203Bachelor’s degree

2,376,540 (9.7)89 (9.6)24,422,460928Graduate degree

Annual income (US $)

4,030,880 (19.2)86 (14.7)21,039,4895860-24,999

4,365,638 (14.2)99 (13.1)30,682,88575625,000-49,999

7,137,152 (12.4)141 (11.6)57,414,158122050,000-99,999

5,067,508 (9.9)85 (9.1)50,966,442934100,000-199,999

1,946,986 (8.4)25 (6.8)23,068,271367≥200,000

Health insurance

1,547,869 (13.9)32 (13.9)11,173,450230No health insurance

4,518,681 (9.5)96 (8.7)47,572,5271101Medicare/Medicaid/other

14,983,739 (13.3)272 (11.9)112,869,8792294Private insurance/parent’s plan

1,497,874 (13.0)36 (15.1)11,555,388238Do not know
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Optimal mitigation plus additional hand hygiene (consistent
masking and social distancing, hand hygiene ≥11 times/day)

Total sampleCharacteristics

Weighted prevalence, n (%)Unweighted prevalence, n (%)Weighted, NUnweighted, N

Month of sample collection

4,344,792 (9.1)51 (8.2)48,004,288619August

5,007,293 (16.3)59 (15.9)30,679,522372September

5,658,534 (10.7)70 (9.0)52,803,927775October

7,502,823 (14.9)246 (12.1)50,370,8992026November

34,721 (2.6)10 (14.1)1,312,60871December

Job typea

920,635 (16.2)18 (23.4)5,669,02377Accommodation and food services

952,513 (12.2)40 (14.1)7,801,317283Educational services

5,864,653 (35.0)101 (27.8)16,769,318363Health care and social assistance

2,517,580 (34.7)27 (27.6)7,256,89598Retail trade

1,174,633 (20.7)15 (16.1)5,661,87593Transportation and warehousing

5,333,381 (8.0)104 (7.7)66,741,8971354Other

Work locationb

8,661,383 (19.3)157 (18.1)44,926,729868Completely indoors

4,798,204 (19.3)72 (14.8)24,905,513485Completely outdoor/mixture/other

aAmong those who were employed.
bAmong those who were employed and left home for work.
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Table 7. “Lowest mitigation” latent class of combined strategies to prevent COVID-19 among a household probability sample of 4090 US adults
(August-December 2020).

Lowest mitigation (inconsistent masking and social distanc-
ing, hand hygiene 0-5 times/day)

Total sampleCharacteristics

Weighted prevalence, n (%)Unweighted prevalence, n (%)Weighted, NUnweighted, N

37,822,170 (20.6)771 (20.0)183,171,2443863Overall

Sex

21,741,804 (25.2)383 (23.9)86,348,1931603Male

16,080,366 (16.6)388 (17.2)96,823,0512260Female

Race/ethnicity

5,249,241 (15.7)84 (15.2)33,539,313551Hispanic

2,769,462 (12.5)79 (13.0)22,219,194607Non-Hispanic Black

27,606,210 (24.5)571 (23.3)112,449,5292454Non-Hispanic White

2,197,256 (14.7)37 (14.7)14,963,209251Other

Age (years)

12,799,555 (24.3)210 (24.2)52,755,52586918-34

6,910,373 (23.2)149 (23.2)29,840,68864335-44

5,806,302 (20.6)122 (20.1)28,183,23260845-54

6,654,996 (21.0)142 (18.3)31,700,42977455-64

5,650,944 (13.9)148 (15.3)40,691,370969≥65

US Census region

4,032,338 (16.7)48 (17.2)24,075,803279Northeast

10,525,924 (28.1)113 (25.8)37,524,032438Midwest

12,460,175 (19.0)407 (21.5)65,519,9531896South

10,803,732 (19.3)203 (16.2)56,051,4561250West

Urbanicity

7,311,317 (30.0)99 (26.5)24,397,071374Micropolitan/small town/rural

30,510,853 (19.2)672 (19.3)158,774,1733489Metropolitan

Education

13,979,692 (22.2)118 (21.7)63,033,498543High school/General Educational De-
velopment (GED) or less

11,265,970 (21.0)245 (20.6)53,702,2281189Some college/associate’s degree

8,657,800 (20.6)247 (20.5)42,013,0581203Bachelor’s degree

3,918,708 (16.0)161 (17.3)24,422,460928Graduate degree

Annual income (US $)

3,112,863 (14.8)104 (17.7)21,039,4895860-24,999

7,428,650 (24.2)153 (20.2)30,682,88575625,000-49,999

12,830,279 (22.3)238 (19.5)57,414,158122050,000-99,999

10,356,193 (20.3)186 (19.9)50,966,442934100,000-199,999

4,094,185 (17.7)90 (24.5)23,068,271367≥200,000

Health insurance

3,114,654 (27.9)60 (26.1)11,173,450230No health insurance

7,108,109 (14.9)181 (16.4)47,572,5271101Medicare/Medicaid/other

25,464,690 (22.6)487 (21.2)112,869,8792294Private insurance/parent’s plan

2,134,717 (18.5)43 (18.1)11,555,388238Do not know
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Lowest mitigation (inconsistent masking and social distanc-
ing, hand hygiene 0-5 times/day)

Total sampleCharacteristics

Weighted prevalence, n (%)Unweighted prevalence, n (%)Weighted, NUnweighted, N

Month of sample collection

10,783,244 (22.5)138 (22.3)48,004,288619August

6,715,153 (21.9)71 (19.1)30,679,522372September

10,452,603 (19.8)148 (19.1)52,803,927775October

9,550,142 (19.0)404 (19.9)50,370,8992026November

321,027 (24.5)10 (14.1)1,312,60871December

Job typea

1,539,660 (27.2)15 (19.5)5,669,02377Accommodation and food services

1,310,424 (16.8)48 (17.0)7,801,317283Educational services

2,819,957 (16.8)69 (19.0)16,769,318363Health care and social assistance

1,214,943 (16.7)14 (14.3)7,256,89598Retail trade

2,029,152 (35.8)22 (23.7)5,661,87593Transportation and warehousing

16,575,342 (24.8)325 (24.0)66,741,8971354Other

Work locationb

11,122,278 (24.8)192 (22.1)44,926,729868Completely indoors

8,446,810 (33.9)137 (28.2)24,905,513485Completely outdoor/mixture/other

aAmong those who were employed.
bAmong those who were employed and left home for work.
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Table 8. Comparison of participant characteristics by latent classes of combined strategies to prevent COVID-19 among a household probability sample
of 4090 US adults (August-December 2020).

Lowest mitigationd vs optimal mitigation,
PR (95% CI)

Additional hand hygienea vs optimal mitigationb,

PRc (95% CI)

Characteristics

Sex

Reference (N/A)Reference (N/Ae)Male

0.70 (0.56-0.87)1.34 (0.97-1.86)Female

Race/ethnicity

0.72 (0.51-1.01)1.89 (1.33-2.68)Hispanic

0.58 (0.33-1.00)1.93 (1.27-2.92)Non-Hispanic Black

Reference (N/A)Reference (N/A)Non-Hispanic White

0.61 (0.37-1.01)1.13 (0.66-1.93)Other

Age (years)

1.97 (1.42-2.72)4.37 (2.45-7.80)18-34

1.93 (1.36-2.72)4.94 (2.76-8.84)35-44

1.69 (1.16-2.47)4.48 (2.47-8.14)45-54

1.66 (1.16-2.36)3.54 (1.92-6.53)55-64

Reference (N/A)Reference (N/A)≥65

US Census region

0.84 (0.57-1.25)0.74 (0.44-1.25)Northeast

1.41 (1.06-1.87)0.86 (0.55-1.35)Midwest

1.00 (0.76-1.32)1.10 (0.78-1.56)South

Reference (N/A)Reference (N/A)West

Urbanicity

Reference (N/A)Reference (N/A)Micropolitan/small town/rural

0.64 (0.49-0.84)0.84 (0.54-1.32)Metropolitan

Education

1.16 (0.87-1.54)1.82 (1.21-2.75)High school/General Educational Development
(GED) or less

1.09 (0.86-1.38)1.74 (1.21-2.51)Some college/associate’s degree

Reference (N/A)Reference (N/A)Bachelor’s degree

0.79 (0.60-1.05)1.13 (0.74-1.72)Graduate degree

Annual income (US $)

0.72 (0.50-1.02)1.40 (0.92-2.14)0-24,999

1.11 (0.80-1.53)1.17 (0.77-1.78)25,000-49,999

Reference (N/A)Reference (N/A)50,000-99,999

0.88 (0.66-1.18)0.78 (0.51-1.18)100,000-199,999

0.76 (0.54-1.06)0.64 (0.36-1.13)≥200,000

Health insurance

Reference (N/A)Reference (N/A)No health insurance

0.51 (0.32-0.81)0.58 (0.29-1.16)Medicare/Medicaid/other

0.80 (0.53-1.22)0.89 (0.48-1.67)Private insurance/parent’s plan

0.66 (0.37-1.18)0.83 (0.37-1.84)Do not know

Month of sample collection
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Lowest mitigationd vs optimal mitigation,
PR (95% CI)

Additional hand hygienea vs optimal mitigationb,

PRc (95% CI)

Characteristics

Reference (N/A)Reference (N/A)August

1.06 (0.75-1.50)1.79 (1.12-2.85)September

0.90 (0.67-1.21)1.14 (0.73-1.80)October

0.90 (0.68-1.19)1.57 (1.04-2.38)November

1.02 (0.33-3.11)0.30 (0.11-0.78)December

Job typef

1.20 (0.65-2.22)2.10 (1.05-4.20)Accommodation and food services

0.71 (0.47-1.08)1.38 (1.05-4.20)Educational services

0.96 (0.68-1.36)3.95 (2.70-5.79)Health care and social assistance

0.95 (0.45-1.99)3.92 (2.28-6.74)Retail trade

1.68 (1.04-2.70)3.04 (1.46-6.35)Transportation and warehousing

Reference (N/A)Reference (N/A)Other

Work locationg

0.73 (0.55-0.97)0.88 (0.60-1.28)Completely indoors

Reference (N/A)Reference (N/A)Completely outdoor/mixture/other

aOptimal mitigation plus additional hand hygiene is consistent masking and social distancing, as well as hand hygiene ≥11 times/day.
bOptimal mitigation is consistent masking and social distancing, as well as hand hygiene 6-10 times/day.
cPR: prevalence ratio.
dThe lowest mitigation is inconsistent masking and social distancing, as well as hand hygiene 0-5 times/day.
eN/A: not applicable.
fAmong those who were employed.
gAmong those who were employed and left home for work.

Discussion

Principal Findings
We report the first national probability survey estimates of the
prevalence of COVID-19 mitigation strategies among US adults.
During the 2020 peak of COVID-19 incidence, nearly
three-quarters of adults consistently wore a mask when going
out, about half consistently practiced social distancing or
frequently washed their hands, and about a quarter frequently
used a hand sanitizer. There were 3 distinct patterns of use of
these mitigation practices. Two-thirds practiced optimal
mitigation, with consistent and frequent use of all mitigation
strategies; about 1 in 5 practiced the poorest mitigation practices,
with inconsistent or infrequent use of all mitigation strategies;
and about 1 in 9 consistently wore a mask and practiced social
distancing and may have followed excessive hand hygiene
practices. Finally, all mitigation practices and grouping of
practices varied substantially among people with different
demographic characteristics.

The prevalence of consistently wearing a mask in our
population-based study was similar to earlier estimates from
polls and convenience samples [5,9,10], but the estimate from
our population-based sample was substantially lower than the
89% reported by the online convenience sampling–based
COVID Impact Survey in June 2020 [12]. The difference in
prevalence could be due to selection bias in the convenience

sampling–based COVID Impact Survey if those who were more
likely to wear masks were also more likely to respond to the
survey. Our survey items were also slightly different, with our
survey stipulating mask wearing when going out and asking
about the frequency of mask usage, whereas the COVID Impact
Survey asked a general question about mask wearing, without
regard to context or frequency. It is also possible that mask
wearing decreased between June and August 2020 (the
beginning of our study), as public facilities reopened and mask
requirements in each jurisdiction became more complex and
possibly confusing.

There was a similar discrepancy between our findings and those
of the COVID Impact Survey for practicing social distancing
and washing hands, but for these practices, our estimates were
even lower than those of the COVID Impact Survey, which
reported >80% prevalence for both [12]. Although the COVID
Impact Survey reported a slightly decreased prevalence of social
distancing and hand hygiene in June compared to April 2020,
a simple extrapolation of that decreasing trend would not explain
the difference we found later in 2020. Similar selection biases
and differences in survey items for these practices could explain
part, but not all, of the difference between the findings of our
study and the COVID Impact Survey. ConsumerStyles panel
surveys that examined handwashing practices in October 2019
and June 2020 in specific contexts (eg, before eating, after
sneezing, or after coughing) also found a substantially higher
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prevalence of handwashing than we did, providing further
evidence that the survey question type (eg, making the questions
conditional on situations in which handwashing is recommended
even outside of COVID-19 times) can substantially affect
prevalence estimates. We structured our questions based on the
only published study on the effectiveness of hand hygiene for
preventing seasonal coronavirus infection [22]. As we would
expect during the COVID-19 pandemic with frequent
communications about the importance of hand hygiene, our
prevalence estimate of 57.7% who washed their hands 6-10
times in the past 24 hours was substantially higher than the
39.5% reported in the UK study conducted between 2006 and
2009. The prevalence of use of a hand sanitizer in our study
was also substantially lower (21.5% vs 70.7%) compared to
only 1 other previous paper, by Czeisler et al [14], that reported
this as a separate behavior from handwashing. This difference
in prevalence was likely due to context-specific differences in
behaviors, where Czeisler et al [14] assessed hand sanitizer
usage only after contact with high-touch public surfaces.

The distinct sets of mitigation practices (optimal mitigation,
lowest mitigation, and optimal mitigation with additional hand
hygiene) were also novel findings of our study. Those in the
o p t i m a l - m i t i g a t i o n  a n d
optimal-mitigation-with-additional-hand-hygiene groups
frequently wear masks and practice social distancing when they
go out in public. Although there was a clear distinction between
these groups based on the frequency of handwashing
predetermined based on Beale et al’s [22] effectiveness study,
there were no differences between these groups in their
agreement with the mask-wearing and youth prevention
questions. Our findings did indicate that the optimal-mitigation
and optimal-mitigation-with-additional-hand-hygiene groups
differed on multiple demographic characteristics, which supports
the idea that these groups may have fundamental differences in
their approaches toward COVID-19 prevention. Further study
on the context of hand hygiene practices may clarify some of
these issues, and we are now implementing a context-specific
set of mitigation practice questions in our 3- and 6-month
follow-up surveys with this cohort. The lowest-mitigation group,
which was inconsistent in all mitigation practices, comprised
an unfortunately large proportion of 1 in 5 US adults. The
demographic differences between the optimal- and
lowest-mitigation groups were even more pronounced,
emphasizing the demographic disparities in COVID-19
mitigation practices.

This heterogeneity in COVID-19 mitigation practices among
demographic groups in our study has also been partly reported
in other published papers for individual practices [5,9,12,15,20],
and those prior published findings are reasonably consistent
with the demographic heterogeneity we found. Our study goes
a step further to illustrate how persons from various backgrounds
combine the individual mitigation recommendations in practice.
The demographic heterogeneity in these empirically determined
grouping of mitigation practices is even more evident than in
individual practices. Compared to men and younger adults,
women and older adults are much more likely to optimally use
all mitigation practices. These differences in patterns of use
may reflect greater risk perception, more exposure to COVID-19

prevention messages, or other contextual factors, such as leaving
the home or living in group settings. US adults who were Black
or Hispanic (compared to White, non-Hispanic), had no college
degree, or worked in service-oriented jobs were more likely to
report excessive hand hygiene, while also consistently wearing
a mask and maintaining social distancing. These differences
might also reflect greater risk perception and prevention message
exposure but are more likely due to other contextual factors,
such as hand hygiene requirements of their jobs. Finally, US
adults who live outside metropolitan areas were likely to engage
in all mitigation practices inconsistently. This might be due to
differing risk perceptions or exposure to prevention messages
in less densely populated areas [28].

Limitations
This study has several limitations. First, there was a lack of
contextual information for some mitigation practices that could
better clarify whether people are engaging in practices in only
some settings or situations but not in others. These situational
assessments have been added to our follow-up surveys, which
were completed by mid-2021, and will be included in subsequent
analyses. Second, some demographic heterogeneity could be
explained by confounding, which could be elucidated with
additional modeling. Multivariable modeling is planned for
follow-up survey analyses. Third, we did not assess the quality
of the mitigation behaviors, such as correctly wearing masks,
or the effectiveness of those behaviors on preventing COVID-19
infection. The prospective component of the study will directly
examine these associations. Fourth, the enrollment and baseline
surveys occurred during a 5-month period of substantial changes
in the COVID-19 pandemic and response. There may be time
frame heterogeneity in the mitigation behaviors during these
changes, but we were unable to analyze these baseline data as
cross-sectional time series due to sampling method changes and
prioritization of the entire survey sample weighting for national
estimates [21]. Finally, although household probability sampling
methods and weighting allowed for national estimation of these
essential mitigation practices, there is likely still selection bias
due to nonresponse.

Conclusion
Although the prevalence of consistently wearing a mask was
relatively high among US adults, there were still millions who
were not doing so during the time of the highest COVID-19
incidence to date in the pandemic. Even greater numbers of US
adults did not consistently practice social distancing outside
their homes and did not frequently practice hand hygiene. These
practices remained crucial to blunting the surge of COVID-19
infections, especially since we had not yet achieved sufficient
vaccine coverage to stop the pandemic. Despite clear public
health evidence of their importance, the implementation of these
practices was further undermined by a confusing array of local
jurisdiction messages about mask requirements and restrictions
on public gatherings. In future infectious disease outbreak
responses, monitoring mitigation practices in a context of
changing mandates and messages will help us refine
communication strategies to increase the adoption and
persistence of effective mitigation behaviors. This monitoring
will also help ensure that disparities in mitigation practices do
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not widen further, leading to even greater disparities in
infectious disease incidence and continuation of high-level

community transmission.
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Abstract

Background: Nosocomial infections are infections incubating or not present at the time of admission to a hospital and manifest
48 hours after hospital admission. The specific factors contributing to the risk of infection during hospitalization remain unclear,
particularly for the hospitalized population of the United Kingdom.

Objective: The aim of this systematic literature review was to explore the risk factors of nosocomial infections in hospitalized
adult patients in the United Kingdom.

Methods: A comprehensive keyword search was conducted through the PubMed, Medline, and EBSCO CINAHL Plus databases.
The keywords included “risk factors” or “contributing factors” or “predisposing factors” or “cause” or “vulnerability factors”
and “nosocomial infections” or “hospital-acquired infections” and “hospitalized patients” or “inpatients” or “patients” or
“hospitalized.” Additional articles were obtained through reference harvesting of selected articles. The search was limited to the
United Kingdom with papers written in English, without limiting for age and gender to minimize bias. The above process retrieved
377 articles, which were further screened using inclusion and exclusion criteria following the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) guidelines. The retained 9 studies were subjected to critical appraisal using
the Critical Appraisal Skills Programme (cohort and case-control studies) and Appraisal Tool for Cross-Sectional Studies
(cross-sectional studies) checklists. Finally, 6 eligible publications were identified and used to collect the study findings. A
thematic analysis technique was used to analyze data extracted on risk factors of nosocomial infections in hospitalized patients
in the United Kingdom.

Results: The risk factors for nosocomial infections that emerged from the reviewed studies included older age, intrahospital
transfers, cross-infection, longer hospital stay, readmissions, prior colonization with opportunistic organisms, comorbidities, and
prior intake of antibiotics and urinary catheters. Nosocomial infections were associated with more extended hospital stays,
presenting with increased morbidity and mortality. Measures for controlling nosocomial infections included the use of single-patient
rooms, well-equipped wards, prior screening of staff and patients, adequate sick leave for staff, improved swallowing techniques
and nutritional intake for patients, improved oral hygiene, avoiding unnecessary indwelling plastics, use of suprapubic catheters,
aseptic techniques during patient care, and prophylactic use.

Conclusions: There is a need for further studies to aid in implementing nosocomial infection prevention and control.

(JMIR Public Health Surveill 2023;9:e43743)   doi:10.2196/43743
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Introduction

Nosocomial infections are recognized public health issues
worldwide with a prevalence of 3.0%-20.7% and an incidence
rate of 5%-10% [1]. These infections are not present or
incubating at the time of admission to a hospital but are acquired
after hospitalization and manifest 48 hours after admission;
30% of nosocomial infections are estimated to be preventable
[2]. Nosocomial infections are a potential risk to the patients,
staff, and community, with many of the microorganisms isolated
known to be drug-resistant, resulting in increased admissions
associated with a longer hospital stay, mortality, and increased
hospital expenses [3]. A recent study [4] found that nosocomial
infections account for 80% of all hospital infections, which
include catheter-associated urinary tract infections (UTIs),
surgical site infections (SSIs), ventilator-associated pneumonia,
hospital-acquired pneumonia, and Clostridium difficile
infections. Major symptoms of nosocomial infections are
productive cough, abdominal pain, shortness of breath, altered
mental status, rebound tenderness, palpitations, suprapubic pain,
dysuria, polyuria, and costovertebral angle tenderness [2].

The risk factors associated with nosocomial infections are
dependent on infection control procedures at the facility, the
prevalence of pathogens in the community, and patients’
immune status [1]. Research-based known risk factors include
immunosuppression, older age, period of hospitalization,
underlying comorbidities, frequency of hospital visits,
mechanical ventilator support, invasive procedures, indwelling
devices, longer stay in the intensive care unit (ICU), lack of
infection control measures, and environmental hygiene [5]. The
increased risk of nosocomial infections in older patients is due
to frailty, suppressed immunity, and preexisting conditions [6].

Nosocomial outbreaks can be a cause of hospital closure,
increased morbidity, and mortality. Therefore, to prevent and
minimize nosocomial infections, several hospitals have
implemented infection control procedures such as disinfection,
steaming, proper waste management, isolation of affected staff
until 48 hours after recovery, and aseptic hand washing before
and after patient care, alongside prior identification of patients
at risk of nosocomial infections and multidrug resistance [5].

Freeman and McGowan [6] found that risk factor identification
allows for evaluating per-patient component risk, epidemiologic
comparisons between hospital populations, and
cost-effectiveness of infection prevention and control
interventions. Calculation of risk per admission justifies findings
on length of hospital stay as an increased risk for nosocomial
infections [7]. This calculated per-day risk will account for the
daily overall risk of infection per patient [6].

This systematic review was conducted to fill the gap in the
absence of reviews on risk factors for nosocomial infections in
hospitalized patients in the United Kingdom without limiting
age and gender. The unique health care system in the United
Kingdom funded by the National Health Service (NHS) is
always at the frontline of adopting innovations and technologies

in health care, which provides a guide to the international
community on emerging innovations around infection control
and prevention. Therefore, understanding predisposing factors
of nosocomial infections in the United Kingdom can help inform
local policies and practices, serving as a reference point for
other countries considering revising their health care guidelines
and policies.

The aims and objectives of this systematic review were focused
on exploring the risk factors of nosocomial infections in
hospitalized patients in the United Kingdom, the population at
risk of nosocomial infections, impacts associated with
nosocomial infections, and organisms associated with the spread
of nosocomial infections.

Methods

Search Strategy
The search strategy was formulated based on the Population,
Exposure, and Outcome framework, which is suitable for
investigating the likelihood of developing a condition in the
presence of a factor and providing practical strategies for
controlling the outcome [8].

The PubMed and Google Scholar databases were searched for
any existing or ongoing systematic reviews published between
2017 and 2021 regarding risk factors of nosocomial infections
in hospitalized patients. Although systematic reviews were
identified, none of these focused on the risk factors of
nosocomial infections in hospitalized patients.

The review was focused on a comprehensive search using the
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines for systematic reviews of 2020
[9]. Headings and keywords were used through a database
search, including the PubMed, EBSCO CINAHL Plus, and
EBSCO Medline databases. Although searching multiple
databases identified duplicate studies, this approach reduced
the chances of missing out on important publications.

Boolean operators “OR” and “AND” were utilized to translate
the research question into research strings to retrieve relevant
and focused results. Medical Subject Headings in databases and
keywords from other research papers were used to identify
synonyms of the keywords for obtaining more focused results.
The keywords included “risk factors” OR “contributing factors”
OR “predisposing factors” OR “cause” OR “vulnerability
factors” AND “nosocomial infections” OR “hospital-acquired
infections” AND “hospitalized patients” OR “inpatients” OR
“patients” OR “hospitalized.” Additional articles were obtained
through reference harvesting of selected articles. The search
was limited to the United Kingdom with papers in English,
without limiting for age and gender to minimize bias.

Study Selection
The inclusion and exclusion criteria for the systematic review
are shown in Table 1.
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The database search resulted in 374 articles plus 3 articles retrieved from reference harvesting (Figure 1).

Table 1. Inclusion and exclusion criteria.

Exclusion criteriaInclusion criteriaCategory

Systematic reviews, non-English language,
articles published before 2011, not peer-re-
viewed articles, abstract only

Primary research studies, 2011-2021 time frame, peer-reviewed articles,
English language, full-text articles, qualitative and quantitative studies

Study type

Hospitalized patients outside the United
Kingdom

Hospitalized patients/patients/inpatients in the United KingdomPopulation

Hospitals outside the United KingdomAll hospitals in the United KingdomExposure

Any other articles that did not collect infor-
mation on nosocomial infections in the
United Kingdom

Nosocomial infections in the United KingdomOutcome

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 2020 flow diagram for study selection.

RefWorks software was used to remove duplicate articles and
titles were read manually to avoid duplication bias, resulting in
370 articles from all databases.

Title and abstract screening based on the inclusion and exclusion
criteria resulted in 20 included articles and 350 excluded articles.
The reasons for exclusion were that titles and abstracts were
not giving relevant information on risk factors of nosocomial
infections, guidelines, providing information on
community-acquired infections in non-UK countries, or

systematic reviews. Full-text article screening resulted in zero
articles being excluded. In addition, 15 studies were excluded
because of providing inadequate information on risk factors of
nosocomial infections. After applying these criteria, nine
articles, including the three obtained from reference harvesting,
were subject to critical appraisal. A scoping review was carried
out and no relevant papers were identified before 2011.
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Data Extraction
The data extracted were tabulated using Microsoft Word. The
data drawn out included authors’ details, study design, the
context of the study, sample size, aim of the study related to the
risk of nosocomial infections, key findings, limitations, and
conclusions of the identified studies.

Data Analysis
Thematic analysis was conducted on the included studies
following the Braun and Clarke [10] guidelines, who describe
a thematic analysis as a useful and flexible method for
qualitative research. Thematic analysis classifies themes and
patterns that connect to data, enabling researchers to identify
and detect variables influencing any issues in study participants
[10]. The themes were identified by one author and then agreed
upon via discussion with all authors.

Critical Appraisal
Critical appraisal was applied to the selected 9 articles to check
for the validity of the research if the results provided answers

to the research question and the relevance of the information
while minimizing bias, with the answers being either yes (+),
no (–), or can’t tell (+/–). Included case-control (Table 2) and
cohort (Table 3) studies were appraised using the Critical
Appraisal Skills Programme (CASP) tool and cross-sectional
studies (Table 4) were appraised using the Appraisal Tool for
Cross-Sectional Studies (AXIS) checklist. The CASP tool is a
checklist that uses focused questions to help researchers evaluate
the validity and reliability of identified research articles. This
provides appraisal skills and tools that facilitate checking
research resources for trustworthiness, relevance, and results
[11]. The AXIS tool was used to evaluate the reporting quality,
study design, and risk of bias in cross-sectional studies [12].
This tool focuses on presented methods and results of studies,
which helps researchers assess whether the findings are reliable
and credible and whether they relate to the aims, methods, and
analysis of what is reported in identified studies. Following
critical appraisal, three articles were excluded due to lack of
ethical approval, low internal validity, or reliability of results,
resulting in a total of six included articles.

Table 2. Critical appraisal of the selected case-control studies using the Critical Appraisal Skills Programme tool [11].

Ousey et al [15]Alrawi et al [14]Boncea et al [13]Critical appraisal questions

+++aDid the study address a clearly focused issue?

+/–++/–bDid the authors use an appropriate method to answer their question?

+/–++Were the cases recruited acceptably?

+/–++Were the controls selected acceptably?

+++/–Was the exposure accurately measured to minimize bias?

+/–+/–+Aside from the experimental intervention were the groups treated
equally?

+/––c+/–Have the authors taken into account the potential confounding
factors in the design and/or in their analysis?

+/––+How large was the treatment effect?

+–+How precise was the estimate of the treatment effect?

+/––+/–Do you believe the results?

+/–+/––Can the results be applied to the local population?

+/–++Do the results of this study fit with other available evidence?

a+:Yes.
b+/–:Unclear.
c–:No.
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Table 3. Critical appraisal of the selected cohort studies using the Critical Appraisal Skills Programme tool [11].

Wloch et al [20]Melzer and
Welch [19]

Ewan et al [18]Behar et al [17]Mo et al [16]Critical appraisal questions

+++++aDid the study address a clearly focused issue?

+++/–+/–b+Was the cohort recruited acceptably?

+++++/–Was the exposure accurately measured to minimize bias?

+/–++/–++/–Was the outcome accurately measured to minimize bias?

+++++Have the authors identified all important confounding fac-
tors?

+/–++++Have they taken into account the confounding factors in
the design and/or analysis?

+++++Was the follow-up of subjects complete enough?

+/–++++Was the follow-up of subjects long enough?

+++++What are the results of the study?

+++++How precise are the results?

+++++Did you believe the results?

+–c+/–++Can the results be applied to the local population?

+++/–++Do the results of this study fit with other available evi-
dence?

+++++What are the implications of the study for practice?

a+:Yes.
b+/–:Unclear.
c–:No.
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Table 4. Critical appraisal of the selected cross-sectional study using the Appraisal Tool for Cross-Sectional Studies [12].

Ledwoch et al [21]Critical appraisal questions

+aWas the aim/objective of the study clear?

+Was the study design appropriate for the stated aim?

+Was the sample size justified?

+Was the reference population clearly defined? (Is it clear who the research was about?)

+Was the sample frame taken from an appropriate population to closely represent the reference population under inves-
tigation?

+Was the selection process likely to select subjects/participants that were representative of the target/reference population
under investigation?

–bWere measures undertaken to address and categorize nonresponders?

+Were the risk factor and outcome variables measured appropriate to the aim of the study?

+Were the risk factor and outcome variables measured correctly using instruments/measurements that had been trialed,
piloted, or published previously?

–Were the methods (including statistical methods) sufficiently described to enable them to be repeated?

+Were the basic data adequately described?

+Does the response rate raise concerns about nonresponse bias?

–If appropriate, was information about nonresponders described?

+Were the results internally consistent?

+Were the results presented for all the analyses described in the methods?

+Were the authors’ discussion and conclusions justified by the results?

+Were the limitations of the study discussed?

+Was there funding or conflicts of interest that may affect the authors’ interpretation of results?

–Was ethical approval or consent of participants attained?

a+:Yes.
b–:No.

Results

Characteristics of Included Studies
This systematic review identified 5 cohort studies [16-20], 3
case-control studies [13-15], and 1 cross-sectional study [21].
After critical appraisal, 5 cohort studies [16-20] and 1
case-control study [13] were included for analysis. The included
studies covered countries within the United Kingdom, with the
majority covering England. Most of the studies identified older

adults and patients with preexisting conditions at increased risk
of nosocomial infections. The organisms associated with
increased nosocomial infections according to the majority of
the included studies were C. difficile, Escherichia coli,
Pseudomonas aeruginosa, Enterococcus spp, Klebsiella
pneumoniae, Staphylococcus aureus, coliform species, anaerobic
cocci, methicillin-resistant S. aureus (MRSA),
coagulase-negative Staphylococcus, Enterobacteriaceae, and
streptococci (Table 5).

JMIR Public Health Surveill 2023 | vol. 9 | e43743 | p.3049https://publichealth.jmir.org/2023/1/e43743
(page number not for citation purposes)

Isigi et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 5. Data extracted from the included studies.

ConclusionLimitationsKey findingsStudy aimSample sizeContextStudy designReference

A burn wound cre-
ates a good medi-

NoneStaphylococcus
aureus was com-

Determine the
presence of dif-

Adult patients
admitted to a

United King-
dom

Case-control
study

Alrawi et al
[14]

um for bacteriamon with 79%ferent microbesburn center over
12 months colonization and

proliferation; in
positive patients,
and a direct link

in a UK burn
center, and ex-

understanding thewas found betweenamine the rela-
sources of bacteriaan increased inci-tionships be-
and patients’ sus-dence of bacteriatween bacterial
ceptibility, woundcolonization, delaycolonization,
care clinicians canin referral >24burn size,
form better manage-hours, length oflength of hospi-
ment and treatmenthospital stay, and

large burn size
tal stay, and de-
layed referral to reduce mortality

and morbidity from
burn wound sepsis

The study identi-
fies the common

Overestimation of
carriers because of

9.8% of patients
carried toxigenic

Establish the
risk factors for

727 patients ad-
mitted to an el-

EnglandCohort studyBehar et al
[17]

carriage of C. diffi-a higher rate inC. difficile and ribo-Clostridium dif-derly medicine
ward cile in older pa-

tients.

Patients with previ-
ous C.difficile in-

sampled patients
than in unsampled
patients. No certain-
ty whether the in-
fection was commu-

type 027 was not
identified, while ri-
botype 106 was
identified 3 times
and in 7 others

ficile in hospital-
ized patients

fections are to be
nity-acquired ortwice. Independent evaluated as a cost-
hospital-acquired.factors of coloniza- effective interven-
The study may betion included previ- tion to reduce
prone to type 2 er-ous C. difficile in- symptomatic C.
rors. Failure to cal-fection (ORa 4.53, difficile infection
culate sample size95% CI 15.48) and in hospitalized pa-

tients.due to lack of infor-
mation on the fre-

malnutrition (OR
3.29, 95% CI 1.47-
7.35) quency of coloniza-

tion before the start
of the study.

Intrahospital trans-
fers increased the

Lack of physiologi-
cal data. Use of

72.2% of the hospi-
tal transfer cases

Explore how in-
trahospital

3 hospitals with
24,240 older pa-

United King-
dom

Case-control
study

Boncea et al
[13]

odds of developingOPCS-4c, whichhad at least one in-
trahospital transfer

transfer influ-
ences the odds

tients (>65
years) nosocomial infec-

tions. Strategies for
lacks hierarchy in
the invasiveness ofand each additional

transfer increased
of developing

an HAIb in an minimizing trans-
fer should be con-

procedures and
failure to recordthe odds of acquir-

ing a nosocomial
urban hospital
network sidered. Further

studies needed to
minor medical de-
vices. Unavailableinfection by 9% in

older patients (OR identify unneces-
sary transfers.

information on
prescribed antibi-1.09, 95% CI 1.05-

1.13) otics and proton
pump inhibitors
may result in con-
founding effects.
Lack of staffing
level; unclear if in-
fection spread is
due to staff or pa-
tient casual move-
ment. Missing
symptom informa-
tion. Findings not
generalizable to the
younger popula-
tion. Lack of time
stamp inaccuracies
and diagnostic
coding errors.
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ConclusionLimitationsKey findingsStudy aimSample sizeContextStudy designReference

Lower limb frac-
ture patients colo-
nized with E. coli,
S. aureus, MRSA,
or P. aeruginosa
after 5 days in hos-
pital were at
greater risk of hos-
pital-acquired
pneumonia
(P=.002). Methods
to implement and
deliver good oral
hygiene at the
ward level in the
health system need
to be investigated
to minimize the
use of antibiotics
and length of hospi-
tal stay.

Results are not
generalizable to
medical patients.
Biased sample to-
ward “well pa-
tients,” leading to
underestimation of
exposure and out-
come variables.
Overestimated
hospital-acquired
pneumonia inci-
dence. Overpredic-
tion of significance
when the coloniza-
tion index was
larger than zero.

Hospital-acquired
pneumonia was not
associated with
dentate, tooth
number, or heavy
dental plaques, but
was associated
with increased hos-
pital stay and prior
oral carriage of Es-
cherichia coli/S.
aureus/Pseu-
domonas aerugi-

nosa/MRSAd (OR
9.48, 95% CI 2.28-
38.78; P=.002)

Investigate the
association be-
tween hospital-
acquired pneu-
monia preced-
ing heavy den-
tal plaque and
oral carriage of
respiratory
pathogens in
older patients
with limb frac-
tures to deter-
mine the target
for intervention
studies

90 patients with
lower limb frac-
tures aged 65-
101 years in a
general hospital

Northeast Eng-
land

Cohort studyEwan et al
[18]

Hospital keyboards
are a source of in-
fection for HAIs
with a need for fur-
ther studies on DS-
Bs to find products
that can control
DSBs while effec-
tively preventing
bacteria transfer

Selective plates
and quality control
were not selective
to a single species
from the DSB

Hospital keyboards
outside the patient
area harbor DSBs,
representing poten-
tial reservoirs for
transferrable
pathogens with
31% vancomycin-
resistant Enterococ-
cus, 17%

MDRfAcinetobac-
ter spp, and 72%
MRSA recovered
from almost half of
the 45 samples

Investigate the
presence of DS-

Bse on 52 rou-
tinely cleaned
keyboards from
4 hospitals
across the Unit-
ed Kingdom

3 hospitals and
1 dental prac-
tice

Wales, Scot-
land, England

Cross-sectional
study

Ledwoch et
al [21]

Urinary catheter
increases the risk
of severe sepsis; if
clinically indicat-
ed, should be used
and removal dates
indicated unless
long-term use is
required

Findings are not
generalizable to
other severe sepsis
cohorts with bac-
teremia

Bacteremia largely
occurred in pa-
tients aged over 50
years (64.3%) and
in men (58.2%);
common isolates
were E. coli
(34.8%) and MR-
SA (9.6%). In the
multivariable logis-
tic regression, the
site of infection
was associated
with severe sepsis
and catheter-associ-

ated UTIsg, signifi-
cant after adjust-
ment of age, sex,
Charlson comor-
bidities index, and
where the infection
was acquired

To determine
host factors that
can predict se-
vere sepsis in a
bacteremic co-
hort

500 patients in
Royal London
Hospital

LondonCohort studyMelzer and
Welch [19]
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ConclusionLimitationsKey findingsStudy aimSample sizeContextStudy designReference

Exposure to pa-
tients with nosoco-
mial SARS-CoV-2
infection poses a
risk to health care
workers and hospi-
talized patients.
Further investiga-
tion to enhance in-
fection control and
prevention around
these patients is re-
quired.

No clarity during
phase 3 onward
when weekly
screening was im-
plemented. Recall
bias from staff
self-reporting.
Staff were assumed
to be absent after
the first positive

PCRh result. Ge-
nomic sequencing
of SARS-CoV-2 is
not considered to
confirm the trans-
mission pathway.

For susceptible pa-
tients, 1 day in the
same ward with
another patient
with nosocomial
SARS-CoV-2 infec-
tion was associated
with 7.5 infections
per 1000 suscepti-
ble patients per
day, while expo-
sure to a patient
with community-
acquired SARS-
CoV-2 infection or
to an infectious
health care worker
had a lower risk of
2 per 1000 suscep-
tible patients

Quantify the
importance of
different trans-
mission path-
ways of SARS-
CoV-2 in a hos-
pital setting

4 teaching hospi-
tals

Oxfordshire,
United King-
dom

Cohort studyMo et al [16]

BMI was the main
risk factor for SSI
because of exces-
sive adipose tissue.
Diabetes status,
age, and preopera-
tive vaginal swab
status were not as-
sociated with SSI.

Stigmatization of
pregnant women.
Use of wound
swabs leading to
false-positive or
false-negative re-
sults. Missing or
inaccurate record-
ings. Small sample
size. Use of BMI
to calculate body
composition when
its accuracy has
been questioned.

BMI was associat-
ed with SSI (OR
1.17, 95% CI 1.11-
1.24; P<.001).
Nonsignificant
links were identi-
fied between SSIs
and age and vagi-
nal swab status.

Assess the inci-
dence risk and
factors con-
tributing to an

acquired SSIi

after an emer-
gency cesarean
section

206 patients
with emergency
cesarean section
in an acute dis-
trict general
hospital

EnglandCase- control
study

Ousey et al
[15]

aOR: odds ratio.
bHAI: hospital-acquired infection.
cOPCS-4: Office of Population Census and Surveys.
dMRSA: methicillin-resistant Staphylococcus aureus.
eDSB: dry surface biofilm.
fMDR: multidrug resistant.
gUTI: urinary tract infection.
hPCR: polymerase chain reaction.
iSSI: surgical site infection.

Themes

Overview
The themes identified included intrahospital transfers, increased
hospital stay, previous colonization, indwelling devices, and
BMI and age, as shown in Figure 2.

JMIR Public Health Surveill 2023 | vol. 9 | e43743 | p.3052https://publichealth.jmir.org/2023/1/e43743
(page number not for citation purposes)

Isigi et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Identified themes.

Theme 1: Intrahospital Transfers
According to Boncea et al [13], older patients acquired
nosocomial infections associated with ICU admissions and
in-hospital deaths (P<.001) more frequently than younger
patients 48 hours after admission (median 79, IQR 73-86 vs
median 79, IQR 72-85; P=.004) and also had higher
comorbidities (mean 4.0, SD 2.0 vs mean 3.5, SD 1.9;
difference=0.5; P<.001). The ICU admissions cases (6.7%) and
in-hospital deaths (13.3%) were significantly higher (P<.001)
among patients 48 hours after admission. The findings
demonstrated that an additional intrahospital transfer was
associated with a 9% increase in the chances of developing a
nosocomial infection (odds ratio [OR] 1.09, 95% CI 1.05-1.13).

Overall, 11.9% of the patients developed a nosocomial infection
(49.6% men and 50.4% women) with a median age of 79 (IQR
72-86) years and a mean of 3.5 (SD 1.9) Elixhauser
comorbidities, an index used to predict hospital length of stay,
hospital charges, and in-hospital mortality.

In addition, 76.0% of patients with a positive lab culture
collected at least 48 hours after hospitalization experienced at
least one transfer compared to 71.7% of controls (patients who
remained infection-free throughout the admission), with
cardiology patients experiencing more movement (median 2,
IQR 1-2). Logistic regression analysis was used to rule out the
influence of ethnicity, gender, weekend admissions, and
readmissions within 30 days. The most commonly isolated
organisms from the patient group were C. difficile, E. coli, P.
aeruginosa, Enterococcus species, K. pneumoniae, S. aureus,
coliform species, MRSA, and coagulase-negative
Staphylococcus.

Theme 2: Increased Hospital Stay
Mo et al [16] observed that an increased hospital stay increases
the risk of nosocomial infections among health care workers
and patients. The evidence indicated that newly admitted

COVID-19 patients were associated with a risk of onward
transmission to other patients in a hospital setting.

Approximately 62.1% of patients had positive SARS-CoV-2
results after admission and most of them were older. These older
patients had more extended hospital stays and more
readmissions. Susceptible patients were at a higher risk of
acquiring COVID-19 from a patient with nosocomial COVID-19
(adjusted OR 1.76, 95% CI 1.51-2.04) than from a patient with
community-acquired COVID-19 (adjusted OR 1.12, 95% CI
0.96- 1.26) or from a health care worker with COVID-19 (OR
1.45, 95% CI 1.22-1.71). These results indicated that the risk
of patients transmitting COVID-19 to other patients within the
same facility was higher as a result of increased hospital stay.
Other infections can also be transmitted because of interacting
with the same health care workers and patients for prolonged
periods. Mo et al [16] observed that exposure to nosocomial
infections was linked with a substantial infection risk to other
hospitalized patients.

These findings are consistent with those of Ewan et al [18], who
found that increased hospital stay was significantly associated
with nosocomial infections (Fisher exact test P=.001). Similarly,
Boncea et al [13] found that increased length of hospital stay
was associated with nosocomial infections even when the
researchers controlled for severity of illness.

Theme 3: Previous Colonization
According to Behar et al [17], risk factors for toxigenic C.
difficile colonization among patients were a previous diagnosis
of symptomatic C. difficile infection (OR 8.48, 95% CI
2.77-25.96), hospital stay of 3 months, and frailty as assessed
by the Malnutrition Universal Screening Tool (MUST) and
Barthel score. Multivariable analysis proved colonization to be
associated with previous C. difficile infection (OR 4.53, 95%
CI 1.33-15.48) and a MUST score indicating a higher level of
frailty (≥2) (OR 3.22, 95% CI 1.47-7.06); the association with

JMIR Public Health Surveill 2023 | vol. 9 | e43743 | p.3053https://publichealth.jmir.org/2023/1/e43743
(page number not for citation purposes)

Isigi et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


a recent hospital stay was borderline significant (OR 2.18, 95%
CI 0.99-4.78).

Overall, 9.8% of the patients were carriers of C. difficile after
their first stool test presenting with diarrhea. The most isolated
ribotypes were 126 (×3), (009, 018, 020, 023, 028, 038, and
039) ×2, and ribotype 027 strains were undetected.

Ewan et al [18] found that prior carriage with opportunistic S.
aureus, E. coli, P. aeruginosa, and MRSA (OR 9.41, 95% CI
2.28-38.78; P=.002) was significantly associated with
nosocomial pneumonia with relative risk of 6.44 (95% CI
2.04-20.34; P=.002). A combination of pathogens was identified,
and the highest colonization rate was identified with
Streptococcus pneumoniae (n=27 patients) due to persistent
carriage, followed by Hemophilus influenzae (n=8), S. aureus
(n=6), P. aeruginosa (n=4), MRSA (n=3), and E. coli and
Acinetobacter spp (n=2). Ewan et al [18] also identified an
association between nosocomial pneumonia with admission
from the hospital, active cancer, witnessed aspiration episode,
increased frailty, antibiotic intake before admission, and reduced
mobility.

Theme 4: Indwelling Devices
Melzer and Welch [19] sought to establish whether the presence
of a urinary catheter predicts severe sepsis as a nosocomial
infection within a bacteremic cohort. The researchers identified
64.3% bacteremic episodes in patients >50 years old, 58.2% of
whom were men. The episodes were community-acquired, health
care–associated, and hospital-acquired infections, but
community-acquired episodes were not associated with severe
sepsis (Pitt score≥2). Site of infection, individual patient, critical
care admission, and catheter-associated UTI were significantly
associated with severe sepsis. After multivariate analysis, the
site of infection was significantly associated with severe sepsis,
with a stronger association for catheter-associated UTIs (OR
3.87, 95% CI 1.82-8.22), which remained significant after
adjustment for age and where the infection was acquired (OR
3.94, 95% CI 1.70-9.11). These results indicate that indwelling
devices such as a urinary catheter are a risk factor that can
predict nosocomial infections such as severe sepsis.

Theme 5: BMI and Age
Wloch et al [20] found that 10 days following a hospital
admission was the median time for all SSIs and 8 days of
admission was the median time for deep and organ infections
alone. The mentioned risk factors for these nosocomial
infections included BMI, which was strongly associated with
superficial infections (P<.001), and deep organ space (P<.003).
After multivariate analysis, women with a BMI of 25-30
(overweight) had an estimated OR of 1.6 (95% CI 1.2-2.2)
compared to that of women within a normal BMI range. The
results also indicated that women with a BMI >30 (obese) had
a 2.4-times greater chance of nosocomial infection (95% CI
1.7-3.4).

After multivariate analysis, age had a stronger association for
SSIs and women <20 years of age (P=.04) had a weaker
association for SSIs. S. aureus was the commonly associated
organism at 40.4%; 17.7% were methicillin-resistant organisms

and the rest included anaerobic cocci at 23.2%,
Enterobacteriaceae at 13.3%, and streptococci at 7.4%.

Boncea et al [13] observed that increased age was a risk factor
for nosocomial infections in a study focused on
hospital-acquired infections in an urban UK hospital network.
Patients with hospital-acquired infections were older than those
who did not acquire the infections (median 79, IQR 73-86 vs
median 79, IQR 72-85; P<.001). Boncea et al [13] also found
that older patients had a higher number of comorbidities than
younger patients (mean 4.0, SD 2.0 vs mean 3.5, SD 1.9;
difference=0.5; P<.001).

Discussion

Principal Findings
The findings of this systematic review provided answers to the
study objectives. The main risk factors of nosocomial infections
identified in this study include intrahospital transfers, increased
hospital stay, previous colonization, indwelling devices, and
BMI and age.

Blay et al [22] demonstrated that intrahospital transfers increased
the risk of developing nosocomial infections, with the majority
of patients in the study undergoing 2.4 transfers per year. This
finding has been supported by Boncea et al [13], who reported
that an additional intrahospital transfer was associated with a
9% higher risk of acquiring infections in a hospital. Boncea et
al [13] also found that older patients were more likely to develop
nosocomial infections. The prevalence of nosocomial infections
was high in the older population due to frailty and
immunosuppression. Intrahospital transfers occurred as a result
of lesser equipped wards along with procedure rooms and bed
shortages that expose susceptible patients to infectious hospital
surfaces, staff, and other patients, thus increasing their risk of
nosocomial infection. The findings suggested that minimizing
infection risk to be a priority when transferring patients.
Kulshrestha and Singh [23] mentioned that patient intratransfers
should aim at maintaining patient care to minimize morbidity
and mortality. Single-patient rooms can be used to lower
pathogen transmission and the number of intrahospital transfers,
thereby reducing interactions between staff, hospital surfaces,
and patients to eventually reduce the incidence of nosocomial
infections [13].

Mo et al [16] observed that COVID-19 transmission between
patients and staff had a stronger association for nosocomial
COVID-19 than community-acquired COVID-19 [16]. The
daily risk of COVID-19 was associated with increased exposure
to newly infected patients and staff. Medical professionals can
address this challenge by providing adequate sick pay leave for
symptomatic staff for better complete recovery and regular
screening for early detection to reduce cross-infection and
control for the incidence of nosocomial COVID-19.
Furthermore, early symptom presentation and regular screening
of staff and patients is a better strategy for infection prevention
and control, where infected patients and staff should be isolated
immediately.

According to Behar et al [17], older patients were largely
colonized by C. difficile presenting with diarrhea and
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contributing to transmission to other patients. The risk of
colonization with asymptomatic C. difficile was due to frailty
associated with suppressed immunity, which resulted in
increased mortality. The risk of colonization was also associated
with previous diagnoses and longer hospital stays. Early
detection and isolation upon admission can reduce the further
spread of nosocomial C. difficile. In a study by Dubberke et al
[24], patients showed acquisition of C. difficile while
hospitalized. The initial intake of antibiotics was associated
with disease, whereas susceptibility to colonization with C.
difficile was associated with suppressed immunity and an altered
intestinal flora composition, gender, preexisting comorbidities,
and frailty-determined mortality rate [17]. Risks such as previous
hospital admission, antibiotic therapy, and immune suppression
were well documented and explained in a similar study on C.
difficile infection in hospitalized children in the United States
[25].

Nosocomial pneumonia occurred after admission, with most
samples positive for colonization with S. aureus, MRSA, P.
aeruginosa, and E. coli, which resulted in extended hospital
stays of 30 days, similar to patients with ventilator-associated
pneumonia and aspiration pneumonia in medical patients [18].
Colonization was identified as the key risk factor for nosocomial
pneumonia.

The results of this systematic review indicate that detection
using molecular techniques resulted in a high incidence rate of
nosocomial pneumonia in the exposed patient group. Ewan et
al [13] failed to identify K. pneumoniae and Enterobacteriaceae
as prevalent organisms and a risk of nosocomial pneumonia in
frailer and unwell patients [26]. Oral colonization began within
72 hours of admission in a majority of the cases, with the
possible explanation that some have been acquired from the
community or upon admission; therefore, interventions should
start within this timeframe. Delivery of better oral hygiene at
the ward level in a resource-scarce health system can control
for antibiotic use and length of hospital stay associated with
nosocomial pneumonia.

Melzer and Welch [19] identified the presence of urinary
catheters to be strongly associated with severe sepsis, with a
stronger association for gram-negative multidrug-resistant E.
coli. Furthermore, underlying diseases and obstruction history
are also identifiable risks for severe sepsis. E. coli, a
gram-negative bacterium gastrointestinal colonizer, is known
to commonly cause UTIs and septicemia [26], which was also
associated with delayed administration of antibiotics. To account
for this, patients exhibiting any signs of sepsis should be given
immediate admission or management in critical care areas, and
implementation of a critical care bundle approach would result
in reduced admissions due to severe sepsis. A critical care
bundle would aid in the documentation of reasons for catheter
insertion, removal dates, and aseptic techniques during and after
insertion to control for infection. Medical professionals can
increase patient satisfaction and lower infection risks by issuing
catheter passports to long-term users, guiding community nurses
on the use of prophylactic antibiotics when changing catheters,
and using suprapubic catheters.

SSIs were strongly associated with an inpatient stay,
readmissions, diabetes, surgeons’ grade, and women <20 years
and >45 years of age. The most commonly isolated organisms
from the skin or genital flora were S. aureus (40.4%, 17.1% of
which were MRSA), anaerobic cocci (23.2%),
Enterobacteriaceae (13.3%), and streptococci (7.4%). BMI was
strongly associated with SSIs due to poor prescription techniques
that exclude patients’BMI, longer incision time, and slow transit
of antibiotics due to thick adipose tissue that result in impaired
wound healing and decreased immunity. This view on BMI has
been supported by Ousley et al [15]. According to Chu et al
[27], younger age in women is associated with an increased risk
for SSIs due to underdeveloped immunity to fight infections.
Older age is associated with frailty and a suppressed immune
system, which has been supported by Boncea et al [13], who
also mentioned readmission and increased hospital stay resulting
in exposure of patients to hospital surfaces with pathogenic
organisms, thereby increasing the risk for nosocomial infections.
Another study confirmed diabetes to be a risk of postsurgical
infections, which is a marker for other conditions such as
vascular changes and white blood cell malfunction, resulting
in suppressed immunity that exposes a patient to multiple
infections during and after surgery [28]. In general, the analyzed
studies identified impacts of nosocomial infections to be
associated with increased admissions, increased hospital stay,
and costs on health care services. Other studies have reached
similar findings and identified that older age, readmissions, and
longer hospital stay are associated with increased infection risk
due to exposure to infectious pathogens, frailty, and suppressed
immunity. Özdemir and Dizbay [29] found that older patients
have a higher risk of nosocomial infections resulting from
impaired immune defense, long-term hospital stay,
immunosuppressive treatments, and underlying chronic illnesses.

Study Strengths and Weaknesses
There were no systematic reviews on risk factors of nosocomial
infections in hospitalized patients, and the study identified both
qualitative and quantitative data relevant to the research topic.
As another strength, this review pointed out key risk factors
associated with nosocomial infections and the patient
populations at risk, additionally suggesting measures for
infection control and prevention, providing an advantage to the
NHS whose priority is controlling health care–associated
infections [30]. In this review, non-English articles were
excluded, which may have limited capturing information in
other languages.

Conclusions
Patients with previous colonization and underlying conditions
are at increased risk of nosocomial infections due to frailty,
extended hospital stay, and suppressed immunity. The use of
indwelling devices, increased age, high BMI, and intrahospital
transfers increase the susceptibility of patients to nosocomial
infections.

Intrahospital transfers expose patients to other infectious
patients, staff, and hospital environments, thereby increasing
their risk for infection. In addition, the number of staff per
patient has been positively associated with an increased risk of
infection. Readmissions, underlying conditions and/or active
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cancer, prior antibiotic intake associated with drug-resistant
microorganisms, and colonization with opportunistic organisms
contribute to nosocomial infections. Indwelling devices such
as urinary catheters increase the risk of sepsis, while obesity
and age are strongly associated with SSIs. The most common
organisms associated with nosocomial infections included C.
difficile, E. coli, P. aeruginosa, Enterococcus spp, K.
pneumoniae, S. aureus, coliform species, anaerobic cocci,

MRSA, coagulase-negative Staphylococcus, Enterobacteriaceae,
and streptococci.

Implemented interventions should consider the time frame
before and after admission to control for organisms acquired
during both periods. Further studies are needed to identify the
risk factors of nosocomial infections and drug-resistant
pathogens targeting a larger patient group for better infection
prevention and control.
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OR: odds ratio
PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses
SSI: surgical site infection
UTI: urinary tract infection
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Abstract

Background: Telehealth has been widely used for new case detection and telemonitoring during the COVID-19 pandemic. It
safely provides access to health care services and expands assistance to remote, rural areas and underserved communities in
situations of shortage of specialized health professionals. Qualified data are systematically collected by health care workers
containing information on suspected cases and can be used as a proxy of disease spread for surveillance purposes. However, the
use of this approach for syndromic surveillance has yet to be explored. Besides, the mathematical modeling of epidemics is a
well-established field that has been successfully used for tracking the spread of SARS-CoV-2 infection, supporting the
decision-making process on diverse aspects of public health response to the COVID-19 pandemic. The response of the current
models depends on the quality of input data, particularly the transmission rate, initial conditions, and other parameters present in
compartmental models. Telehealth systems may feed numerical models developed to model virus spread in a specific region.

Objective: Herein, we evaluated whether a high-quality data set obtained from a state-based telehealth service could be used
to forecast the geographical spread of new cases of COVID-19 and to feed computational models of disease spread.

Methods: We analyzed structured data obtained from a statewide toll-free telehealth service during 4 months following the first
notification of COVID-19 in the Bahia state, Brazil. Structured data were collected during teletriage by a health team of medical
students supervised by physicians. Data were registered in a responsive web application for planning and surveillance purposes.
The data set was designed to quickly identify users, city, residence neighborhood, date, sex, age, and COVID-19–like symptoms.
We performed a temporal-spatial comparison of calls reporting COVID-19–like symptoms and notification of COVID-19 cases.
The number of calls was used as a proxy of exposed individuals to feed a mathematical model called “susceptible, exposed,
infected, recovered, deceased.”

Results: For 181 (43%) out of 417 municipalities of Bahia, the first call to the telehealth service reporting COVID-19–like
symptoms preceded the first notification of the disease. The calls preceded, on average, 30 days of the notification of COVID-19
in the municipalities of the state of Bahia, Brazil. Additionally, data obtained by the telehealth service were used to effectively
reproduce the spread of COVID-19 in Salvador, the capital of the state, using the “susceptible, exposed, infected, recovered,
deceased” model to simulate the spatiotemporal spread of the disease.
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Conclusions: Data from telehealth services confer high effectiveness in anticipating new waves of COVID-19 and may help
understand the epidemic dynamics.

(JMIR Public Health Surveill 2023;9:e40036)   doi:10.2196/40036

KEYWORDS

telehealth; telemedicine; disease surveillance; mathematical model; COVID-19; prediction; cases; detection; monitoring;
surveillance; computational modeling; spread; transmission; disease; infectious diseases; syndromic

Introduction

Telehealth encompasses the distinct ways of interaction between
patients and their health care providers. The growing popularity
of virtual visits stems from the possibility of faster contact,
elimination of transportation time [1], and by providing initial
care in remote areas without adequate health care [2], making
health care more efficient. Telehealth services can be used for
diagnosis, treatment, follow-up, and screening purposes [3].
During the COVID-19 pandemic, telehealth services have been
widely used for screening suspected cases [4,5], as limited
physical contact reduces everyone’s exposure to COVID-19.
This successful strategy safely provides access to health care
services and expands assistance to remote rural areas and
underserved communities in situations of shortage of specialized
health professionals [3]. Using health information platforms,
health care workers can systematically collect qualified data on
suspected cases. Such data can be used as a proxy for the spread
of infectious diseases for health surveillance [6-11].

The mathematical modeling of epidemics is a well-established
field that has been successfully used for tracking the spread of
SARS-CoV-2 infection, supporting the decision-making process
on diverse aspects of public health response to the COVID-19
pandemic. Such models are usually defined as compartmental
models. The population under study is divided into
compartments based on qualitative characteristics, with different
assumptions about the nature and rate of transfer across
compartments. The urgency of the COVID-19 pandemic has
motivated the need for more research in this area, with several
models for this pandemic outbreak being presented in the last
few years [12-18]. The response of the current models depends
on the quality of input data, particularly the transmission rate,
initial conditions, and other parameters present in compartmental
models. Telehealth systems may feed numerical models
developed to model virus spread in a specific region.

Here, we report using a high-quality data set obtained from a
state-based telehealth service for disease surveillance both for
forecasting the geographical spread of new cases of COVID-19
and feeding an advanced computational model that tries to
reproduce the virus spread dynamics. We used data from a
toll-free telehealth service of the 14.8 million population from
the state of Bahia, Brazil [19], to simulate the spatiotemporal
spread of COVID-19 using a compartmental model with
diffusion in Salvador, the state capital.

Methods

Telehealth

Service and Data Collection
Telecoronavirus was a toll-free phone-teletriage service offered
to the population of the state of Bahia, Brazil (population of
14.8 million, 417 municipalities, located in the northeast of the
country; Multimedia Appendix 1) [19]. Risk screening was
provided for cases suspected of COVID-19 from March 24,
2020, to July 31, 2020, during the first epidemic wave, starting
18 days after the first confirmed case of COVID-19 in the state.
This toll-free service operated 7 days a week and was publicized
statewide by the state government through television, the
internet, social media, billboards, radio, and newspapers. In
total, 77% (320/417) of all cities in Bahia and all sanitary
districts of the state capital, Salvador, accessed the telehealth
service.

Structured data were collected during teletriage by a health team
of medical students supervised by physicians. Data were
registered in a responsive web application for planning and
surveillance purposes. The data set was designed to quickly
identify users, city, residence neighborhood, date, sex, age, and
COVID-19–like symptoms (fever, cough, breathlessness,
rhinorrhea, and gustatory or olfactory disorder). For this study,
the call reporting at least one of those symptoms was considered
a suspected case of COVID-19.

Strategies to improve the service quality were applied, including
educational and technical support for the health care team,
updating the online application based on clinical protocols, and
monitoring the quality of information registered by the health
care team, as previously described [19]. Data of telehealth
service were categorized according to the phone call date, the
type of COVID-19–like symptom reported by the user, and the
city of residence. For Salvador, the state capital, calls were
categorized according to the COVID-19–like symptoms and
the user’s health district. The COVID-19 cases’ notification
date and their related geolocation in the state of Bahia were
obtained through the Brazilian Ministry of Health. For Salvador,
notification data were obtained through the Salvador Municipal
Health Department. We further quantified the cities of the state
of Bahia and the districts of Salvador, where phone calls
reporting symptoms of COVID-19 preceded the first notification
of the disease. The lag in days between the first call and the first
notification dates was also annotated.

Ethical Considerations
Anonymized consolidated data were provided by the Bahia
State Health Secretary for research purposes. The ethics
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committee of the School of Medicine of Bahia approved the
project (approval number 4459774, on 12/13/2020). The
requirement for obtaining informed consent was waived due to
the characteristics of the research.

Data Source and Preparation for Study
We extracted Telecoronavirus data for Salvador inhabitants
(population: 2.88 million; surface area: 692.818 km²) for use
in the prediction model. The call records were grouped in
epidemiological weeks and residential areas informed by
Telecoronavirus users. Additionally, they were grouped in
sanitary districts using the list of neighborhoods comprising
each of the 13 sanitary districts of the city of Salvador. Official
numbers of COVID-19 confirmed cases were also obtained by
sanitary districts.

Use of Telehealth Data for Feeding Epidemiological
Modeling
We further tested the hypothesis that telehealth systems can
help feed numerical models developed to predict a virus spread
in a specific region using a spatiotemporal model presented in
[12,20-22] and explained as follows.

The Susceptible, Exposed, Infected, Recovered, Deceased
Model for COVID-19
The COVID-19 dynamics may be modeled as compartmental
models, in which the population under study is divided into
compartments and has assumptions about the nature and time
rate of transfer from one compartment to another [23]. These
models have been used extensively in biological, ecological,
and chemical applications [24-26]. They allow for an
understanding of the processes at work and predict the dynamics
of the epidemic. One of the simplest compartmental models is
the “susceptible, infected, removed” model proposed in 1927
by Kermack and McKendrick [27], in which the population is
divided into susceptible, infected, and recovered compartments.
This basic “susceptible, infected, removed” model can be
extended in several ways by enriching the number of
compartments, as the “susceptible, exposed, infectious,
recovered, deceased” model. Here, we work with a
spatiotemporal “susceptible, exposed, infectious, recovered,
deceased” model, presented in [20-22], given by,

Where s(x, t), e(x, t), i(x, t), r(x, t), and d(x, t) denote the
densities of the susceptible, exposed, infected, recovered, and
deceased populations, respectively. The sum of all the
compartments, except for d(x, t), is represented by npop, which
is the total living population. βi and βe denote the transmission
rates between symptomatic and susceptible individuals and
asymptomatic and susceptible individuals, respectively (units
1/days), a denotes the incubation period (units 1/days), γe

corresponds to the asymptomatic recovery rate (units 1/days),
γi the symptomatic recovery rate (units 1/days), δ represents the
mortality rate (units 1/days), and νs, νe, νi, νr are the diffusion
parameters of the different population groups as denoted by the
subscripted letters: units km²/(persons.days).

To use this model, we need to define all parameters that govern
the system of equations and the initial population of each
compartment. Note that all these parameters can be considered
time- and space-dependent. We need to infer several hypotheses
about the initial conditions, especially those related to the
exposed compartment, consisting of asymptomatic cases, which
are more challenging to estimate.

Model Construction for Salvador, Bahia
We define the beginning of the simulation as April 1, 2020, and
simulate 180 days. The initial infected population is set
according to the 7 days moving average data provided by the
Brazilian Ministry of Health, following the procedure in [12]
and [28]. The susceptible population is based on the estimation
of the population of each Sanitary district, given by the Brazilian
Institute for Geography and Statistics. Recovered and deceased
populations start with zero assigned cases (ie, we consider that
nobody died or recovered from COVID-19 at the beginning of
the simulation).

The exposed compartment is the most nontrivial compartment
to assign an initial condition. In previous works, the estimation
was based on the amount of the infected population. It was
considered that the exposed population could be about 10 times
the number of the infected [29]. Here, we consider the 7-day
moving average data from telehealth on April 1, 2020, as the
initial exposed population. The telehealth data indicated rises
in cases approximately 2 weeks before the notification system.
Therefore, the calls may indicate a better estimation than the
relation with the infected, especially at the epidemic’s beginning.

Each compartment’s population is divided by the area of each
sanitary district and distributed in the 12 areas as people/km².
Table 1 shows the differences between how the initial exposed
population is considered in this work (related to the telehealth
system) and how it would be represented when using the old
approach (by multiplying the number of infected individuals
by 10). Without the need for any calculation, it is possible to
see that there is no correlation between the numbers of each
approach.

The biological parameters of the simulation are defined based

on the literature, as α = 1/7 day–1, γi = 1/24 day–1, γe = 1/6

day–1, δ = 1/160 day–1 [21]. On the other hand, the contact rate
and the diffusion coefficient have to be estimated. They are
based on the social distancing estimation, representing the
homestay rate for Bahia.
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Table 1. Initial exposed population (people/km2) based on 10 times the number of infected and the telehealth calls.

TelehealthTen times the number of infectedSanitary district

53.0027.14Barra Rio Vermelho

34.578.57Brotas

13.422.86Centro Histórico

17.704.29Liberdade

23.425.71Boca do Rio

43.578.57Cabula/Beiru

36.1410.00Itapuã

25.854.29Pau da Lima

30.287.14Subúrbio Ferroviário

18.422.86Itapagipe

26.577.14São Caetano or Valéria

10.282.86Cajazeiras

Results

The telehealth service received a total of 111,795 calls, 83,175
(74%) of which reporting at least one COVID-19 symptom
(fever, cough, breathlessness, rhinorrhea, and gustatory or
olfactory disorder) during the first 4 months of the COVID-19
epidemic in the state of Bahia (Figure 1). Olfactory or gustatory
dysfunction (smell and taste change), considered highly specific
for COVID-19 during the first wave of the pandemic [30-32],
was reported in 47% of the calls, suggesting a high frequency
of COVID-19 cases among users of the telehealth service.

Calls were registered by 320 (77%) out of 417 cities of Bahia
State. The majority of these users of the telehealth service were
female (48,873, 60%), with a median age of 38 (IQR 28-49)
years. The demand for the service progressively increased
between the first and ninth week, with a peak in the 23rd week.

In the 4th month of operation, we observed a reduction in the
number of daily calls to values close to those at the beginning
of the service (Table 2).

During the first month of operation (April 2020), calls reporting
COVID-19–like symptoms were registered in 205 cities,
including areas from the north and east of the state. By this time,
COVID-19 cases were notified in 136 cities (Figure 2). The
first call to the telehealth service preceded the first COVID-19
notification in 181 (43%) out of 417 municipalities of Bahia.
In these municipalities, the call occurred on average 30 (IQR
11-42) days before the notification. Additionally, for 68 (38%)
of these 181 municipalities, the symptoms registered in the
telehealth service included olfactory and gustatory disorders.
These symptoms specific for COVID-19 were reported on
average 14 (IQR 6-31) days before the first notified COVID-19
case (Multimedia Appendix 2).

Figure 1. Flowchart of calls for Telecoronavirus service according to local and presence of COVID-19–like symptoms.
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Table 2. Symptoms reported by users and the number of monthly calls.

State (n=83,175)Other cities (n=21,378)Salvador (n=61,797)Characteristic

38 (28, 49)37 (27, 48)39 (29, 50)Age (years), median (IQR)

Month, n (%)

227 (0.3)49 (0.2)178 (0.3)March

13,473 (16)3464 (16)10,009 (16)April

28,049 (34)4822 (23)23,227 (38)May

29,377 (35)8634 (40)20,743 (34)June

12,049 (14)4409 (21)7640 (12)July

48,873 (60)12,558 (60)36,315 (60)Sex: female, n (%)

40,969 (49)10,468 (49)30,501 (49)Fever, n (%)

41,594 (50)11,287 (53)30,307 (49)Cough, n (%)

21,572 (26)6054 (28)15,518 (25)Shortness of breath, n (%)

37,989 (47)9248 (44)28,741 (47)Smell or taste change, n (%)

We also analyzed the spatial-temporal distribution of calls and
notified cases in the districts of Salvador, the state capital. In
all districts, an increase in the number of calls reporting
COVID-19–like symptoms preceded an elevation in the number
of notifications of COVID-19 (Figure 3).

Next, we evaluated if the data obtained with the telehealth
service could be helpful in feeding a mathematical model to

predict disease spread in Salvador. We simulated 180 days of
the epidemic. To validate the results of our model with the
available data, we compared the number of notified COVID-19
cases. First, we showed the values obtained for the whole city
(Figure 4). Then, we integrated the values of the sanitary
districts and plotted them in time. The simulation provides
curves of accumulated infection similar to the data of notified
cases.

Figure 2. Spatial distribution of calls related to COVID-19–like symptoms (orange) and notifications (green) by months of operation of the Telecoronavirus
in Bahia state.
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Figure 3. Seven-day rolling average of number of calls reporting COVID-19–like symptoms (blue line) and number of confirmed cases of COVID-19
(red line) in the period of operation of the telehealth service in Salvador, Bahia state, Brazil. (A) All cities. (B) Stratified by sanitary district.

Figure 4. Comparison between simulation and real data of cases at Salvador (total). Dashed blue lines: real data. Pink line: simulation with exposed
population based on telehealth calls.

Discussion

Principal Findings
A critical challenge in predicting the spread of cases, especially
in locals with a low test rate, is to timely estimate the number
of suspected cases. Here, we demonstrated that curated data
obtained from a telehealth service could be helpful in
anticipating areas with new cases of COVID-19. A rise in calls
referring to COVID-19–like illness preceded, in about two
weeks, the increase in the notification of COVID-19 in the
majority of Bahia state cities demonstrating the potential utility
of this instrument for syndromic surveillance in the early phase
of the epidemic curve. Additionally, it contains relevant

information about the disease under investigation, such as the
profile of the affected population, type, and frequency of
symptoms, which can help characterize susceptible populations,
which is important in the context of epidemics caused by new
infectious agents. Calls captured in the telehealth service were
also valuable in feeding a numerical disease spread model. Data
obtained by a toll-free telehealth service can achieve the goals
required for surveillance purposes, such as the following: (1)
to be collected early after disease onset, (2) to represent the
majority of the population in the covered area, and (3) to be
rapidly accessed by the decision-making officials [5,33].

First, in an outbreak caused by a pathogen of airborne
transmission, such as COVID-19, the fear of contamination
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reduces seeking face-to-face medical assistance. The majority
of individuals with mild symptoms avoid being exposed in
clinical care facilities, reducing the number of individuals who
get tested, and therefore confirmed infections may be
underestimated. From the patient perspective, telehealth
assistance becomes more attractive. Accordingly, a substantial
increase in telemedicine service was detected in the first weeks
of the pandemic [5,34]. Consequently, data from telehealth
services become more suitable for surveillance purposes than
laboratory-confirmed infection or electronic medical records
obtained from health care units.

Second, telehealth services can cover a population from a wide
geographic area. The service offered via telephone dismisses
reading or writing skills, digital literacy, or internet access and
can be used by all age groups and social strata. If the service is
toll-free, most of the population may be covered, which is
especially important for low- to middle-income countries, as
observed in this case.

Third, data sets containing time-sensitive information collected
from telehealth services can be accessed simultaneously by
public health authorities for syndromic surveillance. Automating
data extraction and real-time interpretation of information in
the context of relevant public health emergencies is still
challenging. Structured surveys designed for telescreening
assistance, as described here, can serve this purpose and offer
daily reports for the stakeholders. Although several aspects,
such as technical or operational, ethical, and legal points, should
be addressed to use these data for disease surveillance, analysis
of real-time data obtained from telehealth services is feasible.
It has already been performed for contact tracing, screening,
and monitoring clinical conditions in emergency response to
epidemics [35] and can support decision-making on public
health policy.

Our result suggests that the data set from a telehealth service
may also be helpful as input to a mathematical model to predict
COVID-19 spread. The initial conditions of the exposed and
infected populations are essential to short-term predictions. The
estimate of exposure may be challenging since this population
has no symptoms. Therefore, the hypothesis of assuming the
number of exposed as the number of calls might be better than
an estimation based on the number of infected, since the
telehealth data indicated rises in cases approximately 2 weeks
before the notification system.

The simulation for a city of about 2.9 million inhabitants showed
that most sanitary districts had a good agreement between the
actual data and the simulation. The simulation overestimated
the cases in 1 district area and underestimated them in 2 areas.

Other districts had an excellent agreement until day 100 and
lost accuracy afterward. A loss of accuracy in a fast-changing
infectious disease is expected since it is challenging to reproduce
long-term predictions. The simulation may still be improved
due to several aspects needing to be considered. For example,
we used estimates for parameters such as transmission rate and
diffusion, and it would be possible to use a machine learning
mechanism to find the best ones for this case. Moreover, we
define that all sanitary districts would receive the same input
parameters, and we know that different regions might have
performed differently regarding the population’s behavior and
restriction policies. Besides, we used only spatial spread
mechanisms due to diffusion and further use of different
approaches, as convection and source terms could have offered
better estimates. However, the central idea of this report is to
show that telehealth data impact a robust algorithm that worked
well to simulate the COVID-19 behavior of different regions
(Italy, Brazil, and the United States [12]).

Collecting real-time data may help predictors forecast new
surges and prepare the population, authorities, and health
systems. Moreover, we may infer that our hypothesis works
since our simulation with the telehealth data have provided
promising results.

Limitations
Our study has some limitations. We used COVID-19–like
symptoms as a proxy for confirmed infection. Although this is
not accurate, the number of phone calls and the trend in service
assessment may suggest the direction and amount of disease
spread early on. It shall also be stressed that confirmatory tests
may not be available in the early stages of a new epidemic
infection. In such cases, the use of the syndromic approach, as
employed here, is a critical element for predicting infection
spreading. Another significant limitation is that the telehealth
service was not equally publicized in all cities, which may have
implications for interpreting surveillance data in some areas.

Conclusion
In conclusion, data from telehealth services help model
COVID-19 spread and may be helpful in other health situations.
Telehealth data and digital health technologies for monitoring
disease spread may be especially useful considering the
resurgence of new SARS-CoV-2 variants [36]. Data collected
from primary health care systems can be used for monitoring
the dynamics of COVID-19 cases and the geographic
localization of cases. Considering the continuous expansion of
telehealth and telemedicine tools in the health care system, the
availability of such data may prove a critical tool for modern
epidemiology.
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Abstract

Background: Physical activity (PA) and sedentary behavior (SB) have been affected by the COVID-19 pandemic and its
restrictive environments, such as social distancing and lockdown measures. However, regional differences in the changes in
domain-specific PA and SB in response to the COVID-19 pandemic are not clearly understood.

Objective: This study aimed to examine regional differences in domain-specific PA and SB, as well as sleeping time in response
to the COVID-19 pandemic in Japan.

Methods: A web-based cross-sectional nationwide survey and an accelerometer-based longitudinal observation were conducted.
In the web-based survey, we recruited 150 Japanese men and 150 Japanese women for each of the following age groups: 20s,
30s, 40s, 50s, 60s, and 70s (n=1800). A total of 1627 adults provided valid responses to web-based surveillance from June to
July 2020. Participants were recruited from urban (Greater Tokyo Area, n=1028), urban-rural (regional core cities, n=459), or
rural (regional small and medium cities, n=140) areas. They answered sociodemographic and health-related questions and
retrospectively registered the PA data of their average day before and during the COVID-19 pandemic in a web-based PA record
system. In the accelerometer-based observation, PA and step count data were obtained using a triaxial accelerometer on people
living in urban (n=370) and rural (n=308) areas.

Results: Before the COVID-19 pandemic, there were no significant differences between these 3 regions in the time spent
sleeping, staying at home, working or studying, and exercising (P>.05). By contrast, people living in urban areas had a longer
duration of SB and transportation and a shorter duration of moderate-to-vigorous PA and lying or napping time compared with
people living in rural areas (P>.05). During the COVID-19 pandemic, a significant decrease was observed in transportation time
in urban (–7.2 min/day, P<.001) and urban-rural (–2.0 min/day, P=.009) areas but not in rural (–0.4 min/day, P=.52) areas. The
moderate-to-vigorous PA was decreased in urban (–31.3 min/day, P<.001) and urban-rural (–30.0 min/day, P<.001) areas but
not in rural areas (–17.3 min/day, P=.08). A significant increase was observed in time spent sleeping in urban (+22.4 min/day,
P<.001) and urban-rural (+24.2 min/day, P<.001) but not in rural areas (+3.9 min/day, P=.74). Lying or napping was increased
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in urban (+14.9 min/day, P<.001) but not in rural areas (−6.9 min/day, P=.68). PA and step count obtained using an accelerometer
significantly decreased in urban (P<.05) but not in rural areas (P>.05).

Conclusions: The effect of the COVID-19 pandemic on PA and SB was significantly dependent on living area, even in a single
country. The effects of PA and SB were greater in the Greater Tokyo Area and regional core cities but were not observed in
regional small and medium cities in Japan.

(JMIR Public Health Surveill 2023;9:e39992)   doi:10.2196/39992

KEYWORDS

web-based survey; social distancing measure; transportation; physical activity record system; physical activity; sedentary; sleep;
sleeping time; COVID-19; impact; pandemic; sleeping pattern; surveillance; demographic; regional; differences

Introduction

Human lifestyles have changed in recent years, with an
increasing number of people living a sedentary lifestyle,
particularly in the countries with higher human development
index [1]. Adequate amounts of physical activity (PA), limited
sedentary behavior (SB), and proper sleeping time (ST) are
essential for maintaining health [2-4]. Physical inactivity
increases the risk of many adverse health conditions, such as
coronary heart disease, type 2 diabetes, colon and breast cancers,
mobility disabilities, and mortality [5].

The COVID-19 pandemic has changed the world and strongly
affected the health of the people, with more than 640 million
people with COVID-19, causing more than 6.6 million deaths
worldwide [6]. Studies have indicated that the COVID-19
pandemic and its restrictive environment induced by the
government’s statements about social distancing and lockdown
measures affect PA, SB, and ST in children, adolescents, and
young and older adults worldwide [7-15]. Stockwell et al [16]
conducted a systematic review of the changes in PA and SB
from before to during the COVID-19 pandemic restrictive
environment. Most studies showed a decreased PA and an
increased SB in the 66 included studies. They noted that
different degrees of lockdown in different countries, even regions
within a country, make it difficult to objectively assess how
different degrees of restrictive environments impact behaviors.
They also noted that most studies report PA without
investigating in detail the types and durations of PA engaged
before and during the lockdown. Thus, it would be beneficial
to investigate these because the magnitude of changes will
impact the effects on health.

For the Japanese population, a web-based survey using the short
version of the International Physical Activity Questionnaire
(IPAQ) found that PA decreased in April and recovered in June
2020 in older Japanese adults [7,8]. Another web-based survey
using the Global Physical Activity Questionnaire (GPAQ) of
Japanese workers found a significant increase in ST and a
significant decrease in leisure-related moderate-to-vigorous
physical activity (MVPA) during the COVID-19 outbreak (July
2020) compared to before the outbreak (February 2019) [13].
The IPAQ and GPAQ are considered world-standard
questionnaires, with the advantage of comparing the results
with worldwide data [17]. However, their external validity
against the doubly labeled water (DLW) method is poor [18]
compared with objective accelerometers [19,20]. The most
recent meta-analysis also indicated that the criterion validity of

IPAQ and GPAQ against objective smart trackers was low
(weighted mean of r=0.23) [17]. Thus, more reliable systems
to assess PA and SB in daily life are required for a stronger
conclusion. In addition, it is essential to examine regional
differences in PA and SB in response to the COVID-19
pandemic.

This study assessed a 24-hour domain-specific PA, SB, and ST
in Japanese adults nationwide using a previously validated
web-based simplified physical activity record (sPAR) system.
In addition, we obtained longitudinal PA and step count data
by a triaxial accelerometer on people living in urban and rural
areas. We hypothesized that the impact of the COVID-19
pandemic and its restrictions (including government social
distancing measures) on domain-specific PA, SB, ST, or step
count vary by region of residence, even within a single country.

Methods

Data Source
The web-based surveillance was conducted through an internet
research company (Cross Marketing Inc). Cross Marketing Inc
and its partner companies have active panels with over 5 million
people who registered their sociodemographic information in
the company’s database and responded to at least one survey
within the last year [21]. The company recruited 1800 adults
from their active panels from June to July 2020; in total, 150
men and 150 women were recruited for each of the following
age groups: 20s, 30s, 40s, 50s, 60s, and 70s. Individuals
completed the web-based sPAR system, which was included
before and during the COVID-19 pandemic. The company
provided the URL via email and requested each participant to
complete a survey. All the participants signed a web-based
informed consent form. The research company removed
participants’ names, addresses, contact information, and any
other details that might be used to identify individuals prior to
transferring the data to researchers from the data. A total of
1627 adults provided valid responses for this web-based survey.
Self-reported age, height, and weight data were obtained. The
participants were categorized by gender and residential area,
which were divided into urban (Greater Tokyo Area),
urban-rural (regional core cities), and rural (regional small and
medium cities), based on the Fourth National Comprehensive
Development Plan, Japanese National Land Agency [22].
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Ethical Considerations
This study was conducted with approval from the ethics
committees of Kyoto University of Advanced Science (KUAS
no.20-3) and the National Institutes of Biomedical Innovation,
Health and Nutrition (NIBIOHN no. 202). Participants were
provided with an information sheet on the landing page of the
web-based survey. Participants were only allowed to continue
participating if they acknowledged that they had read the
information sheet and agreed to give informed consent.

Web-Based PA Record
The sPAR is a unique system for assessing 24-hour
domain-specific PA, SB, and ST [23]. The external validity is
moderate to high (r=0.8 for total energy expenditure and r=0.63
for PA level) [23-25]. One study developed a web-based sPAR
system and found that external and criterion validity were also
moderate to high (r=0.68 for activity energy expenditure [AEE]
measured by DLW and r=0.87 for total energy expenditure;

r=0.77 for AEE; r=0.71 for PA level assessed by a validated
triaxial accelerometer) [26,27]. The external validity from
another study of a triaxial accelerometer and sPAR against the
DLW method was similar and high [24].

A representative screenshot of the web-based sPAR system is
shown in Figure 1. The system collected recalled activities over
24 hours. The participants were instructed to respond to
questions about a typical day that is not a weekend or holiday.
The participants selected one of the preset activities performed
in each of the four categories (household, transportation,
work-related, and leisure or sports) for 15-minute intervals. In
this system, 91 activities among the four categories were preset.
The details of the web-based sPAR system have been previously
described [26,28]. The intensity of each activity was entered
into the system as metabolic equivalent of tasks (METs) based
on the 2011 Compendium of Physical Activities [29]. MVPA
(≥3.0 METs) and SB (1.0-1.5 METs) were calculated based on
the MET value of each activity.

Figure 1. Screenshot of the web-based simplified physical activity record (sPAR) system (Namba et al [28]).

Accelerometer
In addition to this web-based survey, we also used the data set
of a triaxial accelerometer that had been previously published
as a short research paper [11]. The original data contained
628,111 observation days from January 1, 2019, to January 1,
2021, from 1167 unique users of the accelerometer nationwide
in Japan. From the 1167 unique users’ data, people who lived
in the Greater Tokyo Area (n=370) and those who lived in rural
areas (n=308) were selected to compare urban and rural
differences in this study based on the information about the
prefecture in which they lived [11]. The average step counts
and AEEs for January 2019, April 2019, January 2020, and
April 2020 were calculated. Step counts and AEE were

monitored using a triaxial accelerometer (EW-NK63;
Panasonic). This accelerometer was manufactured based on the
Actimarker (EW4800, Panasonic), an accelerometer for research
use, as a low-cost version of the one for the general public [30].
Daily step counts and AEE were stored on a server via
participants’ smartphones. All participants read the explanation
of the study and indicated their understanding before providing
informed consent. The details of the METs calculations have
been previously described [31,32]. The output of the

accelerometer was highly correlated (R2=0.86) with the METs
while walking or running at 7 speeds ranging from 40 to 160

m/min−1 and during the following 7 daily activities: performing
self-care while standing, changing clothes, cooking, simulating
eating supper, washing dishes, doing laundry, and using a
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vacuum cleaner [31,32]. AEE was calculated from 24-hour
average METs, and this accelerometer highly correlates with
the DLW method [20,24].

Statistical Analyses
Data are shown as means and standard deviations in the tables
and as means and standard errors in the figures. One-way
ANOVA was performed to compare age, and a chi-square test
was conducted to compare the percentage of either gender
between residential areas. Socioeconomic status, smoking,

alcohol consumption, and health-related information, including
medical history, were extracted from the web-based survey.
Psychological distress was assessed by the Kessler Psychological
Distress Scale (K6) screening scales [33-35]. One-way analysis
of covariance was performed to compare other values between
residential areas with the variables in Tables 1 and 2. A 2-tailed
paired t test was conducted to compare values before and during
the COVID-19 pandemic. The results were considered
significant at a P<.05. SPSS version 22 (IBM Corp) was used
for all statistical analyses.

Table 1. Physical characteristics of the participants (n=1627).

P valueRural (n=140)Urban-rural (n=459)Urban (n=1028)Characteristics

.2179 (56.4)267 (58.2)542 (52.7)Men, n (%)

.2046 (15)48 (16)49 (17)Age (years), mean (SD)

.77164 (9)165 (11)164 (8)Height (cm), mean (SD)

.6862 (14)61 (13)61 (20)Weight (kg), mean (SD)

Table 2. Social and health status of the participants (N=1627).

P valueRural (n=140), n (%)Urban-rural (n=459), n (%)Urban (n=1028), n (%)Social and health status

.096108 (77.1)315 (68.6)701 (68.2)Current worker or student

<.00153 (37.9)250 (54.5)609 (59.2)Alcohol drinker

.4235 (25.0)92 (20.0)210 (20.4)Current smoker

.2720 (14.3)73 (15.9)191 (18.6)Living alone

.0739 (27.9)119 (25.9)220 (21.4)Living with pets

.00410 (7.1)28 (6.1)117 (11.4)Household income ≥10 million yen (≥US $77,000)

<.00162 (44.3)183 (39.9)541 (52.6)Good subjective economic status

<.00183 (59.3)296 (64.5)821 (79.9)Education ≥13 years

.05107 (76.4)350 (76.3)836 (81.3)Good subjective health

.09662 (44.3)221 (48.1)433 (42.1)Psychological Distress (K6a score≥5)

.49696 (68.6)310 (67.5)725 (70.5)Having purpose in life

.3893 (66.4)293 (63.8)694 (67.5)No medication

.0814 (10.0)82 (17.9)158 (15.4)Hypertension

.215 (3.6)27 (5.9)74 (7.2)Hyperlipidemia

.725 (3.6)24 (5.2)52 (5.1)Diabetes

.295 (3.6)10 (2.2)17 (1.7)Heart disease

.581 (0.7)9 (2.0)16 (1.6)Cancer

.159 (6.4)26 (5.7)39 (3.8)Depression

aK6: Kessler Psychological Distress Scale.

Results

The physical characteristics of the participants are shown in
Table 1. No significant differences were observed in age, gender,
height, or weight among the 3 residential area categories
(P>.05). Table 2 shows the social and health status of the
participants. The urban area had a higher percentage of alcohol
drinkers, people with higher household income and subjective
economic status, and those with higher education than other

areas (P<.05). However, other variables were not significantly
different between areas (P>.05).

In Table 3, Before the COVID-19 pandemic, there were no
significant differences in sleeping time, time spent at home,
working or studying time, and exercise time (P>.05) in the 3
regions. By contrast, people living in urban areas had a longer
duration of SB and transportation and a shorter duration of
MVPA and lying or napping time compared with people living
in rural areas (P<.05). Significant and negative correlation was
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observed between work duration and ST (r= 0.373, P<.001),
and between transportation time and ST (r= 0.289, P<.001).

Table 4 and Figure 2 show changes in ST, SB, transportation,
and MVPA before and during the COVID-19 pandemic. A
significant decrease was observed in transportation time (−7.2
min/day, P<.001) and urban-rural (−2.0 min/day, P=.009) areas
but not in rural (−0.4 min/day, P=.52) areas during the
pandemic. The MVPA was decreased in urban (−31.3 min/day,
P<.001) and urban-rural (−30.0 min/day, P<.001) areas but not
in rural areas (−17.3 min/day, P=.08). A significant increase
was observed in time spent sleeping in urban (+22.4 min/day,
P<.001) and urban-rural (+24.2 min/day, P<.001) but not in
rural areas (+3.9 min/day, P=.74). Lying or napping was

increased in urban (+14.9 min/day, P<.001) but not in rural
areas (−6.9 min/day, P=.68).

Figure 3 shows the relationship between the changes in PA and
SB during the COVID-19 pandemic. The change in the duration
of transportation was significantly and negatively correlated
with the change in the duration of staying at home (P<.05). The
change in MVPA duration was significantly and negatively
correlated with the change in the duration of lying or napping
and the change of the duration of SB (P<.05).

Figure 4 shows the results of the accelerometer monitoring. The
step counts and AEE obtained by an accelerometer significantly
decreased during the COVID-19 pandemic in urban areas
(P<.05) but not in rural areas (P>.05).

Table 3. Physical activities and sedentary behavior of the participants (n=1627).

P valueRural, (n=140), mean (SD)Urban-rural, (n=459), mean (SD)Urban (n=1028), mean (SD)Variables

Before the COVID-19 pandemic

.51460 (137)462 (145)453 (139)Sleeping time (min/day)

.045132 (194)111 (151)99 (153)Lying or napping time (min/day)

.001528 (252)592 (242)610 (248)SBa (min/day)

.02214 (212)169 (185)168 (181)MVPAb (min/day)

.41613 (275)650 (284)639 (301)Staying time at home (min/day)

<.00141 (49)48 (72)65 (85)Transportation (min/day)

.17309 (258)266 (260)265 (262)Working or studying time (min/day)

.0710 (62)6 (21)10 (30)Exercise time (min/day)

During the COVID-19 pandemic

.32464 (141)487 (181)c476 (165)cSleeping time (min/day)

.68124 (208)121 (175)114 (179)cLying or napping time (min/day)

.002551 (273)595 (251)625 (259)dSB (min/day)

<.001197 (205)139 (168)c137 (161)cMVPA (min/day)

.57630 (279)654 (286)658 (299)cStaying time at home (min/day)

.00741 (49)46 (72)d57 (83)cTransportation (min/day)

.12296 (261)260 (258)e249 (261)cWorking or studying time (min/day)

.0310 (62)5 (19)10 (29)Exercise time (min/day)

aSB: sedentary behavior.
bMVPA: moderate-to-vigorous physical activity.
cSignificant difference versus before the COVID-19 pandemic: P<.001.
dSignificant difference versus before the COVID-19 pandemic: P<.01.
eSignificant difference versus before the COVID-19 pandemic: P<.05.
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Table 4. Change in score of physical activity and sedentary behavior in the participants (N=1928).

P valueRural (n=140), mean
(IQR)

P valueUrban-rural (n=459),
mean (IQR)

P valueUrban (n=1028),
mean (IQR)

Variable

.743.9 (–19, 26.7)<.00124.2 (11, 37.4)<.00122.4 (14.8, 30.0)Sleeping time (min/day)

.68–6.9 (–40.1, 26.4).1210.0 (–2.7, 22.7).00114.9 (6.2, 23.7)Lying or napping time (min/day)

.1422.5 (–7.5, 52.5).752.9 (–14.6, 20.3).00714.9 (4.1, 25.8)SBa (min/day)

.08–17.3 (–36.3, 1.8)<.001–30.0 (–40.8, –19.1)<.001–31.3 (–38.8, –23.7)MVPAb (min/day)

.1117.3 (–4.0, 38.5).333.7 (–3.6, 11.0)<.00118.8 (12.1, 25.4)Staying time at home (min/day)

.52–0.4 (–1.7, 0.9).009–2.0 (–3.5, –0.5)<.001–7.2 (-9.4, -5.0)Transportation (min/day)

.09–13.4 (–28.7, 1.9).01–5.6 (–10.1, –1.2)<.001–16.3 (–21.7, –11)Working or studying time (min/day)

.42–0.2 (–0.7, 0.3).09–0.6 (–1.3, 0.1).980.0 (–0.9, 0.9)Exercise time (min/day)

aSB: sedentary behavior.
bMVPA: moderate-to-vigorous physical activity.

Figure 2. The changes in sleeping time, sedentary behavior, and physical activity from before to during the COVID-19 pandemic were assessed by a
web-based physical activity record system (mean and SE). Significant differences were observed between the urban (Greater Tokyo Area) or urban-rural
areas and the rural area in changes in the duration of sleeping, lying or napping, transportation, and moderate-to-vigorous physical activity (MVPA).
***Signficantly changed from before the COVID-19 pandemic (P<.001).
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Figure 3. The relationship between changes in physical activity and sedentary behavior (SB) during the COVID-19 pandemic. The change in
moderate-to-vigorous physical activity (MVPA) duration was significantly and negatively correlated with the change in the duration of lying or napping
and SB. The change in transport duration was significantly and negatively correlated with the change in the duration of staying home.
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Figure 4. Objectively measured step counts and activity energy expenditure (AEE) by triaxial accelerometer (mean and SE). There is no significant
difference between January and April 2019 in step counts and AEE in urban and rural prefectures. The step counts (P<.001) and AEE (P<.05) in April
2020 were significantly decreased in urban prefectures when January and April 2019 are compared to January 2020.

Discussion

Principal Findings
This study clearly shows regional differences in domain-specific
PA, SB, and ST changes in response to the COVID-19
pandemic. The Japanese government first declared a state of
emergency in response to the COVID-19 outbreak on April 7,
2020 [36,37]. The effects of the COVID-19 outbreak and the
government-declared state of emergency were significantly
larger in the urban (Greater Tokyo Area) and urban-rural
(regional core cities) areas than in rural areas (regional small
and medium cities). Particularly, MVPA decreased by 31
min/day (–18.4%), from 168 min/day before to 137 min/day
during the COVID-19 pandemic. Sleeping time (+26 min/day
on average) and lying or napping time (+36 min/day on average)
increased significantly during the COVID-19 pandemic in the
urban and urban-rural areas. In addition, the duration of
transportation was significantly decreased by 7 min/day, from
65 min/day before to 57 min/day during the COVID-19
pandemic in the urban area. In addition, we confirmed these
regional differences using the triaxial accelerometer as an
objective method.

Several previous studies have observed similar patterns in other
population groups [7,13,38,39]. However, many surveys that
addressed domain-specific PA used PA questionnaires, such as
the IPAQ and GPAQ. The external and criterion validity of the
PA questionnaires was relatively low when compared with a
gold standard method, such as the DLW method, or with
objective accelerometers [17-20]. Thus, more reliable systems
to assess PA and SB in daily life are required for a stronger
conclusion. The web-based sPAR system is a unique method
for obtaining PA and SB data with moderate or high external
validity [23,26,27].

In this study, Japanese living in urban or urban-rural areas were
found to have spent more time lying and sleeping during the
COVID-19 pandemic than before the pandemic. The average
ST of the participants was 455 min/day before the COVID-19
pandemic. This is consistent with the Organization for Economic
Co-operation and Development (OECD) statistics in 2019,
which shows 442 min/day as the average sleep duration for
individuals in Japan [40]. Japan has the shortest ST compared
to other countries [40]. OECD Better Life Index stated that “the
percentage of employees working very long hours is higher in
Japan than the OECD average of 11%, and full-time workers
devote less of their day to personal care and leisure than the
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OECD average” [41]. This survey found a significant and
negative correlation between working duration and ST (P<.05).

In Japan, several companies have introduced and supported
some level of teleworking to avoid denseness in response to
government statements [18]. Our study found a significant and
negative correlation between transportation time and ST. The
average transportation time in the Greater Tokyo Area was 65
min/day, which was significantly longer than that in the rural
areas. Teleworking leads to less time traveling for work, and
people might sleep more than they did before the COVID-19
pandemic. This might be a favorable effect of teleworking.
However, people have spent more time in a lying position during
the COVID-19 pandemic. A recent study found that an increase
in SB was significantly associated with an increase in the
motivation and PA aspects of fatigue [18]. Therefore, people
who live in urban or urban-rural areas and spend more SB time
might experience increased fatigue. However, further research
is required [42].

MVPA is defined as any activity ≥3 METs, including sports,
exercise, and nonexercise PA, such as walking or bicycling to
supermarkets or active periods of childcare. In this study,
significantly decreased exercise time was not observed in all
areas (P>.05); however, MVPA duration significantly and
largely decreased during the COVID-19 pandemic (P<.001).
Our study indicated that nonexercise MVPA decreased during
the COVID-19 pandemic by about 30 min/day in the urban and
urban-rural areas but not in rural areas in Japan.

One of the factors contributing to the regional differences is the
difference in population density. The Tokyo metropolitan area
has a very high population density. Thus, requests for
self-restraint from the government were more severe than in
smaller regional cities. It is also likely that a stronger response
was seen in terms of people’s behavior to avoid crowds. Another
factor that may have contributed to the regional differences is
the occupational characteristics of the residents. In rural small
and medium-sized cities, a smaller percentage of residents are
office workers, university faculty, and people from other
professional occupations, while a higher percentage comprise
blue-collar workers and agricultural and workers in the fishing

industry. We believe that differences in population density in
the places where they work or live and whether they can be
replaced by teleworking also had an impact on the change of
PA and SB.

Limitations
Our study has some methodological limitations. First, our
web-based survey and accelerometer-based study used
convenient samples without random sampling; thus, we did not
calculate sample sizes and effect sizes in this study. Those not
using the internet or accelerometers, especially older people,
could not be included in this study. Therefore, this study’s
results do not reflect the Japanese population characteristics;
participants could be more health conscious than the general
population, and our study potentially includes selection bias.
Second, possible inconsistency of PA levels on workdays and
weekends may exist. That is, the 24-hour sPAR data from a
single acquisition may not represent a typical week for the PA
level of the study participants. Particularly, the current system
cannot examine weekly or monthly exercise habits. In addition,
while we obtained the physical and mental health status in the
web-based survey, we could not obtain the physical and mental
health status in the accelerometer study, which may affect the
results. Finally, as the main limitation of this study is based on
the study design, it cannot be argued that such differences are
based on the COVID-19 pandemic or the aging effect.

Conclusion
This research, using a web-based sPAR system, found several
lifestyle changes, indicating that people became less active and
spent a longer amount of time in the lying position in urban and
urban-rural areas during the COVID-19 pandemic. In addition,
we found that Japanese living in urban and urban-rural areas
had increased sleeping time during the COVID-19 pandemic.
Longer sleep duration during the COVID-19 pandemic may
favor the population’s health, as Japan has the shortest sleeping
time worldwide. However, the less time spent on MVPA and
the longer time spent on SB, particularly in the lying position,
would have an unfavorable effect on health. The
sociopsychological aspects of the effect of such lifestyle change
should be examined in future studies.
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MET: metabolic equivalent of task
MVPA: moderate-to-vigorous physical activity
OECD: Organization for Economic Co-operation and Development
PA: physical activity
SB: sedentary behavior
sPAR: simplified physical activity record
ST: sleeping time
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Abstract

Background: Never before COVID-19 had Canadians faced making health-related decisions in a context of significant uncertainty.
However, little is known about which type of decisions and the types of difficulties that they faced.

Objective: We sought to identify the health-related decisions and decisional needs of Canadians.

Methods: Our study was codesigned by researchers and knowledge users (eg, patients, clinicians). Informed by the CHERRIES
(the Checklist for Reporting Results of Internet E-Surveys) reporting guideline, we conducted 2 online surveys of random samples
drawn from the Leger consumer panel of 400,000 Canadians. Eligible participants were adults (≥18 years) who received or were
receiving any health services in the past 12 months for themselves (adults) or for their child (parent) or senior with cognitive
impairment (caregiver). We assessed decisions and decisional needs using questions informed by the Ottawa Decision Support
Framework, including decisional conflict and decision regret using the Decision Conflict Scale (DCS) and the Decision Regret
Scale (DRS), respectively. Descriptive statistics were conducted for adults who had decided for themselves or on behalf of
someone else. Significant decisional conflict (SDC) was defined as a total DCS score of >37.5 out of 100, and significant decision
regret was defined as a total DRS score of >25 out of 100.
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Results: From May 18 to June 4, 2021, 14,459 adults and 6542 parents/caregivers were invited to participate. The invitation
view rate was 15.5% (2236/14,459) and 28.3% (1850/6542); participation rate, 69.3% (1549/2236) and 28.7% (531/1850); and
completion rate, 97.3% (1507/1549) and 95.1% (505/531), respectively. The survey was completed by 1454 (97.3%) adults and
438 (95.1%) parents/caregivers in English (1598/1892, 84.5%) or French (294/1892, 15.5%). Respondents from all 10 Canadian
provinces and the northern territories represented a range of ages, education levels, civil statuses, ethnicities, and annual household
income. Of 1892 respondents, 541 (28.6%) self-identified as members of marginalized groups. The most frequent decisions were
(adults vs parents/caregivers) as follows: COVID-19 vaccination (490/1454, 33.7%, vs 87/438, 19.9%), managing a health
condition (253/1454, 17.4%, vs 47/438, 10.7%), other COVID-19 decisions (158/1454, 10.9%, vs 85/438, 19.4%), mental health
care (128/1454, 8.8%, vs 27/438, 6.2%), and medication treatments (115/1454, 7.9%, vs 23/438, 5.3%). Caregivers also reported
decisions about moving family members to/from nursing or retirement homes (48/438, 11.0%). Adults (323/1454, 22.2%) and
parents/caregivers (95/438, 21.7%) had SDC. Factors making decisions difficult were worrying about choosing the wrong option
(557/1454, 38.3%, vs 184/438, 42.0%), worrying about getting COVID-19 (506/1454, 34.8%, vs 173/438, 39.5%), public health
restrictions (427/1454, 29.4%, vs 158/438, 36.1%), information overload (300/1454, 20.6%, vs 77/438, 17.6%), difficulty separating
misinformation from scientific evidence (297/1454, 20.4%, vs 77/438, 17.6%), and difficulty discussing decisions with clinicians
(224/1454, 15.4%, vs 51/438, 11.6%). For 1318 (90.6%) adults and 366 (83.6%) parents/caregivers who had decided, 353 (26.8%)
and 125 (34.2%) had significant decision regret, respectively. In addition, 1028 (50%) respondents made their decision alone
without considering the opinions of clinicians.

Conclusions: During COVID-19, Canadians who responded to the survey faced several new health-related decisions. Many
reported unmet decision-making needs, resulting in SDC and decision regret. Interventions can be designed to address their
decisional needs and support patients facing new health-related decisions.

(JMIR Public Health Surveill 2023;9:e43652)   doi:10.2196/43652

KEYWORDS

health care decisions; decisional conflict; decision regret; shared decision-making; COVID-19; older adults; caregivers; parents;
public health decision; health care; health outcome; pandemic preparedness; public health policy

Introduction

During the COVID-19 pandemic, never before had Canadians
made health-related decisions in the context of so much
uncertainty. Health care decisions were complex, with limited,
rapidly changing evidence and evolving public health directives
[1,2]. Concurrently, health services shifted from in-person to
virtual delivery and emergency department visits increased after
the first wave [3-5]. These circumstances are perfectly fit for
shared decision-making, a process between patients and
clinicians that relies on the best evidence available and what
matters most to patients. However, due to unique challenges
with communicating risk, lack of nonverbal communication,
and less meaningful patient involvement experienced during
the pandemic, it may have been possible that Canadians were
inadequately involved in health-related decisions [2,6,7]. When
patients are inadequately involved in health decisions, there are
more harms from choosing ineffective options, health care
system waste, poor patient experiences, more litigation, and
higher inequities [8,9]. This is why identifying Canadians
decision-making needs was of uttermost importance in order to
be able to provide person-centered care, achieve improved health
outcomes, and inform future pandemic preparedness.

Decisional needs are deficits that can adversely affect the quality
of decisions [10]. A quality decision is informed with the
best-available evidence and based on patients’ values for
features and outcomes of options. A previous systematic review
of 45 decisional needs assessment studies included 2 population
surveys that identified 75 decisions (including 16 social
decisions) and 43 clinical studies that focused on 29 specific
health decisions [10]. Common decisional needs included

decisional conflict, inadequate knowledge of the options
(including benefits, harms), unclear values, and limited support
and resources [10,11]. Decisional conflict refers to “uncertainty
about a course of action when choice among competing options
involves risk, regret, or challenge to personal life values” [12].
Those who experience more difficultly with decision-making
are living with a serious or chronic illness, are
immunocompromised, belong to linguistic minorities, have
lower education, are passive in decision-making, or make a
decision on behalf of someone else (parents and caregivers)
[13-19]. None of the 45 studies from 7 countries were focused
on decision-making needs during pandemics [10]. A recent
cross-sectional study of 4905 Canadians aged 18-40 years
reported that factors associated with vaccine hesitancy are
negative attitudes toward vaccines in general; COVID-19
conspiracy theory beliefs; distrust of the government; and a low
income, low education, or unemployment [20]. Canada was no
exception, as little was known about its health-related
decision-making experience during the COVID-19 pandemic.
Therefore, we sought to determine the type of decisions and
decisional needs of Canadians during the first year of the
COVID-19 pandemic.

Methods

Study Design
Our team of researchers and knowledge users (patients,
clinicians) conducted 2 population-based cross-sectional surveys
using Leger’s consumer panel. Having patients and clinicians
as equal partners on the team was done to ensure the study
yielded relevant findings [21]. Patients were on the executive
research team coleading the study (author CL who is
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immunocompromised), and author MS stimulated the research
topic. Both were engaged in all study aspects. Together, we
identified the research objectives, outcomes, procedures, and
deliverables for the funded proposal. Next, they were involved
in guiding the study. We used the CHERRIES (Checklist for
Reporting Results of Internet E-Surveys) guideline [22].

Setting
The survey was conducted in Canada during the third wave of
COVID-19 [23]. During the first wave of COVID-19 in
January-June 2020, 80% of the COVID-19–related deaths
occurred in long-term-care homes, and governments issued
stay-at-home orders and travel restrictions [24]. Masks became
mandated for use in indoor spaces in July 2020. The second
wave of COVID-19 started in November 2020 and the third
wave in March 2021. When the hospitals became overwhelmed
during the third wave, with a high impact on intensive care
units, governments reissued a stay-at-home order [23].
COVID-19 vaccines were initially approved by Health Canada
in December 2020, with priority for health care workers,
Indigenous peoples, the elderly living in group settings, and
others at higher risk (eg, people with cancer, with organ
transplants, or undergoing dialysis). Vaccination gradually
opened to adults in spring 2021 and to children (ages 5-12 years)
in fall 2021 [25]. Although the AstraZeneca vaccine was
approved for use on February 26, 2021, the rate of
vaccine-induced immune thrombotic thrombocytopenia was of
concern (1 in 60,000; April 2021). Governments continued to
recommend the AstraZeneca vaccine until June 2021 because
Canada was in the third wave of infections and there was
insufficient supply of messenger RNA (mRNA) vaccines [23].

Recruitment
We recruited 2 groups of participants: (1) adults aged 18 years
or older who received or were receiving any health services in
the past 12 months for themselves (labeled “adults”) and (2)
adults aged 18 years or older who were responsible for children
or seniors aged >65 years with cognitive impairment who
received or were receiving any health services in the past 12
months (labeled “parents/caregivers”). Leger recruited
participants through its consumer panel titled “Leger Opinion
(LEO) Panel,” which has about 400,000 Canadians across 10
provinces and 3 territories. The panel includes data on age,
gender, and region that can be used for sampling and quota
management. At the onset, specific quotas by age, gender, and
region were set based on the Canadian population data published
by Statistics Canada [26]. Leger monitored throughout the
recruitment phase, and sampling was adjusted to ensure the data
collected were representative. For example, if a certain cohort
was underrepresented, sampling was adjusted to recruit more
respondents falling within that cohort. There was no weighting
applied to the data after being collected. Respondents received
a personalized email containing a unique URL link to the survey.
The email invite said, “LEO wants to hear from you!” and it
did not state the exact survey topic.

Survey Instrument
Adapted from previous surveys in Canada [13,14,27], questions
were based on the Ottawa Decision Support Framework [11].

Questions from instruments with good reliability and validity
included the Decisional Conflict Scale (DCS) [12], the Decision
Regret Scale (DRS) [28], and Strull’s roles in decision-making
[13]. The survey enquired about health-related decisions adults
and parents/caregivers faced during the past 12 months, factors
influencing decision-making, trusted information sources, and
sociodemographics according to the PROGRESS (place of
residence, race/ethnicity/culture/language, occupation,
gender/sex, religion, education, socioeconomic status, and social
capita) framework [29,30]. To collect data on a broader range
of participants’ characteristics that may stratify health
opportunities and outcomes due to discrimination [29,30], we
also asked respondents to self-identify if they had lived
experience as a member of a marginalized group defined as
disabled or caregiver of a person with a disability, gender diverse
(eg, agender, nonbinary, transgender, cisgender), intersex,
LGBTQ+ (lesbian, gay, bisexual, pansexual, transgender, queer,
two-spirited, questioning), Indigenous, racialized (eg, person
of color), neurodivergent (eg, attention deficit hyperactivity
disorder [ADHD], autism, dyslexia), or a marginalized group
not listed. Respondents were initially asked to list all the
decisions made in the past year and then pick 1 difficult decision
for the remaining questions. A difficult decision was defined
as having more than 1 option and no clear best option. The
online survey, available in English or French, screened eligibility
and included 32 questions (Multimedia Appendix 1). Two
random test questions were used to ensure respondents were
not trying to speed through the survey, and the survey stopped
for those who clicked a wrong response on both.

Respondents received 1 question per screen and pressed
“continue” to proceed. They could not return to previous screens
to change responses. To avoid missing responses, no questions
could be skipped. Up to 3 reminders were sent to those who
started but did not complete the survey. To avoid multiple
entries, respondents were assigned a unique identifier linked to
their LEO account; if they tried to complete the survey again,
they received an error message.

The English and French versions were pretested by members
of our team, including patient partners. On May 18, 2021, we
field-tested the surveys with 139 adults and 26
parents/caregivers to monitor completion time (adults: ~10
minutes; parents/caregivers: ~9 minutes) and potential problems
with surveys, including predefined skip logic. Given no changes
were made to the surveys based on field testing, the collected
data were retained.

Sample Size
Based on our previous research [13,31,32], sample sizes of 1500
adults and 500 parents/caregivers were adequate to estimate
proportions with significant decisional conflict (SDC) associated
with decision delay. SDC is defined as a total score of >37.5
out of 100 on the DCS based on 253 studies [33] using a 2-sided
95% CI with a margin of error of +1.80% or +3.85% when the
estimated proportions are 0.15 or 0.26, respectively [34,35].
This is the most severe cutoff; sensitivity analyses were
performed with a more relaxed cutoff of 25, also sometimes
seen in the literature (data not shown), but we privileged a more
severe cutoff. This means it could have been showing more
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people with SDC. To account for an anticipated 10% response
rate, target sample sizes of adults and parents/caregivers were
15,000 and 5000, respectively.

Statistical Analysis
We classified respondents into adults who made a health-related
decision for themselves (adults) or made a decision on behalf
of a child or a senior with cognitive impairment
(parents/caregivers). Next, we used descriptive statistics to
identify decisions and described decisional needs using the
Ottawa Decision Support Framework for each group (adults
and parents/caregivers) [10]. We classified respondents as
having SDC [36], and for those who had made the decision, we
classified respondents as having significant decision regret based
on a cutoff of >25 out of 100 on the DRS [37].

Ethical Considerations
The University of Ottawa research ethics board approved our
study (H-03-21-6752). Invitees provided study consent at the
start of the online survey and only initiated the survey questions
after clicking the link consenting to participate. Respondents
voluntarily answered questions and were guaranteed
confidentiality. Leger offered an incentive of 2000 points
(equivalent to CA $1.60, or US $1.18) to complete the survey.

Results

Respondent Details
From May 18 to June 4, 2021, 14,459 adults and 6542
parents/caregivers were invited to participate (Figure 1). The
view rate (unique survey visitors/unique survey invitees) was
15.5% (2236/14,459) and 28.3% (1850/6542), respectively. The
participation rate (unique visitors who consented to
participate/unique survey visitors) was 69.3% (1549/2236) and
28.7% (531/1850). The completion rate (users who completed
the survey/users who consented to participate) was 97.3%
(1507/1549) and 95.1% (505/531), respectively. Among those
who completed the surveys, we removed respondents if they
did not identify a difficult health decision. After reading open
text describing options, 36 were moved to the adult database
and 16 were moved to the parent/caregiver database.

There were 1454 adults and 438 parents/caregivers included in
the analysis. The survey was completed in English (1598/1892,
84.5%) or French (294/1892, 15.5%). Respondents represented
a range of ages, education levels, civil statuses, ethnicities, and
annual household income (Table 1). Of 1892 respondents, 541
(28.6%) self-identified as members of marginalized groups.
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Figure 1. Cross-sectional survey recruitment of Canadians during the COVID-19 pandemic.
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Table 1. Demographic characteristics of Canadian cross-sectional survey respondents during the COVID-19 pandemic.

Parents/caregivers (N=438)Adults (N=1454)Variable

Age (years), n (%)

46 (10.5)264 (18.2)18-29

117 (26.7)238 (16.4)30-39

126 (28.8)259 (17.8)40-49

92 (21.0)248 (17.1)50-59

41 (9.4)250 (17.2)60-69

16 (3.7)195 (13.4)≥70

Provinces/territories, n (%)

165 (37.7)558 (38.4)Ontario

84 (19.2)264 (18.2)Quebec

87 (19.9)269 (18.5)Prairie Provinces

69 (15.8)241 (16.6)British Columbia

30 (6.8)115 (7.9)Atlantic Provinces

3 (0.7)7 (0.5)Northern Territories

Geographical area, n (%)

393 (89.7)1269 (87.3)Urban

45 (10.3)185 (12.7)Rural

Sex, n (%)

219 (50.0)789 (54.3)Female

218 (49.8)664 (45.7)Male

1 (0.2)1 (0.1)Prefer not to say

Gender, n (%)

219 (50.0)781 (53.7)Woman

218 (49.8)662 (45.5)Man

1 (0.2)11 (0.8)Othera or prefer not to say

Language first learned and still understoodb, n (%)

290 (66.2)1023 (70.4)English

92 (21.0)270 (18.6)French

13 (3.0)46 (3.2)Mandarin or Cantonese

43 (9.8)124 (8.5)Otherc

Highest level of education, n (%)

67 (15.3)303 (20.9)High school or less

157 (35.8)528 (36.3)Certificate/diploma below bachelor’s level

136 (31.1)372 (25.6)Bachelor’s degree

75 (17.1)249 (17.1)University degree above bachelor’s level

3 (0.7)2 (0.1)Prefer not to say

Cultural/ethnic backgroundb,d, n (%)

314 (71.7)1149 (79.0)White

84 (19.2)206 (14.2)Asian

17 (3.9)53 (3.6)North American Indigenous

17 (3.9)22 (1.5)Black
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Parents/caregivers (N=438)Adults (N=1454)Variable

10 (2.3)20 (1.4)Latin American

4 (0.9)25 (1.7)European

7 (1.6)26 (1.8)Other

7 (1.6)17 (1.2)Prefer not to say

Lived experience as member of a marginalized groupb,e, n (%)

68 (15.5)142 (9.8)Disabled or caregiver of a person with a disability

32 (7.3)133 (9.1)LGBTQ+f

8 (1.8)26 (1.8)Gender diverse: eg, agender, nonbinary, trans-/cis-gender

44 (10.0)109 (7.5)Racialized as person of color

13 (3.0)60 (4.1)Neurodivergent: eg, ADHDg, autistic, dyslexic

13 (3.0)29 (2.0)Indigenous

5 (1.1)26 (1.8)Other

283 (64.6)1038 (71.4)None of the above

5 (1.1)25 (1.7)Prefer not to say

Civil status, n (%)

321 (73.3)838 (57.6)Married or common law

108 (24.7)570 (39.2)Single, divorced, or separated

7 (1.6)38 (2.6)Widowed

2 (0.5)8 (0.6)Prefer not to say

3.3 (1.3; 1-8)2.6 (1.3; 1-11)Number in household, mean (SD; range)

Annual household income (CA $/US $)h, n (%)

56 (12.8)325 (22.4)<50,000/<36761.75

214 (48.9)554 (38.1)50,000-99,999/36761.75-73522.76

146 (33.3)450 (30.9)≥100,000/≥73523.50

22 (5.0)125 (8.6)Prefer not to say

4.7 out of 7 (1.4)4.8 out of 7 (1.4)Quality of lifei, mean (SD)

aExamples of other genders specified included bisexual, demiboy, gender fluid, transgender, and 2-spirited.
bRespondents sometimes specified more than 1 response option.
cOther languages included Arabic, Armenian, Bengali, Croatian, Czech, Danish, Dutch, Filipino, Finnish, Fukien, Friulan, German, Greek, Haitian
Creole, Hakka, Hindi, Irish, Italian, Japanese, Kannada, Konkani, Korean, Laotian, Latvian, Macedonian, Malayalam, Mongolian, Norwegian, Pashto,
Polish, Portuguese, Punjabi, Romanian, Russian, Serbian, Slovak, Spanish, Tagalog, Taiwanese, Tamil, Teochew, Ukrainian, Urdu, Vietnamese, Yoruba,
and Zulu.
dOther cultural/ethnic backgrounds included Acadian, African, Canadian, Caribbean, Fijian, Guyanese, Jewish, mixed, and West Indian.
eOther reasons respondents indicated having lived experience as a member of a marginalized group included intersex, their gender (eg, “a woman”),
occupation, social capital, socioeconomic status, religion, philosophical or political beliefs, physical or mental health condition, and not specified.
fLGBTQ+: lesbian, gay, bisexual, pansexual, transgender, queer, two-spirited, questioning.
gADHD: attention deficit hyperactivity disorder.
hCA $1=US $0.74.
iOverall quality of life was measured on a 7-point scale: from 1 (life is very distressing, and it is difficult to imagine how it could get much worse) to
7 (life is great, and it is difficult to imagine how it could get much better); 4, life is so-so, neither good nor bad.

Decisions
Health-related decisions, in order of frequency, were about
COVID-19 vaccination, managing a health condition, social
COVID-19 decisions (masking, limiting contacts), mental health
care or addiction treatment, medication, surgery, pain

management, health care for COVID-19 (testing, seeking care
for symptoms), stay at home or move to an assisted care facility
(eg, nursing home), pregnancy, birth control, staying safe at
home (eg, adapt or retrofit home), and end-of-life care (Table
2). Decisions were similar when respondents were asked to pick
a single decision described as more difficult, with the exception
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of health care for COVID-19, which a few rated as difficult.
Other single decisions for caregivers were about moving a
family member to/from a retirement or nursing home and
stopping them from driving a car. Decisions (adults vs

parents/caregivers) were within the past month (318/1318,
24.1%, vs 70/366, 19.1%), 1-6 months (524/1318, 39.8%, vs
134/366, 36.6%), 6-12 months (307/1318, 23.3%, vs 97/366,
26.5%), or no response (169/1318, 12.8%, vs 65/366, 17.8%).
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Table 2. Health-related decisions of Canadian cross-sectional survey respondents during the COVID-19 pandemic.

Parents/caregivers, n/N (%)Adults, n/N (%)Decisions

One difficult decisionaAll decisionsOne difficult decisionaAll decisions

87/438 (19.9)235/438 (53.7)490/1454 (33.7)1180/1454 (81.2)COVID-19 vaccination

85/438 (19.4)243/438 (55.5)158/1454 (10.9)975/1454 (67.1)COVID-19 social decisions: eg, masking, limiting contacts

29/438 (6.6)114/438 (26.0)39/1454 (2.7)350/1454 (24.1)Health care for COVID-19

18/29 (62.1)N/A27/39 (69.2)N/AbTesting

2/29 (6.9)N/A9/39 (23.1)N/ASeeking care of COVID-19 symptoms

0N/A1/39 (2.6)N/AParticipating in clinical trials

9/29 (31.0)N/A2/39 (5.1)N/ANot specified

29 (6.6)N/A120/1454 (8.3)N/ACOVID-19: delaying medical treatment/visits

15/29 (51.7)N/A87/120 (72.5)N/AHealth condition

9/29 (31.0)N/A20/120 (16.7)N/ASurgery

3/29 (10.3)N/A13/120 (10.8)N/AMental health care

2/29 (6.9)N/A0N/AChemotherapy

N/AN/A23/1454 (1.6)N/APregnancy and childbirth

6/438 (1.4)30/438 (6.8)1/1454 (0.1)13/1454 (0.9)Move temporarily from nursing or retirement home

8/438 (1.8)N/AN/AN/AOptions to stay safe at home or move to have proper support
and assistance

30/438 (6.8)159/438 (36.3)166/1454 (11.4)641/1454 (44.1)Managing a health condition

7/30 (23.3)N/A92/166 (55.4)N/ADelaying medical treatment/visits

7/30 (23.3)N/A27/166 (16.3)N/AHaving tests

4/30 (13.3)N/A14/166 (8.4)N/ANew treatments

1/30 (3.3)N/A26/166 (15.7)N/ADental visit

1/30 (3.3)N/A1/166 (0.6)N/AAdmission to hospital

2/30 (6.7)N/A2/166 (1.2)N/AOther

8/30 (26.7)N/A4/166 (2.4)N/ANot specified

Mental health care decisions

24/438 (5.5)78/438 (17.8)115/1454 (7.9)326/1454 (22.4)Treatment

2/438 (0.5)26/438 (5.9)2/1454 (0.1)20/1454 (1.4)Addiction or overdose

23/438 (5.3)138/438 (31.5)115/1454 (7.9)477/1454 (32.8)Medication decisions

1/23 (4.3)N/A1/115 (0.9)N/AAntibiotics

0N/A6/115 (5.2)N/ALower cholesterol

1/23 (4.3)N/A3/115 (2.6)N/AControl blood sugar

0N/A4/115 (3.5)N/APrevent heart burn

1/23 (4.3)N/A10/115 (8.7)N/ASleeping pills

3/23 (13.0)N/A10/115 (8.7)N/AOther

17/23 (73.9)N/A81/115 (70.4)N/ANot specified

15/438 (3.4)83/438 (18.9)88/1454 (6.1)327/1454 (22.5)Pain management

12/438 (2.7%)54/438 (12.3)69/1454 (4.7)153/1454 (10.5)Surgery decisions

10/12 (83.3)N/A56/69 (81.2)N/ADelay surgery

0N/A7/69 (10.1)N/AJoint replacement

0N/A2/69 (2.9)N/AProstate cancer

0N/A4/69 (5.8)N/ABack surgery
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Parents/caregivers, n/N (%)Adults, n/N (%)Decisions

One difficult decisionaAll decisionsOne difficult decisionaAll decisions

1/12 (8.3)N/A0N/ABreast cancer

1/12 (8.3)N/A0N/ANot specified

N/A7/438 (1.6)24/1454 (1.7)101/1454 (6.9)Pregnancy or childbirth

N/AN/A17/24 (70.8)N/APlanning a pregnancy

N/AN/A1/24 (4.2)N/APrenatal testing

N/AN/A3/24 (12.5)N/AChildbirth type or setting

N/AN/A2/24 (8.3)N/AMethods of feeding

N/AN/A1/24 (4.2)N/AUnplanned pregnancy

N/A4/438 (0.9)34/1454 (2.3)162/1454 (11.1)Birth control

13/438 (3.0)28/438 (6.4)4/1454 (0.3)14/1454 (1.0)End of life

3/13 (23.1)N/A1/4 (25.0)N/AMechanical ventilator

2/13 (15.4)N/A0N/APalliative care

1/13 (7.7)N/A2/4 (50.0)N/AMedical Assistance in Dying (MAiD)

1/13 (7.7)N/A0N/AAdvanced care planning

6/13 (46.2)N/A1/4 (25.0)N/ALocation of care

Other

42/438 (9.6)92/438 (21.0)N/A6/1454 (0.4)Stay home or move (eg, nursing home)

20/438 (4.6)103/438 (23.5)N/A6/1454 (0.4)Best option to stay safe at home

13/438 (3.0)52/438 (11.9)2/1454 (0.1)5/1454 (0.3)Stop driving car

N/A1/438 (0.2)1/1454 (0.1)42/1454 (2.9)Participating in clinical trials

N/AN/A1/1454 (0.1)N/ASmoking cessation

N/AN/A1/1454 (0.1)N/ABeing more active/eating healthy

N/AN/A1/1454 (0.1)N/AMoving to another location

aIdentify 1 specific difficult health care decision that you faced or are facing.
bN/A: not applicable.

Decisional Needs
Of 1454 adults and 438 parents/caregivers, 323 (22.2%) and 95
(21.7%), respectively, had SDC (Tables 3 and 4). Decisions, in
order of frequency, for adults with SDC were mental health

care, managing a health condition, taking medications, pain
management, and COVID-19 vaccination (Figure 2). Decisions
for parents/caregivers with SDC were COVID-19 vaccination,
managing a health condition, health care for COVID-19, and
mental health care.
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Table 3. Decisional needs and factors influencing decision-making of Canadian cross-sectional survey respondents during the COVID-19 pandemic

(DCSa).

Parents/caregivers (N=438)Adults (N=1454)Variables

95 (21.7)323 (22.2)DCS score>37.5 out of 100

Total decisional conflict (DCS)b

26.2 (16.9)25.5 (17.3)Mean (SD)

25.0 (14.1, 35.9)25.0 (12.5, 36.3)Median (Q1, Q3)c

DCS uncertain subscale

32.2 (21.9)31.8 (23.6)Mean (SD)

29.2 (16.7, 50.0)25.0 (16.7, 50.0)Median (Q1, Q3)

DCS uninformed subscale

23.0 (17.4)23.5 (19.2)Mean (SD)

25.0 (8.3, 33.3)25.0 (8.3, 33.3)Median (Q1, Q3)

DCS unclear values subscale

24.1 (19.8)23.4 (19.6)Mean (SD)

25.0 (8.3, 33.3)25.0 (0.0, 33.3)Median (Q1, Q3)

DCS unsupported subscale

28.8 (21.4)26.9 (20.8)Mean (SD)

25.0 (16.7, 41.7)25.0 (8.3, 41.7)Median (Q1, Q3)

DCS ineffective decision subscale

23.7 (18.7)22.9 (19.5)Mean (SD)

25.0 (6.3, 31.3)25.0 (6.3, 31.3)Median (Q1, Q3)

184 (42.0)557 (38.3)Worried about choosing the wrong option, n (%)

173 (39.5)506 (34.8)Worried about getting COVID-19, n (%)

158 (36.1)427 (29.4)Public health restrictions due to COVID-19, n (%)

77 (17.6)300 (20.6)Overloaded with information, n (%)

77 (17.6)297 (20.4)Difficulty separating misinformation from scientific evidence, n (%)

89 (20.3)192 (13.2)Difficulty discussing the decision with important others (eg, spouse,
family, friends), n (%)

51 (11.6)224 (15.4)Difficulty discussing the decision with clinicians, n (%)

62 (14.2)173 (11.9)No or limited access to information on the decision or options, n (%)

44 (10.0)158 (10.9)Difficulty in believing scientific evidence, n (%)

40 (9.1)91 (6.3)No skills or ability for making this type of decision, n (%)

32 (7.3)195 (13.4)Other (eg, unable to see the doctor in person to manage the health condi-
tion, side effects of the COVID-19 vaccine), n (%)

134 (30.6)356 (24.5)Considered the costs related to the options, n (%)

aDCS: Decisional Conflict Scale.
bRespondents sometimes specified more than 1 response option.
cQ1: quartile 1; Q3: quartile 3.

JMIR Public Health Surveill 2023 | vol. 9 | e43652 | p.3091https://publichealth.jmir.org/2023/1/e43652
(page number not for citation purposes)

Stacey et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 4. Decisional needs and factors influencing decision-making of Canadian cross-sectional survey respondents during the COVID-19 pandemic

(DRSa).

Parents/caregivers who made a decision (N=366)Adults who made a decision (N=1318)Variables

Decisional regretb

21.3 (18.4)18.8 (18.2)Mean (SD)

25.0 (5.0, 40.0)20.0 (0.0, 35.0)Median (Q1, Q3)c

89 (24.3)367 (27.8)No decisional regret=0, n (%)

152 (41.5)598 (45.4)Low decisional regret=1 to ≤25, n (%)

125 (34.2)353 (26.8)Decisional regret>25, n (%)

185 (50.5)843 (58.0)Decision made alone, n (%)

289 (79.0)996 (75.6)Preferred option chosen, n (%)

aDRS: Decision Regret Scale.
bValues were standardized out of 100.
cQ1: quartile 1; Q3: quartile 3.

Respondents experiencing SDC were more likely to feel
uninformed (mean 44, SD 18.6, vs mean 18, SD 14.3, out of
100), have unclear values (mean 45, SD 20.3, vs mean 18, SD
14.6), feel they made an ineffective decision (mean 48, SD 16.1,
vs mean 16, SD 13.3), and have decision regret (mean 41, SD
17.5, vs mean 16, SD 15.7) compared to those not experiencing
SDC. In addition to feeling worried about choosing the wrong
option (193/418, 46.2%), respondents experiencing SDC
identified the following factors as making the decisions more
difficult: public health restrictions due to COVID-19 (133/418,
31.8%), difficulty separating misinformation from scientific
evidence (113/418, 27.0%), information overload (107/418,

25.6%), and no or limited access to information on the decision
(97/418, 23.2%); see Table 3 for all respondents. Adults
identified difficulty discussing the decision with clinicians
(85/323, 26.3%). Parents/caregivers identified difficulty
discussing the decision with significant others (eg, family,
friends; 22/95, 23.2%).

Of 1318 (90.6%) adults and 366 (83.6%) parents/caregivers
who made a decision, 353 (26.8%) and 125 (34.2%),
respectively, had decision regret (Table 4). Those facing mental
health care decisions had higher decision regret (mean 32.0%,
SD 46.8%). Adults (322/1318, 24.4%) and parents/caregivers
(77/366, 21.0%) reported not getting their preferred option.
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Figure 2. Proportion of Canadian cross-sectional survey respondents with clinical SDC>37.5 out of 100 during the COVID-19 pandemic. CA $1=US
$0.74. DCS: Decisional Conflict Scale; LGBTQ+: lesbian, gay, bisexual, pansexual, transgender, queer, two-spirited, questioning; SDC: significant
decisional conflict.

Role in Decision-Making
Most respondents indicated an active role in making the decision
either alone (768/1318, 58.3%, adults vs 181/366, 49.5%,
parents/caregivers) or after considering the opinion of their
clinician (348/1318, 26.4%, adults vs 105/366, 28.7%,
parents/caregivers). Few decided together with their clinician
(148/1318, 11.2%, adults vs 63/366, 17.2%, parents/caregivers)

or deferred to their clinician (54/1318, 4.1%, adults vs 17/366,
4.6%, parents/caregivers). If asked to make the decision again,
most preferred an active role (1067/1318, 81.0%, adults vs
264/366, 72.1%, parents/caregivers) or together with their
clinician (218/1318, 16.5%, adults vs 83/366, 22.7%,
parents/caregivers).

JMIR Public Health Surveill 2023 | vol. 9 | e43652 | p.3093https://publichealth.jmir.org/2023/1/e43652
(page number not for citation purposes)

Stacey et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Trusted Information Sources
Respondents indicated that trustworthy information sources
were health professionals (1190/1454, 81.8%, adults vs 323/438,
73.7%, parents/caregivers), Health Canada (931/1454, 64.0%,
adults vs 273/438, 62.3%, parents/caregivers), and provincial
health departments (755/1454, 51.9%, adults vs 211/438, 48.2%,
parents/caregivers). Fewer respondents trusted information from

specific health organizations (583/1454, 40.1%, adults vs
167/438, 38.1%, parents/caregivers), consumer/patient
organizations (265/1454, 18.2%, adults vs 79/438, 18.0%,
parents/caregivers), companies that produce health information
(199/1454, 13.7%, adults vs 49/438, 11.2%, parents/caregivers),
or health insurance companies (99/1454, 6.8%, adults vs 43/438,
9.8%, parents/caregivers). Those experiencing SDC and decision
regret were less trusting of these sources (Table 5).

Table 5. Trusted information sources for Canadian cross-sectional survey respondents during the COVID-19 pandemic.

Parents/caregiversAdultsVariable

DRS>25
(n=125)

DRS≤25
(n=241)

DCS>37.5
(n=95)

DCS≤37.5
(n=343)

DRS>25
(n=353)

DRSb≤25
(n=965)

DCS>37.5
(n=323)

DCSa≤37.5
(n=1131)

76 (60.8)211 (87.6)62 (65.3)261 (76.1)264 (74.8)828 (85.8)247 (76.5)943 (83.4)Health professional

73 (58.4)166 (68.9)47 (49.5)226 (65.9)186 (52.7)676 (70.1)168 (52.0)763 (67.5)Health Canada

51 (40.8)141 (58.5)34 (35.8)177 (51.6)152 (43.1)551 (57.1)133 (41.2)622 (55.0)Provincial health departments

43 (34.4)104 (43.2)32 (33.7)135 (39.4)130 (36.8)400 (41.5)120 (37.2)463 (40.9)Specific health organizations

21 (16.8)41 (17.0)15 (15.8)64 (18.7)66 (18.7)170 (17.6)61 (18.9)204 (18.0)Consumer/patient associations

16 (12.8)27 (11.2)10 (10.5)39 (11.4)57 (16.1)123 (12.7)49 (15.2)150 (13.3)Companies that produce health infor-
mation

13 (10.4)20 (8.3)7 (7.4)36 (10.5)23 (6.5)66 (6.8)18 (5.6)81 (7.2)Health insurance companies

aDCS: Decisional Conflict Scale.
bDRS: Decision Regret Scale.

Discussion

Principal Findings
In the first year of the pandemic, the most frequent decisions
identified by Canadians were about COVID-19 vaccination,
managing a health condition, social COVID-19 decisions, mental
health care, medication treatments, and caregiver decisions
about moving family members to or from residential facilities.
One in five respondents had SDC, and a third reported decision
regret. Factors making decisions more difficult were public
health restrictions due to COVID-19, information overload,
difficulty separating misinformation from scientific evidence,
and difficulty discussing decisions with clinicians.
Demographics of and the types of decisions made by
respondents indicating iniquities above a level of 30%
differences were ethnicity and mental health, respectively. The
most trusted information sources were health care professionals
and governmental sources. Our results led to the following
observations:

• Respondents described 2 broad types of decisions,
COVID-19–specific decisions and “routine” health-related
decisions influenced by the pandemic or pandemic-related
changes to health care services (eg, virtual care). When
respondents were asked to focus on 1 difficult decision,
some COVID-19–related decisions were selected less often
and these decisions were more likely to have been
influenced by mandatory public health regulations (eg,
mask wearing in public indoor spaces, COVID-19 testing
before an exposed child goes to school) [1,6]. However,
the common decision about COVID-19 vaccination, selected
by those experiencing SDC, would have been influenced

by emerging scientific evidence and changing
recommendations from Canadian public health officials
[38]. COVID-19 vaccination became available to Canadian
adults 5 months prior to the survey, with priority for
frontline health care workers, the elderly in residential care,
and Indigenous peoples [39]. In addition, 2 months prior
to the survey, 4 vaccines were approved in Canada and
public health officials recommended vaccination for adults
and encouraged pregnant or breastfeeding persons to make
shared decisions with their clinicians [38]. Decisions were
being made when COVID-19 misinformation was spreading
rapidly on social media, health care services were mostly
virtual, and risk communication was also challenged with
reports that the AstraZeneca vaccine caused rare blood clots
[2-4,40-43]. In fact, misinformation also influenced uptake
of the influenza vaccine in the United Kingdom [43].

• Many respondents reported decisional conflict and were
worried about choosing the wrong option, a known
manifestation of decisional conflict [33,44]. The 22.2%
who reported SDC in our survey using the 16-item measure
of decisional conflict were less than the 59% who reported
being unsure about what to choose (1-item measure of
decisional conflict) in the 1999 population-based study of
635 Canadians [17]. Another study conducted in March
2020 prior to the COVID-19 pandemic reported that 14.6%
of 460 Canadian adults aged 65 years and older receiving
home care services had SDC and common difficult
decisions were about housing [14]. The highest proportion
of respondents experiencing SDC in our study were making
mental health care decisions. This was not surprising, given
mental health has been impacted the most during COVID-19
[45,46]. Respondents reporting SDC highlighted unmet
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decisional needs requiring targeted support to address
underlying modifiable factors [11]. Effective interventions
for addressing decisional conflict are patient decision aids
[11,47]. During our survey, 3 publicly available decision
aids specific to COVID-19 were available (eg, moving a
loved one from a retirement or nursing home, vaccination
for persons who were pregnant or breastfeeding) [48-50].
However, not all information is accessible. Racialized and
Indigenous Canadians described that the barriers to
understanding COVID-19 public health information were
the use of unfamiliar medical terminology, limited to
English or French, and requiring technology to access the
information (eg, the internet, television) [51]. Hence, our
findings indicate the importance of monitoring and better
supporting those experiencing SDC with plain-language
interventions designed to ensure accessibility for all
Canadians.

• For respondents who made a decision, a third reported
decision regret. Decision regret was previously reported in
54% of 932 Canadian caregivers of seniors receiving health
care services in their home in February 2020 [27]. Those
with decision regret in both studies had SDC as well as a
mismatch between their preferred option and the decision
made. Decision regret is associated with lower satisfaction,
lower quality of life, and decisional conflict [28]. Although
regret can be managed by using interventions to ensure a
realistic understanding of options and expectations of
outcomes [11,52], our findings showed that respondents
who were experiencing decision regret had lower levels of
trust in the information provided by national, provincial,
or local organizations. In addition, their decisions were
influenced by information overload, difficulty separating
misinformation from scientific evidence, and difficulty
believing scientific evidence. Another survey reported that
vaccine-hesitant Canadians aged 18-40 years were
influenced by conspiracy theories and a distrust of
governments [20]. Furthermore, protests against public
health regulations indicate high levels of distrust of
COVID-19 information [53]. This highlights the need to
find ways to correct misinformation and help people make
informed decisions [42,43]. More importantly, as we know
that decision regret may lead to more litigation/complaints,
we cannot completely exclude that this may be a mechanism
by which there is an increasingly fractured society, with
increasingly more Canadians feeling deceived by public
officials, including public health officials.

• Our surveys found more patient-controlled decision-making
compared to previous surveys [6,17]. We are unsure
whether these findings are related specifically to the context
of the COVID-19 pandemic or a change in Canadians’ roles.
Half of the respondents made their decisions alone, but
some preferred a more collaborative role with their
clinicians. Our findings are higher than the 29% who
decided alone in the 1999 Canadian survey [17] and
different from a survey of 1061 Germans who preferred
clinician-led decisions for hypothetical COVID-19

situations [6]. A few respondents (<6%) in our study had
their clinicians make the decision for them or their clinicians
make the decision after considering the respondents’
opinion. Another consideration is that most health care
services were virtual during the pandemic [3,7] and likely
impacted roles in decision-making.

• Lastly, we found demographics and types of health-related
decisions showing iniquities among Canadians, mostly
ethnicity and mental health. As our health care system is
espousing the quintuple objective (better patient outcomes,
better patient experiences, better efficiency, better health
team well-being, and more equity [54,55]), this should be
resonating in public health policies in terms of future
interventions targeting the most vulnerable people in our
society.

Strengths and Limitations
The involvement of knowledge users on the study team was
beneficial, and they guided all aspects of this study, including
survey design, interpretation of findings, and drafting of results.
No negative effects of involving knowledge users were
encountered. Our view rate of 15.5% for adults and 28.3% for
parents/caregivers was comparable to the typical rate for online
surveys of 10%-20% [27,56-58]. In addition, the geographic
distribution across provinces and territories was consistent with
Canadian distribution [59].

With regard to limitations, our data may be subject to recall
bias, given respondents were asked to identify a difficult
decision made within the previous year. Second, it would have
been easier to compare findings with the 1999 survey had we
used “facing a complex health decision” as an eligibility
criterion [17]. However, we were interested in all decisions
(including those with any level of SDC or decision regret) for
those who had interactions within the health care system.
Compared to Canadian census data, fewer respondents had high
school education or less (33.7% invited, 20.5% participated,
44.8% census) and were from the Canadian territories
(0.2%-0.4% invited, 0.5% from Yukon participated, 0.1%
census); see Multimedia Appendix 2. Finally, the question about
costs influencing the decision preceded the question asking to
list options, and some only listed options related to costs.

Conclusion
Our survey of Canadians identified COVID-19–related decisions
that emerged during the first year of the pandemic and how the
pandemic influenced other health-related decisions. Many adults,
parents, and caregivers had unmet decision-making needs,
resulting in SDC and decision regret. Factors making decisions
more difficult were public health restrictions due to COVID-19,
information overload, difficulty separating misinformation from
scientific evidence, and difficulty discussing decisions with
clinicians. Most Canadians made the decisions on their own,
with few sharing the decisions with others. Canadians need their
decision-making needs recognized for providing person-centered
care to achieve improved health outcomes and to inform future
pandemic preparedness.
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Abstract

Background: Community pharmacists confronted dual burdens in response to the COVID-19 pandemic by expanding the scope
of pharmaceutical practices.

Objective: This study aimed to assess the perceived roles and functions of community pharmacies during the pandemic and to
explore their updated roles after the pandemic began.

Methods: We conducted a self-reported web-based survey in October 2022. Based on Korean census data, we recruited the
study participants (n=1000) through quota sampling stratified by age, sex, and region, yielding a 7.45% (1000/13,423) response
rate. The questionnaires were composed of 3 sections: demographics, the roles and functions of community pharmacies during
the pandemic, and the updated roles of community pharmacies during disasters. Each question in the second and third sections
was rated on a 5-point Likert scale from 1 (strongly disagree) to 5 (strongly agree), and each item’s mean scores and SDs were
reported. The study participants were categorized into 2 groups: individuals who had a family pharmacy and those who did not.
A chi-square test and ordered logistic regression analyses were conducted.

Results: Out of 1000 respondents, 418 (41.8%) had a history of COVID-19, and 639 (63.9%) had a family pharmacy. Assigning
specific roles and functions to community pharmacies during the pandemic contributed to positive assessments. Respondents
gave higher scores to community pharmacies that had responded appropriately (a mean Likert score of 3.66, SD .077 out of 5)
and provided continuous pharmaceutical services (mean 3.67, SD 0.87) during the pandemic. The pandemic served as an opportunity
to positively recognize the role of community pharmacies (mean 3.59, SD 0.83). In the ordered logistic model, having a family
pharmacy was consistently associated with positive perceptions. Respondents perceived that community pharmacies collaborated
with general practitioners and health authorities. However, community pharmacies need to function appropriately in terms of
knowledge. The mean score of the 4 domains of community pharmacy functions was the highest for collaboration (mean 3.66,
SD 0.83), followed by communication (mean 3.57, SD 0.87), responsiveness (mean 3.54, SD 0.87), and knowledge (mean 3.41,
SD 0.91).

Conclusions: The pandemic resulted in interprofessional collaboration between community pharmacists and general practitioners.
Family pharmacies could be a valuable asset to the comprehensive case management of patients. However, community pharmacists
should have the expertise to build solid interprofessional collaborations and fulfill their expanded and updated roles.

(JMIR Public Health Surveill 2023;9:e46723)   doi:10.2196/46723
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Introduction

Background
Pharmacists are the third-largest group of health care
professionals after nurses and physicians [1,2]. The most
common type of pharmacy is a community pharmacy [3].
Community pharmacies include retail pharmacies that provide
over-the-counter drugs and other health-related products to a
specific community [4] and outpatient pharmacies that are
considered an essential part of the primary care system [5].
Community pharmacists are the most accessible and visited
health care professionals, and community pharmacies are the
public’s first access to their medication. Given their roles and
functions, community pharmacists are integral health care
professionals. However, community pharmacies are not
integrated into the current primary care system [6,7].
Community pharmacists operate in a retail environment, selling
or dispensing medications independently [8], and remain
underestimated in their roles and functions as an integral part
of the health care system [9].

In an aging population, community pharmacies are increasingly
required to expand the scope of traditional pharmaceutical
practices [10-12]. The health care demands of patients exceed
physicians’ capacity to address them [13]. Pharmaceutical
practices can be categorized into medicine-centered services,
patient-centered care, and public health services [14-16].
Medicine-centered services indicate traditional pharmaceutical
care, such as promoting the safe use of medicines, providing
information on medicines, and dispensing prescriptions.
Patient-centered care emerged as an essential element of
high-quality health care [17], and patient-centered
pharmaceutical care includes counseling services and managing
specific disease states [18-20]. Public health services may
include pharmacovigilance, monitoring infectious diseases, and
education in disease prevention [15,21]. Several policies have
been implemented to expand the scope of pharmaceutical
practice care from medicine-centered services to patient-centered
care and public health services [12-15].

Community pharmacies are currently compelled to be on the
frontline against COVID-19 [22,23], and the expanded role of
community pharmacies has gained momentum within a short
time frame [24]. As the spread of the COVID-19 pandemic
continues, unprecedented measures, such as social distancing
restrictions, mandated stay-at-home rules, and business closures,
have been implemented to contain the transmission of the virus,
control people who have been infected, and prevent
overwhelming the health system [25-28]. The increased number
of people with COVID-19 has caused a surge in the demand
for health care services [29-31]. Further, the need for
pharmaceutical services during the pandemic is beyond the
scope of pharmaceutical services in the nonpandemic situation.
According to the 4 disaster phases, the updated need for
pharmaceutical services could be divided into prevention,

preparedness, response, and recovery [32,33]. The public needs
to be informed about adequate personal protection against the
infection and community transmission of COVID-19. Patients
must be treated for the disease and other related symptoms at
home with rational medication use.

Pharmaceutical Practice in South Korea
Pharmacy practice in South Korea needs to catch up to practices
in other countries. The concept of pharmaceutical care was first
introduced in 1994 [34]. However, pharmacy practices are still
limited to medicine-centered services. Pharmacists in South
Korea do not have the authority to direct refill reviews and
approvals and administer vaccinations [11]. South Korea
introduced a law separating prescribing and dispensing medicine
in 2000 [35]. Under the law, only physicians could prescribe
medicines, and pharmacists could dispense the medicine by
prescription. The law aimed to enhance the rational use of
medicine and manage pharmaceutical expenditures [36].
However, the separate systems relegated community pharmacies
to delivering medicine-centered services, only dispensing
medicines rather than performing other pharmacy practices [11].
Thus, community pharmacies are located near clinics or
hospitals where they receive and dispense prescriptions [37].
Patients visit community pharmacies near clinics or hospitals
to fill prescriptions; they usually receive prescriptions when
they visit clinics or hospitals and then fill those prescriptions
at different community pharmacies. Thus, providing centralized
and consistent pharmaceutical practices is difficult in South
Korea. The Korean Pharmaceutical Association has suggested
a family pharmacy system to the government to provide effective
and comprehensive pharmaceutical services [37]. However, a
family pharmacy is still not a legally established concept in the
Korean health care system.

In South Korea, the COVID-19 pandemic has changed the roles
and functions of community pharmacies in 2 ways. The
expanded role of traditional community pharmacies requested
by the community has been accelerating quickly. Furthermore,
community pharmacies must develop new functions to address
the pandemic, particularly in their preparedness and responses
to COVID-19. We considered the interaction between the 2
burdens—increased and updated demand for pharmaceutical
practice—placed on the current community pharmacies. The
primary objective of this study was to assess the perceived roles
and functions of community pharmacies during the pandemic
and explore their updated roles, not to test a hypothesis but to
measure the public perceptions toward community pharmacies.
The secondary objective was to investigate the role of family
pharmacies in the public perceptions of community pharmacies.

Methods

Overview
We conducted this study as part of a more extensive study on
the public perceptions of the roles and functions of community
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pharmacies in South Korea. Public perceptions before the
COVID-19 outbreak have been published elsewhere [11]. This
study investigated the changes in the public perceptions of
community pharmacies during the pandemic. To this end, we
developed a self-reported web-based survey. The survey was
conducted from October 2 to October 4, 2022, with technical
support from Realmeter, a survey agency. The characteristics
of the previous and current studies are provided in Multimedia
Appendix 1.

Study Design and Participant Recruitment
Assuming a 95% CI, 3.1% margin of error, and 0.5% SD, a
representative sample size (n=1000) for the entire population
was obtained. A quota sampling method was implemented to
recruit study participants. The participants were registered in
the survey agency’s panel and agreed to respond to the survey
in advance. Quotas for the sample were stratified by sex, age,
and region based on Korean census data. The study population
was Korean individuals aged 19 years or older. For the quota
sampling process, regions were categorized into Si and Do. Si
indicates an urban area in South Korea and includes 8 regions:
Seoul, Busan, Daegu, Incheon, Kwangju, Daejeon, Ulsan, and
Sejong. Do indicates a rural area in South Korea and includes
9 regions: Gyeonggi, Gangwon, Chungbuk, Chungnam,
Jeonbuk, Jeonnam, Gyeongbuk, Gyeongnam, and Jeju. Do
indicates a rural area in Korean and includes 9 regions:
Gyeonggi, Gangwon, Chungbuk, Chungnam, Jeonbuk, Jeonnam,
Gyeongbuk, Gyeongnam, and Jeju. Invitations were sent
randomly for the stratified quotas until the number of completed
surveys reached the predetermined percentage.

The survey was conducted as follows. We explained the purpose
of the study. Study participants who consented to participate in
this study were directed to the encrypted website to complete
the survey. Those who completed the survey received a voucher
worth US $4. Out of 13,423 invitations, 1000 completed the
survey, yielding a 7.45% response rate.

Ethics Approval
The study protocol was reviewed and approved by the Hanyang
University Institutional Review Board (HYIRB-202209-006).

Questionnaires
The survey comprised 3 sections: demographics, the roles and
functions of the community pharmacy during the pandemic,
and the updated roles of the community pharmacy during
disasters. The questions in the second and third sections were
derived from the literature on pharmaceutical care, pharmacy
practice, and the role of pharmacies during disasters. They were
also modified to reflect the Korean context. The content of the
developed questionnaire was pretested with members of the
public, registered pharmacists, and researchers.

The demographic variables were sex, age, education, occupation,
and region. For the statistical analyses, regions (8 Sis and 9 Dos)
were recategorized into metropolitan, urban, and rural areas.

Metropolitan areas included South Korea’s capital city, Seoul,
and its surrounding areas, Incheon and Gyeonggi. Urban areas
included the 6 Sis excluding Seoul and Incheon. Rural areas
included the 8 Dos excluding Gyeonggi. Two additional items
were added to the demographics: experience with COVID-19
and having a family pharmacy. In this study, a family pharmacy
was defined as a pharmacy where a respondent would usually
fill a prescription or ask for advice about his or her health
problem [38-40]. The second section was composed of 28
questions regarding the roles and functions of community
pharmacies during the pandemic. We presented 12 questions
to assess the roles of community pharmacies. For the functions
of community pharmacies, we categorized 16 questions into 4
domains: communication, knowledge, responsiveness, and
collaboration. The third section includes 19 questions regarding
the roles of community pharmacies during disasters. To clarify
the updated roles of the community pharmacy during disasters,
4 disaster phases—prevention, preparedness, responses, and
recovery—were used. Questions in the second and third sections
were rated on a 5-point Likert scale from 1 (strongly disagree)
to 5 (strongly agree). Detailed survey questions are provided in
Multimedia Appendix 2.

Statistical Analyses
Two types of analysis were applied: descriptive analysis and
ordered logistic regression. Descriptive analysis was used to
present the distribution of rated scores, mean scores, and SDs.
A chi-square test compared categorical variables, including
having a family pharmacy and experiencing COVID-19 [41].
Cronbach α was calculated to measure the internal consistency
of survey items. An ordered logistic regression was conducted
to elucidate the association between having a family pharmacy
and positive perceptions toward community pharmacies. In the
ordered logistic model, the dependent variable was ordinal scale
data, and the independent variables were having a family
pharmacy, experiencing COVID-19, sex, age, region, and
education. We tested the proportional odds assumption using
the Brant test, and if it was not satisfied, we conducted a
generalized ordered logistic regression [42]. The results of the
ordered logistic regression presented adjusted odds ratios (aORs)
with 95% CIs. Statistical significance was considered at a
2-sided P value <.05. All statistical analyses were performed
using Stata software (version 16; StataCorp).

Results

Survey Respondents
Table 1 presents the basic characteristics of the 1000 respondents
to this study. Of the respondents, 418 (41.8%) had a history of
COVID-19, and 639 (63.9%) had a family pharmacy. We
separated the respondents into 2 groups: those with or without
a family pharmacy. The distribution of respondents in the 2
groups was not significantly different in terms of sex, age,
region, education, occupation, or COVID-19 infection (all
P>.05).
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Table 1. Characteristics of the survey respondents.

P valueRespondents without a family
pharmacy (n=361), n (%)

Respondents with a family
pharmacy (n=639), n (%)

Total respondents
(n=1000), n (%)

Characteristics

.39Sex

172 (47.6)324 (50.7)496 (49.6)Male

189 (52.4)315 (49.3)504 (50.4)Female

.07Age range (years)

73 (20.2)89 (13.9)162 (16.2)19-29

57 (15.8)94 (14.7)151 (15.1)30-39

68 (18.8)120 (18.8)188 (18.8)40-49

67 (18.6)131 (20.5)198 (19.8)50-59

96 (26.6)205 (32.1)301 (30.1)60 and older

.14Region

187 (51.8)317 (49.6)504 (50.4)Metropolitan

57 (15.8)133 (20.8)190 (19)Urban

117 (32.4)189 (29.6)306 (30.6)Rural

.36Education

86 (23.8)135 (21.1)221 (22.1)Below 12 years

275 (76.2)504 (78.9)779 (77.9)13 years and above

.14Occupation

162 (44.9)288 (45.1)450 (45)White-collar worker

50 (13.9)91 (14.2)141 (14.1)Blue-collar worker

28 (7.8)62 (9.7)90 (9)Self-employed

53 (14.7)106 (16.6)159 (15.9)Housewife

15 (4.2)10 (1.6)25 (2.5)Student

53 (14.7)82 (12.8)135 (13.5)Others

.65COVID-19 infection

147 (40.7)271 (42.4)418 (41.8)Yes

214 (59.3)368 (57.6)582 (58.2)No

Assessment of the Roles of Community Pharmacies
During the Pandemic
Figure 1 describes the overall and specific assessments of the
roles of community pharmacies during the pandemic. We
reported the distribution of rated scores, mean scores, and SDs.
A higher score indicates that the roles of community pharmacies
are perceived as positive by the respondents. Regarding the
overall assessment, respondents gave higher scores for
community pharmacies that had responded appropriately (a
mean Likert score of 3.66, SD 0.77 out of 5) and provided
continuous pharmaceutical services (mean 3.67, SD 0.87). The
pandemic served as an opportunity to positively recognize the
roles of community pharmacies (mean 3.59, SD 0.83). However,

respondents gave lower scores for community pharmacies as a
safe place from COVID-19 (mean 3.35, SD 0.87). Respondents
gave higher scores for community pharmacies playing an
essential role in the supply of publicly distributed face masks
(mean 3.88, SD 0.89) and COVID-19 rapid antigen test kits
(mean 3.80, SD 0.85) and in the safe use of medicines (mean
3.78, SD 0.80). However, respondents gave lower scores for
community pharmacies playing an essential role in treating
patients with COVID-19 (mean 3.54, SD 0.90) and preventing
COVID-19 (mean 3.61, SD 0.88). When we separated the
respondents into 2 groups, higher scores were observed
consistently in the subgroup of those with a family pharmacy
than those without one.
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Figure 1. The assessment of the roles of community pharmacies (CP) during the pandemic.

Perceived Functions of Community Pharmacies During
the Pandemic
Figure 2 presents the perceived functions of community
pharmacies during the pandemic. The mean score of the 4
domains was the greatest for collaboration (mean 3.66, SD
0.83), followed by communication (mean 3.57, SD 0.87),
responsiveness (mean 3.54, SD 0.87), and knowledge (mean
3.41, SD 0.91). Respondents gave higher scores for community
pharmacies collaborating with community clinics and hospitals
(mean 3.65, SD 0.82), local health authorities (mean 3.65, SD

0.84), and national health authorities (mean 3.67, SD 0.84).
However, respondents gave lower scores for the expertise of
community pharmacies regarding the COVID-19 vaccine (mean
3.35, 0.95), COVID-19 treatment (mean 3.39, SD 0.92), and
recognizing COVID-19 symptoms (mean 3.41, SD 0.90).
Cronbach α values for the communication, knowledge,
responsiveness, and collaboration domains were .88, .92, .83,
and .85, respectively. When we separated the respondents into
2 groups, higher scores were observed consistently in the
subgroup of those with a family pharmacy than those without
one.

Figure 2. The perceived functions of community pharmacies during the pandemic. OTC: over-the-counter.
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Updated Roles of the Community Pharmacy During
Disasters
Figure 3 describes the updated roles of community pharmacies
during disasters. The 4 phases in descending order according
to mean scores were preparedness (mean 3.72, SD 0.88),
responsiveness (mean 3.70, SD 0.87), recovery (mean 3.58, SD
0.92), and prevention (mean 3.52, SD 0.92). Respondents gave
higher scores for the items belonging to the preparedness phase:
an inventory of quarantine supplies (mean 3.81, SD 0.89), other
medicines, including over-the-counter drugs (mean 3.80, SD
0.87), and medicines used for treating COVID-19 (mean 3.76,
0.88). Respondents gave higher scores for pharmacies supplying

COVID-19 rapid antigen test kits (mean 3.74, SD 0.89) under
the responsiveness phase and managing safe medication use
after infection (mean 3.75, SD 0.90) under the recovery phase.
However, respondents gave lower scores to pharmacies for
providing education to prevent infectious disease (mean 3.46,
SD 0.93) and education for infectious disease management
(mean 3.46, 0.95) under the prevention phase. Cronbach α
values for the prevention, preparedness, responsiveness,
individual recovery, and social recovery domains were .86, .88,
.81, .87, and .88, respectively. Higher scores were consistently
observed in the subgroup of those with a family pharmacy than
those without one.

Figure 3. The updated roles of community pharmacies during disasters.

Having a Family Pharmacy and Positive Perceptions
Table 2 presents factors associated with a positive assessment
of the roles of community pharmacies during the pandemic.
Having a family pharmacy was consistently associated with a
positive assessment of all items about the roles of community

pharmacies during the pandemic. In particular, having a family
pharmacy (aOR 1.67, 95% CI 1.23-2.15) and higher educational
attainment (aOR 1.40, 95% CI 1.02-1.93) were associated with
a positive assessment that community pharmacies responded
appropriately during the pandemic.

JMIR Public Health Surveill 2023 | vol. 9 | e46723 | p.3105https://publichealth.jmir.org/2023/1/e46723
(page number not for citation purposes)

Yang & SonJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 2. Ordered logistic regression analysis for each item in the assessment of the roles of community pharmacies (CP) during the pandemic.

Independent variable (reference), odds ratio (95% CI)Dependent variablea

Region: urban
(rural)

Region:
metropolitan
(rural)

Education: ≥13
years (<13
years)

Age (years)Sex: female
(male)

COVID-19 in-
fection: yes (no)

Family phar-
macy: yes (no)

Overall assessment

0.766 (0.400-
1.464)

1.277 (0.952-
1.714)

1.401d (1.015-
1.933)

1.000 (0.991-
1.010)

1.058 (0.830-
1.348)

1.060 (0.831-
1.352)

1.669c (1.298-
2.147)

Responded appropri-

atelyb

0.914 (0.701-
1.191)

1.250 (0.894-
1.746)

1.366d (1.010-
1.847)

0.987e (0.979-
0.996)

0.867 (0.684-
1.100)

0.846 (0.667-
1.071)

1.970c (1.531-
2.536)

A safe place from
COVID-19

1.099 (0.835-
1.447)

1.105 (0.799-
1.528)

1.610e (1.179-
2.199)

1.000 (0.991-
1.008)

1.021 (0.805-
1.295)

1.006 (0.796-
1.270)

1.790c (1.396-
2.295)

Providing continuous
services

0.889 (0.676-
1.169)

0.932 (0.677-
1.281)

1.323 (0.989-
1.769)

1.001 (0.992-
1.009)

0.824 (0.649-
1.046)

1.087 (0.858-
1.377)

2.041c (1.589-
2.623)

Recognize the role of
CP

Specific assessment

0.846 (0.637-
1.123)

0.928 (0.664-
1.296)

1.272 (0.920-
1.758)

1.001 (0.993-
1.010)

1.136 (0.899-
1.436)

0.825 (0.650-
1.046)

1.425e (1.114-
1.823)

Supplying face masks

0.886 (0.674-
1.164)

1.198 (0.855-
1.678)

1.141 (0.849-
1.534)

0.995 (0.956-
1.003)

0.940 (0.744-
1.189)

0.935 (0.739-
1.183)

1.968c (1.543-
2.509)

Supplying test kits

0.930 (0.702-
1.233)

1.016 (0.724-
1.424)

1.281 (0.934-
1.758)

1.000 (0.991-
1.009)

1.005 (0.788-
1.281)

0.947 (0.743-
1.207)

1.676c (1.282-
2.114)

Safe use of medicines

1.138 (0.848-
1.527)

1.302 (0.926-
1.829)

1.195 (0.886-
1.612)

1.006 (0.997-
1.016)

0.978 (0.772-
1.238)

0.942 (0.743-
1.195)

2.516c (1.924-
3.290)

Other disease preven-

tionb

1.027 (0.783-
1.347)

0.971 (0.704-
1.338)

1.345 (0.993-
1.820)

0.997 (0.989-
1.006)

0.997 (0.789-
1.259)

0.989 (0.785-
1.246)

1.945c (1.524-
2.482)

Other disease treat-
ment

0.759 (0.577-
0.997)

1.097 (0.797-
1.510)

1.362 (1.008-
1.842)

1.000 (0.992-
1.008)

0.961 (0.756-
1.220)

0.886 (0.701-
1.119)

1.981c (1.560-
2.514)

Preventing COVID-19

0.981 (0.743-
1.294)

1.059 (0.761-
1.474)

1.131 (0.831-
1.540)

0.991d (0.983-
1.000)

0.987 (0.780-
1.249)

1.049 (0.832-
1.322)

2.460c (1.926-
3.143)

Treating COVID-19
patients

1.271 (0.947-
1.705)

1.420 (0.977-
2.063)

1.401d (1.046-
1.876)

1.008 (0.999-
1.018)

0.859 (0.679-
1.086)

1.057 (0.836-
1.337)

1.795c (1.407-
2.290)

Health promotionb

aValue of dependent variable: 1=Strongly disagree, 2=Disagree, 3=Neutral, 4=Agree, and 5=Strongly agree.
bGeneralized ordered logistic regression (1, 2, and 3 vs 4 and 5).
cP<.001.
dP<.05.
eP<.01.

Discussion

Study Overview
This study assessed the perceived roles and functions of
community pharmacies during the pandemic and explored their
updated roles after the pandemic. The expanded roles of
community pharmacies requested by the community accelerated
quickly during the pandemic. Furthermore, community
pharmacies began to develop new functions to address the
pandemic. Findings from this study highlight how to expand
and update the roles and functions of community pharmacies
in countries where pharmacies are still limited to
medicine-centered services.

Principal Findings in Pharmacy Practice
Three findings are noteworthy. First, in the overall assessment,
more than 50% of participants agreed that community
pharmacies responded appropriately, and the pandemic served
as an opportunity to recognize the role of community
pharmacies. When we asked for specific assessments, the
proportion of participants who agreed was the highest for the
question that pharmacies that had played an essential role in
supplying face masks, followed by COVID-19 test kits and
advice about the safe use of medicines. Assigning specific roles
and functions to community pharmacies would contribute to
the public’s positive assessment of community pharmacies.
Similarly, community pharmacies in other countries have shown
effort and courage in providing face masks and COVID-19 test
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kits and administering vaccinations [6,43,44]. The public
assessed effort and courage positively.

Second, we conducted this study as part of a more extensive
study on the public perceptions of community pharmacies in
South Korea. By comparing the previous and current studies,
we could evaluate the changed roles and functions of community
pharmacies before and during the pandemic. As explained
earlier, these 2 studies implemented a quota sampling method
stratified by age, sex, and region. Both studies conducted a
self-reported web-based survey for 1000 adults aged older than
19 years. Furthermore, the questionnaires in the 2 studies were
closely related. We provided 4 domains to understand the
functions of community pharmacies. Changes in the public
perceptions toward the functions of community pharmacies
were noted. In this study, the mean Likert scores of the 4
domains in descending order were collaboration (3.66),
communication (3.57), responsiveness (3.54), and knowledge
(3.41). In contrast, the mean Likert scores of the 4 domains in
descending order were knowledge (3.73), responsiveness (3.47),
communication (3.45), and collaboration (3.44) in the previous
study [11]. The mean Likert score for collaboration,
communication, and responsiveness increased by 0.22, 0.12,
and 0.07 points, respectively, whereas the score for knowledge
decreased by 0.32 points. Knowledge has been essential to
interprofessional collaboration between community pharmacists
and general practitioners [45,46]. However, community
pharmacists still need to develop their knowledge, particularly
about COVID-19, during the pandemic. In contrast, the public
responded that community pharmacies collaborated with
community clinics and health authorities during the pandemic.
The expertise of community pharmacists is required to build
solid interprofessional collaboration between community
pharmacists and general practitioners after the pandemic.

Third, we asked about the updated roles of community
pharmacies in 4 disaster phases—prevention, preparedness,
responsiveness, and recovery. Respondents gave higher scores
for the items in preparedness and responsiveness, whereas they
gave lower scores for the items in prevention and recovery. The
preparedness and responsiveness phases were key areas during
the pandemic [47]. However, community pharmacies’ role in
prevention and recovery should not be underestimated [48,49].
The role of community pharmacies in the infection prevention
phase is to take measures to reduce the health risk of disasters,
including providing information and education about infections
and ensuring that patients are aware of the increased risk of
adverse health outcomes [24,32]. The role of community
pharmacies in the recovery phase involved checking on the local
community’s health needs, identifying and prioritizing
susceptible patients, and participating in postdisaster reports
[32,47]. In European countries, a comprehensive range of
pharmacy practices, from prevention to recovery, has been
implemented to address the demands during a pandemic [24].
By doing so, community pharmacies in other countries could
be a bridge between medical care and broader community
services. Furthermore, community pharmacies could be
embedded in the comprehensive case management of patients
with COVID-19 and other susceptible groups [50,51]. In this
study, having a family pharmacy was consistently associated

with positive assessments by the public. The consistent effect
implies that family pharmacies could be a platform for
embedding community pharmacies into the comprehensive case
management of patients.

Policy Implications: Barriers and Facilitators in
Expanding the Roles of Community Pharmacies
It is necessary to review the mean score of each survey item.
The scores ranged from 3.35 to 3.88 points, implying that they
were less than “agree” or “positive.” The government and
researchers in South Korea praised the roles of community
pharmacies in distributing face masks in the early phase of the
pandemic [52-54]. However, in the survey, respondents gave
ratings of less than “agree (4.00 pts)” when asked if community
pharmacies had played an essential role in the supply of publicly
distributed face masks. Which factors caused the difference in
assessment between the public and the government and
researchers? In addition, what caused the public to perceive the
roles of community pharmacies during the pandemic as less
than positive?

First, we should note the timing factor. We conducted this
survey in October 2022, and community pharmacies supplied
face masks from March 2020 to July 2020. A more than 2-year
gap between the 2 events could have caused the public’s neutral
stance. The lack of expertise is another factor. Similar to
retailers, community pharmacies supplied face masks to the
public. Pharmacies, post offices, and Nonghyup Hanaro Mart—a
grocery store—supplied face masks during the initial stage of
the pandemic. However, the public did not expect the
distribution of face masks to be a substantial role of community
pharmacies. The public also responded that community
pharmacies needed to gain knowledge. In the questionnaire, the
public gave the lowest score to community pharmacists who
provided expertise on the COVID-19 vaccine. Community
pharmacists in Egypt expressed an unmet need for
pandemic-related knowledge as a barrier to the expanded roles
of community pharmacies [44]. The lack of expertise requires
measures such as providing continuous guidance on the
pandemic and educational materials to community pharmacists.
Space is the final factor. Our previous research raised time and
space issues in the communication between pharmacists and
patients [11]. Before the pandemic, we noted the availability of
private and comfortable spaces within community pharmacies
as barriers to expanding the roles of community pharmacies.
During the pandemic, the public raised space issues regarding
coronavirus transmission within the pharmacy and responded
that community pharmacies were unsafe from COVID-19.
Improper infection control measures in community pharmacies,
reported in Australia, provided clues to interpret this finding
[55]. In South Korea, approximately 60% of community

pharmacies had a total space of less than 66 m2, implying that
a separate space for infection control was impossible in most
cases [56].

This study also highlights the association between community
pharmacies’ roles and functions and pharmacists’ expertise.
Pharmacists in South Korea do not have the authority to direct
refill reviews and approvals and administer vaccinations [11].
During the pandemic, the roles of community pharmacists were
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limited to supplying face masks and COVID-19 test kits. Their
roles did not expand to more active and professional ones, such
as vaccinating the public and finding, preventing, and treating
COVID-19 cases. In this context, the public might not expect
the expertise of community pharmacists in areas they have yet
to experience. Similarly, community pharmacists have not been
incentivized to develop their expertise in those areas [57].
Assigning new roles to community pharmacies would contribute
to developing the expertise of community pharmacists.
Similarly, developing the expertise of community pharmacists
would successfully link to expanding the roles and functions of
community pharmacies.

Strengths and Limitations
This study has several strengths. First, we analyzed public
perceptions toward the roles and functions of community
pharmacies. Many studies have captured the roles and functions
of community pharmacies from the perspective of health care
providers. However, public perceptions are essential in designing
patient-centered community pharmacies. Second, we conducted
a large-scale (n=1000) web-based questionnaire that represented
the entire population in South Korea in terms of sex, age, and
region. Third, we conducted this study as part of a more
extensive study on the public perceptions of the roles and
functions of community pharmacies. Before the COVID-19
pandemic, we studied the public perceptions of the roles and
functions of community pharmacies in South Korea. This study
analyzed the public perceptions of the roles and functions of
community pharmacies during the COVID-19 pandemic. By
comparing the different study results between the prepandemic
and pandemic periods, we could investigate the effect of the
pandemic on the public perceptions of the roles and functions
of community pharmacies.

This study has several limitations. First and foremost, this study
used a web-based survey and applied a stratified sampling
method to obtain samples that represented the entire population
in South Korea. The response rate was low for some quotas,
and the total response rate was 7.45%. A low response rate
implies that the study participants are a self-selected minority,
and their participation might be linked to other personal
characteristics. There would be selection bias in the sampling
process, and the conclusion would be biased. Second, we
investigated public perceptions to assess the roles and functions
of community pharmacies during the pandemic and to explore
the updated roles of community pharmacies after the pandemic
began. However, measuring perceptions is problematic when
allowing respondents to rate different items on the questionnaire.
Third, this study was a cross-sectional survey, which may hinder
the interpretation of the findings as a causal relationship.
Longitudinal design and qualitative studies are needed to
understand the contexts and mechanisms of public perceptions.

Conclusions
The COVID-19 pandemic has changed the roles and functions
of community pharmacies. Assigning specific roles and
functions to community pharmacies contributed to the public’s
positive assessment. Furthermore, having a family pharmacy
was consistently associated with the public’s positive
assessments. The pandemic resulted in interprofessional
collaboration between community pharmacists and general
practitioners. In particular, family pharmacies could be a
valuable platform in which to embed community pharmacies
in the comprehensive case management of patients. However,
community pharmacists should have the expertise to build solid
interprofessional collaborations and fulfill their expanded and
updated roles.
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Abstract

Background: Following the recent COVID-19 pandemic, returning to normalcy has become the primary goal of global cities.
The key for returning to normalcy is to avoid affecting social and economic activities while supporting precise epidemic control.
Estimation models for the spatiotemporal spread of the epidemic at the refined scale of cities that support precise epidemic control
are limited. For most of 2021, Hong Kong has remained at the top of the “global normalcy index” because of its effective responses.
The urban-community-scale spatiotemporal onset risk prediction model of COVID-19 symptom has been used to assist in the
precise epidemic control of Hong Kong.

Objective: Based on the spatiotemporal prediction models of COVID-19 symptom onset risk, the aim of this study was to
develop a spatiotemporal solution to assist in precise prevention and control for returning to normalcy.

Methods: Over the years 2020 and 2021, a spatiotemporal solution was proposed and applied to support the epidemic control
in Hong Kong. An enhanced urban-community-scale geographic model was proposed to predict the risk of COVID-19 symptom
onset by quantifying the impact of the transmission of SARS-CoV-2 variants, vaccination, and the imported case risk. The
generated prediction results could be then applied to establish the onset risk predictions over the following days, the identification
of high–onset-risk communities, the effectiveness analysis of response measures implemented, and the effectiveness simulation
of upcoming response measures. The applications could be integrated into a web-based platform to assist the antiepidemic work.

Results: Daily predicted onset risk in 291 tertiary planning units (TPUs) of Hong Kong from January 18, 2020, to April 22,
2021, was obtained from the enhanced prediction model. The prediction accuracy in the following 7 days was over 80%. The
prediction results were used to effectively assist the epidemic control of Hong Kong in the following application examples:
identified communities within high–onset-risk always only accounted for 2%-25% in multiple epidemiological scenarios; effective
COVID-19 response measures, such as prohibiting public gatherings of more than 4 people were found to reduce the onset risk
by 16%-46%; through the effect simulation of the new compulsory testing measure, the onset risk was found to be reduced by
more than 80% in 42 (14.43%) TPUs and by more than 60% in 96 (32.99%) TPUs.

Conclusions: In summary, this solution can support sustainable and targeted pandemic responses for returning to normalcy.
Faced with the situation that may coexist with SARS-CoV-2, this study can not only assist global cities in responding to the future
epidemics effectively but also help to restore social and economic activities and people’s normal lives.

(JMIR Public Health Surveill 2023;9:e36538)   doi:10.2196/36538
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Introduction

After more than a year of the COVID-19 pandemic, people are
beginning to look forward to the return of normalcy in the forms
of no masks, no isolation, and no social distancing [1]. A global
normalcy index has been compiled by the Economist to measure
the current daily activities relative to the prepandemic level in
the 50 largest economies in the world [2]. The index comprises
8 indicators, split into 3 domains, as follows: transport and
travel, recreation and entertainment, and retailing and work [2].
According to the data as of December 31, 2021, Hong Kong is
at the top of the normalcy index [2]. Hong Kong is one of the
most densely populated cities and ranks one of the top 5
territories for population density in the world. The high
population density together with the highly developed
international transportation networks make it vulnerable to
importation as well as the local spread of SARS-CoV-2 variants
[3-5]. Despite the severe challenges [6-8], Hong Kong’s figures
on confirmed and fatal cases are among the lowest in the world
[9]. Even in the face of the rapidly spreading variant of Omicron,
the local epidemic situation in Hong Kong has remained stable,
and no local cases have been recorded for 80 consecutive days
[9,10]. Hong Kong’s economy is exhibiting major signs of
recovery with people’s lives subsequently being back to normal
[11].

It is of note that from the outbreak of the COVID-19 epidemic
on January 18, 2020, only strict social distancing and crowd
control measures were adopted in Hong Kong, as opposed to
extreme measures, such as citywide lockdowns or curfews [12].
The overall aim of this new direction was to formulate
sustainable and targeted pandemic responses and hence more
effectively enable better control of the epidemic situations [13].
A spatiotemporal solution has been developed to enable the
prediction of COVID-19 symptom onset risk and provide
support for Hong Kong’s new direction of pandemic prevention.

The improved intercity-scale [14,15] and
urban-community–scale [16] weighted kernel density estimation
(WKDE) models have been applied to predict spatiotemporal
COVID-19 symptom onset risk [17,18]. The above extended
WKDE models provide competitive advantages based on high
viral load around the date of symptom onset [19,20] as well as
the delay between the onset dates and subsequent confirmation
report dates [21-23]. Thus, the tracking of the COVID-19
symptom onset risk better reflects the COVID-19 transmission
at the urban-community scale. However, the
urban-community–scale WKDE model needs further
improvement regarding the new normal of long-term coexistence
with SARS-CoV-2 [24]. Consequently, the
urban-community–scale WKDE model has been further
enhanced by introducing the reproduction number for local
cases, the number of passenger arrivals at all ports of entry,
time-varying vaccination rate, and vaccination efficiency.

The enhanced urban-community–scale WKDE model has been
used to predict the risk of COVID-19 symptom onset in each
of the 291 tertiary planning units (TPUs) in Hong Kong. It
generates the following urban-community–scale prediction
results: the daily onset risk prediction results during the

following few days and the daily onset risk prediction enhanced
by the population distributions within 291 TPUs during the
following few days. Hence, these applications are able to be
implemented to support precise prevention and control as well
as the recovery of socioeconomic activities in Hong Kong. A
web-based visualization platform has been further developed
to present the above prediction and application results. The
study was conducted based on a spatiotemporal data set of 7184
local onset cases [25] with community-level locations in Hong
Kong from January 18, 2020, to April 22, 2021, including, so
far, all four epidemic waves of COVID-19 epidemics in Hong
Kong [26].

Methods

Data Sources
In addition to asymptomatic cases, imported cases under
mandatory quarantine, and cases with unknown location
information, a total of 7184 local onset cases from January 18,
2020, to April 22, 2021, have been used in this study. These
local onset cases include information regarding the date of the
symptom onset and consequent report as well as the
community-level location of these onset cases prior to diagnosis.
Currently, the main COVID-19 vaccines used in Hong Kong
are mRNA (BNT162b2) vaccines [27] and inactivated
(CoronaVac) SARS-CoV-2 vaccines [28]. Thus, to measure the
impact of vaccination on the COVID-19 epidemic, daily data
[29] on people with full vaccination were selected, including
the daily number of people receiving the second dose of the
BNT162b2 vaccine [29] and the daily number of people
receiving the second dose of the CoronaVac vaccine [29]. The
daily traffic flow data covering all Hong Kong strategic routes
from January 18, 2020, to April 22, 2021, were used in this
study [30]. To enable the measurement of the risk of the
imported cases, the daily number of passenger arrivals at all 16
ports of entry during the same period was also obtained [31].
Moreover, the reproductive number for local cases during the
same period was generated by an enhanced
Susceptible-Infectious-Removed model [22].

An Enhanced Urban-Community–Scale WKDE Model
for Predicting the Onset Risk of COVID-19 Symptoms
As a further development of the original urban-community–scale
WKDE model, the enhanced urban-community–scale WKDE
model was used in this study [14-16]. The details of this model
are presented in Multimedia Appendix 1. Finally, the original
onset risk prediction in each location was divided by the city’s
maximum predicted risk, on a specific date, and thereby,
standardized to a value between 0 and 1 [14-16]. Following the
idea of a hit rate, the accuracy of the enhanced
urban-community–scale WKDE model is set as the percentage
of onset cases, on the date of prediction, that occur in the areas
with predicted onset risk higher than 0.8 (known as hotspots)
[14-16]. The population distributions in different communities
were further used to enhance the original onset risk (details are
presented in Multimedia Appendix 1).
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Ethical Considerations
For this study, no ethics approval was required because the
granularity of the data was at the city level.

Results

Daily Spatiotemporal Risk Prediction of COVID-19
Symptom Onset by the Enhanced
Urban-Community–Scale WKDE Model
Based on the onset cases data in 291 TPUs of Hong Kong from
January 18, 2020, to April 24, 2021, the daily spatiotemporal
onset risk predictions of COVID-19 symptoms were obtained
by the enhanced urban-community–scale WKDE model
developed in this study. During the following first week after
predicting the onset risk, the median prediction accuracy of the
urban-community–scale WKDE model was over 80% (Figure
1). The prediction accuracy during the following second week,

as possibly could be expected, was lower due to the
accumulation of prediction errors over time.

In all four epidemic waves caused by different SARS-CoV-2
variants, the daily spatiotemporal distributions of
urban-community–scale COVID-19 symptom onset risk from
January 18, 2020, to April 24, 2021, were used to measure
urban-community–scale heterogeneity (Figure 2). Communities
with the onset risk higher than 0.8 were always concentrated in
Central and Western, Wan Chai, Kowloon City, and Yau Tsim
Mong, all of which are central shopping and commercial areas
with a very high traffic flow. Conversely, the onset risk was
relatively low in suburban communities, far away from the main
transportation network. The Q statistic results conducted by
Geodetector showed that the variations in mobility had a very
strong effect on variations in onset risk in 291 TPUs, with a Q
value of 0.98 (P=.005). Technological details of Geodetector
is presented in Multimedia Appendix 1. Moreover, the trend on
the daily regional shift regarding different onset risk levels could
be visually displayed.

Figure 1. Accuracy of the predicted risk of COVID-19 symptom onset by the enhanced urban-community–scale weighted kernel density estimation
model.
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Figure 2. Predicted risk of original COVID-19 symptom onset risk across Hong Kong (A-O) in all four epidemic waves from January 18, 2020, to
April 24, 2021.

Identification of High–Onset-Risk Communities in
Three Epidemiologic Setting Scenarios
From the identified results of high–onset-risk communities
based on the daily prediction of the original onset risk, the
number of TPUs within high–onset-risk areas always only
accounted for 2%-25% under the two epidemiologic setting
scenarios of no cases and sporadic and clusters of cases. This
enabled only the most stringent measures needing to be
implemented in a very limited area within the high onset risk
to reduce the impact on normal activities in other areas. In
addition, such an identification of high–onset-risk communities
also supports the allocation of limited COVID-19 medical
supplies in Hong Kong.

However, in the community transmission scenario, the
high–onset-risk communities identified directly from the original
symptom onset risk prediction did not seem to be controlled in
a small area. For example, on July 15, 2020—the peak of the
third wave of the epidemic in Hong Kong—the high–onset-risk
communities identified accounted for 155 (53.26%) of all 291
TPUs (Figure 2F). Limited COVID-19 medical supplies and
human resources for health could not be allocated to the
communities that needed them most. Based on the enhanced
identification of high–onset-risk communities by population
distributions, even during the peak period of the four epidemic
waves, communities within the high onset risk could be reduced
to a limited area (Figure 3A-C).
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Figure 3. Predicted COVID-19 symptom onset risk enhanced by the population distributions within 291 tertiary planning units (TPUs) of Hong Kong
(A-C).

Assistance in the Effect Analysis and Implementation
of COVID-19 Response Measures
During the early stages of the epidemic, a series of previously
untried COVID-19 response measures were implemented to
suppress the spatiotemporal spread of SARS-CoV-2, including
stringent border control measures to guard against imported
cases and social distancing measures to prevent the local spread
of the virus. Thus, it was necessary to evaluate the effect of
these COVID-19 response measures on the spatiotemporal onset
risk so as to adjust the COVID-19 response measures during
subsequent stages. Thus, the effects of border control measures
and social distancing measures already implemented in the first
and second waves during the early stage of the epidemic were
evaluated by the overall onset risk variations in 291 TPUs of
Hong Kong within one week of the implementation (Figure 4).
For border control measures, barred entry of all non-Hong Kong
residents seemed to be the most effective during the peak period
of the epidemic caused by imported cases. After its
implementation, the overall onset risk was reduced by 28.82%
within one week (Figure 4C). For local social distancing
measures, prohibiting public gatherings of more than 4 people
achieved the most significant reduction effect, by reducing the
overall onset risk by 45.91% (Figure 4C). Other effective
measures have been the closure of bars, the closure of leisure
venues, the restriction of restaurant capacity, and the
strengthening of laboratory virus surveillance, enabling the

overall onset risk to be reduced by 33.33%, 30.17%, and
16.26%, respectively (Figure 4).

As the epidemic enters the normalization stage of prevention
and control, COVID-19 response measures need to be more
targeted than during the early stage of the pandemic. For the
new response measures to be implemented, it is necessary to
analyze the effects of new measures and assist in a more targeted
implementation. For example, during the peak period of the
recent fourth epidemic wave, the new measure—compulsory
testing—was planned to be adopted from January 23, 2021.
Before the implementation of the compulsory testing measures,
based on the results of symptom onset risk prediction before
January 23, 2021, “specified areas” with medium-high risk and
“restricted areas” with high risk were quickly delineated by
identifying the presence of TPUs within areas with medium-high
onset risk and high onset risk (Figure 5). Moreover, in response
to the public’s possible doubts about the controlling effects of
the new measures, the simulation of the spatiotemporal effects
of the new measures could also be provided, such as the
simulation of the effect of the compulsory testing measure. The
comparison of simulation results (Figure 6) showed that the
compulsory testing not only suppressed the spread of
SARS-CoV-2 in 291 TPUs but also reduced the onset risk
related to each TPU. The onset risk was reduced by more than
80% in 42 (14.43%) TPUs and by more than 60% in 96
(32.99%) TPUs (Figure 6E; Table 1). Moreover, the compulsory
testing was the most significant regarding the risk of those TPUs
that had been originally at low or medium risk.
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Figure 4. The average daily variation of the risk of COVID-19 symptom onset from January 18 to April 20, 2020; (A) average daily onset risk in all
Hong Kong tertiary planning units (TPUs) from January 18 to February 24, 2020 (during this period, all COVID-19 response measures implemented
were marked); (B) average daily onset risk in all Hong Kong TPUs from February 25 to March 24, 2020 (during this period, all COVID-19 response
measures implemented were marked); (C) average daily onset risk in all Hong Kong TPUs from March 24 to April 20, 2020 (during this period, all
COVID-19 response measures implemented were marked).

Figure 5. Predicted risk of COVID-19 symptom onset on January 23, 2021, for assisting the compulsory testing in Hong Kong.

JMIR Public Health Surveill 2023 | vol. 9 | e36538 | p.3117https://publichealth.jmir.org/2023/1/e36538
(page number not for citation purposes)

Tong et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 6. The risk of COVID-19 symptom onset under two scenarios (ie, with and without the compulsory testing measure) from January 24, 2021,
to January 25, 2021. (A-D) The predicted symptom onset risk with (A-B) and without (C-D) the compulsory testing; (E) average daily percentage
reduction in the onset risk in 291 tertiary planning units (TPUs) of Hong Kong in the compulsory testing scenario, compared with the noncompulsory
testing scenario.

Table 1. The number and percentage of tertiary planning units (TPUs) at different reduction levels in the onset risk in the compulsory testing scenario,
compared with the noncompulsory testing scenario.

Number of TPUs, n (%)Onset risk reduction (%)

108 (37.11)0-20

40 (13.75)20-40

47 (16.15)40 60

54 (18.56)60-80

42 (14.43)>80
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The Developed Web-Based Platform to Inform
Governmental Agencies and Populations Based on the
Symptom Onset Risk Predictions
The precise prevention and control in Hong Kong rely on
effective government response and public cooperation. Based
on the above onset risk prediction and analysis results, a
web-based platform has been developed in this study. Through
the services of this platform, the government and the public can
obtain the prediction and analysis results of the risk of
COVID-19 symptom onset within the next three days. Advanced
deployment of epidemic prevention measures can be achieved
especially when large-scale events are held. In addition, for the
public cooperation, an intuitive understanding of the onset

risk predictions in the surrounding communities and potential
travel communities helped in the adjustment of their daily
activity plans in advance.

Discussion

Principal Findings
Global cities are taking swift actions in regard to building a
sustainable postpandemic recovery [32]. COVID-19 is likely
to stay with us as an endemic disease and cannot be eradicated
globally or even eliminated regionally [33]. Thus, it is crucial
for the recovery to identify resource mobilization needs,
strengthening targeted measures and public cooperation in the
new normalcy of long-term coexistence with SARS-CoV-2.
Preemptively estimating the virus spread trend should become
part of future epidemic prevention. Hence, in line with this aim,
a spatiotemporal solution that supports more sustainable
pandemic responses for returning to normalcy in the context of
living with COVID-19 has been developed and is presented in
this study. Since the COVID-19 epidemic outbreak, the proposed
spatiotemporal solution has been supporting precise prevention
and control in Hong Kong.

Firstly, the daily onset risk prediction results enables the spread
of SARS-CoV-2 in communities to be timely assessed. It can
therefore support the implementation of targeted and
differentiated measures, especially at large events such as
university entrance exams.

Secondly, under three main epidemiologic setting scenarios,
high–onset-risk communities could be identified from the
original daily onset risk prediction result and daily onset risk
prediction enhanced by population distributions. It could limit
the high–onset-risk communities in a small area in all three
epidemiologic setting scenarios. The strictest COVID-19
response measures were only implemented in limited
high–onset-risk communities to reduce the impact on normal
social and economic activities.

Third, the effect of COVID-19 response measures already
implemented by the government could be analyzed. These
proven effective measures in this study have been playing a key
role in Hong Kong’s epidemic prevention. This was important
in the early stage when the characteristics of the spread of
SARS-CoV-2 variants were not clear. This could help the
government adjust previous measures in subsequent stages.

Fourth, the implementation of the new COVID-19 response
measures could be assisted, such as the new compulsory testing
measure in the fourth epidemic wave. Before this measure was
implemented first, the high–onset-risk restriction area could be
determined through onset risk prediction results.

Fifth, in response to the public’s possible doubts about the
effects of the new COVID-19 response measures, the effects of
the new COVID-19 response measures could be simulated. This
is important with respect to the enhancement of policy
transparency and also in building public trust in epidemic
prevention.

Sixth, the prediction and set of analysis results related to onset
risk have been integrated into a web-based visualized platform.
Visualized information of spatiotemporal prediction and analysis
enables the government and people to more easily and even
more intuitively understand the nature of the potential spread
of onset risk, leading to further understanding of symptom onset
risk information related to each community. Logically, such
understanding can better strengthen the appropriate response.

Comparison With Prior Work
To the best of our knowledge, this is the first attempt to use
spatiotemporal onset cases data to explore the spatiotemporal
variations of onset risk at the urban-community scale in the
context of the emergence of different variants since the epidemic
outbreak. It can further support effective epidemic control at
the urban-community level for returning to normal. The
Space-Time Scan Statistical Analysis Method [34], the improved
Susceptible Exposure Infection and Recovery model [35-37],
the spatiotemporal Bayesian inference model [38], and the
hierarchical clustering analysis [39] were used in the previous
studies to investigate the impact of the spatiotemporal spread
of COVID-19. Consistent with the conclusions of these studies,
results of this study also show that precise epidemic prevention
and control measures can help effectively control the epidemic.
Similarly, when epidemic prevention and control measures are
relaxed, high-risk areas will also expand significantly, especially
in the early stages of the epidemic. However, the vast majority
of previous modeling studies have focused on the national, state,
and regional levels [40]. The strength of this study is that
building an onset risk prediction model at the urban-community
level can facilitate accurate and differentiated public health
responses at the finer spatial scale [40]. This allows the vast
majority of areas in the city to maintain normal social and
economic activities while maintaining strict prevention and
control measures in a very small number of areas. Meanwhile,
it can also facilitate the more effective allocation of limited
medical resources to the limited areas with high onset risk that
need it. In addition, this study simulates and predicts the
spatiotemporal spread of COVID-19 under different measures
or population mobility based on the symptom onset risk model.
Hence, epidemic prevention measures and people’s daily travel
can be adjusted in advance in a timely manner. The proposed
solution in this study can be used to support the enhancement
need for community-based interventions and services in a
multinational Delphi consensus to end the COVID-19 public
health threat [41].
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Limitations
We acknowledge the following potential limitations: First,
limited by the information of the current official data, the
location information of the cases used in this study only includes
community-level locations of residence. If more information
about the work locations and visited locations are combined,
urban-community–level onset risk associated with their
spatiotemporal activities can be estimated more
comprehensively. Second, the applied data of human mobility
mainly include the traffic flow data on the main roads, which
fails to more comprehensively reflect the population flow under
multiple modes of transportation. In addition, various data that
can reflect viral load of SARS-CoV-2 at different locations,
such as sewage monitoring, can be incorporated into our
proposed solution in the future.

Conclusions
In the new normalcy of long-term coexistence with
SARS-CoV-2, it is crucial to explore how to take the necessary
response actions to reduce the impacts of the future epidemics
and increase urban pandemic resilience for global cities [32].
Therefore, based on the enhanced prediction of COVID-19
symptom onset risk, a spatiotemporal solution has been proposed
in this study. Such a solution has been used to support healthier
and more sustainable pandemic responses in 291 communities
of Hong Kong. The related web-based platform has served both
the government agencies and Hong Kong residents. This solution
not only assists global cities in responding to the future epidemic
effectively but also helps to restore the social and economic
activities and people’s normal lives. Based on this solution, we
hope to make global cities more sustainable and hence promote
the United Nations Sustainable Development Goals [42].
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Abstract

Background: Digital surveillance tools and health informatics show promise in counteracting diseases but have limited uptake.
A notable illustration of the limits of such tools is the general failure of digital contact tracing in the United States in response to
COVID-19.

Objective: We investigated the associations between individual characteristics and the willingness to use app-based contact
tracing in Detroit, a majority-minority city that experienced multiple waves of COVID-19 outbreaks and deaths since the start
of the pandemic. The aim of this study was to examine variations among residents in the willingness to download a contact tracing
app on their phones to provide public health officials with information about close COVID-19 contact during summer 2020.

Methods: To examine residents’ willingness to participate in digital contact tracing, we analyzed data from 2 waves of the
Detroit Metro Area Communities Study, a population-based survey of Detroit, Michigan residents. The data captured 1873
responses from 991 Detroit residents collected in June and July 2020. We estimated a series of multilevel logit models to gain
insights into differences in the willingness to participate in digital contact tracing across a variety of individual attributes, including
race/ethnicity, degree of trust in the government, and level of education, as well as interactions among these variables.

Results: Our results reflected widespread reluctance to participate in digital contact tracing in response to COVID-19, as less
than half (826/1873, 44.1%) of the respondents said they would be willing to participate in app-based contact tracing. Compared
to White respondents, Black (odds ratio [OR] 0.45, 95% CI 0.23-0.86) and Latino (OR 0.32, 95% CI 0.11-0.99) respondents were
significantly less willing to participate in digital contact tracing. Trust in the government was positively associated with the
willingness to participate in digital contact tracing (OR 1.17, 95% CI 1.07-1.27), but this effect was the strongest for White
residents (OR 2.14, 95% CI 1.55-2.93). We found similarly divergent patterns of the effects of education by race. While there
were no significant differences among noncollege-educated residents, White college-educated residents showed greater willingness
to use app-based contact tracing (OR 6.12, 95% CI 1.86-20.15) and Black college-educated residents showed less willingness
(OR 0.46, 95% CI 0.26-0.81).

Conclusions: Trust in the government and education contribute to Detroit residents’wariness of digital contact tracing, reflecting
concerns about surveillance that cut across race but likely arise from different sources. These findings point to the importance of
a culturally informed understanding of health hesitancy for future efforts hoping to leverage digital contact tracing. Though
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contact tracing technologies have the potential to advance public health, unequal uptake may exacerbate disparate impacts of
health crises.

(JMIR Public Health Surveill 2023;9:e39002)   doi:10.2196/39002
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COVID-19; contact tracing; surveillance; informatics; trust; racial disparities

Introduction

Throughout the COVID-19 pandemic, public health authorities
have engaged in contact tracing to inform those exposed to
COVID-19, monitor for signs and symptoms of the virus, aid
in access to testing, and promote self-quarantine as necessary
[1]. While these efforts generally involve traditional direct
outreach by public health workers, technologists and public
health advocates have highlighted the potential of
smartphone-based digital technologies to assist in contact tracing
[2,3]. A May 2020 guidance from the Centers for Disease
Control and Prevention (CDC) acknowledged that digital contact
tracing tools for COVID-19 can function as a “supplement to
traditional public health contact tracing with the use of voluntary
opt-in proximity or exposure notification tools” [4]. 

The proliferation of digital contact tracing apps in response to
COVID-19 builds on advancements in health informatics and
the rise of health apps and eHealth over the past decade [5,6].
This expansion of digital health surveillance tools has a variety
of potential benefits, including aiding in managing health
conditions [7-9], modifying health behaviors [5,10], and helping
facilitate racial equity in health information and health care
[11,12]. Additionally, recent studies have found that digital
health tools with exposure notifications are effective in
decreasing infections from the coronavirus [13,14].

Despite the promise of digital surveillance tools to mitigate the
spread of COVID-19, app-based contact tracing has had limited
success in the United States [15,16]. As with all contact tracing
approaches, the success of app-based contact tracing depends
on individuals’ willingness to participate. Such willingness
appears to be low [17,18]. In late 2020, Pew Research Center
found that about 40% of Americans said they were unlikely to
talk to contact tracers, and 50% said they were uncomfortable
sharing location data from their phones [19].

Studies on public engagement with digital contact tracing around
the world have proliferated since the start of the COVID-19
pandemic [13,20-24]. However, fewer studies have focused on
the United States and drawn on representative survey samples.
A notable exception is the work of Camacho-Rivera et al [18],
who conducted a representative survey of US households
between April and June 2020 to examine attitudes toward mobile
health tools for COVID, including location-based exposure
tracking. They found that although more than half of the
respondents reported they were not likely to use mobile health
tools for COVID, some sociodemographic and health-related
factors were associated with more willingness to engage with
digital contact tracing. For example, non-White respondents
were more likely than their counterparts to say they were willing
to use app-based location exposure tracking for COVID [18].

Additionally, systematic reviews of engagement with contact
tracing during COVID (and some other contagious health
outbreaks) across various countries have observed a number of
barriers to uptake, including concerns about privacy and
surveillance, mistrust of the government, and mistrust of
technology [20,21]. Thus, while past research has pointed to
several factors that influence contact tracing, limited research
has considered how these factors interact in meaningful ways.

Gaining insights into differences regarding who is willing to
participate in contact tracing may be especially consequential
given the disproportionate impact of COVID-19 on racial/ethnic
minority populations in the United States [25]. Greater
willingness or hesitancy to participate in contact tracing among
minoritized groups could affect the ability to stop the virus’
localized spread and could heighten the risks of morbidity and
mortality in communities of color. Related research on the
limited uptake of digital health technologies suggests that
differences in uptake, especially along racial/ethnic and
socioeconomic lines, can exacerbate health disparities [26,27].
For example, some studies on the adoption of telehealth
technologies indicate that Black and Latino patients are less
likely to use telehealth than White patients, limiting their access
to care [28,29]. However, other studies have reported opposite
findings, with Black and Latino patients being more likely to
use telehealth than White patients [30,31]. Additionally, there
is evidence that individuals with lower levels of education are
less likely to use digital health platforms and services compared
to those with more than a high school education [18,26,32].

As noted in other studies, willingness to use digital health
technologies in general and app-based contact tracing in
particular is likely undermined by issues of trust. Studies have
demonstrated that individuals’ trust in the medical system
influences their use of health services [33,34]. Lack of trust
among racial/ethnic minorities, including lower trust toward
medical providers, research, and treatments, is commonly cited
as a key mechanism underlying disparities in health care
[24,35-37]. Such differences in trust in the health care system
may be further exacerbated by concerns around privacy and
security, which can adversely affect patients’ willingness to use
eHealth tools and provide accurate health information to
providers [38,39]. Prior research shows that there are
socioeconomic differences in trust, as adults with a college
degree are more likely than those with lower educational
attainment to report avoiding products or services because of
privacy concerns [40]. Further, widespread uptake of contact
tracing may be hampered by concerns regarding data privacy
and trust in the government [20-22,41]. Recent evidence
suggests that contact tracing efforts face greater resistance in
communities where people have low levels of trust in public
officials or are worried about state surveillance [42,43].
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Given previous findings regarding the role of trust and mixed
findings on the differential uptake of health technologies,
including COVID-19 apps, we set out to determine the
individual factors associated with the willingness to participate
in digital contact tracing in response to COVID-19 in the US
city of Detroit, Michigan. By focusing on Detroit, we highlight
the attitudes of residents in a majority-minority city that
experienced multiple waves of COVID-19 outbreaks and deaths
since the start of the pandemic. In Detroit, Black residents have
been disproportionately impacted by COVID-19, representing
over 75% of known diagnoses and 90% of deaths, and they are
10 times more likely than White residents to have friends or
family who have died from COVID-19 [44]. Using data from
a population-based survey of Detroit, Michigan residents, we
examined not only how the factors of race/ethnicity, education,
and trust are associated with individuals’ willingness to
download a contact tracing app during summer 2020, but also
how those factors are intertwined in important ways. The
findings of this study can help shed light on what factors need
to be considered to encourage use of digital public health tools
in the future, including how various subpopulations may respond
to messages about or sources of those tools.

Methods

Data Source
To examine individual willingness to participate in app-based
contact tracing, we analyzed data from 2 surveys conducted by
the Detroit Metro Area Communities Study (DMACS) in 2020
(one in June and the other in July). DMACS is a panel study
designed to regularly capture the perspectives and behaviors of
a representative sample of Detroit adults [45,46]. DMACS
launched in 2016 and recruited respondents from an
address-based probability sample of Detroit households. It has
refreshed its sample approximately once a year through
additional address-based probability sampling. In response to
the March 2020 declaration of COVID-19 as a national
emergency and the emergence of Detroit as a “hotspot” of
coronavirus cases, DMACS initiated a series of rapid response
surveys on residents’ experiences with COVID-19 [44,47,48].
Due to restrictions on human subject interactions during the
pandemic, participation in these surveys was limited to survey
panelists who had provided email addresses or phone numbers
prior to the COVID-19 pandemic. In the June survey (fielded
between May 28 and June 11, 2020), 1802 panelists were invited
and 1173 completed surveys (66.1% response rate). In the July
survey (fielded between July 15 and July 29, 2020), 1772
panelists were invited and 1137 completed surveys (64.2%
response rate). In both waves, surveys were either
self-administered online by respondents or interview
administered by telephone. We limited the current analysis to
panelists who provided complete responses to the items
measuring key independent and dependent variables in the June
and July surveys. In total, our results reflected 1873 responses
from 991 Detroit residents.

Ethics Approval
Human subjects research was approved by the University of
Michigan Health Sciences and Behavioral Sciences Institutional
Review Board (HUM00187155).

Measures
Our dependent variable captured respondent willingness to
participate in app-based contact tracing with the item, “Would
you be willing to download an app on your cell phone that would
provide information to public health officials about close contact
you have with other people?” Respondents could answer yes,
no, don’t know, or “I do not own a cell phone.” Because our
primary interest was to examine what distinguishes those who
are willing to participate in app-based contact tracing, we
dichotomized responses to compare those who said yes to those
who said no or don’t know. We dropped the small number
(n=18) of respondents who reported not owning a cell phone.

We examined the willingness to engage in app-based contact
tracing in relation to self-reported race/ethnicity, gender, age,
education, and income. We used multiple imputation with
chained equations (MICE, implemented with Stata 17 software,
StataCorp) and Rubin’s combination rules to fill in missing
values of these and other independent variables to avoid
dropping respondents from the analyses [49,50]. To ensure
sufficient data coverage, we restricted our analyses to Detroit’s
3 largest racial/ethnic groups: non-Latino Black (hereafter
Black), non-Latino White (hereafter White), and Latino. We
defined “Latino” as any respondent who self-identified as being
of “Hispanic, Latino, or Spanish origin,” including those who
selected another racial identity and Latino. “White” and “Black”
refer to respondents who selected only those respective
categories (and no other ethnoracial categories) and who did
not identify as Latino. Respondents who identified on the survey
using other ethnoracial categories alone or in combination
(Asian, Native American, Hawaiian or Pacific Islander,
multi-race, or other) were omitted from this analysis owing to
their small sample sizes and to avoid combining segments of
unlike populations. Age was captured as a continuous variable.
Categories were created for annual household income (<US
$10,000, US $10,000-29,999, US $30,000-49,999, US
$50,000-100,000, and >US $100,000). Because income was
commonly missing and unwillingness to provide income
information may be associated with data privacy concerns and
unwillingness to provide other personal information relevant
to contact tracing, we included a dummy variable in our analysis
that captured whether the respondents withheld their income
data. Education level (less than college degree, or college degree
or higher) and gender (male or female) were captured as binary
variables.

Finally, we included in our analyses several measures of
respondents’ beliefs about and experiences with COVID-19.
Specifically, we included a measure of respondent trust in the
government (adapted from the ICF COVID Monitor Survey of
US Adults [51]). The question asked was as follows: “How
much do you trust the Michigan state government to deal with
the COVID-19 pandemic, on a scale of 1 to 10, where 1 is not
at all and 10 is entirely?” Responses were captured on a 10-point
Likert scale and were mean-centered for interpretability. We
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focused on this measure of trust in the state government because
our outcome variable made reference to sharing information
with “public health officials,” and most local COVID health
efforts and digital contact tracing tools were coordinated at the
state level at this time. We also included, as dichotomous
variables, measures of whether the respondent had a close friend
or family member who died from the coronavirus; had a close
friend or family member who got ill from the coronavirus; had
been diagnosed with COVID-19; and would say the COVID-19
pandemic is very serious for them personally. Because our
outcome variable was focused on the use of a contact tracing
app, we included a binary variable for the availability of reliable
internet access as a proxy for technological use and access. We
also controlled for the effect of time by including a binary
variable for survey wave. We did not use sampling weights
because they are incompatible with the multiple imputation
package of Stata 17 when estimating multi-level models, but
we controlled for survey sampling strata and individual
characteristics used in the creation of sample weights.

Statistical Analyses
Because we were analyzing panel data with multiple
observations per person, we used random effects logit models,
which introduce a random intercept to help correct for
person-level unobserved heterogeneity. We estimated a series
of models to gain insights into respondents’ willingness to
engage in app-based contact tracing. Our first model examined
differences in the willingness to contact trace across a variety
of individual attributes, including race/ethnicity, degree of trust
in the government, and education. Our second and third models
added interactions among these key variables to examine if the
effects of trust and level of education vary by race/ethnicity of
the respondent. We tested a 3-way interaction between

race/ethnicity, education, and trust in the government but found
that the results were substantively similar to the results for the
interaction between education and race/ethnicity, and thus, we
omitted these results for parsimony.

Results

Descriptive Statistics
Summary statistics for respondents are presented in Table 1.
Less than half (826/1873, 44.1%) of the respondents reported
they would be willing to participate in app-based contact tracing.
Black residents comprised the majority of our sample
(1486/1873, 79.3%), while 14.2% (265/1873) of our sample
was White and 6.5% (122/1873) was Latino, similar to the
proportions in the city of Detroit. On average, DMACS
respondents reported a relatively high degree of trust in the state
government to deal with COVID-19 (7.25 out of 10 points).
The majority of respondents did not attend college (1301/1873,
69.5%) and had an annual household income below US $50,000
(1219/1772, 68.8%). The average respondent was 49 years old.
Like many surveys, our sample had a higher proportion of
female respondents (1372/1873, 73.3%). Our respondents
reflected the severe impact of the COVID-19 pandemic on those
living in Detroit, with 71.4% (1337/1873) saying that the
pandemic was very serious for them personally and many saying
that they had a close friend or family member who got ill
(1088/1870, 58.2%) or died (745/1871, 39.8%) from COVID-19.
However, only 5.5% (102/1868) of respondents said that they
had been diagnosed with COVID-19 as of July 2020. In general,
respondents were technologically connected, with 86.6%
(1622/1873) reporting that they had reliable access to the internet
at home.
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Table 1. Descriptive statistics of the analytical sample.

Value (N=1873)Variable

826 (44.1)Willing to participate in contact tracing, n (%)

Race/ethnicity, n (%)

265 (14.2)White

1486 (79.3)Black

122 (6.5)Latino

7.25 (0.25)Trust in the state government (score range 0-10), mean (SD)

Education, n (%)

1301 (69.5)Less than college

572 (30.5)College

Gender, n (%)

501 (26.8)Male

1372 (73.3)Female

Age (years)a

48.96 (15.44)Mean (SD)

18.16-93.43Range

Income (US$)a, n (%)

380 (21.4)<10,000

441 (24.9)10,000-29,999

398 (22.5)30,000-49,999

405 (22.9)50,000-100,000

148 (8.4)>100,000

101 (5.4)Income missing

745 (39.8)Family member died from COVIDa, n (%)

1088 (58.2)Family member got ill from COVIDa, n (%)

1337 (71.4)Pandemic was very serious personally, n (%)

102 (5.5)Diagnosed with COVIDa, n (%)

1622 (86.6)Internet use, n (%)

Wave, n (%)

987 (52.7)June 2020 (wave 9)

886 (47.3)July 2020 (wave 10)

aVariable imputed with multiple imputations. Within the data set of 1873 observations, income was missing in 101 cases, age was missing in 18 cases,
information on whether a family member died from COVID was missing in 2 cases, information on whether a family member got ill from COVID was
missing in 3 cases, and information on diagnosis of COVID was missing in 5 cases.

Analytic Results
Results from our models are presented in Table 2. Model 1
examined the relationships of individuals’ demographics, trust
in the government, and COVID-19 experiences with their
willingness to download a contact tracing app. The results
showed that individual characteristics were strong predictors
of the willingness to participate in app-based contact tracing.
Compared with White respondents, Black (odds ratio [OR] 0.45,
95% CI 0.23-0.86) and Latino (OR 0.32, 95% CI 0.11-0.99)
respondents had significantly lower odds of being willing to

participate in contact tracing. Similarly, the odds of women
saying they would participate in app-based contact tracing (OR
0.44, 95% CI 0.27-0.70) were about half of the odds of men.
The willingness to participate in contact tracing was associated
with trust, whereby higher levels of trust in the state
government’s management of COVID-19 were associated with
greater odds of downloading a contact tracing app (OR 1.17,
95% CI 1.07-1.27). Furthermore, respondents who reported
their household income had roughly 4 times the odds of being
willing to participate in contact tracing as those who elected to
not report their income (OR 0.24, 95% CI 0.09-0.63), which is
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perhaps a measure of the wariness about sharing one’s personal
information. While it might be expected that individual
experience with COVID-19 (being sick, having friends or family
who have gotten sick or died from the virus, or feeling the
pandemic is personally very serious) would increase the
willingness to participate in preventative measures, including

contact tracing, we found that only those who lost a close friend
or family member to COVID-19 showed significantly greater
odds of participating in app-based contract tracing (OR 1.72,
95% CI 1.12-2.62). Age, level of income, access to the internet,
and time were not significant predictors of an individual’s
willingness to participate in contact tracing via an app.
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Table 2. Predictors of the willingness to participate in app-based contact tracing among the respondents.

Model 3a, OR (95% CI)Model 2a, OR (95% CI)Model 1a, ORb (95% CI)Variable

Race/ethnicity

ReferenceReferenceReferenceWhite

1.70 (0.67-4.30)0.47 (0.24-0.92)0.45 (0.23-0.86)Black

0.73 (0.21-2.62)0.36 (0.12-1.10)0.32 (0.11-0.99)Latino

1.16 (1.07-1.26)2.14 (1.55-2.93)1.17 (1.07-1.27)Trust in the state government (centered)

Race × trust

N/AReferenceN/AcWhite × trust

N/A0.51 (0.37-0.71)N/ABlack × trust

N/A0.56 (0.36-0.87)N/ALatino × trust

Education

ReferenceReferenceReferenceLess than college

6.12 (1.86-20.15)0.73 (0.43-1.22)0.73 (0.43-1.23)College

Race × education

ReferenceN/AN/AWhite × college

0.08 (0.02-0.27)N/AN/ABlack × college

0.92 (0.98-1.01)N/AN/ALatino × college

Gender

ReferenceReferenceReferenceMale

0.44 (0.27-0.70)0.43 (0.27-0.69)0.44 (0.27-0.70)Female

0.99 (0.98-1.00)0.99 (0.98-1.00)0.99 (0.97-1.00)Aged

Income (US$)d

ReferenceReferenceReference<10,000

1.54 (0.84-2.80)1.47 (0.80-2.68)1.47 (0.80-2.71)10,000-29,999

0.79 (0.42-1.50)0.79 (0.42-1.50)0.79 (0.41-1.50)30,000-49,999

0.69 (0.35-1.38)0.61 (0.31-1.22)0.65 (0.32-1.31)50,000-100,000

0.80 (0.30-2.18)0.99 (0.37-2.67)1.00 (0.37-2.72)>100,000

0.28 (0.11-0.72)0.23 (0.09-0.59)0.24 (0.09-0.63)Income missing

1.79 (1.17-2.73)1.73 (1.14-2.64)1.72 (1.12-2.62)Family/friend died from COVIDd

0.76 (0.51-1.13)0.79 (0.53-1.17)0.79 (0.53-1.18)Family/friend got ill from COVIDd

1.36 (0.92-2.01)1.33 (0.90-1.96)1.30 (0.88-1.91)Pandemic was very serious personally

1.08 (0.49-2.40)1.07 (0.48-2.38)1.04 (0.46-2.32)Diagnosed with COVIDd

1.38 (0.76-2.50)1.27 (0.70-2.32)1.33 (0.73-2.44)Internet use

Wave

ReferenceReferenceReferenceJune 2020 (wave 9)

0.88 (0.68-1.14)0.88 (0.68-1.14)0.89 (0.68-1.14)July 2020 (wave 10)

0.71 (0.10-5.18)2.95 (0.45-19.17)2.93 (0.44-19.45)Constant

aResults from multilevel logistic regression with random effects. We controlled for sampling strata in our models, but we have not presented the
nonsignificant effect of these strata to keep the table short. Data reflect 1873 responses nested within 991 respondents across 2 survey waves.
bOR: odds ratio.
cN/A: not applicable.
dVariable imputed with multiple imputation. Sensitivity analyses without imputation reach substantively similar conclusions as those of the imputed
models.
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To understand what may be driving racial/ethnic differences in
the willingness to participate in contact tracing, subsequent
models estimated interactions between race/ethnicity and trust
(Model 2), and race/ethnicity and education (Model 3). By
allowing the effects of race to differ by the degree of trust and
level of education, we can better understand whether resistance
to contact tracing among racial/ethnic groups is uniform or
varies within subgroups.

Examining the interaction between race/ethnicity and trust
(Model 2), we found that for White respondents, higher levels
of trust in the state government’s management of COVID-19
were associated with greater likelihood of being willing to
participate in contact tracing via an app (OR 2.14, 95% CI
1.55-2.93). This relationship was significantly weaker for Black
and Latino respondents (Black: OR 0.51, 95% CI 0.37-0.71;
Latino: OR 0.56, 95% CI 0.36-0.87). Figure 1 illustrates the
relationship between race/ethnicity, trust, and contact tracing,
showing the strong positive relationship between trust and the
willingness to participate in contact tracing for White
respondents and the negligible effect of trust on the willingness
to participate in contact tracing for other respondents. Model 2
results also show that the effect of trust does not fully explain
differences in the willingness to participate in contact tracing
by race/ethnicity. Black respondents with an average degree of
trust in the government remained significantly less likely than
White respondents to be willing to engage in app-based contact

tracing (OR 0.47, 95% CI 0.24-0.92). We also continued to find
that women and those who did not report income were less
likely to participate in contact tracing, while those who had a
close acquaintance die of COVID remained more likely to
participate.

Turning to the interaction between race/ethnicity and education
(Model 3), the main effects showed no significant difference in
the willingness to participate in contact tracing among
noncollege-educated respondents by race. However, the
interaction showed that the effect of college education differs
significantly depending on whether the respondent is Black or
White. The diverging effect of education on the likelihood to
engage in app-based contact tracing among White and Black
respondents is illustrated in Figure 2. Among White respondents,
the probability of participating in app-based contract tracing
was significantly higher among college-educated respondents
(predicted probability 0.63, 95% CI 0.53-0.73) compared to
noncollege-educated respondents (predicted probability 0.39,
95% CI 0.28-0.50). However, among Black respondents,
college-educated respondents were less likely to participate in
app-based contact tracing (predicted probability 0.36, 95% CI
0.30-0.41) compared to noncollege-educated respondents
(predicted probability 0.46, 95% CI 0.42-0.50). There was no
significant difference between college- and noncollege-educated
Latino respondents in the probability of participating in
app-based contact tracing.

Figure 1. Predicted probability of the willingness to participate in app-based contact tracing by race and trust in the government.
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Figure 2. Predicted probability of the willingness to participate in app-based contact tracing by race and education level.

Discussion

Principal Findings
In this study, we found several factors that were associated with
respondents’ willingness to participate in contact tracing using
a digital app. Black and Latino respondents were significantly
less likely than White respondents to say they are willing to use
an app for contact tracing, while those with higher trust in the
government as well as those who had a close family member
or friend die of COVID-19 were significantly more willing to
use a contact tracing app than those with low trust or no close
experiences. We also found that the relationship between trust
in the government and willingness to participate in contact
tracing was much stronger for White respondents than for Black
and Latino respondents among whom trust in the government
does not matter as much for predicting the willingness to
participate in contact tracing. Given the widespread evidence
of mistrust in the medical system among racial/ethnic minorities
[35-37], this lack of association between trust in the government
and willingness to adopt app-based contact tracing among Black
and Latino respondents may reflect a general apprehension
around digital health care that cannot be moderated by the level
of trust. At the same time, the effect of trust in the state
government on White residents’ willingness or unwillingness
to participate in contact tracing may reflect the partisan divide
apparent nationally in response to COVID-19 [19].

In addition to our findings on trust, we also found that
willingness to engage in app-based contact tracing varies
substantially among racial/ethnic subpopulations depending on
the level of education. While the likelihood of contact tracing
among noncollege-educated respondents was relatively uniform
across racial/ethnic groups, college-educated White respondents

were substantially more likely to participate in contact tracing
than noncollege-educated White respondents, and college- and
noncollege-educated Black respondents. Moreover, for Black
respondents, a college education significantly decreased the
willingness to participate in contact tracing. In light of existing
research indicating that education may influence one’s use of
digital health platforms [26,32] and online products or services
because of privacy concerns [40], the interaction between race
and education regarding the willingness to participate in
app-based contact tracing suggests an understudied phenomenon
whereby education may amplify the fears of minority
populations when it comes to public health and may mitigate
the fears of White populations.

Comparison to Prior Work
Our findings are consistent with prior research on public health
and contact tracing apps, which has shown that factors, including
personal experience with COVID-19, trust in the government,
education level, and race and ethnicity, affect the willingness
to use digital health tools [18,20,21]. Unlike previous work,
however, we showed that some of these factors intersect in
important ways. For example, while greater trust in the
government was associated with increased willingness to use
these digital tools among White respondents in our study, it had
no significant effect among Black and Latino respondents.

Lower trust among racial and ethnic minorities is often linked
to experiences of discrimination that reveal power imbalances
and systemic inequalities in the practices of social institutions
[52,53]. For example, systemic racism in health care is
associated with disparities in access, quality of care, and health
outcomes, as well as mistrust [54-59]. It is often racial minority
individuals with higher levels of socioeconomic status who
report more instances of discrimination in health care and in
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other institutions [52,55,60]. Upwardly mobile young adult
Black and Latino individuals, for example, not only experience
higher levels of discrimination than White individuals, but also
are significantly more likely to experience acute and chronic
discrimination compared to their socioeconomically stable
counterparts [61]. Such research is consistent with our findings
of an interaction between race/ethnicity and education, with
college-educated Black respondents being significantly less
willing to use a contact tracing app than either similarly educated
White respondents or Black respondents with less than a college
education. Awareness of and concerns about the extent of racial
bias in digital technologies generally [62-66] may further
contribute to reluctance to use these particular technologies
among highly educated minoritized individuals.

Our findings are important because they suggest that factors
that matter for some individuals and groups do not operate in
the same way for others. Although trust in the government
matters for the use of public health technologies for some
individuals, it is likely to be interconnected with other social
factors and conditions that must be considered. For most White
individuals, trust in the government matters greatly, so
understanding what influences that trust may be important for
influencing the use of public health tools. For minoritized
individuals, unequal experiences across social institutions may
influence not only levels of trust but also more general opinions
about and use of digital technologies. Future work must be
attentive to not only how opinions, behaviors, and outcomes
differ across minoritized groups, but also how actions and
outcomes are associated with the lived experiences of
individuals, stemming from institutionalized racism and other
systems of inequality. 

Limitations
A number of limitations should be considered when interpreting
our findings. First, because the data were drawn from a single
city, the findings may not be generalizable to digital contact
tracing efforts in other communities or in the United States more
broadly. Additional research is needed to understand the extent
to which our findings on the willingness to participate in contact
tracing extend to other communities with different demographic
and socioeconomic compositions, including larger populations
of other racial and gender minorities. As Detroit is a majority
Black city in a majority White state, the effect of trust in the
state government on individuals’ decisions to participate in
contact tracing may be more pronounced here than in other
communities. At the same time, Detroit’s experience,
particularly early in the pandemic, as a COVID-19 hotspot may

mean that residents are more willing to engage in contact tracing
than other populations. Future research should investigate
whether the patterns captured in our analysis hold in other
communities and in the national population. Second, because
our measure of contact tracing focused specifically on the
willingness to download an app, it is possible that respondents’
hesitancy is shaped more by discomfort with or privacy concerns
regarding phone apps or access to smartphones and not contact
tracing specifically. Though we controlled for internet access
as a proxy for technology access and use, and only examined
responses among cell phone owners, future research would
benefit from examining the willingness to participate in digital
contact tracing across a variety of modalities. Finally, our data
were collected within the first 4 months of the coronavirus
pandemic being declared a national emergency in the United
States. In the ensuing months and years, COVID-19 has
continued to spread and people’s personal experiences of being
infected with or knowing others infected with the coronavirus
have changed. While digital contact tracing efforts in the United
States have generally waned over time, it is possible that
perspectives on contact tracing have shifted since the data were
collected in response to the evolving nature of the pandemic
and perspectives on public health generally.

Conclusions
The impact of COVID-19 has been disproportionately
experienced by people of color [25]. In Detroit, Black residents
experienced extremely high levels of disease, death, and loss
of loved ones as a result of the pandemic [44]. Contact tracing
is an important public health tool to limit the spread of infectious
diseases like COVID-19, and digital contact tracing apps can
positively contribute to such efforts [3]. Yet, throughout the
COVID-19 pandemic, people’s willingness to engage with
digital contact tracing has varied [19].

Contact tracing technologies have the potential to advance public
health efforts during the COVID-19 pandemic and beyond, but
unequal uptake of these platforms across racial/ethnic groups
and socioeconomic status may exacerbate the disparate impacts
of health crises. Our findings show that residents’ wariness of
participating in contact tracing is associated with trust in the
government and education levels, suggesting that distrust and
concerns about systemic inequality and surveillance may drive
reluctance to use such tools, especially among people of color
[24]. These results point to the importance of being attuned to
the ways intersectional identities influence public health
behaviors and the need to develop culturally informed advocacy
when promoting these platforms in the future [23,67].
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Abstract

Background: Case investigation and contact tracing are core public health activities used to interrupt disease transmission.
These activities are traditionally conducted manually. During periods of high COVID-19 incidence, US health departments were
unable to scale up case management staff to deliver effective and timely contact-tracing services. In response, digital contact
tracing (DCT) apps for mobile phones were introduced to automate these activities. DCT apps detect when other DCT users are
close enough to transmit COVID-19 and enable alerts to notify users of potential disease exposure. These apps were deployed
quickly during the pandemic without an opportunity to conduct experiments to determine effectiveness. However, it is unclear
whether these apps can effectively supplement understaffed manual contact tracers.

Objective: The aims of this study were to (1) evaluate the effectiveness of COVID-19 DCT apps deployed in the United States
during the COVID-19 pandemic and (2) determine if there is sufficient DCT adoption and interest in adoption to meet a minimum
population use rate to be effective (56%). To assess uptake, interest and safe use covariates were derived from evaluating DCTs
using the American Psychological Association App Evaluation Model (AEM) framework.

Methods: We analyzed data from a nationally representative survey of US adults about their COVID-19–related behaviors and
experiences. Survey respondents were divided into three segments: those who adopted a DCT app, those who are interested but
did not adopt, and those not interested. Descriptive statistics were used to characterize factors of the three groups. Multivariable
logistic regression models were used to analyze the characteristics of segments adopting and interested in DCT apps against AEM
framework covariates.

Results: An insufficient percentage of the population adopted or was interested in DCTs to achieve our minimum national target
effectiveness rate (56%). A total of 17.4% (n=490) of the study population reported adopting a DCT app, 24.7% (n=697) reported
interest, and 58.0% (n=1637) were not interested. Younger, high-income, and uninsured individuals were more likely to adopt a
DCT app. In contrast, people in fair to poor health were interested in DCT apps but did not adopt them. App adoption was
positively associated with visiting friends and family outside the home (odds ratio [OR] 1.63, 95% CI 1.28-2.09), not wearing
masks (OR 0.52, 95% CI 0.38-0.71), and adopters thinking they have or had COVID-19 (OR 1.60, 95% CI 1.21-2.12).

Conclusions: Overall, a small percentage of the population adopted DCT apps. These apps may not be effective in protecting
adopters’ friends and family from their maskless contacts outside the home given low adoption rates. The public health community
should account for safe use behavioral factors in future public health contact-tracing app design. The AEM framework was useful
in developing a study design to evaluate DCT effectiveness and safety.

(JMIR Public Health Surveill 2023;9:e38633)   doi:10.2196/38633
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COVID-19; contact tracing; postmarketing; mobile apps; public health; digital; interventions; tool; adoption; effectiveness;
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Introduction

Background
During periods of high COVID-19 incidence, US health
departments were unable to scale up case management staff to
deliver effective and timely contact-tracing services [1]. This
is expected considering that prior to the COVID-19 outbreak,
US health departments were grossly understaffed and needed
a minimum of 80,000 more full-time equivalent positions to
provide adequate infrastructure and a minimum package of
public health services [2].

Digital contact tracing (DCT) apps are intended to supplement
health department case managers by automatically and more
efficiently estimating the proximity and duration of an
individual’s exposure to patients diagnosed with COVID-19.
A model developed to predict the impact of conventional and
mobile DCT apps on the SARS-CoV-2 pandemic estimated that
the disease transmission rate could be reduced by adding either
contact tracers or effective widely used DCT apps (eg,
Bluetooth, GPS) [3]. DCTs reduce disease spread by alerting
the user if they have been near an infected person who is also
using DCT, followed by user isolation and testing for infection.
However, a key DCT effectiveness assumption is that there are
sufficient people adopting the app to signal disease exposure.
Ongoing monitoring of population uptake is necessary to address
concerns that users are relying on DCT apps that have not met
minimum population-level app adoption rates [4,5].

Health Technology Assessments
Health technology assessments (HTAs) of public health
applications are uncommon and challenged by lack of data,
conflicting stakeholder priorities, and methodological issues
[6]. The surge in COVID-19 cases in the United States in the
summer of 2021 (ie, the “third wave”) driven by the
SARS-CoV-2 Delta variant marks an urgent time to perform
an assessment of DCT apps to inform future public health
contact-tracing programs and app design [7]. By 2020, an
estimated 2.6 billion people globally were expected to use
mobile health (mHealth) apps, generating an estimated US $31
billion in revenue [8].

Despite the large market of mHealth apps, there is no US
regulatory authority in place to evaluate if DCT apps are safe
and beneficial [9]. Section 522 of the Federal Food, Drug, and
Cosmetic Act provides the Food and Drug Administration
(FDA) with the authority to require manufacturers to conduct
postmarket surveillance to address important public health
questions on the effectiveness and safety of a health device [10].
However, the FDA generally does not regulate products that
are intended solely to track locations or contacts associated with
public health surveillance [11]. Public health DCT developers
could voluntarily implement HTAs using the FDA Software
Precertification Program; however, the FDA guidance does not
provide a framework to conduct the postmarket evaluations
[12].

There are a wide variety of frameworks available for evaluating
health applications, but they may not be suitable for HTAs
[13,14]. The clinical applications marketplace conducts HTAs,

but they have not been frequently performed in the public health
market [6]. This study adapted the American Psychological
Association (APA) App Evaluation Model (AEM) hierarchical
rating system because it was developed by harmonizing
application evaluation questions from 45 frameworks [15]. The
AEM provides a comprehensive evaluation framework for
clinicians and patients to identify high-quality mHealth apps.
The framework may work well at a population level with
hierarchical layers to explain adoption decisions [16,17].

DCT only functions when all people near each other are using
the app. Individuals install DCT apps on their own mobile
devices, and these apps must be adopted by a sufficient
percentage of a population to be effective [16,17]. In this study,
we set the adoption effectiveness rate at 56% of the national
population [18]. We define our DCT adoption as the percentage
of the population using a DCT plus those that are interested in
using a DCT but have not yet adopted it. Our assumption is that
public health campaigns could convert many of the interested
users into adopters through public health communication
campaigns.

Following public health safety guidance while using DCT is
important, and the AEM framework provides health and
technology evaluation elements to evaluate functional use. For
example, DCT requires users to voluntarily report their positive
COVID-19 test results to public health authorities; therefore,
user behavior is part of DCT functionality. After DCT adoption,
users should not cease their social distancing behaviors in a way
that increases disease exposures.

DCT represents a new technology with a short research history,
and the AEM provides a structure for measure selection [19].
The AEM has five categories for evaluation: Access and
Background, Privacy and Safety, Clinical Foundation, Usability,
and Data Integration Toward a Therapeutic Goal. The AEM
provides a way to critically assess mHealth and does not include
a minimum or maximum score to be considered “good” or
“useful” [15,20].

Objective
The main objective of this study was to evaluate COVID-19
DCT apps deployed in the United States during the COVID-19
pandemic under the hypothesis that DCT requires a minimal
level of uptake by a population to be effective and DCT users
should follow social distancing policies. Accordingly, the
specific study aims were as follows.

Aim 1: Determine if there is a sufficient percentage of people
using or interested in DCT to reach the minimum critical mass
(56%) [18].

Aim 2: Assess the effectiveness and safety of DCT apps using
the APA AEM hierarchical rating system [16].

The AEM is a conceptual framework for developing key study
measures and was used to select variables. The measures derived
from the framework assess adoption rate characteristics and
behaviors necessary for the safe use of DCT apps.
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Methods

Data Source
We approximated a nationally representative sample of US
adults (aged 18+ years), with a stratified nonprobability sample
to survey 3853 online panel participants between December 22,
2020, and January 2, 2021. Respondents were recruited by
Climate Nexus Polling, using several market research panels
as described elsewhere [21]. Participants were recruited using
stratified sampling methods [21]. Compensation for participants
depended on the specific market research panel and respondents’
preferences (eg, cash, gift cards, reward points) and was valued
below US $4.00. Quotas were set to match the US Census
Bureau’s Voting and Registration Supplement to the Current
Population Survey parameters for age, gender, race, educational
attainment, census region, and Hispanic ethnicity. Sampling
weights were used to account for small deviations from the
preselected census parameters. The participation rate of the

survey was 68.5% (qualified respondents that completed the
survey). The 95% credibility interval for this survey was ±1.7%.
The survey data are provided in Multimedia Appendix 1.

DCT apps are new technology and there were no established
and validated survey instruments to measure their use; therefore,
Climate Nexus Polling developed DCT app survey questions
based on a previous Pew Research survey on digital privacy
[22].

Key Study Measures Aligned to the APA AEM

Model Variable Selection
Demographic measures were based on a literature review to
assess if app adoption applied to a diverse range of people
[23,24]. The following background for each category links the
AEM to the study’s DCT postmarket evaluation. The AEM
framework was used to select variables a priori from data
available in the survey (Figure 1). The detailed process is
described in Multimedia Appendix 2.

Figure 1. App Evaluation Model (AEM) with study variables. APA: American Psychological Association; DCT: digital contact tracing.

Access and Background
This category is concerned with the transparency of app
governance and ensuring that the benefits of mHealth apps are
available to a diverse range of people, regardless of background.
The US DCT apps are based on mobile phone Bluetooth
proximity tracking using the Google/Apple Exposure
Notification (GAEN) platform [25], and are cosponsored by
US state government public health organizations [25]. Adoption
of DCT apps in the United States is voluntary, and varies by
demographics and behavior [23]. Furthermore, DCT app
adoption may be subject to health equity issues since mHealth
adoption is generally associated with younger, educated
populations [23,26].

The “state of residence” measure was used to demonstrate the
role of a person’s state government in driving local adoption
[25,27,28].

Privacy and Safety
There is an expectation of confidentiality by DCT users, and
privacy policies should ensure that COVID-19 exposure
proximity measurement is accurate. Concern over privacy and
data breaches is a genuine concern. Experts collaborated to
develop secure decentralized contract-tracing platform

architectures [29]; however, some GAEN implementations may
have exposed user data. A class action lawsuit was filed in April
of 2021 against Google, claiming that their COVID-19
contact-tracing platform exposed unwitting Android adopters’
sensitive personal information [30].

Concerns over government surveillance and mobile device
hacking measures were selected from the survey [23,28,30].

Clinical Foundation
There is no agreed-upon definition of effectiveness for
measuring the clinical foundation of DCT. In January 2021, the
National Institute of Standards and Technology held a workshop
to discuss successes and challenges associated with
implementing proximity detection technologies [31]. For public
health, effectiveness is defined as reducing transmission and
quicker notification of exposure. From an adopter perspective,
effectiveness lies in addressing privacy concerns and finding a
value proposition. From a technology perspective, effectiveness
is how well the DCT apps measure proximity and if they can
function at current adoption rates. A systematic review of DCT
also found this lack of definition for effectiveness [18].

Also of potential concern is the “risk compensation” theory,
which suggests that individuals will increase risky social
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distancing behavior after a COVID-19 public health intervention
is implemented [32,33]. Researchers are concerned that DCT
app adoption could create a false sense of security and safety,
leading to behavior that increases infections [34]. Additionally,
the personality of the adopter may be an issue because the
extroversion personality type is associated with lower
compliance with social distancing [35].

Clinical foundation measures were selected to inform future
work on the definition of DCT public health effectiveness.
Measures were selected to assess social distancing behavior
(mask, visiting friends/family, attending religious services)
[23,35]. Psychological distress that could impact adoption and
measures were included to assess a user’s worry about
COVID-19 [36]. Measures on motivations for adoption and
interest were selected from the survey [23,24].

Usability
Grounded in the principle of autonomy, an mHealth app should
enable the user to take an educated and active role in their health
decisions. For example, DCT apps could help essential workers
take an active role in managing their exposures. However, a
German study showed that there was not greater uptake of DCT
apps by people working during the early pandemic [23]. In
addition, the readability of DCT apps is higher than US reading
levels and potentially less accessible for the general population
[27]. There is also little known about DCT use by people in
good versus poor health. Studies show that older people with
chronic diseases adopt self-care and vitals mHealth apps [26];
however, their chronic disease management is a very different
purpose than tracking infectious disease exposure.

Usability is especially important for populations with high
exposure risk or at high risk of poor outcomes. Measures were
selected for essential worker, health, and health insurance status
[23,24].

Data Integration Toward a Therapeutic Goal
This category is related to the principle of shared
decision-making through appropriate information sharing with
public health departments and health care systems. Some DCT
apps do offer adopters links to testing resources, local health
department resources, and quarantine social support [27]. In the
US GAEN DCT systems, adopters are solely in control of
reporting their positive test results through the app; therefore,
designers have limited ability to automate the contact-tracing
reporting data path. Unfortunately, a Morbidity and Mortality
Weekly Report found that 35% to 48% of individuals with
COVID-19 did not report any of their contacts to public health
department contact tracers [37]. DCT apps provide anonymous
COVID-19–positive lab test reporting capability, but there is
no evidence showing that DCT adoption improves the likelihood
of reporting.

User infection status and sharing a positive test result measures
assess if apps ultimately provide exposure data to public health
authorities [24,37].

Statistical Analysis
Market segments of the survey population were divided into
three categories: (1) the “adopted” category includes the

population self-declaring use of a DCT app; (2) the
“interested-not-adopted” category includes the population
self-declaring interest in, but not using a DCT app; and (3) the
“not interested” category describes the remaining population.
All three categories were included in the descriptive statistics
table using frequencies and survey weighted percentages. Only
the adopted and interested-not-adopted (“interested”) categories
were included in the statistical analysis because these
populations would be targets for uptake communications
campaigns. Logistic regression models were applied to the
adopted and interested-not-adopted segments to compare against
the key measures. Regression results for the two models are
presented with unweighted percentages and adjusted odds ratios
(ORs) with 95% CIs. Both model results and key measures are
presented in tables with variables organized by AEM categories.
Health care workers (n=1029) were excluded from the analysis
because health systems had contact-tracing protocols in place
before the COVID-19 pandemic to meet health care–acquired
infections regulations. Health care workers may answer survey
questions inconsistently because they follow workplace infection
contact-tracing protocols that are not applicable to the general
public. Multicollinearity of adopted and interested-not-adopted
models were checked through correlation analysis. Descriptive
and statistical analyses were conducted using STATA version
16.1 (StataCorp, College Station, TX).

To mitigate the risk of model overfitting given the large number
of measures, variables were selected a priori through a literature
review and allocated to the APA framework as described in the
Key Measures section above and Multimedia Appendix 2. By
using measures with statistical significance from other data sets,
we reduced the likelihood that our results were based on
overfitting in our survey sample. Results were also analyzed
for overfit risk by setting a minimum measure subsample
frequency threshold (n>15) [38].

Ethical Considerations
This project was considered exempt for review by the George
Mason University Institutional Review Board (1684418-3).

Results

Descriptive Analysis
Out of 3853 respondents, 2824 were included in the analysis,
with 1029 excluded because they self-identified as health care
workers. Among the total sample of 2824 people, 490 (17.4%)
reported using a DCT app, 697 (24.7%) reported interest, and
1637 (58.0%) were not interested (Table 1). All measures exceed
the minimum frequency threshold for assessing the risk of
overfitting, with most of the measures having over 100 survey
respondents.

Older age groups adopted the apps less frequently, where the
≥65-year-old group are at higher risk of poor COVID-19
outcomes but represent a lower rate of adoption (10.2%). Those
not interested in adopting the app were disproportionately
concerned with government surveillance postepidemic (43.2%).
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Table 1. Frequencies of survey population and survey segments.

Not interested
(n=1637), n (%)

Interested-not-adopted
(n=697), n (%)

Adopted (n=490), n
(%)

Study population

(N=2824), n (wt%a)

Survey segment

848 (51.8)376 (54.0)310 (63.3)1534 (55.3)Access and background: State of residence offers a

DCTb app (yes)

Security and privacy

707 (43.2)236 (33.9)N/AN/AcDo not use because of concerns with government
surveillance postepidemic

405 (24.7)155 (22.2)N/AN/ADo not use because my phone might get hacked

Clinical foundation

Social distancing

733 (45.1)286 (43.0)302 (61.6)1321 (47.6)Visit friends and family weekly (yes)

1431 (87.4)611 (87.7)367 (74.9)2409 (84.5)Worn a mask in public to help protect
yourself or others from getting sick? (yes)

691 (42.2)333 (47.8)285 (58.2)1309 (46.5)Attends religious services (yes)

Feelings

357 (21.8)215 (30.9)212 (43.3)784 (28.5)Worried about losing your home (yes)

418 (25.5)271 (38.9)204 (41.6)893 (31.9)Feel afraid (yes)

380 (23.2)230 (33.0)202 (41.2)812 (28.6)Feel lonely (yes)

Motivation for use

N/A430 (61.7)279 (56.9)N/AUse to protect family and friends

N/A326 (46.8)229 (46.7)N/AUse to help stop the pandemic/reduce deaths
in older American adults

N/A320 (45.9)219 (44.7)N/AUse as a responsibility to my community

N/A432 (62.0)268 (54.7)N/AUse to let me know my risk of infec-
tion/help peace of mind/help me stay
healthy

552 (33.7)227 (32.6)N/AN/ANot use because it would make me feel
more anxious

446 (27.2)122 (17.5)N/AN/ANot use because I would not benefit/I won’t
be infected

Usability

334 (20.4)173 (24.8)157 (32.0)664 (24.5)Essential worker

Health status

705 (43.1)317 (45.5)266 (54.3)1288 (45.7)Very good or excellent

590 (36.0)226 (32.4)151 (30.8)967 (34.2)Good

342 (20.9)154 (22.1)73 (14.9)569 (20.2)Fair or poor

1416 (86.5)616 (88.4)389 (79.4)2421 (85.3)Has health insurance (yes)

389 (23.8)187 (26.8)N/AN/ANo use because too much hassle to install

Therapeutic goal

1117 (68.2)502 (72.0)330 (67.4)1949 (69.1)Would you tell your neighbors or friends if you
become COVID-19–positive? (yes)

235 (14.4)115 (16.5)140 (28.6)490 (18.2)Do you think you have already had the coron-
avirus or currently have it? (yes)

Demographics

Age (Gallup divisions, years)

211 (12.9)144 (20.7)155 (31.6)510 (19.0)18-29

451 (27.6)283 (40.6)214 (43.7)948 (33.2)30-49
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Not interested
(n=1637), n (%)

Interested-not-adopted
(n=697), n (%)

Adopted (n=490), n
(%)

Study population

(N=2824), n (wt%a)

Survey segment

461 (28.2)154 (22.1)71 (14.5)686 (24.2)50-64

514 (31.4)116 (16.6)50 (10.2)680 (23.6)65+

Gender

853 (52.1)393 (56.4)245 (50.0)1491 (51.7)Female

784 (47.9)304 (43.6)245 (50.0)1333 (48.3)Male

Race

1301 (79.5)506 (72.6)319 (65.1)2126 (72.1)White

169 (10.3)84 (12.1)69 (14.1)322 (10.2)Black

96 (5.9)68 (9.8)68 (13.9)232 (14.1)Hispanic

71 (4.3)39 (5.6)34 (6.9)144 (3.7)Other

Political party affiliation

707 (43.2)205 (29.4)154 (31.4)1066 (38.1)Republican

621 (37.9)383 (55.0)269 (54.9)1273 (44.5)Democratic

309 (18.9)109 (15.6)67 (13.7)485 (17.4)Independent

Annual income level (US $)

996 (60.8)366 (52.5)244 (49.8)1606 (57.4)<50,000

440 (26.9)201 (28.8)137 (28.0)778 (27.4)50,000-99,000

201 (12.3)130 (18.7)109 (22.2)440 (15.2)≥100,000

Population density

393 (24.0)236 (33.9)185 (37.8)814 (29.5)Urban

786 (48.0)322 (46.2)218 (44.5)1326 (46.8)Semiurban

458 (28.0)139 (19.9)87 (17.8)684 (23.8)Rural

Education

94 (5.7)44 (6.3)38 (7.8)176 (6.7)No high school

464 (28.3)147 (21.1)107 (21.8)718 (26.4)At least some high school

621 (37.9)246 (35.3)158 (32.2)1025 (37.7)Some college

458 (28.0)260 (37.3)187 (38.2)905 (29.3)Bachelor’s degree or above

awt%: weighted percentage.
bDCT: digital contact tracing.
cN/A: not applicable.

DCT app adopters more frequently visited friends and family
outside the home each week (61.6%) compared to the overall
survey rate (47.6%). Those interested in the app visited friends
and family outside the home less frequently (43.0%). Adopters
also had high rates of concern about losing their home (43.3%),
being lonely (41.2%), and feeling afraid (41.6%). Despite having
a higher rate of thinking they have or had the coronavirus
infection (28.6%), their rate of telling neighbors and friends
was similar to that of the base population (67.4%).

There was also a difference in the rate of wearing masks in the
overall study population (84.5%) versus a lower rate in the
adoption segment (74.9%). Adopters showed a higher rate of
very good/excellent health (54.3%) compared to the overall
population and other categories.

Logistic Regression Analysis
There were differences in the frequency and association between
the adopted and interested segment populations across all five
AEM categories (Table 2). Covariate-adjusted ORs show how
the adoption and interest vary by study subject characteristics.
The OR is interpreted as the odds of a covariate being the same
(OR=1.0) for adopted versus not adopted groups. For example,
people who live in a state that offers a DCT adopt the apps 1.47
times more often (OR>1.0) than people in states not offering
DCTs. People who wore a mask in public to help protect
themselves or others from getting sick adopt DCT apps 0.52
times less often (OR<1.0) than people that do not wear masks.
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Table 2. Logistic regression results for adopted and interested-not-adopted segments.

Interested-not-adoptedAdoptedSurvey segments

Adjusted OR (95%
CI) (n=697)

Respondents

(n=2334), %a
Adjusted ORb (95%
CI) (n=490)

Respondents

(n=2824), %a

0.98 (0.81-1.19)53.91.47 (1.16-1.86)63.3dAccess and background: state of residence offers a DCTc app (yes)

Security and privacy

0.67 (0.54-0.83)25.0N/AN/AeDo not use because of concerns with government surveillance
postepidemic

0.78 (0.62-0.99)27.7N/AN/ADo not use because my phone might get hacked

Clinical foundation

Social distancing

0.81 (0.66-0.99)28.11.63 (1.28-2.09)22.9Visit friends and family weekly (yes)

1.05 (0.77-1.44)29.90.52 (0.38-0.71)15.2Worn a mask in public to help protect yourself or others
from getting sick? (yes)

1.29 (1.06-1.58)32.51.26 (0.99-1.61)21.8Attends religious services (Yes)

Feelings

1.19 (0.94-1.49)37.61.52 (1.18-1.95)27.0Worried about losing your home (yes)

1.38 (1.10-1.73)39.31.04 (0.80-1.35)22.8Feel afraid (yes)

1.14 (0.90-1.44)37.71.31 (1.00-1.70)24.9Feel lonely (yes)

Motivation for use

—f61.72.65 (2.00-3.51)39.4Use to protect family and friends

—46.82.04 (1.52-2.73)41.3Use to help stop the pandemic/reduce deaths in older
American adults

—45.91.49 (1.10-2.03)40.6Use as a responsibility to my community

—62.02.09 (1.57-2.78)38.3Use to let me know my risk of infection/help peace of
mind/help me stay healthy

0.59 (0.47-0.73)29.1N/AN/ADo not use because it would make me feel more anxious

1.14 (0.90-1.44)21.5N/AN/ADo not use because I would not benefit/I won’t be infected

Usability

1.06 (0.84-1.34)34.11.12 (0.87-1.46)23.6Essential worker (yes)

Health status

131.0120.7Very good or excellent

1.10 (0.88-1.38)27.70.93 (0.72-1.22)15.6Good

1.42 (1.08-1.85)31.00.73 (0.52-1.03)12.8Fair or poor

1.24 (0.92-1.68)30.30.65 (0.48-0.89)16.1Has health insurance (yes)

0.93 (0.73-1.17)32.5N/AN/ADo not use because too much hassle to install

Therapeutic goal

1.20 (0.97-1.50)72.00.84 (0.65-1.08)67.4Would you tell your neighbors or friends if you become COVID-
19–positive? (yes)

0.96 (0.74-1.26)32.91.60 (1.21-2.12)28.6Do you think you have already had the coronavirus or currently
have it? (yes)

Demographics

Age (years)

140.6130.418-29

0.86 (0.65-1.15)38.60.93 (0.69-1.25)22.630-49

0.47 (0.34-0.64)25.00.69 (0.47-1.00)10.350-64
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Interested-not-adoptedAdoptedSurvey segments

Adjusted OR (95%
CI) (n=697)

Respondents

(n=2334), %a
Adjusted ORb (95%
CI) (n=490)

Respondents

(n=2824), %a

0.30 (0.21-0.43)18.40.63 (0.41-0.98)7.465+

0.89 (0.73-1.08)27.91.14 (0.90-1.44)18.4Gender: male

Race

128.0115.0White

0.87 (0.63-1.20)33.21.06 (0.74-1.53)21.4Black

1.30 (0.90-1.87)41.51.25 (0.86-1.83)29.3Hispanic

1.01 (0.65-1.57)35.51.45 (0.90-2.34)23.6Other

Political party affiliation

122.5114.4Republican

1.62 (1.29-2.03)38.11.05 (0.80-1.39)21.1Democratic

0.97 (0.73-1.30)26.10.85 (0.59-1.22)13.8Independent

Annual income level (US $)

126.9115.2<50,000

1.13 (0.89-1.43)31.41.10 (0.82-1.47)17.650,000-99,000

1.42 (1.05-1.91)39.31.45 (1.02-2.06)24.8≥100,000

Population density

137.5122.7Urban

0.86 (0.68-1.08)29.10.98 (0.75-1.28)16.4Semiurban

0.73 (0.55-0.96)23.30.93 (0.66-1.31)12.7Rural

Education

131.9121.6No high school

0.76 (0.49-1.16)24.11.02 (0.62-1.67)14.9Some high school

0.96 (0.63-1.46)28.40.86 (0.53-1.40)15.4Some college

1.24 (0.80-1.93)36.20.92 (0.55-1.53)20.7Bachelor’s degree and above

aFrequency is presented as a percentage of adopted or interested-not-adopted against the total population of each variable.
bOR: odds ratio.
cDCT: digital contact tracing.
dStatistically significant associations are in italics.
eN/A: not applicable.
fRemoved from model due to collinearity with being in the interested-not-adopted segment.

Essential worker status was not associated with being in the
adoption or interest segments, and education was not a
significant factor. Being an adopter was negatively associated
with having health insurance (16.1%; OR 0.65, 95% CI
0.48-0.89) and being interested was associated with being in
fair to poor health (31.0%; OR 1.42, 95% CI 1.08-1.85). Older
age was negatively associated with both adoption and interest.
Having an annual income over US $100,000 was associated
with both adoption and interest. Political party affiliation was
not a statistically significant factor in adoption, although those
self-declared as Democratic party members had the highest
adoption frequency.

Not adopting a DCT app due to concerns about government
surveillance (25.0%; OR 0.65, 95% CI 0.52-0.81) and that their
phone will be hacked (27.7%; OR 0.78, 95% CI 0.62-0.99) was

negatively associated with interest. Adoption was positively
associated with visiting friends and family (22.9%; OR 1.63,
95% CI 1.28-2.09), whereas interest was negatively associated
with visits (28.1%; OR 0.81, 95% CI 0.66-0.99). Religious
services attendance was associated with interest (32.5%; OR
1.29, 95% CI 1.06-1.58). Adopters tended to express feeling
lonely (24.9%; OR 1.31, 95% CI 1.00-1.70), while being
interested was positively associated with feeling afraid (39.3%;
OR 1.38, 95% CI 1.10-1.73). Motivation measures showed the
highest frequencies in the adoption (38.3%-41.3%) and interest
segments.

Adopters were more likely to think they have or had the
coronavirus (28.6%; OR 1.60, 95% CI 1.21-2.12). Adoption
was not positively associated with telling friends and neighbors
about a positive COVID-19 lab result.
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Discussion

Principal Findings
Overall, each layer of the hierarchical AEM framework shows
barriers to the ability of DCT to effectively and safely
supplement understaffed manual contact tracers and protect the
public. With respect to aim 1, we found that a small percentage
of the eligible population reported adoption of the app (17.4%),
which is lower than estimated adoption rates in the United
Kingdom (28%) [39] and New Zealand (31%) [40]. Programs
to encourage adoption among those interested in a DCT app
(24.7%) could increase adoption, but still fall well below the
minimum target threshold of adoption. The not-interested
segment is large enough (58.0%) to prevent DCT apps from
reaching the population adoption minimum. Low adoption and
interest rates are problematic because in order for DCT apps to
be effective, high population uptake is needed alongside other
control measures [18]. With respect to aim 2, inconsistent
associations across prior DCT studies may be due to variable
selection differences, which shows the benefit of using the AEM
framework to develop study measures a priori [19]. Our results
show that DCT apps may not be clinically effective in protecting
adopters’ friends and family from their frequent maskless
contact outside the home given low adoption rates and DCT
technology false-negative detection issues. Adopter and
interested segments were positively associated with motivations
to protect friends and family, community, and the older
population; however, this study found several areas of concern
regarding beneficence.

Essential workers are at greater risk of exposure as part of their
employment, but they adopted DCT apps at a low rate (23.6%).
Essential workers were not associated with being part of either
the adoption or interest segment, and other studies also found
that they had lower intent to adopt and report positive
COVID-19 lab tests [24]. Future DCT app design should
consider that infection risk varies across subpopulations, and
DCT solution design should focus on adoption with higher-risk
subpopulations. A study on DCT app user sentiment suggested
that DCT apps are largely passive in nature, and could be
improved by adding features such as proactive reminder
notifications and links to detailed disease-spread information
[30].

The US public health department sponsorship of DCT apps was
considered a positive attribute in the AEM Access and
Background category; however, in the not-interested segment,
this was a negative attribute due to the association with distrust
of government surveillance. Other studies indicated concerns
about privacy that varied by political affiliation [28], whereas
concerns about postpandemic surveillance and hacking were
not associated with adoption hesitancy in the interested segment.
Resolving this conundrum requires further study of the
not-interested segment.

DCT apps are available for free on Google Play and Apple
Store, and the adoption rate is higher in the 26 US states
sponsoring apps [25]. Early studies before DCTs were deployed
could only survey people about their intent to adopt [24], and
our findings show differences in adoption versus interest

subpopulations across the AEM categories. The influence of
age, gender, race, and income was found to be inconsistent
across studies [24] and variation in culture is suggested to play
a role [23]. Our results support previous findings that DCT
adoption is associated with a younger population, but did not
support the association with well-educated populations [23,26].

Safe use of DCT apps after adoption is a concern. The high
volume of social visits warrants further investigation into the
influence of risk compensation behavior and an extraversion
personality trait. The COVID-19 pandemic has resulted in
ongoing related psychological stress accompanying DCT
exposure monitoring, reporting, quarantine, and isolation [41].
Adoption and interest are associated with mental health stressors,
with worries of losing a home and feelings of loneliness. More
research is needed to determine if there are causal links with
loneliness, extroversion personality type, DCT adoption, and
poor social distancing compliance [35]. Our study suggests that
DCT apps should not be considered as passive public health
infection reporting tools because of the psychological and
behavioral associations [36]. Our findings support a prior
recommendation to investigate DCT adoption psychological
impacts [36].

Neither adoption nor interest was associated with telling
neighbors or friends about testing positive for COVID-19. This
is concerning considering that adoption was associated with
adopters thinking they had been infected with the coronavirus.
DCTs may not be an effective addition to manual contact tracing
given that they are not associated with improving upon the rate
of infected people sharing contacts with public health contact
tracers. Lessons from other stigmatized diseases such as HIV
may offer DCT designers insight to encourage the sharing of
exposure information to slow transmission [42]. Findings from
an HIV mHealth prevention and testing study recommended
using evidence-based methods for app development, including
links to geospatial prevention information and the ability to
access self-testing kits [43]. There is a clinical trial underway
for an HIV mHealth app that may produce useful information
to DCT developers [44].

Limitations
Adoption and interest were measured by self-described use at
the time of the survey and did not include questions about
duration of use. The survey was national and did not ask the
respondents which of the DCT apps they considered when
answering survey questions, although most states use the same
GAEN proximity detection platform. The study results
occasionally varied from those reported by international DCT
deployments, which suggests that local culture can play a role
in adoption. The data are representative of the US adult
population but not of all app adopters, and we were able to
identify important differences between adopters and
nonadopters. Importantly, this study is the first to create a
postmarket assessment approach for DCTs, and points to the
need to prioritize development of multidisciplinary teams at
each step of the development, implementation, and evaluation
continuum.

This study did not assess the political party control of DCT
sponsoring states, which controls if a DCT is offered and how
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energetically it is marketed. An individual’s political party
affiliation was not associated with adoption, but political party
in control of a regional government is likely a different factor
than individual user political affiliation.

Conclusions
With low adoption rates nationally, the DCT apps may only be
useful as part of pandemic management programs in smaller,
more targeted populations such as company employees,
university employees and students, or health system workers
and clients.

The AEM highlighted key clinical foundation issues that should
be addressed in exposure contact-tracing system design. For
example, DCT app adoption is associated with frequent visits

with friends and family members outside the home, not wearing
masks, not having health insurance, feeling lonely, and adopters
thinking they have/had the coronavirus. Designing for behavioral
risks requires public health and technology organizations to
codevelop multidisciplinary definitions of DCT effectiveness
along with measurement methods.

The APA AEM framework combined with observational data
analysis is suited to assess end-user mobile app experience and
can help with future study measure selection. This postmarket
beneficence and safety evaluation approach using the AEM and
observational data could be applied to other COVID-19
pandemic public health applications that manage disease
exposure, promote personal health tracking, monitor health, and
raise awareness [45].
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Abstract

Background: There are regional gaps in the access to medical services for patients with chronic kidney disease (CKD), and it
is necessary to reduce those gaps, including the gaps involving medical costs.

Objective: This study aimed to analyze regional differences in the medical costs associated with CKD in the South Korean
population.

Methods: This longitudinal cohort study included participants randomly sampled from the National Health Insurance
Service-National Sample Cohort of South Korea. To select those who were newly diagnosed with CKD, we excluded those who
were diagnosed in 2002-2003 and 2018-2019. A total of 5903 patients with CKD were finally included. We used a marginalized
two-part longitudinal model to assess total medical costs.

Results: Our cohort included 4775 (59.9%) men and 3191 (40.1%) women. Of these, 971 (12.2%) and 6995 (87.8%) lived in
medically vulnerable and nonvulnerable regions, respectively. The postdiagnosis costs showed a significant difference between
the regions (estimate: –0.0152, 95% confidence limit: –0.0171 to –0.0133). The difference in medical expenses between the
vulnerable and nonvulnerable regions showed an increase each year after the diagnosis.

Conclusions: Patients with CKD living in medically vulnerable regions are likely to have higher postdiagnostic medical expenses
compared to those living in regions that are not medically vulnerable. Efforts to improve early diagnosis of CKD are needed.
Relevant policies should be drafted to decrease the medical costs of patients with CKD disease living in medically deprived
areas.

(JMIR Public Health Surveill 2023;9:e39904)   doi:10.2196/39904

KEYWORDS

chronic kidney disease; cost analysis; medical expenses; medically vulnerable regions; kidney; public health; cost; economic;
chronic disease; insurance; regional; longitudinal model
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Introduction

Chronic kidney disease (CKD) has been known as a causative
factor for early death and is being recognized as a global health
problem [1]. In the United States, 1 in 7 adults are known to
have CKD, and recent data show that the number of deaths due
to CKD in the past 2 decades has increased. With the increased
incidence of CKD, the cost of health care has increased
substantially [2]. The most severe phase of CKD, which is
end-stage renal disease (ESRD), has cost Medicare US $32.9
billion [2], with earlier stages costing Medicare approximately
US $48 billion in 2010 [3]. This phenomenon is also evident in
South Korea. In South Korea, the number of patients with CKD
has increased by 8.7% annually over the last 5 years (from 2013
to 2017), and CKD was estimated to affect approximately 4.6
million patients as of 2017. The annual medical fee per patient
with CKD is 8,361,000 won (US $6367.04), and the annual
total medical cost of these patients exceeds 1.7 trillion won (1.2
billion dollars), which makes the per-patient treatment cost for
CKD the highest compared with that for other diseases, such
as dementia or cancer [4].

In the case of chronic diseases, the effective implementation of
medical care, management, and prevention of these diseases
are important for social integration [5]. However, in South
Korea, despite the need for more medical help in provincial
areas, resources and medical expenditure are concentrated in
big cities. As of 2009, Seoul was home to 27.6% of the country’s
medical specialists and 52.4% of its physicians and dentists. In
addition, medical expenditure is concentrated in the capital
region. As of 2008, Seoul accounted for 26.9% of all insured
medical bills, while regions outside Seoul and the capital region
accounted for 36.2% and 14.5% of insured medical bills,
respectively [6]. Patients with CKD living in rural areas have
a higher risk of morbidity, hospitalization, and mortality
compared to those living in urban areas [7]. In addition, rural
residents are likely to have low income levels and need to travel
farther to seek medical care, which can result in further
disparities in CKD care [8]. As South Korea becomes an aging
society, rural areas are observed to be aging more rapidly than
urban areas [9]. Considering that age is an important factor for
CKD [10], its treatment is even more challenging in rural areas
with high aging rates. Since there are clear economic and
regional gaps in access to services in the health system, it is
necessary to make efforts to improve access to essential medical
services for CKD.

Kim et al [11] studied the cost-utility data among patients with
ESRD, although their analysis was limited due to the data being
collected from a specific hospital. Another study [12] on the
economic burden of CKD in South Korea used a national sample
cohort; however, they found no regional differences. Therefore,
our study aimed to estimate the regional differences using the
position value for relative composite index of the medical costs
of CKD in the South Korean population. We used the data
available from the Korean Health Insurance Service.

Methods

Data and Study Population
The data for this study were obtained from the National Health
Insurance Service- National Sample Cohort (NHIS-NSC). The
NHIS-NSC data were collected by random sampling of medical
claims, covering 2% of the South Korean population. The period
during 2002 to 2003 was designated as a washout period to
account for the effects of other existing diseases that might
influence the results associated with the hypothesized
relationship. To select those who were newly diagnosed with
CKD, we excluded those who were diagnosed with CKD in
2002-2003 and 2018-2019. From these data, we extracted 10,019
cases diagnosed with CKD (International Classification of
Diseases, 10th revision; code: N18). After excluding patients
who were diagnosed with CKD during the excluded period, a
total of 7966 individuals were included in the final study
(vulnerable regions: n=971, 12.2%; nonvulnerable regions:
n=6995, 87.8%).

Ethical Consideration
This study was reviewed and approved by the International
Review Board of Yonsei University’s Health System
(Y-2020-0031) and adheres to the tenets of the Declaration of
Helsinki. The NHIS-NSC data do not contain any identifying
information; thus additional approval was not required.

Variables
The variable of interest in this study was the region. Position
value for relative composite (PARC) indicators were used to
categorize the health care level by region in South Korea; the
analysis methods have been explained in detail in previous
studies [13-18]. PARC is an objective indicator that identifies
the relative health care level of a location compared with other
regions. The PARC value ranges from −1 to 1, with a value of
1 as the best, 0 as the average, and −1 as the worst value,
compared with the mean value of the entire region; the closer
the value is to −1, the lower the health care level in the region
compared with the average; on the other hand, the closer the
value is to 1, the higher the level is compared with the average.
In this study, when the PARC value was less than −0.33, the
region was classified as a medically vulnerable region.

The dependent variable of this study was the total medical cost.
Based on the time of diagnosis, the medical expenses were
calculated monthly for 24 months before diagnosis and 24
months after diagnosis. Medical expenses before death were
also included.

In addition, analyses that included sex, age, income, and social
security type as independent variables were performed. Social
security was categorized into health insurance (eg, corporate or
regional) and medical aid. One of the social security systems
in South Korea, National Health Insurance Service (NHIS),
covers the entire population except for medical aid beneficiaries.
Since the South Korean government provides insurance for the
poor, it offers a medical aid program to people unable to pay
for their own health care coverage. The medical aid program
beneficiaries are financed by both the local and central
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government and are a part of the South Korean public assistance
system [19].

Statistical Analyses

Marginalized Two-Part Longitudinal Model
To overcome the limitations posed by a conventional two-part
model, we used a marginalized two-part (MTP) longitudinal
model that directly parameterizes the marginal mean of Yij with
covariates [20]. The MTP model has the same two-part structure
as the conventional model, but instead of parametrizing the
model with a conditionally positive-valued log-scale location
parameter μij, it models the marginal mean νij that is conditional
expectation value of Yij on bi for medical users and nonusers
combined. Thus, we take the following equation:

We redefined bi to now have b'i vector that includes a'i and d'i,
the random effects are assumed to jointly follow a multivariate
normal distribution; this allows cross-part correlation among
random effects. Under the MTP parameterization, βk is the
incremental effect in the log of the overall mean, E(Yij |bi), that
comprises the entire population, including both medical users
and nonusers, E(Yij |bi), and corresponds to a unit increase in
the kth covariate, x2kij.

Model Details
The percentage of the study population with 0 expenditure over
the study period was 29%, creating the need for a two-part
model. To assess the effect of the regional difference on medical
costs, we fit the MTP model with explanatory variables in the
binary and overall mean components. In addition, we used
segmented regression analysis for powerful estimation of
intervention effects in an interrupted time series. The full model
was constructed as follows:

In the above, 0 ≤ timeij ≤ 48 and 0 ≤ After timeij ≤ 24.

We fit the MTP model using the %MTPmle SAS macro program
that correctly estimates model parameters through the likelihood
function and can be maximized using SAS PROC NLMIXED.
In addition, we chose a model type that used a continuous
distribution in the second part of the MTP model: the gamma
distribution.

Results

We analyzed the descriptive statistics of the medical costs of
CKD by region (Table 1). The people living in the vulnerable
region comprised 12.2% (971/7966) of participants, and those
in the nonvulnerable region comprised 87.8% (6995/7966).

We analyzed the summary statistics for the semicontinuous
outcome at each time point (Table 2). After the diagnosis of
CKD, significant differences were found in region, sex, income,
and Charlson comorbidity index between the groups.

We calculated the overall means and 95% confidence limits of
the MTP model parameters (Table 3). There was a significant
difference in difference in pre- and postdiagnosis medical costs
between the regions (estimate: –0.0152, 95% CI 0.0171 to
–0.0133).

We mathematically expressed the MTP model–estimated slope
effects of differences in diagnosis and region (Table 4).

We used the MTP model to estimate the effect of region on
medical expenses over time (Table 5). The first 2 years are the
estimates, and the following years are predictions. The
difference in medical expenses between vulnerable and
nonvulnerable regions increased every year.

The overall mean of the values with log scale in Table 2 was
calculated (Figure 1). Before the CKD diagnoses, there was a
significant difference in the slope or intercept. There was also
a clear difference in both the slope and intercept after the
diagnosis.
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Table 1. Descriptive statistics of the medical costs of chronic kidney disease analyzed by region.

P valueRegionCharacteristics

Nonvulnerable regions (n=6995,
87.8), n (%)

Vulnerable regions (n=971,
12.2), n (%)

Total (N=7966, 100), n (%)

.40Sex

4250 (60.1)570 (58.7)4775 (59.9)Male

2790 (39.9)401 (41.3)2790 (40.1)Female

<.001Age (years)

503 (7.2)56 (5.8)559 (7.0)<30

669 (9.3)79 (7.5)742 (9.3)30-39

1179 (16.9)124 (9.5)1303 (16.4)40-49

1554 (22.2)215 (22.1)1769 (22.2)50-59

2108 (30.1)343 (35.3)2451 (30.8)60-69

952 (13.6)154 (15.9)1106 (13.9)70-79

30 (0.4)6 (0.6)36 (0.5)>80

.15Coverage type

3357 (48)442 (45.5)3799 (47.7)NHIa, employed, or self-employed

3638 (52)529 (54.5)4167 (52.3)Medical aid

<.001Income

962 (13.8)132 (13.6)1094 (13.7)Low

3046 (43.6)488 (50.3)3534 (44.4)Middle

2987 (42.7)351 (36.2)3338 (41.9)High

<.001CCIb

1482 (21.2)163 (16.8)1645 (20.7)0

2034 (29.1)266 (27.4)2300 (28.9)1

3479 (50)542 (55.8)4021 (50.5)>2

aNHI: National Health Insurance.
bCCI: Charlson comorbidity index.
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Table 2. Summary statistics for the semicontinuous outcome (expenditures) at each time point. Monthly expenditures were calculated by converting
South Korean won to US dollars.

Expenditures after diagnosisExpenditures before diagnosisOverall expendituresCharacteristics

P valueMean (SD)P valueMean (SD)P valueMean (SD)

.02.67.12Region

416 (682)209 (303)313 (411)Vulnerable region

368 (586)214 (379)291 (390)Nonvulnerable region

.05.76.10Sex

363 (570)212 (377)288 (382)Male

390 (639)215 (361)303 (408)Female

.13<.001.01Age (years)

362 (614)170 (426)266 (414)<30

370 (637)162 (452)266 (420)30-39

393 (666)195 (427)294 (441)40-49

392 (617)230 (353)311 (411)50-59

375 (573)236 (339)306 (369)60-69

332 (502)216 (294)274 (320)70-79

262 (361)237 (296)250 (254)>80

.13.35.11Coverage type

363 (597)209 (365)286 (392)NHIa, employed, or self-employed

384 (599)217 (376)300 (394)Medical aid

.01.52.02Income

411 (598)225 (372)318 (384)Low

382 (609)213 (356)298 (396)Middle

353 (586)210 (385)282 (392)High

<.001<.001<.001CCIb

237 (472)108 (278)173 (311)0

354 (622)177 (316)265 (385)1

441 (621)278 (418)359 (413)>2

aNHI: National Health Insurance.
bCCI: Charlson comorbidity index.
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Table 3. Overall means and 95% CIs of the marginalized two-part model parameters.

95% confidence limitEstimateParameterCharacteristics

Binary component

(–0.4501, –0.3835)–0.4169α 1Intercept

(–0.0668, –0.0035)–0.03515α 2Diagnosis

(0.1533, 0.2218)0.1875α 3Region

(0.0244, 0.0275)0.0260α 4Time

(–0.1839, –0.0408)–0.1124α 5Diagnosis×region

(–0.0910, –0.0867)–0.0888α 6Diagnosis×after time

(–0.0172, –0.0130)–0.0151α 7Region×after time

(0.0091, 0.0133)0.0112α 8Diagnosis×region×after time

(0.0161, 0.0171)0.0116γ 1Age

(–0.0962, –0.0671)–0.0816γ 2Sex

(0.3257, 0.3440)0.3348γ 3CCIa

Overall mean component

(11.1561, 11.2226)11.1894β 1Intercept

(–0.0119, 0.0366)0.0123β 2Diagnosis

(–0.0611, –0.0101)–0.0356β 3Region

(0.0641, 0.0664)0.0652β 4Time

(0.0332, 0.1435)0.0884β 5Diagnosis×region

(–0.08430, –0.0807)–0.0825β 6Diagnosis×after time

(0.0159, 0.0197)0.0178β 7Region×after time

(–0.0171, –0.0133)–0.0152β 8Diagnosis×region×after time

(–0.0006, 0.0003)–0.0002δ 1Age

(–0.0762, –0.0507)–0.0635δ 2Sex

(0.3650, 0.3818)0.3734δ 3CCI

aCCI: Charlson comorbidity index.

Table 4. Marginalized two-part model–estimated slope effects of differences in diagnosis and region (mathematical expression).

After-beforeAfterBeforeCharacteristics

Vulnerable region

Nonvulnerable region

Difference of regions

Table 5. Marginalized two-part model–estimated effects of region over time.

5 yearsa4 yearsa3 yearsa2 years1 year

1.311.050.780.520.26Difference (%)

aThe data used in the marginalized two-part model analysis are for 2 years before and 2 years after diagnosis. The estimated effects at 3, 4, and 5 years
are predicted values.
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Figure 1. Model of the estimated log (mean expenditures) and 95% CIs for the chronic kidney disease costs.

Discussion

In this study, we examined the differences in medical costs of
CKD among the regions of South Korea. The study results
demonstrated that there were differences in postdiagnosis
medical costs for patients with CKD depending on the region.
Patients living in medically vulnerable areas had higher medical
costs than patients living in nonvulnerable areas.

These findings are consistent with those of previous studies on
chronic obstructive pulmonary disease, as our analysis on this
disease (Multimedia Appendix 1), which found that deprivation
of health care resulted in an increase in medical costs,
emergency health care use, and mortality [21]. As shown in our
results, people in medically vulnerable areas were likely to
spend more in terms of medical costs. This could be because
people living in vulnerable areas discover their symptoms only
when conditions have become severe, which results in higher
medical costs. Since social deprivation has been found to affect
the development of a kidney condition, it is likely that the stage
of CKD may worsen [22]. Diagnosis of CKD tends to happen
at later stages, resulting in treatment delay and poorer outcomes
[23]. Many studies, including those conducted in Canada [24],
have found that rural residents with CKD are likely to have less
access to specialty care and are provided with low-quality care,
which results in a higher prevalence of severe stages of CKD
in these areas. As previous studies have shown [3,25], more
severe symptoms cause a rapid increase in medical expenses.

Geographical location plays an important role in the treatment
of CKD. Some treatments, such as hospital-based hemodialysis,
may not be feasible in rural areas. For patients who are
dependent on ambulance service, transportation also becomes
an important issue [26]. There are many indicators, such as
Index Multiple Deprivation, that are used in the United Kingdom
to evaluate deprivation within a geographic area [27]. The PARC
indicators measure many aspects of the health care level by
region in South Korea, rather than simply classifying regions

as rural or urban; therefore, they might provide more accurate
indicators for evaluation of the actual deprivation of health care
regarding the medical cost of CKD.

Since there is an increase in postdiagnosis medical expenses
for CKD in vulnerable areas, necessary policies should be
implemented to lower the burden of this condition. In addition,
efforts to increase early diagnosis of CKD are needed. Currently,
most cases of CKD are detected during the course of treating
other health problems rather than because of any CKD
symptoms. Often, the early stages of CKD show no symptoms,
and discovery is made only when conditions become severe.
As shown previously [3], early detection of CKD is needed to
lower the medical expenses of the patient.

Our study has some important limitations. First, we were not
able to perform a random slope analysis in the study because
SAS software does not currently provide the necessary program.
In future studies, using another statistical program would avoid
this issue. Second, since the data set is a collection of
medical-claim bills, it is highly likely that the actual number of
patients with CKD and their actual burdens are higher than the
reported numbers. In general, the number of patients with CKD
can be said to represent a pyramid with ESRD at its peak,
although the number of patients with CKD based on their
treatment performance with health insurance and medical
benefits shows the opposite picture [28]. In addition, data on
socioeconomic costs that could affect medical expenses, such
as transportation, privately hired caregivers, private health
insurance, and health supplements, were not available for this
study.

However, there are some major strengths to our study. To the
best of our knowledge, this study is the first to investigate the
regional differences in the medical costs of CKD in the South
Korean population using a TPM model. In addition, since all
South Korean citizens are obligated to enroll in the NHIS, the
NHIS data sets provide nationally representative data.

JMIR Public Health Surveill 2023 | vol. 9 | e39904 | p.3156https://publichealth.jmir.org/2023/1/e39904
(page number not for citation purposes)

Park et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Our findings suggest that patients with CKD living in medically
vulnerable regions are more likely to have increased
postdiagnosis medical expenses compared with those living in
medically nonvulnerable regions. Over time, the differences in

medical expenses are likely to increase substantially. Policies
are needed to decrease the medical bills of patients with CKD
living in medically deprived areas.
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Abstract

Background: Alcohol consumption during pregnancy is associated with a range of adverse birth-related outcomes, including
stillbirth, low birth weight, preterm birth, and fetal alcohol syndrome (FAS). With more than 10% of women consuming alcohol
during pregnancy worldwide, it is increasingly important to understand how racial/ethnic variations affect FAS onset. However,
whether race and ethnicity inform FAS risk assessment when daily ethanol intake is controlled for remains unknown.

Objective: This study aimed to assess racial/ethnic disparities in FAS risk associated with alcohol consumption during pregnancy.

Methods: We used data from a longitudinal cohort study (the Collaborative Initiative on Fetal Alcohol Spectrum Disorders) at
5 hospital sites around the United States of 595 women who consumed alcohol during pregnancy from 2007 to 2017. Questionnaires,
in-person interviews, and reviews of medical, legal, and social service records were used to gather data on average alcoholic
content (AAC) during pregnancy. Self-reports of maternal race (American Indian/Alaska Native [AI/AN], Asian, Native Hawaiian
or other Pacific Islander, Black or African American, White, more than one race, and other) and ethnicity (Hispanic/Latino or
not Hispanic/Latino), as well as FAS diagnoses based on standardized dysmorphological criteria, were used for analysis.
Log-binomial regression was used to examine the risk of FAS associated with each 1-gram increase in ethanol consumption
during pregnancy, stratified by race/ethnicity.

Results: A total of 3.4% (20/595) of women who reported consuming alcohol during pregnancy gave birth to a baby with FAS.
Women who gave birth to a baby with FAS had a mean AAC of 32.06 (SD 9.09) grams, which was higher than that of women
who did not give birth to a baby with FAS (mean 12.07, SD 15.87 grams). AI/AN mothers with FAS babies had the highest AAC
(mean 42.62, SD 8.35 grams), followed by White (mean 30.13, SD 4.88 grams) and Black mothers (mean 27.05, SD 12.78 grams).
White (prevalence ratio [PR] 1.10, 95% CI 1.03-1.19), Black (PR 1.13, 95% CI 1.04-1.23), and AI/AN (PR 1.10, 95% CI 1.00-1.21)
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mothers had 10% to 13% increased odds of giving birth to a baby with FAS given the same exposure to alcohol during pregnancy.
Regardless of race, a 1-gram increase in AAC resulted in a 4% increase (PR 1.04, 95% CI 1.02-1.07) in the chance of giving
birth to a baby with ≥2 facial anomalies (ie, short palpebral fissures, thin vermilion border of the upper lip, and smooth philtrum)
and a 4% increase (PR 1.04, 95% CI 1.01-1.07) in the chance of deficient brain growth.

Conclusions: The risk of delivering a baby with FAS was comparable among White, Black, and AI/AN women at similar levels
of drinking during pregnancy. Regardless of race, a 1-gram increase in AAC resulted in increased odds of giving birth to a baby
with facial anomalies or deficient brain growth.

(JMIR Public Health Surveill 2023;9:e45358)   doi:10.2196/45358

KEYWORDS

fetal alcohol syndrome; ethnic disparity; alcohol intake; pregnancy; health disparity; public health; minority population; vulnerable
population; women's health; pediatrics; fetal health; pediatrics

Introduction

Alcohol consumption during pregnancy is associated with a
range of adverse birth-related outcomes, including stillbirth,
low birth weight, preterm birth, and fetal alcohol spectrum
disorders (FASDs) [1]. FASDs range from physical defects to
cognitive, social, behavioral, and emotional impairments [2].
Fetal alcohol syndrome (FAS) is the most severe form of
FASDs, which are defined as a range of lifelong congenital
anomalies, pre- or postnatal growth restrictions, and dysmorphic
facial features originating from prenatal alcohol exposure [3].

Globally, around 10% of women consume alcohol during
pregnancy, of whom 1 in 13 will deliver a child with a FASD,
and 1 in 67, a child with FAS [4]. Previous studies have reported
racial/ethnic variations in alcohol consumption during pregnancy
[4]. Black, Asian/Pacific Islander, and Hispanic women drink
less than White women during pregnancy [5], while
non-Hispanic Black women are up to 48% and 62% less likely
to drink alcohol during pregnancy and binge drink, respectively,
compared to non-Hispanic White women [6]. Controlling for
socioeconomic background, social support, paternal health
behaviors, and maternal medical history, Black and Hispanic
mothers are 41% and 58% less likely to drink during pregnancy,
respectively, compared to White mothers [7].

However, although White women may drink more alcohol than
Black/African American or Hispanic women before and during
pregnancy [8], they are less likely than their counterparts to be
at risk of adverse birth-related outcomes [9]. The fetal mortality
rate among Black women (11.2%) is nearly twice that of White
(5.9%) and Hispanic (5.1%) women in the United States [9].
Black women are also known to be at greater risk of both
unintended pregnancies and poor pregnancy outcomes, such as
preterm birth or low birth weight [10].

Concerning FAS and FASDs, Black infants have been reported
to have a 7-fold higher risk of FAS compared to White infants,
while infants born in some Southwestern Native American
communities have prevalence rates of up to 17.9 per 1000
individuals [11] (US average: 2-7 per 1000 infants) [12]. To
date, there is uncertainty regarding the racial disparities in
FASDs, as there is a possibility of misestimation of prevalence.
Black infants and children are more likely to be misdiagnosed
or receive a later diagnosis due to limited access to care, stigmas,
or lower socioeconomic status [13]. Contrastingly, concerns

have been raised that clinician racial bias results in higher
reports of prenatal substance exposure among Black children
and lower reports among Hispanic children than White children
[13]. Racial and ethnic differences in facial morphology will
also result in an overestimation of FASDs among certain African
American populations, especially in the absence of a
race-specific lip/philtrum guide and 3D evaluations of philtrum
height [14].

Advances in technology such as 3D ultrasound allow accurate
assessment of dysmorphic facial features among fetuses with
FASD [15]. Nevertheless, researchers are questioning whether
the current reference standards for facial measurements in
assessing FASDs account for such biases and racial/ethnic
variations [16]. Current Institute of Medicine (IOM) diagnostic
guidelines recommend that ethnic phenotypes should be
considered, as what may seem dysmorphic in one racial/ethnic
context (ie, lip/philtrum abnormalities or growth retardation,
that is, height or weight ≤10th percentile) may be normal in
another [17]. Hence, we sought to examine racial/ethnic
variations in the prevalence of FASDs using high-quality
diagnostic data in which each instance of a FASD was assessed
using uniform criteria rather than an administrative assessment
(eg, discharge codes on electronic health records).

Methods

Study Protocol
As part of a multisite research study of patients with FASD and
mothers worldwide conducted since 2003, we analyzed data
collected by the Collaborative Initiative on FASDs [18]. We
restricted our analyses to sites within the United States,
including (1) the Center for Behavioral Teratology at San Diego
State University (San Diego, CA); (2) Emory University
(Atlanta, GA); (3) 7 Northern Plains communities, including 6
Indian reservations; (4) the University of California, Los
Angeles (UCLA; Los Angeles, CA); and (5) the University of
Minnesota (Minneapolis, MN) [18]. Methods for obtaining
information about prenatal alcohol exposure varied by site and
ranged from questionnaires and in-person interviews to reviews
of medical, legal, or social service records [18]. For all locations,
histories of prenatal alcohol exposure were verified
retrospectively [19]. At all sites, the participants were examined
for FAS using standardized methodology, as reported by
Mattson et al [18,20].
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Although the Collaborative Initiative on Fetal Alcohol Spectrum
Disorders (CIFASD) also included some women with no alcohol
consumption during pregnancy or with unverified prenatal
alcohol exposure histories, these samples were not representative
of the source populations. Therefore, reliable estimates for
average alcoholic content (AAC) could not be calculated. Hence,
our analyses were restricted to subjects with at least one incident
of verified alcohol consumption during pregnancy. Our objective
was to estimate the risk of FASD per gram of pure ethanol intake
among women who reported drinking during pregnancy.

Study Sites

Center for Behavioral Teratology Study Site
At this site, children suspected of alcohol exposure were referred
to the principal investigator and local professionals for
participation in this project [18]. Many patients were already
attending this center before the initiation of the CIFASD project,
including patients referred to the investigative team for meeting
the traditional diagnostic criteria for FAS (eg, facial anomalies,
growth retardation, evidence of central nervous system
dysfunction (eg, microcephaly, mental retardation, or attentional
deficits) [20]. Alcohol exposure histories were obtained via
self-reports or professional reviews of medical, legal, or social
service records of the biological mother. Parents or primary
caregivers completed questionnaires regarding the children’s
behavior, while the children were examined for facial features
of FAS (ie, 2 of the 3 key facial features: short palpebral fissures
[≤10th percentile], a thin vermilion border on the upper lip [rank
4 or 5 on a racially normed lip/philtrum guide], a smooth
philtrum [rank 4 or 5 on a racially normed lip/philtrum guide],
and signs of pre- or postnatal growth deficiency [head
circumference, height, or weight ≤10th percentile]) [19].

Emory University Study Site
At Emory University, the Fetal Alcohol and Drug Exposure
Clinic gathers data on a large sample of patients with FASDs
while providing clinical services and facial evaluations at the
Emory University Marcus Institute [21]. In the absence of direct
reports, documentation of alcohol abuse or dependence by the
biological mother in the form of medical, social services, or
court records was reviewed [18]. Recruitment took place via
clinical and community referrals. Parents or primary caregivers
completed questionnaires and interviews, while patients with
FASD were administered various neuropsychological tests over
a 3-hour session [22].

Northern Plains Study Site
Seven communities, including 1 urban and 6 reservation sites
throughout North Dakota, South Dakota, and Montana,
participated in this study [21]. Children with FASDs were
recruited via active case ascertainment methods and
advertisements in tribal and community health centers [19].
Data on prenatal alcohol exposure were obtained from in-person
interviews with the parent or primary caregiver to retrospectively
obtain exact exposure histories and were also confirmed via
reviews of medical records when available [19].

University of Minnesota Study Site
The Department of Psychiatry at the University of Minnesota
collected data on prenatal alcohol exposure histories through
several modalities, including medical reports, birth records,
social service records, and, when available, maternal self-reports
[21].

UCLA Study Site
Data were collected from children attending the Fetal Alcohol
and Related Disorders Clinic at UCLA [23]. Participant
recruitment was through local FASD clinic referrals, online
advertisements, and word of mouth in caregiving communities
[23]. All alcohol exposure histories were confirmed via
in-person interviews and maternal reports of prenatal substance
exposure or reviews of maternal medical records by a licensed
medical doctor [23].

Study Participants
Among children with confirmed prenatal alcohol exposure, a
diagnosis of FAS was made if 2 of the 3 key facial features of
FAS (ie, short palpebral fissure, smooth philtrum, and thin
vermillion border) were accompanied by either microcephaly
or growth retardation [18]. Children were excluded when there
were reports of known causes of mental deficiency, such as
congenital hypothyroidism, neurofibromatosis, or chromosomal
abnormalities [18].

Ethical Considerations
This study was approved by the institutional review board of
the Harvard TH Chan School of Public Health (IRB21-1261).
Primary data collection at each clinical location of the CIFASD
received IRB approval, and informed consent was obtained
from all adult participants or their legal guardians [24]. For
secondary analysis of the data, our research team was provided
with deidentified and anonymized data upon request and
approval from CIFASD’s data committee. As a multisite study
across several locations and time periods, compensation amount
and type varied by collection site; for example, at Emory
University, participants were given US $50 as monetary
compensation [24,25], while at the University of Southern
California and University of Minnesota, participants were
compensated for their time with gift cards [26].

Measures

Alcohol Consumption
To calculate the grams of ethanol consumed per day during
pregnancy for each pregnant woman, maternal reports of alcohol
consumption frequency, quantity, and preferred alcoholic
beverage were used. All women were asked to report the
frequency (1-2 times during pregnancy, 3-5 times, once/month,
2-3 times/week, almost daily, or daily) and quantity (eg, 2) of
alcohol exposure during pregnancy, as well as their preferred
alcoholic beverage (eg, beer). Only cases of confirmed exposure
were included. Each beverage was converted to grams of ethanol
based on average alcoholic content (AAC), that is, 13.6 grams
of pure alcohol or one standard drink: 340 mL of regular beer
(approximately 5% alcohol), 150 mL of wine (approximately
12% alcohol), and 45 mL of distilled spirits (approximately
40% alcohol) [18]. Upon converting all frequency measures to
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a daily dose (eg, 1.5/280 days throughout the gestational period,
with 1 to 2 incidents of consumption during their entire
pregnancy), quantity and AAC were multiplied to determine
the grams of pure ethanol consumed by each woman daily.

Race/Ethnicity
All participants were asked to self-report their ethnicity as
Hispanic/Latino or not Hispanic/Latino. Then, they were asked
to self-report their race as American Indian/Alaska Native
(AI/AN), Asian, Native Hawaiian or other Pacific Islander,
Black/African American, White, more than one race, or other.
Owing to the limited number of participants in this investigation
for whom there were available data on AAC, they were divided
into White, Black, AI/AN, or other.

Outcome Assessment
At 4 of the sites (excluding the Northern plains), a
dysmorphologist was trained to accurately diagnose FAS based
on physical features as defined by the CIFASD dysmorphology
core [27]. The CIFASD dysmorphology core has been tested
in previous studies and has good interrater agreement for height
and head circumference, moderate-to-fair agreement for facial
anomalies, and poor agreement for the thin vermilion border
on the upper lip [28]. Site differences for demographic variables
including race, ethnicity, and age group were assessed via a
4-way interaction multivariate analysis of variance (MANOVA)
but are not reported, as the effects of demographic variables
varied by site [27].

Contrastingly, for the Northern Plains site, a team of physicians,
teachers, and other representatives was trained to identify
children with certain morphological characteristics of FASDs
and other birth defects, as well as IQ and neuropsychologic
traits; however, a pediatric dysmorphologist could not be
consulted for verification. As “a single generalized set of
nonspecific normative physical measures” was often insensitive
to local ethnic variations in FASD morphology, syndromic
features of FASDs were sometimes compared to normal controls
within the same population in terms of weight, head
circumference, fissure length, and other facial characteristics
(eg, ptosis, and intercanthal distance) [29].

For all CIFASD sites, physical growth and dysmorphology
features were recorded on a standardized and weighted checklist,
and the IOM criteria for FASDs were used for FAS diagnosis:
(1) evidence of a characteristic pattern of minor facial anomalies
including at least ≥2 key facial features of FAS (palpebral
fissures ≤10th percentile, thin vermilion border, or smooth
philtrum), (2) evidence of pre- or postnatal growth retardation
(height or weight ≤10th percentile), (3) evidence of deficient
brain growth (structural brain anomalies or occipitofrontal
circumference ≤10th percentile), and, if possible, (4)
confirmation of maternal alcohol consumption directly from
the mother or a knowledgeable collateral source [30].

For FAS severity, the IOM-recommended Diagnostic Criteria
for FAS and Alcohol-Related Effects were used to determine
severity of symptoms in terms of the number of FASD features
and type of features (ie, facial anomalies, pre- or postnatal
growth deficiency, deficient brain growth, and neurobehavioral
impairment) for each patient [30]. FAS was considered the most

severe form of FASD, with characteristic facial patterns, growth
retardation, and neurodevelopmental abnormalities of the central
nervous system (CNS). This was followed by partial FAS,
defined as the presence of some components of FAS facial
patterns and any of the aforementioned characteristics of FAS
[30]; alcohol-related birth defects, which result from congenital
defects and malformations or dysplasias of the heart, bone,
kidney, vision, or hearing systems; and alcohol-related
neurodevelopmental disorders, which include CNS
neurodevelopmental abnormalities and complex behavioral and
cognitive deficits [30].

Likewise, across all sites, the Child Behavior Checklist (CBCL)
was completed by caregivers to collect information regarding
child psychopathology and behavioral or emotional functioning
[31]. All scores were compiled as a parent-completed survey
assessment of their child to determine whether prenatal alcohol
exposure affected the child’s ability to internalize or externalize
difficult situations; adhere to rules and guidelines; and avoid
social, thought, and attention problems [32].

Statistical Analysis
Descriptive statistics of the overall sample for mean AAC were
calculated for participants according to race/ethnicity, maternal
age at childbirth, tobacco and substance use (ie, marijuana,
amphetamine, cocaine, hallucinogens, heroin, and methadone)
during pregnancy, child sex, CBCL score, and clinical location
of investigation. To examine the association between
race/ethnicity and FAS, as well as FASDs, such as facial
anomalies, growth retardation, and deficient brain growth, a
log-binomial regression analysis was used while adjusting for
child sex, child age, maternal age, and clinic location (as a
dummy variable). Analyses were further stratified by
race/ethnicity while accounting for a 1-gram unit increase in
AAC. All analyses, including the GPLOT SAS procedure for
displaying graphs, were performed using SAS software (version
9.4; SAS Institute).

Results

Table 1 shows the general characteristics of our sample by FAS
diagnosis. Overall, 3.4% (20/595) of women who reported
consuming alcohol during pregnancy gave birth to a baby with
FAS. Women who gave birth to a baby with FAS had a mean
AAC of 32.06 (SD 9.09) grams, which was higher than women
who did not (mean 12.07, SD 15.87 grams). AI/AN mothers
with FAS babies had the highest AAC (mean 42.62, SD 8.35
grams), followed by White (mean 30.13, SD 4.88 grams) and
Black mothers (mean 27.05, SD 12.78 grams).

As seen in Figure 1, there was a dose-response relationship
between AAC and FAS for exposure during different pregnancy
trimesters. For women who only consumed alcohol in the first
trimester, there was a 25% probability of giving birth to a baby
with FAS when they consumed more than 40 grams of pure
ethanol (ie, approximately 2.9 standard drinks). Contrastingly,
for women who kept drinking alcohol throughout all 3 trimesters
of their pregnancy, there was a 25% probability of giving birth
to a baby with FAS when they consumed around 30 grams of
pure ethanol (ie, approximately 2.1 standard drinks).
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Table 1. General characteristics of sample by fetal alcohol syndrome diagnosis.

Did not give birth to a baby with fetal alco-
hol syndrome

Gave birth to a baby with fetal alcohol syn-
drome

Characteristics

AAC (grams/day),
mean (SD)

Participants, n (%)AACa (grams/day),
mean (SD)

Participants, n (%)

Race

12.29 (15.66)281 (96.2)30.13 (4.88)11 (3.8)White (n=292)

11.81 (11.55)250 (98.4)27.05 (12.78)4 (1.6)Black (n=254)

19.32 (26.13)20 (87)42.62 (8.35)3 (13)American Indian/Alaska Native (n=23)

10.63 (17.48)24 (92.3)37.80b2 (7.7)Other (n=26)

Ethnicity

12.18 (13.71)498 (96.3)32.49 (9.21)19 (3.7)Hispanic or Latino (n=517)

11.13 (15.43)77 (98.7)25.20b1 (1.3)Not Hispanic or Latino (n=78)

Maternal age at childbirth (years)

10.87 (13.88)288 (97)31.68 (12.43)9 (3)<30 (n=297)

12.21 (15.05)87 (91.6)30.86 (5.21)8 (8.4)30-35 (n=95)

13.82 (13.36)200 (98.5)37.80b3 (1.5)>35 (n=203)

Tobacco used during pregnancy

8.60 (11.22)490 (99.2)35.20 (4.50)4 (0.8)No (n=494)

18.76 (11.56)85 (84.2)29.78 (8.04)16 (15.8)Yes (n=101)

Substances used during pregnancy

9.97 (11.47)505 (98.2)28.03 (10.01)9 (1.8)None (n=514)

16.96 (12.81)56 (88.9)33.60 (6.51)7 (11.1)Marijuana only (n=63)

22.64 (9.86)14 (77.8)30.75 (5.22)4 (22.2)Other (amphetamine, cocaine, hallucinogens, heroin,
methadone) (n=18)

Child sex

12.80 (9.71)323 (97.6)32.92 (9.51)8 (2.4)Male (n=331)

10.96 (14.21)252 (95.5)31.46 (9.25)12 (4.6)Female (n=264)

CBCL score (points)

9.40 (13.30)440 (98.4)36.31 (8.70)7 (1.6)Normal (<65) (n=447)

14.57 (12.52)59 (90.8)26.43 (9.94)6 (9.2)Borderline (65-69) (n=65)

18.08 (14.71)76 (91.6)33.72 (5.84)7 (8.4)Clinical (>69) (n=83)

Clinical location

17.88 (15.10)99 (98)37.80b2 (2)San Diego University (n=101)

10.73 (17.20)232 (95.9)31.82 (6.49)10 (4.1)Emory University (n=242)

24.22 (11.26)46 (90.2)39.47 (9.29)5 (9.8)Northern Plains (n=51)

9.91 (17.05)165 (100)N/Ac0 (0)Minnesota (n=165)

11.19 (15.06)33 (91.7)21.00 (7.27)3 (8.3)University of California, Los Angeles (n=36)

12.07 (15.87)575 (96.6)32.06 (9.09)20 (3.4)Total (n=595)

aAAC: average alcoholic content.
bSD values missing due to the number of participants being too low.
cN/A: not applicable.
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Figure 1. Dose-response effect of average alcoholic content from 0 grams to 45 grams per day on predicted probability of fetal alcohol syndrome. (A)
First-trimester drinking only; (B) drinking throughout all trimesters.

As seen in Table 2, AI/AN (PR 9.44, 95% CI 1.78-50.09)
mothers and mothers who used tobacco during pregnancy (PR
13.78, 95% CI 4.18-45.35) had significantly increased odds of
giving birth to a baby with FAS relative to their counterparts.

As seen in Table 3, when accounting for a 1-gram increase in
alcohol consumption during pregnancy, White (PR 1.10, 95%
CI 1.03-1.19), Black (PR 1.13, 95% 1.04-1.23), and AI/AN (PR
1.10, 95% CI 1.00-1.21) mothers had 10% to 13% increased
odds of giving birth to a baby with FAS given the same exposure
to ethanol during pregnancy.

Regardless of race/ethnicity, as seen in Table 4, every 1-gram
increase in alcohol consumption during pregnancy was
associated with an 11% increased risk of FAS (PR 1.11, 95%
CI 1.07-1.15) and 7% increased risk of alcohol-related brain
damage (PR 1.07, 95% CI 1.02-1.13). Each 1-gram increase in
AAC was also associated with a 4% increase in the chance of
giving birth to a baby with ≥2 facial anomalies (ie, short
palpebral fissures, thin vermilion border of the upper lip, or a
smooth philtrum; PR 1.04, 95% CI 1.02-1.07) or deficient brain
growth (PR 1.04, 95% CI 1.01-1.07).
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Table 2. Log-binomial regression analysis of association between sociodemographic variables and fetal alcohol syndrome, adjusted for child sex, child
age, maternal age, and clinical location.

P valuePrevalence ratio (95% CI)Sociodemographic variables

Race

1.00White (reference)

.160.44 (0.14-1.39)Black

.0089.44 (1.78-50.09)American Indian/Alaska Native

.500.40 (0.03-5.52)Other, including Asian, Native Hawaiian or other Pacific Islander, and more
than one race

Ethnicity

1.00Hispanic or Latino (reference)

.391.94 (0.43-8.76)Not Hispanic or Latino

Maternal age at childbirth (years)

1.00<30 (reference)

.202.04 (0.69-6.08)30-35

.690.81 (0.28-2.36)>35

Tobacco used during pregnancy

1.00No (reference)

<.00113.78 (4.18-45.35)Yes

Substances used during pregnancy

1.00None (reference)

.751.21 (0.37-3.93)Marijuana only

.093.49 (0.82-14.88)Other (amphetamine, cocaine, hallucinogens, heroin, methadone)

Child sex

1.00Male (reference)

.0063.64 (1.45-9.12)Female

Child Behavior Checklist score (points)

1.00Normal (<65) (reference)

.043.32 (1.08-10.19)Borderline (65-69)

.261.89 (0.63-5.69)Clinical (>69)

Clinical location

1.00San Diego University (reference)

.173.19 (0.62-16.44)Emory University

.980.97 (0.17-5.62)Northern Plains

N/AN/AaMinnesota

.372.26 (0.38-13.58)University of California, Los Angeles

aN/A: Not applicable (a low number of participants made stratification impossible).
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Table 3. Log-binomial regression analysis of risk of fetal alcohol syndrome associated with a 1-gram increase in average alcoholic content.

P valuePrevalence ratio (95% CI)Sociodemographic variables

Race

.0091.10 (1.03-1.19)White

.0041.13 (1.04-1.23)Black

.051.10 (1.00-1.21)American Indian/Alaska Native

N/AN/AaOther, including Asian, Native Hawaiian or other Pacific Islander,
and more than one race

Ethnicity

<.0011.11 (1.07-1.16)Hispanic/Latino

.921.24 (0.02-78.08)Not Hispanic/Latino

Maternal age at childbirth (years)

.011.08 (1.02-1.14)<30

.491.04 (0.93-1.17)30-35

.0041.22 (1.07-1.40)>35

Tobacco used during pregnancy

.0061.14 (1.04-1.26)No

<.0011.08 (1.04-1.12)Yes

Substances used during pregnancy

<.0011.12 (1.01-1.18)None

.021.10 (1.02-1.19)Marijuana only

.701.40 (0.25-7.89)Other (amphetamine, cocaine, hallucinogens, heroin, methadone)

Child sex

<.0011.14 (1.06-1.22)Male

<.0011.12 (1.05-1.19)Female

Child Behavior Checklist score (points)

<.0011.14 (1.07-1.21)Normal (<65)

.052.01 (1.01-4.22)Borderline (65-69)

.041.10 (1.01-1.20)Clinical (>69)

Clinical location

.322.62 (0.39-17.68)San Diego University

<.0011.17 (1.09-1.26)Emory University

.031.09 (1.01-1.17)Northern Plains

N/AN/AaMinnesota

.990.99 (0.33-2.99)University of California, Los Angeles

aN/A: not applicable (a low number of participants made stratification impossible).
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Table 4. Log-binomial regression analysis of fetal alcohol spectrum disorder severity associated with a 1-gram increase in average alcoholic content.

P valuePR (95% CI)Participants, n (%)FASDa characteristics

FASD severity (n=43)

<.0011.11 (1.07-1.15)20 (46.5)FASb (most severe)

.311.78 (0.59-5.43)1 (2.3)Partial FAS

.211.08 (0.96-1.22)9 (20.9)Alcohol-related neurodevelopmental disorder

.0081.07 (1.02-1.13)13 (30.2)Alcohol-related birth defects (least severe)

Number of FASD features (n=291)

.0021.13 (1.04-1.23)209 (71.8)1

.0021.17 (1.06-1.30)56 (19.2)2

.981.38 (0.59-5.43)21 (7.2)3

——c5 (1.7)4

Type of FASD features (n=404)

<.0011.04 (1.02-1.07)113 (28)≥2 Facial anomaliesc

.521.01 (0.98-1.04)92 (22.8)Pre- or postnatal growth deficiency

.011.04 (1.01-1.07)51 (12.6)Deficient brain growth

.831.00 (0.28-3.53)148 (36.6)Neurobehavioral impairment

aFASD: fetal alcohol spectrum disorder.
bFAS: fetal alcohol syndrome.
cNot available.
cFacial anomalies included short palpebral fissures (≤10th percentile), a thin vermilion border on the upper lip (rank 4 or 5 on a racially normed
lip/philtrum guide) and a smooth philtrum (rank 4 or 5 on a racially normed lip/philtrum guide).

Discussion

Principal Results
Our results suggest that although the average quantity of alcohol
consumed during pregnancy varied by race/ethnicity, the risk
of delivering a baby with FAS or FASDs did not vary by more
than 3% among White, Black, and AI/AN women when equal
doses of ethanol were consumed. There is a consensus that “for
unclear reasons, there is an increased risk of FAS in those who
belong to African American or Native American ethnicities”
[33]. Some researchers have attributed this to genetic
polymorphisms that result in an increased risk of FAS among
certain races [34,35]. African American race/ethnicity is
believed to increase FAS risk due to the ADH1B*3 functional
polymorphism—found in approximately 33% of those with
African ancestry and almost exclusively in this group, which
has a 70-to-80-time higher conversion rate of ethanol to
acetaldehyde [36]. However, a previous study attributed to the
maternal CIF*3 allele found among African Americans a
protective effect against adverse prenatal effects of alcohol [37].
The high prevalence of FAS in certain communities (eg, the
Indigenous) is likely due to more intensive screening or other
social and environmental risk factors (eg, lead exposure or poor
diet) than innate racial characteristics [38].

Our findings also suggest that innate racial characteristics are
likely unassociated with the risk of FASDs for any race,
especially when AAC is controlled for. Regarding
Hispanic/Latino women, our study also found no statistically

significant association between ethnicity and risk of FAS when
AAC was accounted for, and this was in alignment with a
previous study reporting that the pattern of early-pregnancy
alcohol consumption in Latinas of childbearing age residing in
the United States was similar to that of other racial/ethnic groups
[39].

As data on patients with FAS or FASDs and their exposure
histories have remained sparse [40], it was difficult to adjust
for AAC accurately before the public release of the CIFASD
data. While existing nationally representative data sets, such as
the National Birth Defects Prevention Study (NBDPS) [41] and
Pregnancy Risk Assessment Monitoring System (PRAMS) [42]
have some information on women’s health-related behaviors
during pregnancy, they do not have a detailed assessment of
drinking behaviors, such as the exact type of alcoholic beverage
consumed (eg, beer, wine, or distilled spirits) [43], which makes
it impossible to calculate exact AACs.

Limitations
This study has limitations. Firstly, all data were self-reported;
many studies have commented on the underreporting of alcohol
consumption during pregnancy by mothers [44,45]. Our
calculations of AAC need to be interpreted with caution, as the
retrospective manner in which study participants were
interviewed made it difficult to collect exact, day-to-day
measurements of the quantity, frequency, and type of alcoholic
beverage consumed.
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As mentioned above, our sample size was also limited and not
nationally representative of the United States, which may have
resulted in sampling bias owing to the clinical locations where
patients were recruited for the CIFASD project. This is likely
the reason why the prevalence of pregnant drinkers among
certain races and ethnicities in our sample differed from that of
previous studies that used nationally representative data sets,
such as the NBDPS or PRAMS [42]. Due to the manner in
which the CIFASD collected data at certain sites (eg, word of
mouth, advertisements in tribal and community health centers,
and existing patients at referral clinics), the data on the
prevalence of FAS and pregnant drinkers and nondrinkers by
race or ethnicity presented in Table 1 should not be interpreted
as representative of the general United States or AI/AN
population. Among AI/AN people, FASDs are widely
recognized as a “major public health priority” [46], since higher
patterns of alcohol consumption result in a higher prevalence
of FASDs compared to the general population [47].

The small number of FAS-diagnosed individuals (n=2) in the
AI/AN sample (n=23) is reflected by the highly imprecise PR
estimate for AI/AN individuals (PR 9.44, 95% CI 1.78-50.09).
In the United States, AI/AN individuals are only around 2% of
the population (for a total of approximately 5.2 million people)
[48], and only 14 states (including New Mexico, where the
CIFASD collected data for this study) have more than 100,000
AI/AN residents [49]. FAS remains a major concern for the
AI/AN community, and previous studies have noted that AI
individuals have 3 times the rate of fetal alcohol births [50],
possibly because of polymorphisms related to aldehyde
dehydrogenase and acetaldehyde dehydrogenase genes found
in AI populations [51].

However, until more data are collected for this community, we
believe that caution is warranted in ascribing racial disparities
in FAS diagnosis to genetic or biological susceptibility [51].
For example, the high prevalence of alcohol use disorders in
AI/AN groups has been shown to be driven by primarily
nonbiological factors [52].

Furthermore, previous studies have highlighted the importance
of considering immigration history and its interaction with race
and ethnicity [53]. Trends in child health in the United States,
especially with regard to Hispanic- or Asian-origin populations,
may be influenced by immigration status and extent of
acculturation [53]; for example, relative to United States–born
women, it is believed that non–United States–born women are
less likely to initiate early prenatal care (PNC) or receive
adequate PNC due to lower rates of insurance coverage and
patient-provider communication gaps [54]. The CIFASD data
set does not include information on maternal immigration or
health insurance status, and we encourage future studies to
explore the interaction between such factors and FAS onset, as
mothers of children who have FAS are more likely to be without
PNC, be on Medicaid at childbirth, and potentially have different
health-related behaviors, depending on naturalization status
[55].

Because of the small sample size of individuals with FAS at
different clinical locations, as seen in certain parts of our
analyses (ie, the log-binomial analysis of FAS individuals from
Minnesota University [n=0] and the subgroup analysis of other
races [n=2] for FAS onset associated with a 1-gram increase in
AAC), some PRs could not be calculated. In future studies with
larger sample sizes, we hope that there will be more information
on FAS incidence, so that quantitative analyses with various
stratifications of variables are possible.

Conclusions
The current IOM guidelines for FASD diagnosis recommend
that racial/ethnic variations in the expression of key features of
FASDs be carefully examined, if possible, for the detection of
minor physical variations [56]. However, more research that
takes into consideration drinking behaviors and cultural drinking
norms among each racial/ethnic group in the United States is
warranted to determine whether the onset of FAS and related
disabilities is biological or behavioral.
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Abstract

Background: Compared with adults with normal glucose metabolism, those with prediabetes tend to be frail. However, it
remains poorly understood whether frailty could identify adults who are most at risk of adverse outcomes related to prediabetes.

Objective: We aimed to systematically evaluate the associations between frailty, a simple health indicator, and risks of multiple
adverse outcomes including incident type 2 diabetes mellitus (T2DM), diabetes-related microvascular disease, cardiovascular
disease (CVD), chronic kidney disease (CKD), eye disease, dementia, depression, and all-cause mortality in late life among
middle-aged adults with prediabetes.

Methods: We evaluated 38,950 adults aged 40 years to 64 years with prediabetes using the baseline survey from the UK Biobank.
Frailty was assessed using the frailty phenotype (FP; range 0-5), and participants were grouped into nonfrail (FP=0), prefrail
(1≤FP≤2), and frail (FP≥3). Multiple adverse outcomes (ie, T2DM, diabetes-related microvascular disease, CVD, CKD, eye
disease, dementia, depression, and all-cause mortality) were ascertained during a median follow-up of 12 years. Cox proportional
hazards regression models were used to estimate the associations. Several sensitivity analyses were performed to test the robustness
of the results.

Results: At baseline, 49.1% (19,122/38,950) and 5.9% (2289/38,950) of adults with prediabetes were identified as prefrail and
frail, respectively. Both prefrailty and frailty were associated with higher risks of multiple adverse outcomes in adults with
prediabetes (P for trend <.001). For instance, compared with their nonfrail counterparts, frail participants with prediabetes had
a significantly higher risk (P<.001) of T2DM (hazard ratio [HR]=1.73, 95% CI 1.55-1.92), diabetes-related microvascular disease
(HR=1.89, 95% CI 1.64-2.18), CVD (HR=1.66, 95% CI 1.44-1.91), CKD (HR=1.76, 95% CI 1.45-2.13), eye disease (HR=1.31,
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95% CI 1.14-1.51), dementia (HR=2.03, 95% CI 1.33-3.09), depression (HR=3.01, 95% CI 2.47-3.67), and all-cause mortality
(HR=1.81, 95% CI 1.51-2.16) in the multivariable-adjusted models. Furthermore, with each 1-point increase in FP score, the risk
of these adverse outcomes increased by 10% to 42%. Robust results were generally observed in sensitivity analyses.

Conclusions: In UK Biobank participants with prediabetes, both prefrailty and frailty are significantly associated with higher
risks of multiple adverse outcomes, including T2DM, diabetes-related diseases, and all-cause mortality. Our findings suggest
that frailty assessment should be incorporated into routine care for middle-aged adults with prediabetes, to improve the allocation
of health care resources and reduce diabetes-related burden.

(JMIR Public Health Surveill 2023;9:e45502)   doi:10.2196/45502

KEYWORDS

frailty; adverse outcomes; diabetes; prediabetes; prospective study

Introduction

In 2021, the International Diabetes Federation estimated that
there were more than 500 million adults with prediabetes among
those aged 20 years to 79 years worldwide [1]. As an
intermediate hyperglycemia state, prediabetes increases the risk
of diabetes [2] and diabetes-related complications (eg,
cardiovascular disease [CVD], chronic kidney disease [CKD],
and dementia) [3]; the latter contributes to a large proportion
of diabetes-related burden [4,5]. The latest guidelines from the
American Diabetes Association (ADA) recommend annual
diabetes screening for adults with prediabetes [6]. However,
this is challenged by emerging evidence showing the very low
rates of diabetes progression among older adults with
prediabetes [7]. Conversely, middle-aged adults (ie, <65 years)
with prediabetes should be monitored for adverse outcomes,
which is of high value and appropriate [8].

Prediabetes is highly heterogeneous, impeding the application
of a one-size-fits-all health management strategy. Recently, a
simple health aging indicator—frailty—has been demonstrated
to be able to predict the risk of adverse outcomes (eg, CVD and
mortality) [9-12] even in the younger population [13]. Frailty
is defined as a state of decreased reserve and resistance to
stressors, characterized by functional decline in multiple systems
[9]. Frailty and disorders of glucose metabolism share common
physiological mechanisms, such as insulin resistance [14,15]
and chronic inflammation [15,16]. Frailty has been found to be
an important risk factor for disability [17], fracture [18], CVD
[19,20], hospitalization [20], intensive care unit admission [20],
and mortality [20,21] among adults with diabetes. A few studies
have shown that frailty incidence is slightly higher in older
adults with prediabetes compared with those with normal
glucose metabolism [22]. Only 1 prospective study recently
reported that frailty was positively associated with the
progression of prediabetes to type 2 diabetes mellitus (T2DM),
as well as higher risks of CVD and all-cause mortality, in
middle-aged and older adults with prediabetes [23]. However,
whether these positive associations remain in those aged less
than 65 years is not yet clear. In addition, impaired glucose
metabolism is also associated with higher risks of CKD [3], eye
disease (eg, cataract) [24], dementia [3], and depression [25].

However, relatively little is known about whether frailty could
identify middle-aged adults with prediabetes who are most at
risk of these adverse outcomes.

Therefore, we performed a prospective cohort study among
38,950 middle-aged adults with prediabetes from the UK
Biobank (UKB). Using a widely validated frailty
measurement—frailty phenotype (FP) [9]—the objective of this
study was to systematically evaluate the associations of frailty
with the risk of multiple adverse outcomes, including incident
T2DM, diabetes-related microvascular disease, CVD, CKD,
eye disease, dementia, depression, and all-cause mortality.

Methods

Study Participants
The UKB is a large-scale health research study with a long-term
follow-up that began in 2006 to 2010 with the recruitment of
approximately 500,000 adults in the United Kingdom [26].
Adults in the UKB were recruited through 22 assessment centers
across England, Scotland, and Wales. Data were collected
through a touch screen questionnaire and verbal interviews (eg,
demographic, health, lifestyle variables), physical measures (eg,
handgrip strength), and biological sample collection (eg, blood).
Since recruitment, all adults have given consent for the UKB
to follow up to determine the incidence of health outcomes
through links to health-related records (eg, hospital inpatient
episodes and death registrations), and only about 0.3% of the
adults have been lost to follow-up because they left the United
Kingdom or withdrew consent for future linkage. The protocol
of the UKB is available online [27]. At baseline, there were
405,319 middle-aged adults (age: 40-64 years), of whom 43,133
had prediabetes. Prediabetes was defined by a nonfasting
glycated hemoglobin (HbA1c) level of 5.7% to 6.4% (39-47
mmol/mol) following the ADA criteria [6]. After the exclusion
of adults with prevalent cancer (n=2386) or with missing data
on frailty (n=6) and covariates (eg, ethnicity, educational level;
n=1791), 38,950 middle-aged adults with prediabetes were
included in the final analytic samples. Additionally, because
the number of prevalent cases for each outcome varied, we
assembled different analytic samples for each outcome (see
details in Figure 1).
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Figure 1. Flow chart of the sample for analyses.

Ethical Considerations
The UKB was approved by the North West Multi-Centre
Research Ethics Committee (11/NW/0382). Written informed
consent from all participants was obtained. The data used in
this study were anonymized and de-identified for privacy and
confidentiality protection.

Outcomes
In this study, the outcomes included T2DM, diabetes-related
microvascular disease (including retinopathy, neuropathy, and
nephropathy), diabetes-related macrovascular disease (ie, CVD
including ischemic heart disease and stroke), CKD, eye disease
(including cataract and glaucoma), dementia, depression, and
all-cause mortality.

We defined prevalent and incident T2DM using a UKB
algorithm that combined self-reported medical history and
medication information (for the ascertainment of prevalent cases
only), as well as linked hospital admissions records (Table S1
in Multimedia Appendix 1). In addition, according to the ADA
criteria [6], undiagnosed prevalent T2DM cases were identified
using random glucose (≥11.1 mmol/L) or HbA1c (≥6.5% [48
mmol/mol]) levels. We ascertained prevalent and incident cases
of diabetes-related microvascular disease through linked hospital
admissions records using the International Statistical
Classification of Diseases and Related Health Problems, 9th
version (ICD-9) and 10th version (ICD-10; Table S1 in

Multimedia Appendix 1). We ascertained prevalent and incident
cases of CVD, CKD, eye disease, dementia, and depression
using self-reported medical history (for the ascertainment of
prevalent cases only) and linked hospital admissions records
using ICD-9 and ICD-10 (Table S1 in Multimedia Appendix
1). We ascertained death through linkage to national death
registries. For analyses of each outcome, the time to event was
calculated from the baseline (ie, the years 2006-2010) to the
occurrence of the specific disease outcome, death, loss to
follow-up, or end of follow-up (the year 2021), whichever came
first. For instance, for analysis of incident T2DM, time to event
was calculated from the baseline to the occurrence of T2DM,
death, loss to follow-up, or end of follow-up, whichever came
first.

Frailty Measurement
We used FP, a widely used physical frailty measurement
proposed by Fried et al [9]. FP was evaluated using 5 criteria
(unintentional weight loss, exhaustion, weakness, slow gait
speed, and low physical activity) and was used previously in
the UKB [28]. Of the 5 criteria, weakness was assessed using
objectively measured handgrip strength; the other 4 criteria were
assessed using a self-reported questionnaire (see details in Table
1). The FP score ranged from 0 to 5, with a higher score
indicating greater frailty. Participants were categorized into
nonfrail (FP score=0), prefrail (FP score≥1 and ≤2), and frail
(FP score≥3), as done in previous studies [9,28].
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Table 1. The 5 criteria for the frailty phenotype in the UK Biobank.

CategoriesCriteria descriptionNumber

1: “Yes, loss weight”; 0: OthersUnintentional weight loss: Participants were asked “Compared
with one year ago, has your weight changed?”

1

1: “More than half the days or nearly every day”; 0: OthersExhaustion: Participants were asked “Over the past 2 weeks,
how often have you felt tired or had little energy?”

2

1: (1) Men: ≤29 kg for BMI ≤24 kg/m2; ≤30 kg for BMI 24.1-26

kg/m2; ≤30 kg for BMI 26.1-28 kg/m2; or ≤32 kg for BMI >28 kg/m2;

(2) Women: ≤17 kg for BMI ≤23 kg/m2; ≤17.3 kg for BMI 23.1-26

kg/m2; ≤18 kg for BMI 26.1-29 kg/m2; or ≤21 kg for BMI >29 kg/m2;
0: Others

Weakness: Weakness was measured using grip strength with a
Jamar J00105 hydraulic hand dynamometer (Lafayette Instru-
ment). Participants were asked to complete a grip assessment
for both hands once. The maximal value of the right and left
hands was used.

3

1: “Slow pace”; 0: OthersSlow gait speed: Participants were asked “How would you de-
scribe your usual walking pace?”

4

1: “None or light activity with a frequency of once per week or less”;
0: Others

Low physical activity: Participants were asked “In the last 4

weeks, did you spend any time doing light DIYa activity, heavy
DIY activity, or strenuous sports?”

5

aDIY: do it yourself.

Covariates
Baseline data on age, sex (female or male), ethnicity (White,
mixed race, South Asian, Black, Chinese, or other background),
educational level (high, intermediate, or low), occupational
status (working, retired, or other), alcohol consumption (never
or special occasions only, 1 to 3 times per month, 1 to 4 times
per week, or daily or almost daily), smoking status (never,
previous smoker, or current smoker), healthy diet (yes or no),
and family history of disease (including diabetes, CVD,
dementia, and depression) were collected through a
questionnaire interview. The Townsend deprivation index (TDI)
was calculated based on areas before participants were recruited

in the UKB. BMI was calculated as measured weight/height2

(kg/m2).

Statistical Analyses
Baseline characteristics of the complete analyzed sample and
by frailty status are presented as median (IQRs) and number
(percentage) for continuous variables and categorical variables,
respectively. Kruskal-Wallis tests and chi-square tests were
used to compare the differences in characteristics by frailty
status.

To evaluate the associations between frailty status (nonfrail,
prefrail, and frail) and adverse outcomes, Cox proportional
hazards regression models were performed. The Schoenfeld
residuals test was used to verify the proportional hazard
assumption, and no significant violation was found. We
calculated hazard ratios (HRs) and corresponding 95% CIs using
2 models. Model 1 was adjusted for age and sex. Model 2 was
further adjusted for ethnicity, educational level, occupational
status, TDI, alcohol consumption, smoking status, healthy diet,
BMI, and family history of disease based on Model 1.
Additionally, we calculated HRs (95% CIs) for adverse
outcomes per 1-point increase in FP score.

Several sensitivity analyses were conducted to confirm the
robustness of the results. First, we compared the characteristics
of included and excluded study participants. Second, to
minimize the influence of reverse causality, we repeated the
main analyses after excluding those without 2 years of
follow-up. Third, to reduce the influence of poor health on frailty
status, we repeated the main analyses after excluding participants
with poor self-rated health status at baseline. Fourth, to account
for the influence of missing data on results, we performed
multiple imputations by chained equations [29] for missing
values and repeated the primary analyses. Finally, we validated
the associations between frailty and adverse outcomes among
adults with T2DM. For adults with T2DM, HbA1c level (≥7.0%
[≥53 mmol/mol] or <7.0% [<53 mmol/mol]), diabetes
medication use (oral antidiabetes drug only, insulin, or neither),
diabetes duration (in years), and prevalent diabetes-related
microvascular disease (except for incident diabetes-related
microvascular disease) were also included in Model 2.

We used SAS version 9.4 (SAS Institute) and R version 3.6.3
(2020-02-29) to conduct all statistical analyses. To account for
multiple testing, we used Bonferroni correction in all analyses
(P<.006).

Results

Baseline Characteristics
Among the 38,950 participants with prediabetes, the median
age was 58.6 (IQR 53.1-62.0) years, and the majority were
women (21,155/38,950, 54.3%) and White (34,705/38,950,
89.1%; Table 2). The prevalences of prefrailty and frailty were
49.1% (19,122/38,950) and 5.9% (2289/38,950), respectively.
Prefrail and frail adults were more likely to be women, have a
lower educational level, and have a higher level of TDI and
BMI, compared with the nonfrail adults. Table 2 shows the
detailed baseline characteristics by frailty status.
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Table 2. Baseline characteristics of study participants with prediabetes by frailty status.

P valueaFrail (n=2289)Prefrail (n=19,122)Nonfrail (n=17,539)Total (n=38,950)Variables

<.00158.3 (52.9 to 61.7)58.3 (52.7 to 61.8)59.0 (53.7 to 62.1)58.6 (53.1 to 62.0)Age (years), median (IQR)

<.001Gender, n (%)

1456 (63.6)10,771 (56.3)8928 (50.9)21,155 (54.3)Female

833 (36.4)8351 (43.7)8611 (49.1)17,795 (45.7)Male

<.001Ethnicity, n (%)

1911 (83.5)16,719 (87.4)16,075 (91.7)34,705 (89.1)White

22 (1.0)180 (0.9)137 (0.8)339 (0.9)Mixed

166 (7.3)943 (4.9)449 (2.6)1558 (4.0)South Asian

115 (5.0)796 (4.2)563 (3.2)1474 (3.8)Black

18 (0.8)139 (0.7)104 (0.6)261 (0.7)Chinese

57 (2.5)345 (1.8)211 (1.2)613 (1.6)Other background

<.001Educational levelb, n (%)

395 (17.3)5156 (27.0)5647 (32.2)11,198 (28.7)High

571 (24.9)6165 (32.2)5728 (32.7)12,464 (32.0)Intermediate

1323 (57.8)7801 (40.8)6164 (35.1)15,288 (39.3)Low

<.001Occupational status, n (%)

842 (36.8)11,892 (62.2)11,059 (63.1)23,793 (61.1)Working

602 (26.3)4710 (24.6)5095 (29.0)10,407 (26.7)Retired

845 (36.9)2520 (13.2)1385 (7.9)4750 (12.2)Other

<.0010.5 (–2.3 to 3.6)–1.4 (–3.2 to 1.6)–2.2 (–3.7 to 0.3)–1.7 (–3.5 to 1.2)Townsend deprivation index,
median (IQR)

<.00131.6 (27.8 to 36.4)29.2 (25.9 to 32.9)27.5 (24.8 to 30.8)28.5 (25.4 to 32.1)BMI (kg/m2), median (IQR)

<.001Smoking status, n (%)

972 (42.5)9366 (49.0)8963 (51.1)19,301 (49.6)Never

722 (31.5)6137 (32.1)5929 (33.8)12,788 (32.8)Previous

595 (26.0)3619 (18.9)2647 (15.1)6861 (17.6)Current

<.001Alcohol consumption, n (%)

1080 (47.2)5551 (29.0)3308 (18.9)9939 (25.5)Never or special occasions
only

287 (12.5)2587 (13.5)2045 (11.7)4919 (12.6)1 to 3 times per month

695 (30.4)8176 (42.8)8674 (49.5)17,545 (45.0)1 to 4 times per week

227 (9.9)2808 (14.7)3512 (20.0)6547 (16.8)Daily or almost daily

<.001Healthy diet, n (%)

772 (33.7)4930 (25.8)3444 (19.6)9146 (23.5)No

1517 (66.3)14,192 (74.2)14,095 (80.4)29,804 (76.5)Yes

<.00140.9 (39.8 to 42.6)40.5 (39.6 to 42.1)40.3 (39.5 to 41.6)40.4 (39.6 to 42.0)Glycated hemoglobin
(mmol/mol), median (IQR)

Prevalent diseases, n (%)

<.001485 (21.2)1835 (9.6)1157 (6.6)3477 (8.9)Cardiovascular disease

<.00137 (1.6)88 (0.5)55 (0.3)180 (0.5)Chronic kidney disease

<.001137 (6.0)646 (3.4)520 (3.0)1303 (3.3)Eye disease

.373 (0.1)7 (0.0)4 (0.0)14 (0.0)Dementia
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P valueaFrail (n=2289)Prefrail (n=19,122)Nonfrail (n=17,539)Total (n=38,950)Variables

<.001506 (22.1)1636 (8.6)812 (4.6)2954 (7.6)Depression

Family history, n (%)

<.001761 (33.2)5720 (29.9)4716 (26.9)11,197 (28.7)Diabetes mellitus

<.0011474 (64.4)11,711 (61.2)10,448 (59.6)23,633 (60.7)Cardiovascular disease

.44286 (12.5)2283 (11.9)2164 (12.3)4733 (12.2)Dementia

<.001422 (18.4)2637 (13.8)2087 (11.9)5146 (13.2)Depression

aGenerated using chi-square and Kruskal-Wallis tests for categorical and continuous variables, respectively.
bEducational level was classified as high (college or university degree), intermediate (A/AS levels or equivalent, O levels/General Certificate of Secondary
Education levels or equivalent), and low (none of the above).

Frailty and Risks of Adverse Outcomes in Middle-aged
Adults With Prediabetes
During a median follow-up of 12 years, there were 5289 incident
T2DM cases, 2657 incident diabetes-related microvascular
disease cases, 3234 incident CVD cases, 1439 incident CKD
cases, 3525 incident eye disease cases, 325 incident dementia
cases, 1265 incident depression cases, and 2016 deaths. We
found that frail participants developed more adverse outcomes
than did their prefrail and nonfrail counterparts over the 12-year
follow-up (Figure 2).

Table 3 shows the associations between frailty and the risks of
multiple adverse outcomes in middle-aged adults with
prediabetes. In the age- and sex-adjusted model, both prefrailty
and frailty were associated with higher risks of all adverse
outcomes (all P for trend <.001). After further adjusting for
additional covariates, these associations remained statistically

significant. When comparing prefrail participants with their
nonfrail counterparts, the multivariable-adjusted HRs were 1.35
(95% CI 1.27-1.43) for T2DM, 1.29 (95% CI 1.18-1.40) for
diabetes-related microvascular disease, 1.17 (95% CI 1.08-1.26)
for CVD, 1.22 (95% CI 1.09-1.37) for CKD, 1.12 (95% CI
1.04-1.20) for eye disease, 1.57 (95% CI 1.23-2.01) for
dementia, 1.48 (95% CI 1.30-1.68) for depression, and 1.25
(95% CI 1.14-1.38) for all-cause mortality. For frail participants,
the multivariable-adjusted HRs were 1.73 (95% CI 1.55-1.92)
for T2DM, 1.89 (95% CI 1.64-2.18) for diabetes-related
microvascular disease, 1.66 (95% CI 1.44-1.91) for CVD, 1.76
(95% CI 1.45-2.13) for CKD, 1.31 (95% CI 1.14-1.51) for eye
disease, 2.03 (95% CI 1.33-3.09) for dementia, 3.01 (95% CI
2.47-3.67) for depression, and 1.81 (95% CI 1.51-2.16) for
all-cause mortality, compared with their nonfrail counterparts.
Additionally, with each 1-point increase in FP score, the
incidence risks of these adverse outcomes significantly increased
by 10% to 42% (Model 2).

Figure 2. Age-adjusted incidence of adverse outcomes among UKB participants with prediabetes during 12 years of follow-up. UKB: UK Biobank.
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Table 3. Associations between frailty and adverse health outcomes among middle-aged adults with prediabetes.

Hazard ratio (HR) per 1-point
increase

P value for trendaFrailty statusOutcomes

FrailPrefrailNonfrail

Type 2 diabetes mellitus (n=38,950)

——b600/23,8902965/218,5221724/207,929Number of events/person-years

1.45 (1.42-1.49)<.0013.37 (3.07-3.71)1.70 (1.61-1.81)ReferenceModel 1c, HR (95% CI)

1.19 (1.16-1.23)<.0011.73 (1.55-1.92)1.35 (1.27-1.43)ReferenceModel 2d, HR (95% CI)

Diabetes-related microvascular disease (n=38,776)

——314/25,4451417/226,956926/212,240Number of events/person-years

1.45 (1.40-1.50)<.0013.23 (2.84-3.68)1.54 (1.42-1.67)ReferenceModel 1c, HR (95% CI)

1.24 (1.19-1.29)<.0011.89 (1.64-2.18)1.29 (1.18-1.40)ReferenceModel 2d, HR (95% CI)

Cardiovascular disease (n=35,473)

——269/20,0991651/201,8551314/195,009Number of events/person-years

1.29 (1.25-1.34)<.0012.39 (2.09-2.72)1.31 (1.22-1.41)ReferenceModel 1c, HR (95% CI)

1.16 (1.12-1.21)<.0011.66 (1.44-1.91)1.17 (1.08-1.26)ReferenceModel 2d, HR (95% CI)

Chronic kidney disease (n=38,770)

——168/25,929758/228,894513/213,304Number of events/person-years

1.43 (1.36-1.50)<.0013.01 (2.53-3.58)1.47 (1.31-1.64)ReferenceModel 1c, HR (95% CI)

1.23 (1.16-1.30)<.0011.76 (1.45-2.13)1.22 (1.09-1.37)ReferenceModel 2d, HR (95% CI)

Eye disease (n=37,647)

——263/24,1321792/216,6871470/202,556Number of events/person-years

1.17 (1.13-1.21)<.0011.62 (1.42-1.85)1.20 (1.12-1.29)ReferenceModel 1c, HR (95% CI)

1.10 (1.06-1.14)<.0011.31 (1.14-1.51)1.12 (1.04-1.20)ReferenceModel 2d, HR (95% CI)

Dementia (n=38,936)

——33/26,881181/232,270111/215,549Number of events/person-years

1.41 (1.28-1.56)<.0012.87 (1.94-4.23)1.69 (1.34-2.15)ReferenceModel 1c, HR (95% CI)

1.29 (1.16-1.44)<.0012.03 (1.33-3.09)1.57 (1.23-2.01)ReferenceModel 2d, HR (95% CI)

Depression (n=35,996)

——191/19,994687/209,605387/204,125Number of events/person-years

1.63 (1.55-1.71)<.0014.97 (4.18-5.92)1.71 (1.51-1.94)ReferenceModel 1c, HR (95% CI)

1.42 (1.34-1.50)<.0013.01 (2.47-3.67)1.48 (1.30-1.68)ReferenceModel 2d, HR (95% CI)

All-cause mortality (n= 35,473 )

——186/20,9401047/204,710783/195,777Number of events/person-years

1.35 (1.29-1.41)<.0012.65 (2.26-3.12)1.39 (1.27-1.53)ReferenceModel 1c, HR (95% CI)

1.21 (1.16-1.27)<.0011.81 (1.51-2.16)1.25 (1.14-1.38)ReferenceModel 2d, HR (95% CI)

aCalculated to test linear trend using frailty status (3 categories) as a continuous variable.
bNot applicable.
cModel 1 was adjusted for age and sex.
dModel 2 was further adjusted for ethnicity, educational level, occupational status, Townsend deprivation index, alcohol consumption, smoking status,
healthy diet, BMI, and family history of disease based on Model 1.
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Sensitivity Analyses
The differences in characteristics between included and excluded
participants were observed. Those who were excluded were
more likely to be older, women, non-White, and frail (Table S2
in Multimedia Appendix 1). Robust results were generally
observed when excluding the participants with less than 2 years
of follow-up (Table S3 in Multimedia Appendix 1), excluding
the participants with poor self-rated health status at baseline
(Table S4 in Multimedia Appendix 1), or imputing missing data
on frailty and covariates (Table S5 in Multimedia Appendix 1).
In addition, we confirmed that frailty was positively associated
with the risks of diabetes-related microvascular disease, CVD,
CKD, eye diseases, dementia, depression, and all-cause mortality
in middle-aged adults with T2DM, and these associations were
independent of factors related to diabetes severity at baseline
(Table S6 in Multimedia Appendix 1).

Discussion

Principal Findings
In a large sample of UKB participants with prediabetes, we, for
the first time, demonstrated that both prefrailty and frailty were
associated with higher risks of multiple adverse outcomes,
including T2DM, diabetes-related microvascular disease, CVD,
CKD, eye disease, dementia, depression, and all-cause mortality.
Our findings support the heterogeneity of prediabetes in
middle-aged adulthood and suggest that assessing frailty status
among middle-aged adults with prediabetes may help to identify
those who were most at risk of subsequent adverse outcomes.

We observed a nearly twice higher prevalence of frailty among
middle-aged adults with prediabetes (ie, 5.9%) in this study
than that in general adults (ie, 3.3%) from the UKB as well [28].
Similarly, the prevalence of frailty among older adults with
diabetes [30] is almost twice as high as that in those without
diabetes (20.1% vs 12%) [31]. It seems that adults with glucose
metabolism disorders are experiencing an accelerated aging
process [32]. Multiple age-related metabolic disturbances are
present in adults with prediabetes, including chronic
inflammation, hyperglycemia, insulin resistance, and β-cell
dysfunction [2,16], creating a pathophysiological environment
that contributes to frailty. Given the sharp increase in frailty
after the age of 65 years [33], our findings suggest that there is
a need for early identification of frailty, an aging indicator, in
this middle-aged population with prediabetes.

To the best of our knowledge, this study provided new evidence
on the associations between frailty and higher risks of a series
of adverse outcomes in middle-aged adults with prediabetes. A
few studies on the relationship between frailty and adverse
outcomes included middle-aged adults with diabetes as part of
the study sample [19,20,34]. One prospective study of 998
African Americans aged 49 years to 65 years has shown that
frail adults with diabetes had an increased risk of mortality [21].
Except for this study, only 1 study conducted in middle-aged
and older adults with prediabetes found that frailty was
associated with the progression of prediabetes to diabetes, as
well as higher risks of CVD and all-cause mortality [23]. This
large prospective study (n=38,950) showed that frailty was
positively associated with higher risks of more outcomes

including CKD, eye disease, and dementia in middle-aged adults
with prediabetes.

This study draws attention to the accelerated aging process in
adults with prediabetes, which may lead to rapid diabetes
progression and contribute to the development of
diabetes-related complications [32]. Nutritional and
pharmacological anti-aging interventions have been revealed
to help mitigate or reverse the accelerated aging process [35].
A recent review suggested that the most effective and easiest
intervention strategy targeting frailty is to combine strength
exercise and protein supplements in primary care [36]. Thus,
our findings implicate that frailty assessment might help primary
care providers identify the subpopulation at higher risk of
adverse outcomes even in middle-aged adults with prediabetes
in communities. It is worth noting that the application of
technological solutions in assessing frailty is constantly
expanding [37,38]. The major types of technologies include
information and telecommunications technology–based
platforms, smartphones, remote monitoring, and wearable
sensors and devices [39]. For example, a frailty prediction model
based on a points system and integrated into a mobile app for
Android phones has been developed in the clinical setting,
enabling professionals to identify frailty using clinical
information and further improve decision-making [40]. With
the aid of these technological tools, frailty screening becomes
more convenient and flexible. Next, early preventive and
interventive programs targeting frailty in adults with prediabetes
are urgently needed. On the one hand, they may directly help
reduce the occurrence of T2DM; on the other hand, they may
indirectly help reduce diabetes-related burden. Meanwhile,
pharmacologic interventions or other aggressive approaches to
diabetes prevention are also encouraged [41,42]. Before formal
implementation, considerably more research on the effectiveness
and cost-effectiveness of interventional programs in this
population is required.

Strengths and Limitations
The major strengths of this study were the large sample of
middle-aged adults with prediabetes, the long follow-up time,
rich phenotype data, and linked hospital admissions records,
enabling us to systematically evaluate the prospective
associations between frailty and multiple adverse outcomes.
There were several potential limitations. First, the UKB was
not representative of the sampling population, and the majority
of included adults were White. Also, there were differences in
baseline characteristics between included and excluded
participants. Thus, selection bias existed in this study, and the
results may not be generalizable to populations from other
countries. Second, transitions in frailty status may occur over
time [43], and evidence has suggested that transitions in frailty
status were associated with adverse outcomes [44]. However,
repeated measurements of frailty were lacking; thus, we were
unable to estimate the influence of frailty transitions on the
subsequent adverse outcomes in this study. Future longitudinal
studies incorporating data on frailty transition are needed. Third,
multiple outcomes were considered in this study, and thus, type
Ⅰ errors inevitably increased. To reduce the possibility of
chance findings, we used Bonferroni correction. Finally, because
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of the observational study design, we could not draw a causal
inference.

Conclusion
In this prospective cohort study of middle-aged UKB
participants with prediabetes, both prefrailty and frailty were
significantly associated with increased risks of multiple adverse
outcomes, including T2DM, diabetes-related microvascular

disease, CVD, CKD, eye disease, dementia, depression, and
all-cause mortality. The findings underscore the importance of
frailty assessment in routine care for middle-aged adults with
prediabetes. Detecting frailty at an early stage (ie, accelerated
aging) and implementing timely targeted interventions may help
to improve the allocation of health care resources and to reduce
diabetes-related burden.
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Abstract

Background: A life-course immunization approach would enhance the quality of life across all age groups and improve societal
well-being. The herpes zoster (HZ) vaccine is highly recommended for older adults to prevent HZ infection and related
complications. The proportions of willingness to receive the HZ vaccine varies across countries, and various kinds of factors,
including sociodemographics and individual perceptions, influence the willingness to vaccinate.

Objective: We aim to estimate the HZ vaccination willingness rate and identify factors associated with vaccine uptake willingness
across all World Health Organization (WHO) regions.

Methods: A global systematic search was performed on PubMed, Web of Science, and the Cochrane Library for all papers
related to the HZ vaccine published until June 20, 2022. Study characteristics were extracted for each included study. Using
double arcsine transformation, vaccination willingness rates with 95% CIs were pooled and reported. The willingness rate and
associated factors were analyzed by geographical context. Associated factors were also summarized based on Health Belief Model
(HBM) constructs.

Results: Of the 26,942 identified records, 13 (0.05%) papers were included, covering 14,066 individuals from 8 countries in 4
WHO regions (Eastern Mediterranean Region, European Region, Region of the Americas, and Western Pacific Region). The
pooled vaccination willingness rate was 55.74% (95% CI 40.85%-70.13%). Of adults aged ≥50 years, 56.06% were willing to
receive the HZ vaccine. After receiving health care workers’ (HCWs) recommendations, 75.19% of individuals were willing to
get the HZ vaccine; without HCWs’ recommendations, the willingness rate was only 49.39%. The willingness rate was more
than 70% in the Eastern Mediterranean Region and approximately 55% in the Western Pacific Region. The willingness rate was
the highest in the United Arab Emirates and the lowest in China and the United Kingdom. The perception of HZ severity and
susceptibility was positively associated with vaccination willingness. The perceived barriers to vaccination willingness (main
reasons for unwillingness) included low trust in the effectiveness of the HZ vaccine, concerns about safety, financial concerns,
and being unaware of the HZ vaccine’s availability. Older individuals, those having lower education, or those having lower
income levels were less likely to willing to be vaccinated.

Conclusions: Only 1 in 2 individuals showed a willingness to be vaccinated against HZ. The willingness rate was the highest
in the Eastern Mediterranean Region. Our findings show the critical role HCWs play in promoting HZ vaccination. Monitoring
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HZ vaccination willingness is necessary to inform public health decision-making. These findings provide critical insights for
designing future life-course immunization programs.

(JMIR Public Health Surveill 2023;9:e43893)   doi:10.2196/43893

KEYWORDS

herpes zoster vaccine; willingness; associated factors; systematic review

Introduction

A life-course immunization approach would enhance the quality
of life across all age groups and improve societal well-being
through a healthier population [1,2]. Older adults are at high
risk of being ill, being hospitalized, and dying from many
vaccine-preventable diseases [3]. The World Health
Organization (WHO) and health authorities in various countries
have recommended several vaccines for older adults, including
the seasonal influenza vaccine; pneumococcal vaccine; hepatitis
B vaccine; the tetanus, diphtheria, and pertussis (Tdap) vaccine
booster; and, most recently, COVID-19 vaccines [2]. The herpes
zoster (HZ) vaccine is highly recommended for older adults for
reducing the incidence of HZ [4].

Caused by varicella zoster virus (VZV), HZ is a distinctive
syndrome occurring when immunity to VZV declines due to
age or immunosuppression [5]. It presents a disproportionate
risk to adults aged 50 years and over, with estimated incidence
rates reaching 5.2-10.9 cases per 1000 person-years [6]. Due to
the potential for serious complications, postherpetic neuralgia
(PHN), neurological sequelae, HZ ophthalmicus with eye
involvement, and disseminated disease, this disease has a
significant impact on the quality of life [6,7]. It was reported
that 5%-30% of patients with HZ are likely to develop PHN
with persistent pain for more than 1 month [7].

Existing evidence supports the substantial efficacy of the HZ
vaccine; a meta-analysis showed that the efficacy of the adjuvant
recombinant subunit HZ vaccine is 94% when compared with
the placebo [8]. Additionally, HZ vaccination was found to be
cost-effective versus no vaccination for older adults in
high-income countries based on health economics evaluations
[9,10].

Currently, 2 types of HZ vaccines (Zostavax and Shingrix) are
commonly used in over 60 countries, being recommended to
adults aged ≥50 years or adults aged ≥18 years with an
immunocompromised state [11]. Noticeably, HZ vaccination
uptake is relatively low worldwide. In the United States, 24.1%
of adults aged ≥50 years received an HZ vaccine in 2018 [12].
The coverage rates among older adults in Australia and Canada
were reported to be lower than 10% [13,14]; only 1.8% of adults
over 65 years old received the HZ vaccine in Turkey [15].

Vaccine uptake is positively associated with the willingness to
vaccinate. The willingness to receive the HZ vaccine has been
surveyed in previous studies [16-18]. However, the proportions
of the willingness to receive the HZ vaccine varies across
countries, ranging from 17% (China) to 90% (Australia) [16,17].
Importantly, vaccination willingness is influenced by multiple
factors, which include sociodemographic, cognitive,
psychologic, and politics-and-culture contexts [19]. According

to recent evidence, various kinds of factors, including
sociodemographics (age and income level) and individual
perceptions (perception of disease susceptibility), influence HZ
vaccination willingness [16-18]. Additionally, these associated
factors may differ across different regions.

Summarizing and understanding the willingness to receive the
HZ vaccine and its associated factors is thus essential for
obtaining insights into intervention strategies to improve its
uptake among older adults. It is also necessary to explore
methods mitigating vaccine hesitancy among older adults, which
is also an indispensable part of life-course immunization
practices. However, there has only been scant attention paid to
HZ vaccination willingness in the research literature. To fill
this gap, this systematic review seeks to summarize the
up-to-date evidence on the HZ vaccination willingness rate and
identify its associated factors.

Methods

Study Design
The Preferred Reporting Items for Systematic Reviews and
Meta Analyses (PRISMA) statement was used for this
systematic review [20].

Search Strategy and Selection Criteria
A systematic search was conducted in 3 electronic databases
(PubMed, Web of Science, and the Cochrane Library) using the
following search terms: [“Herpes Zoster” OR “Herpesvirus 3”
OR shingles OR zoster OR “varicellovir*” OR hhv3 OR hhv-3
OR varicella-zoster OR postherpetic] AND [“vaccin*” OR
“immuniz*” OR “inocul*”]. All studies published from the
inception of the databases until June 20, 2022, were included.
After combining all search records, duplicate records were
identified and removed. Titles and abstracts were then screened
for relevance, and full texts of the included records were
retrieved and reviewed.

The screening process was independently performed by 2
reviewers (authors QW and LQY) with the following inclusion
criteria: (1) cross-sectional surveys or cohort studies and (2)
relevance to HZ vaccine attitudes, intentions, willingness, and
acceptance. There were no restrictions on language or paper
type. Papers were excluded if they met any of the following
criteria: (1) willingness data were not reported, (2) insufficient
data were provided for pooling (at least 2 of the 3 following
topics were absent: total number of surveyed individuals,
number of individuals willing to receive the HZ vaccine, and
willingness rate), (3) they were duplicate data or surveys, or (4)
they were experimental and observational studies that reported
the willingness rate after interventions. Any disagreement was
resolved by discussions with a third reviewer (author LL). The
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review protocol is available in the International Prospective
Register of Systematic Reviews (PROSPERO id:
CRD42022348426).

Data Abstraction and Quality Assessment
For each included study, we extracted the following data: title,
first author, journal name, published date, paper type, sampling
method, study setting, study period, study population, study
location, and inquiry questions (were there any assumptions,
for example, free vaccination was provided). The number of
surveyed individuals, the number of individuals who accepted
HZ vaccination, and the willingness rate were also extracted
for pooling. Additionally, influencing factors examined in each
study were abstracted.

The Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) statement was used to assess the
quality of the included papers [21]. Data abstraction and quality
assessment were conducted by QW and LQY independently.
A third researcher, LL, resolved disputes when the data extracted
or quality assessment scores for papers were not consistent
between the 2 initial reviewers.

Statistical Analysis
Using double arcsine transformation on 2 variables, number of
surveyed individuals and number of individuals accepting HZ
vaccination, we calculated and reported the pooled willingness
rate and the 95% CI [22,23]. If these data were not included in
the study, the number of individuals accepting HZ vaccination
could be calculated by multiplying the total number by the
willingness rate. Due to high heterogeneity, DerSimonian-Laird
random effects were used in the calculation.

Stratified subgroup analysis was subsequently performed to
explore the causes of heterogeneity according to the study
characteristics (eg, sampling method, study setting, study period,
and study population). Studies that shared the same
characteristics were grouped together (eg, surveyed using the
random sampling method or the convenience sampling method);
when the characteristic was unclear, the study was labeled as
“not mentioned” in the subgroup analysis. For each subgroup,
the willingness rate was pooled. To examine the potential impact
of the COVID-19 pandemic on the willingness to receive the
HZ vaccine, we divided the study period into 2 subperiods,
before the pandemic and during the pandemic. The study
locations were categorized by their WHO regions and economic

levels [24,25]. Due to the limited availability of data, it was
difficult to further estimate the willingness rate by age group.
We only reported the willingness rate among individuals aged
≥50 years in further analysis of age.

The willingness rate and its associated factors were examined
by geographical context in order to explore potential differences.
We also classified factors based on Health Belief Model (HBM)
constructs. This method was previously used to identify factors
associated with seasonal influenza vaccination, human
papillomavirus vaccination, and COVID-19 vaccination [26-28].
Following the HBM construct, the influencing factors were
summarized and classified according to the perceived
susceptibility and severity of HZ, the perceived benefits of and
barriers to vaccination willingness (reasons for vaccination
willingness or unwillingness), modified factors, and cues to
action. We evaluated the publication bias using the funnel plot
[29]. The publication bias was not adjusted because of the
presence of substantial heterogeneity [30]. All analyses were
conducted in STATA version 14.0 (StataCorp) and Microsoft
Excel 2016.

Results

Search Results and Quality Assessment
The initial search identified 26,942 papers. After deduplication
and screening by title and abstract, 55 (0.20%) papers were
screened by full text. A total of 13 (23.6%) papers were included
in this review. The detailed selection process is illustrated in
Figure 1. Of the 13 studies, 10 (76.9%) were empirical studies
[16,18,31-38], 2 (15.4%) were meeting abstracts [17,39], and
1 (7.7%) was a letter [40]. All 13 studies belong to cross-section
surveys. The final analysis included 14,066 individuals from 8
countries (Australia, Canada, China, France, South Korea, the
United Arab Emirates, the United Kingdom, and the United
States). The 13 studies were conducted in 4 WHO regions: the
Eastern Mediterranean Region, the European Region, the Region
of the Americas, and the Western Pacific Region. Study
populations were adults aged ≥50 years in 10 (76.9%) studies,
adults aged ≥18 years in 2 (15.4%) studies, and not specified
in the remaining 1 (7.7%) study. The quality assessment scores
of the included studies ranged from 10 to 20, with an average
of 16.30 (SD 3.86). Detailed study characteristics and quality
assessment results of the included studies are provided in
Multimedia Appendix 1, Tables S1 and S2.
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Figure 1. Flowchart of paper selection.

Vaccination Willingness Rate
The pooled HZ vaccination willingness rate was estimated to
be 55.74% (95% CI 40.85%-70.13%). The asymmetry plots in
the funnel plot indicated that there might be publication bias
(Multimedia Appendix 1, Figure S1). It was estimated that
56.06% (95% CI 37.26%-74.02%) of adults aged ≥50 years
were willing to receive an HZ vaccine. There were no significant
differences between pooled willingness rates from surveys in
the hospital context (58.29%, 95% CI 34.35%-80.33%) and
surveys in the community context (53.45%, 95% CI
33.07%-73.26%), as seen in Multimedia Appendix 1, Figure
S2. The willingness rate was 71.90% (95% CI 67.42%-75.99%)
in the Eastern Mediterranean Region and 55.68% (95% CI
22.03%-86.67%) in the Western Pacific Region. The willingness
rate was estimated to be 60.18% (95% CI 47.53%-72.18%) in
high-income economies and 23.97% (95% CI 22.22%-25.77%)
in upper-middle-income economies. Under health care workers’
(HCWs) recommendations, 75.19% (95% CI 54.61%-91.07%)
of individuals were willing to receive the HZ vaccine, which
was higher than the willingness rate among individuals (49.39%,
95% CI 30.42%-68.45%) without HCWs’ recommendations.

Rate and Associated Factors by Geographical Context

Eastern Mediterranean Region
Only 1 (7.7%) study was conducted in the United Arab Emirates
[35], which reported a willingness rate of 71.9%, as shown in
Multimedia Appendix 1, Figure S3. This study found that
persons who were unsure about their chickenpox infection
history were less likely to receive the HZ vaccine. In this study,
the top 3 reasons respondents provided explaining their

unwillingness were “prefers to take medication when sick,”
“side effects of vaccine,” and “not at risk since I am healthy.”

European Region
Of the 13 studies, 2 (15.4%) reported findings from surveys
conducted in France (68.91%) [31] and the United Kingdom
(34.62%) [36]. In France, women and persons in a
relationship/married were more likely to vaccinate themselves
against HZ. This study also identified that persons who agreed
with the statements “HZ causes pain,” “HZ is always severe,”
or “vaccination is a good prevention tool against HZ” preferred
to receive the HZ vaccine. In the United Kingdom, Nicholls et
al [36] reported the association between vaccine hesitancy using
the Vaccination Attitudes Examination (VAX) scale and the
5C scale. Lower scores on “collective responsibility” on the 5C
scale and higher scores on “concerns” on the VAX scale were
associated with a lower likelihood of receiving the HZ vaccine.

Region of the Americas
A total of 4 (30.8%) studies were conducted in the Region of
the Americas, including the United States (n=3, 75%) [33,34,40]
and Canada (n=1, 25%) [32]. The willingness rates in the United
States and Canada were 53.28% and 55.01%, respectively.
People in the United States with a higher income were more
likely to receive an HZ vaccine [34]. Two surveys in the United
States reported reasons for the refusal of the HZ vaccine; the
top 3 reasons in Lu et al’s [34] study were “the vaccination was
not needed,” “not a risk, healthy, or high immune,” and “not
trusting doctors or medicine”; according to Funovits et al [40],
the top 3 reasons were “believes vaccine is not important,” “not
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covered by insurance,” and “would like to obtain primary care
physician recommendations.”

Western Pacific Region
There were 6 (34.6%) surveys carried out in Australia (n=1,
16.7%), South Korea (n=1, 16.7%), and China (n=4, 66.6%).
More than 85% of individuals were willing to accept the HZ
vaccine in Australia and South Korea, considerably higher than
that observed in China (35.13%). As shown in surveys in South
Korea [37], younger people were more likely to accept the HZ
vaccine. Individuals with a college education were more likely
to accept the HZ vaccine than those with incomplete high school
education. In this study, the top 3 reasons for unwillingness
were “low perceived risk of developing HZ,” “concerns about
the adverse effects following immunization,” and “concerns
about the vaccination cost” [37].

Of the 4 studies in China, 2 (50%) were conducted in Hong
Kong and 2 (50%) in Shanghai City. In the studies in Hong
Kong, the most frequent reason listed for refusal was “they were
unaware of its availability” [18]. According to Lu et al [16], in
Shanghai City, younger people, people with higher monthly
incomes, people who know the elderly are susceptible to HZ,
and people with lower vaccine hesitancy levels were more
willing to receive the vaccine. Qiu et al [38] reported that people
who know about the HZ vaccine, are concerned with getting an
HZ infection themselves, and who believe the vaccine can
prevent HZ have a greater likelihood of receiving the HZ
vaccine [38].

Associated Factors Using HBM Constructs
Information about how factors associated with vaccination
willingness relate to HBM constructs is provided in Table 1 and
Multimedia Appendix 1, Table S3.

Table 1. Description of influencing factors using HBMa constructs.

ReferencesFactorsHBM framework

Individual perceptions

Perceived susceptibility

and severity of HZb
•• [16,31,38]Perception of HZ infection susceptibility and severity

Perceived barriers to vacci-
nation willingness

•• [18,34,35,37,39]Low trust to the effectiveness of HZ vaccines, unawareness
of HZ vaccine availability, concerns about side effects and
safety, and cost

Modifying factors

Sociodemographics •• [16,31,33,34,37,38,40]Age
•• [16,31,34,37,38,40]Education level
•• [31,34,37,38,40]Gender

• •Income level [16,34,37,38]
•• [31,34,36]Marital status

• •Insurance [16,34,35]
•• [34]Race

• •Nationality [35]
•• [35]Occupation

Knowledge, attitude, be-
liefs, and prior experience

•• [31,38]Confidence in the effectiveness of the HZ vaccine
•• [31,38]Knowing the HZ vaccine

• •Receiving influenza vaccination [34,37]
•• [31,35,37,38]HZ infection history

• •With chronic diseases [35,38]

Cues to action

Interpersonal relationships •• [31,37,38]Knowing someone with a history of HZ

Community •• [17]Doctors’ recommendations

aHBM: Health Belief Model.
bHZ: herpes zoster.

Perceived Susceptibility and Severity of Herpes Zoster
Of the 13 studies, 2 (15.4%) reported that the perception of
disease severity is positively associated with vaccination
willingness [31,38], while 1 (7.7%) study found a positive
relationship between perceived infection susceptibility and
vaccination willingness [16].

Perceived Benefits of and Barriers to Vaccination
Willingness
Of the 13 studies, 5 (38.5%) explored reasons for vaccination
unwillingness (perceived barriers to willingness). Low trust in
the effectiveness of the HZ vaccine, concerns about safety, low
perception of disease risk, financial concerns, and unawareness
of the HZ vaccine’s availability contributed to the unwillingness
to receive the HZ vaccine [18,34,35,37,40].
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Modified Factors
Modified factors included (1) sociodemographics and (2)
knowledge, attitude, beliefs, and prior experience in the analysis.

Sociodemographics
Age (7/13, 53.8%), education level (6/13, 46.2%), gender (5/13,
38.5%), and income level (4/13, 30.8%) were the most frequent
factors reported in the included studies. Of the 13 studies, 3
(23.1%) found a nonsignificant association between age and
vaccination willingness [31,34,40], whereas 4 (30.8%) reported
a significant relationship [16,33,37,38]. Nonsignificant
relationships between education level and willingness were
reported in 3 (23.1%) studies [31,34,40], while the other 3
(23.1%) studies found that a higher education level is associated
with higher willingness rates [16,37,38]. In addition, 4 (30.8%)
studies showed a nonsignificant association between gender
and vaccination willingness [34,37,38,40]; however, 1 (7.7%)
study reported that males are more likely to receive the HZ
vaccine [31]. It was reported that individuals with higher income
levels are more likely to receive the HZ vaccine [16,34], but 2
(15.4%) studies found no significant association between income
level and willingness rate [37,38]. Additionally, 1 (7.7%) study
reported a significant association between marital status and
vaccination willingness [31], whereas 2 (15.4%) studies found
no significant association between these factors [34,36].

Knowledge, Attitude, Beliefs, and Prior Experience
We found that confidence in the effectiveness of the HZ vaccine
is positively associated with the willingness to receive the HZ
vaccine [31,38]. Individuals who knew about the HZ vaccine
were more likely to receive it [38], a finding that was not
observed in another study [31]. Having a history of HZ infection
was positively correlated with vaccination willingness [38];
however, 2 (15.4%) studies reported only nonsignificant
associations between infection history and vaccination
willingness [31,37]. Influenza vaccination history was not found
to be an influencing factor for HZ vaccination acceptance
[34,37]. In addition, 1 (7.7%) study reported that individuals
without chronic diseases are more likely to receive the HZ
vaccine [38], whereas another study did not find a significant
association between these factors [35].

Cues to Action
Doctors’ recommendations to receive the HZ vaccine were
positively associated with vaccination willingness [17]. The
experience of knowing someone with a history of HZ was
positively associated with vaccination willingness [38], albeit
this relationship was found to be insignificant in 2 (15.4%)
studies [31,37].

Discussion

Principal Findings
This systematic review demonstrated that the pooled HZ
vaccination willingness rate is 55.74% worldwide. The main
reasons for the unwillingness to receive the HZ vaccine include
low trust in the effectiveness of the HZ vaccine, concerns about
safety, low perceptions of disease risk, financial concerns, and
unawareness of the availability of the HZ vaccine. Our findings

showed that HCWs’ recommendations are correlated with a
greater likelihood of receiving an HZ vaccine.

A large variability in HZ vaccination rates was found; however,
certain patterns could still be deduced. Higher vaccination
acceptance rates were observed in countries with an earlier
license date of the HZ vaccine. From 2006 onward, countries
with developed economies gradually licensed the HZ vaccine,
such as the United States, France, Australia, South Korea, and
the United Kingdom [11]. People living in these countries may
have a greater awareness of HZ vaccine availability and may
have received more frequent recommendations from HCWs to
receive the vaccine. The willingness rate in China was
considerably lower than that in these countries. HZ vaccines
were first licensed in China in 2019 [11]. Less than one-third
of the participants knew about the availability of the HZ vaccine
in Shanghai, China [38]. The lack of awareness of HZ vaccine
availability among the public may contribute to the low
vaccination willingness rate in China. However, although the
United Kingdom approved the HZ vaccine in 2006, the observed
vaccination willingness rate remains low. The willingness rate
might also be associated with the incidence of HZ across the
countries. According to van Oorschot et al [6], the cumulative
incidence of HZ in South Korea and Australia (more than 10
cases per 1000 population) is considerably higher than that in
Canada, China, and France (between 2.9 and 8.67 cases per
1000 population) [6]. Thus, the higher incidence rate might
result in individuals having an increased perception of
susceptibility to HZ infection.

Recommendations from HCWs were associated with a higher
HZ vaccination willingness rate; the impact of HCWs’
recommendations on vaccine uptake has been observed in
previous studies [41,42]. In turn, this channel can be an effective
communication strategy to tackle vaccine hesitancy [43].
Glenton et al [44] summarized HCWs’ views and experiences
of communicating about vaccination with individuals over 50
years old and found that misinformation, fears, and concerns
about vaccines are commonly voiced among older adults during
their communications with HCWs. Hence, HCWs’ attitudes
and practices regarding the HZ vaccine are crucial. Reassuringly,
HZ vaccination was reportedly recommended by 65.6% of
HCWs in Italy [45]. A study in the United States reported that
more than 90% of HCWs reported were willing to recommended
HZ vaccination to their patients [46]. However, there remains
a gap in relevant data in countries with upper-middle-income
economies; therefore, more studies in upper-middle-income
economies should be carried out to determine provider
willingness to recommend an HZ vaccine.

Sociodemographic factors, while inconclusive, are essential to
understanding and predicting HZ vaccination willingness rates.
Individuals with lower education and income levels might be
less likely to receive the HZ vaccine. Similar results have been
observed in previous reviews of factors associated with influenza
vaccination uptake and COVID-19 vaccination willingness
among older adults [47,48]. Low socioeconomic status can be
an important barrier to vaccination for older adults. Worryingly,
the price of the HZ vaccine is considerably higher (about 10
times) than that of other vaccines, such as the influenza vaccine
and the Tdap vaccine [49,50]. Along with a low perception of
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disease risk, low trust in the HZ vaccine, and awareness of HZ
vaccine availability, the price of the vaccine might also represent
a significant barrier to vaccination willingness.

Implications for Policy and Practice
Our findings have important implications for developing
intervention strategies for increasing HZ vaccine acceptance
across multiple levels. Countries with earlier licensing dates
should pay attention to methods to improve individuals’
confidence in the HZ vaccine and decrease their complacency.
It is essential for countries with later licensing dates, such as
China, to increase the awareness of the availability of the HZ
vaccine first. Embracing the idea of communication strategies
could be a potentially effective way to improve the acceptance
of the HZ vaccine. One such strategy is engaging HCWs, as
HCWs play a crucial role in older peoples’vaccination decisions
[44]. Active recommendations from HCWs could be an effective
way to increase vaccine awareness and willingness, as well as
vaccine confidence. Using social media, such as posting content
on Facebook or YouTube, is another feasible way to educate
people about HZ vaccination [51]. At the individual level, our
findings could facilitate greater awareness of people with
identified factors for unwillingness (eg, age and income) and
may help create tailored interventions for these populations
using behavioral change strategies and techniques [52]. Our
findings also indicate that some challenges exist toward the
practice of life-course immunization, such as individuals being
might face some challenges. Due to a lack of information,
individuals might need to be aware of age-specific
immunizations, which further emphasizes that the role of HCWs
in promoting life-course immunization is vital and critical.

Limitations
Several limitations of this review were identified. First, the
representativeness of the samples in the included studies was
unclear. Only 3 of the 13 studies used a random sampling

method. However, stratified subgroup analysis was adopted to
mitigate this potential bias. Although no significant differences
were observed among sampling methods, the results need to be
interpreted with caution. Second, a lack of studies in this area
limited the diversity and representativeness of our review
findings. Since most studies were performed in countries with
high-income economies, more studies need to be carried out in
less economically developed countries. Additionally, some
associated factors might not be reported, because the included
studies did not explore them. For example, vaccination policy
and smoking habits were determined to be associated with
influenza vaccination willingness [53,54]; trust in the
government and information exposure were associated with the
COVID-19 vaccine [28,55]. These could be explored in future
research.

Conclusion
Only 1 in 2 individuals showed a willingness to be vaccinated
against HZ. The willingness rate was the highest in the Eastern
Mediterranean Region. A higher acceptance rate could be
generally observed in countries licensing HZ vaccines earlier
or having higher HZ incidence, such as Australia and South
Korea. The reasons for unwillingness included low trust in the
effectiveness of the HZ vaccine, concerns about safety, low
perceptions of disease risk, financial concerns, and unawareness
of the availability of the HZ vaccine. Our findings showed the
critical role HCWs play in promoting HZ vaccination. Countries
with earlier vaccine licensing dates and high HZ incidence
should improve individuals’ confidence in the vaccine and
decrease their complacency. It is necessary for countries with
later licensing dates to prioritize the improvement of the
awareness of HZ vaccine availability. Monitoring HZ
vaccination willingness is necessary to inform public health
decision-making. These findings will also be of interest to the
practice of life-course immunization.
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Abstract

Background: Salt substitutes are edible salts that contain less sodium chloride owing to its partial substitution with other
minerals, which serve as an important and effective intervention and public health strategy targeting hypertension and its secondary
diseases, despite a small degree of controversy.

Objective: This study aimed to identify the current salt substitute initiatives in various nations and intergovernmental organizations
(IGOs) worldwide and summarize their types and characteristics.

Methods: A scoping review was performed based on Arksey and O’Malley’s framework and the latest guidance from the Joanna
Briggs Institute. Searches were conducted on Google; government websites on food, health, and other related topics; PubMed;
Web of Science; and Google Scholar from January 2022 to May 2022. Initiatives related to salt substitutes that were included in
the study focused on the involvement of governments or IGOs through the publication of standards, actions, collaborations,
funding, and so on. Data were extracted into Microsoft Excel (version 2019; Microsoft Corp) based on predefined items and
analyzed using narrative synthesis and frequency count methods.

Results: A total of 35 initiatives from 11 countries (of which 9 are high-income countries) and 3 IGOs were identified. We
classified all salt substitute initiatives into 5 types, namely benefit-risk assessments and cautions; plans and actions; regulations
and standards; labels; and food reformulation, cooperation with the food industry, and media. More than half (18/35, 51%) of the
salt substitute initiatives were launched within the past 5 years. Except for regulations and standards, salt substitute initiatives
are, in general, part of the salt reduction framework. No nation or IGO has yet reported on the monitoring and implications of
the use of salt substitutes.

Conclusions: Despite the limited number of salt substitute initiatives worldwide at present, a review on the different types and
characteristics of such initiatives could be helpful in providing a reference for policy makers and stakeholders. Given the great
potential of salt substitutes in improving hypertension and stroke, we call on more nations to pay attention to these substitutes
and propose salt substitute initiatives in line with their national conditions.

(JMIR Public Health Surveill 2023;9:e45266)   doi:10.2196/45266
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Introduction

Background
Hypertension is a common chronic disease, accounting for
approximately 11 million deaths, or approximately one-fifth of
all deaths, in 2019 [1]. Hypertension and cardiovascular disease
continue to be the leading cause of disability and death among
patients with COVID-19 during the pandemic, who are affected
by the lack of health care resources caused by the spread of the
pandemic [2,3].

Salt reduction is one of the most important public health
strategies for the prevention and control of hypertension. In
China, a high-sodium diet was identified as the third most
significant risk factor for both the number of deaths and the
percentage of disability-adjusted life-years in 2017, accounting
for over 1.5 million fatalities [4]. The World Health
Organization (WHO) advocated for a 30% decrease in
population salt intake as one of the primary interventions to
reduce premature death from noncommunicable diseases [5].
Although the WHO recommends that adults consume <5 g of
salt or 2000 mg of sodium per day, most people consume up to
twice the recommended amount: an average of 9 to 12 g of salt
per day [6]. A systematic review of global salt reduction
initiatives shows that as of 2019, a total of 96 countries or
regions have adopted different structural or regulatory
approaches to salt reduction [7]. At the same time, the WHO
also recommended that adults consume at least 3510 mg (90
mmol) of potassium per day [8]. Potassium has a blood pressure
control effect [9], and potassium intake has been shown in many
randomized controlled trials and modeling studies to be a good
initiative for blood pressure and cardiovascular disease control
[10,11]. In addition, sodium-potassium interaction is an
important mechanism of hypertension [12]. However, the
amount of potassium intake is generally not enough, such as
the 1997 mg/day reported by the United States [13]. It was also
reported that potassium intake and 24-hour urinary potassium
excretion were less than half of the current recommendations
in China [14,15].

As an emerging approach to salt reduction, salt substitutes are
gaining attention in more and more countries. Salt substitutes
or low-sodium salts usually refer to table or cooking salts that
either do not contain sodium chloride or contain lower levels
of sodium chloride owing to its partial replacement with
potassium chloride, magnesium sulfate, or other minerals [16].
Salt substitutes have a similar taste to that of regular table salt.
With an extra amount of potassium added, it serves as an ideal
solution to reduce sodium and increase potassium and other
mineral intake at the same time. Studies have shown the benefits
of salt substitutes in controlling blood pressure and reducing
the risk of cardiovascular disease and mortality [17]. A global
environmental scan of salt substitution products showed that as
of September 2020, a total of 87 salt substitutes were available
in 47 countries worldwide [16]. However, many people still

have concerns about the risk of adverse reactions associated
with the intake of salt substitutes, such as hyperkalemia [18].

This Review
Salt reduction is one of the most important methods of
preventing and controlling noncommunicable diseases in most
countries [7]. Among others, salt substitute, as a new means of
salt reduction, is gradually gaining attention and being
popularized. However, there is no research summarizing and
analyzing national salt substitute initiatives. In this context, the
objectives of this scoping review were to (1) search for and
document existing national salt substitute initiatives (before
May 2022), (2) analyze the types and characteristics of national
salt substitute initiatives, and (3) provide recommendations on
the promotion and regulation of salt substitute applications in
different regions and countries.

Methods

Approach
The scoping review was developed based on Arksey and
O’Malley’s [19] framework and the latest guidance from the
Joanna Briggs Institute [20]. We reported according to the
PRISMA-ScR (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses Extension for Scoping Reviews)
recommendations [21]. The PRISMA-ScR checklist is presented
in Multimedia Appendix 1 [21].

Definition of Salt Substitutes and National Initiatives
on Salt Substitutes
The expression of salt substitutes and the content of sodium
varied across countries and regions for different products. Salt
substitutes and low-sodium salts were considered synonymous
in this study and defined as table salts or cooking salts whose
sodium chloride was replaced with other minerals such as
potassium chloride or magnesium sulfate, including
sodium-reduced and sodium-free salts.

National initiatives on salt substitutes referred to initiatives
related to salt substitutes that national governments and
subsidiary organizations were engaged in through cooperation,
development, publication, and implementation, as described in
the Eligibility Criteria section. Nations in this study refer to the
193 United Nations (UN) member states [22]. Notably,
intergovernmental organizations (IGOs) were organizations
with international legal personalities established through treaty
or other agreement between member states [23,24]. The main
IGOs searched included UN agencies and regional organizations
related to health, food, and agriculture [25] (all nations and
IGOs searched in this study are listed in Multimedia Appendix
2).

Eligibility Criteria
The inclusion criteria were as follows: (1) participation of the
national government (through funding, commissioning, the
publication of standards, etc); (2) a national document or
statement stressing on salt reduction and including the use of
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salt substitutes as a strategy; (3) a salt substitute program
developed by the government in partnership with the food or
salt industries; (4) a scheme about the labels, slogans, ingredient
lists, etc printed on the package of salt substitute or the dietetic
product with salt substitutes; and (5) mainstream media
initiatives, consumer education, and other means used to
increase knowledge on, improve attitudes toward, and behaviors
related to salt substitutes.

The exclusion criteria were as follows: (1) salt substitute
initiatives without the participation of nations or IGOs, for
instance, initiatives led by nongovernmental organizations or
local governments, and (2) the definition of salt substitutes
differs from that used in this study, for example, flavor
enhancers such as pepper and lemon.

Search Strategy
Three methods were used to conduct the research: government
website search, Google search, and literature search. The search
concepts included salt substitutes, countries, IGOs, portal
function, government portals, states, and initiatives. Multimedia
Appendix 2 lists the specific search process, all the keywords
used to address the different aspects of the search concepts, and
all the countries and IGOs involved. The government websites
were obtained by searching the name of the 193 UN member
states and the keywords related to government portals on Google
Chrome with Boolean operators. First, keywords related to
concepts such as government portals and portal function and
country names were used to sort out government portal websites
on health, food, medicine, and other related topics on Google
Chrome, followed by a more in-depth exploration of keywords
related to salt substitutes on these websites. With regard to IGOs,
the official websites of a total of 66 IGOs related to global or
regional political, economic, health, and agricultural cooperation
were searched on Google Chrome. In addition, Google Chrome
was directly used for keywords related to the concepts of salt
substitutes, initiatives, nations, and IGOs with suitable Boolean
operators. The first 5 pages of each Google search result were
evaluated for eligibility, which usually contain almost all the
information needed. All UN member countries were searched,
with no language limitations set. If a country’s official language
was not English, the built-in translation service in Google
Chrome was used to translate this language into English [26].
Finally, literature searches on PubMed, Web of Science, and
Google Scholar were carried out using the corresponding search
keywords and search formulas shown in Multimedia Appendix
2. The language of the literature search was restricted to English.
All information was collected between January 2022 and May
2022.

Data Selection and Extraction
After receiving training, BK, SY, and JL individually conducted
data identification and retrieval based on the established search
strategy and eligibility criteria under the supervision of CG.
The collected data was subsequently summarized. The checks
during the summarization phase primarily focused on identifying
and removing duplicates. Discrepancies were reviewed
independently by CG, YT, YL, and PY and resolved through
discussion. Data accuracy was independently checked by CG,
PY, ZG, SR, YW, GD, and YY. The data eventually included

in this study were extracted by BK and YL into a standardized
table in a Microsoft Excel (version 2019; Microsoft Corp) sheet,
which was independently reviewed by CG and PY and discussed
in case of discrepancies. For government documents, the key
information extracted included the (1) name of the document,
(2) initiative enactment time, (3) the nation which published
the document, (4) ministry that mandated the document, and
(5) key content. From academic literature, we collected the
following information: (1) the type of literature (article, review,
letter, etc), (2) the year of publication, (3) the methods used,
(4) the study population, and (5) relevant results.

Data Analysis
Data analysis was mainly performed through narrative synthesis
and frequency count [27]. The research team collated and
categorized the information obtained, summarizing and
analyzing them through words and text. Data were also
categorized based on the date of the publication of the initiatives,
the WHO regional categorization, and the countries’ income
levels in the 2022 World Bank classification. Software used
included Microsoft Excel 2019, ArcMap (version 10.8;
Environment Systems Research Institute), and GraphPad Prism
(version 8.0.1; Graph Pad Software, Inc).

Ethical Considerations
This study did not involve human participants, human participant
research ethics, or related secondary analyses; therefore, ethics
approval and consent to participate were not required.

Results

Search Results
A total of 16,889 records were identified after removing
duplicates. On the basis of titles and abstracts, 16,260 (92.28%)
records were excluded. After full-text reading, of the remaining
629 records, 594 (94.4%) were excluded for the reasons listed
in Figure 1, the PRISMA-ScR flow diagram. As a result, 35
initiatives from 11 countries and 3 IGOs were eligible.
Multimedia Appendix 3 [28-63] contains all the national and
IGO initiatives for salt substitutes that were included.

The 11 countries were the United Kingdom, Germany, Norway,
Ireland, and Finland in Europe; the United States and Canada
in North America; Singapore, China, and Australia in East Asia
and the Pacific; and India in South Asia (Figure 2). Except for
China, which is an upper-middle-income country, and India,
which is a lower-middle-income country according to the
recently updated (2022) World Bank income ranking, all
countries are high-income countries [64]. The 3 IGOs are the
European Union (EU), the Eurasian Economic Union (EAEU),
and The Codex Alimentarius Commission (CAC). Salt substitute
initiatives were divided into five types, namely (1) benefit-risk
assessments and cautions; (2) plans and actions; (3) regulations
and standards; (4) labels; and (5) food reformulation,
cooperation with the food industry, and media, all of which are
detailed in Multimedia Appendix 4.

The total number of countries classified as belonging to the
given regions according to the WHO regional categorization is
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shown within parentheses. Some initiatives fall under several categories.

Figure 1. Flow diagram of salt substitute initiatives identification. IGO: intergovernmental organization.

Figure 2. National salt substitute initiatives.

Types and Characteristics of National Salt Substitute
Initiatives

Benefit-Risk Assessments and Cautions
The benefit-risk assessments of salt substitutes are usually
carried out by a nutrition-related scientific committee appointed
by the relevant government food safety department, providing
recommendations on the use of salt substitutes. The benefit-risk

assessments are an important part of determining national
attitudes toward salt substitutes, which are a prerequisite for
some countries to develop salt reduction–related initiatives.
Assessments have been conducted in the United Kingdom [28],
Ireland [29,30], Norway [31,32], and Australia [33].

In the United Kingdom, the Scientific Advisory Committee on
Nutrition and the Committee on Toxicity of Chemicals in Food,
Consumer Products and the Environment published
Potassium-Based Sodium Replacers: Assessment of the Health
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Benefits and Risks of Using Potassium-Based Sodium Replacers
in Foods in the UK, which was an important evaluation of
evidence for the application and promotion of salt substitutes
[28]. The Scientific Advisory Committee on Nutrition and
Committee on Toxicity of Chemicals in Food, Consumer
Products and the Environment applied the benefit-risk analysis
for foods methodology to hypothesize the benefits and risks of
reduced sodium intake and increased potassium intake in the
general UK population by replacing 15% to 25% of sodium
with potassium (potassium chloride, potassium carbonate, or
potassium bicarbonate). This report recognized that the potential
benefits of salt substitutes outweighed the potential risks and
that although the impact at the individual level would be small,
salt substitutes would have a beneficial effect on a large
proportion of the UK population. The report recommended that
the government encourage food businesses to use salt substitutes,
but the level of potassium in foods and the types of foods in
which salt substitutes are used needed to be monitored.

In addition to the United Kingdom, Norway conducted 2
assessments, one in 2014 and another in 2021. In 2014, the
Norwegian Scientific Committee for Food and Environment,
commissioned by the Norwegian Food Safety Authority and
The Norwegian Directorate of Health, conducted a benefit-risk
assessment by assuming the benefits and risks of 3 scenarios in
which 30%, 50%, or 70% of sodium chloride was replaced by
potassium, concluding that it was reasonable to anticipate that
the percentage of persons likely to face an increased risk was
far greater than the percentage of persons likely to benefit [31].
In 2021, the scientific committee was commissioned again to
hypothesize the potential health effects of replacing 0% to 30%
of sodium chloride with potassium chloride, and the report has
not yet been published [32].

Ireland conducted Salt and Health: Review of the Scientific
Evidence and Recommendations for Public Policy in Ireland
in 2005 and 2016 (revision 1). In 2005, the scientific committee
indicated that salt substitutes may increase susceptibility of the
health of some populations (including those with type 1 diabetes,
chronic renal insufficiency, end-stage renal disease, severe heart
failure, or adrenal insufficiency) and did not contribute to
lowering the population salt taste thresholds [29]. However, in
2016, the scientific committee concluded that the potassium
intake at that time in the Irish diet was not enough and that the
use of potassium-based salt replacement ingredients by the food
industry could help supplement potassium intake among Irish
people. However, the reduction of salt taste thresholds in the
population was a major requirement for the food industry.
Because the use of salt substitutes was not the preferred way to
reduce the thresholds of salt taste, it should only be considered
if reducing the sodium content independently could be
detrimental to food safety or the physical or organoleptic
properties of the food. Meanwhile, the scientific committee
recommended that the Irish Food Safety Authority develop
guidelines for the food industry regarding the use of potassium
and other mineral salt replacements and make these guidelines
available to all susceptible groups, that the sodium and
potassium content of foods continue to be monitored, and that
sodium and potassium intake be reassessed regularly [30].

The Australian Government Department of Health published
Food Reformulation: Risk Assessment in 2020, which stated
that salt substitutes did not necessarily bring about a change in
population consumption patterns. In addition, potassium-based
replacements could affect the health of susceptible people (“with
major impairment of renal function because of chronic kidney
disease or other morbidity, and those taking medications such
as angiotensin-converting enzyme inhibitors and
potassium-sparing diuretics that reduce renal excretion of
potassium”). The report recommended that product monitoring
and the monitoring of temporal trends in the incidence of
hyperkalemia be performed when using salt substitutes and that
clear labeling of relevant foods and sound physician
recommendations be made for patients at risk [33].

To reduce the potential harm caused by salt substitutes for the
higher-risk individuals mentioned earlier, some countries have
proposed cautions for salt substitutes, including the
recommendation that susceptible groups should use salt
substitutes with caution or under professional supervision. For
example, in Singapore, salt substitutes are included in the
precautions for the use of potassium chloride [34] and the
management of chronic heart failure [35]. In China, a warning
label (shown in the Labels section) is required on the package
of salt substitutes [36].

Despite the risk of hyperkalemia that potassium chloride may
pose, since 1983, the US Code of Federal Regulations has
announced that potassium chloride is generally recognized as
safe as a direct human food ingredient when used in accordance
with the current good manufacturing practice conditions of use
(as a flavor enhancer, flavoring agent, nutrient supplement, pH
control agent and stabilizer, or thickener) [37].

Plans and Actions
Plans and actions mainly refer to a series of guidelines and
solution plans formulated and released by the government for
specific problems, such as salt reduction, nutrition, and
pollution. The use of salt substitutes in salt reduction plans or
actions has been noted in 5 nations (the United Kingdom,
Canada, Australia, China, and India).

Guidelines usually address 2 main aspects of salt substitute use.
First, the processed food industry should consider reducing the
salt content in their products to produce low-salt foods and then
consider the use of salt substitutes when necessary (as proposed
by the United Kingdom [38] and Canada [39]). Second, when
using salt substitutes, attention should be paid to their safety
and efficacy. Besides benefit-risk assessments, the disclosure
of potassium content on nutrition labels, monitoring of
potassium intake, and technological innovations are all possible
approaches (as proposed by Canada [39] and Australia [40]).
The focus of the salt reduction initiatives in China is different
from that of the salt reduction initiatives in other countries, as
the Chinese diet is predominantly homemade, especially in rural
areas. Because of the high sodium intake, very low potassium
intake, and high cardiovascular disease burden in these areas,
the initiatives recommended adjusting the salt supply in the
whole population while promoting and popularizing low-sodium
and potassium-enriched salt. Baseline data collection and
follow-up studies were conducted in a nationally representative
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population using dietary surveys and 24-hour urinary potassium
excretion test [41]. In its book Do You Eat Right, the Food
Safety and Standards Authority of India acknowledged the
potential of salt substitutes for salt reduction but also noted that
salt substitute brands were currently limited on the market and
that salt substitutes should be used only under medical
supervision [42].

In addition, although the US Dietary Guidelines for Americans
(2020-2025) did not address potassium-rich salt substitutes,
they stated that Americans’ potassium intake was low and
sodium intake should be limited and that the requirements for
the nutrition fact label mandated the inclusion of the amount of
potassium in packaged foods in the nutrition label [43].

Regulations and Standards
Regulations and standards provide reference for the production,
packaging, trading, and use of salt substitutes and are issued by
government departments to ensure safety and effectiveness.
Regulations are mandatory and have legally binding effects. A
total of 4 countries (the United States, Canada, China, and India;
Table 1) have established regulations or standards for salt
substitutes or have addressed salt substitutes in other regulations
or standards.

First, the United States [44], India [45], and China [36] had
clear but varied regulations on the composition of salt
substitutes. For example, the commercial item description of

salt substitutes developed by the US Department of Agriculture
in 1997 divided salt substitutes into 2 categories, potassium
chloride (type I) and potassium chloride with L-lysine (type II)
[44]. China has established an industry standard (QB/t
2019-2020) on low-sodium salt, which stated that sodium
chloride and potassium chloride should reach 65.0-80.0 g/100
g and 20.0-35.0 g/100 g on a dry basis, respectively [36]. In
addition to active ingredients, these countries also imposed
requirements on other ingredients, such as ingredients used for
food grade bulking, anticaking agents, flavor enhancers,
nutrition enhancers, and pollutants. For example, India not only
requires salt substitutes to contain no more than 120 mg/100 g
of sodium but also restricts the component of cations in some
acidity regulators [45]. Canada has not developed standards for
salt substitutes, but the Labelling Requirements for Salt issued
by the Canadian Food Inspection Agency in 2019 stated that
salt substitutes were generally sodium-reduced or sodium-free
alternatives that usually contain potassium chloride. When a
salt substitute was used as an ingredient in another food, it was
an additive [46]. In addition, Goods and Services Identification
Number of Salt Substitute released by the Canadian Food
Inspection Agency classified salt substitutes as special dietary
foods and food specialty preparations [47]. The regulations on
salt substitute composition could be clearly seen in Table 1,
whereas the regulations and standards on labeling are introduced
in the next section.
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Table 1. Regulations and standards for salt substitutes in countries.

Regulation and standard for salt substitutesDepartmentYearTitleCategory and
country

Regulations and standards of formula

The US Depart-
ment of Agricul-
ture

1997Commercial Item
Description—Salt
Substitutes [44]

United
States

• Classification: the salt substitutes shall conform to the following list which
shall be specified in the solicitation, contract, or purchase order:
• Type I: potassium chloride
• Type II: potassium chloride with L-lysine

• All ingredients, including food grade bulking and anticaking agents, used
in the preparation of the salt substitutes shall be of Food Chemicals Codex
purity or US Pharmacopeia-National Formulary quality. The active ingre-
dient in the salt substitutes shall be potassium chloride. Type II salt substi-
tutes shall include L-lysine. The salt substitutes may contain flavor en-
hancers and anticaking agents such as, but not limited to monopotassium
glutamate, glutamic acid hydrochloride, tricalcium phosphate, and calcium
stearate.

Ministry of In-
dustry and Infor-
mation Technol-
ogy of the Peo-
ple’s Republic
of China

2020Light Industry Stan-
dard of the People’s
Republic of China
QB/t 2019-2020
Low Sodium Salt
[36]

China • This standard specifies the sensory, physical, and chemical properties of;
food additives used in; nutritional fortification of; and contaminants of salt
substitutes. The dry basis of sodium chloride and potassium chloride should
reach 65.0-80.0 g/100 g and 20.0-35.0 g/100 g, respectively.

Ministry of
Health and
Family Welfare
(Food Safety
and Standards
Authority of In-
dia)

2017Ministry of Health
and Family Welfare
(Food Safety and
Standards Authority
of India) Notifica-
tion F. No.
Stds/03/Notification
(LS)/ FSSAI-2017
[45]

India • Salt substitutes may contain:(a) Colloidal silica or calcium silicate: not
more than 1% m/m of the salt substitute mixture, individually or in combi-
nation.(b) Diluents: safe and suitable nutritive foods as normally consumed
namely, sugars, cereal flour.

• The addition of iodine-containing compounds to salt substitutes shall be as
per the Foods Safety and Standards Regulations, 2011.

• The sodium content of salt substitutes shall be not more than 120 mg/100
g of the salt substitute mixture.

• The composition of salt substitutes shall be as follows:
• Potassium sulphate, potassium, calcium or ammonium salts of adipic;

glutamic; carbonic; succinic; lactic; tartaric; citric; acetic; or hydro-,
chloric, or orthophosphoric acids, and/or good manufacturing practice,
except that phosphorus not to exceed 4% m/m and NH4+ 3% m/m of
the salt substitute mixture

• Magnesium salts of adipic; glutamic; carbonic; citric; succinic; acetic;
tartaric; lactic; or hydro-, chloric, or orthophosphoric acids, mixed
with other Mg-free salt substitutes as listed in 6.(1) (a), 6.(1) (c) and
6.(1) (d), and/or Mg++ to be not more than 20% m/m of the total of
the cations K+, Ca++and NH4+ present in the salt substitute mixture
and phosphorus not to exceed 4% m/m of the salt substitute mixture

• Choline salts of acetic, carbonic, lactic, tartaric, citric, or hydrochloric
acids, mixed with other choline-free salt substitutes as listed in 6.(1)
(a), 6.(1) (b) and 6.(1) (d), and/or the choline content not to exceed
3% m/m of the salt substitute mixture

• Free adipic, glutamic, citric, lactic, or malic acids—good manufactur-
ing practice

Regulations and standards of labeling

Canadian Food
Inspection
Agency

2019Labelling Require-
ments for Salt [46]

Canada • Salt substitutes do not have a prescribed standard and are generally a sodium
reduced or sodium free alternative. Salt substitutes usually contain potassium
chloride. Table salt substitutes, while not required to, are permitted to
contain added iodine.

Regulations and standards of product classification

Public Services
and Procure-
ment Canada

2018Goods and Services
Identification Num-
ber (GSIN)—Salt
Substitute [47]

Canada • GSINa Category: Goods
• GSIN Group Description: Subsistence
• GSIN Class Description: Special Dietary Foods and Food Specialty

Preparations

aGSIN: Goods and Services Identification Number.
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Labels
Labels refer to the list of nutritional composition and health
claims printed on packages, front-of-package labels, etc.
Regulations on the labels of salt substitute products and the
labels of packaged foods with added salt substitutes are part of
the national strategy for salt substitutes to guide consumers in
choosing or not choosing relevant products and are one of the
important policy tools. Canada [46], the United States [48],
Singapore [65], China [49], and India [45] have all regulated
salt substitute labels (Table 2).

For salt substitutes, Canada required all the ingredients in the
salt substitute to be labeled [46]. In China, salt substitute product
labels must mention the potassium content and clearly indicate
that salt substitutes should be used with caution by people for
whom high potassium intake is not suitable, such as those who
work at high temperatures, those who engage in high-intensity
physical labor, those with kidney dysfunction, and those with
hypertension who are taking antihypertensive medication
[36,49].

For packaged foods containing salt substitutes, India required
the labels to carry information on the presence of salt substitutes
and the amount of potassium in them [45]. Because potassium
chloride was not well known to consumers, research suggested
that consumers may erroneously associate it with other
chemicals and avoid consumption [66]. To change the negative
public perception of potassium chloride and improve the health
of the US population, NuTek Food Science, supported by food
companies as well as public health organizations such as the
Center for Science in the Public Interest and World Action on

Salt & Health, submitted a citizen’s petition proposing that the
US Food and Drug Administration rename “potassium chloride”
as “potassium salt” in food labels in 2016, and the proposal was
passed after a public consultation in 2020 [48,67]. Thereafter,
potassium chloride in packaged foods could be renamed to
“potassium salt,” but this is only a recommendation, not a
mandatory responsibility, and is at the discretion of the food
company. Canadian health promotion organizations such as
Heart and Stroke and Hypertension Canada followed the lead
of the United States and proposed to Health Canada and the
Food Inspection Agency in 2019 to allow the use of the alternate
name of “potassium chloride” [68]. The current Canadian law
necessitates that the ingredient be identified by its common
name along with “salt substitute” in parentheses. An example
of this would be “potassium chloride (salt substitute)” [46].
Meanwhile, Canada has developed health claims for sodium
and potassium, which can be made when processed foods meet
the Food and Drugs Regulations’ requirements, such as “a
healthy diet containing foods high in potassium and low in
sodium may reduce the risk of hypertension. [Name of the food]
is a good source of potassium and is low in sodium.” [50].
Health Canada’s reforms to nutrition labeling has been
considering the inclusion of potassium in the nutrition fact label
[39].

In addition, Singapore’s Healthier Choice Symbol (HCS) on
packaged foods indicated to consumers which foods are healthier
and more suitable choices for them [51]. The HCS label was
found on approximately 4000 different foods and included 3
types of salt substitutes: Pagoda Less Sodium Mineral Salt,
PanSalt, and GoodSalt [65].

Table 2. The regulations for the labels of salt substitute products and packaged foods with added salt substitutes.

The regulation for labelsCountry

Salt substitute products

Canada [46] • All ingredients and their components must appear in the list of ingredients of table salt substitutes. This includes
the declaration of iodide if present.

India [45] • A declaration on the label as “low sodium salt substitute” or “low sodium dietetic salt”
• A declaration on the label regarding the amount of cations, that is, sodium, potassium, calcium, magnesium, am-

monium, and choline/100 g (m/m), in the salt substitute mixture

Packaged foods added salt substitutes

United States [48] • Exercise enforcement discretion for the declaration of “potassium salt” in the place of “potassium chloride” in the
ingredient statement of food labels when potassium chloride is used as an ingredient in the food.

• Potassium and sodium are listed on the nutrition fact label on packaged foods and beverages.

Canada [46] • Salt substitute must be declared by its common name in the list of ingredients. The term “salt substitute” on its
own would not be acceptable. However, it would be acceptable to declare the additive’s function in brackets after
the common name, for example, “potassium chloride (salt substitute).”

• A salt substitute that meets the compositional and labeling criteria for a free of sodium or salt claim or for a low
in sodium or salt claim may be represented as a food for special dietary use, such as “for salt free diets” or “for
salt reduced diets.”

China [49] • “低钠盐的产品标签中应标示钾的含量，并应清晰标示： ‘高温作业者、重体力劳动强度者、肾功能障碍
者及服用降压药物的高血压患者等不适宜高钾摄入的人群应慎用。’”

• Translation: the product label of low-sodium salt should indicate the potassium content and should clearly indicate
that “it should be used with caution by people who are not suitable for high potassium intake, such as those who
work in high temperature, those who work with heavy physical strength, those who have kidney dysfunction and
those who take antihypertensive drugs for hypertension.”
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Food Reformulation, Cooperation With the Food
Industry, and Media
Many companies in the food industry are trying to reduce the
amount of sodium in processed foods through food
reformulation, that is, by replacing some or the entire amount
of salt with salt substitutes and finding formulations that
maintain good organoleptic, microbiological, physical, and
chemical properties and the safety and quality of food. Some
reformulations were carried out by professional technicians or
companies commissioned or supported by the government. The
German Federal Ministry of Food and Agriculture produced
healthy and safe sodium-reduced fish [52,53], semihard cheese
[54,55], raw and salted meat products [56], etc.

In other countries such as Canada and Singapore, the
government encourages food companies to use salt substitutes
as a means of reducing salt in processed foods. In Singapore,
in addition to the HCS labeling, the government is also running
the Healthier Ingredient Promotion Scheme based on the HCS,
which supports a variety of food companies, including salt
producers, to innovate and market healthier and more locally
flavored products with government funding that covers (1)
marketing and publicity, (2) trade promotion, and (3) ingredient
thematic promotion [57]. The salt selected for the program was
IMI Lifestyle Products’ “GoodSalt.” The sodium content in
GoodSalt was replaced by essential minerals such as potassium,
magnesium, lysine, and iodine [69]. Finland is an example of
countries that successfully promoted salt substitutes through
the media, with a salt substitute called “Pansalt” being reported
and promoted by mainstream media such as Helsingin Sanomat.
With salt substitutes becoming well known in Finland, the media
has significantly contributed to the realization of salt reduction
in Finland [58].

Salt Substitute Initiatives From 3 IGOs
Although IGOs are not countries, the initiatives proposed by
them are often an important basis for regional or global food
trade to ensure safety and health and are consciously abided by
member states. These initiatives can be used as a basis for
national legislation [24,70]. Therefore, this study also collected
these initiatives on salt substitutes as a supplement to national
initiatives (Multimedia Appendix 5 [59-62]).

Regarding the classification of salt substitutes, unlike Canada,
the EU’s food additive standard stated that when table salt
substitutes and minerals were used for flavor, mouthfeel, or
nutritional purposes, they were considered substances and not
food additives [59]. In addition, in terms of food reformation,
the Institut National de la Recherche Agronomique
commissioned by the EU produced sausages, in which 20% to
30% of sodium was replaced with potassium [60].

The CAC and the EAEU regulated the composition and labeling
of salt substitutes and have similar requirements [61,62]. In
terms of ingredients, they limited the maximum quantity of
different substitutable ingredients; for example, they required
“the choline content not to exceed 3% m/m of the salt substitute
mixture.” For the labels of salt substitutes, the CAC required
the mention of the name “low sodium salt substitute” or “low
sodium dietetic salt,” whereas the EAEU required the mention

of “the substitute of salt with low content of sodium” or “dietetic
salt with low content of sodium.” Both regulations required
companies to declare on the product label the full list of
ingredients and the amount of cations in a 100 g mixture. For
dietetic products containing salt substitutes, the presence of salt
substitutes should be declared. The total potassium content and
cation content in 100 g of the product should also be stated.

Discussion

Principal Findings
In this review, a total of 35 initiatives on salt substitutes from
11 countries and 3 IGOs were assessed in detail. Several major
types of salt substitute initiatives, namely benefit-risk
assessments and cautions; plans and actions; regulations and
standards; labels; and food reformulation, cooperation with the
food industry, and media, were summarized.

These initiatives had some significant features. First, the focus
on salt substitutes reflects an interest in salt reduction. For most
of the national initiatives that proposed salt substitutes as a
means of salt reduction in the food industry, reducing the salt
content of food has been regarded as a prerequisite. It has been
shown that human preferences for salt taste could be shaped,
with taste buds gradually adapting to saltier or less salty taste
as dietary salt intake increases or decreases, respectively [71].
By contrast, replacing common salt with salt substitutes does
not achieve the effects of lowering the taste threshold and
changing the consumption pattern of the population. Salt
substitutes as a means of salt reduction would only be considered
in food categories if salt reduction is difficult because of
microbial food safety, functional, and taste reasons.

Second, the mention of “potassium salt” or “potassium chloride
(salt substitute)” as an alternative to “potassium chloride” on
packaged food labels may be a new possible strategy. The
International Food Information Council Foundation conducted
a web-based survey of 1000 consumers and found that compared
with potassium salt, consumers had a more negative association
with potassium chloride, and their familiarity with “potassium”
was very low [66]. However, there are still some issues to
consider before implementation. For example, whether a name
change would lead to a massive and rapid introduction of
potassium salt products by the food industry, resulting in the
lack of consideration of food safety and increased risk to
susceptible groups, and the need to ensure appropriate
mandatory nutrition labels, warning labels, and front-of-pack
labels for potassium should be considered. Therefore, the
implementation may need to be coupled with consumer
education and monitoring.

Third, high-income countries are more concerned about the
application and promotion of salt substitutes in the food industry,
which is the industry where salt is mainly used. Several countries
have funded research on innovative foods prepared with salt
substitutes and cooperated with enterprises to encourage them
to produce and sell packaged foods prepared with reduced salt
and salt substitutes. However, some food companies have
expressed the presence of barriers. For example, the effects of
salt substitutes on product quality and taste have led to the
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frequent failure of companies’ research on reformulation with
salt substitutes as well as increased costs. Companies have also
expressed concerns about the consumer acceptability of salt
substitutes [63]. It is important to consider the complex industry
chain that includes salt substitute manufacturers, processed food
manufacturers, retailers, consumers, media, and many others
[72]. All stakeholders should work together to implement locally
adapted initiatives to promote salt substitutes, such as
establishing public-private partnerships and promoting salt
substitutes through subsidies, tax incentives, awareness
campaigns, promotions, and consumer education.

In middle-income countries, such as China, the source of sodium
chloride intake is more likely to be household salt, especially
in rural areas. A large randomized controlled trial in a Chinese
population of >20,000 older people from 600 villages with a
history of stroke or hypertension demonstrated that salt
substitutes significantly reduced the risk of stroke, major
cardiovascular events, and death (rate ratios=0.86, 0.87, and
0.88, respectively) [73]. Moreover, if all Chinese households
were to switch to salt substitutes, 450,000 lives could be saved
each year [10]. However, there are still some issues with the
use of salt substitutes in households. For example, the possibility
of adding more salt substitutes for taste demand; the bitter taste
of potassium chloride, which may discourage some people with
sensitive tastes from choosing it; the need to consider the
balance between salt substitute intake and iodine intake in areas
where iodine intake is inadequate; and a lack of
recommendations or standards for the use of salt substitutes in
the household preparation of some foods, such as cured meats,
salted fish, and spicy cabbages, which may pose microbiological
risks.

Fourth, there is a controversy among the benefit-risk assessments
carried out in different countries with regard to the percentage
of sodium expected to be replaced by potassium. In the United
Kingdom, the assumption of replacing 15% to 25% of sodium
with potassium gave an overall positive conclusion [28].
However, in Norway, assumptions of 30%, 50%, and 70%
substitutions translated into potentially higher-risk conclusions
in 2014 [31]. A new assessment in Norway in 2021 changed
the assumption to 0% to 30% substitution of sodium with
potassium [32]. Considering the different demographic profiles,
sodium and potassium intakes of the population, average blood
pressure, and epidemiology of cardiovascular disease in various
countries, this study recommends the establishment of
appropriate assumptions and benefit-risk assessments based on
national realities.

In fact, benefit-risk assessments have always been focused on
the possible harm of the use of potassium in salt substitutes.
People with limitation of renal potassium excretion, such as
patients with renal failure; those with diabetes mellitus; and
those using potassium-sparing diuretics, angiotensin-converting
enzyme inhibitors, or angiotensin receptor blockers, may
experience cardiac arrhythmia and have an increased level of
death risk after consuming excessive potassium [74]. Several
cases of hyperkalemia caused by the use of salt substitutes have
been reported in high-risk participants [75,76]. Nevertheless, 2
clinical trials from China conducted salt substitute interventions
among older people in 600 villages and 48 residential older

adult care facilities. No significant increase in adverse clinical
outcomes was found in both studies, although the second study
found that the use of salt substitutes may result in more frequent
hyperkalemia biochemically [73,77]. These studies provided
high level of evidence on the safety of salt substitute when it
comes to promotion. Furthermore, monitoring of the use of salt
substitutes after national or regional promotion campaigns is
very important, namely population consumption of salt
substitutes, levels of sodium and potassium consumed and
excreted, changes in blood pressure, cardiovascular disease and
mortality, and cases of adverse effects.

Fifth, media campaigns are an important part of consumer
education for salt reduction efforts. For example, in Finland,
where salt reduction efforts began early and achieved good
results, there was a long-standing media campaign on salt
reduction with a strong promotion of salt substitute brands
[58,78]. By contrast, a company in India with a wide range of
salt products, including salt substitutes, became the subject of
fake news stating that their products contained toxic ingredients.
Widely circulated on social media, the fake news caused panic
among consumers, only to be clarified with a statement from
the government [79].

Sixth, there are currently no proposed measures on the price
control and taxation of salt substitutes in various countries. As
of September 2020, the price of salt substitutes ranged from US
$0.46 to US $87.00 per kg worldwide, which is higher than the
price of regular salt [16]. In non–high-income countries,
lowering the price of salt substitutes is undoubtedly an important
factor in promoting salt substitutes. In high-income countries,
the cost of input is an equally important consideration in whether
companies choose to reformulate high-sodium foods with salt
substitutes. If countries wish to actively promote the use of salt
substitutes, they may consider controlling the price by reducing
the tax. As of 2019, a total of 5 countries around the world tax
high-sodium foods [7], yet there are currently no policies to
increase or reduce taxes on salt substitutes in any individual
country. At the same time, governments could invest resources
to support technology development aimed at reducing the cost
of producing salt substitutes.

So far, there have been few reports issued by governments on
the effects of the implementation of salt substitute policies, such
as changes in sodium and potassium intakes, cardiovascular
health, and potential risks. Most of the salt substitute initiatives
were proposed in recent years. It is possible that such
assessments of effects may have not been published or remain
internal government documents. By contrast, governments
usually reported the overall effect of salt reduction, including
changes in salt intake and the salt content of foods [7].
Nevertheless, the process and results of policy development in
one country have implications for other countries, thanks to the
extensive communication among stakeholders. According to
press reports, after food and health organizations in the United
States submitted a petition to the Food and Drug Administration
to use an alternate name of potassium chloride, stakeholders in
Canada also took action. Eventually, they both contributed to
the renaming of potassium chloride [68]. The benefit-risk
assessment published in the United Kingdom also had a wide
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impact, being mentioned in published documents in both
Norway [32] and Ireland [30].

On the basis of the classification of country regions by the World
Bank and WHO, salt substitutes are of interest in high-income
countries and European countries or organizations [64,80]
(Multimedia Appendix 4). Despite the neutral, positive, or
conservative attitudes toward salt substitutes shown in the
published initiatives in different countries, the publication itself
represents a concern for salt substitutes. With higher importance
attached to salt reduction and health, salt substitutes will be
circulated and popularized around the world. Therefore, we call
on more countries to implement salt substitute initiatives. It is
necessary for all countries to conduct benefit-risk assessments
and develop regulations or standards for salt substitutes and
their labeling according to the circumstances. In addition to this,
depending on the source of dietary salt (homemade food or
packaged foods), the inclusion of salt substitutes in national salt
reduction initiatives, appropriate interventions, and consumer
education are also important approaches.

This review has some strengths and limitations. We did not
coordinate with country program leaders, global experts in salt
substitutes, or regional WHO representatives. However, a
literature search that covered the peer-reviewed and gray
literature, Google search, and government website search were
used to obtain as much information as possible from the web.

Owing to the limitations and time lags in the information
published on the web, it is possible that not all country-level
salt substitute initiatives are properly included. In addition,
instead of multilingual translators, Google Translate was used
to identify and filter non-English information, which might have
resulted in the omission and misinterpretation of relevant
initiatives in non–English-speaking countries. Furthermore, this
review focused on official national initiatives on salt substitutes
and did not include stakeholders, academic institutions, or
subnational recommendations and initiatives, such as the salt
substitute promotion initiative of the China National Salt Group
in Beijing [81]. These subnational initiatives also have high
relevance to the application and promotion of salt substitutes
in the world and in the corresponding region and are references
for many salt substitute initiatives at the national level.

Conclusions
This scoping review has shown that although there are only a
limited number of national initiatives focusing on salt substitutes
at present, relevant initiatives are increasing year by year and
involve multiple aspects, including regulations, guidelines, and
cooperation with the industry. Given the great potential of salt
substitutes in improving hypertension and stroke, we call on
more countries to pay attention to and propose salt substitute
initiatives. This requires the government to conduct a
comprehensive evaluation and extensively cooperate with
stakeholders, such as companies, media, and consumers.
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Abstract

Background: The COVID-19 booster vaccination rate has declined despite the wide availability of vaccines. As COVID-19 is
becoming endemic and charges for regular booster vaccination are being introduced, measuring public acceptance and the
willingness to pay for regular COVID-19 boosters is ever more crucial.

Objective: This study aims to (1) investigate public acceptance for regular COVID-19 boosters, (2) assess the willingness to
pay for a COVID-19 booster shot, and (3) identify factors associated with vaccine hesitancy. Our results will provide crucial
insights into and implications for policy response as well as the development of a feasible and effective vaccination campaign
during Vietnam’s waning vaccine immunity period.

Methods: A cross-sectional study was conducted among 871 Vietnamese online participants from April to August 2022. An
online questionnaire based on the discrete choice experiment (DCE) design was developed, distributed using the snowball sampling
method, and subsequently conjointly analyzed on the Qualtrics platform. A history of COVID-19 infection and vaccination, health
status, willingness to vaccinate, willingness to pay, and other factors were examined.

Results: Among the participants, 761 (87.4%) had received or were waiting for a COVID-19 booster shot. However, the
willingness to pay was low at US $8.02, and most participants indicated an unwillingness to pay (n=225, 25.8%) or a willingness
to pay for only half of the vaccine costs (n=222, 25.4%). Although information insufficiency and a wariness toward vaccines
were factors most associated with the unwillingness to pay, long-term side effects, immunity duration, and mortality rate were
the attributes the participants were most concerned with during the vaccine decision-making period. Participants who had children
less than 18 years old in their homes infected with COVID-19 had a lower willingness to pay (odds ratio [OR] 0.54, 95% CI
0.39-0.74). Respondents who had children under 12 years old in their family who received at least 1 vaccine dose had a higher
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willingness to pay (OR 2.03, 95% CI 1.12-3.66). The burden of medical expenses (OR 0.33, 95% CI 0.25-0.45) and fear of the
vaccine (OR 0.93, 95% CI 0.86-1.00) were negative factors associated with the level of willingness to pay.

Conclusions: A significant inconsistency between high acceptance and a low willingness to pay underscores the role of vaccine
information and public trust. In addition to raising awareness about the most concerning characteristics of the COVID-19 booster,
social media and social listening should be used in collaboration with health professionals to establish a 2-way information
exchange. Work incentives and suitable mandates should continue to encourage workforce participation. Most importantly, all
interventions should be conducted with informational transparency to strengthen trust between the public and authorities.

(JMIR Public Health Surveill 2023;9:e43055)   doi:10.2196/43055

KEYWORDS

COVID-19; epidemic; vaccine; booster; willingness to take; willingness to pay; Vietnam; policy; feasibility; acceptability;
infection; vaccination; social media; intervention

Introduction

The COVID-19 pandemic has profoundly affected numerous
facets of life worldwide in the past 3 years, ranging from health,
well-being, and socioeconomic status to the behavioral pattern
and structural characteristics of societies [1-3]. Given its
effectiveness in reducing virus severity and transmission, the
COVID-19 vaccine has been used as the key pandemic control
measure [4,5]. According to the World Health Organization
(WHO), the COVID-19 vaccination decreased the number of
deaths and severe disease from COVID-19, as well as decreasing
COVID-19 transmission [6]. The Centers for Disease Control
and Prevention (CDC) revealed that the protection by
COVID-19 vaccination is up to 90% [7]. In Vietnam, the
COVID-19 vaccine was highly accepted by the general
population, including high-risk groups, such as pregnant women
and the elderly [8,9]. As of July 2022, 82.2% of the Vietnamese
population had received at least 2 doses of the COVID-19
vaccine [10]. However, vaccine effectiveness is dependent on
the individual acceptance of the vaccine as well as the type of
vaccine received, lasting on average up to a year with
infection-induced antibodies and up to 6 months with
vaccine-induced antibodies [11-14]. The resurgence of
COVID-19 can be caused by several factors, including the
decline in immunity to the COVID-19 vaccine, which
emphasizes the importance of booster shots. Devenport et al
[15] revealed that every 108 days or so, persons inoculated
against COVID-19 would lose almost half of their protective
antibodies [15]. Hence, immunizations that provided 90%
protection against mild episodes of illness may only be 70%
effective after 6 or 7 months [15]. Immunological studies have
also shown a steady decline in antibody levels in people who
have been vaccinated against COVID-19, and suggest an
increased risk of an infection outbreak [16,17].

Given the effectiveness of COVID-19 booster shots, the current
health focus of COVID-19 worldwide has shifted from disease
control to booster regularity and long-term maintenance [18-21].
As COVID-19 progresses to its endemic phase, a pattern
observed in previous major pandemics, the disease will likely
not be eradicated but instead will be controlled by regular
vaccinations [22,23]. Therefore, the promotion of booster
vaccination is a key intervention in the new response scheme.
However, unlike mandatory doses, the current COVID-19
booster shots record relatively low acceptance, even in the

biggest COVID-19 vaccine–supplying countries, such as India
(55.9%) [24] or the United States (61.8%) [23]. China’s
contribution to the COVID-19 vaccine cannot be ignored.
Although China is among the top countries with the highest
acceptance of the COVID-19 vaccine in the world [25], the
acceptance to take COVID-19 booster shots rate has dropped
to only 76.8% [26]. In Vietnam, this rate is below 60%
compared to nearly 95% coverage for mandatory shots [10].
Many countries have also experienced a recent halt in booster
administration rates due to concerns about their long-term effects
and importance. In the coming endemic phase, the current
vaccine policy in Vietnam will undergo major revisions, the
most concerning of which is the transition from free-of-charge
vaccines to with-charge and regular vaccination. Therefore,
assessing the willingness of the population to pay for COVID-19
boosters is crucial to inform policy makers and public health
practitioners on how to proceed with and promote vaccination
costs.

Several frameworks have strived to describe the correlations
between different factors for the acceptance of vaccines, most
commonly the integrated framework of the Health Belief Model
(HBM) and the theory of reasoned action (TRA) [27,28].
Indicators in this model have been consulted, such as the
perception of severity and benefits, as well as the limitations of
vaccination, attitude, and subjective norms, during previous
pandemics [29]. During the COVID-19 outbreak in Malaysia,
Ng et al [30] added contextual factors, such as susceptibility,
trust, and vaccine preference, to improve the applicability of
this framework to COVID-19 vaccine acceptance [30].
Integrated models were perfected through pandemics and
effectively used to inform COVID-19 vaccine campaigns.
However, the acceptance of initial shots and booster shots differs
immensely in that multiple doses of COVID-19 boosters are
required over time and depend on individual progress instead
of single or 2-dose mass public vaccinations. Thus, conventional
vaccine acceptance models cannot be easily applied to
understand booster shot hesitancy [31].

Moreover, the effectiveness and side effects of booster shots
have been well documented. Therefore, one’s decision to receive
a booster is influenced by a personal preference for known
vaccine characteristics rather than a hypothetical evaluation of
the vaccine’s severity, benefits, or public attitude, as suggested
by previous frameworks. This change in the nature of predictors
calls for a new approach to understanding vaccine acceptance:
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to investigate personal priorities for vaccine characteristics and
assess the extent to which one is willing to take or pay in
acknowledgment of risks.

Although the initial acceptance of the COVID-19 vaccine has
been well studied for 3 years, little is known about the public’s
willingness to pay due to the free-of-charge policy for the
COVID-19 vaccine in most countries worldwide and in Vietnam
[26,32,33]. However, given current economic damages, it is
unlikely that COVID-19 boosters can be provided under the
same policy. Thus, the measurement of the willingness to pay
for a COVID-19 booster has become a priority to inform an
important transition of the vaccine implementation approach.
We conducted this study during Vietnam's waning vaccine
immunity period to (1) investigate public acceptance for regular
COVID-19 boosters, (2) assess the willingness to pay for a
COVID-19 booster shot, and (3) identify factors associated with
vaccine hesitancy. Our results will provide crucial insights into
and implications for policy response as well as the development
of a feasible, effective, and sustainable vaccination campaign.

Methods

Study Design
The PREVENT (Preference For Vaccine Evaluation & Trail)
study was Vietnam’s nationwide assessment using a
patient-centered design to inform health technology development
and acceleration. Designed using the Qualtrics system, the
PREVENT study included an online interactive questionnaire
to target subjects across different regions of Vietnam from April
to August 2022. Respondents were Vietnamese who live in
Vietnam, who were aged 16 years and above (in Vietnam,
people from the age of 16 years must take responsibility for
their actions; moreover, they must bear penal liability like
adults), and who were being referred to and agreed to complete
the survey. The PREVENT study included 2 groups: (1) the
general population and (2) health professionals and medical
students. Snowball sampling was used for disseminating the
survey, involving 20 “seeders” in all 3 regions: northern, middle,
and southern. Participants took 30 minutes to complete the
questionnaire and were encouraged to introduce more
acquaintances and colleagues to the survey. Respondents were
able to review and change their answers through a Back button
in the Qualtrics system.

The PREVENT study included 5 topics of interest: (1)
COVID-19 vaccine booster for adults, (2) monkeypox, (3)
COVID-19 vaccine for children, (4) HIV vaccine, and (5) a
hypothetical pandemic in the future. After answering general
social demographic questions, each respondent was randomly
assigned to 1 of these 5 topics, generating 5 separate data sets.
In total, 5700 respondents were included in the PREVENT
study. The substudy of the COVID-19 vaccine booster for adults
included 871 complete records.

Ethical Considerations
Participants were informed of the benefits and risks of
participating in this study, and they provided informed consent.
Records were monitored and tracked using IP addresses using
the Qualtrics system to ensure the validity of the data set; they

were then extracted, analyzed, and stored safely and confidently
and used merely for research purposes. The protocol was
approved by ethical review committees designated by the
Vietnam Ministry of Health (decision no.
164/GCN-HDDDNCYSH-DHYHN and 13/HDDD-DHDT).

Measurement and Instrument
We applied a standard procedure for generating the research
instrument. Initially, a systematic review was conducted to
identify important facets that emerged from previous studies.
Next, we constructed the questionnaire, covering the breadth
of measurements of interest. A group of experts in public health,
infectious diseases, health services, econometrics, linguistics,
representatives of target groups, and research assistants joined
in the deliberation of translating, rephrasing, piloting, and
shortening the questionnaire. Finally, the tool included 5 major
sessions: (1) sociodemographics, (2) a history of COVID-19
infection and vaccination, (3) the willingness to take a
COVID-19 vaccine booster for adults, and (4) the willingness
to pay for it.

Outcome Variables

Willingness to Vaccinate
A short questionnaire was designed to determine the participants'
willingness to take the COVID-19 vaccine booster for adults
using the following 3 items:

• Will not vaccinate
• Intend to inject COVID-19 booster shots
• Have completed the COVID-19 booster shots

Willingness to Pay for the Vaccine
A questionnaire was designed to determine the participants'
willingness to pay for vaccines using the following 5 options:

To what extent are you willing to pay for the vaccine?

• Unwilling to pay
• 20% of the cost
• 50% of the cost
• 80% of the cost
• Full cost

The actual cost of the vaccines was not known to participants.
This question was used to examine the participants’willingness
to pay when financial support/a discount was provided.

Socioeconomic Status
Participants responded to questions about their
sociodemographics, including age, gender (male/female), marital
status (single, others), job, monthly household income per capita,
and area.

History of COVID-19 Infection and Vaccination
Participants responded to questions about their personal and
family history of COVID-19, time since the last COVID-19
infection, health status, and personal and family history of
COVID-19 vaccination.
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Factors Affecting Vaccination to Prevent Disease
We used 10 items corresponding to 2 factors to measure the
factors affecting vaccination to prevent disease. A 3-point Likert
scale was used to evaluate the answers.

Factor 1: concerns about the vaccine and responsibility to the
community

• Item 1. Concerned that the vaccine is newly developed.
• Item 2. Concerned about immediate side effects of the

vaccine.
• Item 3. Concerned about long-term side effects of the

vaccine.
• Item 4. Concerned about new components of the vaccine.
• Item 5. Concerned about the immunity duration of the

vaccine.
• Item 9. Vaccinate so the community can maintain normal

living and working conditions.
• Item 10. Vaccinate to fulfill personal responsibility of

disease prevention.

Factor 1 included 7 questions. The total score was calculated
by adding the scores of the 7 items and then converted to a
10-point scale.

Factor 2: fear of the vaccine

• Item 6. Fear of vaccines and injections in general.
• Item 7. Fear of insufficient information to make decisions.
• Item 8. Wait for others to vaccinate first.

Factor 2 included 3 questions. The total score was calculated
by adding the scores of the 3 items and then converted to a
10-point scale.

Hence, the score of factors 1 and 2 ranged from 1 to 10.
Participants with a higher score indicated a heightened concern
about the vaccine and responsibility to the community and a
heightened fear of the vaccine. The Cronbach α of factors 1 and
2 was good at .89 and .84, respectively.

Interpersonal Factors
We included 8 items to assess the interpersonal factors related
to vaccination. A 3-point Likert scale was used to evaluate the
answers. There were 2 domains included:

Factor 1: risks of infection and fear of the impact of the disease
on health and economy

• Item 1. How is the risk of reinfection for you and your
family members?

• Item 2. How is the risk of reinfection for children in your
family?

• Item 3. How afraid are you of the spread of this disease?
• Item 4. Ho afraid are you of the impact on the health of this

disease?
• Item 5. How afraid are you of the impact on the economy

of this disease?

Factor 2: service satisfaction

• Item 6. How satisfied are you with vaccination services?
• Item 7. How satisfied are you with COVID-19 consultation

services?
• Item 8. How satisfied are you with health care services for

pandemics?

After summing the total score of each item, the total score of
factors 1 and 2 was converted to a 10-point scale. Respondents
with a higher score indicated a higher risk of infection and fear
of the impact of the disease on health and economy or service
satisfaction. The Cronbach α of factors 1 and 2 was good at .87
and .91, respectively.

Discrete Choice Experiment
We conducted a literature review of factors affecting the
willingness to take and to pay for vaccination services and the
designs of previous discrete choice experiments (DCEs) on
adult vaccination. The results informed our selection of 6 major
attributes of such services that influence an individual's
preference, including effectiveness (<60%, 60%-90%, and
>90%), immunity duration (3-6 months to a lifetime), side
effects (minor [can maintain daily functioning] to major [severe
fatigue and immobility]), mortality rate (0.001%-0.01%),
limitations if not vaccinated (yes or no), cost of the vaccine
(VND 100,000 [US $4.27] to VND 2,000,000 [US $85.33])
[34-39]. These attributes were then assigned 2-5 levels for
choosing, contributing to a total of 31 × 41 × 23 × 51 = 480
possible alternatives (Table 1). Each participant was asked to
respond to 7 different scenarios based on generated
combinations by selecting which scenarios they preferred.

The sample size for the DCE was determined using Sawtooth
software to determine the number of responses: sample size =
(multiplier*c)/(t*a) = 357, where multiplier=1000, “c” is the
largest number of levels across all features (n=5), “t” is the
number of tasks or questions (n=7), and “a” is the number of
alternatives or choices per question (n=2). This sample size was
reached for both target groups of the survey, with 461 (52.9%)
in the general population and 410 (47.1%) in health
professionals and medical students.
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Table 1. Vaccine attributes in the DCEa.

Response optionsAttributes

Effectiveness (%) • <60
• 60-90
• >90

Immunity duration • 3-6 months
• 6-12 months
• 1-3 years
• Lifetime

Side effects • Minor: can maintain daily functioning
• Major: severe fatigue and immobility

Mortality rate • 0.001%
• 0.01%

Limitations if not vaccinated • No
• Yes: traveling banned and social gatherings restricted

Cost (VND/US $)b • 100,000/4.27
• 200,000/8.53
• 500,000/21.33
• 1,000,000/42.67
• 2,000,000/85.33

aDCE: discrete choice experiment.
bVND 23,437.98=US $1.00.

Statistical Analysis
Statistical analysis was performed using Qualtrics and STATA
software (version 15). Descriptive data were generated for all
variables. With missing data, we used the listwise deletion
method to clean data before analyzing them; 1071 records were
collected, of which 871 (81.3%) records were complete, so 200
(18.7%) records were excluded from the analysis. Continuous
variables were presented as the mean (SD), while categorical
variables were presented as frequencies with percentages.

Factorial Structure
Exploratory factor analysis (EFA) using principal component
analysis (PCA) was performed to evaluate the optimal structural
model of the instrument according to the observed data. The
number of factors was determined based on the Scree plot, and
parallel analysis, along with eigenvalues and the proportion of
variance explained (Multimedia Appendices 1 and 2). Items
with a loading value of ≥0.5 were included in the relevant
component.

Potential covariates for full models of the decision to take and
the willingness to pay for COVID-19 boosters for adults
included socioeconomic data, COVID-19 characteristics, related
information regarding the COVID-19 vaccine, factors affecting
the intention to vaccinate for disease prevention, and

interpersonal factors (Multimedia Appendices 1 and 2). We
used multivariate ordered logistic regression to identify factors
related to the willingness to pay for COVID-19 booster and
multinomial logistic regression to identify factors associated
with the willingness to take a COVID-19 booster for adults.
P<.05 was considered statistically significant.

In DCE data analysis, individual-based utility models were
yielded using hierarchical Bayes estimation that uses Bayesian
methods to probabilistically derive the relative value of each
tested variable. The models estimated the optimal package of
the preferred attributes of COVID-19 vaccination and the
contribution of each attribute.

Results

Participant Characteristics
Table 2 demonstrates the demographic characteristics of the
respondents. More than two-thirds of the participants (n=607,
69.7%) were females, and 661 (75.9%) were aged from 16 to
24 years. Most respondents finished college, university,
postgraduate education (n=702, 80.6%) and were not married
(n=707, 81.2%). Health care professionals and medical students
(n=410, 47.1%) constituted the largest occupational group. The
mean average monthly income per household was VND 3-10
million (US $128.00-$426.66; n=337, 38.7%).
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Table 2. Demographic characteristics of respondents (N=871).

Participants, n (%)Characteristics

Gender

264 (30.3)Male

607 (69.7)Female

Age group (years)

305 (35.0)16-19

356 (40.9)20-24

210 (24.1)>25

Education level

95 (10.9)Not graduated from high school

74 (8.5)Graduated from high school

702 (80.6)College/university/postgraduate

Marital status

707 (81.2)Single/divorced/widowed

164 (18.8)Married

Job

410 (47.1)Health care worker/medical student

190 (21.8)Other students

64 (7.3)Stable jobs

207 (23.8)Other jobs

Monthly household income per capita (VND/US $)

249 (28.6)<1 million/<42.67

175 (20.1)1-2.9 million/42.67-123.73

337 (38.7)3-10 million/128.00-426.66

110 (12.6)>10 million/>426.66

Children

710 (81.5)No children

161 (18.5)Pregnant/have children

Area

391 (45.0)Hanoi

102 (11.7)Other northern provinces/cities

101 (11.6)Southern provinces/cities

192 (22.1)Central provinces and Central Highlands

85 (9.6)Other provinces

Table 3 presents the history of previous infections, vaccinations,
and health characteristics of the respondents. Of 871
participants, 492 (56.3%) were infected with COVID-19 and
249 (28.5%) had children in the family infected with COVID-19.
The most prevalent infection period was the recent 3-6 months.
The largest proportion of participants (n=400, 46.1%) reported
a moderate health status, followed by 359 (41.4%) who

self-reported that they were completely healthy. Regarding the
COVID-19 vaccination for self and family, two-thirds of the
participants had taken the third, or booster, dose (n=582, 66.7%),
while only 46 (5.3%) participants had children below 12 years
old in their family who had been vaccinated. The most popular
information sources were health care officials (n=592, 67.8%)
and the media (n=457, 62.7%).
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Table 3. Personal and family history of COVID-19 infection and vaccination of study subjects (N=871).

Participants, n (%)Characteristics

Personal and family history of COVID-19

128 (14.7)Nobody in my family has been infected COVID-19.

492 (56.3)I was infected with COVID-19.

481 (55.1)Adults in my family were infected with COVID-19.

249 (28.5)Children <18 years old in my family were infected with COVID-19.

Time since the last COVID-19 infection

381 (43.7)Not yet infected

154 (17.7)1-3 months

283 (32.4)3-6 months

54 (6.2)>6 months

Health status

359 (41.4)Completely healthy (100%)

400 (46.1)Relatively healthy (80%-100%)

109 (12.5)Slightly compromised health (<80%)

History of COVID-19 vaccination of self and family

213 (24.4)I have received 2 doses.

582 (66.7)I have received 3 doses or a booster or both.

46 (5.3)Children under 12 years old in my family have received at least 1 vaccine dose.

105 (12.0)Children 12-17 years old in my family have received at least 1 vaccine dose.

436 (49.9)All adults in my family have received at least 2 doses.

Vaccine information sources

592 (67.8)Health care officials

371 (42.5)Relatives, friends, neighbors

547 (62.7)Media (health consultation switchboard, radio, newspaper, television)

77 (8.8)Others

Willingness to Take and Willingness to Pay for a
COVID-19 Booster
Table 4 and Multimedia Appendix 3 demonstrates the
respondents' willingness to receive and their reasons for vaccine
refusal. Nearly two-thirds of the participants received a booster
shot (n=524, 60%), and only 61 (7%) participants did not want
a booster vaccine. The most common reasons for vaccine

hesitancy included insufficient time since the last shot (n=38,
34.6%) and the wait-and-see approach (n=31, 28.2%). In
addition, 225 (25.8%) respondents were unwilling to pay for a
COVID-19 booster, and 222 (25.4%) were willing to pay half
of the vaccine cost (ie, the other half of the cost had to be
covered by someone else). A considerable proportion (n=571,
65.6%) viewed the booster shot as an economic burden.
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Table 4. Willingness to take and willingness to pay for a COVID-19 booster.

Participants, n (%)Characteristics

Willingness to take a COVID-19 booster

61/871 (7.0)Will not vaccinate

288/871 (33.0)Intend to inject COVID-19 booster shots

524/871 (60.0)Have completed COVID-19 booster

Reasons for refusal to vaccinate

38/109 (34.6)Not enough time between COVID-19 shoots

9/109 (8.2)Feeling unwell

6/109 (5.5)Have underlying medical problems or other medical treatment

3/109 (3.6)Allergic history

14/109 (12.7)Am waiting for my turn to be vaccinated

31/109 (28.2)Wait and see

0No means of transport and money to travel to the place of injection

17/109 (15.5)Suffered from severe side effects of the previous injection

29/109 (26.4)Feel that booster is unnecessary as COVID-19 has become irrelevant

28/109 (25.5)Have just been infected

Willingness to pay for a COVID-19 booster

225/871 (25.8)Unwilling to pay

133/871 (15.2)20% of the cost

222/871 (25.4)50% of the cost

93/871 (10.7)80% of the cost

200/871 (22.9)Full cost

Financial burden of COVID-19 booster

300/871 (34.4)No

571/871 (65.6)Yes

Multivariable Analyses to Identify Factors Associated
With the Decision to Take and the Willingness to Pay
for a COVID-19 Vaccine
Table 5 reveals the factors associated with the decision to take
the COVID-19 vaccine. People who had higher education (odds
ratio [OR] 17.22, 95% CI 2.86-103.63), who had graduated
from high school (OR 12.35, 95% CI 3.46-44.00), who had
received 3 doses or a booster or both (OR 13.31, 95% CI
4.31-41.09), and in whose family all adults had received at least
2 doses (OR 2.88, 95% CI 1.31-6.31) were likely to have
completed the COVID-19 booster. Relatively healthy
participants were likely to intend to get the COVID-19 vaccine
(OR 2.98, 95% CI 1.37-6.47).

Multivariate ordered logistic regression results to identify factors
associated with the willingness to pay for the COVID-19 vaccine
are presented in Table 6. Participants aged 20-24 years, who
had a monthly household income per capita of >VND 10 million,
in whose family adults were infected with COVID-19, in whose
family children under 12 years old had received at least 1

vaccine dose, who used media to access information about the
vaccine, and who had higher concerns about vaccine
characteristics and responsibility to the community were likely
to have a higher level of willingness to pay for the COVID-19
vaccine. Children <18 years old in the family infected with
COVID-19 and the burden of medical expenses were harmful
factors that reduced the level of willingness to pay for the
COVID-19 vaccine.

Figure 1 presents the feature importance of each vaccine
attribute generated by the conjoint analysis. The mortality rate
had the most influence on the decision-making process, at 27
points, followed by immunity at 22.8 points and vaccine
effectiveness at 22.4 points. The cost was the least weighted
attribute, at 7.6 points.

Table 7 shows the willingness to pay based on current
COVID-19 vaccine attributes: more than 90% effectiveness,
6-12 months’ immunity, minor side effects, insignificant
mortality rate, and major limitations if not vaccinated. For this
package, the generated willingness to pay was VND 188,000
(US $ 8.02).
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Table 5. Factors associated with the decision to take the COVID-19 vaccine.

Willingness to get the vaccineFactors

“Intend to inject” vs “have complet-
ed the COVID-19 booster,” OR
(95% CI)

“Will not vaccinate” vs “have com-
pleted the COVID-19 booster,” OR
(95% CI)

Education level (reference: not graduated from high school)

0.20b (0.06-0.68)0.06a (0.01-0.35)Graduated from high school

0.21a (0.07-0.60)0.08a (0.02-0.29)College/university/postgraduate

City/province (vs Hanoi: reference)

1.04 (0.57-1.91)0.69 (0.20-2.41)Northern provinces

0.33a (0.16-0.68)1.65 (0.60-4.55)Southern provinces

0.70 (0.41-1.21)0.72 (0.27-1.94)Central provinces and Central Highlands

0.59 (0.29-1.23)0.19c (0.03-1.06)Other provinces

Personal and family history of COVID-19

1.77 b (1.12-2.79)1.71 (0.76-3.81)Children <18 years old in my family were infected with COVID-19.

Health status (vs completely healthy 100%: reference)

1.48c (0.97-2.27)0.50c (0.22-1.12)Relatively healthy (80%-<100%)

2.18b (1.17-4.05)2.44c (0.92-6.45)Slightly compromised health

History of COVID-19 vaccination for yourself and your family (yes vs no: reference)

5.76a (3.00-11.04)7.03a (2.46-20.06)I have received 2 doses.

0.14a (0.08-0.24)0.08a (0.02-0.23)I have received 3 doses or a booster or both.

0.38a (0.24-0.60)0.35a (0.16-0.76)All adults in my family have received at least 2 doses.

aP<.10.
bP<.05.
cP<.01.
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Table 6. Factors associated with the willingness to pay for the COVID-19 vaccine.

Level of willingness to pay (1=unwilling to
pay to 5=willing to pay the full cost), OR
(95% CI)

Factors

Age (years; reference: 16-19 years)

1.40a (1.03-1.91)20-24

1.20 (0.77-1.87)>25

Job (reference: health care worker/medical student)

1.07 (0.77-1.50)Other students

1.41 (0.77-2.58)Stable jobs

1.70b (1.14-2.53)Other jobs

Monthly household income per capita (VND/US $; reference: <VND 1 million/<US $42.67)

0.88 (0.61-1.29)1-2.9 million/42.67-123.73

1.22 (0.87-1.71)3-10 million/128.00-426.66

2.36b (1.47-3.79)>10 million/>426.66

Personal and family history of COVID-19 (vs nobody has been infected with COVID-19: reference)

1.33a (1.01-1.77)Adults in my family were infected with COVID-19.

0.54b (0.40-0.74)Children <18 years old at my family were infected with COVID-19.

History of COVID-19 vaccination for yourself and your family (yes vs no: reference)

1.94a (1.09-3.48)Children under 12 years old in my family have received at least 1 vaccine dose.

Medical expense burden ( yes vs no: reference )

0.33b (0.25-0.45)The burden of medical expenses

Resources to access information on vaccine (yes vs no: reference)

1.36a (1.03-1.80)Media (health consultation switchboard, radio, newspaper, television)

Factors affecting vaccination to prevent disease

1.10a (1.01-1.20)Concerns about vaccine characteristics and responsibility to the community (unit: score)

0.93c (0.86-1.00)Fear of the vaccine (unit: score)

Interpersonal factors

1.05 (0.98-1.13)Service satisfaction (unit: score)

aP<.05.
bP<.10
cP<.01.
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Figure 1. Feature importance of vaccine attributes during the decision-making process.

Table 7. Willingness to pay for a hypothetical COVID-19 vaccine booster for adults generated by the DCEa.

ValueVaccine attribute

More than 90%Vaccine effectiveness

6-12 monthsImmunity

Minor, does not affect daily functioningSide effects

1 deathMortality rate (/100,000 people)

Yes: traveling banned and social activity restrictedLimitation if not vaccinated

188,000/8.02Cost (VND/US $)

aDCE: discrete choice experiment.

Discussion

Principal Findings
This study results indicated the participants' high willingness
to take COVID-19 vaccine booster shots. Their willingness to
pay, however, was scattered between price levels, the most
common of which were willingness to pay the full price,
willingness to pay half the price, and total unwillingness to pay
at all. The reasons for an unwillingness to pay and booster
hesitancy were concerns of long-term effects, immunity
duration, information insufficiency, lack of confidence in the
vaccine, unawareness of the risk of reinfection, and
dissatisfaction with COVID-19 care services. Based on the
identified issues of lack of information and weakening public
trust in the vaccine, we proposed personal, interpersonal, and
managerial solutions to ensure affordable vaccinations and
consistent uptake. The burden of medical expenses and the fear
of vaccines were negative factors associated with the willingness
to pay; in contrast, participants who had children under 12 years
old in their family who had received at least 1 vaccine dose used
the media to access information about vaccines, while concerns
about vaccine characteristics and responsibility to the
community had the opposite impact.

In our study, 87% of the participants had taken a booster dose
or were waiting to get vaccinated, which is generally higher
than that in low-, middle-, and high-income countries (73.4%
in low-income countries, 67.9% in middle-income countries,
and 83.0% in high-income countries) [40].

When examined at the national level, the willingness to pay
generated in our study accounted for a small fraction of the per
capita monthly income of our sample (VND
3,000,000-10,000,000, or US $ 128.00-426.66). Since the effects
of the COVID-19 vaccine typically start to diminish after 6
months, the actual monthly cost of a booster is even lower when
spread out over months, making it a low financial burden.
Indeed, a critically low willingness to pay despite a high
acceptance rate might be a proxy for people’s underestimation
of vaccine importance, suggesting gaps in communication
between the general public and authorities. This is consistent
with the fact that the most common reason for vaccine hesitancy
was a lack of knowledge about the vaccine.

Public information about COVID-19 boosters does not cover
the main factors highlighted by this study that influence the
vaccine decision and willingness to pay, such as potential side
effects, mortality rate, induced immunity, and effectiveness.
Furthermore, as health care professionals and the media were
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deemed to provide the most trusted information, public
education approaches should be more comprehensive and
interactive, allowing for televised question-and-answer (Q&A)
sessions with experts, hotline services staffed by trained
practitioners, and open informational portals made available on
social media. Social listening is another recommended approach
to be used by governments and health organizations to
understand people’s perceptions and concerns, to refute false
information and handle controversies, and to identify other
social leaders or influencers who may have a positive impact
on the general public.

Our findings emphasize the importance of building public trust
when disseminating information about vaccinations. Contrary
to traditional vaccines with a long history of development and
trials, the COVID-19 vaccine was made available on an
emergency warranty after preclinical studies and only 12-18
months of multiphase trials [41]. Despite ongoing efforts to
map the long-term effects of the COVID-19 vaccine, the lack
of longitudinal evidence leaves them unconfirmed to both
clinicians and the general public. Although rarely, the COVID
-19 vaccine can also have adverse side effects, such as
myocarditis, Guillain-Barre syndrome, or thrombotic syndrome
[42]. This information, if not communicated clearly and
transparently, may cause public distrust, which in turn
undermines the national sustainable vaccine uptake [43]. Making
COVID-19 vaccinations a regular/seasonal requirement may
also prove challenging in the absence of public transparency.
During the COVID-19 outbreak, it was evident that public trust
differed between the types of response, specifically between
countries whose governments showcased true surveillance
results and those whose governments intentionally provided
incomplete information in an attempt to comfort the public
[44,45]. The widespread availability and ease of use of social
media platforms hastened the spread of false information online.
This issue is further exacerbated if there exists low vaccine
literacy in the country [46]. Public distrust, if it already exists,
can be tackled through social listening, educating, and engaging
with advocates, as in the case of the influenza outbreak [47].

Other significant factors promoting vaccine acceptance were
fear of disrupting normal working and living conditions,
reinfection, and re-emergence of the outbreak. In the work
sphere, various interventions can be implemented to improve
vaccine uptake, including paid time off for vaccinations or
recovery time. A study among US workers observed that such
incentives could improve vaccination rates, and they have been
frequently implemented since the beginning of vaccination
programs [48]. Financial plans that allow the cost of the
COVID-19 vaccine to be deducted directly from one’s salary
and the payments to be spread over months should be
encouraged to relieve the financial burden. The inclusion of the
booster vaccine in the standard workplace health requirements
or routine health check-ups must be endorsed by relevant
institutions. Since COVID-19 has been identified as a massive

public burden affecting the entire economy, the costs associated
with its prevention could be shared by both public and private
sectors.

Interventions drawing on the fear of a COVID-19 pandemic
re-emergence are numerous. Nudge interventions, such as
mobile phone personal reminders or fixated appointments, have
been found to be effective in increasing vaccine uptake in
Denmark [49]. In Vietnam, a new “Vaccine Reminder”
extension can be added to the national COVID-19 portal, which
was made available and effectively used for case surveillance
during the pandemic peak. Restrictions regarding social
gatherings and traveling should continue to be imposed to make
boosters informally mandatory [50].

Strengths and Limitations
The strengths of our study included a large sample size and
diverse demographics, which enabled high generalizability. Our
DCE design and conjoint analysis allowed us to imitate real-life
conditions of the willingness to pay and generate a more reliable
result.

Numerous limitations also exist, including the inability to infer
causal relationships due to a cross-sectional design, the influence
of the current vaccine policy on respondents’ perception, and
personal bias due to self-reporting. Nonetheless, this study is 1
of the first and most significant in our country to provide early
insights into the public acceptance and willingness to pay for
COVID-19 boosters, thus making substantial contributions to
Vietnam's efforts to integrate COVID-19 boosters into its regular
health care requirements.

Conclusion
Our study showed a high willingness to take yet a low
willingness to pay for a COVID-19 vaccine booster among
Vietnamese participants. More importantly, the low willingness
to pay was traced to insufficient information and
underestimating vaccine importance. To resolve the lack of
knowledge, we proposed a vaccine promotion approach with
emphasis on side effects, mortality rate, immunity duration, and
effectiveness, as well as social listening to counter
misinformation. As the media and health experts are the most
trusted information providers, their role in monitoring, directing,
and resolving issues of public perception can be optimized
through interactive interventions, such as Q&A sessions between
influential health figures on television or an online platform, a
COVID-19 vaccine–specialized hotline by health officials, and
use of social listening insights. Work incentives, such as
assistance for COVID-19 vaccine sick leave and technical
convenience for vaccine reminders, can also be provided to
encourage vaccine uptake. Above all, all vaccine promotion
campaigns should be based on an open display of benefits as
well as unwanted limitations of vaccines to achieve a nationally
accepted regular COVID-19 vaccination in the long term.
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Abstract

Background: The success of pediatric COVID-19 vaccination strongly depends on parents' willingness to vaccinate their
children. To date, the role of socioeconomic position (SEP) in pediatric COVID-19 vaccination has not been thoroughly examined.

Objective: We evaluated the association between COVID-19 vaccination and SEP in a large pediatric cohort.

Methods: A case-control study design nested into a pediatric cohort of children born between 2007 and 2017, living in the
Veneto Region and followed up to at least January 1, 2022, was adopted. Data on children were collected from the Pedianet
database and linked with the regional COVID-19 registry. Each child vaccinated with at least one dose of any COVID-19 vaccine
between July 1, 2021, and March 31, 2022, was matched by sex, year of birth, and family pediatrician to up to 5 unvaccinated
children. Unvaccinated children with a positive outcome on the swab test within 180 days before the index date were excluded
from the analyses. Children were geo-referenced to determine their area deprivation index (ADI)—a social and material deprivation
measure calculated at the census block level and consisting of 5 socioeconomic items. The index was then categorized in quintiles
based on the regional ADI level. The association between ADI quintiles and vaccination status was measured using conditioned
logistic regression models to estimate odds ratios and the corresponding 95% CIs. Quantile-g-computation regression models
were applied to develop a weighted combination of the individual items to estimate how much each component influenced the
likelihood of vaccination. All analyses were stratified by age at vaccination (5-11 and 12-14 years).

Results: The study population consisted of 6475 vaccinated children, who were matched with 32,124 unvaccinated children.
Increasing area deprivation was associated with a lower probability of being vaccinated, with approximately a linear dose-response
relationship. Children in the highest deprivation quintile were 36% less likely to receive a COVID-19 vaccine than those with
the lowest area deprivation (95% CI 0.59-0.70). The results were similar in the 2 age groups, with a slightly stronger association
in 5-11–year-old children. When assessing the effects of the weighted combination of the individual items, a quintile increase
was associated with a 17% decrease in the probability of being vaccinated (95% CI 0.80-0.86). The conditions that influenced
the probability of vaccination the most were living on rent, being unemployed, and being born in single-parent families.

Conclusions: This study has shown a significant reduction in the likelihood of receiving a COVID-19 vaccine among children
living in areas characterized by a lower SEP. Findings were robust among multiple analyses and definitions of the deprivation
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index. These findings suggest that SEP plays an important role in vaccination coverage, emphasizing the need to promote targeted
public health efforts to ensure global vaccine equity.

(JMIR Public Health Surveill 2023;9:e44234)   doi:10.2196/44234

KEYWORDS

SEP; socioeconomic position; quantile-g-computation; nested case-control study; COVID-19 vaccine; children; area deprivation
index

Introduction

Given the high contagiousness of SARS-CoV-2 and the constant
development and selection of new variants with increased
pandemic potential, the success of population-based vaccination
campaigns strongly depends on vaccination coverage [1]. It is
largely accepted that COVID-19 vaccines are highly effective
in reducing severe disease outcomes in adults, and numerous
studies suggest they are also safe and effective in children [2-4].
In Italy, the first COVID-19 vaccines were approved for
individuals aged between 12 and 15 years in May 2021 [5].
Since December 2021, the national drug regulation agency
(Agenzia italiana del farmaco) has authorized the administration
of a reduced dose of the vaccine also for children aged 5 to 11
years [5]. In December 2022, first dose coverage was 28.9%
among children aged 5-11 years and 78.8% in those aged 12-19
years (information on children aged 12-14 years was not
available) [6]. Before the end of the study period (March 2022),
most of those first doses had been administered (with more than
95% coverage in both age groups) [6].

COVID-19 strongly impacts children from numerous
perspectives, including interference with social interactions and
mental health [7]. Children with COVID-19 are also at increased
risk of developing multisystem inflammatory syndrome, and
COVID-19 vaccines seem to reduce this risk [8,9]. Therefore,
the importance of vaccination among children should not be
ignored, in addition to the role played by the pediatric population
in the COVID-19 transmission chain.

Depending on the characteristics of new SARS-CoV-2 variants
and the mutating epidemiological scenario, future studies on
vaccine effectiveness and safety in children will determine if
vaccinating the pediatric population will remain a priority [1].
In 2019, the World Health Organization identified vaccine
hesitancy as one of the 10 greatest threats to global health [10].
Some studies have suggested that a lower socioeconomic
position (SEP) may be associated with a reduced chance of
receiving a COVID-19 vaccine in adults [11-13]. However,
evidence in children is scarce [14-22] also due to the shorter
time since the approval of most COVID-19 vaccines.
Furthermore, there are limitations to the generalizability of these
works related to low numbers in the study populations and
analyses exclusively based on referred data (ie, parental
propensity to vaccinate their children or reported vaccine status),
as opposed to actual recorded vaccination.

The surge of new variants could severely endanger public health
by effectively eluding the immune system of previously
immunized people, including children, increasing the population
at risk of being infected and facing the consequences of

COVID-19. If this were to occur, a prompt public health
response would be required, and a vaccination campaign with
booster doses or updated vaccines against new variants might
have to rapidly reach very high portions of the population and
potentially also the pediatric population. Therefore, identifying
the socioeconomic determinants that most heavily affect the
chances of children being vaccinated is crucial. Reducing these
determinants’effects by increasing and diversifying vaccination
campaign approaches and facilitating access to vaccination
centers in specific at-risk groups should become a public health
priority [7,23-26].

The area deprivation index (ADI) is a composite index that has
been extensively used to examine socioeconomic status [27,28].
Having low education, being unemployed, living on rent, living
in crowded households, and being born in single-parent families
in the area are the items that compose the index and are among
the most relevant socioeconomic determinants.

The aim of this study was to examine the association between
ADI and its specific components with COVID-19 vaccine status
in a large cohort of children aged 5-14 years in northern Italy.
Given that socioeconomic variables are strongly correlated with
one another, a weighted combination of the indicators (weighted
deprivation index [WDI]) was also generated to assess which
components most influence the likelihood of vaccination.

Methods

Setting and Study Design
A case-control study design nested into a large pediatric cohort
of children living in the Veneto region, Italy, was adopted.
Children were defined as being vaccinated if they had received
at least one vaccine dose by the end of follow-up. Vaccination
status in children aged 5-14 years was examined between July
1, 2021, and March 31, 2022. Each vaccinated child was
matched by sex, year of birth (from 2007 to 2017), and family
pediatrician (FP; among the 33 doctors included in the analyses)
to up to 5 unvaccinated children. Based on the residential status
of each child, an ADI was computed at the census block level.

Data on all children included in the study derive from the Veneto
Pedianet database [29]. Pedianet is an Italian network of more
than 400 FPs who use an established pediatric primary care
database based on the Junior Bit software in their clinical
practice. Data generated by Pedianet FPs are anonymized, in
compliance with Italian regulations, stored in a protected “cloud”
under a unique numerical identifier, and regularly checked for
validation and quality control. The database includes patient
demographic and clinical characteristics, containing diagnoses
(free text or coded diagnoses using the International
Classification of Diseases, Ninth Revision, Clinical Modification
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system), drug prescriptions (recorded in accordance with the
Anatomical Therapeutic Chemical codes), health care copayment
exemptions, specialist visits, diagnostic procedures, hospital
admissions, growth parameters (repeated measures of height
and weight in accordance with national indications), and free
text to report symptoms or other medical observations related
to the visit. Moreover, through the electronic health record of
each child included in the cohort, we were able to link the
Veneto Pedianet database with the regional COVID-19
registry—where results from COVID-19 swab tests are
recorded—and the regional immunization database, for
vaccination history.

Inclusion in the Pedianet database is voluntary; parents or legal
guardians provided consent for their children’s anonymized
data to be used for research purposes in accordance with national
and international regulations.

Pedianet is a large database rich in numerous clinical variables,
but information on parental SEP is often missing or incomplete.
SEP was first measured by means of an ADI, computed at the
census block level retrieved from the 2011 Italian Census [27]
(with a median number of residents of 66, IQR 28-181, per
census block).

The ADI is based on 5 items that recurrently describe social
and material deprivation: (1) low education, (2) unemployment,
(3) living on rent, (4) crowded households, and (5) single-parent
families [27,28]. The index is calculated as the sum of
standardized indicators. The index was then categorized in
quintiles based on the regional ADI level to ensure within-region
appropriately represented categories.

The addresses of the children included in the study population
were geo-referenced and linked to the census block of each
Italian municipality. Through record linkage with the census
block number, the ADI and all the variables defined at the
census block level were retrieved for each address.

Ethical Considerations
This is an observational, retrospective, noninterventional study.
According to a bylaw on the classification and implementation
of observational drug-related research, as issued by the Italian
National Drug Agency (an entity belonging to the Italian
Ministry of Health), this study does not require approval by an

ethics committee in Italy (Italian Drug Agency note on August
3, 2007). This study was conducted in accordance with the tenets
of the Declaration of Helsinki and was compliant with the
European Network of Centres for Pharmacoepidemiology and
Pharmacovigilance’s Guide on Methodological Standards in
Pharmacoepidemiology.

Ethical approval of the study and access to the database was
approved by the Internal Scientific Committee of So.Se.Te. Srl,
the legal owner of Pedianet.

Study Population
We identified 160,720 children from the Veneto Pedianet
database. Exclusion criteria were (1) children born before 2007
or after 2017, (2) those who had the end of follow-up or the last
contact with the FP before January 1, 2022, (3) those who were
not properly geo-referenced or for whom it was not possible to
determine an ADI, and (4) those for whom individual linkage
with the COVID-19 registry was not possible (Figure S1 in
Multimedia Appendix 1, details provided in Multimedia
Appendix 2). Of the 25,635 children aged 5 to 14 years included
in the study, 6491 (25.3%) received a COVID-19 vaccine
between July 2021 and March 2022, and 19,144 (74.7%) did
not. For the purpose of our analyses, we defined children as
vaccinated if they received at least one dose of any COVID-19
vaccine.

Each vaccinated child was first matched by sex, year of birth,
and FP to all possible available unvaccinated children. The same
control was eligible for more than one case. Each control was
then assigned an index date that corresponded to the date of
COVID-19 vaccination of the matched case. Since matching
by year of birth has led some controls to have a different age
(±1 year) compared to cases, only controls who belonged to the
same age group as cases at the index date (5-11 years and 12-14
years) were included. Given the indication of government
agencies to vaccinate children with a previous SARS-CoV-2
infection only after 6 months, unvaccinated children with a
positive swab within 180 days before the index date were
excluded from the analyses. Finally, for each vaccinated child
(case), up to 5 controls were randomly selected from the
matched unvaccinated children (Figure 1). Matching was
implemented to control for confounding and improve statistical
efficiency.
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Figure 1. Flowchart of the study design.

Statistical Analysis
Spearman rank correlation (ρ) was used to describe pair-wise
relations between the ADI items.

Conditional logistic regression models were fitted to estimate
odds ratios (ORs) and the corresponding 95% CIs for receiving
a COVID-19 vaccine associated with ADI and the single items
included in the index. All variables were treated as categorical
with the first quintile (least deprived) as a reference. Age, sex,
and FP confounding were controlled for by the study design.

To account for the strong correlation between the socioeconomic
determinants that composed the ADI, we then applied a
quantile-g-computation regression model to develop a weighted
combination of socioeconomic variables (weighted deprivation
index [WDI]) to examine its association with the outcome.
Quantile-g-computation is a parametric, generalized linear
model–based implementation of g-computation, which quantifies
the expected change in the outcome, given a single quantile
change in all exposures (the items included in the ADI)
simultaneously while controlling for covariates. This method
first transforms all exposures into quintiles and then fits a linear
model with the dependent variables. Finally, weights are defined
for each exposure, corresponding to the partial effect attributed
to a specific exposure. Following these steps, the ADI items
were combined to calculate a weighted index that was then
categorized in quintiles. Both positive and negative relations
between each indicator of the index and the outcome were
allowed without any directional homogeneity assumption [30].
We defined as an item of concern any socioeconomic
determinant contributing to the overall effect with a negative
weight that exceeded the threshold of 1/p (where p varied

depending on the number of items with estimated negative
weight in each stratum).

As a sensitivity analysis, the prevalence of foreigners in the area
was also included among the area-based socioeconomic
variables under study. All analyses were stratified by age at the
index date (5-11 years and 12-14 years). Analyses were
performed using SAS [31] and R [32] statistical software. We
used survival [33] and qgcomp [30] packages to conduct
conditional logistic regression and quantile-g-computation with
R, respectively. Results with estimated P values of <.05 were
considered significant.

Results

General Characteristics
The general characteristics of the study population are reported
in Table S1 in Multimedia Appendix 1. Among the 25,635
children included in the study, the proportion of those who were
vaccinated against COVID-19 was markedly higher for older
children. The prevalence of vaccinated children varied largely
based on the pediatrician and birth year (Table S1 in Multimedia
Appendix 1). The distribution of the ADI quintiles of the
children included in the study did not differ from the regional
ADI distribution (Table S2 in Multimedia Appendix 1).

Among the specific items that composed the deprivation index,
we observed strong correlations, especially between living on
rent and being unemployed (ρ=0.31), followed by living on rent
with crowded households (ρ=0.26). When including the presence
of non-Italian ethnicity in the area, in the correlation matrix, an
even stronger correlation was observed with living on rent
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(ρ=0.68), being unemployed (ρ=0.36), and living in crowded
households (ρ=0.26).

The analyzed population consisted of 6475 vaccinated children,
3694 aged 5-11 years and 2781 aged 12-14 years, matched with
18,429 and 13,695 unvaccinated children, respectively.

Association With Vaccination Status
Results from the conditioned logistic regression models are
shown in Table 1.

This analysis revealed negative associations between the
probability of being vaccinated and increasing ADI quintiles,
with approximately a linear dose-response relationship. Children
in the highest deprivation quintile were 36% less likely to be
vaccinated against COVID-19 than those living in the least
deprived areas (OR 0.64, 95% CI 0.59-0.70). The results were
similar in the 2 age groups, with more pronounced differences
among 5-11–year-old children. For each quintile increase of
ADI, the chances of being vaccinated against COVID-19
decreased by 10% (OR 0.90, 95% CI 0.88-0.91; Table 2).

Table 1. Association between the quintiles of area-deprivation index (ADI) and COVID-19 vaccination status, stratified by age groups (N=38,599).

Odds ratio (95% CI)aUnvaccinated (n=32,124), n (%)Vaccinated (n=6475), n (%)Quintile of ADI

Total

1 (reference)6160 (19.2)1501 (23.2)ADI 1

0.93 (0.86-1.02)5909 (18.4)1332 (20.6)ADI 2

0.81 (0.74-0.88)b6291 (19.6)1234 (19.1)ADI 3

0.77 (0.71-0.84)b6717 (20.9)1281 (19.8)ADI 4

0.64 (0.59-0.70)b7047 (21.9)1127 (17.4)ADI 5

Age group of 5-11 years (n=22,123)

1 (reference)3507 (19.0)866 (23.4)ADI 1

0.94 (0.85-1.05)3297 (17.9)764 (20.7)ADI 2

0.82 (0.73-0.91)b3383 (18.4)683 (18.5)ADI 3

0.72 (0.64-0.80)b3971 (21.5)715 (19.4)ADI 4

0.62 (0.55-0.69)b4271 (23.2)666 (18.0)ADI 5

Age group of 12-14 years (n=16,476)

1 (reference)2653 (19.4)635 (22.8)ADI 1

0.92 (0.81-1.05)2612 (19.1)568 (20.4)ADI 2

0.80 (0.70-0.91)b2908 (21.2)551 (19.8)ADI 3

0.86 (0.76-0.98)b2746 (20.1)566 (20.4)ADI 4

0.67 (0.59-0.77)b2776 (20.3)461 (16.6)ADI 5

aOdds ratios and 95% CIs, estimated by means of a conditional logistic regression model.
bP<.001.

Table 2. Association between a quintile increase of deprivation index and COVID-19 vaccination status, stratified by age-group.

Age group of 12-14 years (n=16,476),
odds ratio (95% CI)

Age group of 5-11 years (n=22,123),
odds ratio (95% CI)

Total (n=38,599), odds ratio (95% CI)Interquintile increase in the
deprivation index

0.92 (0.89-0.95)b0.88 (0.86-0.91)b0.90 (0.88-0.92)bIQ ADIa

0.84 (0.80-0.89)b0.81 (0.77-0.85)b0.83 (0.80-0.86)bIQ WDIc

0.83 (0.79-0.88)b0.81 (0.77-0.85)b0.82 (0.79-0.85)bIQ WDId

aFrom the conditional logistic regression model; ADI: area deprivation index.
bP<.001.
cFrom the quantile g-computation model; WDI: weighted deprivation index.
dFrom the quantile g-computation model including the presence of foreigners in the area.

This effect seems to be slightly stronger among children aged
5-11 years, where the chances of being vaccinated decreased

by 12% (OR 0.88, 95% CI 0.86-0.91) for each quintile increase
of the ADI, while the decrease corresponded to 8% among
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children aged 12-14 years (OR 0.92, 95% CI 0.89-0.95; Table
2).

When assessing the effects of the WDI, a quintile increase was
associated with a decrease in the probability of being vaccinated
of 17% (overall OR 0.83, 95% CI 0.80-0.86; Table 2). The most
influential condition on the probability of being vaccinated was
living on rent (weight –0.44), which showed the highest weight
in both 5-11–year-old children (weight –0.36) and
12-14–year-old children (weight –0.41; Figure 2). Being
unemployed was also influential both overall and among the
5-11–year-old children (weights –0.25 and –0.26, respectively),
while among 12-14–year-old children, single-parent families
weighed the most (weight –0.29; Figure 2).

When including the prevalence of foreigners in the area among
the area-based socioeconomic variables, no significant
differences were observed in the WDI estimates (overall OR
0.82, 95% CI 0.79-0.85; Table 2). Nevertheless, on observing
the weights of single indicators, a stronger association was found
among younger children; the multiracial area was always
identified as an influential condition, with the greatest weight,
compared to the other variables both in the overall population
and among children aged 12-14 years (weights –0.45 and –0.64,
respectively; Table S3 in Multimedia Appendix 1). WDI analysis
confirmed that living on rent remained the greatest determinant
in the association of socioeconomic deprivation with COVID-19
vaccination in 5-11–year-old children (weight –0.24).

Figure 2. Quantile-g-computation model regression index negative weights for the probability of being vaccinated.

Discussion

Principal Findings and Comparison With Prior Work
The findings of this study have shown a significant reduction
in the likelihood of receiving a COVID-19 vaccine among
children living in areas characterized by greater socioeconomic
deprivation. The dose-response gradient was strongest among
children aged 5-11 years, for whom social and material
deprivation reduced the chances of being vaccinated the most.
The robustness of these findings is confirmed by results that
were consistent across multiple analyses and definitions of the
deprivation index.

Previous studies, mainly conducted in the United States, have
shown how social inequalities affect COVID-19 vaccination
rates in children [14-21]. To the best of our knowledge, this is
one of the first studies to examine the association between a
robust and largely used ADI and the registered vaccination
status against COVID-19. Most other studies examining this
association were surveys and mainly focused on parental
willingness to vaccinate their children [14-16,18,20,21]. Only
a few studies examined the COVID-19 vaccination status of
children [17-19,22], but in most cases, data were reported by
the parents [17-19].

When examining single indicators of lower socioeconomic
status, items that were most negatively associated with the
chances that a child received a COVID-19 vaccine were lower
education [16,18-20], low income levels [14,18,20], high
unemployment rates [16], living on rent [15], as well as living
in a multiethnic area [14,18].

Comparable results to ours were reported by a study conducted
in the United Kingdom based on over 27,000 students aged 9-18
years, which showed that the hesitancy toward vaccinating their
children among both undecided parents (n=1688) and those
against vaccination (n=4874) was higher among children in the
most deprived quintile [15]. Regarding studies on reported
vaccination status, in a large US survey of 59,424 children aged
12-17 years, Nguyen et al [19] found greater vaccination
coverage among children whose parents had more than college
education (adjusted prevalence ratio 1.15, 95% CI 1.05-1.25)
[19]. Furthermore, a recent study elucidated variables associated
with COVID-19 vaccination among Israeli adolescents
(n=43,919) using data from an electronic database, showing
that adolescents of low SEP had a very low vaccination rate
(42.3%) compared to those having a high SEP (80.4%), which
was highly significant upon univariate analysis but did not reach
statistical significance using a multivariate approach [22].

Vaccination of children and adolescents largely depends on the
vaccine hesitancy or antivaccination positions of the parents.
Lower parental SEP has been associated with a lower parental
propensity to vaccinate their children. In Europe, over the past
decades, the link between SEP and vaccine coverage has been
weakening, and a much more relevant role seems to be played
by the lack of vaccine confidence or alternative health beliefs
[34]. In the present mutating context, the pandemic may have
determined hardly predictable effects. The increase in the
vaccine coverage rate may have been primarily driven by the
fear of infection and long-term consequences of COVID-19,
while vaccine hesitancy may have increased as a result of the
fear of adverse effects for newly registered vaccines, which may
have been greater due to the novelty of mRNA vaccines [35-37].
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Public perception of the pandemic and of COVID-19 vaccines
was extremely heterogeneous. Mass vaccination campaigns and
government incentives such as vaccine passports, which had
not been implemented for decades in high-income countries,
may have also affected vaccine hesitancy in different ways
[38,39]. Nonetheless, it remains unclear how these opposing
tendencies may have affected the association between SEP and
COVID-19 vaccination.

When assessing the association between interquintile changes
in the deprivation index and the likelihood of receiving a
COVID-19 vaccine, the effects estimated from the WDI were
always stronger. The ADI treats each dimension as if they were
of equal importance by summing up their relative contribution
with equal weight [27], rather than weighing indicators in
accordance with their association with the outcome. This
approach also allowed us to assess the role of the ethnic
composition in each area, which was not included in the ADI.
This variable was strongly associated with the likelihood of
being vaccinated when considered individually as a
socioeconomic determinant, but its inclusion in the WDI did
not change the magnitude of the association of each quintile
with the chances of being vaccinated, although this component
weighted more than the others. This helps confirming the
robustness of the national deprivation index (ie, ADI) to the
inclusion of such a component.

We observed large differences in vaccination coverage by age,
with much higher percentages among older children. A
reasonable explanation could be found in the Italian COVID-19
regulations, issued differently in accordance with age: all
adolescents aged ≥12 years had to exhibit a vaccine passport (a
certificate provided to all people immunized against COVID-19)
in order to participate, to most public, leisure, and sport
activities, while there were no restrictions for younger children.
This may also have contributed to a reduction in the role of SEP
on the likelihood of vaccination specifically in adolescents,
flattening the differences in this group. We can expect that this
effect could be more evident in older adolescents (aged 15-19
years), who exceeded the maximum age required to be followed
up by a FP. As age increases, the parental willingness to
vaccinate their children may play a weaker role, as well as the
SEP itself, given a greater autonomy of the adolescent.

Our study also showed how FPs were among the most relevant
elements in determining the chances of receiving a COVID-19
vaccine. This suggests that promoting vaccination campaigns
and raising awareness of the importance of pediatric
vaccinations may significantly affect vaccination coverage
among the children they assist.

Strengths and Limitations
Our study has several strengths. First, the large cohort study
was based on more than 25,000 children with real data on the
vaccination status, regardless of the willingness or hesitancy to
get a COVID-19 vaccine. Vaccinations were entirely managed
by the National Health Service, and all vaccinations were
promptly recorded in a centralized register, so data on
vaccination coverage were complete and constantly updated.
Data on previous SARS-CoV-2 infections that determined

changes in the vaccination schedule based on government
indications allowed us to perform more accurate analyses,
thereby including only children who did not receive a
COVID-19 vaccine for reasons likely not related to vaccine
indications. Furthermore, we controlled by design the
interpediatrician variability, which emerged as one of the main
determinants of receiving a COVID-19 vaccination in our study
population.

Another strength of this study was addressing the presence of
intercorrelation between social determinants by using an ADI,
both nonweighted and weighted, through a data-driven method
for modeling the exposure to multiple socioeconomic
determinants. This method provided a measure of the
simultaneous effect of the included socioeconomic indicators
after a quantile transformation, which makes the exposure more
robust to extreme values and more comparable to other settings,
as opposed to using value-based cutoffs [40]. This supervised
approach empirically examines single contributions of each
indicator to the association, allowing us to understand which
condition most influences the likelihood of receiving a vaccine.

The main limitation of this work is the absence of
comprehensive individual information on socioeconomic status,
which is why a census block–level deprivation index was used.
Still, we know that ADI represents a simplification that may
not exactly correspond to the reality, but it acts as a good proxy
of individual socioeconomic status or as a comparative measure
of socioeconomic background [27].

A possible bias could derive from the exclusion of some FPs
that did not adhere to the COVID-19 data registry linkage or
that were missing up-to-date information about the children
they assisted. However, we believe that this bias should be
negligible, since the distribution of the ADI quintiles among
the children included in the study did not differ from the regional
ADI quintile distribution, suggesting that the study population
is likely to be representative of the regional population.

Moreover, some residual confounders related to specific
indications to not vaccinate children (ie, due to specific health
conditions) cannot be entirely ruled out. However, the magnitude
of the association between the likelihood of being vaccinated
and the deprivation indexes we used makes an overturning of
the results unlikely.

The relatively short study period also is unlikely to have affected
our results, given the low vaccination rates in children from
April 2022 onward.

Conclusions
In a rapidly evolving pandemic scenario, achieving good
vaccination coverage in adults is crucial, and high vaccination
coverage could become a priority among children as well. It is
of utmost importance for public health experts to identify
population strata at risk of not achieving adequate vaccine
coverage in order to remove barriers to accessing vaccines and
to promoting targeted campaigns for these groups at increased
risk. The relevance of vaccine coverage applies to COVID-19
vaccines, but also to other vaccines such as those against
seasonal influenza.
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Abstract

Background: Evidence suggests that individuals may change adherence to public health policies aimed at reducing the contact,
transmission, and spread of the SARS-CoV-2 virus after they receive their first SARS-CoV-2 vaccination when they are not fully
vaccinated.

Objective: We aimed to estimate changes in median daily travel distance of our cohort from their registered addresses before
and after receiving a SARS-CoV-2 vaccine.

Methods: Participants were recruited into Virus Watch starting in June 2020. Weekly surveys were sent out to participants, and
vaccination status was collected from January 2021 onward. Between September 2020 and February 2021, we invited 13,120
adult Virus Watch participants to contribute toward our tracker subcohort, which uses the GPS via a smartphone app to collect
data on movement. We used segmented linear regression to estimate the median daily travel distance before and after the first
self-reported SARS-CoV-2 vaccine dose.

Results: We analyzed the daily travel distance of 249 vaccinated adults. From 157 days prior to vaccination until the day before
vaccination, the median daily travel distance was 9.05 (IQR 8.06-10.09) km. From the day of vaccination to 105 days after
vaccination, the median daily travel distance was 10.08 (IQR 8.60-12.42) km. From 157 days prior to vaccination until the
vaccination date, there was a daily median decrease in mobility of 40.09 m (95% CI –50.08 to –31.10; P<.001). After vaccination,
there was a median daily increase in movement of 60.60 m (95% CI 20.90-100; P<.001). Restricting the analysis to the third
national lockdown (January 4, 2021, to April 5, 2021), we found a median daily movement increase of 18.30 m (95% CI –19.20

JMIR Public Health Surveill 2023 | vol. 9 | e38072 | p.3238https://publichealth.jmir.org/2023/1/e38072
(page number not for citation purposes)

Nguyen et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:r.aldridge@ucl.ac.uk
http://www.w3.org/Style/XSL
http://www.renderx.com/


to 55.80; P=.57) in the 30 days prior to vaccination and a median daily movement increase of 9.36 m (95% CI 38.6-149.00;
P=.69) in the 30 days after vaccination.

Conclusions: Our study demonstrates the feasibility of collecting high-volume geolocation data as part of research projects and
the utility of these data for understanding public health issues. Our various analyses produced results that ranged from no change
in movement after vaccination (during the third national lock down) to an increase in movement after vaccination (considering
all periods, up to 105 days after vaccination), suggesting that, among Virus Watch participants, any changes in movement distances
after vaccination are small. Our findings may be attributable to public health measures in place at the time such as movement
restrictions and home working that applied to the Virus Watch cohort participants during the study period.

(JMIR Public Health Surveill 2023;9:e38072)   doi:10.2196/38072
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Introduction

The UK response to the COVID-19 pandemic has included
multiple rounds of restrictions on nonessential movement to
reduce contacts and control transmission [1]. Examples of
permissible travel included necessary shopping, exercise,
medical need, or travel to and from essential work [2]. However,
the restriction of movement can have a detrimental impact on
a wide variety of outcomes such as reduced physical activity
[3], mental health, domestic accidents, the economy, and
education [4]. Adherence to travel-based public health
interventions and those especially aimed at limiting
nonhousehold contact has varied through time [5]. A brief
timeline of the United Kingdom’s approach to restrictions can
be found in Figure 1 [6].

The introduction of vaccinations against COVID-19 reduces
SARS-CoV-2 transmission and disease [7] and, as a result, is
a critical part of the strategies to allow more normal societal
mixing due to increased immunization. However, in the UK
context, there are concerns that misunderstandings about the
effectiveness of the COVID-19 vaccine after the first dose,
which may be leading to a reduction in adherence to other public
health policies and increased exposure of partially protected
individuals [8]. Preliminary research on vaccination in February
2021 found that 41% of individuals age >80 years who had their
first dose of the vaccine had met at least one other person outside
their household within 3 weeks. These contacts did not include
care workers or members of their support bubble that were
permitted by the restrictions in place at the time [8]. This finding
is concerning as antibody levels would not have risen in the 1-2
weeks following the first dose of vaccine [9,10]. Further
evidence also suggests that those aged >80 years are more likely
to have a positive polymerase chain reaction test in the first 9
days after vaccination compared to a control group, which might
be explained by increased mobility and contacts between people

in the period following vaccination [11]. During the emergence
of the Delta (B.1.617.2) SARS-CoV-2 variant, the effectiveness
of both the Oxford-AstraZeneca and Pfizer-BioNTech vaccines
were estimated to be 33% against symptomatic disease after a
first dose [12], although protection against hospitalization
appears to be much higher [13]. Therefore, if those who are not
fully vaccinated increase their level of social contact and
mobility after vaccination, their risk of becoming infected and
infecting others may also be increased.

Understanding movement after the first vaccination is important,
as it could help policy makers understand how perceived
protection from the vaccination program may negatively offset
the effectiveness of other policies designed to reduce
transmission. Such arguments can also be extended beyond the
first vaccination with the introduction of booster shots and
variant-specific vaccines in relation to future SARS-CoV-2
variants. Although previous studies have attempted to investigate
travel distances after vaccination [14], these studies were
conducted using mobile call data based on cellular tower
location, which is considered less accurate compared to GPS
location. Alternative methods for movement tracking exist, such
as tracking debit/credit card usage [15] and QR code check-in
for venues [16]. Although such technology can be used to track
specific activities, it can be limited as they require active
interaction from users, and assessing travel distance can be
limited if travel occurs beyond the use of such technology. GPS
technology, on the other hand, uses satellites to allow users to
passively submit longitude and latitude data globally, both
indoors and outdoors [17].

In this analysis, we aimed to quantify the effect that the first
SARS-CoV-2 vaccination had on travelling behavior, using
mobile phone GPS data collected from study participants who
consented and voluntarily downloaded the ArcGIS Tracker app
onto their mobile phones.
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Figure 1. Timeline of restriction events in the United Kingdom during the COVID-19 pandemic from March 2020 to May 2021 (adapted from the
Institute for Government [6], which is published under Creative Commons Attribution 4.0 International License [CC BY-NC]).

Methods

Study Design and Setting
The study design used prospective observational data from the
Virus Watch cohort; a full description of the Virus Watch study
has been published previously [18]. Briefly, households were
recruited starting in mid-June 2020, which was aimed at creating
a representative cohort of England and Wales. To rapidly recruit
participants at the start of the pandemic, we used a range of
methods aimed at creating a representative cohort of England
and Wales. We used the Royal Mail Post Office Address File
to generate a random list of residential addresses that were sent
recruitment postcards (n=3914), placed social media
advertisements on Facebook and Twitter (n=18,594), and sent
SMS text messages (n=11,151) and letters to participants and
households from their general practitioners (n=3803). We invited
a random sample of eligible participants to our tracker subcohort

who were adults (aged ≥18 years) on entry that agreed to
participate in installing the ArcGIS Tracker on their compatible
smartphone and who provided full details on gender, ethnicity,
and a registered address.

The ArcGIS Tracker app is available for the Apple iOS (iOS
12 or later) and Google Android (version 5.0 or later) platforms
and can be downloaded from their respective app stores [19].
The ArcGIS Tracker app requires users to log in (using provided
credentials) and share their location using an on-off toggle
button that allows users to control when and where they would
like to share their location. The location app is designed to run
in the background to collect data; however, on certain models
of phones, this function had to be enabled in the smartphones’
settings menu. Using the ArcGIS Tracker app, the subcohort
provided the following data: date; time; longitude; latitude;
travel mode; and GPS accuracy, which was defined by the phone
manufacturer’s GPS algorithm. See Figure 2 for screenshots of
the ArcGIS Tracker app.
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Figure 2. Screenshots of the ArcGIS Tracker app. Esri UK [20], Esri [21], HERE [22], Garmin [23], FAO [24], NOAA [25], USGS [26] are data
providers for Esri basemaps.

Intervention
The date of receiving the first dose of vaccine was self-reported
through the weekly Virus Watch questionnaire. We began
collecting weekly vaccination status on January 11, 2021, and
asked about any prior vaccination during the first 2 weekly
surveys. Subsequently, participants were asked to provide a
weekly update only. The options available were
“Pfizer/BioNTech,” “Oxford/AstraZeneca,” “Moderna,” and
“Other/Can’t remember.”

Study Population
The study population included adults (aged ≥18 years on entry)
in the subcohort of the Virus Watch study who were vaccinated
and submitted at least 10 days of readings. Participants had to
submit at least 5 days of readings before and after their
self-reported vaccination date. We excluded readings that were
outside of England and excluded analysis from days where there
were fewer than 5 contributors. We only used location readings
with an accuracy rating of less than 30 m.

Study Period
We started sending out invitations for the Tracker cohort
between September 2020 and February 2021, with the data
extraction for this analysis being undertaken in May 2021.

Outcomes
The unit of the analysis was the aggregated median daily travel
distance, with the outcome being the change in median daily
travel distance. To calculate the group’s median daily travel
distance, we aggregated the daily movement from each
participant’s registered address for each day. The median daily

distance was chosen to account for the distribution of the
cohort’s daily travel patterns.

Analysis
For each individual and each day, we calculated the cumulative
outdoor travel distance recorded using the ArcGIS Tracker app
from their registered household address. This was calculated
by summing up the distance (d) computed by the Euclidean
distance method (equation 1) between the 2 sequential outdoor
GPS records. Considering the accuracy of the GPS records, we
set up a 25 m radius buffer zone (the average horizontal accuracy
is 25 m) around a participant’s home location. Points that fall
within the buffer are considered as at-home travel activities and
therefore considered as zero distance in analyses.

The equation to calculate the distance travelled by each
participant is as follows:

where d(pi, pj) is the Euclidean distance between 2 sequential
GPS points (ie, pi and pj); the Cartesian coordinates are (pix, piy)
for pi and (pjx, pjy) for pj. We used the British National Grid as
the reference system.

Our statistical analysis was conducted using an interrupted time
series, where we used segmented linear regression to estimate
the trends in travel patterns, with the first segment estimating
the median travel distance for the cohort before vaccination and
the second segment estimating the median travel distance for
the cohort after vaccination. Therefore, we defined the
interruption time point in our analysis as the date of the first
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vaccination for each individual, with negative days denoting
days prior to vaccination and positive days denoting days after
vaccination; for each day, we then calculated the median travel
distance.

To calculate the travel trajectory before vaccination, we
conducted linear regression analysis using data before
vaccination to estimate the sample’s median daily travel distance
from their home with time (days before vaccination) as the
explanatory variable. To calculate the travel trajectory after
vaccination, we conducted linear regression analysis using data
after vaccination to estimate the sample’s median daily travel
distance from their home with time (days after vaccination) as
the explanatory variable. For both models, each day represented
1 data point, with the points for each day being the median travel
distance of those who submitted readings on that day. The
segmented regression equations can be found in equation 2;
linear regression was chosen a priori as we expected the
limitations on movement to create a stable pattern in movement.
Our alternative hypothesis was that after vaccination, we would
see an increase in movement that would be expressed if a2 > a1

(a slope change) or b2 > b1 when a2 ≥ a1 (a level change) [27]
in equation 2.

Equation 2 uses segmented linear regression models with model
(and subscript) 1 representing the trends before vaccination and
model (and subscript) 2 representing the trends after vaccination;
yn represents the estimated median daily travel distance with
coefficient an, x represents the days since vaccination (negative
for model 1 and positive for model 2), and bn is a constant:

y1 = a1x + b1 for x < 0 (2)

y2 = a2x + b2 for x > 0

The UK vaccination program prioritized people by (older) age
and clinical risk groups, which, in addition to differences in the
socioeconomic backgrounds between those invited and accepting
a vaccination, meant that selecting an appropriate control group
for this analysis was not feasible.

Covariates
Due to the study design, which compared the same individuals’
movement before and after vaccination, we did not use
covariates for regression adjustment. For each eligible
individual, we used the following data: days since vaccination
and the total travel distance for the corresponding day.

Sensitivity Analyses
We performed various sensitivity analyses. First, after reviewing
the data, we repeated the analyses with outliers removed. Three
cutoff points were used: days with a median travel distance
lower than 50 km, days with a median travel distance lower
than 25 km, and days with a median travel distance lower than
the median travel distance on the day of vaccination. This third
cutoff point was used as the day of vaccination is the 1 day in
which we were sure people had travelled (to be vaccinated).

Our second sensitivity analysis accounts for the effect of the
removal of national restrictions on movement as alternative
explanations for differences in movement after vaccination. We

conducted a sensitivity analysis that limited travel and
vaccination events to the third national lockdown. This period
was from January 4, 2021, to April 5, 2021, and represents a
time period when restrictions did not change in relation to rules
regarding travel and social distancing.

Ethics Approval
The Virus Watch study was approved by the Hampstead
National Health Service Health Research Authority Ethics
Committee (20/HRA/2320). All members of participating
households provided informed consent for themselves and,
where relevant, for children that they were responsible for. To
contribute to the tracker subcohort of Virus Watch, adults had
to provide explicit consent during our registration process.

Information Governance
This research was registered with the University College London
(UCL) data protection office and reviewed by the UCL
information security and governance teams. The Virus Watch
Data Privacy Impact Assessment can be found on the web [28].
During the consent and registration process, adult participants
were invited to contribute geolocation data using the ArcGIS
mobile phone tracker app. For those who chose to participate,
we sent personal identifiable data from the UCL data safe haven
to a secure memory stick on a UCL computer, from which we
transferred the data via HTTPS into the ArcGIS Online (Esri
UK) subscription. The purpose of this data transfer was to set
up participants’ tracker app accounts. The transferred data, along
with the account passwords, were stored in North America. The
UCL Virus Watch study team undertook the data transfer
process and had access to the Participant Profile within the
ArcGIS Online subscription. Only a small number of named
ArcGIS employees had access to the participant profile area
and only for the purposes of assisting the UCL study team when
necessary. Once the tracker app accounts were created, the UCL
study team emailed tracker app participants instructions on how
to download the app and sign into the tracker app.

The geolocation data collected by the app were stored securely
on a section of the ArcGIS Online subscription hosted in Europe,
which is securely cleared every 30 days. Participants’
geolocation data were transferred on a regular basis via HTTPS
to a secure memory stick on a UCL machine and were then
imported via a secure gateway technology onto the UCL secure
memory stick and into the UCL data safe haven.

Geolocation data were linked with other participant study data
in the data safe haven. Once analyzed, aggregate data (generated
from geolocation and other study data) were exported from the
data safe haven and published on the public study website and
in research publications.

The aggregated data set used in this analysis will be securely
destroyed after 20 years, in line with UCL’s record retention
policy. In line with policies developed for electronic health care
research, we did not report any data with a cell containing <5
events, and where necessary, we protected these counts with
secondary suppression.
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Results

Cohort Demographics
By February 2021, Virus Watch recruited a total of 45,963
individuals, of whom 39,558 were at least 18 years old when
registering. Of these 39,558 individuals, 79% (n=31,317)
provided consent to install the ArcGIS Tracker app. Of the
31,317 participants, a sample of 13,120 adults (aged ≥18 years
on entry) were chosen to be randomly invited based on having
complete information on gender, ethnicity, and address details.
Of these participants, 2193 contributed at least one GPS reading.
After removing invalid data points, including those outside of
England and those that did not submit accurate readings (eg,
points that exhibit extremely high horizontal and vertical
accuracy), 1376 participants were included. Of the 1376
individuals, 1244 individuals were vaccinated by May 2021.
After removing individuals with fewer than 5 data points on
either side of their vaccination date, 249 individuals were
included in our final analysis. See Figure 3 for the Consolidated
Standards of Reporting (CONSORT) diagram of how the cohort
was analyzed.

Of the 249 participants, there were more women (n=141, 56.6%)
than men, with a median age of 62 (IQR 55-67) years, which
is older than the whole Virus Watch cohort. Individual residents
in local super output areas in the 3 least deprived quintiles
represented 79.1% (n=197) of the population. In all, 88.8%
(n=221) of our cohort self-identified as
“White—English/Welsh/Scottish/Northern Irish/British,” which
is more than the whole Virus Watch cohort. See Table 1 for a
sociodemographic breakdown of the cohort.

From the 249 participants, there were 157 days of eligible
readings prior to the first vaccination, that is, 157 days before
vaccination was the earliest day where there were at least 5
people who submitted readings; there were 105 days of readings
under the same eligibility criteria after vaccination. The median
number of people who contributed per day was 89 (IQR
34.75-135.50) people, with a median of 91 (IQR 35.00-132.00)
people contributing before vaccination and a median of 88 (IQR
30.50-149.25) people contributing after vaccination. The median
number of days contributed by the 249 participants was 87 (IQR
58.00-128.00) days, with a median contribution of 51 (IQR
26-77) days before vaccination and a median contribution of
36 (IQR 19.00-56.00) days after vaccination. Zero participants
produced data for every day and 5 participants produced an
equal amount of data before and after vaccination. Before
vaccination (–157 days to –1 day), the median daily travel
distance was 9.05 (IQR 8.06-10.09) km, and after vaccination
(+1 day to 105 days), the median daily travel distance was 10.08
(IQR 8.60-12.42) km. The median travel distance on the day of
vaccination was 19.1 (IQR 8.75-37.90) km.

During the first segment of the linear regression model, from
157 days before the first vaccination to the vaccination date,
there was a median daily decline of 40.09 m (95% CI –50.08
to –31.10; P<.001) of movement with a constant of 6.90 m (95%
CI 6.02-7.79; Figure 4A). During the second segment of the
linear regression model, from the first vaccination date to 105
days after vaccination, there was a median daily increase of
60.6 m (95% CI 20.9-100; P<.001) of movement with a constant
of 8.00 m (95% CI 5.59-10.40).

Figure 3. Consolidated Standards of Reporting Trials (CONSORT) diagram for how the cohort was derived.
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Table 1. Sociodemographic breakdown of the included cohort.

Analyzed (n=249)Invited to tracker cohort and did not withdraw
(n=11,789)

Virus Watch cohort by February 2021
(n=45,963)

Characteristic

62 (55-67)62 (52-69)54 (34-66)Age on entry (years), medi-
an (IQR)

Sex, n (%)

141 (56.6)6589 (55.9)21,625 (47)Female

0 (0)21 (0.2)56 (0.1)Intersex

108 (43.4)5,108 (43.3)17,338 (37.7)Male

0 (0)0 (0)6906 (15)Missing

0 (0)71 (0.6)38 (<0.1)Prefer not to say

Region name, n (%)

36 (14.5)1012 (8.6)3678 (8)East Midlands

50 (20.1)2321 (19.7)9052 (19.7)East of England

40 (16.1)1686 (14.3)6299 (13.7)London

5 (2)574 (4.9)2118 (4.6)North East

23 (9.2)1320 (11.2)4598 (10)North West

46 (18.5)2289 (19.4)8058 (17.5)South East

19 (7.6)871 (7.4)2992 (6.5)South West

0 (0)306 (2.6)1038 (2.3)Wales

18 (7.2)560 (4.8)2310 (5)West Midlands

12 (4.8)634 (5.4)2049 (4.5)Yorkshire and the
Humber

0 (0)216 (1.8)3771 (8.2)Unknown

Index of multiple deprivation quintile, n (%)

21 (8.4)1048 (8.9)4145 (9)1 (most deprived)

31 (12.4)1872 (15.9)6625 (14.4)2

43 (17.3)2359 (20)8585 (18.7)3

74 (29.7)2884 (24.5)10,695 (23.3)4

80 (32.1)3410 (28.9)12,142 (26.4)5 (least deprived)

0 (0)216 (1.8)3771 (8.2)Unknown

Minority ethnicity status, n (%)

28 (11.2)1295 (11)5381 (11.7)Minority ethnicity

0 (0)0 (0)7101 (15.4)Missing

0 (0)84 (0.7)109 (0.2)Prefer not to say

221 (88.8)10,410 (88.3)33,372 (72.6)White British
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Figure 4. Graphical representation of the interrupted time series. Median daily travel distance from home in reference to vaccination date: (A) unrestricted
(primary analysis); (B) only accounting for movement and vaccinations that occurred during the third national lockdown (January 4, 2021 to April 5,
2021) with a 30-day period either side of the vaccination date.

Sensitivity Analysis 1
After reviewing the data, we believe that certain median travel
distances were outliers; therefore, we conducted sensitivity
analyses to remove days that had readings higher than 50 km,
25 km, and the median distance travelled on the day of
vaccination (19.1 km). Under these analyses, all median travel

distances before and after vaccination, as well the coefficients
and constants, stayed similar (ie, they did not cross the 95%
CIs) when compared to the primary analysis. See Table 2 for
the coefficients and median travel distances before and after
vaccination. See Multimedia Appendices 1-3 for graphical
representations of the interrupted time series for these sensitivity
analyses.

Table 2. Results of various sensitivity analysis involving the removal of outlier points.

Constant after vac-
cination (95% CI)

Coefficient af-
ter vaccination
(95% CI)

Median travel dis-
tance after vaccination
(km; IQR)

Constant before
vaccination
(95% CI)

Coefficient be-
fore vaccination
(95% CI)

Median travel dis-
tance before vaccina-
tion (km; IQR)

Maximum median dis-
tance

8.00 (5.59 to
10.40)

0.061 (0.021 to
0.100)

10.08 (8.60 to 12.42)6.90 (6.02 to
7.79)

–0.041 (–0.051 to
–0.031)

9.05 (8.06 to 11.34)Unrestricted (primary
analysis)

8.83 (7.63 to
10.00)

0.034 (0.014 to
0.055)

10.07 (8.59 to 12.21)6.90 (6.02 to
7.79)

–0.041 (–0.051 to
–0.031)

9.07 (8.06 to 11.34)50 km

9.01 (7.95 to
10.10)

0.028 (0.011 to
0.046)

10.07 (8.58 to 12.07)7.10 (6.29 to
7.90)

–0.037 (–0.046 to
–0.028)

9.05 (8.05 to 11.32)25 km

9.01 (7.95 to
10.10)

0.029 (0.011 to
0.046)

10.07 (8.58 to 12.06)7.18 (6.40 to
7.97)

–0.035 (–0.044 to
–0.026)

9.05 (8.05 to 11.29)19.1 km (vaccination
day)

Sensitivity Analysis 2
To account for the effect of national restrictions on movement,
we conducted a sensitivity analysis that limited travel and
vaccination events to the third national lockdown from January
4, 2021, to April 5, 2021. Due to the asymmetry of the number
of data points before and after vaccination in this analysis, we

analyzed movement 30 days before vaccination and 30 days
after vaccination.

From 30 days prior to vaccination to the vaccination date, there
was a median daily movement of 8.06 (IQR 7.49-8.51) km with
a median daily movement increase of 18 m (95% CI –19 to 56;
P=.57). From the vaccination date to the following 30 days
(during the third national lockdown), there was a median daily
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movement of 9.16 (IQR 8.35-10.71) km with a median daily
movement increase of 9.35 m (95% CI 39-149; P=.69). See
Figure 4B for a graphical representation of the interrupted time
series for this sensitivity analysis.

Discussion

Principal Findings
Our study demonstrates the feasibility of collecting high-volume
geolocation data as part of research projects and the utility of
these data for understanding public health issues. Our results
require cautious interpretation. Our initial analysis found
evidence of a modest increase in the rate of change in median
daily distance travelled after participants received their first
dose of SARS-CoV-2 vaccine, but when restricting our analysis
to a period of lockdown, we did not find evidence of a difference
in mobility following 1 vaccination dose. On balance, our results
do not provide evidence that people increase the rate of their
movements following the first vaccination, as the results are
consistent with both an increase and no movement after
vaccination and suggest that any change in mobility after
vaccination is likely to be modest.

We used GPS data to measure the travel distance of vaccinated
individuals. Not only does this improve accuracy over other
methods of distance estimation by using the GPS system (as
compared to cellular location), but it also reduces recall bias
when compared with using self-reported data. Our interrupted
time series study design aids in reducing the impact of
non–time-varying confounders as the same individual’s data
are considered before and after vaccination.

Comparisons With Prior Work
Compared to prior work [14], our methodology builds on that
work by using techniques that produce more accurate measures
of distance by using the GPS system as compared to cell phone
towers. That study took a different-in-difference approach with
1 week of data on either side of vaccination and found that there
was an increase in movement after vaccination by 8.6% 1 week
after vaccination when compared to the week prior to
vaccination. Although our sensitivity analysis, where we
restricted to 30 days before and after vaccination, found a 13.6%
increase in median movement after vaccination, the CIs of our
regression models did not support an overall change in
movement and are reflective of the overlapping IQR ranges
before (median 8.06, IQR 7.49-8.51 km) and after (median 9.16,
IQR 8.35-10.71 km) vaccination.

Given that previous studies have suggested people increase their
nonhousehold contacts after their first vaccination, further
research on behavior change following vaccination is warranted.
In the meantime, it is important that public health

communications are clear about the differential protection
against SARS-CoV-2 infection offered by the first and second
doses of the vaccine, such that people can exercise sound
personal judgement on how they alter their behavior following
vaccination.

Limitations
Our studies’ sample size means that we may be underpowered
to detect small changes in mobility, particularly when restricting
to a period of national lockdown. Our GPS collection was
automated but could be switched on and off by participants and
is more likely to have been switched off on days when
participants stayed at home. The use of the app in this way
would result in our analysis overestimating the median distance
travelled per day, through the nonreporting of GPS data (eg,
switching the app off) on days when participants stayed at home.
Due to technological requirements of tracking apps, the results
were skewed toward those who had access to a smartphone and
were able to contribute their data plan toward research activities,
leading to a low initial uptake rate. Furthermore, for those who
did provide data, there was an inconsistent provision of data
over time, which could be caused by participants switching off
the app. With a draining effect on battery life from the GPS app
used, the dropout rate from the tracker cohort of Virus Watch
was relatively high. People taking part in Virus Watch are
self-selecting and motivated to contribute to COVID-19
research, and therefore, their movement patterns may not be
generalizable to all vaccinated groups.

An important limitation in our primary analysis is that it does
not control for time-varying confounders such as changes in
national physical distance rules that were likely to have led to
an increase in the rate of change in median daily travel distance.
Other time-varying SARS-CoV-2–related events that we could
not control for included changes in infection rates, which may
have influenced people’s decision to travel. As we centered our
analysis around the vaccination date, our analysis did not
account for different time-varying public health interventions
on different vaccination dates. It is also possible that other
non–SARS-CoV-2 events such as weather changes may have
affected the findings, with participants increasing mobility
during this same time period after vaccination as a result of
improvements in weather conditions.

Conclusions
Although previous research found that nearly half of those who
were vaccinated (after 1 dose) met with others outside their
households or support bubbles [8], our findings provide a mixed
picture about movement after the first dose of vaccination, and
we found no evidence of an increase in movement when we
conducted our analyses during a period of national movement
restrictions.
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Multimedia Appendix 1
Sensitivity Analysis 1: graphical representation of the interrupted time series once we removed days that had readings higher
than 50 km.
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Multimedia Appendix 2
Sensitivity Analysis 1: graphical representation of the interrupted time series once we removed days that had readings higher
than 25 km.
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Multimedia Appendix 3
Sensitivity Analysis 1: graphical representation of the interrupted time series once we removed days that had readings higher
than the median distance travelled on the day of vaccination (19.1 km).
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Abstract

Background: The third most severe COVID-19 wave in the middle of 2021 coincided with the dual challenges of limited
vaccine supply and lagging acceptance in Bangkok, Thailand. Understanding of persistent vaccine hesitancy during the “608”
campaign to vaccinate those aged over 60 years and 8 medical risk groups was needed. On-the-ground surveys place further
demands on resources and are scale limited. We leveraged the University of Maryland COVID-19 Trends and Impact Survey
(UMD-CTIS), a digital health survey conducted among daily Facebook user samples, to fill this need and inform regional vaccine
rollout policy.

Objective: The aims of this study were to characterize COVID-19 vaccine hesitancy, frequent reasons for hesitancy, mitigating
risk behaviors, and the most trusted sources of COVID-19 information through which to combat vaccine hesitancy in Bangkok,
Thailand during the 608 vaccine campaign.

Methods: We analyzed 34,423 Bangkok UMD-CTIS responses between June and October 2021, coinciding with the third
COVID-19 wave. Sampling consistency and representativeness of the UMD-CTIS respondents were evaluated by comparing
distributions of demographics, 608 priority groups, and vaccine uptake over time with source population data. Estimates of vaccine
hesitancy in Bangkok and 608 priority groups were tracked over time. Frequently cited hesitancy reasons and trusted information
sources were identified according to the 608 group and degree of hesitancy. Kendall tau was used to test statistical associations
between vaccine acceptance and vaccine hesitancy.

Results: The Bangkok UMD-CTIS respondents had similar demographics over weekly samples and compared to the Bangkok
source population. Respondents self-reported fewer pre-existing health conditions compared to census data overall but had a
similar prevalence of the important COVID-19 risk factor diabetes. UMD-CTIS vaccine uptake rose in parallel with national
vaccination statistics, while vaccine hesitancy and degree of hesitancy declined (−7% hesitant per week). Concerns about
vaccination side effects (2334/3883, 60.1%) and wanting to wait and see (2410/3883, 62.1%) were selected most frequently,
while “not liking vaccines” (281/3883, 7.2%) and “religious objections” (52/3883, 1.3%) were selected least frequently. Greater
vaccine acceptance was associated positively with wanting to “wait and see” and negatively with “don’t believe I need (the
vaccine)” (Kendall tau 0.21 and −0.22, respectively; adjusted P<.001). Scientists and health experts were most frequently cited
as trusted COVID-19 information sources (13,600/14,033, 96.9%), even among vaccine hesitant respondents.
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Conclusions: Our findings provide policy and health experts with evidence that vaccine hesitancy was declining over the study
timeframe. Hesitancy and trust analyses among the unvaccinated support Bangkok policy measures to address vaccine safety and
efficacy concerns through health experts rather than government or religious officials. Large-scale surveys enabled by existing
widespread digital networks offer an insightful minimal-infrastructure resource for informing region-specific health policy needs.

(JMIR Public Health Surveill 2023;9:e40186)   doi:10.2196/40186

KEYWORDS

COVID-19 vaccines; Thailand; survey; vaccines; COVID-19; pandemic; public health; health policy; epidemiology; social media;
vaccine hesitancy

Introduction

The third COVID-19 wave in Thailand, spanning June to
October 2021, presented a serious challenge to health
infrastructure [1-3]. A rapid increase in COVID-19 severity and
spread coincided with slow vaccine rollout to nonhealth care
workers. Vaccine distribution was further impeded by limited
supply and lagging demand. Thailand initially targeted
vaccination of the “608” group that included high-risk people
defined as those aged 60 years or older and those with 1 of 8
pre-existing health conditions (PHCs) such as diabetes,
respiratory disease, or pregnancy [4,5]. The government offered
expanded vaccine supply and options [6,7], and focused
institutional support in conjunction with incentives and, in some
instances, punitive measures [8-10]. Nevertheless, vaccine
hesitancy remained a persistent public health problem in
Thailand [11], and yet, studies of vaccine hesitancy trends in
the region were sparse. There was an urgent need to understand
these trends, understand the reasons for vaccine hesitancy, and
understand how best to persuade the unvaccinated in Thailand.

Vaccine hesitancy literature on the psychological and
sociological drivers of this public health issue identified
common correlates such as lack of social pressure, complacency
toward the disease, lack of trust in medicine, false beliefs about
vaccination, lack of trust in the government, and conspiratorial
thinking [12]. Specific reasons for vaccine hesitancy in Thailand
were often connected to fears of side effects and of lack of
benefits, most notably regarding the Sinovac vaccine offered
by the government early in vaccine rollout [13,14]. However,
these surveys were either narrowly focused on particular
subgroups, such as health care workers or seniors, or were
otherwise offered for short windows of time [13,15-20]. Policy
and public health officials working to change sentiment and
behaviors in the region might use data from more detailed
longitudinal studies inclusive of broader population
demographics.

The University of Maryland Global COVID Trends and Impact
Survey (UMD-CTIS) is an innovative data stream covering the
health attitudes and practices of a large population sample (the
global Facebook active user base [FAUB]) from early in the
COVID-19 pandemic (April 2020). A large proportion of the
population of Thailand, especially Bangkok, is represented in
the FAUB. As such, the UMD-CTIS was well suited to address
the limitations of prior surveys and fill the need for
context-specific information to combat vaccine hesitancy in the
region. Leveraging UMD-CTIS responses from the residents
of Bangkok, the most populous and most densely populated

urban area with the highest COVID-19 burden [21], we sought
to understand vaccine uptake, attitudes, and opportunities to
better address vaccine messaging in the 608 vaccine rollout era.

Methods

Study Design

UMD-CTIS
This research is based on survey responses from the UMD-CTIS,
which has been approved by the University of Maryland (UMD)
Institutional Review Board (1587016-10) and has been described
previously [22]. Briefly, the UMD-CTIS, in partnership with
Facebook, is a cross-sectional survey of daily samples of the
FAUB population. Sampled FAUB users were invited to
participate in the UMD-CTIS through a special banner.
Respondents aged ≥18 years who consented to participate in
the UMD-CTIS study completed an online Qualtrics survey
administered by the UMD [23]. Though statistical resampling
of users from the FAUB over time is possible, these resampled
FAUB users cannot be identified, and their UMD-CTIS
responses cannot be linked longitudinally by design.

Survey Instrument
The UMD-CTIS instrument was designed to evaluate a range
of public health topics through a single cross-sectional survey
requiring limited time burden. Survey questions were updated
by the UMD periodically in response to evolving epidemiologic
needs. A consistent survey instrument (version 11) was used
during the study period described below. This instrument
covered vaccination status and vaccine hesitancy, in addition
to questions on demographics, knowledge, attitudes, health
practices, and health status. One of two additional survey
modules was offered randomly to each respondent, either
module A (media trust) or module B (PHCs). Survey logic and
language (English and Thai) for version 11 are summarized in
Multimedia Appendix 1, and are available online [24].

Because survey questions administered to each respondent target
different subject matter by design and responses from the
resampled FAUB cannot be linked, possible dependence of
observations and measures of internal consistency are not
available. Assuming that the large FAUB population, statistical
sampling scheme, and response/participation rates are stable
relative to the study timescale, respondents are a consistent
sample of the FAUB population. Respondent characteristics
(eg, age and gender) may be used as a measure of sampling
response consistency for those characteristics. Trends in
survey-estimated metrics (eg, vaccination proportion among
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UMD-CTIS respondents) are assumed to be estimates of trends
in the source population for the FAUB population. The
UMD-CTIS compared to external benchmark data may be used
as a measure of the representativeness of FAUB respondents
relative to the source population of interest for those survey
questions.

UMD-CTIS Study Population in Bangkok, Thailand
This study analyzed UMD-CTIS responses from self-identified
residents of Bangkok, Thailand from June 14, 2021, to October
4, 2021. This period coincided with the third COVID-19 wave
and the 608 campaign rollout. To evaluate for possible
differences among those targeted in the 608 campaign, we
separately analyzed 2 subgroups of survey responses
representative of those groups, that is, respondents self-reporting
older age and self-reporting at least one of the targeted PHCs.

The UMD-CTIS in conjunction with Facebook provided survey
weights, which combine design weights (for disproportional
population stratification sampling), nonresponse weights
(inverse of response propensity), and poststratification weights
(standardizing to regional age-gender distributions), to
simultaneously adjust for regional demographics, nonresponse
bias, and sampling bias, as described previously in greater detail
[23]. The individual component weights are not provided by
design. Thus, when evaluating subregional data (eg, PHC
subgroups), it is not possible to apply only the design and
nonresponse weights, without also applying poststratification
weights for the region. Estimates with and without survey
weights were nevertheless similar both regionally and in
subgroups, and are presented for comparison in Multimedia
Appendices 2-4.

Covariates and Outcome Measures

Demographics and 608 Campaign Groups
Respondents self-reported demographic characteristics,
including 4 gender and 7 age categories. UMD-CTIS age
categories were in 10-year brackets, which did not align with
the 60-year-old threshold in the 608 campaign. To avoid
including subjects aged 55 to 59 years, the elderly risk group
was identified as those aged ≥65 years (ie, selected 65-74 or
≥75 years UMD-CTIS age categories). When evaluating
age-gender distributions, gender was limited to binary responses
(“male” and “female”). Those with self-reported targeted PHCs
in the 608 campaign were identified from the subpopulation of
respondents randomly offered survey module B. Those who
received module B did not receive module A. We included
surveys from those who received module B and reported at least
one of the targeted PHCs on module B. Pregnancy was only
queried among those not reporting male gender. The 608
campaign PHCs were mapped to reasonable UMD-CTIS proxies
of those PHCs. These included pregnancy, diabetes, obesity,
cancer, chronic kidney disease, chronic respiratory diseases
(asthma and chronic obstructive pulmonary disease combined),
and cardiovascular diseases (heart attack, heart disease, or other
heart conditions). The 608 campaign PHCs of neurovascular
diseases did not have reasonable proxies in the UMD-CTIS and
were not evaluated.

Vaccine Uptake
We evaluated vaccine uptake in the UMD-CTIS in Bangkok
and the 608 subpopulations relative to the publicly reported
vaccine uptake measures. Self-reported vaccination status was
ascertained using the questions “Have you had a COVID-19
vaccination?” and “How many COVID-19 vaccinations have
you received?” Complete vaccination was assessed with the
response “Vaccinated, two doses,” which is consistent with the
primary formulations available widely during the study period.
Additionally, we evaluated uptake trends by assessing the
responses “Vaccinated, one dose” and “Scheduled” (for
vaccination) to the question “Do you have an appointment to
receive a COVID-19 vaccine?” Vaccine uptake in the region
was trended over the course of the study period.

Vaccine Acceptance and Hesitancy
The degree of vaccine acceptance was characterized as a
nominal scale with decreasing willingness to be vaccinated.
The 3 groups with the highest vaccine acceptance were those
fully vaccinated (“Vaccinated, two doses”), partially vaccinated
(“Vaccinated, one dose”), and about to be vaccinated
(“Scheduled”). The remaining unvaccinated and unscheduled
respondents were categorized into 4 groups of increasing
hesitancy to become vaccinated according to their responses to
the question “If a vaccine to prevent COVID-19 was offered to
you today, would you choose to get vaccinated?” The 4 groups
were as follows: “Definitely,” “Probably,” “Probably not,” and
“Definitely not.” Multimedia Appendix 1 details the survey
questions, response options, and survey logic for the following
questions: “Have you had a COVID-19 vaccination?” “How
many COVID-19 vaccinations have you received?” “Do you
have an appointment to receive a COVID-19 vaccine?” and “If
a vaccine to prevent COVID-19 was offered to you today, would
you choose to get vaccinated?” Surveys with missing responses
to enable categorization into these 7 groups were excluded.

Reasons for Vaccine Hesitancy
Reasons for vaccine hesitancy were examined among the 4 most
vaccine hesitant subgroups (“Definitely,” “Probably,” “Probably
not,” and “Definitely not”). The question stem text varied
slightly to align with the respondents’ self-identified degree of
willingness to be vaccinated (ie, “Which of the following, if
any, are reasons that you definitely wouldn’t/probably
wouldn’t/only probably would choose to get a COVID-19
vaccine?”). Hesitancy reasons were presented as multichoice
responses and included a range of options from concerns about
vaccine side effects to beliefs about vaccine efficacy
(Multimedia Appendix 1).

Reasons for Not Believing Vaccination is Necessary
Hesitant respondents who endorsed “I don’t believe I need a
vaccine” were further questioned for their reasons for holding
that belief. Proportions were calculated for each individual
reason and for the incidence of co-selected pairs in this
multichoice response.

Trusted Media for COVID-19 Information
Potential avenues for communicating with vaccine hesitant
individuals in the region were evaluated among the 4 most

JMIR Public Health Surveill 2023 | vol. 9 | e40186 | p.3252https://publichealth.jmir.org/2023/1/e40186
(page number not for citation purposes)

Remmel et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


vaccine hesitant subgroups and those who accepted vaccination
in some form (scheduled or received any number of doses).
Survey module A surveyed preferred sources of information
relating to COVID-19. This module was presented to a random
subset of respondents; those who received module A did not
receive module B. Subjects were asked “How much do you
trust the following sources to provide accurate news and
information about COVID-19?” The 3 response options “Trust,”
“Somewhat trust,” and “Do not trust” were dichotomized by
combining the first two into a single “Trust” option. For each
respondent, “trusted sources” are therefore sources of
COVID-19 information that respondents indicated they
“Somewhat trust” or “Trust.”

External Data and Benchmarking
To compare the Bangkok UMD-CTIS estimates and trends to
external benchmark measures of population-level statistics, we
compiled population demographics, PHCs, and vaccine data
from publicly available sources. Further methodology, data
sources, and results are provided in Multimedia Appendix 5.
To compare the Bangkok UMD-CTIS vaccine uptake relative
to government-reported trends over the 608 campaign study
period, we estimated the proportion of fully vaccinated (2-dose)
respondents in the UMD-CTIS over time. The daily sample size
of the Bangkok UMD-CTIS is small in comparison to the rate
of change in the source population vaccinated proportion. Thus,
to show temporal trends in vaccine uptake in the Bangkok
UMD-CTIS study over time, 28-day rolling averages of the
proportion vaccinated are shown in relation to the national daily
reports. Bangkok vaccination data over time were obtained from
the Thailand Department of Disease Control daily reports [25].
Complete vaccination per population was calculated using data
on 2 doses administered as described above, consistent with the
daily vaccination reports.

Statistical Analyses
Estimates and CIs for proportions were calculated with the
Wilson Score method, using the count of affirmative responses
per total survey in the subgroup of interest, unless noted
otherwise. For multichoice questions (eg, PHCs and hesitancy
reasons), we used the count for that choice item.
Survey-weighted and raw proportions are shown in Multimedia
Appendix 5, though subgroup demographics differed from

Bangkok, Thailand demographics from which UMD-CTIS
weights were, in part, derived. A test of the trend for
demographic differences between the UMD-CTIS and census
over time was conducted using linear regression and applying
Bonferroni correction for multiple comparisons to generate an
adjusted P value. Among hesitant respondents, we evaluated
associations between the degree of vaccine acceptance and
reasons for hesitancy by using Kendall tau and applying
Bonferroni correction for multiple comparisons. We repeated
this analysis for 608 campaign group subsets.

Ethics Approval
The Institutional Review Board of Boston Children’s Hospital
(P00023700) approved this study that used the UMD-CTIS.

Results

Bangkok UMD-CTIS

Demographics of the Bangkok UMD-CTIS
Table 1 shows that the Bangkok UMD-CTIS respondents
(N=36,334) were more frequently male and under 65 years of
age. There were 1265 (3.5%) respondents in the ≥65 years
elderly risk group targeted by the 608 campaign. Of the 19,734
respondents who received the PHC survey module, 3407
(17.3%) reported having at least one of the 7 PHCs covered by
the survey. Diabetes (1090/19,734, 5.5%) and obesity
(1555/19,734, 7.9%) were the most frequently reported PHCs
targeted in the 608 campaign. Comparisons of the Bangkok
UMD-CTIS and 608 subgroups to benchmark census data, along
with survey weight-adjusted estimates, are presented in
Multimedia Appendix 5. Multimedia Appendix 6 shows that
demographics were consistent over time, while in Multimedia
Appendix 7, linear regression results for demographic
differences between the UMD-CTIS and census showed that
adjusted P values never met the threshold for significance and
coefficients were always close to zero. While Bangkok
UMD-CTIS respondents were similar to the Bangkok general
population in terms of age, gender, and diabetes status, Bangkok
UMD-CTIS respondents, who were selected from the Bangkok
FAUB population, indicated that they were healthier than the
general population with respect to other COVID-19 risk factors.
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Table 1. Demographic and pre-existing health condition characteristics of survey respondents in the cross-sectional survey (June 14, 2021, to October
4, 2021).

Value, n (%)Characteristic

 Age group (years) (N=36,334)

2759 (7.6)18-24 

7641 (21.0)25-34 

8907 (24.5)35-44 

6439 (17.7)45-54 

3569 (9.8)55-64 

1102 (3.0)65-74 

163 (0.4)≥75 

5754 (15.8)Not reported 

 Sex (N=36,334)

16,308 (44.9)Male 

13,468 (37.1)Female 

331 (0.9)Other 

477 (1.3)Prefer not to answer 

5750 (15.8)Not reported 

 PHCa,b (N=19,734)

3407 (17.3)At least one condition 

1555 (7.9)Obesity 

1090 (5.5)Diabetes 

641 (3.2)Chronic respiratory diseasesc 

575 (2.9)Asthma 

488 (2.5)Cardiovascular diseases 

207 (1.0)Chronic kidney disease 

171 (0.9)Cancer 

155 (0.8)Chronic lung diseases 

92 (0.3)Pregnancyd 

 Vaccine uptake and hesitancy (N=36,334)

8596 (23.7)Vaccinated, 2 doses 

13,712 (37.7)Vaccinated, 1 dose; unspecified dose 

5505 (15.2)Scheduled 

2909 (8.0)Definitely willing 

2619 (7.2)Probably willing 

652 (1.8)Probably not willing 

522 (1.4)Definitely not willing 

aPHC: pre-existing health condition.
bOf the 36,334 respondents, 19,734 (54.3%) received the module about PHCs and 16,600 (45.7%) did not receive the module.
cIncludes respondents who self-identified being diagnosed with asthma or chronic lung diseases such as chronic obstructive pulmonary disease, chronic
bronchitis, or emphysema.
dA total of 7405 (25.0%) responded “No.”
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Vaccine Uptake
In Figure 1, we show vaccine uptake tracked over the 608
campaign study period using the proportion of Bangkok
UMD-CTIS respondents who indicated they were scheduled to
or had received one or two doses of the COVID-19 vaccine.
Vaccination trends in 2-dose vaccinated respondents closely
mirrored Bangkok government statistics (Figure 1A). The
proportion scheduled to be vaccinated declined (−14.0%/week)

as the proportion vaccinated with at least one dose rose. While
elderly people received their first dose more quickly than others
(158/246, 64.2% vs 3305/7617, 43.4% with at least one dose
at the start of the study period), uptake of the second dose
increased more gradually during the summer. Uptake patterns
among those with PHCs were not noticeably different from
responses overall. The 95% CIs were very small owing to the
large sample size (Multimedia Appendix 8). The
UMD-CTIS–weighted trends were similar. 

Figure 1. Vaccine uptake and acceptance in Bangkok over time and within 608 vaccination campaign priority groups from June 14, 2021, to October
4, 2021. (A) The 4-week moving average government vaccination uptake trend (dashed line) compared against the fully vaccinated trend in the COVID-19
Trends and Impact Survey overall (dark blue line) with 95% CIs (light blue line). (B-D) Stacked proportion of respondents indicating vaccine acceptance
(2-dose vaccinated, dark blue; 1-dose vaccinated, blue; scheduled, turquoise; definitely, green; probably, yellow; probably not, red; definitely not, black)
across all responses (B), and further faceted across pre-existing health condition (PHC) (C) and elderly (D) subgroups.

Vaccine Acceptance and Hesitancy
To evaluate vaccine hesitancy over time, we classified
unvaccinated and unscheduled respondents according to their
degree of vaccine acceptance. The proportions of those who
said that they would probably, probably not, and definitely not
get vaccinated steadily declined, though more gradually
(−7.3%/week) compared to the rise in vaccine uptake (Figure
1). Vaccination hesitancy did not increase over the study period
overall or within the 608 targeted groups (Figure 1). However,
the rise in vaccine uptake appeared to mirror changes in those
who were scheduled to receive vaccination and accepting of
vaccination, rather than a decline in those hesitant to do so.

Reasons for Vaccine Hesitancy
We evaluated the reasons cited by the 3 groups of hesitant
respondents who indicated they would probably, probably not,
or definitely not get vaccinated (N=3883). Figure 2 shows that
reasons relating to the risk-benefit of vaccination were more
frequently selected among hesitant respondents. Respondents
reported concerns over side effects (2434/3883, 62.7%), wanting
to wait and see for longer to determine whether the vaccines
are safe (2410/3883, 62.1%), and not feeling sure that the
vaccines will be effective in protecting against COVID-19
(1407/3883, 36.2%). Concerns about side effects and lack of
vaccine benefit were the most frequently selected together with
wanting to wait and see (45.8% and 27.9%, respectively).

Figure 3 shows that when stratifying according to respondents’
vaccine acceptance, risk-benefit concerns were similar in
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frequency. In Table 2, we see that the strength of the association
of endorsing a specific concern with acceptance of vaccination
was small, with Kendall tau mostly below ±0.2, even though
adjusted P values were mostly <.001 from the large survey size.
The most hesitant were more averse to vaccination (“Don’t
believe I need,” tau=−0.22; “Don’t like vaccines,” tau=−0.13)
and were less likely to consider vaccination later (“Wait and
see,” tau=+0.2). The most hesitant were nevertheless unsure of
the benefits of vaccination, similar to the less hesitant groups
(“Don’t know if it will work,” tau=−0.01). Those remaining

unvaccinated and hesitant at the end of the study period (August
27 to October 3, 2021) selected “Don’t believe I need” more
frequently than at the start of the study period, while “Don’t
know if it will work” did not shift over time.

In Multimedia Appendix 9, we see that among the 608 campaign
groups, the reasons for hesitancy patterns were broadly similar
to the patterns for all respondents. The unvaccinated and hesitant
respondents aged ≥65 years selected “Don’t believe I need”
more frequently but were similarly most often concerned about
“side effects.”

Figure 2. Frequency matrix of hesitancy reasons in the cross-sectional survey (June 14, 2021, to October 4, 2021). Intersection of 2 reasons is the
frequency that both reasons were chosen by a respondent. Intersection of a reason with itself is the frequency for that single reason across all respondents.
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Figure 3. Reasons for hesitancy by degree of vaccine acceptance in the cross-sectional survey (June 14, 2021, to October 4, 2021).

Table 2. Association between vaccine acceptance and individual reasons for hesitancy measured by Kendall tau in the cross-sectional survey (June 14,
2021, to October 4, 2021).

Adjusted P valueKendall tauHesitancy reason

<.0010.21Wait and see

<.0010.14Concerned about cost

<.0010.08Side effects

>.99−0.01Don’t know if it will work

>.99−0.01Others need it more

<.001−0.1Other

<.001−0.11Against religion

<.001−0.13Don’t like vaccines

<.001−0.22Don’t believe I need

Reasons for Not Believing Vaccination is Necessary
Given the consistent endorsement of “I don’t believe I need a
COVID-19 vaccine” among the unvaccinated and most hesitant
respondents across risk groups and over time, we further
evaluated the behaviors and attitudes of respondents who
selected this reason for hesitancy. In Figure 4, we see that those
who did not believe they needed a COVID-19 vaccine (N=317)
generally endorsed other protective behaviors and beliefs overall
and within the 608 campaign groups. They most frequently
reported their intention to mask or pursue other mitigation
strategies instead of vaccination (222/317, 70.0%), and least
frequently indicated low confidence in vaccines (113/317,
35.6%) or in COVID-19 as a serious illness (92/317, 29.0%).

Over half (35/60, 58%) of unvaccinated hesitant respondents
who did not believe they needed a COVID-19 vaccine did not
endorse being a member of a high-risk group, even though they
self-reported older age or a PHC in the 608 campaign.
Nevertheless, Multimedia Appendix 10 shows that most
respondents who indicated they were not in a risk group also
planned to use protective measures other than vaccines, and
infrequently indicated they did not think COVID-19 was a
serious illness. Thus, while unvaccinated hesitant people in the
608 campaign groups may not be aware of their underlying
COVID-19 risk, such as older age or diabetes status, they do
appear to have an appreciation of the risk and an understanding
of important risk mitigation measures.
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Figure 4. Frequency of selected multichoice responses for why individuals chose “I don’t believe I need a COVID-19 vaccine” in the cross-sectional
survey (June 14, 2021, to October 4, 2021).

Trusted Media for COVID-19 Information
Given vaccine hesitancy concerns and respondents indicating
they might vaccinate later if there is more information, we
sought to investigate what information sources would best reach
this group. Medical and scientific representatives were the most
trusted sources of information on COVID-19 among all
respondents, regardless of the degree of hesitancy. Specifically,
in Figure 5, we see that respondents who completed each of

these questions most frequently indicated that they trust the
World Health Organization (13,564/13,980, 97.0%),
scientists/health experts (13,600/14,033, 96.9%), and local
health workers (13,827/14,304, 96.7%) for news relating to the
pandemic. Politicians (3723/13,794, 27.0%) and religious
leaders (7668/13,794, 55.6%) were least frequently selected as
trusted. The most hesitant respondents were less trusting overall
but still trusted scientists and other health experts more than
other sources.
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Figure 5. Trusted sources of information on COVID-19 by grade of vaccine hesitancy. Frequency of selected multichoice options for trusted media
sources, combining responses for most trusted and somewhat trusted.

Discussion

Principal Findings
Through leveraging daily online health surveys conducted
among the residents of Bangkok, Thailand, we found that
concerns about the risks and benefits of COVID-19 vaccines
were paramount during the third wave, but trust in scientific
sources remained intact. Globally, the pandemic and response
polarized many populations. In many regions, this led to distrust
of scientific evidence and interventions, and eroded the
relationship among people, politicians, and public health
officials [26]. We showed that, in contrast to the antiscience
and antivaccine sentiment identified elsewhere [27], most
unvaccinated hesitant respondents in Bangkok still believed in
the seriousness of COVID-19, in the benefits of mitigation
measures, and in the information relayed by health officials.
The high professional trust in health experts and scientists in
Thailand offered a valuable support mechanism for the
government to effectively manage response efforts [28,29].

In a systematic review of the factors associated with vaccine
hesitancy [26], the most important predictors included low
perceived risk of infection or sequelae, low trust in institutions,
low rates of influenza vaccination, and concerns regarding
vaccine side effects. Prior surveys in Thailand identified unique
concerns about the efficacy of vaccines from specific
manufacturers, especially Sinovac [14,19]. Our findings of
risk-benefit concerns among the unvaccinated echo these
themes. Additionally, we identified that many hesitant
respondents were planning to wait for additional information
on vaccine safety and that the specific distrust of all vaccines
is low (10% vs <20% in the United States [30]). Thus,
messaging from health experts emphasizing vaccine safety and
efficacy, and updates as more evidence on Thai-specific vaccine
options becomes available, would be most effective in reaching
the most hesitant unvaccinated respondents in our survey.

Among respondents within the ≥65 years and PHC risk groups,
vaccine hesitancy and reasons for hesitancy were broadly similar
to the general Bangkok population. Over half (35/60, 58%) of
the unvaccinated respondents who provided reasons for not
believing that they needed to be vaccinated and who
self-reported older age and PHCs, however, did not self-identify
as being at risk for COVID-19. While older age, pregnancy,

and diabetes may be well-understood by a patient, other
diagnoses may be less so. The burden of disease estimates for
conditions, such as renal disease [31], may depend on access
to testing (eg, biopsy) or may only be understood by the patient
as a medical condition or risk factor when especially severe (eg,
requiring medication or dialysis). This highlights the importance
of 608 campaign messaging to educate citizens about the top
priority vaccination groups, with the support of community
health workers.

Being able to understand the unique needs of Bangkok in the
context of the 608 campaign and third COVID-19 wave
underscores the value of using insights from digital health
surveys, such as the UMD-CTIS, to understand interventions,
inform policy, and lessen the pandemic impact. Responses to
health surveys may not be generalizable due to selection and
response bias, and this may be compounded by sampling from
the FAUB of social media users [32]. However, most Thai
people have Facebook social media accounts [33], and we
showed that the demographics of UMD-CTIS respondents
aligned with the demographics of the Bangkok population. Thus,
while there may be some bias toward respondents with more
health access, awareness, or interest, the efficacy of daily
sampling of the FAUB and the consistent survey instrument
combined with the minimal need for on-the-ground
infrastructure make this data stream a powerful resource.
Additionally, observed slower uptake during the summer lines
up with the time period when a longer gap between doses was
recommended [34], which demonstrates the survey’s capability
to identify and measure the effects of health policy changes.
This analysis provides region-specific supporting evidence of
resilience and adaptability in the face of a rapidly evolving
public health threat and serves as a helpful validation of
government efforts with support from public health experts.

Limitations
The analyses presented here have several potential limitations.
The global UMD-CTIS instrument was developed during the
pandemic to measure the most critical epidemiologic measures,
knowledge, attitudes, and practices in near real time. The
instrument is limited by a lack of internal and external validation
metrics and is thus susceptible to measurement bias [35].
Redundant questions were not included to conduct within-survey
internal consistency measures. Repeat respondents could not
be paired by design, and as such, the independence of
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observations cannot be guaranteed, which could make estimates
of standard error overconfident. We found that the UMD-CTIS
was consistent with 3 external benchmarks, and prior work
validated other UMD-CTIS measures [36,37]. As discussed
above, PHCs other than diabetes were likely undermeasured by
the instrument or underrepresented in the survey sample.
However, the notable variation in differences from population
estimates across the PHCs suggests that other factors may also
be contributing to underestimation, for example, patient
understanding of the nuances of chronic kidney disease stages
relative to that of the diagnosis of diabetes, which might also
affect a subject’s vaccine acceptance. While digital health
surveys sampled from a social media platform user base may
not be generalizable to all Bangkok residents, this limitation
also applies to other previously used survey methods conducted
in the region to understand vaccine hesitancy, such as telephone
and door-to-door surveys [17]. There is possible selection bias
as subgroups that are less comfortable with social media and
consumer technology use, such as very elderly people, may be
underrepresented, which would mean less coverage of especially
vulnerable groups. In contrast, marginalized populations, such
as migrant workers affected by the case surges in the third wave
[38], may be fearful of in-person interviews, but may be more
comfortable responding to an anonymous survey through social
media. A cross-sectional survey, such as the UMD-CTIS, may

be subject to ecological bias, especially if the source population
changes over time or there is confounding by time of the
response pairs. Because participation in public health surveys
is voluntary, there may be response bias if respondents have
more of an interest in public health than the population at large,
and as such, attitudes may be shifted away from hesitancy or
lack of interest in mitigation. We observed relatively stable
trends in respondent demographics and hesitancy attitudes over
time, even with continued uptake of vaccination. The sampling
scheme of the UMD-CTIS, being nested within an existing
social media user base, may be less susceptible to this if the
membership in the FAUB and response rate are stable over the
time period under investigation.

Conclusions
We showed that vaccine hesitancy in Bangkok during the third
wave was connected to an interest in more health expert
information about vaccine efficacy and safety. The UMD-CTIS
findings were concordant with smaller studies highlighting
skepticism about specific vaccine options available during
rollout. Importantly, hesitancy among unvaccinated respondents
in the UMD-CTIS was not associated with a broader distrust in
science or the public health system. This may be a valuable
resource for future studies to understand the regional landscapes
of vaccine hesitancy in the context of specific policy
interventions such as the 608 campaign in Thailand.
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Multimedia Appendix 1
Summary of survey questions, answers, and logic for variables used in this study.
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Multimedia Appendix 2
Unweighted vs weighted vaccine uptake and acceptance in Bangkok over time. Four-week moving average for the stacked
proportion of respondents indicating grade of vaccine uptake and acceptance from fully vaccinated (dark blue) to definitely would
not vaccinate (black). Government vaccination uptake trend (dashed line) is also visible in the fully vaccinated trend overall and
further faceted across unweighted and weighted data.
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Multimedia Appendix 3
Unweighted vs weighted hesitancy reasons among all respondents. Unweighted (circle) and weighted (open circle) frequencies
of selected responses for vaccine hesitancy of multichoice items overall.
[PNG File , 46 KB - publichealth_v9i1e40186_app3.png ]

Multimedia Appendix 4
Unweighted vs weighted trusted sources of information on COVID-19 by grade of vaccine hesitancy. Unweighted (circle) vs
weighted (line) frequencies of selected multichoice options for trusted media sources, combining responses for most trusted and
somewhat trusted.
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Multimedia Appendix 5
Demographic and pre-existing health condition characteristics of survey respondents and that of the general population in Bangkok.
[DOCX File , 21 KB - publichealth_v9i1e40186_app5.docx ]

Multimedia Appendix 6
Demographic differences by week between census and University of Maryland COVID-19 Trends and Impact Survey data.
[PNG File , 86 KB - publichealth_v9i1e40186_app6.png ]

Multimedia Appendix 7
Results for simple linear regression for week versus difference in the proportion of each of the 14 age-gender groups in University
of Maryland COVID-19 Trends and Impact Survey versus Bangkok census demographics.
[DOCX File , 19 KB - publichealth_v9i1e40186_app7.docx ]

Multimedia Appendix 8
Vaccine uptake by group with CIs. Four-week moving average for the proportion of respondents faceted by the grade of vaccine
uptake and acceptance from fully vaccinated to definitely would not vaccinate. Grey lines denote the 95% CI.
[PNG File , 100 KB - publichealth_v9i1e40186_app8.png ]

Multimedia Appendix 9
Reasons for hesitancy by grade of vaccine uptake and acceptance, and by the 608 vaccination campaign priority groups. Frequency
of selected responses for vaccine hesitancy of multichoice items overall (circle) and within pre-existing health conditions (open
diamond) or elderly people (open square), as well as within subgroups defined by degree of hesitancy (probably, orange; probably
not, red; definitely not, black).
[PNG File , 80 KB - publichealth_v9i1e40186_app9.png ]

Multimedia Appendix 10
Reasons for not needing vaccination in the 608 vaccination campaign priority groups. Frequency of selected multichoice responses
for why individuals chose “I don't believe I need a COVID-19 vaccine” as a hesitancy reason. Nonexclusively grouped by all
responses (circle), pre-existing health condition (open diamond), and age 65+ years (open square).
[PNG File , 64 KB - publichealth_v9i1e40186_app10.png ]
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Abstract

Background: The accuracy of self-reported vaccination status is important to guide real-world vaccine effectiveness studies
and policy making in jurisdictions where access to electronic vaccine registries is restricted.

Objective: This study aimed to determine the accuracy of self-reported vaccination status and reliability of the self-reported
number of doses, brand, and time of vaccine administration.

Methods: This diagnostic accuracy study was completed by the Canadian COVID-19 Emergency Department Rapid Response
Network. We enrolled consecutive patients presenting to 4 emergency departments (EDs) in Québec between March 24, 2020,
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and December 25, 2021. We included adult patients who were able to consent, could speak English or French, and had a proven
COVID-19 infection. We compared the self-reported vaccination status of the patients with their vaccination status in the electronic
Québec Vaccination Registry. Our primary outcome was the accuracy of the self-reported vaccination status (index test) ascertained
during telephone follow-up compared with the Québec Vaccination Registry (reference standard). The accuracy was calculated
by dividing all correctly self-reported vaccinated and unvaccinated participants by the sum of all correctly and incorrectly
self-reported vaccinated and unvaccinated participants. We also reported interrater agreement with the reference standard as
measured by unweighted Cohen κ for self-reported vaccination status at telephone follow-up and at the time of their index ED
visit, number of vaccine doses, and brand.

Results: During the study period, we included 1361 participants. At the time of the follow-up interview, 932 participants reported
at least 1 dose of a COVID-19 vaccine. The accuracy of the self-reported vaccination status was 96% (95% CI 95%-97%). Cohen
κ for self-reported vaccination status at phone follow-up was 0.91 (95% CI 0.89-0.93) and 0.85 (95% CI 0.77-0.92) at the time
of their index ED visit. Cohen κ was 0.89 (95% CI 0.87-0.91) for the number of doses, 0.80 (95% CI 0.75-0.84) for the brand of
the first dose, 0.76 (95% CI 0.70-0.83) for the brand of the second dose, and 0.59 (95% CI 0.34-0.83) for the brand of the third
dose.

Conclusions: We reported a high accuracy of self-reported vaccination status for adult patients without cognitive disorders who
can express themselves in English or French. Researchers can use self-reported COVID-19 vaccination data on the number of
doses received, vaccine brand name, and timing of vaccination to guide future research with patients who are capable of
self-reporting their vaccination data. However, access to official electronic vaccine registries is still needed to determine the
vaccination status in certain susceptible populations where self-reported vaccination data remain missing or impossible to obtain.

Trial Registration: Clinicaltrials.gov NCT04702945; https://clinicaltrials.gov/ct2/show/NCT04702945

(JMIR Public Health Surveill 2023;9:e44465)   doi:10.2196/44465

KEYWORDS

electronic vaccination registry; self-reported vaccination status; COVID-19; accuracy; diagnostic study; interrater agreement

Introduction

Background
Since the beginning of the COVID-19 pandemic, vaccination
campaigns have been instrumental in preventing mortality and
morbidity related to COVID-19 worldwide [1]. With over 13
billion doses of vaccines administered worldwide [2], public
health policy makers around the world have been relying on
evidence from clinical trials to guide decision-making and
develop vaccination strategies to prevent the spread and
consequences of this pandemic [3]. In addition to evidence from
controlled clinical trials, real-world evidence regarding vaccine
effectiveness is important to guide policy making [4,5] and
patient decision-making [6]. In particular, real-world evidence
can help understand vaccine effectiveness against different
disease severities in different susceptible populations often
excluded from clinical trials [7], inform policy makers about
the length of vaccine protection over time [8], and document
rarer side effects [9]. Real-world data can also help understand
the evolving prevalence and underlying causes of vaccine
hesitancy over time [10] and shape future vaccination campaigns
[11,12]. Understanding the role of herd immunity and how to
promote vaccination are important questions that need reliable
vaccination data [13-16]. Studying COVID-19 occupational
hazards for professionals working with susceptible populations
also requires timely and reliable access to vaccination data
[17,18]. As new variants emerge, real-world evidence informs
current and future strategies to protect against COVID-19
infection [19]. To measure real-world vaccine effectiveness and
inform evidence-based health promotion strategies, researchers
and policy makers alike need access to reliable vaccination data.

Unfortunately, not all researchers and policy makers have access
to official electronic public health vaccine registries [20-23],
while others have substantial challenges in securing access to
individual-level vaccination data even when they exist [24].
Many researchers and policy makers must then rely on patients’
self-reported status to measure real-world vaccine effectiveness,
and if this is inaccurate, it may bias vaccine effectiveness
estimates in test-negative designs [25]. For these studies, not
only are accurate data about vaccination status key, but, most
importantly, reliable data about when vaccine doses were
administered are essential to determine the effectiveness in
preventing infections and health service use such as emergency
department (ED) visits [26].

Objective
To inform the conduct of real-world vaccine effectiveness
studies using patient self-reported vaccine information and to
support the development of evidence-based public health
promotion policies, this study aimed to compare the accuracy
of self-reported vaccination status for COVID-19 with data from
an official electronic vaccination registry in the province of
Québec, Canada [27].

Methods

Study Design and Setting
The Canadian COVID-19 Emergency Department Rapid
Response Network (CCEDRRN; pronounced “SED-rin”) is a
national collaboration created to harmonize data collection
related to COVID-19 in over 50 EDs across 8 provinces in
Canada (British Columbia, Alberta, Manitoba, Saskatchewan,
Ontario, Québec, New-Brunswick, and Nova Scotia) [28]. The
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CCEDRRN has created a national observational database of
suspected and confirmed patients with COVID-19 who presented
to acute care EDs. Data from this network are used in national
studies to inform decision-making, emerging treatment
guidelines, resource allocation, and planning in response to the
pandemic. As of April 2023, CCEDRRN had captured data on
over 208,000 patients across Canada [29]. In December 2020,
CCEDRRN initiated data collection on vaccination status that
supports this study.

This CCEDRRN study is a nested diagnostic accuracy study
within the larger CCEDRRN cohort that was reported using the
2015 Standards for Reporting of Diagnostic Accuracy studies
[30]. This study only used CCEDRRN data collected from 4
sites in the province of Québec because access to government
electronic vaccine registries in the other provinces of Canada
was unavailable. These 4 Québec CCEDRRN sites only
collected data on patients with a positive COVID-19 test. The
study enrolled consecutive consenting patients presenting to
these 4 participating EDs between March 24, 2020, and
December 25, 2021.

Vaccination in Québec started on December 14, 2020, with
long-term care residents and health care workers [31]. On March
1, 2021, vaccination in the general population started in
sequence based on their age group. On April 14, 2021, more
than 2 million Québecers had received at least 1 dose,
representing a quarter of the population. On May 18, 2021, more
than half of the population had received at least 1 dose, and on
June 6, more than 75% of the population aged >12 years had
received at least 1 dose. On July 5, 2021, Québec reduced the
dosing interval to 4 weeks to maximize 2-dose coverage, such
that by September 30, 2021, a total of 75% of adults were
considered fully vaccinated. On September 28, 2021, a third
booster dose was recommended for residents in long-term care
and assisted living. Between November 16, 2021, and December
29, 2021, the booster dose was progressively authorized for
specific high-risk subgroups and then in sequence for the general
population based on age groups. After each dose was
administered in Québec, vaccinators were required to document
the vaccine brand and the time of administration directly within
the provincial electronic registry [32]. The identities of the
vaccinated patients were validated using at least 2 personal
identification questions. Another key public health measure to
consider for this study was the mandate on September 1, 2021,
to implement a mandatory vaccination passport that contained
information about the number of doses, vaccine brand names,
and vaccination dates to access certain public services in Québec
[31].

Ethics Approval and Informed Consent
The ethics committee at the Centre intégré de santé et de
services sociaux de Chaudière-Appalaches approved this project
in February 2021 (MP-23-2021-766) with a waiver of informed
consent for retrospective data collected; however, informed
consent was obtained during telephone follow-up for all
participants. The participants did not receive any financial
compensation.

Participants
Patients were included if they had a confirmed COVID-19
infection (≥1 nucleic acid amplification tests positive for
SARS-CoV-2 from specimens collected during the index ED
visit, 14 days before the ED visit in the community, or within
14 days after admission) [28]. Included patients were aged ≥18
years, were able to communicate in French or English, and
consented independently to telephone follow-up and the use of
their health data. All included patients sought care at any of the
4 participating Québec sites (Hôtel-Dieu de Lévis, Hôpital
Sacré-Coeur de Montréal, Royal Victoria Hospital, and the
Montreal General Hospital). Patients were excluded if they were
unable to provide consent (eg, had died since the ED encounter),
were unable to communicate in French or English, could not
be reached after 5 attempts, or did not have a record in the
Québec Vaccination Registry (eg, out-of-province patients).

Data Collection and Outcome Measures
Trained research assistants collected data for our study from
different sources and at different time periods. First, starting on
July 9, 2020, we used a retrospective chart review to extract
demographics, the time and date of ED visits, chief complaint,
laboratory tests, treatments, admission status, and comorbidities.
We retrospectively collected data for the index visits of all
patients and any subsequent ED visits at least 30 days after the
index visit. Second, starting on March 24, 2021, we initiated
data collection from the Québec Vaccination Registry and phone
follow-ups. A single research assistant at each site was
designated to access the Québec Vaccination Registry to
determine patients’vaccination status, vaccine brands received,
the total number of doses, and dates of vaccination. Separate
research assistants at each site were trained to only conduct
telephone follow-ups. They were blinded to the reason for
collecting self-reported vaccination data and did not access the
information collected from the Québec Vaccination Registry.
These research assistants contacted patients by telephone to
obtain consent to use their data; to obtain additional
sociodemographic data not available in their medical records
(eg, income, self-identified race, and education level); and to
collect their self-reported vaccination data (vaccination status,
vaccine brands received, the total number of doses, and dates
of vaccination). The median (IQR) time to contact the patients
was 202 (108-352) days after the ED index visit. As patients
were called at most 30 days after their data were consulted from
the Québec Vaccination Registry, we only used self-reported
vaccination data from before the date we consulted the Québec
Vaccination Registry.

In accordance with CCEDRRN’s national data management
plan, after assigning a unique study identifier for each
participant, deidentified data were collected and stored in
REDCap (Research Electronic Data Capture; Vanderbilt
University) at the University of British Columbia. After data
verification, registry data were uploaded into CaraSpace, a
secure private cloud for the storage and analysis of
privacy-sensitive data [28]. Analysts accessed the cloud space
via an encrypted virtual private network through a firewall and
2-factor authentication.
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The primary outcome of this study was the accuracy of
self-reported COVID-19 vaccination status at the time of the
telephone follow-up compared with their vaccination status in
the Québec Vaccination Registry. We considered the
self-reporting of vaccination status via telephone as the index
test and the Québec Vaccination Registry as the reference
standard. The index test had 2 possible results: “no vaccine
dose” (self-reported as not vaccinated) or “at least one vaccine
dose” (self-reported as vaccinated). We calculated the accuracy
of the self-reported vaccination status as follows:

Accuracy = (correctly self-reported as vaccinated +
correctly self-reported as not vaccinated) / (correctly
self-reported as vaccinated + correctly self-reported
as not vaccinated + incorrectly self-reported as
vaccinated + incorrectly self-reported as not
vaccinated) (1)

We also compared the clinical and demographic characteristics
of patients with concordant and discordant self-reported
vaccination status compared with the Québec Vaccination
Registry.

Secondary outcomes were the sensitivity, calculated as

(correctly self-reported as vaccinated / [correctly
self-reported as vaccinated + incorrectly self-reported
as not vaccinated]) (2)

and specificity, calculated as

(correctly self-reported as not vaccinated / [correctly
self-reported as not vaccinated + incorrectly
self-reported as vaccinated]) (3)

of the self-reported vaccination status and vaccination status in
the Québec Vaccination Registry. Relaxing the reference
standard assumption about the Québec Vaccination Registry,
we also measured the interrater agreement between self-reported
vaccination status and vaccination status in the Québec
Vaccination Registry, interrater agreement between self-reported
COVID-19 vaccine brand received and the brand recorded in
the Québec Vaccination Registry, and interrater agreement
between self-reported number of COVID-19 vaccine doses
received compared with the number of doses recorded in the
vaccine registry.

An additional secondary outcome was the interrater agreement
between vaccination status at the time of the index ED visit
determined retrospectively by using the self-reported vaccination
date compared with the vaccination status at the time of the
index ED visit determined by the vaccination date in the Québec
Vaccination Registry (Multimedia Appendix 1). Vaccination
status was defined as fully, partially, and not vaccinated at the
time of the index ED visit based on the number of doses and
time since the last dose received to account for likely waning
protection [33,34] (Multimedia Appendix 1). We defined fully
vaccinated patients at the time of the index ED visit as patients
who received ≥2 doses ≥14 days before the index ED visit but
less than 6 months since the last dose. We defined partially
vaccinated patients as having received only 1 dose before the

index ED visit or having received their second or third dose
<14 days before the index ED visit or having received their
second or third dose >6 months before the index ED visit.
Patients were considered not vaccinated if no doses had been
received before their index ED visit. Patients who could not
recall the date of their last vaccination were excluded from this
analysis.

Analysis
The vaccination data in the Québec Vaccination Registry were
considered the reference standard. As the interest was to
compare the same information collected by telephone as in the
Québec Vaccination Registry, the sample size calculations were
based on a 1-sided binomial test for sensitivity [35,36]. A sample
size of 613 patients was needed to achieve a 95% CI for
sensitivity of half width 0.02 assuming a sensitivity of 0.98 and
prevalence of at least 0.40.

Data were summarized by using descriptive statistics (eg, mean
[SD], counts, and percentage). Accuracy, sensitivity, and
specificity for COVID-19 vaccination status reported by patients
compared with the reference standard (ie, the Québec
Vaccination Registry) were calculated with associated 95% CIs.
Secondary analyses relaxed the reference standard assumption
and provided interrater agreement using the unweighted Cohen
κ coefficient [37]. We chose to use the unweighted Cohen κ
because we had 2 raters (ie, self-report by participant and report
from the Québec Vaccination Registry), and we wanted
disagreements to carry the same weight. All analyses were
conducted in R (R Foundation for Statistical Computing) using
the rms and psych packages [38-40]. To ensure patient privacy,
a cell-size restriction policy prohibited us from reporting counts
of <5.

Results

Participant Characteristics
During the study period, there were 5912 adult patients who
presented to the Québec study sites, and 1482 met the inclusion
criteria; of them, 1361 (23.02%) patients had the required data
from follow-up and available in the Québec Vaccination
Registry (Figure 1). Among the 4430 excluded patients, 1596
(36.03%) did not consent to participate or were not able to
consent. There were also 62 (1.05%) patients who did not have
any vaccination record in the Québec Vaccination Registry
because they were patients from outside the province or did not
have a provincial health insurance number. The baseline
participant characteristics are shown in Table 1. Patients who
did not or could not consent were slightly older than patients
who participated (age: mean 58.6, SD 21.3 years vs mean 55.1,
SD 17.4 years, respectively) and were more likely to be male
individuals (nonconsenting male individuals: 871/1596, 54.57%,
vs consenting male individuals: 686/1361, 50.4%).
Three-quarters (1010/1361, 74.21%) of the patients presented
to the ED during the second and third waves of the pandemic
(August 23, 2020, to July 17, 2021).
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Figure 1. Flow diagram of patients in the study.
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Table 1. Sociodemographic and clinical characteristics of study participants whose index visit occurred in a Québec emergency department between
March 24, 2020, and December 25, 2021 (n=1361).

Study participants

55.1 (17.4)Age (years), mean (SD)

Age group (years), n (%)

45 (3.3)<24

230 (16.9)25-39

685 (50.3)40-64

272 (20)65-79

129 (9.5)≥80

Sex, n (%)

686 (50.4)Male

675 (49.6)Female

0 (0)Intersex

Site, n (%)

293 (21.5)Hôtel-Dieu de Lévis

501 (36.8)Royal Victoria

132 (9.7)Montreal General

435 (32)Sacré-Coeur de Montréal

Index visit occurred during, n (%)

207 (15.2)Wave 1 (March 1, 2020, to August 22, 2020)

725 (53.3)Wave 2 (August 23, 2020, to March 20, 2021)

285 (20.9)Wave 3 (March 21, 2021, to July 17, 2021)

144 (10.6)Wave 4 to early 5 (July 18, 2021, to December 31, 2021)

Index visit occurred before the start of vaccination campaign in Québec (December 14, 2020), n (%)

490 (36)Prevaccination campaign

871 (64)Postvaccination campaign

202 (108-352)Time elapsed from index visit to telephone follow-up (days), median (IQR)

Top 10 comorbid conditions, n (%)

440 (32.3)Hypertension

314 (23.1)Dyslipidemia

241 (17.7)Diabetes

160 (11.8)Hypothyroidism

144 (10.6)Asthma

113 (8.3)Psychiatric condition or mental health diagnosis

99 (7.3)Coronary artery disease

73 (5.4)Past malignancy

66 (4.8)Chronic neurological conditions

66 (4.8)Rheumatologic disorder

EDa disposition, n (%)

740 (54.4)Discharged home

576 (42.3)Admitted

38 (2.8)Transferred to other hospital

<5b (<0.4)Transfer to long-term care or rehab
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Study participants

6 (0.4)Other

aED: emergency department.
bCells with fewer than 5 individuals could not be presented as requested by the ethics committee.

Vaccination Status
Over two-thirds (932/1361, 68.55%) of the participants reported
at least 1 dose of a COVID-19 vaccine at the time of their

follow-up interview (Table 2). The most administered vaccine
type was Pfizer-BioNTech (689/1361, 50.6%) followed by
Moderna (158/1361, 11.6%).

Table 2. Québec Vaccination Registry information and self-reported vaccination status during the initial telephone follow-up of participants whose
emergency department index visit occurred between March 24, 2020, and December 25, 2021 (n=1361).

Self-reported vaccination status, n (%)Québec Vaccination Registry, n (%)

Vaccination status

932 (68.5)913 (67.1)Yes (at least 1 dose)

429 (31.5)448 (32.9)No (no dose given)

0 (0)0 (0)Unknown or not assessed

First vaccine brand

689 (50.6)707 (51.9)Pfizer-BioNTech

158 (11.6)162 (11.9)Moderna

42 (3.1)42 (3.1)AstraZeneca or Covishield

<5a (<0.4)<5 (<0.4)Johnson & Johnson

37 (2.7)0 (0)Unknown, but vaccinated

433 (31.8)448 (32.9)Unknown or not vaccinated

Number of vaccines doses

429 (31.5)448 (32.9)0

368 (27)366 (26.9)1

511 (37.5)501 (36.8)2

53 (3.9)46 (3.4)3

aCells with fewer than 5 individuals could not be presented as requested by the ethics committee.

Self-Reported Vaccination Status Accuracy and
Interrater Agreement Between Self-Reported
Vaccination Data and Québec Vaccination Registry
Data
We reported high measures of accuracy (96%), sensitivity
(98%), and specificity (92%) for self-reported vaccination status
compared with the Québec Vaccination Registry as the reference
standard (Tables 3 and 4). Moreover, Cohen κ was 0.91 (95%
CI 0.89-0.93), indicating excellent agreement between patient
self-report and the Québec Vaccination Registry.

With respect to vaccine brand type, Cohen κ for dose 1 brand
was 0.80 (95% CI 0.75-0.84) indicating strong agreement (Table
5). However, this estimate decreased with subsequent doses:
Cohen κ was 0.76 (95% CI 0.70-0.83) and 0.59 (95% CI
0.34-0.83) for dose 2 and dose 3 brands, respectively.

Most patients reported receiving 1 dose (368/1361, 27.04%) or
2 doses (511/1361, 37.56%) of COVID-19 vaccines at the time
of the follow-up interview (Table 6). Only 3.89% (53/1361) of
patients reported receiving 3 doses. One-third (429/1361,

31.52%) of the patients reported not having received the
COVID-19 vaccine at the time of follow-up. Cohen κ for the
number of self-reported doses compared with the Québec
Vaccination Registry was very strong, at 0.89 (95% CI
0.87-0.91).

Cohen κ for self-reported vaccination status at the time of ED
index visit was 0.85 (95% CI 0.77-0.92). However, many
patients (774/1361, 56.87%) could not recall the exact date of
their latest vaccine dose and had to be excluded from this
analysis. Of those who did recall their vaccination dates, most
(538/587, 91.7%) reported not being fully vaccinated at the time
of the ED visit, with only 16 (2.7%) patients being fully
vaccinated (Table 7).

The demographic, clinical, and sociocultural characteristics of
patients with discordant (n=53) and concordant (n=1308)
vaccination statuses are shown in Multimedia Appendix 2.
Participants with discordant self-reported vaccination status
compared to those with concordant self-reported vaccination
status were younger (age: mean 51.1, SD 20.5 years, vs mean
55.3, SD 17.3 years, respectively), had lower self-reported
income (5/53, 9% reported current income >CAD $73,701 (US
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$56,693) per year vs 294/1308, 22.48%), had lower education
level (5/53, 9% with a university degree vs 444/1308, 33.94%),
and had a lower vaccination rate according to the Québec
Vaccination Registry (17/53, 32% vs 896/1308, 68.5%). The
median time elapsed between the ED index visit and the

telephone follow-up to determine the patient’s self-reported
vaccination status was similar for discordant (median 94, IQR
53-191 days) and concordant cases (median 126, 62-196 days).
Immigration status, race, and ethnicity did not influence the
accuracy of our results.

Table 3. Confusion matrix comparing self-reported vaccination status with the Québec Vaccination Registry data for all participants whose emergency
department index visit occurred between March 24, 2020, and December 25, 2021 (n=1361).

Vaccination status in the Québec Vaccination Registry (reference standard), nSelf-reported vaccination status (index test)

NoYes

36896Yes

41217No

Table 4. Sensitivity, specificity and accuracy of self-reported vaccination status and interrater agreement of self-reported vaccination status compared
with the Québec Vaccination Registry for all participants whose emergency department index visit occurred between March 24, 2020, and December
25, 2021 (n=1361).

Measure (95% CI)

0.98 (0.97-0.99)Sensitivity

0.92 (0.89-0.94)Specificity

0.96 (0.95-0.97)Accuracy

0.91 (0.89-0.93)Cohen κ

Table 5. Interrater agreement for self-reported brand by dose compared with the Québec Vaccination Registry for all participants whose emergency
department index visit occurred between March 24, 2020, and December 25, 2021.

Cohen κa (95% CI)Québec Vaccination Registry vaccine brand, nDose and self-reported vaccine brand

Johnson & JohnsonAstra Zeneca or CovishieldModernaPfizer

0.80 (0.75-0.84)1

0<519645Pfizer

0013711Moderna

0380<5AstraZeneca or Covishield

<5000Johnson & Johnson

0<5629Unknown, but vaccinated

0.76 (0.70-0.83)2

0<519386Pfizer

00845Moderna

0900AstraZeneca or Covishield

00516Unknown, but vaccinated

0.59 (0.34-0.83)3

00<524Pfizer

007<5Moderna

00<5<5Unknown, but vaccinated

aCohen κ calculated without participants who answered “Unknown, but vaccinated” were 0.89 (95% CI 0.86-0.93) for first dose, 0.85 (95% CI 0.80-0.91)
for second dose, and 0.70 (95% CI 0.43-0.97) for third dose.
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Table 6. Interrater agreement for self-reported number of doses compared with the Québec Vaccination Registry for participants whose emergency

department index visit occurred between March 24, 2020, and December 25, 2021 (n=1361).a

Number of doses in the Québec Vaccination Registry, nSelf-reported number of doses

3210

<5874120

012336201

646923132

38120<53

aCohen κ: 0.89 (95% CI 0.87-0.91).

Table 7. Interrater agreement for self-reported vaccination status at emergency department index visit date versus the Québec Vaccination Registry

for participants whose emergency department index visit occurred between March 24, 2020, and December 25, 2021 (n=587).a

Québec Vaccination Registry vaccination status determined in relation to the ED

index visit dated, n

Self-reported vaccination status determined using the date of

latest vaccination dose in relation to the EDb visit datec

Fully vaccinatedPartially vaccinatedNot vaccinated

65527Not vaccinated

029<5Partially vaccinated

1600Fully vaccinated

aCohen κ: 0.85 (95% CI 0.77-0.92).
bED: emergency department.
cCategories of vaccination status at the time of ED index visit (fully, partially, and not vaccinated) for this analysis are defined in Multimedia Appendix
1.
dA total of 774 (56.9%) participants were excluded from this analysis because they could not recall the date of their last dose.

Discussion

Principal Findings
We found that the participants’ self-reported vaccination status
was highly accurate at the time of the initial follow-up telephone
call. The interrater agreement between the self-reported vaccine
number of doses and the number of doses recorded in the
vaccine registry was also strong. The agreement between
self-reported vaccination status at the index visit and the
patient’s vaccination status as determined by the registry was
strong when patients could provide vaccination dates. However,
many patients could not recall their vaccination dates. Although
there was a strong and moderate agreement for the self-reported
vaccine brand for the first and second doses, respectively, the
agreement dropped to weak for the vaccine brand of the third
dose. A few discordant cases concerning the accuracy of
patients’ self-report of receiving at least 1 dose were found. The
discordant cases involved patients of younger age groups, lower
self-reported pre– and post–COVID-19 income, lower education
levels, and lower vaccination rates in the Québec Vaccination
Registry.

Our results are similar to those of a study conducted in the
United States by Stephenson et al [41] that showed high levels
of agreement between self-reported vaccination status and
official computerized vaccination registry data (unweighted
κ=0.9127, 95% CI 0.9109-0.9145). Similar to our study, they
also found that discordant self-reported vaccination data were
associated with lower education levels and unemployment. It
could be that both studies found that lower education is

associated with lower accuracy of self-reported vaccination
status because information provided about vaccination status
tends to be complex [42]. Comprehending and remembering
this information requires certain health literacy skills [43].
Rolnick et al [44] also found that education and income level
could influence the accuracy of self-reported vaccination status
for 8 different vaccines (pneumococcal, influenza, tetanus
diphtheria, tetanus diphtheria pertussis, human papillomavirus,
hepatitis A, hepatitis B, and herpes zoster).

Contrary to our study, the study by Stephenson et al [41] found
that the female sex increased the risk of discordant self-reported
vaccination status. Sex and gender are important factors in
understanding the real-world effectiveness of vaccines and
postmarketing safety monitoring [45,46]. Sex and gender
differences in vaccine hesitancy and immunization outcomes
have been observed for COVID-19 and other
vaccine-preventable diseases, with women typically reporting
more vaccine hesitancy and higher adverse reactions than men
[47-49]. Our results support the accuracy of self-reported
vaccination data from both men and women.

Ulrich et al [50] studied the accuracy of the self-reported
vaccination status by university students in a 2-dose
meningococcal vaccine campaign. This study showed good
self-reported vaccination status accuracy at 2 months (86%)
and poor self-reported vaccination status at 20 months (69%).
King et al [51] also reported a decrease in the agreement of
patient self-reported vaccination status compared with a registry
for prior season influenza vaccination (κ=0.86) versus the
current season (κ=0.95). Although our study did not observe a
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time-dependent increase in discordant self-reported vaccination
status, we did find that patients reporting a higher number of
doses were more likely to forget the vaccine brand received and
did not remember the dates of their latest vaccination dose. In
patients who did remember the vaccine brand for each dose, the
agreement with the registry was high. This limits the use of
self-reported vaccination brand names for studies comparing
the effectiveness of multiple doses of different types of vaccines
[52].

The reliability of data on the timing of vaccination before being
tested for a viral infection such as SARS-CoV-2 is essential for
test-negative design vaccine effectiveness studies [53]. Our
study was interested in determining the reliability of the
self-reported vaccination data (ie, the date of their last
vaccination and the total number of doses) used to
retrospectively determine their vaccination status (not
vaccinated, partially vaccinated, or fully vaccinated) at the time
of their index ED visit. For patients who could remember their
last vaccination date, our study found high levels of agreement
between the self-reported vaccination status determined at the
ED index visit date and the Québec Vaccination Registry.
Unfortunately, more than half of our participants could not recall
the date of their last dose, making this measure subject to an
important selection bias when used in test-negative designs.
This is an argument to support wider implementation and easy
access to rigorous vaccination registries in all jurisdictions [21].
This is especially important to improve the care, research, and
support of vulnerable populations presenting to the ED. In
Canada, access to these registries is currently restricted by data
custodians and administrative barriers that hinder timely
knowledge creation and decision-making for a rapid-learning
health system [54,55]. Although a study on the accuracy of
self-reported influenza and pneumococcal vaccination status in
a high-risk inflammatory bowel disease population showed high
accuracy for self-reported influenza (97%) and pneumococcal
(84%) vaccination status [56], our study did not find any
difference between high-risk groups with different
comorbidities. In concordance with Laurence et al [57], who
found that older patients accurately self-reported their influenza
(96%) and pneumococcal (87%) vaccine status, we also found
that older adults adequately self-reported their COVID-19
vaccine status. Surprisingly, we found a higher proportion of
discordant self-reported COVID-19 vaccination statuses among
patients aged ≤34 years. This could be associated with the fact
that COVID-19 presents a milder course in younger patients
[57,58] and increased vaccination hesitancy in this age group
[59-61].

There are several potential explanations for the high accuracy
of self-reported vaccination status at telephone follow-up and
moderate to strong agreement between the self-reported number
of doses and the self-reported vaccination status determined at
the time of the ED index visit. First, this high accuracy and
strong agreement could have been caused by the implementation
of Québec’s mandatory vaccine passport, which registered dates,
brands, and doses as a requirement to access the workplace and
most commercial services. Although we did not ask participants
to consult their passports before answering our phone
questionnaire, our study personnel did not prevent participants

from consulting their passports during our telephone follow-ups.
Participants’ recall of their own vaccination data could also
have been improved by having to consult their passport
frequently, as both federal and provincial governments in
Canada granted substantial benefits to fully vaccinated citizens,
such as lifting travel restrictions and access to event venues,
fitness centers, and restaurants via the use of a vaccination
passport [62]. Second, the impact of COVID-19 on the Canadian
population has been substantial, and it may have improved the
recall and the accuracy of the self-reported vaccination status.
Third, the COVID-19 vaccination campaign; the omnipresence
of the COVID-19 pandemic in the lay press; the many frequently
reported statistics portraying the evolution of this pandemic
(cases, hospitalizations, deaths, and population vaccination
coverage); and the vigorous public debate about vaccination
public health mandates may have also raised citizens’awareness
of their own vaccination status. Fourth, this study only included
patients with confirmed COVID-19 infections. This could have
improved the recall of participants compared with patients who
were not infected with COVID-19.

Our results indicate that when access to official electronic
vaccination registries is not available, the reliance on patients’
self-reported COVID-19 vaccination status, vaccine brand
received, number of doses, and vaccination dates (when
provided) can be used for research purposes. This is a substantial
finding for researchers in jurisdictions that do not have access
to electronic vaccine registries [20,63] and for others that have
substantial challenges in securing timely access to
individual-level vaccination data even when they exist [24].
Vaccine registries can also suffer from missing data for patients
who have received their vaccines in different jurisdictions (as
shown in our results), misclassification bias because of human
error, and the timeliness of data entry into electronic vaccination
registries [64]. Relying on timely and highly accurate
self-reported vaccination status reduces the potential
underestimation of real-world test-negative vaccine effectiveness
studies introduced by vaccination-reporting bias [25]. Knowing
the sensitivity and specificity of the self-reported vaccination
status is also important to correct the estimation of vaccine
effectiveness based on the observed risks for vaccination status
misclassification [65].

This study has limitations. First, although we assumed that the
Québec Vaccination Registry was the reference standard, we
cannot rule out the possibility that some vaccination data were
entered incorrectly. Second, our results do not apply to patients
with cognitive disorders who cannot provide consent. This
represents a selection bias that we could not avoid because of
ethical constraints. Patients who consented to participate in our
study were also more likely to be younger and female than those
who did not consent or who could not consent. Understanding
the impact of the pandemic on patients who cannot consent to
provide their vaccination status because of cognitive issues will
still necessitate access to linked vaccination registry data. Access
to a vaccination registry also avoids systematic differences in
the characteristics of consenting patients versus nonconsenting
patients in studies that rely on self-reporting. Third, although
we had many landed immigrants constituting an ethnically
diverse sample, our results are potentially not applicable to
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patients who do not speak English or French. Other studies have
shown that the self-reported vaccination status is inaccurate in
certain susceptible and hard-to-follow-up racial and ethnic
groups [44,50]. Although we had to exclude patients who could
not speak English or French, immigration and race and ethnicity
did not influence the accuracy of our results. Fourth, our study
did not verify the accuracy of vaccination status provided at the
time of ED care. Future prospective studies at the point of care
would be needed to validate the accuracy of self-reported data
for use in guiding clinical decision-making.

Conclusions
Our study found that relying on self-reported COVID-19
vaccination status is accurate for adult patients without cognitive
disorders who can express themselves in English or French.
Researchers can use self-reported COVID-19 vaccination data
on the number of doses received, vaccine brand name, and
timing of vaccination to guide future research with certain
groups of patients who are capable of self-reporting their
vaccination data. However, access to official electronic vaccine
registries is still needed to determine the vaccination status in
certain susceptible populations where self-reported vaccination
data remain missing or impossible to obtain.
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Characteristics of all participants by concordant or discordant vaccination status.
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Abstract

Background: Although patients recovered from COVID-19 already have immunity gained from natural infection, they are still
at risk of reinfection due to the emergence of new variants of COVID-19 and the diminishing of naturally acquired immunity
over time. Vaccination is associated with efficacious protection against COVID-19 infection and could boost infection-acquired
immunity; however, various COVID-19 survivors have not been vaccinated due to vaccine hesitancy.

Objective: The aim of this study was to investigate COVID-19 vaccine hesitancy and related factors among COVID-19 survivors.

Methods: A cross-sectional questionnaire survey was conducted among patients who recovered from COVID-19 infection in
Wuhan, China, between June 10 and July 25, 2021. The questionnaire included sociodemographic information, items on COVID-19
infection, the COVID-19 vaccine hesitancy scale based on the 3Cs (complacency, convenience, and confidence) model, trust in
vaccine manufacturers and health facilities, and reasons for the decision to accept COVID-19 vaccination. Multivariate logistic
regression analysis was used to assess the factors influencing COVID-19 vaccine hesitancy.

Results: Among the 1422 participants, 538 (37.8%) were not vaccinated against COVID-19. The COVID-19–recovered patients
who self-reported having a current unhealthy status expressed more hesitancy about the COVID-19 vaccine than those who
perceived themselves to be healthy (odds ratio [OR] 0.45, 95% CI 0.28-0.71). Compared to the asymptomatic patients, patients
with mild symptoms were more likely to receive a COVID-19 vaccine (OR 1.67, 95% CI 1.02-2.82). Regarding the 3Cs model,
high complacency (P=.005) and low convenience (P=.004) were significant negative factors for COVID-19 vaccination. Trust
in vaccine manufacturers and health facilities was a significant positive factor for COVID-19 vaccination (OR 1.14, 95% CI
1.09-1.19). “Self-needs” was the main reason for patients to receive the COVID-19 vaccine, whereas “already have antibodies
and do not need vaccination” was the main reason for patients to not receive the COVID-19 vaccine.

Conclusions: Among the three major factors of vaccine hesitancy, complacency proved to be the most notable among
COVID-19–recovered patients. Therefore, educational campaigns can focus on raising the awareness of risk of infection and the
benefits of vaccination to reduce complacency toward vaccination among this population. In particular, for individuals who have
recovered from COVID-19, improving factors related to convenience such as transportation, the environment of vaccination, and
providing door-to-door service was also deemed necessary to facilitate their vaccination. In addition, addressing the concerns
about vaccination of COVID-19–recovered patients could foster trust and promote their uptake of vaccination.

(JMIR Public Health Surveill 2023;9:e42958)   doi:10.2196/42958
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Introduction

The COVID-19 pandemic has caused a serious disease burden,
as well as financial, psychological, and life hardship for people
over the past 3 years. Currently, the high transmissibility, high
pathogenicity, and high immune-evasion ability of the emerging
new variants pose new challenges and uncertainties in
preventing COVID-19 infection, as well as posing a serious
threat to public health [1-3]. Previous studies have demonstrated
that individuals naturally infected with COVID-19 might be at
decreased future risk of COVID-19 infection due to the
immunity induced by contracting COVID-19 to protect them
from reinfection [4]. However, according to the World Health
Organization (WHO), the presence of antibodies in recovered
patients does not guarantee protection against reinfection, and
the probability of protection against reinfection at 6 months was
estimated to be 50.0% in people aged over 65 years [5-7].
Reinfection of COVID-19 could be as severe or even more
severe than the first infection, including among patients with
antibodies [6,8]. Therefore, since previous infection does not
necessarily protect an individual from reinfection, it is necessary
for patients who recovered from COVID-19 infection to protect
against reinfection through COVID-19 vaccination [9].

Vaccination is considered to be one of the greatest achievements
of public health. The ongoing COVID-19 pandemic can be
mitigated by an efficacious vaccine, which reduces disease
incidence, prevalence, new hospitalizations, and intensive care
demand [10,11]. The COVID-19 vaccine has been shown to
provide significant protection against COVID-19 infection and
to significantly reduce the risk of symptomatic COVID-19
infection. Moreover, COVID-19 vaccination could boost
infection-acquired immunity, and this increased immunity would
remain high for more than 1 year after infection [12,13]. In
2021, five COVID-19 vaccines were approved for conditional
marketing or emergency use in China, including inactivated
vaccines, adenovirus vector vaccines, and recombinant protein
vaccines, and the Chinese government provided nationwide
COVID-19 vaccination for all populations free of charge. As
of July 25, 2021, approximately 155 million cumulative doses
of the COVID-19 vaccine had been administered in mainland
China [14]. With the steady increase in COVID-19 vaccine
supplies, vaccine hesitancy is becoming a barrier to high vaccine
coverage [15]. There are still many people who delay or reject
being vaccinated due to vaccine hesitancy even though they are
recommended to accept the COVID-19 vaccination, including
COVID-19 survivors. In the United States, vaccination coverage
(>1 dose and full vaccination) was lower among those who ever
had COVID-19 than among those who had no history of
COVID-19 infection from July to August 2021 [16]. In Italy,
34.2% and 24.9% of COVID-19 patients were undecided or
reluctant, respectively, to receive the COVID-19 vaccine from
September to November 2020 [17].

The SAGE Working Group on Vaccine Hesitancy defines
vaccine hesitancy as a delay in acceptance or refusal of

vaccination despite the availability of vaccination services.
Vaccine hesitancy is complex and context-specific, varying
across time, place, and vaccines [18]. Factors such as the
evolving epidemiological context and multiple waves of
infection, trust in the health care system, attitudes toward
vaccines, self-efficacy, and the presence of chronic disease have
all been indicated to be associated with hesitancy to receive the
COVID-19 vaccine [19-23]. In particular, COVID-19–recovered
patients might experience not only physical disease symptoms
but also psychological distress [24,25]. Some of these
individuals might be hesitant to get vaccinated, fearing that they
are not physically able to tolerate the vaccine. In addition, since
other infectious diseases such as measles confer immunity for
a longer duration or for life, some patients might consider that
infection-acquired immunity with COVID-19 is the best type
of immunity. Moreover, the concerns about the safety of
vaccines developed in a short time might also be a factor
contributing to COVID-19 vaccine hesitancy [26].

Vaccine hesitancy as a complex decision-making process has
been interpreted based on various conceptual models such as
the “3Cs” model, the health belief model, and the theory of
planned behavior [27,28]. The “3Cs” model is one of the most
widely known models, highlighting three dimensions:
complacency, referring to the belief that perceived risks of
vaccine-preventable diseases are low and that vaccination is not
a necessary preventive action; convenience, referring to vaccine
availability and accessibility; and confidence, referring to the
trust in the effectiveness and safety of vaccines, the delivery
system, and the motivations of vaccination policy makers [29].
Previous studies demonstrated that complacency, convenience,
and confidence were equally significant factors influencing
COVID-19 vaccine hesitancy [30-32].

Given the lack of data on COVID-19 vaccination status among
COVID-19–recovered patients infected with the original
SARS-CoV-2 strain in China, the aim of this study was to
investigate COVID-19 vaccine hesitancy status and relevant
factors among COVID-19–recovered patients. In particular, we
focused on the role of the factors considered in the 3Cs model
to identify the specific constructs that can influence COVID-19
vaccine hesitancy. In addition, the vaccination status and
possible determinants of vaccine hesitancy in terms of
sociodemographic information; clinical classification; history
of infection in family members, relatives, and friends; and other
vaccination history were investigated among
COVID-19–recovered patients. This study will provide a basis
for developing vaccination promotion activities and strategies
for COVID-19–recovered patients to reduce their vaccine
hesitancy and promote them to receive the COVID-19 vaccine.

Methods

Study Design and Sampling
This cross-sectional study was carried out among former
COVID-19 patients in Jianghan District of Wuhan, China, from
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June 10 to July 25, 2021. According to the electronic medical
records of the Health Bureau of Jianghan District and the
inclusion criteria, a total of 3059 recovered COVID-19 patients
were eligible for the study who had all been infected with the
original SARS-CoV-2 strain and were diagnosed between
December 10, 2019, and April 20, 2020. Among them, 1601
COVID-19 survivors were invited to complete a questionnaire
survey on their vaccine hesitancy status when they were
receiving clinical reexamination. If they agreed to participate
in this survey, they were invited to the “Survey Room” to
complete the questionnaire. Self-administered electronic
questionnaires were generated on Research Electronic Data
Capture (REDCap), an online survey platform, from which
patients could complete by themselves. To ensure the quality
of the survey, our trained investigators stayed at the “Survey
Room” to promptly answer the participants’ questions.

The following inclusion requirements had to be met by
participants: participants must be at least 18 years old, have a
COVID-19 infection history, be able to work independently
with the researcher to complete several scale assessments, and
have access to a mobile communication device such as a cell
phone with a WeChat account. People who fit one or more of
the following criteria were excluded: (1) having significant
cognitive impairment; (2) having life-threatening medical
conditions such as heart, lung, kidney, liver diseases or cancers;
and (3) finding it challenging to cooperate with the questionnaire
study. In total, 1422 of the 1601 invited participants were chosen
as the sample for this study based on the aforementioned
standards and after discarding any incomplete questionnaires.

Ethical Considerations
Ethics approval for the study was obtained from the Ethics
Review Committee of the Institute of Pathogen Biology, Chinese
Academy of Medical Sciences, Beijing, China (IPB-2020-22).
All individuals provided digital informed consent to ensure their
voluntary participation, which also included consent that the
study data could be analyzed when used anonymously. All data
were deidentified. All data are stored in an account with a
password and cannot be used without consent. All study
participants were compensated for transportation to the
questionnaire site.

Measurements

Sociodemographic Characteristics
Demographic characteristics included gender, age, place of
residence, education level, marital status, smoking (whether or
not they are habitual smokers), drinking (whether or not they
habitually drink alcohol), and perceived current health status.
We also investigated COVID-19 clinical classification by asking
participants which type of diagnosis they had after their first
admission (ie, asymptomatic, mild, moderate, clinically severe)
and their acute-phase symptoms (ie, fever, respiratory
symptoms, cardiovascular symptoms, gastrointestinal symptoms,
other). Questions on COVID-19 infection and vaccination were
also surveyed, including history of infection in family members,
history of infection in relatives and friends, and other
vaccination history (within the last 5 years).

COVID-19 Vaccine Hesitancy Scale Based on the 3Cs
Model
On the basis of the flu vaccine hesitancy scale, we replaced “flu
vaccine” in the items with “COVID-19 vaccine” to form the
revised COVID-19 vaccine hesitancy scale. The flu vaccine
hesitancy scale consists of 6 items and the 3 dimensions of the
3Cs model (complacency, confidence, and convenience) [33].
Complacency was measured by perceived necessity and
importance of the vaccine, confidence was measured by
perceived vaccine safety and effectiveness, and convenience
was measured by perceived convenience and affordability of
the vaccine. Participants rated each item on a 5-point Likert
scale (1=strongly disagree; 5=strongly agree). The items were
as follows: (1) necessity (“Thinking specifically about the
COVID-19 vaccine, do you think the COVID-19 vaccine is
necessary?”), (2) importance (“Thinking specifically about the
COVID-19 vaccine, do you think the COVID-19 vaccine is
important?”), (3) safety (“Thinking specifically about the
COVID-19 vaccine, do you think the COVID-19 vaccine is
safe?”), (4) effectiveness (“Thinking specifically about the
COVID-19 vaccine, do you think the COVID-19 vaccine is
effective?”), (5) convenience (“Thinking specifically about the
COVID-19 vaccine, do you think the COVID-19 vaccine is
convenient?”), and (6) affordability (“Thinking specifically
about the COVID-19 vaccine, do you think the COVID-19
vaccine is affordable?”). The Cronbach α value for the whole
scale was .92, and the Cronbach α values for the dimensions of
complacency, convenience, and confidence were .92, .94, and
.73, respectively. [34].

Trust
Two items were used to measure participants’ trust in vaccine
manufacturers and health facilities, respectively, which were
each scored on a 10-point Likert scale (1=strongly disagree;
10=strongly agree). The Cronbach α value for the two items
was .92.

Reasons for Accepting and Not Accepting the COVID-19
Vaccine
For participants who had received the COVID-19 vaccine,
multiple-choice questions were designed to investigate the
corresponding reasons, with answers including: (1) self-needs,
(2) recommended by health agencies, (3) recommended by
others (eg, relatives, friends, neighbors), (4) recommended by
those who have been vaccinated, (5) internet information, (6)
free vaccination, and (7) others.

For participants who had not received the COVID-19 vaccine,
multiple-choice questions were set up to investigate the reasons,
with answers including: (1) don’t know how to get reliable
information about COVID-19 vaccine, (2) have received
negative media reports about COVID-19 vaccines, (3) have had
a bad experience with the health clinic or provider, (4) have had
a bad experience or adverse reactions from previous
vaccinations, (5) have been told that others have had adverse
reactions from some vaccines, (6) fear of injections, (7) already
have antibodies and do not require vaccination, (8) long waiting
time for vaccination, and (9) others.
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Statistical Analysis

Confirmatory Factor Analysis of the COVID-19 Vaccine
Hesitancy Scale
To validate the COVID-19 vaccine hesitancy scale, we
performed a confirmatory factor analysis. Model fit was
evaluated by various goodness-of-fit indices, including the root
mean square error of approximation (RMSEA), comparative fit
index (CFI), and Tucker Lewis index (TLI) [35-37]. RMSEA
values close to 0.06 or below were regarded as a good fit, 0.07
to 0.08 as moderate fit, 0.08 to 0.10 as marginal fit, and >0.10
as poor fit [38]. For the CFI and TLI, values close to 0.95 or
above were regarded as good fit, values close to 0.90 and 0.95
as acceptable fit, and values approaching 0 as poor fit [39,40].
Convergent validity was assessed by average variance extracted
(AVE) and composite reliability (CR), and convergent validity
was considered high if the AVE was greater than 0.50, CR was
greater than 0.70, and CR was greater than AVE. Discriminant
validity was considered satisfactory if the correlation between
the factor scores was significant and the correlation coefficient
was less than the square root of the corresponding AVE [41,42].

Univariate and Multivariate Analysis
Categorical variables are summarized as frequencies and
proportions, whereas continuous variables are summarized as
mean (SD). Respondents who were vaccinated against
COVID-19 indicated that they were not hesitant about the
COVID-19 vaccine, whereas those who were not vaccinated
against COVID-19 indicated that they had COVID-19 vaccine
hesitancy. To identify any differences in the distributions of
variables between the vaccinated and unvaccinated groups, the

χ2 test and t test were used for categorical and continuous

variables, respectively. Using the unvaccinated population as
a reference, multiple logistic regression analysis was used to
assess the association between the investigated factors and
COVID-19 vaccine hesitancy. The associations between
dependent and independent variables were determined using
the odds ratio (OR) with 95% CI and a P value <.05 was deemed
to indicate statistical significance of the independent variables.
Data were analyzed using Stata version 16.0.

Results

Confirmatory Factor Analysis of the COVID-19
Vaccine Hesitancy Scale
Figure 1 depicts the results of the confirmatory factor analysis
for the model built in the sample, including the three dimensions
of the 3Cs model. Separate confirmatory factor analysis based
on the original structure of the “complacency” dimension (2
items), “confidence” dimension (2 items), and “convenience”
dimension (2 items) were performed. The RMSEA value (0.076)
indicated a moderate fit, the CFI value (0.994) indicated a good
fit, and the TLI value (0.986) indicated a good fit.

Table 1 shows the results of convergent validity and discriminant
validity of the model. For convergent validity, the AVE values
for all dimensions of the model were greater than 0.50 and the
CR values for all three dimensions of the model were greater
than 0.70. In addition, the CR values for all factors in the model
were greater than the AVE. For discriminant validity, the
correlation coefficients for any two dimensions were less than
the square root of the corresponding AVE, except for the
correlation coefficients for confidence and convenience, which
were higher than the square root of the corresponding AVE.

Figure 1. Results of the confirmatory factor analysis model. Standardized covariances between dimensions are shown in bold, standardized path
coefficients are italicized, and standardized variances are also shown.
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Table 1. Convergent and discriminant validity of the COVID-19 vaccine hesitancy model.

CRbAVEaPearson correlation coefficientDimensions

ConvenienceConfidenceComplacency

0.9220.855N/AN/Ad0.925cComplacency

0.9410.888N/A0.942–0.827*Confidence

0.7580.6170.7850.796*–0.759*Convenience

aAVE: average variance extracted.
bCR: composite reliability.
cValues on the diagonal are the square roots of each AVE value for comparison with other correlation coefficients; values in italics indicate a higher
square root of the AVE value in each subscale than the correlation coefficients with other subscales.
dN/A: not applicable.
*P<.001.

Sociodemographic Characteristics of Participants
Among the 1422 participants, 538 (37.8%) were not vaccinated
against COVID-19. There was a higher proportion of
participants aged 41 to 60 years (634/1422, 45.2%), followed
by the 61-80 years age group (611/1422, 43%). The great
majority of the participants lived in urban areas (1245/1422,
87.6%), and 1197 (84.2%) participants were married. The
majority (968/1422, 68.1%) had an education level of senior
high school or below. Nearly half of the participants had a
household income for 2020 lower than 60,000 Yuan
(approximately US $8607) per year. Most participants
self-reported that they were not current smokers (1233/1422,
86.7%) or drinkers (1038/1422, 73.0%), and 6.1% (87/1422)
of the patients were asymptomatic, 70.8% (1007/1422) had mild
symptoms of COVID-19, 10.3% (146/1422) had moderate
symptoms, and 12.8% (182/1422) had critically severe
symptoms. In the acute phase, 62.7% (891/1422) of patients
had fever, 49.9% (709/1422) had respiratory symptoms, 18.2%
(259/1422) had gastrointestinal symptoms, 6.4% (91/1422) had
cardiovascular symptoms, and 15.5% (221/1422) had other
symptoms. Overall, 24.1% (342/1422) were reinfected with

COVID-19 after the first discharge, nearly half of the
participants (654/1422, 46%) had family members who had
been infected with COVID-19, 30.2% (429/1422) had relatives
or friends who had been infected with COVID-19, and 17.2%
(245/1422) of the participants had received other vaccines within
the last 5 years (Table 2).

Table 2 also shows that the age gap between vaccinated and
unvaccinated participants was statistically significant;
participants aged ≤40 years had a higher hesitancy rate compared
to the other three age groups (P<.001). The hesitancy rate of
those living in urban areas (485/1245, 39.0%) was significantly
higher than that of participants living in a village (53/177,
29.9%). Significantly, participants who were married had a
lower hesitancy rate (428/1197, 35.8%) compared to that of
participants who were single (23/54, 42.6%) and those with
another marital status (87/171, 50.9%). Participants who
perceived having an unhealthy status had a higher hesitancy
rate than that of participants who self-reported being healthy
(P<.001). Patients who had fever in the acute phase had a higher
COVID-19 vaccine hesitancy rate (359/891, 40.3%) than those
who did not have fever (179/531, 33.7%).
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Table 2. Sociodemographic characteristics of participants.

P valueTotal (N=1422)Vaccinated (n=884)Unvaccinated (n=538)Variables

.45Gender, n (%)

602 (42.3)381 (63.3)221 (36.7)Male

820 (57.7)503 (61.3)317 (38.7)Female

<.001Age (years), n (%)

145 (10.2)75 (51.7)70 (48.3)≤40

643 (45.2)403 (62.7)240 (37.3)41-60

611 (43.0)404 (66.1)207 (33.9)61-80

23 (1.6)2 (12.5)21 (87.5)≥81

.02Residence place, n (%)

1245 (87.6)760 (61.0)485 (39.0)Urban

177 (12.4)124 (70.1)53 (29.9)Village

.001Marital status, n (%)

54 (3.8)31 (57.4)23 (42.6)Single

1197 (84.2)769 (64.2)428 (35.8)Married

171 (12.0)84 (49.1)87 (50.9)Others

.02Education level, n (%)

968 (68.1)621 (64.1)347 (35.9)Senior high school or below

454 (31.9)263 (57.9)191 (42.1)College and above

.20Income for 2020 (CNYa/year), n (%)

841 (59.1)531 (63.1)310 (36.9)<60,000 Yuan

370 (26.0)235 (63.5)135 (36.5)60,000-120,000 Yuan

187 (13.2)103 (55.1)84 (44.9)130,000-300,000 Yuan

24 (1.7)15 (62.5)9 (37.5)>300,000 Yuan

.06Have underlying diseases, n (%)

788 (55.4)473 (60.0)315 (40.0)Yes

634 (44.6)411 (64.8)223 (35.2)No

<.001Perceived current health status, n (%)

1322 (93.0)840 (63.5)482 (36.5)Healthy

100 (7.0)44 (44.0)56 (56.0)Unhealthy

.38Current smoker, n (%)

189 (13.3)112 (59.3)77 (40.7)Yes

1233 (86.7)772 (62.6)461 (37.4)No

.31Alcohol use, n (%)

384 (27.0)247 (64.3)137 (35.7)Yes

1038 (73.0)634 (61.4)401 (38.6)No

.17Clinical classification of COVID-19 patients, n (%)

87 (6.1)48 (55.2)39 (44.8)Asymptomatic

1007 (70.8)644 (63.9)363 (36.1)Mild

146 (10.3)86 (58.9)60 (41.1)Moderate

182 (12.8)106 (58.2)76 (41.8)Critically severe

Acute-phase symptoms, n (%)

.01Fever

JMIR Public Health Surveill 2023 | vol. 9 | e42958 | p.3284https://publichealth.jmir.org/2023/1/e42958
(page number not for citation purposes)

Huang et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


P valueTotal (N=1422)Vaccinated (n=884)Unvaccinated (n=538)Variables

891 (62.7)532 (59.7)359 (40.3)Yes

531 (37.3)352 (66.3)179 (33.7)No

.85Respiratory symptoms

709 (49.9)439 (61.9)270 (38.1)Yes

713 (50.1)445 (62.4)268 (37.6)No

.48Gastrointestinal symptoms

259 (18.2)156 (60.2)103 (39.8)Yes

1163 (81.8)728 (62.6)435 (37.4)No

.59Cardiovascular symptoms

91 (6.4)59 (64.8)32 (35.2)Yes

1331 (93.6)825 (62.0)506 (38.0)No

.59Other symptoms

221 (15.5)141 (63.8)80 (36.2)Yes

1201 (84.5)743 (61.9)458 (38.1)No

.23Reinfection of COVID-19 after the first discharge, n (%)

342 (24.0)203 (59.4)139 (40.6)Yes

853 (60.0)530 (62.1)323 (37.9)No

227 (16.0)151 (66.5)76 (33.5)Not hospitalized (not sure)

.48Have family members infected with COVID-19, n (%)

654 (46.0)413 (63.1)241 (36.9)Yes

768 (54.0)471 (61.3)297 (38.7)No

.22Have relatives or friends infected with COVID-19, n (%)

429 (30.2)277 (64.6)152 (35.4)Yes

993 (69.8)607 (61.1)386 (38.9)No

.07Have received other vaccinations within the last 5 years, n (%)

245 (17.2)165 (67.3)80 (32.7)Yes

1177 (82.8)719 (61.1)458 (38.9)No

aCNY: Chinese Yuan renminbi (1 CNY was equivalent to approximately US $6.98 in 2020).

Contributions of 3Cs Model Constructs and Trust to
Vaccine Hesitancy
Figure 2 shows the distribution of answers on the COVID-19
vaccine hesitancy scale based on the 3Cs model among all
participants. Table 3 shows the univariate analysis results of
3Cs model components and trust in vaccinated and unvaccinated

groups. The unvaccinated group scored significantly higher on
“complacency” related to COVID-19 vaccination than the
vaccinated group. In contrast, participants who had received
the COVID-19 vaccine scored higher on “confidence” and
“convenience” than those who were not vaccinated. Moreover,
the vaccinated group scored significantly higher than the
unvaccinated group on trust (all P<.001).
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Figure 2. Distribution of answers on the COVID-19 vaccine hesitancy scale according to the 3Cs model (complacency, convenience, confidence).

Table 3. Univariate analysis of the 3Cs (complacency, confidence, convenience) model constructs and trust in vaccinated and unvaccinated groups.

P valueScores, mean (SD)Variables

Total (N=1422)Vaccinated (n=884)Unvaccinated (n=538)

<.0013.38 (1.55)3.11 (1.40)3.82 (1.69)3Cs Complacency

<.0018.39 (1.61)8.66 (1.52)7.96 (1.65)3Cs Confidence

<.0018.14 (1.60)8.43 (1.52)7.66 (1.62)3Cs Convenience

<.00117.89 (2.91)18.42 (2.44)17.02 (3.39)Trust

Multivariate Predictors of COVID-19 Vaccine
Hesitancy
Table 4 shows that participants aged 41-60 years (OR 2.12,
95% CI 1.34-3.36) and 61-80 years (OR 2.59, 95 %CI 1.56-4.30)
were more likely to receive a COVID-19 vaccine than
participants aged ≤40 years; however, participants aged >80
years (OR 0.14, 95% CI 0.03-0.66) were less likely to receive
a COVID-19 vaccine than those aged <40 years. Participants
who reported “other” marital status (ie, divorced, widowed)
were more likely to be hesitant about receiving the COVID-19
vaccine than those who were single (OR 0.42, 95% CI
0.19-0.91). In addition, patients who perceived having an
unhealthy status had more hesitancy about the COVID-19
vaccine than those who were healthy (OR 0.45, 95% CI

0.28-0.71). Compared to the asymptomatic patients, patients
with mild symptoms were more likely to receive the COVID-19
vaccine (OR 1.67, 95% CI 1.02-2.82). Regarding the acute-phase
symptoms, patients who did not have fever were less likely to
receive the COVID-19 vaccine than those who had fever (OR
1.48, 95% CI 1.13-1.94). Not receiving any other vaccination
within the last 5 years was negatively associated with receiving
the COVID-19 vaccine (OR 0.69, 95% CI 0.50-0.95). Regarding
the 3Cs model constructs, complacency was a significant
negative factor for getting vaccinated for COVID-19 (OR 0.81,
95% CI 0.71-0.94), whereas convenience was a significant
positive factor for COVID-19 vaccination (OR 1.21, 95% CI
1.06-1.37). Participants who had more trust were more likely
to receive the COVID-19 vaccine (OR 1.14, 95% CI 1.09-1.19).
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Table 4. Multivariate logistic regression analysis on factors contributing to COVID-19 vaccine hesitancy.a

P value95% CIORb (SE)Variables

Gender

N/AN/AN/AcMale (reference)

.260.63-1.130.85 (0.12)Female

Age (years)

N/AN/AN/A≤40 (reference)

.0011.34-3.362.12 (0.50)41-60

<.0011.56-4.302.59 (0.67)61-80

.010.03-0.660.14 (0.11)≥81

Place of residence

N/AN/AN/AUrban (reference)

.070.98-2.161.45 (0.29)Village

Marital status

N/AN/AN/ASingle (reference)

.370.37-1.450.73 (0.26)Married

.030.19-0.910.42 (0.17)Others

Education level

N/AN/AN/ASenior high school or below (reference)

.360.63-1.180.85 (0.14)College and above

Income for 2020 (CNYd/year)

N/AN/AN/A<60,000 (reference)

>.990.75-1.341.00 (0.15)60,000-120,000

.200.52-1.150.77 (0.16)130,000-300,000

.790.35-2.220.88 (0.42)>300,000

.031.02-1.701.32 (0.17)No underlying disease

Perceived current health status

N/AN/AN/AHealthy (reference)

.0010.28-0.710.45 (0.11)Unhealthy

.280.84-1.801.23 (0.24)Nonsmoker

.200.61-1.110.82 (0.13)No alcohol use

Clinical classification of COVID-19

N/AN/AN/AAsymptomatic

.041.02-2.8211.70 (0.44)Mild

.190.81-2.851.52 (0.49)Moderate

.270.77-2.621.42 (0.44)Critically severe

Acute-phase symptoms (yes=reference)

.011.13-1.941.48 (0.21)No fever

.790.75-1.240.97 (0.12)No respiratory symptoms

.670.78-1.471.07 (0.17)No gastrointestinal symptoms

.150.41-1.150.69 (0.18)No cardiovascular symptoms

.150.41-1.150.89 (0.15)No other symptoms

.640.81-1.431.07 (0.16)No reinfection of COVID-19 after first discharge
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P value95% CIORb (SE)Variables

.0451.01-2.221.50 (0.30)Not hospitalized (not sure)

.530.72-1.180.92 (0.12)No family members infected with COVID-19

.200.63-1.100.83 (0.12)No relatives or friends infected with COVID-19

.020.50-0.950.69 (0.11)No other vaccinations within 5 years

.0050.71-0.940.81 (0.06)3Cs Complacency

.260.79-1.060.92 (0.07)3Cs Confidence

.0041.06-1.371.21 (0.08)3Cs Convenience

<.0011.09-1.191.14 (0.03)Trust

aModel fit indices: Pearson χ2=1417.44, P=.25; Hosmer-Lemeshow χ2=14.39, P=.07.
bOR: odds ratio.
cN/A: not applicable.
dCNY: Chinese Yuan renminbi (1 CNY was equivalent to approximately US $6.98 in 2020).

Reasons for Accepting and Not Accepting COVID-19
Vaccination
Among the reasons for getting vaccinated against COVID-19,
“self-needs” was chosen most frequently (n=625), followed by
“recommended by health agencies” (n=191) and “free
vaccination” (n=149). The reason for “recommended by those
who have been vaccinated” was selected 37 times, which was
only higher than the “others” response option (n=11). Among

the reasons for not getting vaccinated against COVID-19,
“antibodies are already in existence and do not require
vaccination” was chosen most frequently (n=88), followed by
“don’t know how to get reliable information about the
COVID-19 vaccine” (n=53) and “others” (n=30). The reason
“have had a bad experience with the health clinic or provider”
was selected 4 times, which was the least frequently selected
option (Table 5).

Table 5. Reasons for accepting and not accepting COVID-19 vaccination.

Participants, nReasons

Accepting COVID-19 vaccination

625Self-needs

191Recommended by health agencies

73Recommended by others (eg, relatives, friends, neighbors)

37Recommended by those who have been vaccinated

40Internet information

149Free vaccination

11Others

Not accepting COVID-19 vaccination

53Don’t know how to get reliable information about COVID-19 vaccine

26Have received negative media reports about COVID-19 vaccines

4Have a bad experience with the health clinic or provider

18Have a bad experience or adverse reactions from previous vaccinations

29Have been told that others have had adverse reactions from vaccines

25Fear of injections

88Antibodies are already in existence and do not require vaccination

19Long waiting time for vaccination

30Others
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Discussion

Principal Results
The WHO indicated that antibodies in COVID-19–recovered
patients do not guarantee protection against reinfection, making
it necessary to receive the COVID-19 vaccine after natural
infection [7]. However, diverse and effective preventive
measures such as wearing a mask provided an alternative to
prevent COVID-19 and might undermine the perceived need
for vaccination to the point of developing an attitude of
COVID-19 vaccine hesitancy [43,44]. This study revealed that
the rate of COVID-19 vaccine hesitancy among patients who
recovered from COVID-19 was 37.8%. According to previous
research, this vaccine hesitancy rate is higher than that
determined in a similar time period among Chinese patients
with chronic diseases, including HIV infection (27.5%), cancer
(24.1%), and inflammatory bowel disease (27.4%) [45-47].
Even though COVID-19–recovered patients and patients with
chronic diseases are both vulnerable to COVID-19 reinfection
based on their poor health conditions, COVID-19–recovered
patients have a lower perceived risk of COVID-19 reinfection
due to their belief that they already have antibodies gained from
previous infection compared to patients with chronic diseases.
Several studies also suggested lower vaccination intention
among COVID-19–recovered individuals compared to
uninfected individuals [48,49]. Research has shown that acquired
immunity from COVID-19 infection would diminish over 6-8
months and protection against the new variant (Omicron variant)
might be inadequate [50]; thus, COVID-19–recovered patients
are still at risk of reinfection. The high perceived risk of
contracting diseases is an essential determinant in overcoming
vaccine hesitancy; that is, individuals who perceived a high risk
of COVID-19 infection were assumed to adopt more preventive
health behaviors to avoid or minimize health risks [51]. As the
threat of reinfection increases due to continuously emerging
new mutant strains, raising COVID-19–recovered patients’
awareness of the reinfection risk is essential to reduce their
vaccine hesitancy.

In this study, COVID-19 patients with mild symptoms were
more likely to receive the COVID-19 vaccine than asymptomatic
patients. Similarly, previous studies have shown that people
who have experienced severe COVID-19 disease have a lower
rate of hesitancy compared to those with less severe disease
[17]. Patients who have experienced the negative health effects
of COVID-19 infection were willing to be vaccinated because
they did not want to experience these symptoms again and would
have a greater fear of reinfection. Previous studies also
suggested that the severity perception of COVID-19 infection
would directly affect the intention to vaccinate against
COVID-19; patients who perceived COVID-19 infection to be
severe were the most likely to be vaccinated [52,53]. In addition,
patients with symptoms may develop sequelae symptoms and
thus believe that they are vulnerable and that their perceived
risk of COVID-19 infection will be higher, leading to the belief
that they need to be vaccinated. Results of a cohort study showed
that 61.4% of patients infected with the original SARS-CoV-2
strain had at least one sequelae symptom [54]. The significance
of vaccination was not limited to preventing COVID-19

infection, as vaccination in COVID-19–recovered patients was
found to also be effective at preventing sequelae symptoms
[55]. Several studies have shown that the vaccinated group had
a lower risk of developing sequelae symptoms compared to the
unvaccinated group [56-58]. Emphasizing the benefits of
vaccination among hesitant patients, such as prevention of
reinfection and prevention of sequelae, will raise their awareness
of the need for vaccination and thus motivate unvaccinated
COVID-19–recovered patients to get vaccinated.

Complacency occurs when individuals have a lower perception
of the need for a vaccination or a perceived low risk from
diseases, which is influenced by general health beliefs [59,60].
Similar to other studies, complacency had a significant effect
on increasing COVID-19 vaccine hesitancy in this study [61,62].
The immunity from previous infections might be one of the
reasons for the complacency among the patients who recovered
from COVID-19 infection. Meanwhile, misconceptions about
the efficacy or safety of vaccination, misinformation in popular
social media, and the perception that vaccines may not offer
better protection than previous infections also could lead to
complacency and result in underacceptance of the COVID-19
vaccine [63-65]. Additionally, the belief that vaccination of
those around them is sufficient to prevent transmission and
protect themselves from COVID-19 reinfection could result in
a lower perception of COVID-19 reinfection risk among
COVID-19–recovered patients. According to our study, among
the reasons why COVID-19 survivors were willing to be
vaccinated, most participants chose “self-needs,” which could
eventually lead to high vaccine uptake [66]. By reducing their
beliefs about complacency, this group of COVID-19 survivors
might realize that vaccination is necessary for them. Specifically,
health systems and relevant authorities should provide valuable
information highlighting the evidence that immunity gained
from natural infection would diminish over time and the risks
of failure to vaccinate to enhance their “self-needs.” This would
increase vaccination rates among COVID-19 survivors and
ensure that they have sufficient protection against reinfection.

Convenience was a significant factor affecting vaccine
hesitancy. Previous vaccination programs have shown that
obstacles to vaccination include limited access to information,
difficulties obtaining vaccines, unaffordable vaccine prices, and
the long time (or distance) required to receive a vaccine [67-69].
Our results showed that “long waiting time for vaccination”
and “have had a bad experience with the health clinic or
provider” were among the convenience-related reasons
participants stated for not receiving the COVID-19 vaccine.
“Free vaccination” was among the reasons why participants
received a COVID-19 vaccine, which is related to high
convenience. Hence, to enhance COVID-19–recovered patients’
convenience in getting vaccinated for COVID-19, relevant
health facilities should optimize the vaccination process to
shorten waiting or queueing times, further improve the
vaccination environment, and train vaccination-related workers
to make them knowledgeable about the vaccine and to be more
patient when answering questions [65]. In addition, targeting
COVID-19–recovered patients with mobility issues and offering
door-to-door vaccinations to address accessibility barriers would
be very effective measures to increase vaccination rates.
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Trust is a strong driver in reducing vaccine hesitancy. People
with a higher level of trust in health authorities would have a
more positive perception of the COVID-19 vaccine [70,71].
This study utilized two questions to evaluate participants’ trust,
and the results also showed that trust was a motivating factor
for patients who recovered from COVID-19 to get immunized.
However, a crisis of trust in the COVID-19 vaccine, vaccine
manufacturers, and health facilities unavoidably arose as a result
of vaccine safety–related events and the dissemination of false
information since the COVID-19 outbreak. Trust would build
when people feel that health authorities possess knowledge and
expertise; that the authorities take into account all relevant
opinions; and that the authorities are transparent, honest, and
open [72]. To assist in fostering trust and boosting confidence
in the COVID-19 vaccine, identifying the concerns of patients
who recovered from COVID-19, providing accurate information,
and establishing communication channels with the health
authorities are necessary. Ensuring appropriate, effective, and
more specific education targeted at patients who recovered from
COVID-19, while expressing the overall benefits and risks of
the vaccine would also be beneficial to build trust to promote
vaccination.

Since the availability of COVID-19 vaccines, we have
dependable, high-quality evidence attesting to their safety,
effectiveness, and value of protecting people from COVID-19
infection. However, our research has shown that patients are
likely to be hesitant to receive vaccines because of complacency,
convenience, trust, and other issues. In December 2022, a
large-scale outbreak of COVID-19 infection occurred in China
that lasted for 2-3 months, resulting in a high proportion of the
population being in the category of COVID-19–recovered
patients. These individuals will inevitably have to decide
whether to get another dose (booster shot) if the COVID-19
epidemic persists and new variants continue to emerge. The
study team conducted an online survey between January 5, 2023,
and February 9, 2023, among people in seven geographic
subdivisions of China regarding their willingness to receive a
booster shot. A total of 7070 valid questionnaires were collected
among these COVID-19–recovered patients and the COVID-19
vaccine hesitancy rate was 43.54% (data not shown). This high
rate indicates that vaccine hesitancy still exists among

COVID-19–recovered patients in China since the latest surge
of the COVID-19 pandemic. The findings of this study may
contribute to providing a research base and support for
interventions to reduce future hesitancy related to COVID-19
booster shots among COVID-19–recovered patients, since future
booster shots and the COVID-19 vaccination services and
procedures that are currently in progress may converge.

Limitations
This study has several limitations. First, the study was conducted
in Wuhan, China, and a convenience sampling approach was
employed for the survey, which may result in potentially biased
estimates and selection bias. Therefore, the generalizability of
our results will still be limited in certain aspects. Second, this
was a cross-sectional study using a self-report questionnaire,
leading to the presence of information bias. Third, since these
data were collected between June and July 2021, the
investigation was carried out in a very dynamic and
ever-changing context, and it is possible that current perceptions
of vaccines have changed both in terms of the perceived disease
threat to study participants and the development of the
COVID-19 vaccine itself.

Conclusions
COVID-19–recovered patients may have a low perception of
the risk of reinfection because they already have immunity
acquired through natural infection, and this may lead to
complacency, ultimately leading to COVID-19 vaccine
hesitancy. Advocacy strategies based on scientific evidence to
raise public awareness of the risk of reinfection and the
superiority of immunity gained from vaccination over that
gained from infection can be effective in reducing complacency
and thus overcoming vaccine hesitancy. Improving
convenience-related factors such as time, transportation, and
environment to get vaccinated is also necessary to address
accessibility barriers and facilitate vaccination uptake.
Furthermore, education efforts targeted at individuals who
recovered from COVID-19 based on solid and adequate
knowledge are needed to address their concerns about
vaccination, which could foster greater trust and promote their
vaccination acceptance.
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Abstract

Background: Distributing COVID-19 vaccines to the public was an important task for the governments of each country. Because
of various limitations, priority settings for vaccination were determined at the time of mass vaccination. However, trends between
vaccine intention and uptake, as well as reasons for getting vaccinated or not getting vaccinated, among these groups were
understudied, undermining verification of the legitimacy of priority selection.

Objective: This study aims to illustrate a trend from prior COVID-19 vaccine intention, when the vaccine was not available,
to the actual uptake within 1 year when all residents had access to the vaccine, to illustrate a change of reason for getting vaccinated
or not getting vaccinated and to examine whether priority settings predicted subsequent vaccination uptake.

Methods: Prospective cohort, web-based, self-administered surveys were conducted in Japan at 3 time points: February 2021,
September to October 2021, and February 2022. In total, 13,555 participants (age: mean 53.1, SD 15.9 years) provided valid
responses, with a 52.1% follow-up rate. On the basis of the information obtained in February 2021, we identified 3 types of
priority groups: health care workers (n=831), people aged ≥65 years (n=4048), and those aged 18 to 64 years with underlying
medical conditions (n=1659). The remaining patients were treated as nonpriority (n=7017). Modified Poisson regression analysis
with a robust error estimated the risk ratio for COVID-19 vaccine uptake after adjusting for socioeconomic background,
health-seeking behavior, attitude toward vaccines, and COVID-19 infection history.

Results: In February 2021, a total of 5182 out of 13,555 (38.23%) respondents expressed their intention to get vaccinated. In
February 2022, a total of 1570 out of 13,555 (11.6%) respondents completed the third dose and 10,589 (78.1%) respondents
completed the second dose. Prior vaccine intention and subsequent vaccine coverage rates were higher in the priority groups.
Protection of themselves and their families from potential infection was the most frequent reason for getting vaccinated, whereas
concern about side effects was the most frequent reason for hesitation across the groups. Risk ratios for received, reserved, or
intended for vaccination in February 2022 were 1.05 (95% CI 1.03-1.07) for the health care worker group, 1.02 (95% CI 1.005-1.03)
for the older adult group, and 1.01 (95% CI 0.999-1.03) for the preexisting conditions group compared with the nonpriority group.
Prior vaccine intention and confidence in vaccines were strong predictors of vaccine uptake.

Conclusions: The priority settings at the start of the COVID-19 vaccination program had a significant impact on vaccine
coverage after 1 year. The priority group for vaccination achieved higher vaccination coverage in February 2022. There was room
for improvement among the nonpriority group. The findings of this study are essential for policy makers in Japan and other
countries to develop effective vaccination strategies for future pandemics.

(JMIR Public Health Surveill 2023;9:e42143)   doi:10.2196/42143
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Introduction

Background
Since 2020, the wave of COVID-19 infection caused by
SARS-COV-2 has affected populations intermittently around
the world. To address this global challenge, COVID-19 vaccines
were quickly developed, tested, licensed, and delivered
worldwide in a relatively short time frame [1]. Vaccines are the
most effective way to reduce the risk of COVID-19 infection,
to bring herd immunity, and eventually to end the pandemic
[2-4]. Being vaccinated contributes not only to preventing
infection but also to reducing the severity, hospitalization, and
mortality rates of COVID-19 [5-8]. In addition to the direct
benefits to vaccine recipients, there are indirect benefits to those
who are protected from the spread of COVID-19 infection. At
the initial stage of vaccination, due to limitations in supply,
logistics, and workforce, it was impossible to provide an equal
opportunity for vaccination to all citizens at the same time.
Prioritizing health care workers (HCWs) and people with
medical vulnerabilities associated with poorer COVID-19
outcomes, such as older adults or those with chronic diseases,
was common practice across countries [9-13]. Certainly, it was
necessary to prioritize these populations when new vaccines
were introduced to maintain the health care system and social
function. However, at the same time, this practice might create
artificial health disparities between priority and nonpriority
groups. Attention should be paid to the manner in which the
setting of priorities has affected the subsequent vaccine uptake
situation.

The following paragraph describes an overview of the
COVID-19 vaccine situation in Japan. Regarding
countermeasures against COVID-19, there were no strict
restrictions that involved penalties, such as those imposed during
the lockdown in the United Kingdom. Instead, the government
declared a state of emergency and called for citizens to refrain
from actions that could spread the infection. It should also be
noted that Japan has a universal health care system. COVID-19
vaccination was free of charge and was not mandatory. On
February 14, the Pfizer vaccine was approved in Japan. The
first dose of vaccination began on February 17, 2021, targeting
HCWs in the National Hospital Organization, particularly those
on the frontlines of COVID-19 patient care. Nationwide
vaccination for HCWs began in March 2021. Mass vaccination
for the following groups started in April: those aged ≥65 years
at the end of March, those aged 18 to 64 years with preexisting
conditions, and those who were working in nursing homes [14].
The government approved the Takeda or Moderna vaccine in
May and the AstraZeneca vaccine in August. Although Japan
started mass vaccination several months later than Western
countries, vaccination coverage grew steadily once it began
[15,16]. The third dose of vaccination for HCWs started in
December 2021. As of April 2022, Japan has depended on
imported vaccines supplied by Pfizer, Takeda or Moderna, and
AstraZeneca that require 2-dose shots. By April 2022, more
than half of the total population had received a booster dose,

although vaccination rates among those in their 20s and 30s
were reported to be low [17]. Those aged ≥60 years and those
with underlying conditions were given the opportunity for a
fourth vaccination dose, starting in May 2022, before HCWs.

Researchers have investigated the sociodemographic,
psychological, behavioral, and social factors associated with
vaccine intention or uptake status. In Japan, the following factors
were related to vaccine intention or uptake: age [18-25], sex
[18,20-25], employment status [18,22], marital status [18,19],
income [18-20,22,23], educational attainment [18,19,22],
underlying medical conditions [18-21,25], influenza vaccine
history [19,24-26], medical checkup history [26], and
COVID-19–related fear or anxiety [18-20,25,26]. Regarding
attitudes toward the COVID-19 vaccine, concerns about the
side effects of vaccines [25,26], confidence in vaccine
effectiveness and public authorities [18,20,25], and
pseudoscience [26] were linked to vaccine intention. Concern
about adverse reactions is one of the most common reasons for
vaccine hesitancy [21,22,25]. Although most of the existing
literature relies on cross-sectional data, longitudinal studies on
vaccine intention and subsequent uptake status are emerging
worldwide [27-32]. These longitudinal studies demonstrate that
the shift from initial intention to COVID-19 vaccination to
actual uptake was influenced by the information about vaccine
safety and efficacy that became available to the public. However,
to date, no longitudinal studies have simultaneously observed
the shift between those who are eligible for priority vaccination
and those who are not. This is mainly because of the difficulty
in recruiting a sufficient number of respondents in cohort
studies.

Objectives
Two series of web-based, prospective cohort studies are
ongoing: the Japan Society and New Tobacco Internet Survey
(JASTIS) and the Japan COVID-19 and Society Internet Survey
(JACSIS). We derived 1-year longitudinal data from 3 time
points of these surveys to address the following objectives: (1)
to illustrate a trend from prior COVID-19 vaccine intention,
when the vaccine was not available, to the actual uptake within
1 year when all residents had access to the vaccine; (2) to
illustrate a change of reason for being vaccinated or not being
vaccinated; and (3) to examine whether priority settings
predicted vaccination uptake. The results are presented focusing
on 3 types of vaccination priority and nonpriority groups at the
rollout of mass vaccination. This approach allowed us to identify
important trends over time and to examine whether the setting
of priority groups was reasonable. Our study will also provide
profound information for governments, health care policy
makers, and health care providers to determine the target
population for public health messages intended to promote
vaccine uptake and how to tailor these messages for their
specific audience.
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Methods

Study Setting and Design
The data were derived from JASTIS from 2015 onward and
JACSIS from 2020 onward. The study profiles have been
described elsewhere [18,33]. Briefly, they comprised a series
of web-based, self-administered cohort surveys that shared the
same survey panel. The survey panel was drawn from
approximately 2.2 million panelists at a Japanese internet
research company (Rakuten Insight, Inc), which comprises
individuals from diverse socioeconomic backgrounds (eg,
marital status, educational level, and household income) to be
a nationally representative sample of Japan. In JASTIS and
JACSIS, sampling was stratified by sex, age, and prefecture of
residence to be as nationally representative as possible. We used
3 time points to analyze the longitudinal data from the surveys
conducted from February 8 to 25, 2021 (T1); September 27 to
October 29, 2021 (T2); and February 1 to 28, 2022 (T3). All
the respondents received a nominal incentive for survey
completion at each time point.

Study Participants
At T1, an email containing a link to the survey website was
distributed to 32,827 candidates who participated in the same
survey series conducted between 2015 and 2020. In total,
73.29% (24,059/32,827) of the participants answered the
questionnaire. The survey continued to gather new panelists
from the same internet research company until the number of
respondents reached the targeted sample size (n=26,000). The
respondents who answered that they were HCWs were classified
as HCW group. The remaining respondents were classified into
3 groups: those who were aged ≥65 years, those who were aged
18 to 64 years with at least one preexisting condition, and those
who were aged 18 to 64 years with no preexisting conditions.
Preexisting conditions were defined as the following 14
conditions: hospital attendance for hypertension, diabetes
mellitus, asthma, pneumonia or bronchitis, angina pectoris,
myocardial infarction, stroke (including cerebral infarction and
cerebral hemorrhage), chronic obstructive pulmonary disease,
chronic kidney disease, chronic liver disease (excluding fatty
liver and hepatitis), immune disorders and other diseases that
cause immune deficiency (including steroid use), or cancer
(including malignant tumor); sleep apnea identified by a medical

checkup or physician; and a BMI ≥30 kg/m2. The exclusion
criteria are summarized in Multimedia Appendix 1.

Ethics Approval, Informed Consent, and Participation
Ethics approval for this study was obtained from the ethics
committee of the Osaka International Cancer Institute
(#20084-6) and the ethics committee of the University of
Tsukuba, Institute of Medicine (#1737). All procedures were
performed in accordance with the ethical standards of the
institutional or national research committees and the 1964
Declaration of Helsinki and its later amendments, or comparable
ethical standards. All participants provided web-based informed
consent at registration. The study data were deidentified. For
the research incentives, the participants earned points that could
be used for shopping but the amount was not disclosed.

Measures

Assessment of COVID-19 Vaccine Intention, Uptake,
and Reasons for a Decision
In each survey, COVID-19 vaccine intention and uptake were
assessed using a single-item question. The details are described
in Multimedia Appendix 2. According to the response at T3,
the participants were dichotomized into either a hesitant group
or a received, reserved, or intended group. The hesitant group
included participants who expressed that they did not want to
get vaccinated or they would like to get vaccinated after waiting
to see how it goes. The received, reserved, or intended group
included participants who answered that they wanted to get
vaccinated; had reserved a vaccination; or had received the first,
second, and third (booster) dose of vaccine.

Each survey asked the received, reserved, or intended group for
their reasons for getting vaccinated against COVID-19. The
following sentence was only asked at T1: “It was recommended
by SNS or the media.” The following sentences were only asked
at T2 and T3: “It was recommended by the media,” “It was
recommended by SNS,” and “It was recommended by a health
care worker.” Each survey also asked the hesitant group about
reasons for not getting vaccinated. The following sentences
were only asked at T2 and T3: “Long-term side effects are
unknown,” “I’m worried about short term side effects,” “I’m
worried about death by the vaccines,” and “I don’t trust the
vaccines’ approval process.” Multiple answers were allowed;
therefore, the sum of the proportions for each reason did not
necessarily add up to 100%.

Sociodemographic and Behavioral Factors and
Vaccine-Related Scales
The following variables were derived from the T1 survey: age
group, preexisting conditions, employment status, sex, marital
status, educational background, occupation, annual household
income, and influenza vaccination in the 2019/2020 season.
The following variables were derived from the T2 survey:
regular medical checkups before the COVID-19 pandemic, the
vaccine hesitancy scale, the vaccine conspiracy beliefs scale,
and the fear of COVID-19 scale. COVID-19 infection history
and vaccine supplier details were derived from the T3 survey.

The vaccine hesitancy scale modified version [34,35] was used,
which comprises 9 items, such as “Vaccines are important for
my health,” scored on a 5-point Likert scale ranging from 1
(strongly disagree) to 5 (strongly agree). One item, “I do not
need vaccines for diseases that are not that common anymore,”
was omitted because COVID-19 was not convergent. The
average scores for 2 subscales were calculated: 2 items for
aversion to the risk of vaccination and 7 items for lack of
confidence in the vaccine [36]. A higher average score, each
ranging from 1 to 5, indicates a higher level of lack of
confidence or risks. The Cronbach α was .62 for aversion to
risk and .93 for lack of confidence.

The vaccine conspiracy beliefs scale was used, which comprises
7 items, such as “Vaccine safety data is often fabricated,” scored
on a 7-point Likert scale from 1 (strongly disagree) to 7 (strongly
agree) [35]. A higher average score, ranging from 1 to 7,
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indicates a higher level of conspiracy beliefs against the vaccine.
The Cronbach α was .95.

The fear of COVID-19 scale was used, which comprises 7 items,
such as “I am very afraid of coronavirus-19,” scored on a 5-point
Likert scale from 1 (strongly disagree) to 5 (strongly agree)
[37,38]. A higher average score, ranging from 1 to 5, indicates
a higher level of fear of COVID-19. The Cronbach α was .84.

The score for the aversion to the risk of vaccination was
classified into 2 groups by the median: “low” defined as a score
lower than the median and “high” defined as a score equal to
or higher than the median. Scores for the lack of confidence in
the vaccine, conspiracy beliefs about the vaccine, and fear of
COVID-19 were categorized into 3 groups by the tertile scores:
“low” defined as a score below the lower tertile, “middle”
defined as a score between the lower and higher tertiles, and
“high” defined as a score higher than the higher tertile.

The participants were asked if they had been diagnosed with
COVID-19 infection. Those who answered “Yes, within the
last year” or “Yes, over a year ago” were defined as having a
COVID-19 infection history. Participants were also asked if
they had been hospitalized due to COVID-19.

Those who had received the vaccination at least once were asked
which company supplied the vaccines they received. The
possible answers were Pfizer, Takeda or Moderna, AstraZeneca,
Johnson & Johnson, others, and “I don’t know.”

Statistical Analysis
To identify factors associated with COVID-19 vaccine uptake
at T3, we calculated the risk ratios (RRs) and 95% CIs using a
modified Poisson regression analysis with a robust error variance
[39]. The objective variable was vaccine uptake; those who had
received vaccination, reserved vaccination, or intended to
receive vaccination were coded as 1, and the hesitant individuals
were coded as 0. In model 1, unadjusted RRs were calculated
for the priority setting. In model 2, the following variables
assessed at T1 were used for adjustment: prior COVID-19
vaccination intention, age group, employment status, number
of preexisting conditions, sex, marital status, educational
background, annual household income, and influenza
vaccination in the 2019/2020 season. Model 3 was additionally
adjusted for the following variables assessed at T2: regular
medical checkups before the pandemic, aversion to the risk of
vaccination, lack of confidence in the vaccine, conspiracy beliefs
about the vaccine, and fear of COVID-19. Model 4 was
additionally adjusted for COVID-19 infection history at T3. A
sensitivity analysis was conducted, including age group,
employment status, and number of preexisting conditions instead
of vaccination priority settings.

Before conducting the modified Poisson regression analysis,
the multiple regression analysis confirmed that there was no

multicollinearity among the explanatory variables. The 2-sided
significance level was set at 5%, and SPSS Statistics (version
28; IBM Corp) was used for all the analyses.

Results

Eligible Participants for Analysis
The flowchart of selecting eligible participants for analysis is
illustrated in Multimedia Appendix 3. After excluding
participants who matched the exclusion criteria or were lost to
follow-up at each time point, a total of 13,555 individuals (age:
mean 53.1, SD 15.9 years; 6519/13,555, 48.09% female)
remained for analysis. They were older and had more male
individuals than the excluded 12,445 individuals (age: mean
46, SD 16.9 years; 6231/12,445, 50.1% female). The overall
valid follow-up rate was 52.1%. A total of 6538 individuals
were eligible for each of the 3 types of vaccination priority:
1659 (25.37%) aged <65 years with underlying medical
conditions (age: mean 51.5, SD 10.2 years; 540/1659, 32.55%
female), 4048 (61.91%) aged ≥65 years (age: mean 71.3, SD
4.1 years; 1965/4048, 48.54% female), and 831 (12.71%) HCWs
(age: mean 44.7, SD 12.6 years; 379/831, 45.6% female). A
total of 7017 individuals did not meet any of the requirements
for vaccination priority (age: mean 44, SD 12.4 years;
3635/7017, 51.80% female).

Table 1 shows the characteristics of the participants according
to the priority settings at T1. At T3, the proportion of the hesitant
group was highest in the nonpriority group (13.3%) and lowest
in the priority group (4.5%) of older adults. Table S1 in
Multimedia Appendix 4 summarizes the breakdown of
underlying medical conditions among the priority group of those
with preexisting conditions. Hypertension (n=779) and sleep
apnea (n=409) were the most common preexisting conditions.
The proportion of the received, reserved, or intended group
ranged from 86.5% among patients with angina pectoris to
98.7% among patients with immune deficiency. Table S2 in
Multimedia Appendix 4 shows the breakdown of jobs among
the priority group of HCWs. There were 110 nurses, 63
pharmacists, and 55 physicians. Midwives (n=7) exhibited
relatively lower vaccine coverage of 71.4%. Tables S1 to S5 in
Multimedia Appendix 5 summarize the COVID-19 vaccine
coverage rate stratified by COVID-19 infection history or
hospitalization over 1 year. Higher RRs indicated that those
who had been infected with COVID-19 in the past were more
likely to receive vaccines than those who had not been infected.
Across all 4 groups, the RRs ranged from 0.90 to 1.10.

Table 2 demonstrates the kind of COVID-19 vaccines that were
inoculated to the respondents by T3. Most people had been
vaccinated with Pfizer vaccines.
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Table 1. Characteristics of the respondents stratified by the COVID-19 vaccination priority settings at T1 (February 2021; the percentages in parentheses
in each category vertically add up to 100).

HCW (n=831),
n (%)

Aged ≥65 years,
non-HCW
(n=4048), n (%)

Aged 18-64 years with preex-

isting conditions, non-HCWa

(n=1659), n (%)

Nonpriority
(n=7017), n (%)

Total
(N=13,555), n
(%)

Characteristics

Prior COVID-19 vaccination intentionb

403 (48.5)2130 (52.62)683 (41.17)1966 (28.02)5182 (38.23)Intended

330 (39.71)1644 (40.61)829 (49.97)4133 (58.9)6936 (51.17)Wait and see

98 (11.79)274 (6.77)147 (8.86)918 (13.08)1437 (10.6)Refused

Age group (years)b

203 (24.42)0 (0)119 (7.17)1713 (24.41)2035 (15.01)18-34

217 (26.11)0 (0)234 (14.1)1601 (22.82)2052 (15.14)35-44

216 (25.99)0 (0)529 (31.89)2029 (28.91)2774 (20.24)45-54

149 (17.93)0 (0)777 (46.83)1674 (23.86)2600 (19.18)55-64

46 (5.53)4048 (100)0 (0)0 (0)4094 (30.2)65-80

Employment statusb

0 (0)991 (24.48)1221 (73.6)4997 (71.21)7209 (53.18)Employed, non-HCW

831 (100)0 (0)0 (0)0 (0)831 (6.13)Employed, HCW

0 (0)1359 (33.57)187 (11.27)488 (6.95)2034 (15)Unemployed

0 (0)1698 (41.95)251 (15.13)1532 (21.83)3481 (25.68)Not working (student, homemaker, or
retiree)

Number of preexisting conditionsb

666 (80.14)2177 (53.78)0 (0)7017 (100)9860 (72.74)0

165 (19.86)1871 (46.22)1659 (100)0 (0)3695 (27.26)>1

Sexb

452 (54.39)2083 (51.46)1119 (67.45)3382 (48.2)7036 (51.91)Male

379 (45.61)1965 (48.54)540 (32.55)3635 (51.8)6519 (48.09)Female

Marital statusb

320 (38.51)886 (21.89)606 (36.53)3133 (44.65)4945 (36.48)Single, divorced, or widowed

511 (61.49)3162 (78.11)1053 (63.47)3884 (55.35)8610 (63.52)Married

Educational backgroundb

368 (44.28)2290 (56.57)829 (49.97)3324 (47.37)6811 (50.25)Others

463 (55.72)1758 (43.43)830 (50.03)3693 (52.63)6744 (49.75)4-year college, university, or graduate

Household income (million; yen)b

230 (27.68)2347 (57.98)576 (34.72)2377 (33.87)5530 (40.8)<5

329 (39.59)779 (19.24)571 (34.42)2369 (33.76)4048 (29.86)5-10

139 (16.73)186 (4.59)226 (13.62)832 (11.86)1383 (10.2)≥10

133 (16)736 (18.18)286 (17.24)1439 (20.51)2594 (19.14)I do not know or prefer not to answer.

Influenza vaccination in the 2019/2020 seasonb

336 (40.43)2130 (52.62)1018 (61.36)4762 (67.86)8246 (60.83)No

495 (59.57)1918 (47.38)641 (38.64)2255 (32.14)5309 (39.17)Yes

Regular medical checkups before the pandemicc

257 (30.93)1157 (28.58)487 (29.36)2711 (38.63)4612 (34.02)No
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HCW (n=831),
n (%)

Aged ≥65 years,
non-HCW
(n=4048), n (%)

Aged 18-64 years with preex-

isting conditions, non-HCWa

(n=1659), n (%)

Nonpriority
(n=7017), n (%)

Total
(N=13,555), n
(%)

Characteristics

574 (69.07)2891 (71.42)1172 (70.64)4306 (61.36)8943 (65.97)Yes

Aversion to the risk of vaccinationc

432 (51.99)2370 (58.55)801 (48.28)2984 (42.52)6587 (48.59)Low, 1.00-3.00

399 (48.01)1678 (41.45)858 (51.72)4033 (57.47)6968 (51.4)High, 3.01-5.00

Lack of confidence in the vaccinec

247 (29.72)1666 (41.16)507 (30.56)1660 (23.66)4080 (30.1)Low, 1.00-1.99

288 (34.66)1735 (42.86)644 (38.82)2791 (39.77)5458 (40.26)Middle, 2.00-2.43

296 (35.62)647 (15.98)508 (30.62)2566 (36.57)4017 (29.63)High, 2.44-5.00

Conspiracy beliefs about the vaccinec

266 (32.01)1673 (41.33)504 (30.38)1810 (25.79)4253 (31.37)Low, 1.00-3.27

382 (45.97)1667 (41.18)784 (47.26)3566 (50.82)6399 (47.21)Middle, 3.28-4.00

183 (22.02)708 (17.49)371 (22.36)1641 (23.39)2903 (21.42)High, 4.01-5.00

Fear of COVID-19c

250 (30.08)973 (24.04)398 (23.99)2135 (30.43)3756 (27.71)Low, 1.00-2.27

382 (45.97)2082 (51.43)824 (49.67)3350 (47.74)6638 (48.97)Middle, 2.28-3.00

199 (23.95)993 (24.53)437 (26.34)1532 (21.83)3161 (23.32)High, 3.01-7.00

COVID-19 infection historyd

791 (95.19)4018 (99.26)1607 (96.87)6848 (97.59)13,264 (97.85)None

40 (4.81)30 (0.74)52 (3.13)169 (2.41)291 (2.15)Yes

Vaccine uptake statusd

320 (38.51)954 (23.57)71 (4.28)225 (3.21)1570 (11.58)Third dose vaccinated

449 (54.03)2906 (71.79)1430 (86.2)5804 (82.71)10,589 (78.12)Second dose vaccinated

4 (0.48)5 (0.12)7 (0.42)41 (0.58)57 (0.42)First dose vaccinated

2 (0.24)0 (0)4 (0.24)15 (0.21)21 (0.15)Reserved or intended

17 (2.05)50 (1.23)42 (2.53)334 (4.76)443 (3.27)Wait and saw

39 (4.69)133 (3.28)105 (6.33)598 (8.52)875 (6.45)Refused

Dichotomized vaccine uptake statusd

775 (93.26)3865 (95.48)1512 (91.14)6085 (86.72)12,237 (90.28)Received, reserved, or intended

56 (6.74)183 (4.52)147 (8.86)932 (13.28)1318 (9.72)Hesitant

aHCW: health care worker.
bThe variables were derived from T1 (February 2021).
cThe variables were derived from T2 (September to October 2021).
dThe variables were derived from T3 (February 2022).
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Table 2. Summary of the COVID-19 vaccine suppliers that the respondents received by T3 (February 2022)a.

HCW (n=773),
n (%)

≥65 years, non-HCW
(n=3865), n (%)

18-64 years with preexisting condi-

tions, non-HCWb (n=1508), n (%)

Nonpriority
(n=6070), n (%)

Total (n=12,216),
n (%)

COVID-19 vaccine supplier

649 (83.96)3482 (90.09)1144 (75.86)4146 (68.3)9421 (77.12)Pfizer

122 (15.78)545 (14.1)359 (23.81)1834 (30.21)2860 (23.41)Takeda or Moderna

8 (1.03)8 (0.21)7 (0.46)24 (0.39)47 (0.38)AstraZeneca

3 (0.38)5 (0.13)4 (0.26)16 (0.26)28 (0.23)Others

14 (1.81)53 (1.37)25 (1.66)126 (2.07)218 (1.78)I don’t know

aOnly those who had received at least 1 dose of the COVID-19 vaccine were asked to respond. Multiple answers were allowed.
bHCW: health care worker.

Shift From Prior COVID-19 Vaccine Intention to
Actual Vaccine Uptake 1 Year Later
As illustrated in Figure 1, at T1, a total of 6936 out of 13,555
(51.17%) respondents answered, “I would like to get vaccinated
after waiting to see how it goes.” At T2, a total of 10,339 out
of 13,555 (76.27%) respondents had received 2 vaccination
shots. At T3, a total of 10,589 out of 13,555 (78.12%)
respondents completed 2 shots and 1570 (11.58%) respondents

completed a third (booster) shot of vaccination. Figures S1 to
S4 in Multimedia Appendix 6 showed the results stratified by
the nonpriority group and the 3 priority groups. Prior intention
to get vaccinated was lowest among the nonpriority group and
highest in the older adult group. At T3, the percentage of those
who had received the second dose/third dose of vaccine was
82.7%/3.2% in the nonpriority group, 86.2%/4.3% in the group
with preexisting conditions, 71.8%/23.6% in the group aged
≥65 years, and 54%/38.5% in the HCW group.

Figure 1. Shift from prior COVID-19 vaccine intention in February 2021 to actual vaccine uptake in February 2022, including the nonpriority group
and the 3 priority groups. ChartExpo™ was used to illustrate the Sunkey diagram.

Shift in the Reasons for Receiving or Not Receiving
COVID-19 Vaccination
Figure 2 summarizes the shift in the reasons for getting
vaccinated among those who received vaccination, who reserved
vaccination, or who were intended for vaccination. The top
reasons for getting vaccinated were worry about infecting
themselves, their family, or others around them, followed by
social norms. The percentage of those who expressed that they
were worried about contracting COVID-19 gradually declined

(63.6%, 51.4%, and 46.6%, respectively). Figures S1 to S4 in
Multimedia Appendix 7 show the results for each priority group
and the nonpriority group. There were intergroup characteristics
in the reasons for getting vaccinated: the preexisting conditions
and older adult groups were more likely to get vaccinated
because they thought they had a high risk of contracting severe
COVID-19 infection. The HCW group had the lowest number
of reasons for getting vaccinated.

The reasons for not getting vaccinated among the hesitant group
are shown in Figure 3. The most common reason for not getting
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vaccinated among the unvaccinated people was concerns about
side effects at all 3 time points. The percentages were highest
when the vaccination program had not yet begun at T1, declined
at T2, and remained at the same level at T3 (81.7%, 51.9%, and
53.7%, respectively). Concerns about long-term side effects
were raised more frequently than those about short-term side
effects. The percentage who argued that the COVID-19 vaccine
was ineffective gradually increased over the course of the year

(9.2%, 21%, and 29.9%, respectively). Figures S1 to S4 in
Multimedia Appendix 8 show the results for the nonpriority
group and each priority group. At T3, the percentage of
respondents who answered “I’m worried about side effects of
the vaccines” was highest in the priority group with underlying
medical conditions. The proportion of those who said “I don’t
trust the vaccines’ approval process” was highest in the priority
group of adults aged ≥65 years.

Figure 2. Shift in reason for getting vaccinated against COVID-19 from February 2021 to February 2022, including the nonpriority group and the 3
priority groups. Respondents were those who had intended or reserved to receive the vaccines or those who had received the vaccines at least once at
each time point. The following sentences was asked only at T1: “It was recommended by SNS or the media.” The following sentences were only asked
at T2 and T3: “It was recommended by the media,” “It was recommended by SNS,” and “It was recommended by a health care worker.”.
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Figure 3. Shift in reason for not getting vaccinated against COVID-19 from February 2021 to February 2022, including the nonpriority group and the
3 priority groups. Respondents were those who chose to wait and see or refused to receive the vaccines at each time point.The following sentences was
asked only at T2 and T3: “Long-term side effects are unknown,” “I’m worry about short term side effects,” “I’m worried about death by the vaccines,”
and “I don’t trust the vaccines’ approval process.”.

Priority Settings at the Start of Mass Vaccination and
Subsequent COVID-19 Vaccine Uptake 1 Year Later
Table 3 summarizes the results of the Poisson regression
analyses. In model 4, significantly higher RRs for getting
vaccinated were observed in the priority group of adults aged
≥65 years (RR 1.02, 95% CI 1.005-1.03) and HCWs (RR 1.05,
95% CI 1.03-1.07).

A sensitivity analysis was performed by replacing the priority
group with age group, employment status, and number of
preexisting conditions. The results are shown in Multimedia
Appendix 9. In model 4, prior willingness for COVID-19

vaccination, a lower level of aversion to the risk of vaccination,
a higher level of confidence in the vaccine, and a lower level
of conspiracy beliefs about the vaccine exhibited higher RRs,
which indicated a higher likelihood of getting immunization.
Those who had the following characteristics were more likely
to receive COVID-19 vaccination: being older, female, higher
educational level, higher household income, having received
influenza vaccination in the 2019/2020 season, and regular
medical checkups before the pandemic. In contrast, statistically
significantly lower RRs were observed in those who were
unemployed or not working and those who had a lower level
of fear of COVID-19.

Table 3. Risk ratios (RRs) for COVID-19 vaccination uptake status at T3 (February 2022) by priority settings at T1 (February 2021).a

HCW, RR (95% CI)≥65 years, non-HCW,
RR (95% CI)

18-64 years with preexisting conditions,

non-HCWb, RR (95% CI)

Nonpriority, RR
(95% CI)

1.08 (1.05-1.10)1.10 (1.09-1.11)1.05 (1.03-1.07)ReferenceModel 1

1.04 (1.02-1.06)1.05 (1.04-1.07)1.03 (1.01-1.04)ReferenceModel 2

1.05 (1.03-1.07)1.02 (1.004-1.03)1.02 (0.999-1.03)ReferenceModel 3

1.05 (1.03-1.07)1.02 (1.005-1.03)1.01 (0.999-1.03)ReferenceModel 4

aModified Poisson regression analysis with a robust error variance was performed. A higher RR indicated a higher likelihood of receiving, reserving,
or intending to vaccinate at T3. Model 1 was unadjusted. Model 2 was adjusted for prior vaccination intention, sex, marital status, educational background,
annual household income, and influenza vaccination during the 2019/2020 season. In addition to model 2, model 3 was adjusted for regular medical
checkups before the pandemic, aversion to the risk of vaccination, lack of confidence in the vaccine, conspiracy beliefs about the vaccine, and fear of
COVID-19. In addition to model 3, model 4 was adjusted for COVID-19 infection history.
bHCW: health care worker.
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Discussion

Principal Findings
Prompt distribution of COVID-19 vaccines to the public was
one of the global goals to be accomplished in 2021. In this study
conducted in Japan, we reported on the shift from COVID-19
vaccine intention to actual uptake and the reasons for getting
or refusing vaccination in a 1-year period. In February 2021, a
total of 5182 out of 13,555 (38.23%) participants expressed that
they intended to take the vaccine, 6936 (51.17%) chose to wait
and see, and 1437 (10.6%) refused to get vaccinated. One year
later, >90% (12,216/13,555) of the participants had received at
least 1 dose of the vaccine. There were considerable differences
in uptake across the nonpriority group and the 3 typical vaccine
priority groups. We confirmed that COVID-19 vaccination
uptake rates were higher among priority groups than the
nonpriority group in line with recent reports [17]. This trend
continued for 1 year after the start of mass vaccination. Overall,
protection against infection for themselves, their families, and
the people around them was cited as the main reason for seeking
vaccination. In contrast, concern about side effects was cited
as the main reason for avoiding vaccination. We also elucidated
the factors that predicted, or were associated with, vaccine
uptake. As hypothesized, prioritized groups at the initial stage
of the COVID-19 mass vaccination program exhibited a higher
vaccine uptake rate after adjusting for sociodemographic
background, health-seeking behavior, and attitude toward the
vaccine. To our knowledge, this is the first longitudinal study
to illustrate these results simultaneously by priority groups and
nonpriority groups with the advantage of a large cohort sample.

The vaccination coverage rate in our sample was higher than
that reported in the official Japanese vaccination statistics, which
stated that approximately 75% of the total population had
received at least 1 dose by the end of February 2022 [40].
Therefore, caution should be exercised when interpreting and
generalizing these results. Although stratified sampling was
used to get as close to a nationally representative population as
possible, the participants were registered monitors of an internet
research company, and sampling bias was inevitable. For
example, it is difficult to reach those who have no access to the
internet, such as the institutionalized, poor, or homeless. In
addition, the follow-up rate was slightly higher than 50%. It is
also possible that the participants at the baseline died of
COVID-19 and dropped out. Our current sample may comprise
more older and health-oriented people than the actual population.
These factors could lead to the overestimation of vaccination
coverage. Nevertheless, a web-based survey targeting registered
monitors was a feasible and frequently used research method
during the COVID-19 pandemic. It should also be noted that
this study focused on priority settings at the start of vaccination
in the spring of 2021. Governments around the world made
changes to their priority conditions as the vaccines became more
widely distributed; for instance, lowering the age threshold for
the older adult group [11]. The Japanese government did not
set a priority for the third (booster) vaccination, which started
in December 2021.

Overall, almost all of those who intended or chose to wait and
see to receive the vaccine before the vaccine rollout actually
received the vaccine after it became available. A large
intention-to-action gap was observed in the past in relation to
vaccination against H1N1 influenza [41,42]; however, the gap
appears to be much smaller for COVID-19 vaccines [27,29,31].
Approximately half of those who had initially refused the
vaccine continued to refuse, whereas the other half changed
their intentions and accepted vaccination. The persistent refusers
across the 3 time points were found more in the nonpriority
group and the priority group with preexisting conditions. It
should be noted that, among the hesitant individuals in these 2
groups, the percentage of those who refused vaccination
increased between T2 and T3. Whether they remain
unvaccinated or change their mind afterward remains to be
observed. The highest vaccination coverage rates were found
among the priority groups of older adults and HCWs. More than
90% of participants in these groups completed 2-dose
vaccination within half a year. This tendency was also confirmed
by the multivariable analysis. The older adult group was
considered one of the most susceptible groups to severe
COVID-19 infection, and participants in this group were the
most eager to get vaccinated, even before the vaccination
program began. This finding is in line with previous studies that
have reported that older age groups were more willing to get
vaccinated [18-26].

Concerns about side effects in general remained the most
common reason for vaccine hesitancy or resistance within the
year. This result is in line with previous studies in Japan
[21,22,25] and in other countries [43-46]. We demonstrated that
this trend continued from before the start of mass vaccination
to 1 year later. We further illustrated that the number of
participants who thought the COVID-19 vaccine was ineffective
increased gradually in the vaccine hesitant group. This may be
because the COVID-19 pandemic has not yet settled despite
increased vaccination rates. This may also be due to outbreaks
of the omicron variants, which were reported to be highly
infectious and resistant to currently available vaccines [47,48].
There were some intergroup differences among the groups. In
the older adults and preexisting conditions groups, more
respondents cited fear of severe COVID-19 and awareness of
the need for vaccination as their reason for getting vaccinated.
Despite having the second highest coverage rate, the HCW
group cited the fewest reasons for vaccination. This group might
have benefited from the availability of vaccines at their
workplace, although the current survey did not provide
information on where they were vaccinated. Future studies
should consider the convenience of time and location for
vaccination, which can affect vaccine hesitancy [49,50].

There were slight differences in subsequent vaccine uptake
between those who had a history of COVID-19 infection and
those who had no history at T1. The same was true for a history
of COVID-19 infection at T3. It should be noted that during the
surveyed period, from February 2021 to February 2022, it is
unclear from the current data which came first, the infection or
vaccination. There would have been both prevaccination and
breakthrough infections during the surveyed period. The current
results do not support the existing literature in other countries
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[31,51], which suggested that those who had previously been
infected were less anxious about reinfection and had less interest
in vaccination. However, vaccination after recovery from
COVID-19 is reported to still be effective in preventing
reinfection [52]. This inconsistency could be due to the small
number of infected individuals in the current data set. Indeed,
despite being a superaging society, Japan’s COVID-19 mortality
rate is among the lowest in the world [53,54]. In our sample,
the highest percentage of COVID-19 infection history was found
in the HCW group, who were considered to have the most
frequent contact with patients with COVID-19 and also the most
frequent infection testing. This finding underlines the need to
prioritize vaccination for HCWs [55]. In contrast, the older
adults group had the lowest percentage of COVID-19 infection
history. Together with high vaccination coverage, it is fair to
say that the vaccination campaign targeting the older adult
population was successful. The nonpriority group had the largest
number of infected cases, although the percentage was smaller
than that of the HCW and preexisting conditions groups.

Those who were younger, were unemployed, were unmarried,
had lower educational attainment, had lower income, had a
presence of underlying medical conditions, had not had an
influenza vaccination, and had not attended regular health
checkups before the start of mass vaccination exhibited a lower
vaccine uptake rate 1 year later. The current results corroborate
a number of cross-sectional studies in Japan that have reported
an association between these factors with vaccine hesitancy
[18-26]. Our findings were consistent with a number of studies
in other countries that have elucidated factors related to vaccine
intention and uptake [56-58]. We have demonstrated the
importance of conducting vaccine promotion campaigns for
these populations. Prior favorable vaccine intention and more
positive attitudes about the safety and effectiveness of the
vaccine significantly improved the likelihood of COVID-19
vaccine uptake. Those who believed that there was a conspiracy
behind vaccines had a lower incidence of immunization. The
low level of fear of COVID-19 was also associated with being
vaccine hesitant. These results were congruent with previous
studies [27,29,31,56,57,59]. In particular, prior intention for
vaccination and confidence in vaccines were the strongest
predictors of subsequent vaccine uptake. These findings support
the idea that bridging the vaccination intention-to-action gap
could be accomplished by overcoming concerns regarding
vaccine safety [1,60].

Clinical Implications
This study has important clinical implications. The public
authorities need to start by acknowledging the disparities in
vaccine uptake in the nonpriority group, including younger
healthy adults. In Japan, the largest percentage of confirmed
cases of COVID-19 was among individuals aged under 30 years
[61], highlighting their significance as key players in COVID-19
transmission. Matrajt et al [62] claimed that switching the
vaccine allocation target to the high-transmission groups from
the high-risk groups would achieve high vaccine effectiveness,
as is the case with influenza vaccines [63,64]. In other words,
it is possible to reduce the number of patients with COVID-19
in the older adults group by controlling the number of patients
in the young adults group. Therefore, it is essential to keep

examining whether the vaccine priority settings were appropriate
for maximizing vaccine effectiveness. In promoting vaccine
uptake, the content of the message should be tailored to each
population group, taking into account their attitudes toward
vaccines. When targeting young and healthy groups, those
responsible for delivering the message should recognize the
concerns of these groups about vaccine safety and effectiveness.
Changing the perception of vaccine risk would be a key strategy
in promoting vaccination. Needless to say, the development of
new vaccines that have fewer side effects and are more effective
against new types of mutation is expected. Our results also
suggest that it is important to begin the promotion of vaccine
acceptance before the introduction of new vaccines. Even after
COVID-19 has converged, other emerging infectious diseases
could lead to pandemics in the future. One possible way to
reduce vaccine hesitancy in introducing new vaccines is to
increase the number of people who receive influenza vaccination
or undergo medical checkups regularly. These behaviors would
reduce the barriers to vaccination if a new virus emerged for
which vaccines are required [65].

Limitations
Despite the abovementioned strengths of this study, there are
some limitations that should be noted. First, vaccine-related
scales such as the vaccine hesitancy scale were only assessed
at T2. At that time, some respondents had already received
vaccination, while others had not. Therefore, we were unable
to draw conclusions regarding the direction of causality between
these variables. Second, due to the nature of self-administered
surveys, recall bias and reporting bias may have occurred. Third,
the classification of the priority groups was not completely
accurate. For example, although the severity of each disease
was set as a condition for priority, information on this was not
obtained. As a proxy, a hospital visit for the disease was used
to define the group. In addition, individuals who reached the
age of 65 years in March 2021 were misclassified into the
nonpriority group; however, the number of relevant participants
was estimated to be small enough to affect the result.
Participants working in a nursing home, one of the vaccination
priority groups, could not be identified. Finally, we could not
distinguish within-group differences in vaccine priority, such
as frontline workers or office workers in a hospital.

Conclusions
Our findings demonstrate that the priority settings at the start
of the COVID-19 vaccination program had a significant impact
on vaccine coverage 1 year later. Japan achieved a high rate of
vaccine uptake, resulting in a low COVID-19 mortality rate at
the start of 2022. However, things took a drastic turn in 2022
with the outbreak of the omicron variant, which was a complete
change from the year 2021. At its peak in August 2022, there
were >250,000 cases and >300 deaths per day. Japan
experienced another surge in infections in January 2023. After
its peak had passed, the government downgraded COVID-19
to category 5 of infectious disease, the same rank as seasonal
influenza, in May 2023. Although the threat of COVID-19
appears to have subsided for the moment, there remains the
possibility that new emerging infectious diseases will arise and
cause unprecedented situations. Further research is necessary
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to determine the effectiveness of vaccine distribution procedures
in preventing COVID-19 from 2022 to 2023. Such efforts are

essential for reducing the impact of the next pandemic on
individuals and society.
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Abstract

Background: COVID-19 vaccine hesitancy reduces vaccination rates, which is detrimental to building herd immunity and
halting the spread of COVID-19 and its variations. Most researches have simply identified the reasons affecting COVID-19
vaccination reluctance without delving into its dynamics, which makes forecasting future trends difficult.

Objective: This study aimed to examine the current COVID-19 vaccine booster hesitancy rate in Chinese adults as well as the
dynamics of vaccine hesitancy and its influencing factors. The results of this study will have practical implications for policy
responses in mainland China, and effective COVID-19 booster vaccination in specific populations.

Methods: The web-based survey was completed by creating questionnaires and using a stratified random sampling method to
collect information from adults (≥18 years old) among 2556 households in 4 geographical regions of China. We collected
sociodemographic information, health status, awareness of COVID-19 and its vaccine, self-perceptions, trust in medical staff and
vaccine developers, and so on. The odds ratios and 95% CI for the statistical associations were estimated using logistic regression
models.

Results: Overall, 6659 participants (females: n=3540, 53.2%; males: n=3119, 46.8%) responded. In total, 533 (8%; 95% CI
7.4%-8.7%) participants presented a clear hesitancy in receiving the COVID-19 booster vaccination, while 736 (11.1%; 95% CI
10.3%-11.8%) expressed hesitancy in regular booster vaccination. A higher prevalence of vaccine hesitancy in both booster
vaccination and regular booster vaccination was observed among participants with a history of allergies, experiencing chronic
disease, lower levels of public health prevention measures or susceptibility or benefits or self-efficiency, higher levels of severity
or barriers, and lower trust in both medical staff and vaccine developers (P<.05). The females and participants with higher
education levels, higher levels of barriers, lower levels of susceptibility, and lower trust in vaccine developers preferred to have
attitudinal changes from acceptance to hesitancy, while people with higher education levels, lower self-report health conditions,
experiencing chronic disease, history of allergies, and lower trust in medical staff and developers were all positively associated
with constant COVID-19 booster hesitancy.

Conclusions: The prevalence of COVID-19 vaccine booster hesitancy is not high in mainland China. However, there is a slight
increment in hesitancy on regular booster vaccination. Conducting targeted information guidance for people with higher education
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levels and chronic diseases, as well as improving accessibility to booster vaccination and increasing trust in medical staff and
vaccine producers may be highly effective in reducing vaccine hesitancy.

(JMIR Public Health Surveill 2023;9:e44822)   doi:10.2196/44822

KEYWORDS

COVID-19 vaccine; vaccine hesitancy; COVID-19 booster vaccination; influencing factors; China

Introduction

Vaccinating a sufficient proportion of the population against
COVID-19 is one of the most effective methods for achieving
“herd immunity,” lowering morbidity, and increasing population
survival. It is also the most cost-effective and straightforward
intervention to prevent the COVID-19 pandemic [1,2].
Prevention of the COVID-19 virus and its variants through
COVID-19 vaccination can confer benefits related to morbidity
and mortality [3], mainly including the protection of
immunocompromised populations such as infants, young
children, and the elderly [4,5]. According to the latest reports
from the World Health Organization (WHO), two-thirds of the
world’s population is vaccinated, including 75% of health
workers and older people. However, there are still wide
disparities in vaccination rates [6]. The COVID-19 booster
vaccination is an important tool for consolidating herd immunity
and responding to the COVID-19 pandemic and deaths [7], and
receiving the COVID-19 booster vaccine is essential to achieve
adequate immunization coverage to control the global pandemic
[8,9]. Understanding people’s attitudes to COVID-19 booster
vaccination aids in developing COVID-19 booster vaccination
plans, which ensure the consolidation of herd immunity and
minimize health inequalities.

Since the global outbreak of the COVID-19 epidemic, several
vaccines have been developed, such as inactivated vaccines,
live-attenuated vaccines adenovirus vector vaccines, and
recombinant protein vaccines [10,11]. Although these multiple
vaccines are considered safe and effective [3,4], and countries
around the world are increasing the supply of vaccines, waiving
vaccination fees [12], and actively promoting the COVID-19
booster vaccination, there are still concerns about vaccine
hesitancy, which affects the vaccination rates of COVID-19
vaccines as well as booster vaccination. This situation may not
be helpful to bolster herd immunity in order to prevent the
further spread of COVID-19 and its variations. According to
the WHO, “Vaccine hesitancy” has been considered as one of
the top 10 public health problems across the world [13-15]. It
refers to the delay or refusal to receive safe vaccination services,
which can accompany the use of vaccines [3,15-17]. The danger
of vaccine hesitancy is that it can lead to immunization of
populations below the herd immunity threshold and ultimately
fail to protect the populations. This is particularly true for people
whose immunity is very weak to be vaccinated, such as infants,
the elderly, or patients with serious illnesses, who are the first
to be exposed to infectious diseases if the herd immunity barrier
is breached [4,18]. The COVID-19 vaccine booster hesitancy
is a type of vaccine hesitancy and is a continuation of people’s
hesitancy about the COVID-19 vaccine. Therefore, what factors
influence people’s hesitancy to receive the COVID-19 booster

vaccine? An in-depth study of this issue would be of great
relevance in guiding the next phase of the COVID-19 booster
vaccination program.

The reasons for vaccine hesitancy are thought to be complex
and case specific. The existing literature cites concern about
COVID-19 vaccine safety and efficacy, vaccination
accessibility, the severity of the regional epidemic, experience
with routine vaccination, and guardians’willingness to vaccinate
their children as the primary reasons for hesitancy. For example,
in a study of Canadians, individuals with vaccine hesitancy had
a higher prevalence of being concerned about vaccine side
effects [19]. The antecedents of vaccine hesitancy range from
a lack of knowledge and awareness to culturally rooted
reservations [20]. The most commonly reported reasons parents
chose not to vaccinate their child against COVID-19 were
concerns about long-term adverse side effects and a negative
reaction [21]. At the same time, concern about side effects is
also the most common reason for COVID-19 vaccine hesitancy
in low- and middle-income countries [3]. In addition,
misinformation and disinformation can substantially result in
vaccine hesitancy [22] and might influence the vaccine advice
of health care providers [23]. These factors will probably
influence people’s hesitancy about the COVID-19 booster
vaccination.

Understanding local barriers to vaccination and concerns about
vaccination is critical to developing tailored interventions [24].
The current basic vaccination rate of COVID-19 vaccine in
China exceeds 89% [12], which is probably one of the leading
countries in the world not only because of its large population
but also its extensive exchanges and closer cooperation with
other regions [25,26]. However, the coverage of booster
vaccination in China is not widespread, which is still a
significant gap compared with the basic vaccination rate.
Furthermore, compared to other countries around the world, the
epidemic prevention and control policies in mainland China are
adequate, and vaccines are supplied for free and in sufficient
quantities [27], but the problem of vaccine hesitancy remains
unresolved. Focusing on the problem of vaccine hesitancy in
COVID-19 booster vaccination in mainland China will be highly
representative. The existing research on booster vaccination
hesitancy is limited, and hence, we designed a multicenter study
focusing on COVID-19 vaccine booster vaccination and regular
booster vaccination in mainland China. This study aimed to
understand the current COVID-19 vaccine hesitancy in booster
vaccination of the Chinese population and analyze the dynamic
trend of vaccine hesitancy as well as its influencing factors.
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Methods

Procedures and Participants
From June 29, 2022, to July 2, 2022, we used a self-designed
questionnaire to perform a preliminary survey by recruiting
web-based volunteers. We conducted The Dynamic Evolution
of COVID-19 Vaccination Study, a national, multicenter,
observational household tracking survey from China using a
stratified random sampling method. Eastern, Central, Western,
and Northeast geographical regions within mainland China were
selected to form the sample for this study. Therefore, 4 cities
were selected from the Eastern (Changzhou and Jiangsu),
Central (Zhengzhou, Henan), Western (Xi’ning and Qinghai),
and Northeast (Mudanjiang and Heilongjiang) regions.

We calculated the minimum sample size of each region
according to the population proportion of China’s Seventh
National Population Census. In each province, the sample size
of urban and rural areas was determined according to the
proportion of population in the Seventh National Population
Census, more than 2 cities and 2 rural areas were randomly
selected for sampling. For all of the cities and families in the
sample, coding was carried out followed by random sampling.
Finally, all members of the selected family have been involved
in this survey (age≥18 years) and completed the web-based or
offline questionnaire with the assistance of the investigators. A
total of 2556 households from 4 geographic regions of China
were enrolled in the survey.

The study was designed as a 4-stage survey. For the first stage,
we conducted the survey from August 3, 2022, to August 14,
2022. Data collection is still ongoing for the second, third, and
fourth stages. Here, we describe the results from the first stage
of the study only.

Ethics Approval
Participants were informed of the benefits and risks of
participating in this study, and they provided informed consent.
All data were used merely for research purposes. This study
was approved by the Life Science Ethics Review Committee
of Zhengzhou University (2021-01-12-05).

Questionnaire Design and Data Collection
Web-based questionnaires were designed to collect data through
a survey conducted through the Wenjuanxing platform. We also
conducted a face-to-face interview with participants who cannot
use a smartphone. The questionnaire covered five thematic
areas: (1) sociodemographic characteristics: age, gender, nation,

religion, marital status, educational status, subjective social
status in China or community, smoking status, drinking status,
and physical activity; (2) health conditions: chronic disease, the
history of allergies, self-report health condition (measured by
EuroQol 5 Dimensions Questionnaire [28-30]); (3) perception
of COVID-19 and its vaccine: public health prevention
measures, awareness of COVID-19 vaccines, the channel of
accessing information, the way of accessing information, the
risk of COVID-19 infection, the history of COVID-19 infection,
the convenience of vaccination, and the uptake of COVID-19
vaccine; (4) self-perception (Kaiser-Meyer-Olkin=0.796):
perceived severity (Cronbach α=.879), perceived susceptibility
(Cronbach α=.865), perceived benefits (Cronbach α=.907),
perceived barriers (Cronbach α=.927), and self-efficiency
(Cronbach α=.913; Kaiser-Meyer-Olkin=0.886); and (5) trust
in medical staff and developers. All questionnaires are shown
in Multimedia Appendix 1.

Assessments
Questionnaires with abnormal answers (contradictions and
inconsistencies, eg, inconsistency or contradictions of sex) were
excluded. In addition, we also excluded the participants who
spent less than 5 minutes completing this questionnaire.
Moreover, the remaining questionnaires were carefully reviewed
by trained staff, and finally, 6659 questionnaires were deemed
eligible for inclusion. The flowchart of participants is shown in
Figure 1.

The primary outcome was COVID-19 vaccine hesitancy in both
booster and regular booster vaccination, assessed by asking
participants “Are you willing to get a booster vaccination of the
COVID-19 vaccine?” and “In the future, would you like to get
a booster vaccination of the COVID-19 vaccine?” Participants
could choose 1 response from the options “(1) willing,” “(2)
hesitant or delayed,” “(3) refused,” and “(4) do not interested”
from the 2 questions. According to the definition of vaccine
hesitancy, option 1 was regarded as “acceptance,” and options
2 and 3 were merged into “hesitancy.” In addition to this,
participants were excluded if they selected the option “do not
interested” (n=122).

A booster vaccination is a shot that is given after a period of
time (which may be 6 months or more) after a population has
completed a standard immunization program, and due to the
gradual decay of antibodies in the body, the specific immunity
in the body needs to be boosted with another booster
vaccination. Regular booster vaccinations are administered after
a period of booster vaccination to strengthen the immune system.
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Figure 1. Flowchart of data processing and analysis.

Statistical Analysis
Chi-square tests were used to test differences in vaccine
hesitancy between groups. Binary logistic regression analyses
were carried out to examine factors associated with COVID-19
vaccine hesitancy in both booster and regular booster
vaccination. A sensitivity analysis was performed by excluding
the participants aged ≥80 years to test the robustness of results
and assess the source of uncertainty. In stratified multistage
sampling, post hoc stratification was used to weight the sample
and the corresponding variables so that the sample's estimate
of the total was unbiased. Odds ratios, 95% CI, and P values
were calculated for each independent variable. All statistical
analyses were carried out using SPSS (version 21.0; IBM Corp)
and STATA (version 16.0; StataCorp). Differences were
regarded as statistically significant if P values were less than
.05.

Results

Characteristics of COVID-19 Vaccine Hesitancy in
Booster Vaccination
Among the 8002 participants who completed the questionnaire,
a total of 1343 participants who did not meet the inclusion

criteria were subsequently excluded. Importantly, no statistically
significant differences were found between the final 6659
participants included in the analysis and the overall sample of
8002 (P>.05) (Multimedia Appendix 2). The sociodemographic
characteristics, awareness of COVID-19 vaccine, trust in the
health care system as well as COVID-19 vaccine hesitancy in
booster vaccination and regular booster vaccination of all study
participants are displayed in Table 1. Overall, 533 adults (8%;
95% CI 7.4%-8.7%) showed a clear COVID-19 vaccine
hesitancy in booster vaccination, while 6126 adults (92%; 95%
CI 90.3%-94.2%) indicated that they were willing to vaccinate.
Meanwhile, 736 participants (11.1%; 95% CI 10.3%-11.8%)
expressed their hesitancy about regular booster vaccination of
COVID-19 vaccine. Furthermore, we can see clearly that the
participants of all ages are evenly distributed, the proportion of
female participants (53.2%) is more than male (46.8%), and
most of the participants (87.5%) were married.

A higher prevalence of vaccine hesitancy in both booster
vaccination and regular booster vaccination was observed among
participants with a history of allergies, experiencing chronic
disease, lower levels of public health prevention measures or
susceptibility or benefits or self-efficiency, higher levels of
severity or barriers, and lower trust in both medical staff and
vaccine developers (all P<.05; Figure 2).
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Table 1. The characteristics and COVID-19 vaccine booster hesitancy of all study participants in China (n=6659).

P valueVaccine hesitancy in regular
booster vaccination (95% CI)

P valueVaccine hesitancy in booster

vaccination (95% CI)b
P valueaTotal, n (%)Covariates

11.1 (10.3-11.8)8.0 (7.4-8.7)6659 (100)Total participants

<.001<.001<.001Age (years)

11.0 (8.9-13.1)7.8 (6.0-9.6)872 (13.1)18-29

12.8 (11.3-14.5)9.6 (8.2-10.9)1801 (27)30-39

9.9 (8.2-11.5)6.2 (4.9-7.7)1277 (19.2)40-49

8.2 (6.8-9.7)6.0 (4.7-7.2)1408 (21.1)50-59

12.9 (11.1-14.7)10.0 (8.4-11.6)1301 (19.5)≥60

.02.16<.001Gender

10.1 (9.0-11.2)7.5 (6.6-8.5)3119 (46.8)Male

11.9 (10.9-13.0)8.5 (7.5-9.4)3540 (53.2)Female

.27.42<.001Ethnic groups

11.1 (10.4-11.9)8.1 (7.4-8.7)6472 (97.2)Han

8.6 (4.6-12.6)6.4 (2.9-9.9)187 (2.8)Minority

.88.54<.001Religion

11.1 (10.3-11.8)8.1 (7.4-8.7)6362 (95.5)Atheist

10.8 (7.3-14.3)7.1 (4.2-10.0)297 (4.5)Others

.43.12<.001Marital status

11.2 (10.4-12.0)8.2 (7.5-8.9)5829 (87.5)Married

10.2 (8.2-12.3)6.6 (4.9-8.3)830 (12.5)Others

<.001<.001<.001Educational status

8.4 (7.4-9.4)6.6 (5.7-7.5)2882 (43.3)Below high school

11.9 (10.4-13.5)8.1 (6.8-9.4)1661 (24.9)High school graduate

14.0 (12.5-15.5)9.8 (8.6-11.1)2116 (31.8)University graduate

.003.01<.001Subjective social status in China

9.9 (8.6-11.4)7.8 (6.6-9.0)1942 (29.2)Level 1c

12.4 (11.2-13.6)9.0 (7.9-10.0)2825 (42.4)Level 2c

11.9 (9.7-14.2)7.9 (6.0-9.8)796 (12.0)Level 3c

8.9 (7.2-10.5)5.8 (4.5-7.2)1096 (16.5)Level 4c

<.001.01<.001Subjective social status in community

9.3 (7.9-10.7)7.5 (6.3-8.8)1734 (26.0)Level 1c

12.7 (11.5-13.9)9.2 (8.1-10.2)2896 (43.5)Level 2c

11.9 (9.7-14.2)7.6 (5.8-9.4)858 (12.9)Level 3c

9.0 (7.3-10.6)6.2 (4.9-7.6)1171 (17.6)Level 4c

<.001<.0010.01Self-report health condition (EQ-5D)d

16.3 (14.5-18.1)13.0 (11.4-14.7)1709 (25.7)Level 1c

11.0 (9.5-12.6)7.9 (6.6-9.3)1627 (24.4)Level 2c

9.5 (8.1-10.9)5.7 (4.6-6.9)1746 (26.2)Level 3c

7.2 (6.0-8.5)5.3 (4.2-6.4)1577 (23.7)Level 4c

<.001<.001<.001Chronic disease
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P valueVaccine hesitancy in regular
booster vaccination (95% CI)

P valueVaccine hesitancy in booster

vaccination (95% CI)b
P valueaTotal, n (%)Covariates

17.1 (14.8-19.4)6.9 (6.3-7.6)1030 (15.5)Yes

10.0 (9.2-10.7)13.9 (11.8-16.0)5269 (84.5)No

<.001<.001<.001History of allergies

21.8 (18.1-25.5)17.1 (13.7-20.5)468 (7.0)Yes

9.4 (8.6-10.1)6.6 (5.9-7.3)5466 (82.1)No

17.0 (14.2-19.7)12.8 (10.4-15.3)725 (10.9)Unclear

.05.33<.001Smoking status

9.8 (8.2-11.3)8.0 (6.6-9.5)1432 (21.5)Current smoker

13.9 (10.6-17.7)10.0 (7.0-13.3)402 (6.0)Former smoker

11.2 (10.3-12.1)7.9 (7.1-8.6)4825 (72.5)Never smoker

.03.04<.001Drinking status

10.7 (9.3-12.2)7.8 (6.5-9.1)1706 (25.6)Current drinker

15.3 (11.7-18.8)11.4 (8.2-14.5)387 (5.8)Former drinker

10.8 (9.9-11.7)7.8 (7.0-8.6)4566 (68.6)Never drinker

<.001<.001<.001Physical activity

9.0 (8.0-9.9)6.4 (5.6-7.2)3399 (51.0)High level

12.4 (11.0-13.8)8.9 (7.7-10.1)2111 (31.7)Middle level

14.8 (12.7-16.9)11.1 (9.3-13.1)1149 (17.3)Low level

<.001<.001<.001Public health prevention measures

20.3 (16.9-23.8)16.9 (13.7-20.1)522 (7.8)Low level

20.9 (17.4-24.3)14.2 (11.3-17.2)527 (7.9)Middle level

9.3 (8.5-10.0)6.6 (6.0-7.2)5610 (84.2)High level

.35.03<.001Awareness of COVID-19 vaccines

11.5 (10.2-12.7)9.2 (8.1-10.4)2533 (38.3)Level 1c

9.7 (7.7-11.6)6.8 (5.1-8.4)900 (13.5)Level 2c

11.7 (10.1-13.3)8.0 (6.6-9.3)1593 (23.9)Level 3c

10.5 (9.0-12.0)6.9 (5.7-8.1)1613 (24.2)Level 4c

.15.25<.001Channel of vaccine information

12.3 (10.8-13.9)8.9 (7.6-10.2)1818 (27.3)We Media

10.2 (8.0-12.5)7.7 (5.7-9.6)704 (10.6)Official media

10.7 (9.7-11.6)7.7 (6.9-8.5)4137 (62.1)Others

<.001<.001<.001Severity

8.6 (7.3-9.9)6.1 (5.0-7.2)1818 (27.3)Level 1c

14.3 (12.6-16.2)10.3 (8.8-11.8)1556 (23.4)Level 2c

13.1 (11.7-14.6)9.7 (8.5-11.1)2108 (31.7)Level 3c

6.8 (5.4-8.2)4.8 (3.6-6.1)1177 (17.7)Level 4c

<.001.006<.001Susceptibility

8.7 (7.4-10.0)6.6 (5.5-7.8)1794 (26.9)Level 1c

11.3 (9.9-12.7)8.1 (6.9-9.3)1889 (28.4)Level 2c

13.6 (12.1-15.1)9.6 (8.3-10.9)2028 (30.5)Level 3c
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P valueVaccine hesitancy in regular
booster vaccination (95% CI)

P valueVaccine hesitancy in booster

vaccination (95% CI)b
P valueaTotal, n (%)Covariates

9.6 (7.7-11.5)7.1 (5.4-8.7)948 (14.2)Level 4c

<.001<.001<.001Benefits

21.2 (19.3-23.1)15.9 (14.2-17.6)1784 (26.8)Level 1c

9.6 (8.5-10.7)6.6 (5.6-7.5)2765 (41.5)Level 2c

4.4 (3.5-5.3)3.2 (2.5-4.0)2110 (31.7)Level 3c

<.001<.001<.001Barriers

3.0 (2.3-3.8)2.6 (1.9-3.3)2026 (30.4)Level 1c

6.8 (5.8-7.8)4.4 (3.6-5.3)2453 (36.8)Level 2c

16.6 (13.9-19.3)10.8 (8.6-13.1)740 (11.1)Level 3c

26.8 (24.5-29.1)25.5 (23.3-27.6)1440 (21.6)Level 4c

<.001<.001<.001Self-efficiency

15.7 (14.6-16.8)11.4 (10.4-12.4)4328 (65.0)Level 1c

10.5 (6.1-14.8)6.8 (3.2-10.4)191 (2.9)Level 2c

1.7 (1.2-2.3)1.3 (0.8-1.7)2140 (32.1)Level 3c

<.001<.001<.001Trust in medical staff

21.0 (19.2-22.7)15.6 (14.0-17.2)2022 (30.4)Level 1c

10.9 (9.2-12.8)7.8 (6.4-9.3)1314 (19.7)Level 2c

6.9 (5.7-8.1)4.7 (3.7-5.7)1743 (26.2)Level 3c

3.1 (2.3-4.0)2.1 (1.9-2.8)1580 (23.7)Level 4c

<.001<.001<.001Trust in developers

23.6 (21.6-25.5)17.2 (15.5-19.1)1783 (26.8)Level 1c

9.3 (8.1-10.5)6.2 (5.2-7.3)2152 (32.3)Level 2c

6.0 (4.7-7.4)4.4 (3.2-5.5)1194 (17.9)Level 3c

2.9 (2.0-3.7)2.6 (1.8-3.4)1530 (23.0)Level 4c

aDifferences between categories within each variable.
bRow percentages derived from the total number in the corresponding row.
cLevels 1-4 indicate progressively higher degrees. The higher the degree, the higher level of social status in China or community, the better the
self-assessment of health status, the more awareness of COVID-19 vaccine, the more severe or more barriers, the greater the susceptibility or benefits,
the higher the self-efficacy and the more trust in medical staff and developers.
dEQ-5D: EuroQol 5 dimensions.
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Figure 2. Influencing factors of vaccine hesitancy in both booster and regular booster vaccinations.

Factors Associated With COVID-19 Vaccine Hesitancy
in Booster Vaccination
In the binary logistic regression model, subjective social status
in China or community, chronic disease, history of allergies,
drinking status, physical activity, public health prevention
measures, awareness of COVID-19 vaccines, severity,
susceptibility, benefits, barriers, self-efficiency, and trust in
medical staff or developers were found to be all independently

associated with COVID-19 vaccine hesitancy in both booster
vaccination and regular booster vaccination (all P<.05).

After adjusting for potential confounders, we found that
unmarried, experiencing chronic disease, history of allergies,
low level of physical activity, lower level of public health
prevention measures or susceptibility or benefits or
self-efficiency, higher level of severity or barriers, and lower
trust in medical staff or developers were all positively associated
with COVID-19 vaccine hesitancy in booster vaccination (all
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P<.05). Meanwhile, we observed that participants who were
female, with higher educational level, higher level of subjective
social status in community, experiencing chronic disease, history
of allergies, lower level of public health prevention measures
or susceptibility or benefits or self-efficiency, higher level of
severity or barriers, lower trust in both medical staff and
developers were all positively associated with COVID-19
vaccine hesitancy in regular booster vaccination after adjusting

for potential confounders (all P<.05). Detailed results are all
shown in Figure 2 and Multimedia Appendix 3.

In particular, participants with higher levels of education and
lower levels of trust in medical staff or developers showed
stronger COVID-19 vaccine hesitancy and higher rates of
hesitancy at the following regular booster vaccination. The same
trend could be observed in participants with a history of
vaccination allergy and those with chronic disease (Figure 3).

Figure 3. COVID-19 vaccine hesitancy rates for different influencing factors in both booster and regular booster vaccination.

Dynamic Fluctuations of COVID-19 Vaccine Hesitancy
in Booster Vaccination
The COVID-19 vaccine hesitancy rate among Chinese residents
shows a trend of raising, which was from 8% (533/6659) to
11.1% (736/6659) between the booster vaccination and regular
booster vaccination. In addition, some participants’ attitudes
toward COVID-19 vaccine booster vaccination were shown to
change. There were 5870 and 480 participants who remained
vaccinated and hesitant about routine booster vaccination
respectively, while there were still 256 participants who would
switch from acceptance to hesitancy.

Multimedia Appendix 4 lists 4 attitudinal changes toward
COVID-19 booster vaccination, such as acceptance to
acceptance, acceptance to hesitancy (ATH), hesitancy to

acceptance, and hesitancy to hesitancy (HTH). The results
demonstrated that participants who were female, with higher
educational level, higher level of barriers, lower level of
susceptibility or self-efficiency, and lower trust in developers
were positively associated with ATH (all P<.05). Participants
with higher levels of physical activity and self-efficiency as
well as not experiencing chronic disease expressed their
willingness from hesitancy to acceptance (all P<.001).
Furthermore, participants who had higher educational level,
lower self-report health condition, having from chronic disease,
history of allergies, lower level of public health prevention
measures or susceptibility or benefits or self-efficiency, higher
level of barriers, lower trust in both medical staff and developers
were all positively associated with HTH after adjusting for
potential confounders (all P<.05). Detailed results are all
presented in Figures 4 and 5.
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Figure 4. Relevant influences on acceptance to acceptance and acceptance to hesitancy for all participants.
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Figure 5. Relevant influences on hesitancy to acceptance and hesitancy to hesitancy for all participants.

Sensitivity Analysis
In sensitivity analyses, the exclusion of participants aged >80
years did not significantly alter the outcome of COVID-19
vaccine hesitancy. Effect estimates for the primary outcome
remained similar (Multimedia Appendix 5).

Discussion

Principal Findings
This study focused on the hesitancy rate of COVID-19 vaccine
booster in the sample from 4 provinces in mainland China,
namely Heilongjiang, Jiangsu, Henan, and Qinghai. The vast
majority of participants (6126/6659, 92%) indicated a
willingness to receive the COVID-19 booster vaccine, with an

JMIR Public Health Surveill 2023 | vol. 9 | e44822 | p.3321https://publichealth.jmir.org/2023/1/e44822
(page number not for citation purposes)

Wu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


additional 8% (533/6659) expressing vaccine hesitancy. The
higher vaccination rate and lower vaccine hesitancy rate may
be attributed to the following reasons: first, China has continued
to strengthen postmarketing surveillance of vaccines,
emphasizing their safety and efficacy while continuously
tracking the incidence of vaccine-preventable diseases and
public acceptance of vaccines [26]. Second, the Chinese
government has increased the supply of COVID-19 vaccines
and set up reasonably designated medical institutions to carry
out booster vaccinations, which has improved the accessibility
of vaccination services [31]. Finally, the government and
communities have used instant communication media such as
television, news, and radio to promote the idea that the overall
benefits of COVID-19 vaccination outweigh the risks, and
disseminated scientific knowledge about vaccination to reduce
people’s doubts. At the same time, community staff actively
carried out door-to-door campaigns to mobilize residents
actively participate in the booster vaccination.

Nevertheless, the hesitancy rate altered dynamically, increasing
from 8% (533/6659) to 11% (736/6659) at the next regular
COVID-19 booster vaccination. This may be related to the rapid
mutation of the COVID-19 virus [10,32] and spot outbreaks in
some cities such as Shanghai, Hainan, Zhengzhou, and so forth
in mainland China [33]. People are beginning to wonder about
the necessity of the COVID-19 booster vaccination and whether
it is effective and safe. This result suggests that repeated
outbreaks or spot outbreaks are destroying confidence in the
COVID-19 vaccine, which will not be conducive to the control
of the epidemic. Therefore, it would be relevant to explore the
main influences on vaccine hesitancy and its dynamic
fluctuations.

Previous studies have indicated that participants with a lower
education level expressed a higher level of COVID-19 vaccine
hesitancy in a global survey of 17 countries [34], adults in
Ontario with less than a bachelor degree were more likely to
report unwillingness to COVID-19 vaccination [35], as well as
Chinese adults with lower education level endorsed clear vaccine
hesitancy response in primary COVID-19 vaccination [26].
However, our findings suggest the opposite view. Those
participants with higher levels of education were more reluctant
to participate in the regular COVID-19 booster vaccination,
showing a clear vaccine hesitancy. Previous studies have
demonstrated similar results [36,37]. Likewise, a similar trend
was observed in the regular and the booster vaccination attitude
conversion (ATH and HTH). The reason for the contrary
findings could be attributed to the fact that individuals with a
higher level of education may have greater access to information
regarding the COVID-19 outbreak and vaccine. This may lead
them to believe that the epidemic will come to an end soon and
that they will no longer require a booster shot for COVID-19
[5,20]. Alternatively, the highly educated population may have
more resources to combat the risk of the COVID-19 epidemic
[38,39].

It is worth noting that there was a significant association
between experiencing chronic disease, history of previous
vaccination allergies, and participants’ hesitancy to receive
booster vaccinations. This hesitancy was also found in the
conversion of attitudes from booster vaccination to regular

booster vaccination. Participants with chronic diseases
(hypertension, diabetes, etc) expressed clear hesitancy to receive
booster vaccinations and were consistently hesitant to receive
regular booster vaccinations. The reason for this consequence
may be that people with chronic disease were concerned about
whether people with immunodeficiency and immunosuppression
should be vaccinated [40,41]. They are confused as to whether
having a chronic disease can exacerbate adverse reactions to
COVID-19 booster vaccination [42,43]. The same trend can be
observed in participants with a history of vaccination allergy.
Previous experiences with vaccination allergies have made
people wary of the COVID-19 vaccine [44]. They are unsure
if they will develop allergic injuries after the COVID-19 booster
vaccination [45], so hesitancy about the booster is inevitable.
Consequently, widespread education of people would be
essential to reduce vaccine hesitancy.

In this study, we found that participants with higher levels of
epidemic severity, barriers, and lower levels of susceptibility,
benefits, and self-efficacy were more hesitant to receive a
booster vaccination. The severity of the epidemic influenced
people’s choice, with higher levels of severity instead promoting
vaccine hesitancy, which is inconsistent with previous findings
[12,46]. This may be due to people being more aware of
self-protection, taking more adequate self-protection measures,
going out less, or participating in timely nucleic acid testing
when the epidemic is severe [47,48]. Although most people
have confidence in the vaccine, this attitude does not
automatically translate into vaccine use, as there are a variety
of other barriers to vaccination [49,50]. While barriers to
vaccination (eg, inconvenience and long queues) affect booster
vaccination rates, a reasonable number of booster vaccination
sites can facilitate vaccination [38], and the current high rate of
COVID-19 vaccination in China can be attributed to a large
number of vaccination sites. Therefore, in order to increase the
booster vaccination rate, it is important to improve the
accessibility of vaccination services. Besides, effective measures
can be taken simultaneously, including ensuring the supply of
vaccines, increasing the number of vaccination staff, improving
the vaccination experience, and providing appointment services
to reduce the waiting time for vaccination [26,50,51]. Consistent
with the results of Włodarczyk and Ziętalewicz [52], higher
self-efficacy and the benefits of COVID-19 vaccination
influenced people to take part in vaccination, suggesting that
we need to expand the perception that the benefits of vaccination
outweigh the disadvantages and guide people positively to take
part in vaccination with full self-efficacy.

Mistrust of medical staff and vaccine developers is an important
factor influencing hesitancy in receiving COVID-19 booster
vaccination. This has been demonstrated in previous studies of
vaccine hesitancy [53-55]. Low levels of trust in medical staff
and developers can lead to hesitancy in receiving COVID-19
booster vaccinations, even regular booster vaccinations. Both
experiences of adverse reactions to vaccinations and even the
influence of counterfeit vaccines in society have led to suspicion
of medical staff and developers [56,57], which directly
influences the COVID-19 booster vaccination. Therefore, it is
imperative to strengthen the regulation of vaccine development,
production, transportation, and vaccination. Strict adherence to
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industry guidelines and ethical standards will strongly ensure
the standardization, safety, and efficacy of vaccines [16,58]. At
the same time, it is necessary to strengthen the training of
medical staff to enhance the communication between medical
staff and residents, which aims to improve the quality of
vaccination services. In addition, enhanced screening of patients
with contraindications to COVID-19 vaccination is necessary
[24,59], and avoiding or delaying vaccination of contraindicated
patients will effectively reduce the occurrence and adverse
effects of allergic events.

Strengths and Limitations
This is the first multicenter nationwide household-based survey
to assess the hesitancy of COVID-19 booster vaccination,
influencing factors, and its dynamic fluctuation trend with the
help of a saturation sample, which is highly innovative and
forward-looking. Throughout the survey process, dedicated staff
were assigned to follow-up the survey sites in each of the 4
centers, and strict quality control was carried out to ensure that
the survey data were complete and authentic. However, there

are still several limitations of this study. First, this study is a
cross-sectional observational study, the causality association of
vaccine hesitancy cannot be established, and it needs to be
supported by data from the follow-up surveys. Second, it may
introduce reporting bias in the collecting data on COVID-19
booster vaccination. Finally, this survey was conducted on a
household-based sample with a population of permanent
residents, and the findings may not be applicable to the floating
population.

Conclusions
The prevalence of COVID-19 vaccine booster hesitancy is not
high in mainland China. However, there is a slight increment
in hesitancy on regular booster vaccination. To reduce vaccine
hesitancy, targeted information guidance for people with higher
education levels and chronic diseases would be fruitful.
Furthermore, improving the accessibility of booster vaccination
and enhancing people’s trust in medical staff and vaccine
developers would be highly effective in reducing vaccine
hesitancy.
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Abstract

Background: As the SARS-CoV-2 attenuates and antibodies from the COVID-19 vaccine decline, long-term attention should
be paid to the durability of primary booster administration and the preventive effect of the second or multiple booster doses of
the COVID-19 vaccine.

Objective: This study aimed to explore the durability of primary booster administration and the preventive effect of second or
multiple booster doses of the COVID-19 vaccine.

Methods: We established a bidirectional cohort in Guizhou Province, China. Eligible participants who had received the primary
booster dose were enrolled for blood sample collection and administration of the second booster dose. A retrospective cohort for
the time of administration was constructed to evaluate antibody attenuation 6-12 months after the primary booster dose, while a
prospective cohort on the vaccine effect of the second booster dose was constructed for 4 months after the second administration.

Results: Between September 21, 2022, and January 30, 2023, a total of 327 participants were included in the final statistical
analysis plan. The retrospective cohort revealed that approximately 6-12 months after receiving the primary booster, immunoglobulin
G (IgG) slowly declined with time, while immunoglobulin A (IgA) remained almost constant. The prospective cohort showed
that 28 days after receiving the second booster, the antibody levels were significantly improved. Higher levels of IgG and IgA
were associated with better protection against COVID-19 infection for vaccine recipients. Regarding the protection of antibody
levels against post–COVID-19 symptoms, the increase of the IgG had a protective effect on brain fog and sleep quality, while
IgA had a protective effect on shortness of breath, brain fog, impaired coordination, and physical pain.

Conclusions: The IgG and IgA produced by the second booster dose of COVID-19 vaccines can protect against SARS-CoV-2
infection and may alleviate some post–COVID-19 symptoms. Further data and studies on secondary booster administration are
required to confirm these conclusions.

(JMIR Public Health Surveill 2023;9:e47272)   doi:10.2196/47272
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Introduction

Since the end of 2019, COVID-19 has been the cause of a global
pandemic, placing a heavy burden on the global public health
system [1]. With the widespread and continuous evolution of
SARS-CoV-2, many variants of concern (VOCs), such as Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and
Omicron (B.1.1.529), have emerged globally and have led to
several infection waves [2-5]. At present, the Omicron variant,
which has a higher transmissibility and immune escape ability,
is the dominant variant in the world [6]. Previous studies have
shown that the Omicron variant not only has resistance to serum
antibodies of convalescent patients but also has certain resistance
to the serum of individuals who have been fully vaccinated
against COVID-19 [7-12]. Therefore, Omicron poses a serious
threat to the control of the COVID-19 pandemic and disease
treatment.

China has administered 3.491 billion doses of the COVID-19
vaccine. The coverage rate of the first dose and second dose for
the entire population reached 92.9% and 90.6%, respectively
[13], and more than 771 million booster injections have been
administered [14]. In November 2022, China adjusted and
optimized the prevention and control measures for COVID-19.
The local epidemic quickly climaxed, which led to a depletion
of medical resources. Febrifuge, antitussive, and other
COVID-19–related drugs could not meet the exponential
increase in the number of patients in the short term, and the
more serious concern was overwhelming the availability of
hospital beds [15,16]. Therefore, long-term attention should be
paid to the preventive effect and clinical value of the second or
multiple booster doses of the COVID-19 vaccine.

In China, the most commonly used vaccines for both primary
and booster immunization against COVID-19 are inactivated
vaccines produced by the China National Biotec Group and
Sinovac Biotech. Inactivated vaccines are prepared by
cultivating SARS-CoV-2 in vitro to render the virus
noninfectious while preserving its antigenicity. Although
homologous boosting is generally considered a standard practice,
heterologous regimens have been proposed as a COVID-19
vaccine strategy to elicit stronger and broader, or longer-lasting,
immunity [17,18]. A recombinant COVID-19 vaccine using
adenovirus type 5 as a vector for inhalation was developed by
CanSino Biologics (inhalant Ad5-nCoV). Ad5-nCoV inhalation
involves the recombination of the spike glycoprotein gene of
SARS-CoV-2 into the replication-deficient human type 5
adenovirus gene, which induces an immune response in the
body. This inhalant is easy to administer and can stimulate
mucosal immunity. In a previous phase 1 trial, Ad5-nCoV
inhalation was found to be well tolerated. Further, compared
with intramuscular vaccination, aerosol vaccination could trigger
a higher ratio of neutralizing antibodies to total antibodies [19].

Few real-world studies have demonstrated the effect of a fourth
dose of heterologous booster on Omicron, especially using

inhalation vaccines. Here, we aimed to reveal the
immunogenicity and persistence of the primary booster dose
and the real-world immune effect of the secondary inhalation
booster to assess immunogenicity and persistence and prevent
sequelae of booster administration in the real world.

Methods

Study Design

Overview
A bidirectional cohort was established to investigate the efficacy
of booster administration between September 21, 2022, and
January 30, 2023, in Guiyang City, Guizhou Province, China.
The cohort was retrospectively tracked to determine the effect
and durability of primary booster administration and
prospectively followed up to assess the immunogenicity and
real-world protective effect of secondary booster heterologous
immunization, with the time of receiving the second booster as
the node.

Retrospective Study
Blood samples were collected from individuals for antibody
testing at the time of enrollment. A questionnaire covering basic
characteristics and immunization programs was required to
evaluate the durability and effectiveness of the third booster
dose.

Secondary Booster Administration
All enrolled individuals received the inhalant, Ad5-nCoV, as
part of a secondary booster immunization program (the fourth
dose).

Prospective Study
About 4 weeks (21-35 days) after receiving the second booster
dose, blood samples were collected for antibody testing. After
about 16 weeks (84-140 days), information on the infection and
sequelae of COVID-19 was collected from participants through
follow-up phone calls.

Participants
Participants were recruited by the Guizhou Center for Disease
Control and Prevention. These individuals were aged 18 years
or older and had received 3 doses of the COVID-19 vaccine
before 6 months or above. The main exclusion criteria were
individuals with a history of clinically or laboratory-confirmed
COVID-19 or SARS-CoV-2 infection within the first 6 months
of enrollment, a history of vaccination (any administration,
including COVID-19 baseline or booster dose) within the first
6 months of enrollment, or an allergy to any component of the
vaccine.

Procedures
Individuals from Guanshanhu District, Qingzhen City, and
Baiyun District of Guiyang City were recruited for this study.
All individuals completed the basic and primary booster
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immunization procedures with the inactivated vaccine from the
China National Biotec Group or Sinovac Biotech.

Eligible participants received 1 dose of inhalant Ad5-nCoV (0.1
mL per dose) through a specific atomization device. Venous
blood samples (5 mL) were collected before inhalation and 28
days after inhalation to detect immunoglobulin G (IgG) and
immunoglobulin A (IgA) antibodies against SARS-CoV-2 in
serum. Antibody detection was performed by the
receptor-binding domain antibody test kit produced by Vazyme
Biotech Co Ltd. The kit detects receptor-binding domains IgA
and IgG antibodies against SARS-CoV-2 that are produced
during incubation through an indirect enzyme-linked
immunosorbent assay (ELISA). After processing and color
development, the absorbance of the sample was measured at a
wavelength of 450 nm. The absorbance of the sample was
positively correlated with the antibody titers.

Survey Tool
Telephone follow-up was conducted with the participants to
assess their status and the timing of contracting SARS-CoV-2
after inhalation and evaluate the persistent symptoms of
post–COVID-19 using a scale. The scale comprised 49 items
and was used to assess the severity of the post–COVID-19
impact using 8 indicators: fatigue, shortness of breath, brain
fog, impaired coordination, physical pain, impaired sleep quality,
depression, and impaired quality of life. These indicators were
selected based on the common symptoms of post–COVID-19
condition (PCC), that is, a set of signs and symptoms that
emerge during or after an infection consistent with COVID-19
and are not explained by an alternative diagnosis [20].

Each item was rated as “never occurred,” “slightly affected,”
“moderately affected,” and “severely affected,” with scores of
0, 1, 2, and 3, respectively. The Cronbach α values of the 8
indicators ranged from .79 to .94, indicating acceptable
reliability [21]. The detailed questionnaire and Cronbach α
values are provided in Multimedia Appendix 1.

Statistical Analyses
The baseline characteristics are presented as means (SDs) for
continuous variables and percentages for categorical variables.
Missing values were treated and reported in all analyses.

The attenuation curves of the antibody and time were fitted
through locally weighted scatterplot smoothing (LOWESS), a
nonparametric method used in the analysis of local regression.
The sample was divided into short intervals, and weighted
polynomial fitting to the sample in each interval was conducted.
Linear regressions were constructed to fit the curve stratified
according to the preceding immune program.

Comparisons of geometric mean titers (GMTs) and geometric
mean increases (GMIs) between the groups were performed
using logarithmic conversion values. The differences in

antibodies before and after administration were compared using
a paired Student 2-tailed t test, and linear regression was used
to compare GMIs among different groups. For positive
seroconversion, the antibodies after administration should
increase by 4-fold or more, according to the literature [19,22].
A logistic regression was used to compare the seroconversion
rate. On the basis of the marginal forecast rates of each category
estimated by the regression, we used the weighted average of
the standard population to calculate the direct standardized
seroconversion rate and GMI. All test criteria to confirm the
hypothesis were bilateral, with a significance level of .05. The
adjusted α was reduced to .017 when pairwise comparisons
were made between the 3 groups.

Kaplan-Meier analysis was used to plot the uninfected curves
and cumulative hazard curves of different antibody levels, and
the log-rank test was used to compare the difference in infection
time among individuals with different levels. A multivariate
Cox proportional hazard regression model was used to adjust
for the effects of confounding factors on the results. Finally, a
linear regression model was constructed to analyze the
correlation between different sequelae scores and antibodies.

All statistical analyses were performed using R (version 4.2.0;
R Development Core Team) and Stata (version 17.0; Stata
Corporation).

Ethics Approval
The protocol was approved by the institutional review board of
the Guizhou Center for Disease Control and Prevention
(approval number Q2023-03) and was performed in accordance
with the Declaration of Helsinki and the Good Clinical Practice
guidelines. All participants provided written informed consent
before enrollment.

Results

Basic Characteristics of the Participants
A total of 327 participants who completed the vaccination and
blood sampling were enrolled in the final statistical analysis.
The specific participant entry and exit processes are outlined in
Multimedia Appendix 1. A total of 234 female and 93 male
participants were enrolled, with a mean age of 39.4 (SD 9.5)
years. All participants received 3 doses of the COVID-19
vaccine before the survey, including 2 doses for basic
immunization and 1 dose for booster immunization. Of the 327
participants, 166 received the BBIBP-CorV inactivated vaccine
(SinoBio Pharmaceutical Ltd) and 161 received the CoronaVac
inactivated vaccine produced by Sinovac Ltd. Among them,
233 participants worked in hospitals, 84 worked in nonhospital
institutions, and the remaining 10 were reluctant to report their
occupations and workplaces. Detailed information is provided
in Table 1.
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Table 1. The characteristics of participants (N=327).

ParticipantsCharacteristics

39.4 (9.5)Age (years), mean (SD)

Age (years), n (%)

63 (19.3)<30

94 (28.7)30-40

118 (36.1)40-50

52 (15.9)≥50

Sex, n (%)

93 (28.4)Male

234 (71.6)Female

Ethnicity, n (%)

279 (85.3)Han

48 (14.5)Minority

Workplacea, n (%)

233 (73.5)Hospital

84 (26.5)Nonhospital

Primary booster vaccine

166 (50.8)BBIBP-CorV

161 (49.2)CoronaVac

an=317; 10 subjects were not willing to report their occupation or workplace.

Long-Term Durability of the Antibodies After
Primary-Booster Administration (Third Dose)
Before receiving the second booster (fourth dose), we measured
the antibody levels of the participants. Approximately 6-12
months after receiving the booster, the GMT of the IgG antibody
was 95.9 (95% CI 78.8-116.7), while that of the IgA antibody
was 7.9 (95% CI 7.3-8.5). The time interval between the last
booster immunization and antibody detection was used as the
independent variable, while the antibody level was used as the
dependent variable for LOWESS segmented curve fitting. The
fitting results showed that the IgG antibody level slowly declined

with time after the primary booster, while the IgA antibody
level remained almost constant (GMT 7.9; Figure 1A and B).

We proceeded to stratify the results based on the different
immunization programs and perform linear fitting. Figure 1C
shows that the declining trend for the IgG antibody level of
participants administered the CoronaVac vaccine and those
administered the BBIBP-CorV vaccine was consistent after 6
months of immunization, with the IgG antibody titer of
CoronaVac (GMT 124.2; 95% CI 93.8-164.3) vaccine recipients
being slightly higher than that of the BBIBP-CorV vaccine
recipients (GMT 74.7; 95% CI 56.9-97.9). Figure 1D shows
that the levels and trends of the 2 are almost identical.
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Figure 1. The locally weighted scatterplot smoothing (LOWESS) curves of IgG and IgA over time during 6-12 months after primary booster administration.
(A) The curves of IgG over time. (B) The curves of IgA over time. (C) The changing curves of IgG stratified by a booster vaccine (third dose). (D) The
changing curves of IgA stratified by a booster vaccine (third dose). IgA: immunoglobulin A; IgG: immunoglobulin G.

Immunogenicity of the Second Booster (Fourth Dose)
At 28 days after receiving the inhalant vaccine as the second
booster, the GMT of the IgG antibody was 5066.5 (95% CI
4418.1-5810.1), while that of the IgA antibody was 108.6 (95%
CI 95.4-123.5). The GMI of IgG was 52.8 (95% CI 42.6-65.6),
and the seroconversion rate reached 94.5% (95% CI 92-97).
The GMI of IgA was 13.7 (95% CI 12-15.7), and the antibody
seroconversion rate was 89.3% (95% CI 85.9-92.7).

The antibody levels of individuals with different
sociodemographic characteristics and prevaccination programs
showed significant improvement after vaccination. The line

graphs of the pre and postvaccination GMTs for the IgG and
IgA antibodies of different groups are shown in Figure 2.

We explored the crude and adjusted changes in antibody (GMI
and seroconversion rate) among different groups based on age,
sex, ethnicity, workplace, and type of primary booster vaccine,
as detailed in Table 2. There was no difference in
postvaccination GMI or seroconversion of IgG antibodies among
the different demographic groups. However, for participants
who received BBIBP-CorV (adjusted rate 97.4%; 95% CI
94.9-99.9) as their initial booster, the seroconversion rate of the
IgG antibody was higher than that of those who received
CoronaVac (adjusted rate 91.4%; 95% CI 87.2-95.7) after the
secondary booster immunization.

JMIR Public Health Surveill 2023 | vol. 9 | e47272 | p.3332https://publichealth.jmir.org/2023/1/e47272
(page number not for citation purposes)

Liu et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. The differences of the pre- and postvaccination GMTs for the IgG and IgA antibodies of different groups. (A-E) GMTs for the IgG. (A)
Group by age. (B) Group by sex. (C) Group by ethnicity. (D) Group by type of primary booster vaccine. (E) Group by workplace. (F-J) GMTs for the
IgA. (F) Group by age. (G) Group by sex. (H) Group by ethnicity. (I) Group by type of primary booster vaccine. (J) Group by workplace. GMT: geometric
mean titer; IgA: immunoglobulin A; IgG: immunoglobulin G.
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Table 2. The distribution and difference of geometric mean increase and positive seroconversion rate of immunoglobulin G and immunoglobulin A
antibodies among groups.

Seroconversion rate, proportion (95% CI)Geometric mean increase, mean (95% CI)Variable

P valueAdjustedCrudeP valueAdjustedCrude

Immunoglobulin G

N/AN/A94.5 (92-97)N/AN/Aa52.8 (42.6-65.6)Overall

Age (years)

—92.3 (85-99.7)93.7 (87.6-99.7)—b53.6 (32.2-89.1)56.6 (33.9-94.7)<30

.1697.7 (94.5-100.9)97.9 (94.9-100.8).9452.2 (34.4-79.3)49.1 (35.1-68.6)30-40

.9992.3 (87.6-96.9)91.5 (86.5-96.6).8349.9 (34.3-72.5)48.4 (32.2-72.6)40-50

.4595.9 (90.5-101.4)96.2 (90.9-101.5).4969.8 (39.8-122.7)67.7 (41-111.9)≥50

Sex

—93.3 (88.3-98.2)92.5 (87.1-97.9)—57.6 (37.4-88.8)52 (34.6-78.1)Male

.5994.8 (91.8-97.8)95.3 (92.6-98).7352.6 (40.3-68.6)53.2 (41.2-68.6)Female

Ethnicity

—94.2 (91.5-96.9)94.3 (91.5-97)—53.5 (42.1-68)52.8 (41.9-66.5)Han

.8495 (88.3-101.7)95.8 (90.1-101.6).8556.8 (31.6-102.1)52.9 (28.6-97.9)Minority

Workplace

—94.4 (91.5-97.3)94.4 (91.5-97.4)—61.5 (47.4-79.8)61.3 (47-80.1)Hospital

.9294.1 (89-99.2)94 (88.9-99.2).0637.6 (24.2-58.4)37.9 (26-55.1)Nonhospital

Booster vaccine

—97.4 (94.9-99.9)97.6 (95.2-99.9)—65.7 (48-89.9)64.1 (48-85.6)BBIBP-CorV

.0391.4 (87.2-95.7)91.3 (86.9-95.7).0944.3 (32.4-60.7)43.3 (31.4-59.6)CoronaVac

Immunoglobulin A

N/AN/A89.3 (85.9-92.7)N/AN/A13.7 (12-15.7)Overall

Age (years)

—89.2 (81.5-96.9)88.9 (81-96.7)—13.2 (9.7-18)12.9 (9.8-16.8)<30

.3193.7 (88.8-98.6)92.6 (87.2-97.9).5814.8 (11.5-19.1)14.1 (11.2-17.7)30-40

.2582.5 (75.3-89.8)83.9 (77.2-90.6).3811.1 (8.9-14)11.8 (9.3-14.9)40-50

.2195.9 (90.3-101.5)96.2 (90.9-101.5).0720.4 (14.5-28.7)20.3 (14.6-28.2)≥50

Sex

—89.7 (83.4-95.9)89.2 (82.9-95.6)—16.9 (13-21.9)16.5 (12.6-21.5)Male

.8889.1 (85-93.2)89.3 (85.3-93.3).0712.6 (10.8-14.9)12.8 (11-14.8)Female

Ethnicity

—90.1 (86.6-93.6)90.3 (86.8-93.8)—13.8 (11.9-15.9)13.9 (12.1-16)Han

.2283.9 (73.2-94.7)83.3 (72.6-94).9413.6 (9.5-19.3)12.8 (8.6-19.2)Minority

Workplace

—89.8 (86-93.6)89.7 (85.8-93.6)—14.3 (12.2-16.7)14 (12-16.4)Hospital

.6287.8 (80.6-94.9)88.1 (81.1-95.1).3612.3 (9.4-16.1)13 (9.8-17.1)Nonhospital

Booster vaccine

—87.6 (82.5-92.8)88.6 (83.7-93.4)—13.1 (10.8-15.8)13.3 (11-15.9)BBIBP-CorV

.3690.8 (86.4-95.2)90.1 (85.4-94.7).4814.4 (11.9-17.5)14.2 (11.8-17.2)CoronaVac

aN/A: not applicable.
b—: not available.
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Real-World Protective Effect of Secondary Booster
Administration Against Infection
After the second booster, we continued to track and follow up
with the participants to derive the breakthrough infection rates.
As of January 30, 2022, we followed up with 251 participants;
the breakthrough infection rate was 60.2% (151/251).

After adjusting for confounding factors, Cox regression analysis
revealed a significant correlation between postimmunization
IgG antibody levels and breakthrough COVID-19 infection
(hazard ratio 0.60; 95% CI 0.45-0.79); the same result was
obtained for IgA antibody levels (hazard ratio 0.55; 95% CI
0.39-0.78). This result suggests that both IgG and IgA antibodies
after the second booster can provide a certain degree of
protection against COVID-19 and prevent infection. We
categorized postimmunization IgG and IgA antibodies into 3
levels, high, medium, and low, based on 25th percentile and

75th percentile. Survival and cumulative risk curves were plotted
for each level, as shown in Figure 3. Higher levels of
postimmunization IgG antibodies were associated with better
protection against COVID-19 infection and a lower cumulative
risk for vaccine recipients (Figure 3A). Similarly, higher levels
of postimmunization IgA antibodies were associated with better
protection against COVID-19 infection and a lower cumulative
risk for vaccine recipients (Figure 3B).

Kaplan-Meier curves for the risk of COVID-19 infection for
age and sex subgroups were plotted, as shown in Figure 1.
Differences between age groups were found: participants
between 30 and 40 years of age had a higher hazard risk than
other age groups. The differences were insignificant after
adjusting for other sociodemographic factors. Women appear
to have a higher risk of infection than men, but this did not reach
statistical significance (P=.051).

Figure 3. The Kaplan-Meier and cumulative hazard curve of COVID-19 infection grouped by antibody levels. (A) Curves grouped by IgG levels (low,
middle, and high). (B) Curves grouped by IgA levels (low, middle, and high). IgA: immunoglobulin A; IgG: immunoglobulin G.

Real-World Protective Effect of Secondary Booster
Administration Against Post–COVID-19 Symptoms
Finally, a questionnaire was used to evaluate the
post–COVID-19 symptoms of 151 participants who experienced
breakthrough infections, including fatigue, shortness of breath,
brain fog, impaired coordination, physical pain, impaired sleep
quality, depression, and impaired quality of life. The most

common symptoms were fatigue, impaired sleep quality, and
impaired quality of life, with mean scores of 0.46, 0.24, and
0.20, respectively.

We constructed a regression model with postimmunization
antibody levels as the independent variable and questionnaire
scores as the dependent variable. Based on the results, the GMI
levels of postimmunization IgG antibodies had a protective
effect on brain fog (odds ratio [OR] 0.56; 95% CI 0.32-0.97)
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and sleep quality (OR 0.71; 95% CI 0.53-0.96). The GMI levels
of postimmunization IgA antibodies had a protective effect on
brain fog (OR 0.68; 95% CI 0.49-0.96). Additionally,
participants who were IgA antibody seropositive after infection
had milder symptoms of shortness of breath (OR 0.81; 95% CI
0.7-0.95), brain fog (OR 0.68; 95% CI 0.55-0.83), impaired

coordination (OR 0.66; 95% CI 0.50-0.86), and physical pain
(OR 0.76; 95% CI 0.60-0.96; Figure 4).

The age-stratified protective effect of IgG and IgA after
secondary enhancement on post–COVID-19 symptoms was
reported. Unfortunately, no differences between age groups
were found, and detailed results can be seen in Figure 2.

Figure 4. The adjusted regression models of antibodies on post–COVID-19 scores. The heatmap and bar chart on the left represent the discrete and
central trends of the post–COVID-19 scores, and the scores of each subitem entered the model as a dependent variable. The 3 graphs on the top right
are the results of entering different metrics of IgG (ie, GMT, GMI, and seroconversion rate) into the regression model as independent variables. The 3
graphs on the bottom right are the results of entering different metrics of IgA (ie, GMT, GMI, and seroconversion rate) into the regression model as
independent variables. Each regression adjusted for basic sociodemographic characteristics. GMI: geometric mean increase; GMT: geometric mean
titer; IgA: immunoglobulin A; IgG: immunoglobulin G.

Discussion

Overview
Based on existing evidence, there is a significant decline in
neutralizing antibody titers 4-5 months after completion of the
routine vaccination program [23,24]. The immune protection
induced by the vaccine declines continuously with time,
highlighting the urgent need for booster vaccination to enhance
protection. According to statistics from the National Health
Commission, approximately 850 million people in China have
received their booster vaccine as of February 2023 [16]. The
administration of a third dose of the same vaccine has been
demonstrated to significantly increase neutralizing antibody
levels and effectively reduce the symptomatic infection rate of
the SARS-CoV-2 variant [25,26].

The literature suggests a decline or even disappearance of
antibody levels within a short period of 3-6 months [27-30]. In

this study, we tracked the antibody level owing to the first
booster for 6-12 months without the interference of natural
infection to evaluate long-term immunogenicity. We found that
the decline in antibody level was slow after 6 months and
maintained at a relatively low level, with a GMT of
approximately 96 for IgG and approximately 8 for IgA. In
confirmatory research, vaccine effectiveness was estimated to
decline from approximately 70% one week after the booster
dose to approximately 40% at 15 weeks or more [31].

The titers of postadministration antibodies vary according to
the vaccine type. In China, inactivated vaccines are the most
commonly used vaccines for basic and booster immunizations
owing to their safety and stability. Based on evidence from the
Chinese Center for Disease Control and Prevention, the GMTs
owing to BBIBP-CorV were 25 at 1 month and 4 at 12 months,
while those owing to CoronaVac were 20.2 and 4.1, respectively
[32]. In this study, ELISA revealed that the IgG antibody titers
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from CoronaVac were slightly higher than those from
BBIBP-CorV at 6-12 months after administration but converged
at 12 months.

Breakthrough infections have become more common with the
decline in antibody levels and the development of new VOCs
with strong immunologic escape, despite the remarkable effect
of primary boosting [33]. A fourth dose of the COVID-19
vaccine can boost cellular and humoral immunity, and the peak
responses were found to be similar to the peak responses after
the third dose [34]. According to some clinical trials, the
adenovirus vector booster dose based on an inactivated vaccine
could lead to higher neutralization antibodies than homologous
boostering [35,36]. In China, nearly 47 million residents have
now completed the sequential booster immunization since the
start of its dissemination in November 2022 [14].

Based on the available evidence, a prospective study was
conducted to evaluate heterologous secondary booster
administration. To our knowledge, this study is the first
real-world evaluation of the effectiveness of the second booster
dose in China. Herein, the inhalant Ad5-nCoV vaccine was
administered as a second booster dose. Inhalant Ad5-nCoV is
homologous to injectable Ad5-nCoV but achieves protection
through mucosal immunization through inhalation. Mucosal
immunity is a critical component of the human immune system,
with more than 90% of infections occurring in the mucosa,
which comprises numerous dendritic cells with strong T-cell
activation capacity that can induce an immune response. ELISA
to detect the serum antibodies revealed that the GMT of the IgG
antibody was 4978.2 and that of the IgA antibody was 107.8 at
28 days after inhalation. The seroconversion rates for IgG and
IgA were 93.8% and 86.9%, respectively. The antibody titers
of the primary booster against the Omicron variant were
attenuated relative to those of other virus strains, such as the
wild type and other VOCs. Therefore, the use of heterogeneous
vaccines for the second-booster procedures is a concern for the
prevention of the Omicron variant [37].

China suffered a COVID-19 epidemic between December 2022
and January 2023 owing to changes in health policies and the
impact of the Omicron variant, with a peak in cases on
December 22, 2022 [13]. In this study, we followed up with
participants for 4 months after receiving their fourth vaccine
dose to assess their real-world COVID-19 infection status. As
of January 30, 2023, 60.2% (151/251) of participants
self-reported that they had been infected with COVID-19.
Notably, IgG and IgA provided strong protection against

COVID-19 infection, as demonstrated by the high antibody
titers after the fourth dose.

In addition to infection prevention, the long-term effects of
COVID-19 are also concerning. Studies from high-income
countries suggest that vaccination may alleviate post–COVID-19
or PCC [38]. However, based on other evidence, COVID-19
vaccination is not associated with improvement in PCC [39,40].
We sought to assess some nonspecific post–COVID-19
symptoms. Based on our results, the GMI and seroconversion
rates of IgG and IgA may alleviate some of the symptoms after
secondary booster administration, including sleep quality,
shortness of breath, brain fog, impaired coordination, and
physical pain. The GMTs had no statistical relationship, which
may be explained by the insufficient statistical efficacy induced
by the small sample size. However, its clinical value is still
worth exploring. The varying levels of IgG and IgA suggest the
mechanisms of immune protection after infection, suggesting
that further tracking and research are warranted.

Our study had some limitations. First, the SARS-CoV-2
infection of participants was self-reported, which may have led
to recall and reporting biases. Further, asymptomatic patients
may not have been identified. Second, the antibody detection
method used was an ELISA quantitative assay rather than the
neutralization test. However, the results of both tests are highly
correlated according to the literature. ELISA can be used as a
substitute for the gold standard to assess immunogenicity [22].
Third, there was no control group setting without a second
booster dose for estimating the vaccine effect of the second
booster dose. Their use of antibody levels was reasonable in
accordance with previous trials, however [41]. Finally, only
follow-up data collected within approximately 1 month after
infection were reported in this study. These findings may offer
suggestions for future populations with post–COVID-19. Further
studies are needed, including appropriate control measures for
unvaccinated individuals, to confirm the trajectory of persistent
symptoms after COVID-19 vaccination.

Conclusions
The IgG and IgA antibodies did not decrease significantly but
remained at a relatively low level after administration of the
second booster dose. The antibodies generated significant
immunogenic protection against breakthrough infections and
might partially alleviate post–COVID-19 symptoms. Further
studies on secondary booster administration are needed to
validate these correlations.
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Abstract

Background: The COVID-19 pandemic, caused by SARS-CoV-2, has triggered a global public health crisis of unprecedented
proportions. SARS-CoV-2 vaccination is a highly effective strategy for preventing infections and severe COVID-19 outcomes.
Although several studies have concluded that COVID-19 vaccines are unlikely to affect fertility, concerns have arisen regarding
adverse events, including the potential impact on fertility; these concerns are plagued by limited and inconsistent evidence.

Objective: This review aims to provide a recent assessment of the literature on the impact of COVID-19 vaccines on male
sperm quality. The possible impact of COVID-19 vaccines on fertility potential was also examined to draw a clearer picture and
to evaluate the effects of COVID-19 on male reproductive health.

Methods: PubMed, Scopus, Web of Science, Embase, and Cochrane databases were searched from their inception to October
2023. Eligible studies included articles reporting SARS-CoV-2 vaccination and human semen quality and fertility, as well as the
impact of vaccination on assisted reproductive technology treatment outcomes. The quality of cohort studies was assessed using
the Newcastle-Ottawa Scale, and the quality of cross-sectional studies was assessed using the quality evaluation criteria
recommended by the Agency for Healthcare Research and Quality. The systematic review followed PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) guidelines.

Results: The initial literature search yielded 4691 records by searching 5 peer-reviewed databases (PubMed, Scopus, Web of
Science, Embase, and Cochrane). Finally, 24 relevant studies were selected for our study. There were evident research inequalities
at the regional level, with the United States and Western European countries contributing 38% (9/24) of the studies, Middle
Eastern countries contributing 38% (9/24), China accounting for 21% (5/24), and Africa and South America accounting for none.
Nonetheless, the overall quality of the included studies was generally good. Our results demonstrated that serious side effects of
the COVID-19 vaccine are extremely rare, and men experience few problems with sperm parameters or reproductive potential
after vaccination.

Conclusions: On the basis of the studies published so far, the COVID-19 vaccine is safe for male reproductive health. Obviously,
vaccination is a wise option rather than experience serious adverse symptoms of viral infections. These instances of evidence
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may help reduce vaccine hesitancy and increase vaccination coverage, particularly among reproductive-age couples. As new
controlled trials and prospective cohort studies with larger sample sizes emerge, the possibility of a negative effect of the COVID-19
vaccine on sperm quality must be further clarified.

(JMIR Public Health Surveill 2023;9:e48511)   doi:10.2196/48511

KEYWORDS

COVID-19 vaccine; SARS-CoV-2; reproductive system; fertility; sperm quality

Introduction

Background
The COVID-19 pandemic, caused by SARS-CoV-2, has severely
affected global public health, economics, and social life since
2019 [1-3]. To establish herd immunity and effectively reduce
the risk of COVID-19 infection, the medical and research
community conducted many research studies within a short
period to develop the SARS-CoV-2 vaccines. Impressively,
these efforts have ultimately led to the development of multiple
efficacious vaccines in a short period, which is an unprecedented
and important accomplishment [4]. Vaccination is proven to be
an effective tool for reducing the risk of infection and severe
COVID-19 outcomes and is now a global priority [5,6].

Earlier reports have confirmed that the testis is one of the tissues
with the highest expression of angiotensin-converting enzyme
2 messenger RNA (mRNA) and protein, both of which are key
targets for SARS-CoV-2 to enter host cells [7]. The
inflammatory state caused by COVID-19 may undermine the
integrity of the blood-testis barrier and further promote the
infiltration of the virus. Therefore, in the early stages of the
COVID-19 epidemic, some researchers argued that the testes
might be susceptible to SARS-CoV-2. In fact, a series of studies
have confirmed a short-term reduction in testosterone production
and semen quality in patients with COVID-19. Semen
parameters, including semen volume, sperm concentration, total
sperm count, total sperm motility, and progressive sperm
motility, were negatively affected by SARS-CoV-2 infection
[8,9]. On the basis of the aforementioned potential damage to
the reproductive system following SARS-CoV-2 infection, some
researchers suspected that vaccines that mimic the virus could
also affect fertility via a similar mechanism. Numerous types
of disinformation and misinformation have emerged on social
media, including questioning the relationship between
COVID-19 vaccination and male fertility [10-12]. This public
fear is partly owing to a lack of understanding of the newly
developed COVID-19 vaccine [13,14].

It is also important to note that the current authoritative evidence
on the impact of COVID-19 vaccines on male fertility is still
limited, and the results are controversial. The lack of evidence
for a definitive conclusion could discourage the public, fuel
concerns about the potential impact of the vaccine on male
fertility, and lead to vaccine hesitancy [15-17].

Objectives
As the pandemic continues to evolve, the number of newly
approved vaccines and scientific studies will continue to increase
[18]. In this study, we systematically reviewed the latest data
and theoretical considerations on the impact of COVID-19

vaccines on semen quality in men to provide more conclusive
information for policy makers, health care providers, media,
and the public.

Methods

Search Strategy and Selection Criteria
According to the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines, we
conducted a systematic review of empirical articles on
SARS-CoV-2 vaccination, human semen quality and fertility,
and the impact of vaccination on assisted reproductive
technology (ART) treatment outcomes. The PRISMA checklist
is provided in Multimedia Appendix 1. The PubMed, Scopus,
Web of Science, Embase, and Cochrane databases were used
to identify all relevant literature published up to October 2023.
A keyword search strategy was developed with the following
terms: “COVID-19,” “COVID19,” “covid19,” “covid-19,”
“coronavirus,” “novel coronavirus,” “new coronavirus,” “SARS
Coronavirus 2 Infection,” “2019 Novel Coronavirus Disease,”
“2019 Novel Coronavirus Infection,” “SARS-CoV-2,” “severe
acute respiratory syndrome coronavirus 2,” “COVID-19 Virus
Disease,” “COVID-19 Virus Infection,” “Coronavirus
Disease-19,” “Vaccines,” “vaccine,” “vaccination,” “COVID-19
Vaccines,” “COVID-19 Vaccines/adverse effects,”
“SARS-CoV-2 Vaccine,” “Coronavirus Disease 2019 Vaccine,”
“2019-nCoV Vaccine,” “SARS Coronavirus 2 Vaccine,”
“BNT162b2 mRNA vaccine,” “COVID-19 mRNA Vaccine,”
“Fertility,” “Fecundability,” “Fecundity,” “Infertility, Male,”
“Infertility, Female,” “sterility,” “IVF,” “Fertilization in Vitro,”
“reproductive function,” “ART,” “sperm,” “spermatozoa,”
“semen analysis,” “spermatogenesis,” and “semen parameter.”
The search strategies are provided in detail in Multimedia
Appendix 2.

The search was restricted to articles on humans, published in
any language, without additional restrictions. With regard to
publication type, original studies were selected. Abstracts,
comments, reviews (narrative or systematic), modeling only,
case reports, case series (reporting data for <10 patients), and
editorials were excluded. We evaluated the relevance and quality
of the text. Two independent reviewers (GL and BS) screened
all the studies by title, abstract, and keywords to identify
potentially relevant articles. All articles obtained through the
search strategy were imported into Rayyan (Qatar Computing
Research Institute), and duplicates were removed. Papers that
did not meet the inclusion criteria for the full-text evaluation
were excluded. Subsequently, the full texts were screened to
collect the data. Furthermore, the reference lists of the included
studies were manually searched to identify additional eligible
studies and to ensure that relevant studies were not missed.
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Eligible studies that were chosen to be included in this study
were those evaluating the impacts of the COVID-19 vaccine on
semen quality and male reproduction. Articles related to female
vaccination and those without information on male vaccination
were excluded. Data on the effect of the SARS-CoV-2 on male
fertility were also excluded. The inclusion and exclusion criteria
are presented in Table 1. Any disagreements were resolved
through discussion among the study team members. The flow
and results of the literature search are summarized in a PRISMA
flowchart (Figure 1). Ethics approval was not required for this
study because the data were derived from previously published
studies.

The initial literature search yielded 4691 records. Of these, 2204
duplicate articles were removed, 2249 records were further
excluded based on title or abstract screening, and 214 were
excluded based on full-text assessment. Finally, 24 studies were
selected for evaluation. We extracted the data using a pretested
data extraction form created in Microsoft Excel 2019 (Microsoft
Corporation). Article information (eg, PubMed Identifier, first
author, year of publication, and country); study design; vaccine
type; side effects; and changes in semen parameters were
extracted from the articles.

Table 1. Summary of the inclusion and exclusion criteria.

Exclusion criteriaInclusion criteriaParameter

Article or study type •• Abstracts, comments, and editorialsPopulation-based original research studies
• Reviews and book chapters
• Protocols and modeling only
• Case reports and case series
• Animal experiment

Language •• Without additional restrictionsAny language

Publication period •• All dates outside the span from November 2019 to October
2023

November 1, 2019, to October 1, 2023

Study content •• Studies related to female vaccination without information
on male vaccination

Studies assessing the impact of COVID-19
vaccines on semen quality and male reproduc-
tion • Data on the effects of COVID-19 on male fertility

Figure 1. The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart of the screening and selection process.
WoS: Web of Science.
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Characteristics of the Included Literature
The methodological quality of the included studies was
evaluated according to study design. Cohort studies were
assessed using the Newcastle-Ottawa Scale, which provides a
score between 0 and 9 and assesses the following quality
parameters: comparability of study groups, selection of study
groups, and ascertainment of outcomes [19]. Cross-sectional
studies were evaluated using 11 entries from the quality
evaluation criteria recommended by the Agency for Healthcare
Research and Quality [20]. Each entry contained options “Yes,”
“No,” and “Unclear.” “Yes” was rated as 1 point, while “No”
and “Unclear” were counted as 0. Scores of 0 to 3, 4 to 7, and
8 to 11 were considered as low-, medium- and high-quality
studies, respectively.

Results

COVID-19 Vaccine Platform
Vaccines are critical and cost-effective tools to control the
COVID-19 pandemic. Since the onset of the COVID-19
pandemic, research groups from various countries have made
significant progress in developing vaccines in a short period
using a variety of platform technologies, with >100 vaccine
candidates currently undergoing preclinical development
worldwide [21]. These vaccine platforms range from
protein-based (eg, subunits and virus-like particles) and
virus-based (eg, attenuated live and inactivated vaccines)
strategies to gene-based strategies [22,23]. The different types
of vaccine platforms are shown in Figure 2. In this study, we
focused on several widely used vaccines that have been reported
to affect semen quality.

Figure 2. Different platform types of COVID-19 vaccines and the possible mechanisms affecting semen quality. BTB: blood-testis barrier; mRNA:
messenger RNA.

mRNA Vaccines
Several large biotechnology companies such as Pfizer,
BioNTech, and Moderna have developed COVID-19 vaccines
using advanced mRNA vaccine platforms. In the United States,
the Food and Drug Administration approved emergency
authorizations for the BNT162b2 (Pfizer-BioNTech) and
mRNA‐1273 (Moderna) vaccines in December 2020 [24-26].
mRNA vaccines involve an innovative approach, borrowing
the cell’s transcriptional machinery to produce the desired set
of particles. Vaccine mRNA can enter cells and can be converted
into SARS-CoV-2 glycoproteins (spike proteins). The spike
proteins elicit an immune response by activating helper T and
B cells, eventually establishing immunity against SARS-CoV-2
[27]. These mRNA-based vaccines are noninfectious. They do
not contain any live viral particles and are synthesized by in
vitro transcription in the absence of microbial molecules.

Recombinant Viral-Vectored Vaccines
Recombinant viral-vectored vaccines use a bioengineered viral
vector that can express and clone antigens from the target
pathogen [28]. Lentiviruses, retroviruses, adenoviruses, and

adeno-associated viruses are the common vectors used in this
platform. Nonreplicating viral vaccines have been extensively
studied and have a well-established track record for preventing
infectious diseases because of their genetic malleability, safety,
and ability to stimulate strong cellular immune responses
without the use of adjuvants. Furthermore, a single dose of viral
vector–based vaccines may provide adequate protection. Several
COVID-19 vaccines based on recombinant viral vector
technology including Sputnik V (Gamaleya Institute), ChAdOx1
(Oxford Astra Zeneca), and Ad26. COV2. S (Johnson & Johnson
Janssen) have been approved for emergency use worldwide
[29].

Inactivated Vaccines
Chemically or physically inactivated viral vaccines are among
the oldest vaccine design approaches and have been used
successfully against a variety of human viral infections such as
hepatitis A, polio, and influenza [30]. This method involves
injecting an inactivated virus into the host, inducing an immune
response and promoting strong immunity against the virus. In
contrast to their live attenuated counterparts, inactivated viral
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vaccines pose few safety concerns and deliver a wide range of
native viral antigens, including surface antigens with conserved
epitope conformations, which can stimulate
conformation-dependent antibody responses. As completely
inactive viruses do not replicate, repeated administration and
adjuvants are required to stimulate the immune system and
ensure that these vaccines work properly [31]. Currently, several
vaccines, including CoronaVac (Sinovac) and BBIBP-CorV
(Sinopharm), are being widely used in several countries,
including China.

Effects of SARS-CoV-2 Vaccination on Semen Quality:
Available Evidence
All available COVID-19 vaccines had acceptable efficacy and
safety profiles in phase 3 clinical trials [32]. As of January 2023,
>13 billion doses of the vaccine had been administered
worldwide, with an excellent safety and efficacy profile.
However, as reproductive toxicity has not been evaluated in
clinical trials, one reason for vaccine hesitancy is its potential
negative effects on fertility [33].

As shown in Table 2, we identified 24 studies that evaluated
the effects of different COVID-19 vaccines on semen quality
(some studies simultaneously evaluated >1 vaccine). All the
studies were published between March 2020 and October 2023.

The overall quality of both the cross-sectional and cohort studies
is shown in Table 2.

All the studies were of reasonable quality. Of 24 studies, 9
(38%) studies were conducted in the United States and Western
European countries [34-42], 5 (21%) in China [43-47], 1 (4%)
in Indonesia [48], and 9 (38%) in the Middle Eastern countries
[49-57]. In total, 3 (12%) studies used inactivated COVID-19
vaccines, 4 (17%) studies used viral-vectored vaccines, 8 (33%)
studies used mRNA vaccines, and 3 (12%) studies included a
combined analysis of multiple types of vaccines. A total of 11
(46%) studies involved patients with infertility undergoing ART,
11 (46%) involved healthy volunteers or sperm donors, and 2
(8%) involved other male populations with type 2 diabetes and
nonserious chronic conditions. All studies described standard
methods for sample collection and processing and followed the
fifth edition of the World Health Organization laboratory
manual. ’The study design, study population, vaccine type,
result analysis, and adverse reaction reports of all 24 studies are
listed in Table 3. These studies reported a variety of semen
parameters: 9 (38%) reported total sperm count, 23 (96%)
reported sperm concentration, 7 (29%) reported sperm
morphology, 19 (79%) reported total sperm motility, 17 (71%)
reported progressive sperm motility, and 11 (46%) reported
total motile sperm count (TMSC).
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Table 2. Summary of the inclusion and exclusion criteria.

InterpretationAHRQa or NOSb scoreStudy designCountrySource

Medium quality6Prospective cross-sectionalUnited StatesDiaz et al [34], 2021-2022

Medium quality5Prospective cross-sectionalUnited StatesGonzalez et al [35], 2020-2021

Medium quality6Prospective cross-sectionalChinaWang et al [43], 2021

High quality8Retrospective cross-sectionalChinaHuang et al [44], 2021-2022

High quality8Retrospective cross-sectionalChinaZhu et al [45], 2020-2021

High quality7Retrospective cohort studyChinaXia et al [46], 2021

High quality8Retrospective cohort studyChinaDong et al [47], 2023

Medium quality4Prospective cross-sectionalIraqAbd et al [51], 2022

Medium quality5Retrospective cohort studyJordanAl-Alami et al [50], 2021

Medium quality5Prospective cohort studySaudi ArabiaAlenzi et al [49], 2021

Medium quality8Prospective cohort studyIndonesiaLestari et al [48], 2020-2022

Medium quality7Retrospective cross-sectionalIsraelKaravani et al [52], 2021-2022

Medium quality7Retrospective cross-sectionalIsraelGat et al [53], 2021-2022

Medium quality5Prospective cross-sectionalIsraelLifshitz et al [54], 2021

High quality9Retrospective cross-sectionalIsraelSafrai et al [55], 2021

Medium quality4Prospective cross-sectionalIsraelBarda et al [56], 2020-2021

Medium quality6Retrospective cohort studyIsraelOrvieto et al [57], 2021

High quality8Prospective cross-sectionalItalyOlana et al [36], 2021

Medium quality5Retrospective cross-sectionalItalyReschini et al [37], 2022

Medium quality6Prospective cross-sectionalItalyMassarotti et al [38], 2021

Medium quality7Retrospective cross-sectionalGermanyChillon et al [42], 2021

Medium quality7Prospective cross-sectionalRussiaDrapkina et al [39], 2021

Medium quality7Prospective cross-sectionalRussiaEsaulenko et al [40], 2021

Medium quality5Prospective cross-sectionalRussiaElagin et al [41], 2021-2022

aAHRQ: Agency for Healthcare Research and Quality.
bNOS: Newcastle-Ottawa Scale.
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Table 3. The effect of COVID-19 vaccines on semen parameters.

Side effectsOutcomesSemen test after
vaccination, days

Semen test
before vac-
cination

Age (y)Sample size;
population

Vaccine typeCountrySource

Not reportedNo significant differ-
ences

T1a: 3 months af-
ter the first dose

Before the
first dose
of vaccine

Mean 26;
range 25-
30

12; normal vol-
unteers

58% Moderna
vaccines and
42% Pfizer vac-
cines

United
States

Diaz et al
[34], 2021-
2022

and T2b: at least
9 months after
the second dose

Not reportedAfter vaccination,
the median sperm

75 (IQR 70-86)
days after the
second dose

Before the
first dose
of vaccine

Mean 28;
range 25-
31

45; normal vol-
unteers

21 received
BNT162b2 and
24 received
mRNA-1273

United
States

Gonzalez
et al [35],
2020-2021 concentration, medi-

an TMSCc, semen
volume, and sperm
motility were signifi-
cantly increased

Not reportedAfter vaccination,
the amount of semen

Median 71 (IQR
38-102) days af-

Before the
first dose
of vaccine

Mean 33;
range 29-
37

153; patients
with infertility
undergoing

IVFd treatment

Inactivated vac-
cine: Coron-
aVac (Sinovac)

ChinaWang et al
[43], 2021

increased, the vitali-
ty decreased, and the
normal morphology
of sperm decreased

ter the second
dose

Not reportedNo significant differ-
ences

Median 87.5
(IQR 52.0-137.5)
days after the
second dose

Before the
first dose
of vaccine

Mean 31;
range 29-
35

128; men with
previous semen
examination in
the medical
center

Inactivated vac-
cine: BBIBP-
CorV
(Sinopharm) or
CoronaVac
(Sinovac)

ChinaHuang et al
[44], 2021-
2022

A sore arm for
both the first and

No significant differ-
ences

T1: mean 9.1 (SD
8.1) days after
the first dose and

Before the
first dose
of vaccine

Mean
28.6 (SD
5.9)

43; semen
donors from
sperm bank

Inactivated vac-
cine

ChinaZhu et al
[45] (2020-
2021) second injections

(nearly 13.9%T2: mean 30.1
and 4.7%, respec-(SD 23.3) days
tively). Oneafter the second

dose donor reported
feeling tired

Pain at the injec-
tion site

No significant differ-
ences

Unvaccinated
group and vacci-
nated group: aver-

Not testedVaccine
group:
mean

Vaccine group
(n=105) and
control group

Inactivated vac-
cine: BBIBP-
CorV

ChinaXia et al
[46], 2021

(11.43%), fol-
lowed by fatigueage 80.6 days af-

ter the first dose
33.9 (SD
4.7) and
control

(n=155); pa-
tients undergo-
ing IVF treat-
ment

(Sinopharm) or
CoronaVac
(Sinovac)

(6.67%),
headache
(1.90%), nausea
(0.95%), and

group:
mean

low-grade fever
(0.95%)

33.3 (SD
4.4)

The main adverse
effect was injec-

No significant differ-
ences

Unvaccinated
group and vacci-
nated group: ≤90

Not testedMean
35.3 (SD
4.3)

519; fertile menInactivated vac-
cine

ChinaDong et al
[47], 2023

tion site pain or
redness; percent-days or >90 days
age of partici-after the first

dose pants with fever
(first dose: 0.3%,
second dose:
0.6%, and boost-
er dose: 1.9%)

Not reportedBoth total motility
and progressive

Mean 101 (SD
37) days after the
first dose

Before the
first dose
of vaccine

Mean
37.2 (SD
5.3)

60; men under-
going IVF treat-
ment (infertility
due to clear fe-
male factors)

Pfizer-BioN-
Tech
(BNT162b2)

IraqAbd et al
[51], 2022

motility were slight-
ly reduced after vac-
cination
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Side effectsOutcomesSemen test after
vaccination, days

Semen test
before vac-
cination

Age (y)Sample size;
population

Vaccine typeCountrySource

Not reportedThe sperm concentra-
tion was higher
among vaccinated
participants than un-
vaccinated partici-
pants

Unvaccinated
group and vacci-
nated group:
clear data were
not available

Not testedMean
35.6 (SD
7.9)

354; partici-
pants who visit-
ed 1 infertility
unit

Pfizer (44.1%),
Sinopharm
(31.4%), Astra
Zeneca (7.9%),
and Moderna
(0.3%)

JordanAl-Alami
et al [50],
2021

Not reportedThere was a signifi-
cant increase in pro-
gressive sperm
motility: prevaccina-
tion motility: median
55.03 (IQR 42-
61.75) vs postvacci-
nation motility: medi-
an 56.5 (IQR 42.25-
63)

1 month after the
second dose

Before the
first dose
of vaccine

Mean
37.89
(SD 10.3)

100; normal
volunteers

Pfizer-BioN-
Tech (44%),
Oxford and As-
tra Zeneca
(32%), and
mixed (24%)

Saudi Ara-
bia

Alenzi et al
[49], 2021

Not reportedThe viral-vector
vaccine caused a de-
crease in morpholo-
gy as well as an in-

crease in DFIe

2 to 4 weeks after
the second dose

Before the
first dose
of vaccine

Vaccine
group:
mean
29.8 (SD
3.5) and
control
group:
mean
29.3 (SD
4.5)

70; patients
with infertility

CoronaVac
(Sinovac), Astra
Zeneca, and
Moderna: pro-
portion is not
clear

IndonesiaLestari et
al [48],
2020-2022

Not reportedNo significant differ-
ences

6 to 14 months
after vaccination

Before the
first dose
of vaccine

Mean
38.0 (SD
6.1)

58; men under-
going IVF treat-
ment

Pfizer-BioN-
Tech
(BNT162b2)

IsraelKaravani et
al [52],
2021-2022

Not reportedCompared with
sperm concentration

at T0g, the concentra-
tion at T2 decreased
by 15%, and total
motor count de-
creased by 22%.
Subsequently, T3
evaluation showed
that the damage had
recovered

T1, T2, and T3f:
included 1 to 3
semen samples
per donor who
provided the
samples 15 to 45
days, 75 to 125
days, and >145
days after vacci-
nation

Before the
first dose
of vaccine

Mean
26.1 (SD
4.2)

37; semen
donors from
sperm banks

Pfizer-BioN-
Tech
(BNT162b2)

IsraelGat et al
[53], 2021-
2022

Fatigue (34.7%),
pain at the injec-
tion site (13.3%),
fever (9.3%), and
chills (8%)

Compared with the

WHOh reference
range, there are only
2 borderline sperm
specimens

On average, 37
days after the
second dose

Not testedMean
38.6 (SD
4.3)

75; normal vol-
unteers, 40% of
whom were
medical staff

Pfizer-BioN-
Tech
(BNT162b2)

IsraelLifshitz et
al [54],
2021

Not reportedNo significant differ-
ences

Median 71.0
(IQR 40.5-104.8)
days after the
first dose

Before the
first dose
of vaccine

Mean
35.7;
range 33-
43

72; patients un-
dergoing IVF
treatment

Pfizer-BioN-
Tech
(BNT162b2)

IsraelSafrai et al
[55], 2021

Pain at injection
site: 79% (T1)
and 88% (T2) of
participants,
lethargy: 9% (T1)
and 48% (T2) of
participants, and
fever: 1 case (T1)

Total sperm count
and TMSC increased
after the second dose
of vaccine

The average
sperm parameters
of multiple sam-
ples were used
for comparison.
For each donor,
at least 1 sample
was received ≥72
days after the
second dose

Before the
first dose
of vaccine

2733; semen
donors from
sperm banks

Pfizer-BioN-
Tech
(BNT162b2)

IsraelBarda et al
[56], 2020-
2021
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Side effectsOutcomesSemen test after
vaccination, days

Semen test
before vac-
cination

Age (y)Sample size;
population

Vaccine typeCountrySource

Not reportedNo significant differ-
ences

Mean 33.3 (SD
14.9) days after
the second dose

Before the
first dose
of vaccine

Mean
40.1 (SD
4.8)

36; patients
with infertility
undergoing IVF
treatment

Pfizer-BioN-
Tech
(BNT162b2)

IsraelOrvieto et
al [57],
2021

Not reportedNo significant differ-
ences

70 days from the
second dose

Before the
first dose
of vaccine

Mean
29.3 (SD
6.0)

47; normal vol-
unteers

Pfizer-BioN-
Tech
(BNT162b2)

ItalyOlana et al
[36], 2021

45% of the pa-
tients reported
mild, self-resolv-
ing adverse
events after the
vaccine, includ-
ing pain at injec-
tion site, fever,
fatigue, nausea,
muscle pain, and
diarrhea

No significant differ-
ences

Median 75 (IQR
38-112) days af-
ter the first dose

Before the
first dose
of vaccine

Mean 39;
range 36-
42

106; fertile men
undergoing

ARTi programs

Pfizer-BioN-
Tech (69%),
Moderna
(19%), Oxford
and Astra
Zeneca (9%),
Johnson &
Johnson’s
Janssen (1%),
and mixed (2%)

ItalyReschini et
al [37],
2022

Not reportedAfter vaccination,
the median volume
of the sample de-
creased from 3.0 to
2.6 ml. Sperm con-
centration, progres-
sive motility, and
TMSC increased

Mean 2.3 (SD
1.5) months after
the second dose

Before the
first dose
of vaccine

Mean
37.5 (SD
5.5)

101; men under-
going fertility
treatments

76% received
mRNA vac-
cines, 20% vi-
ral-vector vac-
cines, 2% a
mixed formula-
tion, and 2%
were not clear
about the type

ItalyMassarotti
et al [38],
2021

Not reportedSARS-CoV-2 vacci-
nation parameters
and vaccine-induced
antibodies were not
associated with
sperm parameters

Unvaccinated
group and vacci-
nated group:
clear data were
not available

Not testedVaccine
group:
mean 38
(SD 5.5)
and con-
trol
group:
mean 36
(SD 6.5)

86; normal vol-
unteers

Pfizer-BioN-
Tech (not report-
ed)

GermanyChillon et
al [42],
2021

Not reportedNo significant differ-
ences

90 days after the
first dose

Before the
first dose
of vaccine

Mean 36;
range 30-
44

45; normal vol-
unteers

Viral-vector
vaccine: Sput-
nik V

RussiaDrapkina
et al [39],
2021

19 (63%) patients
demonstrated a
temperature rise
and 26 (87%) pa-
tients reported
tenderness at in-
jections site

No significant differ-
ences

90 days after the
first dose

Before the
first dose
of vaccine

Mean 46;
range 42-
48

30; patients
with type 2 dia-
betes

Viral-vector
vaccine: Sput-
nik V

RussiaEsaulenko
et al [40],
2021

JMIR Public Health Surveill 2023 | vol. 9 | e48511 | p.3350https://publichealth.jmir.org/2023/1/e48511
(page number not for citation purposes)

Li et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Side effectsOutcomesSemen test after
vaccination, days

Semen test
before vac-
cination

Age (y)Sample size;
population

Vaccine typeCountrySource

A total of 5 and 7
participants exhib-
ited fever with
headache after
the first and sec-
ond vaccine dos-
es, respectively

No significant differ-
ences

10-12 days after
the first dose and
32-36 days after
the second dose

Before the
first dose
of vaccine

Mean
22.4 (SD
4.7)

44; normal vol-
unteers

Viral-vector
vaccine: (Sput-
nik V)

RussiaElagin et al
[41], 2021-
2022

aT1: time point 1.
bT2: time point 2.
cTMSC: total motile sperm count.
dIVF: in vitro fertilization.
eDFI: DNA fragmentation index.
fT3: time point 3.
gT0: time point 0.
hWHO: World Health Organization.
iART: assisted reproductive technology.

Discussion

Principal Findings
Safrai et al [55] published the first study on the impact of the
COVID-19 vaccine on sperm parameters, demonstrating that
the BNT162b2 mRNA vaccine (Pfizer or BioNTech) was not
associated with a decrease in sperm quality. The study enrolled
72 individuals (57 of whom had normal sperm parameters).
Sperm parameters in men with normal and abnormal sperm
analysis did not change significantly after vaccination. The
authors noted that after COVID-19 vaccination, none of the
sperm parameters changed significantly [55]. In February and
March 2021, Lifshitz et al [54] evaluated the effects of the Pfizer
COVID-19 vaccine in 75 men with proven fertility [54]. The
primary outcome was the percentage of abnormal sperm
parameters in men 1 to 2 months after the second injection of
the COVID-19 vaccine, including abnormal sperm morphology,
reduced percentage of motile spermatozoa, and oligozoospermia
rates. The results showed that the semen parameters after
COVID-19 vaccination were mostly within the normal reference
ranges established by the World Health Organization and did
not indicate any causative negative effects of the COVID-19
vaccination. However, the participants in this study were a
relatively homogeneous group, consisting of fertile male
individuals from high socioeconomic groups. Moreover,
participants were only followed up for 1 to 2 months after
receiving the second dose of vaccine; therefore, long-term results
have not yet been reported. In contrast, in a retrospective,
longitudinal, multicenter study recently published in Andrology,
the effects of the COVID-19 BNT162b2 vaccine on semen
parameters were evaluated in 37 semen donors at different time
points, before and after immunization [53]. Compared with the
prevaccination levels, there was a selective decrease in sperm
concentration and TMSC 75 to 125 days after vaccination
(P=.01 and P=.007, respectively). Normal levels of these
parameters were restored 145 days after vaccination, and no
changes in sperm volume or motility were observed. Similarly,
Abd et al [51] observed that the total motility and progressive

sperm activity decreased significantly after BNT162b2 injection.
Notably, considering that all semen parameters were still within
the normal range, the investigator considered that the vaccine
had no deleterious effects on semen parameters [51]. An
additional prospective cohort study evaluated the effects of an
inactivated vaccine (CoronaVac) on semen quality and in vitro
fertilization (IVF) outcomes. A total of 542 patients undergoing
IVF were divided into the unexposed group (nonvaccination)
and the exposed group (vaccination), and it was found that the
semen parameters seemed to fluctuate in the vaccinated men,
including increased semen volume, decreased normal forms of
sperm, and lower motility, whereas the motile sperm counts
were similar. In addition, all semen parameters were above the
lower reference limit. Therefore, researchers jointly believed
that inactivated vaccines may not negatively affect sperm
indicators or embryo development potential in men [43].
However, although this was a cohort study with a relatively
large sample size, the male participants were all infertile,
limiting the generalizability of the findings.

Surprisingly, significant improvements in some sperm
parameters were noted after the COVID-19 vaccination.
Massarotti et al [38] conducted a prospective study in which
101 vaccinated men (who were undergoing fertility treatments)
had semen testing before vaccination and 2.3 (SD 1.5) months
after the second dose of vaccine (76% of the participants were
vaccinated with mRNA vaccine and 20% with viral-vectored
vaccine). The investigators found a significant reduction in the
median volume of the sample (from 3.0 to 2.6 mL), whereas
sperm concentration, progressive motility, and TMSC increased
(from 25.0 to 43.0 million/mL, from 50% to 56%, and from
34.8 to 54.6 million, respectively) [38]. In another prospective
cohort study published in JAMA, Gonzalez et al [35] evaluated
the effect of mRNA vaccines in 45 healthy volunteers (21 Pfizer
and 24 Moderna) and found no significant decrease in sperm
parameters. Semen samples were collected before the first dose
and a median of 75 days after the second dose [35]. The baseline
median sperm concentration was 26 million/mL, and the TMSC
was 36 million. After the second vaccine dose, the median sperm
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concentration increased to 30 million/mL, and the median TMSC
concentration increased to 44 million. Sperm motility and semen
volume also increased significantly. The authors suggested that
the increase in sperm parameters might be explained by known
individual variations in sperm and increased abstinence time
before postvaccine sample collection. Similarly, Barda et al
[56] evaluated the effect of 2 doses of the vaccine (BNT162b2)
on the sperm parameters of 33 sperm donors who donated sperm
on multiple occasions. Compared with the percentage of motile
sperm in the sample before vaccination, the percentage after
the second dose of the vaccine did not change. However, the
total sperm and motile counts increased unexpectedly.[56]. One
possible explanation is that some participants changed their
lifestyle habits or were more health conscious than the
retrospectively enrolled infertile population, which acted as a
confounding factor and positively affected sperm quality [58].

Two previous meta-analyses examined the effect of COVID-19
vaccination on sperm parameters based on published data
[59,60]. Both studies suggested that the vaccination had no
discernible negative impact on sperm quality. However, the 2
meta-analyses had nonnegligible limitations: the included studies
used different types of vaccines, administered different doses
of vaccines, had mostly unknown time intervals from
vaccination to sperm analysis, had large differences in the
participating populations, and had a small sample size for each
group after the subgroup analysis. In other words, the
methodological quality of meta-analyses assessing the impact
of COVID-19 vaccination on semen parameters is currently
unsatisfactory. As new controlled trials and prospective cohort
studies with larger sample sizes emerge, the possibility of a
negative effect of the COVID-19 vaccine on sperm quality must
be further clarified.

Commonly reported side effects of the COVID-19 vaccine in
premarketing clinical trials and postmarketing surveillance
programs include systemic reactions (eg, fatigue, headache, and
muscle pain) as well as injection site reactions (eg, pain, redness,
and swelling), with rare serious adverse events [61,62].
Furthermore, fever is considered one of the most common side
effects of vaccination [63]. According to the literature, fever
can temporarily impair sperm parameters, causing a decline in
sperm count, quality, and DNA integrity [64]. It should be noted
that a range of studies have demonstrated fever to be a common
adverse effect following multiple vaccine injections including
mRNA vaccines (eg, BNT162b2), inactivated vaccines (eg,
CoronaVac), and viral-vector vaccines (eg, Ad26. Sputnik V).
Therefore, male patients who experience fever after receiving
the COVID-19 vaccine may experience fluctuations in their
sperm parameters. However, this effect is similar to that caused
by fever due to other registered vaccines [41,47,54].

According to a study by Gat et al [53], the systemic immune
response following BNT162b2 immunization may contribute
to the deterioration of selective temporary sperm concentration
and TMSC; however, the long-term prognosis remains favorable
[53]. It is important to note that similar studies did not have
data on the detailed health and immune status of the participants
before vaccination. Therefore, their conclusions should be
interpreted with caution. Carto et al [65] examined data from a
large US electronic health record database on the risk of orchitis,

epididymitis, or both in men vaccinated against COVID-19
[65]. They discovered that the serum levels of antisperm
antibodies and antiphospholipid antibodies against cardiolipin,
phosphatidylserine, annexin V, and 2-glycoprotein-1 did not
differ significantly before and after vaccination. Furthermore,
the levels of these autoimmune antibodies did not correlate with
the sperm parameters. Their findings even suggested that
COVID-19 vaccination was linked to a lower risk of orchitis,
epididymitis, or both (odds ratio 0.568, 95% CI 0.497-0.649).
More directly, Chillon et al [42] examined antibody
concentrations in the seminal plasma of 86 men vaccinated with
the new Crown pneumonia vaccine and showed that the antibody
levels in seminal plasma after COVID-19 vaccination were
correlated with serum antibody titers, but not with sperm
parameters.

In addition, BNT162b2 and mRNA-1273 are lipid
nanoparticle-formulated vaccines against SARS-CoV-2. These
excipients, adjuvants, or both may act as vehicles for therapeutic
content delivery while also increasing the intensity of the
immune response [22]. Several studies have shown that these
nanoparticles can cross biological barriers and can be deposited
in reproductive organs, such as the testes, impairing sperm
quality by increasing inflammation, damaging DNA structure,
decreasing mitochondrial function, and inducing apoptosis [66].
Therefore, some researchers are concerned that vaccine
excipients, adjuvants, or both may induce testicular damage.
However, Olana et al [36] found no significant differences in
the levels of reactive oxygen metabolites, electrolytes, or
interleukin-6 in the seminal plasma of participants before and
after the BNT162b2 vaccination [36]. Indeed, the current basic
research evidence and clinical data supporting the idea that a
systemic immune response after COVID-19 vaccination can
lead to impaired sperm quality are insufficient.

Although semen analysis serves as the foundation for evaluating
male fertility, it should be noted that it is an imperfect predictor
of fertility potential. Further persuasive evidence comes from
ART and artificial insemination by partner outcomes in couples
after receiving the COVID-19 vaccine [57,67]. In a prospective
cohort study involving 735 infertile couples, Dong et al [47]
demonstrated that the quality of the embryos and the pregnancy
rate in IVF treatment were unaffected by the couples’
vaccination status or vaccine type. Similarly, no differences in
fertility or pregnancy outcomes were observed in the study by
Orvieto et al [57]. In another multicenter prospective study of
4185 couples, Wang et al [68] found no association between
COVID-19 vaccination status (eg, inactivated, adenoviral, and
recombinant vaccines) and pregnancy rates in artificial
insemination by partner treatment [68].

More directly, using data from an internet-based preconception
cohort study, Wesselink et al [69] investigated the relationship
between COVID-19 vaccination and SARS-CoV-2 infection
with fertility in couples attempting spontaneous pregnancy [69].
Their results suggested that male SARS-CoV-2 infection may
be associated with a short-term decline in fertility, whereas
COVID-19 vaccination had no effect on fertility in either
partner.
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Limitations
It is important to acknowledge that this review has a few
limitations. First, data from most relevant studies were
observational and lacked complete follow-up and analysis of
missing data. All the included studies assessed vaccination based
on self-reports or with no descriptions. Although previous
influenza vaccination validation studies found 97% agreement
between self-report and medical records, the conclusion may
not be directly generalizable to COVID-19 vaccination, and
misclassification risk may still exist [70]. Second, there is a
need for more robust studies, with more precise eligibility
criteria, appropriate sample sizes, and a more representative
population, not focusing only on specific groups, such as those
undergoing IVF. Third, despite the transient alterations in sperm
parameters found in some studies, these findings were often not
well supported by histological or pathophysiological data.
Furthermore, the potential implications for sperm biology,
including mitochondrial function, and the possible effects on
the regulatory systems of epigenetic changes have received little
attention.

However, given the widespread and ongoing spread of
COVID-19, the available data on decreased semen quality in
survivors of COVID-19 outweigh concerns about the potential
negative effects of the COVID-19 vaccine on sperm parameters
[71,72]. From the perspective of reproduction, vaccination
against COVID-19 is preferable for severe adverse symptoms
of the SARS-CoV-2 infection. Large-scale prospective cohort
studies and randomized controlled trials of existing COVID-19
vaccines and newly developed vaccines are needed to further
confirm this review’s conclusion.

Conclusions
In summary, the data in this review show that the COVID-19
vaccine is safe for male reproductive health. Serious side effects
of the COVID-19 vaccine are extremely rare, and men
experience few problems with sperm parameters or reproductive
potential after vaccination. Considering that SARS-CoV-2
infection itself may be associated with impaired fertility,
vaccination could serve as a potential tool to preserve male
fertility by preventing COVID-19. Therefore, vaccination should
be clearly recommended for all men wishing to have children
unless there are additional contraindications.
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Abstract

Background: The 2022 multicountry mpox outbreak positioned the condition as a public health emergency of international
concern. By May 2023, Brazil ranked second globally in the cumulative number of mpox cases and deaths. The higher incidence
of mpox among gay and other men who have sex with men in the current mpox outbreak deepens the stigma and discrimination
against sexual and gender minorities (SGM). This might worsen the structural barriers impacting access to health services, which
ultimately leads to undertesting and underreporting of cases. There are no data available on mpox knowledge and stigma in Latin
America.

Objective: We aimed to evaluate mpox knowledge, stigma, and willingness to vaccinate for mpox among SGM, and to describe
sociodemographic and behavioral characteristics according to self-reported mpox diagnosis.

Methods: A cross-sectional, internet-based survey was conducted in a convenience sample of adults (aged >18 years) living in
Brazil recruited through advertisements on dating apps, social media, referral institutions for infectious diseases websites, and
mass media (October-November 2022). We compared participants’ characteristics according to self-reported mpox diagnosis
using chi-square test or Fisher exact test for qualitative variables and Kruskal-Wallis test for quantitative variables.

Results: We enrolled 6236 participants: 5685 (91.2%) were cisgender men; 6032 (96.7%) were gay, bisexual, or pansexual;
3877 (62.2%) were White; 4902 (78.7%) had tertiary education; and 4070 (65.2%) reported low or middle income. Most participants
(n=5258, 84.4%) agreed or strongly agreed that “LGBTQIA+ individuals are being discriminated and stigmatized due to mpox.”
Mpox awareness was 96.9% (n=6044), and 5008 (95.1%) were willing to get vaccinated for mpox. Overall, 324 (5.2%) reported
an mpox diagnosis. Among these, 318 (98.1%) reported lesions, 178 (56%) local pain, and 316 (99.4%) sought health care.
Among participants not reporting a diagnosis, 288 (4.9%) had a suspicious lesion, but only 158 (54.9%) of these had sought
health care. Compared to participants with no diagnosis, those reporting an mpox diagnosis were younger (P<.001), reported
more sex partners (P<.001), and changes in sexual behavior after mpox onset (P=.002). Moreover, participants diagnosed with
mpox reported more frequently being tested for HIV in the prior 3 months (P<.001), living with HIV (P<.001), currently using
HIV pre-exposure prophylaxis (P<.001), and previous sexually transmitted infection diagnosis (P<.001).

Conclusions: Our results point to high mpox knowledge and willingness to vaccinate among SGM in Brazil. Participants
self-reporting mpox diagnosis more frequently reported to be living with HIV, STI diagnosis, and current pre-exposure prophylaxis
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use, highlighting the importance of an mpox assessment that includes comprehensive sexual health screenings. Efforts to decrease
stigma related to mpox among SGM are necessary to avoid mpox underdiagnosis.

(JMIR Public Health Surveill 2023;9:e46489)   doi:10.2196/46489
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Introduction

The 2022 multicountry mpox outbreak positioned the condition
as a public health emergency of international concern, as
declared by the World Health Organization on July 23, 2022
[1]. Previously, mpox had been barely identified outside specific
African countries with a known endemic epidemiology [2]. The
first cases in nonendemic countries were announced in the
United Kingdom, in May 2022, with over 87,000 confirmed
mpox cases worldwide by May 23, 2023 [3,4]. The outbreak
has disproportionally burdened vulnerable groups, especially
gay, bisexual, and other cisgender men who have sex with men
(MSM) [2,5]. Brazil ranked second globally in the cumulative
number of mpox cases and deaths, with 10,941 confirmed
diagnoses and 16 deaths as of May 23, 2023 [4]. Confirmed
mpox cases in Brazil mostly occurred among cisgender MSM,
with a potential role of sexual contact in the transmission
dynamics [6-8].

Unfortunately, the higher incidence of mpox among vulnerable
groups in the current mpox outbreak deepens the stigma and
discrimination against MSM and other sexual and gender
minorities (SGM) and might worsen the structural barriers
impacting access to health services, which ultimately leads to
undertesting and underreporting of cases [9-12]. Furthermore,
the shame and fear related to societal judgment about
individuals’ sexuality combined with the need for prolonged
self-isolation have a significant impact on a person’s
professional and daily life, thus undermining the mental health
of the most vulnerable [13]. Moreover, this phenomenon might
not be restricted to the current outbreak. Mpox-related stigma
against SGM could be underestimated in countries with endemic
mpox, as many of these still criminalize same-sex relationships,
and data on cases among MSM might be inaccurate [14].

Efforts are in course to mitigate the impact of an mpox outbreak
on the most vulnerable groups, and a stigma-free message that
embraces sexual and gender-diverse people is key to establishing
strong links connecting health services to the community. For
this purpose, it is essential to analyze the knowledge among
vulnerable populations about mpox so that communication and
health actions can be tailored accordingly. A cross-sectional
survey among 1932 respondents in the United Kingdom showed
that, despite a vaccine acceptability rate as high as 96%, only
29% would seek a health service in case of mpox symptoms
[15]. In the United States, 50% of MSM who responded to a
web-based survey reported a 50% reduction in the number of
sex partners, 1-time sexual encounters, group sex, and sex with
a partner they met on a dating app or at a sex venue after the

onset of the current mpox outbreak, although there was no
change in condom use [16].

There are no data available on mpox knowledge in Latin
America. This is the first survey in Brazil aiming to evaluate
mpox knowledge, stigma, and willingness to vaccinate for mpox
among SGM, and to describe sociodemographic and behavioral
characteristics of study participants according to self-reported
mpox diagnosis.

Methods

Study Design
This was a cross-sectional internet-based survey conducted in
a convenience sample of adults (aged ≥18 years) living in Brazil,
who were recruited through advertisements on dating apps
(Grindr and Scruff), social media (Facebook and Instagram),
referral institutions for infectious diseases websites or social
media (Instituto Nacional de Infectologia Evandro Chagas and
Fundação Oswaldo Cruz), radio, and mass media from October
to November 2022. Banners in Scruff and Grindr and boosted
posts on Facebook and Instagram, as in prior work [17,18], were
used to recruit individuals to complete a voluntary open survey
in Portuguese, with all items including a nonresponse option.
The survey was programmed on Alchemer. Respondents were
able to change or review answers and did not receive any
compensation. Usability and technical functionality in different
personal computers and mobile phone operating systems were
confirmed before survey administration. We excluded
respondents who did not reach the end of the survey and those
who incorrectly answered any of the 5 attention questions [19].
Only 1 response per IP address was allowed.

Variables

Sociodemographic
Recruitment was categorized in Grindr, Scruff, Instagram,
Facebook, and others (eg, WhatsApp and other websites). Age
at the time of the survey was categorized in 4 intervals: 18-24;
25-30, 31-40, and >40 years. Gender categories were cisgender
man, transgender man, cisgender woman, transgender woman,
nonbinary or gender fluid, queer, and not declared. Sexual
orientation categories were lesbian, gay, bisexual, pansexual,
heterosexual, or other (eg, asexual and demisexual). Race was
categorized as Asian (Japanese, Chinese, Korean, and among
others), Black, Indigenous, Pardo (mixed race), White, or not
declared. For schooling, the highest degree attained is considered
(primary, secondary, or tertiary). Income reporting was based
on the monthly income of the household in Brazilian minimum
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wages (MWs): low (up to 2 MW), middle (>2-6 MW), and high
(>6 MW), in accordance with previous studies [18,20]. In 2022,
MW per month was BRL 1212 (US $230). Participants were
also asked whether they received any social support (eg,
conditional cash transfers such as Auxílio Brasil) and the number
of persons living in the same house (median, IQR). Brazilian
regions were defined according to the Brazilian administrative
division: North (7 states), Northeast (9 states), Central-west (3
states and Federal District), South (3 states), and Southeast (4
states). The state region was stratified into capital, metropolitan
area, and other cities.

Mpox Awareness, Knowledge, Symptoms, and Contact
We defined mpox awareness as a positive answer to the
question: “Have you ever heard about mpox?” Knowledge of
mpox lesions was assessed with the question: “Do you know,
or have you seen pictures of suspected mpox wounds/lesions?”
Participants answered where they obtained information about
mpox (eg, television, radio, Grindr, Hornet, Scruff, Google,
other) and if they would follow social distancing if diagnosed
with mpox (yes or no).

The survey also included questions about the participant’s health
as it relates to any suspicious lesions related to mpox since the
onset of mpox outbreak in Brazil (June 2022) (yes or no),
location of the potential lesions, number of legions per location,
if attended health facility to investigate lesions (yes or no), if
lesions were painful, and graduation of pain from 0 (no pain)
to 100 (worst pain). Participants were also asked if they had
symptoms possibly related to mpox (predetermined list) since
June 2022, and in case of any symptoms, if they attended a
health facility to investigate them (yes or no).

Participants were asked about contact (sexual or nonsexual)
with persons with suspected or confirmed mpox diagnosis, if
traveled within Brazil or abroad since June 2022. Finally, for
those self-reporting an mpox diagnosis, we inquired if they
adhered to social distancing after receiving the diagnosis.

Sexual Behavior
Participants answered questions about their sexual behavior
since June 2022, including gender of sex partners, number of
sex partners (stratified in 0, 1, 2-5, 6-10, and >10), steady
partners (yes or no and if only 1 steady partner), sex practices
(insertive or receptive vaginal sex, anal sex, and oral sex),
condomless sex for these sex practices, transactional sex, and
frequency in sex venues (yes or no). Participants were also
questioned about the changes in sexual behavior due to the
mpox outbreak (“Have you changed your sexual behavior since
mpox cases started in Brazil [June 2022]?”). If yes, they were
asked about risk reduction measures adopted from a
predetermined list, including the reduced number of sex partners
and avoided sex parties.

Substance Use and Chemsex
Participants answered questions on substance use since June
2022. Binge drinking was evaluated with the question “Since
June 2022, did you drink 5 or more drinks in a couple of hours?”
(yes or no) [21]. Participants answered questions about illicit
drug use from a predetermined list and an open field option for

other substances, later dichotomized into yes or no. Individuals
who reported binge drinking or any illicit drug use were inquired
about use before or during sex (“binge drinking before or during
sex” and “chemsex”) [21,22].

HIV Testing, Treatment, and Prevention, and Other
Sexually Transmitted Infections
HIV self-reported status was derived from the question “Have
you ever had an HIV test?” with potential responses positive,
negative, or never (“unknown”). Participants were asked when
the last HIV test was (≤3, >3-6, and >6 months). People living
with HIV answered questions about the time since the diagnosis
(≤6, >6-12, and >12 months), about antiretroviral therapy (ART)
use, ART adherence using a validated scale [23], and if they
currently had an undetectable HIV viral load (yes or no).
Participants self-reporting negative or unknown status were
asked about HIV pre-exposure prophylaxis (PrEP) use (never,
current, or past) and adherence (rated from 0 [missed all doses
in past 30 days] to 100 [no missing dose]). We dichotomized
complete PrEP adherence (rating=100) into yes or no.

Participants were asked about syphilis, gonorrhea, and
chlamydia diagnoses since June 2022 (yes or no), hepatitis B
vaccination (no, 1-2 doses, 3 doses, and did not remember), and
ever tested positive for hepatitis C (yes or no).

Adherence to Vaccination Campaigns, and Willingness
to Use Vaccines and Treatment for Mpox
Participants responded to questions regarding participation in
vaccination campaigns (always, sometimes, or never) and
whether they had been vaccinated for COVID-19 and mpox.
We used a 4-point Likert scale to access the willingness to use
an mpox preventive vaccine, which was defined as responding
highly likely to the question: “Would you vaccinate against
mpox?” following other studies evaluating the willingness to
use biomedical technologies [24,25]. We also accessed
willingness to participate in research studies to evaluate: (1)
mpox preventive vaccine; (2) mpox preventive drug; and (3)
mpox therapeutic drug.

Internalized Lesbian, Gay, Bisexual, Transgender,
Queer, Intersex, Asexual, Plus Phobia, Stigma, and
Discrimination
The Reactions to Homosexuality Scale (RHS), originally
developed to measure internalized homonegativity among MSM,
includes 7 items measured on a 7-point Likert scale from
strongly disagree to strongly agree, with total scores ranging
from 0 to 42 [18,26]. For this analysis, we adapted the scale to
allow completion by all SGM, as described in Table S1 in
Multimedia Appendix 1. Higher RHS scores indicate higher
internalized lesbian, gay, bisexual, transgender, queer, intersex,
asexual, plus (LGBTQIA+) phobia. We also asked participants
to rate mpox stigma toward LGBTQIA+ people on a 7-point
Likert scale from strongly disagree to strongly agree:
“LGBTQIA+ individuals are being discriminated and
stigmatized due to mpox.”
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Main Outcome
Our main outcome was self-reported mpox diagnosis, defined
as a positive answer to the question: “Have you been diagnosed
with mpox by a health professional?”

Spatial Analysis
We performed an exploratory analysis based on the kernel
estimator, with adaptive radius and Gaussian function, to obtain
an overview of the spatial distribution of the points
corresponding to individuals with confirmed and nonconfirmed
mpox diagnosis and identifying potential outbreaks of
occurrence. The zip codes were considered for georeferencing.

Statistical Analysis
Continuous variables were described by their median and IQR
and mean and SD. We compared sociodemographic, behavior,
and clinical characteristics according to self-reported mpox
diagnosis (yes vs no) using a chi-square test or Fisher exact test
for qualitative variables and a Kruskal-Wallis test for
quantitative variables. All analyses were performed using R
software (version 4.2.2; R Foundation for Statistical
Computing).

Ethics Approval
This study received approval from the institutional review board
at the Instituto Nacional de Infectologia Evandro Chagas,
Fundação Oswaldo Cruz (#CAAE 61290422.0.0000.5262). All
study participants provided electronic informed consent before
survey initiation.

Results

A total of 9798 individuals accessed the survey and 1219
(12.4%) did not meet the inclusion criteria (Figure 1). Of the
8579 individuals who initiated the survey, 6236 (72.7%) reached
the final survey page and were included in this study.
Recruitment mostly occurred on Instagram (n=2331, 37.4%),
followed by Scruff (n=1561, 25.0%), Grindr (n=1246, 20.0%),
and Facebook (n=692, 11.1%) (Table 1). Median age was 36
(IQR 31-44) years; 91.2% (n=5685) were cisgender men, 83.3%
(n=5197) gay, 62.2% (n=3877) White, 78.7% (n=4902) had
completed tertiary education, 41.2% (n=2571) reported middle
income, 68.3% (n=4259) were from the Southeast region of
Brazil, and 67.6% (n=4217) were living in a state capital city.

Figure 1. Study flowchart.
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Table 1. Sociodemographic characteristics of the study population according to self-reported mpox diagnosis.

P valueTotal (N=6236)Yes (n=324)No (n=5912)Characteristics

.009Recruitment, n (%)

2331 (37.4)151 (46.6)2180 (36.9)Instagram

1561 (25.0)62 (19.1)1499 (25.4)Scruff

1246 (20.0)59 (18.2)1187 (20.1)Grindr

692 (11.1)34 (10.5)658 (11.1)Facebook

405 (6.5)18 (5.6)387 (6.5)Other

Age (years)

<.00136 (31-44)34 (30-39.2)37 (31-44)Median (IQR)

<.001373 (6)10 (3.1)363 (6.1)18-24, n (%)

1148 (18.4)77 (23.8)1071 (18.1)25-30, n (%)

2540 (40.7)171 (52.8)2369 (40.1)31-40, n (%)

2175 (34.9)66 (20.4)2109 (35.7)>40, n (%)

.02Gender, n (%)

5685 (91.2)314 (96.9)5371 (90.8)Cisgender man

247 (4.0)2 (0.6)245 (4.1)Cisgender woman

162 (2.6)6 (1.9)156 (2.6)Queer

90 (1.4)1 (0.3)89 (1.5)Nonbinary or gender diverse

15 (0.2)0 (0)15 (0.3)Transgender man

13 (0.2)0 (0)13 (0.2)Transgender woman

2 (0)0 (0)2 (0)Travestia

22 (0.4)1 (0.3)21 (0.4)Not declared

<.001Sexual orientation, n (%)

5197 (83.3)292 (90.1)4905 (83.0)Gay

528 (8.5)19 (5.9)509 (8.6)Bisexual

307 (4.9)2 (0.6)305 (5.2)Pansexual

150 (2.4)11 (3.4)139 (2.4)Heterosexual

19 (0.3)0 (0)19 (0.3)Lesbian

35 (0.6)0 (0)35 (0.6)Other

.008Race, n (%)

88 (1.4)1 (0.3)87 (1.5)Asian

663 (10.6)52 (16.0)611 (10.3)Black

33 (0.5)3 (0.9)30 (0.5)Indigenous

1522 (24.4)79 (24.4)1443 (24.4)Pardo

3877 (62.2)188 (58.0)3689 (62.4)White

53 (0.8)1 (0.3)52 (0.9)Not declared

.76Education, n (%)

113 (1.8)5 (1.5)108 (1.8)Primary

1216 (19.5)59 (18.2)1157 (19.6)Secondary

4902 (78.7)260 (80.2)4642 (78.6)Tertiary

.08Income, n (%)

1499 (24.0)74 (22.8)1425 (24.1)Low

2571 (41.2)151 (46.6)2420 (40.9)Middle
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P valueTotal (N=6236)Yes (n=324)No (n=5912)Characteristics

1981 (31.8)95 (29.3)1886 (31.9)High

185 (3.0)4 (1.2)181 (3.1)Did not want to answer

.47Social support, n (%)

5812 (93.2)302 (93.2)5510 (93.2)No

365 (5.9)17 (5.2)348 (5.9)Yes

59 (0.9)5 (1.5)54 (0.9)Did not want to answer

.132 (1-3)2 (1-3)2 (1-3)Persons living in the same house (n), medi-
an (IQR)

.02Brazilian region, n (%)

137 (2.2)3 (0.9)134 (2.3)North

738 (11.8)29 (9.0)709 (12.0)Northeast

447 (7.2)36 (11.1)411 (7.0)Central-west

4259 (68.3)221 (68.2)4038 (68.3)Southeast

655 (10.5)35 (10.8)620 (10.5)South

.003State region, n (%)

4217 (67.6)239 (73.8)3978 (67.3)Capital

982 (15.7)53 (16.4)929 (15.7)Metropolitan area

1037 (16.6)32 (9.9)1005 (17.0)Other cities

aFemale gender construction, which is identified in social, family, cultural, and interpersonal life through this identity.

Most participants had heard of mpox (n=6044, 96.9%), reported
knowing how mpox lesions appear (n=5298, 85.0%) (Table 2),
and that they would follow social distancing if diagnosed with
mpox (n=6051, 97.0%). Information about mpox was mostly
obtained on the internet (n=4793, 76.9%) and television
(n=4519, 72.5%) (Table S2 in Multimedia Appendix 1).

Overall, 324 (5.6%) individuals reported an mpox diagnosis;
44.4% (n=144) of mpox cases were from São Paulo state,
followed by 15.7% (n=51) in Rio de Janeiro (Table S3 in
Multimedia Appendix 1). Hotspots of participants reporting an
mpox diagnosis were concentrated in the metropolitan areas of
São Paulo and Rio de Janeiro (Figure 2). A total of 304 (93.8%)
respondents reported social distancing after mpox diagnosis.
Compared to those with no diagnosis, participants reporting an
mpox diagnosis were younger (age median 34, IQR 30-39.2 vs
median 37, IQR 31-44 years; P<.001), more frequently cisgender
men (314/324, 96.2% vs 5371/5912, 90.8%; P=.02), gay
(292/324, 90.1% vs 4905/5912, 83%; P<.001), Black (52/324,
16% vs 611/5912, 10.3%; P=.008), and living in a state capital
city (239/324, 73.8% vs 3978/5912, 67.3%; P=.003) (Table 1).

Among participants reporting an mpox diagnosis (n=324), 318
(98.1%) reported lesions, 178 (56%) had local pain, and 316
(99.4%) sought health facilities for diagnosis. The most common
lesion sites were genital region (n=155, 48.7%), face (n=128,
40.3%), and anal region (n=118, 37.1%) (Table S4 in
Multimedia Appendix 1). Sites with the highest mean numbers
of lesions were anal region (4.4, SD 4.3), back (3.7, SD 4.4),
genital region (3.2, SD 4.3), and arms (3.2, SD 3.1) (Table S5

in Multimedia Appendix 1). Mpox symptoms were reported by
95.4% (n=309/324) of the participants who reported mpox
diagnosis. Among them, 96.8% (n=299/309) attended medical
facilities to investigate these symptoms (Table 2), of which the
most frequent were headache (n=211, 65.1%) and asthenia
(n=205, 63.3%) (Table S6 in Multimedia Appendix 1).

Among participants with no mpox diagnosis, 4974 (84.1%)
were aware of mpox lesions, 288 (4.9%) had a suspicious mpox
lesion, and 4009 (67.8%) reported potential mpox symptoms.
Among individuals with no diagnosis, only 54.9% (n=158/288)
and 34.9% (n=1399/4009) attended a health facility to
investigate a lesion or any symptoms, respectively (Table 2).

Participants with an mpox diagnosis compared to those with no
diagnosis more frequently reported sex partners with suspicious
or confirmed mpox (112/324, 34.6% vs 206/5912, 3.5%;
P<.001), sex with a cisgender man (320/324, 98.8% vs
5132/5912, 86.8%; P<.001), more sexual partners (median 10,
IQR 5-20 vs median 4, IQR 1-10; P<.001), and insertive or
receptive anal or oral sex, including condomless sex (P<.001
for all) (Table 3). Binge drinking before or during sex (115/324,
35.5% vs 1565/5912, 26.5%; P<.001), chemsex (118/324, 36.4%
vs 1429/5912, 24.2%; P<.001), and any illicit drug use (160/324,
49.4% vs 2354/5912, 39.8%; P<.001) were more frequent
among those self-reporting an mpox diagnosis. Changes in
sexual behavior after the outbreak onset were reported frequently
regardless of mpox diagnosis but were higher among participants
with a diagnosis (186/324, 57.4% vs 2878/5912, 48.7%; P=.002)
(Table 4).
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Table 2. Mpox awareness, knowledge, symptoms, and possible contact according to self-reported mpox diagnosis.

P valueTotal (N=6236)Yes (n=324)No (n=5912)Characteristics

.0486044 (96.9)320 (98.8)5724 (96.8)Mpox awareness, n (%)

<.0015298 (85.0)324 (100)4974 (84.1)Knowledge of mpox lesions, n (%)

Mpox lesions

<.001606 (9.7)318 (98.1)288 (4.9)Mpox suspicious lesion, n (%)

<.001256 (42.2)178 (56.0)78 (27.1)Local pain (n=606), n (%)

<.00167 (30-84.2)75 (49-89.8)40 (19-70.8)Pain level (n=256), median (IQR)

<.001474 (78.2)316 (99.4)158 (54.9)Attended health facility to investigate lesions (n=606), n (%)

.14Health facility (n=473), n (%)

280 (58.6)192 (61.0)85 (53.8)Public health care

196 (41.4)123 (39.0)73 (46.2)Private health services

<.0014318 (69.2)309 (95.4)4009 (67.8)Any mpox symptoms, n (%)

<.0011698 (39.3)299 (96.8)1399 (34.9)Attended medical service to investigate symptoms (n=4318), n (%)

Contact with person with suspicious or confirmed mpox, n (%)

<.001533 (8.5)112 (34.6)421 (7.1)Any

<.001318 (5.1)112 (34.6)206 (3.5)Sex partner

Traveling history since June 2022 , n (%)

.092609 (41.8)150 (46.3)2459 (41.6)Within Brazil

.80739 (11.9)37 (11.4)702 (11.9)Abroad

.18Mpox vaccination, n (%)

6189 (99.2)323 (99.7)5866 (99.2)No

40 (0.6)0 (0)40 (0.7)1 dose

7 (0.1)1 (0.3)6 (0.1)2 doses

.23Country of mpox vaccination, n (%)

12 (26.1)1 (100)11 (24.4)Canada

25 (54.3)0 (0)25 (55.6)United States

9 (19.6)0 (0)9 (20.0)France, Italy, or Spain
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Figure 2. Spatial distribution of individuals with negative and positive self-reported mpox diagnosis.
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Table 3. Sexual behavior and substance use according to self-reported mpox diagnosis.

P valueTotal (N=6236)Yes (n=324)No (n=5912)Characteristics

Sex partners, n (%)

<.0015653 (90.7)323 (99.7)5330 (90.2)Any gender

<.0015452 (87.4)320 (98.8)5132 (86.8)Cisgender man

.71113 (1.8)5 (1.5)108 (1.8)Transgender man

.32282 (4.5)11 (3.4)271 (4.6)Cisgender woman

.8245 (0.7)2 (0.6)43 (0.7)Transgender man

.6344 (0.7)3 (0.9)41 (0.7)Travestia

.99211 (3.4)11 (3.4)200 (3.4)Nonbinary

.2952 (0.8)1 (0.3)51 (0.9)Other gender

Number of sex partners (n=5121)

<.0014 (1-10)10 (5-20)4 (1-10)Median (IQR)

<.001476 (9.3)1 (0.4)475 (9.7)0, n (%)

990 (19.3)14 (5.6)976 (20)1, n (%)

1770 (34.6)54 (21.7)1716 (35.2)2-5, n (%)

984 (19.2)69 (27.7)915 (18.8)6-10, n (%)

901 (17.6)111 (44.6)790 (16.2)>10, n (%)

.592573 (50.2)121 (48.6)2452 (50.3)Steady sex partners, n (%)

<.0011776 (69.5)60 (51.3)1716 (70.4)Only 1 steady sex partner, n (%)

Sex practices (n=5193), n (%)

.28288 (5.5)10 (4.0)278 (5.6)Insertive vaginal sex

.03159 (3.1)2 (0.8)157 (3.2)Receptive vaginal sex

<.0013210 (61.8)214 (85.9)2996 (60.6)Insertive anal sex

<.0013061 (58.9)187 (75.1)2874 (58.1)Receptive anal sex

<.0013978 (76.6)218 (87.6)3760 (76.1)Insertive oral sex

<.0013882 (74.8)220 (88.4)3662 (74.1)Receptive oral sex

Condomless sex (n=5193), n (%)

<.0013750 (73.6)215 (87.4)3535 (72.9)Any

.05175 (3.4)3 (1.2)172 (3.5)Condomless insertive vaginal sex

.12114 (2.2)2 (0.8)112 (2.3)Condomless receptive vaginal sex

<.0012392 (46.1)180 (72.3)2212 (44.7)Condomless insertive anal sex

<.0012288 (44.1)162 (65.1)2126 (43.0)Condomless receptive anal sex

<.0012013 (38.8)56 (22.5)1957 (39.6)Condomless insertive oral sex

<.0013079 (59.3)195 (78.3)2884 (58.3)Condomless receptive oral sex

<.001194 (3.8)19 (7.9)175 (3.6)Transactional sex (n=5064), n (%)

<.0012379 (38.1)206 (63.6)2173 (36.8)Frequented sex venues, n (%)

Substance use, n (%)

.273665 (58.8)200 (61.7)3465 (58.6)Binge drinking

<.0011680 (26.9)115 (35.5)1565 (26.5)Binge drinking before or during sex

<.0012514 (40.3)160 (49.4)2354 (39.8)Any illicit substance use

<.001716 (11.5)76 (23.5)640 (10.8)Cocaine

.021886 (30.2)116 (35.8)1770 (29.9)Marijuana

.004682 (10.9)51 (15.7)631 (10.7)Ecstasy
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P valueTotal (N=6236)Yes (n=324)No (n=5912)Characteristics

<.001368 (5.9)44 (13.6)324 (5.5)Ketamine

<.001264 (4.2)31 (9.6)233 (3.9)GHBb

<.001624 (10.0)58 (17.9)566 (9.6)Poppers

<.0011547 (24.8)118 (36.4)1429 (24.2)Chemsex

aFemale gender construction, which is identified in social, family, cultural, and interpersonal life through this identity.
bGHB: gamma-hydroxybutyric acid.

Table 4. Changes in sexual behavior according to self-reported mpox diagnosis.

P valueTotal (N=6236), n (%)Yes (n=324), n (%)No (n=5912), n (%)Characteristics

.0023064 (49.1)186 (57.4)2878 (48.7)Any change

.0032375 (38.1)149 (46.0)2226 (37.7)Reduced number of sex partners

<.0011718 (27.5)122 (37.7)1596 (27.0)Avoided sex parties

.081120 (18.0)70 (21.6)1050 (17.8)Avoided bars and clubs

.004926 (14.8)66 (20.4)860 (14.5)Inspected partners for mpox lesions

.15799 (12.8)50 (15.4)749 (12.7)Asked partners about mpox symptoms

.13792 (12.7)50 (15.4)742 (12.6)Anal sex only with condoms

.90680 (10.9)36 (11.1)644 (10.9)Sex abstinence or avoided any type of sex

.45435 (7.0)26 (8.0)409 (6.9)Avoided kissing

.047394 (6.3)12 (3.7)382 (6.5)Web-based sex

.009310 (5.0)26 (8.0)284 (4.8)Washed bed linen and other (eg, towels)
after sex

.1992 (1.5)2 (0.6)90 (1.5)Self-masturbation with partner in the space
without touching him or her or they

.7584 (1.3)5 (1.5)79 (1.3)Wear face masks during sex

.2682 (1.3)2 (0.6)80 (1.4)Dated people only using clothing

.4465 (1.0)2 (0.6)63 (1.1)Oral sex with condoms only

.9321 (0.3)1 (0.3)20 (0.3)Used gloves for anal fisting or fingering

HIV prevalence (122/324, 37.7% vs 1353/5912, 22.9%; P<.001),
hepatitis C (ever tested positive; 23/324, 7.1% vs 238/5912,
4%; P=.007), and any diagnoses of sexually transmitted
infections (STIs) (81/324, 25% vs 628/5912, 10.6%; P<.001)
differed by mpox diagnosis report (Table 5). Among
HIV-negative or unknown individuals, HIV testing in the prior
3 months (234/316, 74.1% vs 2335/5545, 42.1%; P<.001) and
current PrEP use (96/201, 47.8% vs 1106/4537, 24.4%; P<.001)
were higher among those reporting an mpox diagnosis (Table
5).

Most participants were willing to receive an mpox vaccine
(n=5008, 95.1%). When asked about mpox research studies,
74.1% (n=4621) responded that they would participate in

prevention vaccine trials, 69.2% (n=4288) in prevention drug
trials, and 68.7% (n=4263) in therapeutic trials. In addition,
92% (n=5735) reported frequent participation in vaccination
campaigns, with 95.8% (n=4734/4946) coverage of at least 3
doses of the COVID-19 vaccine. Nevertheless, only 47 (0.7%)
participants received an mpox vaccine, which is not available
in Brazil (Table 2).

Overall, 5258 (84.4%) participants agreed or strongly agreed
with the statement: “LGBTQIA+ individuals are being
discriminated and stigmatized due to mpox.” Median score of
internalized LGBTQIA+ phobia measured by the adapted RHS
scale was lower among participants reporting mpox compared
to those with no diagnosis (6, IQR 2-11 vs 7, IQR 2-12; P<.001).
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Table 5. HIV testing, treatment, and prevention, and other sexually transmitted infections according to self-reported mpox diagnosis.

P valueTotal (N=6236), n (%)Yes (n=324), n (%)No (n=5912), n (%)Characteristics

<.001HIV status

4385 (70.3)194 (59.9)4191 (70.9)Negative

1475 (23.7)122 (37.7)1353 (22.9)Positive

375 (6.0)8 (2.5)367 (6.2)Unknown

<.001Last HIV test (n=5861)

2569 (43.8)234 (74.1)2335 (42.1)≤3 months

1075 (18.3)36 (11.4)1039 (18.7)>3-6 months

2217 (37.8)46 (14.6)2171 (39.2)>6 months

.006Time living with HIV (n=1475)

19 (1.3)5 (4.1)14 (1.0)≤6 months

43 (2.9)1 (0.8)42 (3.1)>6-12 months

1413 (95.8)116 (95.1)1297 (95.9)>12 months

.381360 (92.2)110 (90.2)1250 (92.4)HIV currently undetectable (n=1475)

.93895 (60.8)74 (61.2)821 (60.7)Adherence to ARTa (n=1473)

<.001PrEPb use (n=4738)

3217 (67.9)85 (42.3)3132 (69.0)Never

1202 (25.4)96 (47.8)1106 (24.4)Current

319 (6.7)20 (10.0)299 (6.6)Past

.33860 (71.0)73 (75.3)787 (70.6)Complete PrEP adherence (n=1202)

STIc diagnoses

<.001709 (11.4)81 (25.0)628 (10.6)Any

<.001503 (8.1)61 (18.8)442 (7.5)Syphilis

<.001188 (3.0)22 (6.8)166 (2.8)Gonorrhea

<.001110 (1.8)16 (4.9)94 (1.6)Chlamydia

.32Hepatitis B vaccination

502 (8.1)33 (10.2)469 (7.9)No vaccination

1477 (23.7)82 (25.3)1395 (23.6)1-2 doses

1834 (29.4)95 (29.3)1739 (29.4)3 doses

2423 (38.9)114 (35.2)2309 (39.1)Did not remember

.007261 (4.2)23 (7.1)238 (4.0)Hepatitis C (ever tested positive)

aART: antiretroviral therapy.
bPrEP: pre-exposure prophylaxis.
cSTI: sexually transmitted infection.

Discussion

Principal Findings
This analysis describes the results of a large web-based survey
in Brazil conducted during the mpox surge in 2022. Respondents
were mostly MSM from metropolitan regions, with a 5.6%
prevalence of self-reported mpox diagnosis, which is slightly
higher than Brazilian surveillance numbers. This indicates that
our survey may have reached populations most affected by
mpox by the current outbreak [2,5,6]. There were no reported

cases among transgender women, which highlights the low
mpox burden in this group, in agreement with Brazilian official
data available, disaggregated by gender [8,27]. Our findings
point to a high awareness of mpox among SGM, with the
internet and television as the most frequent information sources.
This underscores the importance of adequate science
communication through traditional and innovative means of
communication and the need to stop fake news that contributes
to misleading information as well as reinforces stigma [28].
Most participants agreed or strongly agreed that LGBTQIA+
individuals are being discriminated against and stigmatized due
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to mpox. To our knowledge, this is the first study to describe
mpox awareness, willingness to vaccinate for mpox, and
self-reported prevalence of mpox in Latin America.

Willingness to Use Mpox Vaccine
Willingness to use mpox vaccine and to follow social isolation
if required were high, suggesting an adequate understanding of
the importance of public health measures to successfully
mitigate the impact of the mpox outbreak among SGM. While
countries in North America and Western Europe initiated mpox
vaccination of the most affected population (MSM) by
mid-2022, mpox vaccination in Brazil only started in March
2023. Due to the low number of vaccine units available,
vaccination in the country is restricted to very few groups such
as people living with HIV, health professionals working with
Orthopoxvirus (pre-exposure vaccination), and those who had
contact with fluids and secretions of persons with suspected
mpox (postexposure vaccination) [29].

Participants’ Characteristics According to
Self-Reported Mpox Diagnosis
In our study, individuals with self-reported mpox diagnosis
more frequently referred to mucocutaneous, genital or anal
lesions, coinfection with hepatitis C, and local pain. These
clinical characteristics are in agreement with global and national
data [2,6,30]. Local pain was the most frequent reason for
hospitalization in a cohort in Rio de Janeiro State, Brazil [6].
This is critical in the context of poor outcomes related to pain
control according to gender, sexual orientation, and race, which
might deepen mpox-related stigma and increase the gap between
the most vulnerable populations and health services [31,32].

Among respondents with no mpox diagnosis, a substantial
proportion did not seek health care assistance despite reporting
mpox suspicious lesions or symptoms. Avoidance of health
services is common among SGM and directly linked to stigma,
discrimination, and structural barriers faced by these groups
[33,34]. This might lead to the underreporting of mpox cases
in highly discriminatory settings, such as Brazil. In addition,
participants with a self-reported mpox diagnosis also reported
following a higher frequency of health measures (eg, HIV care
and testing, STI diagnosis, and PrEP use) and lower rates of
internalized LGBTQIA+ phobia. This might indicate that
individuals who sought an mpox diagnosis most commonly
have access to health services in general. Furthermore, these
participants might have previous links with gender-competent
health care services and more access to health information, all
potentially related to a lower perceived gender and sexual
orientation–based discrimination.

Although participants with an mpox diagnosis reported a higher
number of sexual partners, binge drinking before sex, chemsex,
substance use, and higher frequency to sex venues, they also

adopted more changes in sexual behavior after the mpox
outbreak, possibly due to higher awareness and feelings of fear
and hopelessness related to mpox. This finding is in agreement
with previous surveys conducted in the United States among
the most vulnerable populations [16,35]. Moreover, most
individuals with an mpox diagnosis in our survey also reported
sex with other cisgender men, reinforcing the role of highly
interconnected and dense sexual networks in the mpox
transmission dynamics [36]. Even among participants who
self-reported an mpox diagnosis, only a small proportion
reported a partner with suspected or confirmed mpox. Although
this observation might be related to underdiagnosed cases, it
raises concerns about the potential role of subclinical infections
in mpox transmission dynamics, while it also reflects the
well-known challenges in STI network mapping [37-39].

People living with HIV enrolled in the current analysis reported
low ART adherence (895/1473, 60.8%). Regardless of mpox
diagnosis, this reinforces the urgent need to better monitor the
HIV care continuum. In the context of mpox, advanced
immunosuppression and poor ART adherence have been
associated with worse mpox clinical outcomes, including
mpox-related hospitalization and death [40]. The high rates of
other STIs occurring concomitantly with mpox highlight the
importance of a comprehensive screening at mpox assessment,
in accordance with the well-established rationale that 1 STI
diagnosis implies a higher likelihood of coinfection with an
additional one [41].

Limitations
Our study has some limitations. First, the cross-sectional study
design hinders identifying causal associations. In addition, all
responses were self-reported, thus introducing the possibility
of recall, response, or social desirability bias. Moreover, our
sample constitutes a highly educated, middle or high
socioeconomic status subset of Brazilian persons with access
to a device compatible with GSN apps, although cellphones and
internet connection have been shown to be widely available in
all socioeconomic strata in Brazil [42]. Transgender women are
often a highly vulnerable group in Brazil with lower access to
the internet, which may have impacted their recruitment using
web-based strategies as previously observed [17].

Conclusions
Our results point to high mpox knowledge and willingness to
vaccinate for mpox among SGM in Brazil. Participants
self-reporting mpox diagnosis more frequently reported to be
living with HIV, STI diagnosis, and current PrEP use. Our
findings highlight the importance of an mpox assessment that
includes comprehensive sexual health screenings. Efforts to
decrease stigma related to mpox among SGM is necessary to
avoid mpox underdiagnosis.
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Abstract

Background: Childhood cancer survivors are at a high risk of medical consequences of their disease and treatment. There is
growing information about the long-term health issues of childhood cancer survivors; however, there are very few studies describing
the health care utilization and costs for this unique population. Understanding their utilization of health care services and costs
will provide the basis for developing strategies to better serve these individuals and potentially reduce the cost.

Objective: This study aims to determine the utilization of health services and costs for long-term survivors of childhood cancer
in Taiwan.

Methods: This is a nationwide, population-based, retrospective case-control study. We analyzed the claims data of the National
Health Insurance that covers 99% of the Taiwanese population of 25.68 million. A total of 33,105 children had survived for at
least 5 years after the first appearance of a diagnostic code of cancer or a benign brain tumor before the age of 18 years from
2000 to 2010 with follow-up to 2015. An age- and gender-matched control group of 64,754 individuals with no cancer was
randomly selected for comparison. Utilization was compared between the cancer and no cancer groups by χ2 test. The annual
medical expense was compared by the Mann-Whitney U test and Kruskal-Wallis rank-sum test.

Results: At a median follow-up of 7 years, childhood cancer survivors utilized a significantly higher proportion of medical
center, regional hospital, inpatient, and emergency services in contrast to no cancer individuals: 57.92% (19,174/33,105) versus
44.51% (28,825/64,754), 90.66% (30,014/33,105) versus 85.70% (55,493/64,754), 27.19% (9000/33,105) versus 20.31%
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(13,152/64,754), and 65.26% (21,604/33,105) versus 59.36% (38,441/64,754), respectively (all P<.001). The annual total expense
(median, interquartile range) of childhood cancer survivors was significantly higher than that of the comparison group (US
$285.56, US $161.78-US $535.80 per year vs US $203.90, US $118.98-US $347.55 per year; P<.001). Survivors with female
gender, diagnosis before the age of 3 years, and diagnosis of brain cancer or a benign brain tumor had significantly higher annual
outpatient expenses (all P<.001). Moreover, the analysis of outpatient medication costs showed that hormonal and neurological
medications comprised the 2 largest costs in brain cancer and benign brain tumor survivors.

Conclusions: Survivors of childhood cancer and a benign brain tumor had higher utilization of advanced health resources and
higher costs of care. The design of the initial treatment plan minimizing long-term consequences, early intervention strategies,
and survivorship programs have the potential to mitigate costs of late effects due to childhood cancer and its treatment.

(JMIR Public Health Surveill 2023;9:e42350)   doi:10.2196/42350

KEYWORDS

brain tumor; cancer survivor; children; cost of care; health care; health resource; leukemia; long-term follow-up; population-based
study; solid tumor

Introduction

The survival of children diagnosed with cancer has dramatically
improved over the last 4 decades [1,2]. This improvement is
primarily the result of advancements in the conventional
treatment of the cancers with chemotherapy, surgery, and
radiotherapy. Unfortunately, these therapeutic modalities have
significant short- and long-term morbidities [3-5]. More recently,
advances in the understanding of the biology of the cancers in
children promise to allow more targeted therapy and tailored
treatment regimens that will reduce the duration and toxicity of
the therapy [6-8]. Unfortunately, these targeted therapies and
tailored treatments are only beginning to be incorporated into
the initial therapy of children with a malignant or brain tumor.
Despite the 80% survival rate currently seen among children
with cancer, a recurrence of the primary cancer remains the
main important concern for most children with malignancy
[1,2,9,10]. Some malignancies with good risk features and low
stage at diagnosis have a very low recurrence rate and can be
expected to be cured. Reduction in short- and long-term
morbidities is a major strategy for these malignancies. Other
malignancies have a higher recurrence rate and lower survival,
and thus, require further improvement in therapy.

Disease- and therapy-related complications that result in
long-term disabilities have increased over recent years as the
cure rate has increased. An example of this is the physical
disabilities associated with limb-sparing procedures for bone
tumors as improvements in surgical techniques and equipment
have been made. Further, as an increasing number of children
are cured of brain tumors, many have long-term health issues
including seizure disorders, other neurologic effects of the
primary tumor [11-13], and endocrinologic abnormalities
[14,15]. These complications are primarily cognitive and
neurologic effects of chemotherapy and radiation therapy
[11-13,16-18]; endocrinologic complications resulting from
surgery, radiation therapy, alkylating agents, certain tyrosine
kinase inhibitors, and immune system modulators [14,15,19-24];
organ system toxicity [22-32]; and psychologic and emotional
effects [33-37].

Estimates [38,39] suggest that there are currently 16.9 million
cancer survivors in the United States. The average out-of-pocket
spending each year for cancer survivors aged 18-64 years was

recently reported to be approximately US $1000, compared
with US $622 for people without a history of cancer [38].
Although there is now a growing body of knowledge about the
long-term effects on children who survived cancer, only little
information is available on the long-term costs of health care
for these children [40-45]. This is especially true for the
long-term costs of health care not directly related to the primary
cancer. This report evaluates the utilization of health care
resources and their costs for long-term survivors of childhood
cancer in Taiwan.

Methods

Research Database
We analyzed the national databases of the Health and Welfare
Data Science Center (HWDC) in Taiwan including the death
registry of the Taiwanese population and claims data of the
National Health Insurance (NHI) from the Bureau of National
Health Insurance. In Taiwan, the NHI is a single-payer
compulsory social insurance plan enrolling more than 99% of
its residents [46,47], a population of 25.68 million covered
individuals at the end of 2005. After deidentification by the
HWDC, the database is open to researchers in Taiwan for
research applications.

Study Design
This is a nationwide, population-based, case-control study of
individuals who had a diagnostic code of cancer (ICD-9-CM
[International Classification of Diseases, Ninth Revision,
Clinical Modification] code 140-208) or a benign brain tumor
(ICD-9-CM code 225) and who had survived for more than 5
years. The study included all survivors of childhood cancer who
appeared in the national database between 2000 and 2010 and
aged less than 18 years at the time of first appearance in the
database. Survivors who were diagnosed between 1983 and
1999 were included in the data set as long as they were younger
than 18 years when they first appeared in the database during
years 2000-2010. The study population included cases whose
birthday was as early as 1983 because they could have first
appeared in the database beginning in the year 2000 at the age
before 18. We defined the index date of follow-up as the date
5 years after the initial coding of cancer or a benign brain tumor
in the claims data. To evaluate the costs of health care in
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long-term survivors of childhood cancer, we compared the
utilization and costs of health care between children with cancer
or a benign brain tumor who survived their disease more than
five years and children without a history of cancer or brain
tumor. Patients who died within 5 years of first diagnosis or
first coding of cancer or a benign brain tumor in the database,
who had no follow-up records beyond 1 year after the index
date, or who had used antineoplastic and immunomodulating
agents (Anatomical Therapeutic Chemical [ATC] class L) during
the follow-up period were excluded from analysis.

Case Group
The case group of childhood cancer survivors (cancer group)
consisted of 33,105 patients who were diagnosed with cancer
at an age less than 18 years. The age at entry to the study was
defined by the year of first coding of cancer or a benign brain
tumor in the database minus the birth year. All the survivors in
the case group had at least 6 years of tracking records (5 years
after initial appearance in the database plus 1 year of follow-up).
The survivors were further classified as having/had hematologic
cancer (ICD-9-CM codes 200-208), brain cancer (including all
central nervous system [CNS] cancers; ICD-9-CM codes
191-192), benign brain tumor (including low-grade CNS tumors;
ICD-9-CM code 225), and non-CNS solid tumor (ICD-9-CM
codes 140-190 and 193-199).

The index date for the initiation of tracking health care
utilization and costs was 5 years after the first date of cancer
coding for each case and their matched comparison individuals.
The date of the latest medical claims in the database was the
endpoint of tracking health care utilization and costs.

Comparison Group
An age- and gender-matched comparison group was included
for comparison. To identify a matched comparison group, we
randomly selected children without cancer or a benign brain
tumor from the claims database; 2 comparison individuals were
enrolled for each survivor of cancer or a benign brain tumor. A
total of 64,754 comparison group individuals were selected by
matching the propensity score of age and gender for each case
[48,49]. As each survivor in the cancer groups was matched by
2 individuals with no cancer, the index date for each of the 2
individuals in the comparison group was set to be the same as
their matched survivor in the cancer groups.

Outcomes of Interest
The proportion of individuals utilizing health care services,
annual outpatient visits, and the annual medical expense per
person were calculated for each group. The annual medical
expenses were the total medical cost between the index date
and the last day of follow-up in this study divided by the years

of follow-up. The utilization and cost in each domain of health
care (ie, outpatient, inpatient, and emergency) and in each level
of health care (ie, community clinic, regional hospital, and
medical center) were calculated respectively and compared
across groups.

Statistical Analysis
The proportion of categorical variables such as sex, age, and

health care utilization status was analyzed by the χ2 test.
Continuous variables including age, years of follow-up, and
annual medical expenditure were expressed as the median and
IQR; the Mann-Whitney U test was used for 2-group
comparisons and the Kruskal-Wallis rank-sum test for
multiple-group analyses. We demonstrated the annual outpatient
medical expenditures (by gender and stratified age groups)
graphically by radar plots and box plots. The expenses were
converted from Taiwan dollars to United States dollars at the
exchange rate of 30:1. All data processing in this study was
performed using SAS 9.3 (SAS Institute), and statistical analysis
and graphing were performed using R 3.6.1 (R Foundation for
Statistical Computing). Two-sided P values <.05 were
considered statistically significant.

Ethics Approval
This study was approved by the Joint Institutional Review Board
of Taipei Medical University (TMU-JIRB N201911023), which
agreed that informed consent can be waived when using these
administrative data for analyses.

Results

Demographics
A cohort of 33,105 patients surviving 5 years after the first
appearance of childhood cancer or a benign brain tumor in the
database were identified (cancer group) and a comparison group
of 64,754 individuals was selected from the deidentified national
claims database of the HWDC in Taiwan from 2000 to 2015
(Table 1). The median follow-up starting from 5 years after the
first appearance in the database (cancer group) or the index date
of enrollment for the comparison group was 7 years. The cancer
groups consisted predominantly of solid tumors (29,171/33,105,
88.12%); approximately two-thirds of the solid tumors were
outside the CNS, whereas one-third originated in the CNS. The
hematologic cancers comprised 11.88% (3934/33,105) of the
cancer groups. The gender distribution of the cancer and no
cancer groups was comparable with a slight male predominance
(male:female=1.2:1) in both groups. The age distribution among
the cancer and comparison groups was similar, with median
ages between 11 and 14 years (Table 1).
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Table 1. Demographics of the cancer and comparison groups.

Comparison groupCancer groups (ICD-9-CMa)Childhood can-
cer survivors
(n=33,105)

Demographics

P valuedNo cancer
individuals
(n=64,754)

P valuecNon-CNSb solid tu-
mor (140-190; 193-
199) (n=19,105)

Benign brain
tumor (225)
(n=7825)

Brain cancer
(191-192)
(n=2241)

Hematologic
cancer (200-
208) (n=3934)

Gender, n (%)

.5235,803
(55.29)

<.00110,866 (56.88)4091 (52.28)1209 (53.95)2211 (56.20)18,377 (55.51)Male

N/A28,951
(44.71)

N/Ae8239 (43.12)3734 (47.72)1032 (46.05)1723 (43.80)14,728 (44.49)Female

.00212.00 (6.00-
16.00)

<.00112.00 (6.00-16.00)14.00 (8.00-
17.00)

12.00 (8.00-
16.00)

11.00 (5.00-
15.00)

12.00 (7.00-
16.00)

Age at entry, median
(IQR)

.047.16 (3.53-
9.98)

<.0016.54 (3.07-9.76)7.60 (4.73-
10.00)

8.59 (5.25-
10.90)

7.73 (4.73-
10.53)

7.23 (3.58-
10.01)

Years of follow-up,
median (IQR)

aICD-9-CM: International Classification of Diseases, Ninth Revision, Clinical Modification.
bCNS: central nervous system.
cCompared among the cancer groups and the no cancer group.
dCompared between all cancer survivors versus no cancer individuals.
eN/A: not applicable.

Utilization of Medical Services
We examined the difference in medical service utilization
between cancer survivors and no cancer individuals (Table 2).
Cancer survivors had a higher utilization of medical center,
regional hospital, inpatient, and emergency services in contrast
to individuals without cancer: 57.92% (19,174/33,105) versus
44.51% (28,825/64,754), 90.66% (30,014/33,105) versus
85.70% (55,493/64,754), 27.19% (9000/33,105) versus 20.31%
(13,152/64,754), and 65.26% (21,604/33,105) versus 59.36%
(38,441/64,754), respectively (all P<.001), with more cancer
survivors using medical center services (19,174/33,105, 57.92%,
vs 28,825/64,754, 44.51%). We then examined the difference

in service utilization among the cancer and no cancer groups.
Brain cancer and benign brain tumor survivors demonstrated a
different pattern of utilization, that is, more brain cancer and
benign brain tumor survivors used inpatient and emergency
services in contrast to hematologic and non-CNS solid tumor
survivors. A higher proportion of benign and malignant brain
tumor survivors also utilized secondary and tertiary care
services, including hospital outpatient, inpatient, and emergency
services. Of note, the utilization of emergency services was high
among both the survivors and no cancer individuals
(21,604/33,105, 65.26% and 38,411/64,754, 59.32%), reflecting
societal patterns of seeking medical advice (Table 2).
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Table 2. Utilization of medical services of the cancer and comparison groups.

Study groupa

Comparison groupCancer groups (ICD-9-CMb)Childhood cancer
survivors
(n=33,105), n (%)

Category

P
val-

uee

No cancer individ-
uals (n=64,754),
n (%)

P
val-

ued

Non-CNSc solid tumor
(140-190; 193-199)
(n=19,105), n (%)

Benign brain tu-
mor (225)
(n=7825), n (%)

Brain cancer
(191-192)
(n=2241), n (%)

Hematologic can-
cer (200-208)
(n=3934), n (%)

.001.01Outpatient

64,721 (99.95)19,105 (100.0)7825 (100.0)2241 (100.0)3934 (100.0)33,105 (100.0)Yes

33 (0.05)0 (0.0)0 (0.0)0 (0.0)0 (0.0)0 (0.0)No

<.001<.001Hospital outpatient

51,846 (80.07)15,905 (83.25)7193 (91.92)2140 (95.49)3476 (88.36)28,714 (86.74)Yes

12,908 (19.93)3200 (16.75)632 (8.08)101 (4.51)458 (11.64)4391 (13.26)No

.002<.001Community clinic

64,509 (99.62)19,069 (99.81)7804 (99.73)2222 (99.15)3926 (99.80)33,021 (99.75)Yes

245 (0.38)36 (0.19)21 (0.27)19 (0.85)8 (0.20)84 (0.25)No

<.001<.001Inpatient

13,152 (20.31)4609 (24.12)2483 (31.73)848 (37.84)1060 (26.94)9000 (27.19)Yes

51,602 (79.69)14,496 (75.88)5342 (68.27)1393 (62.16)2874 (73.06)24,105 (72.81)No

<.001<.001Emergency

38,441 (59.36)11,848 (62.02)5496 (70.24)1619 (72.24)2641 (67.13)21,604 (65.26)Yes

26,313 (40.64)7257 (37.98)2329 (29.76)622 (27.76)1293 (32.87)11,501 (34.74)No

<.001<.001Regional hospital

55,493 (85.70)16,803 (87.95)7417 (94.79)2178 (97.19)3616 (91.92)30,014 (90.66)Yes

9261 (14.30)2302 (12.05)408 (5.21)63 (2.81)318 (8.08)3091 (9.34)No

<.001<.001Medical center

28,825 (44.51)10,140 (53.08)5060 (64.66)1630 (72.74)2344 (59.58)19,174 (57.92)Yes

35,929 (55.49)8965 (46.92)2765 (35.34)611 (27.26)1590 (40.42)13,931 (42.08)No

aThe study group included only patients with utilization record.
bICD-9-CM: International Classification of Diseases, Ninth Revision, Clinical Modification.
cCNS: central nervous system.
dCompared among the cancer and no cancer groups.
eCompared between all cancer survivors and no cancer individuals.

Distribution of Annual Outpatient Visits
The outpatient visit frequency showed a markedly right-skewed
distribution with a long tail in all the 4 cancer groups and the
comparison group, suggesting that there were a number of
individuals in each group with high utilization of outpatient
services (Figure 1). The median frequency (IQR) of annual
outpatient visits of all childhood cancer survivors was 11.38
(6.88-18.27) visits/year, which was significantly higher than
8.63 (5.20-13.71) visits/year of the comparison group (P<.001).
The median frequency (IQR) of outpatient visits of the 4 cancer

groups was different from that of the comparison group: 11.20
(6.95-17.46) for hematologic cancer, 16.54 (9.22-30.60) for
brain cancer, 12.33 (7.29-19.69) for a benign brain tumor, and
10.72 (6.52-17.03) for a non-CNS solid tumor (P<.001). The
shape of the distribution curve was different among the cancer
groups; the long tails of the distribution curves tapered off more
gradually in the brain cancer and benign brain tumor groups.
The results suggest that the frequencies of annual outpatient
visits were the highest in the brain cancer and benign brain
tumor groups, and that there were some extreme users in these
2 groups (Figure 1).
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Figure 1. Distribution of annual outpatient visits in the cancer and comparison groups. The probability distribution of the annual outpatient visit
frequencies in each group is summarized in a histogram. The area under the curve of each group is 100% of probability. Note the long tails in the brain
cancer and benign brain tumor groups. CNS: central nervous system.

Medical Expense
The cost of medical services for childhood cancer survivors was
higher than that for the comparison group (Table 3). The median
total annual expense was 1.4-fold higher in childhood cancer
survivors than in the comparison group (US $285.56, IQR US
$161.78-US $535.80 per year vs US $203.90, IQR US
$118.98-US $347.55 per year; P<.001); the median annual
hospital outpatient cost and community clinic cost were also
higher, 2.48- and 1.15-fold, respectively (P<.001). Moreover,
childhood cancer survivors showed a different pattern of costs,

with higher median annual expenses in medical centers (US
$6.35 vs US $0 per year; P<.001) and regional hospitals
(2.09-fold; P<.001) in contrast to no cancer individuals. Among
the cancer groups, brain cancer and benign brain tumor survivors
had a different pattern of costs, with higher median annual total
and outpatient expenses, especially in emergency services (2.69-
and 1.98-fold more over the comparison group, respectively;
P<.001) and medical center services (US $68.37 vs US $0 and
US $13.52 vs US $0 per year; P<.001) compared with
hematologic and non-CNS solid tumor survivors (Table 3).
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Table 3. Annual medical expense of the cancer and comparison groups.a

Study group

Comparison groupCancer groups (ICD-9-CMb)Childhood cancer
survivors
(n=33,105)

Category

P val-

uee
No cancer indi-
viduals
(n=64,754)

P val-

ued
Non-CNSc solid tu-
mor (140-190; 193-
199) (n=19,105)

Benign brain tu-
mor (225)
(n=7825)

Brain cancer
(191-192)
(n=2241)

Hematologic
cancer (200-
208) (n=3934)

<.001203.90
(118.98-
347.55)

<.001257.78 (148.44-
456.88)

336.89 (184.64-
652.14)

614.08 (267.05-
1793.94)

268.48 (159.50-
475.08)

285.56 (161.78-
535.80)

Total expense

<.001174.50
(103.38-
280.90)

<.001219.49 (129.69-
362.93)

274.76 (159.54-
503.51)

473.60 (223.04-
1380.48)

230.96 (138.51-
368.64)

239.81 (140.24-
416.02)

Outpatient

<.00120.56 (3.19-
67.82)

<.00139.37 (6.98-124.60)75.48 (18.91-
236.87)

227.17 (42.62-
1076.80)

45.48 (10.93-
132.53)

50.94 (10.46-
165.40)

Hospital out-
patient

<.001131.03 (76.53-
206.54)

<.001146.74 (87.16-
230.49)

156.97 (91.28-
248.53)

172.90 (93.45-
284.81)

148.16 (92.35-
232.70)

150.78 (89.09-
237.73)

Community
clinic

<.0010.00 (0.00-
0.00)

<.0010.00 (0.00-0.00)0.00 (0.00-
72.10)

0.00 (0.00-
142.36)

0.00 (0.00-
30.92)

0.00 (0.00-36.49)Inpatient

<.0015.31 (0.00-
19.02)

<.0017.25 (0.00-23.59)10.54 (0.00-
32.22)

14.29 (0.00-
44.84)

7.87 (0.00-
23.44)

8.45 (0.00-26.50)Emergency

<.00134.40 (8.50-
109.28)

<.00157.08 (15.07-
178.88)

107.37 (30.41-
314.84)

278.41 (64.85-
946.18)

61.90 (18.78-
183.95)

71.91 (19.90-
235.61)

Regional hospital

<.0010.00 (0.00-
17.78)

<.0012.82 (0.00-44.52)13.52 (0.00-
107.51)

68.37 (0.00-
598.16)

6.93 (0.00-
60.93)

6.35 (0.00-67.90)Medical center

aData are presented as median expense in US $ per person per year (IQR).
bICD-9-CM: International Classification of Diseases, Ninth Revision, Clinical Modification.
cCNS: central nervous system.
dCompared among the cancer groups and the no cancer group.
eCompared between all cancer survivors versus no cancer individuals.

Annual Outpatient Expense
The median outpatient expense per person of each cancer group
was higher than that of the comparison group. Importantly, the
median outpatient expense of the brain cancer group was
approximately 2 times higher than that of the other cancer
groups (Figure 2A). The pattern of annual outpatient expense
of the cancer and comparison groups was the same for both
genders (Figures 2B and 3A and 3B). To further examine the
annual outpatient expense across different ages at entry, we
stratified the age into 4 intervals, namely, 0-2, 3-5, 6-11, and
12-17 years. We found that the pattern of annual outpatient
expense of the cancer and comparison groups was the same
across all age groups (Figures 2C and 3C-3F). Interestingly,
female childhood cancer survivors and comparison individuals

had a higher annual outpatient expense than their male
counterparts (Table 4). In addition, infants and children up to
the age of 2 years had a higher annual outpatient expense than
older individuals (Table 5). The annual outpatient expense of
brain cancer survivors was similar across gender and ages;
however, the brain cancer survivors had a higher annual
outpatient expense compared with the other cancer groups and
with the no cancer group across both genders and all ages at
entry (Tables 4 and 5).

Brain cancer survivors had the highest mean and median annual
outpatient expenses, in contrast to other cancer groups and the
comparison group (P<.001). The IQR of outpatient expense per
person per year of the brain cancer group was greater than that
of the other cancer groups and the no cancer group (Figure 2D).
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Figure 2. The median annual outpatient expense in each cancer and comparison group is shown (A) and compared by gender (B) and age at entry (C).
The distribution of annual outpatient expense per person was compared across the cancer and comparison groups in a box plot (D) (circles, mean annual
outpatient expense; boxes, the 25th, 50th, and 75th percentile of each group; solid vertical lines, 1.5 box length, ie, 1.5 interquartile range; dots, outliers).
The average outpatient medical expense per person-year in each cancer and comparison group was compared (E). Color bars represent the Anatomical
Therapeutic Chemical (ATC) Classification of medications and the lowest brown bars represent nonmedication costs of medical services. CNS: central
nervous system.
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Figure 3. The annual outpatient expense in each cancer and comparison group was compared by male (A), female (B) and the age at entry of 0-2 years
(C), 3-5 years (D), 6-11 years (E) and 12-17 years (F). Circles, mean annual outpatient expense; boxes, the 25th, 50th, and 75th percentile of each group;
solid vertical lines, 1.5 box length, i.e., 1.5 interquartile range; dots, outliers.

Table 4. Annual outpatient expense compared by gender.a

Study groupGender

Comparison groupCancer groups (ICD-9-CMb)

P val-

uec
No cancer indi-
viduals
(n=64,754)

P val-

uec
Non-CNSd solid tu-
mor (140-190; 193-
199) (n=19,105)

P val-

uec
Benign brain tu-
mor (225)
(n=7825)

P val-

uec
Brain cancer
(191-192)
(n=2241)

P val-

uec
Hematologic
cancer (200-
208) (n=3934)

N/A201.67 (126.46-
309.05)

N/A256.09 (160.60-
410.86)

N/A311.17 (189.30-
538.72)

N/A492.35 (250.84-
1364.01)

N/Ae255.92 (163.12-
401.30)

Female

<.001153.35 (88.48-
252.09)

<.001192.07 (111.78-
322.92)

<.001237.66 (134.68-
469.39)

.06458.34 (193.74-
1404.03)

<.001208.57 (123.75-
342.92)

Male

aData represent the median expense in US $ per person per year (IQR).
bICD-9-CM: International Classification of Diseases, Ninth Revision, Clinical Modification.
cCompared with females in each group.
dCNS: central nervous system.
eN/A: not applicable.
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Table 5. Annual outpatient expense compared by age at entry.a

Study groupsAge at
entry
(years)

Comparison groupCancer groups (ICD-9-CMb)

P val-

uec
No cancer indi-
viduals
(n=64,754)

P val-

uec
Non-CNSd solid tu-
mor (140-190; 193-
199) (n=19,105)

P val-

uec
Benign brain tu-
mor (225)
(n=7825)

P val-

uec
Brain cancer
(191-192)
(n=2241)

P val-

uec
Hematologic
cancer (200-
208) (n=3934)

Refer-
ence

212.38 (136.58-
329.15)

Refer-
ence

245.14 (157.84-
393.75)

Refer-
ence

329.36 (197.63-
621.16)

Refer-
ence

525.27 (228.69-
1847.69)

Refer-
ence

257.74 (166.83-
408.19)

0-2

<.001162.35 (102.46-
251.89)

<.001191.24 (118.96-
305.10)

<.001272.84 (151.28-
550.89)

.33415.33 (204.98-
1397.82)

<.001251.85 (133.05-
323.90)

3-5

<.001152.34 (92.1-
239.84)

<.001186.55 (108.48-
306.03)

<.001231.84 (140.18-
419.25)

.25457.92 (197.78-
1303.71)

<.001202.41 (126.32-
330.68)

6-11

<.001182.10 (103.66-
296.48)

<.001238.28 (138.16-
399.03)

<.001286.93 (165.13-
507.47)

.53481.73 (240.08-
1364.01)

.01245.39 (142.83-
386.15)

12-17

aData represent the median expense in US $ per person per year (IQR).
bICD-9-CM: International Classification of Diseases, Ninth Revision, Clinical Modification.
cCompared with the age of 0-2 years in each group.
dCNS: central nervous system.

To evaluate the composition of cost, we calculated the average
outpatient medical expense per person-year of the cancer groups
that was much higher than that of the no cancer group (Figure
2E). The hematologic and brain cancer groups had the highest
average outpatient medical expense per person-year (4.79- and
4.01-fold of the no cancer group, respectively). The average
outpatient medical expense per person-year of nonmedication
service of hematologic and brain cancers was much higher
(Figure 2E, brown bars). Moreover, the average outpatient
medication expense per person-year was the highest in
hematologic and brain cancers (Figure 4). Further, the cost was
lower in medication than nonmedication services across all

groups (Figure 2E). The proportion of medication cost was
significantly higher in brain cancer survivors compared with
no cancer individuals (33.79% vs 29.55%; P=.003), whereas
the proportion of medication cost for survivors of hematological
cancer (28.18% vs 29.55%; P=.31), benign brain tumor (29.16%
vs 29.55%; P=.79), and non-CNS solid tumor (26.75% vs
29.55%; P=.06) was not significantly different than in the no
cancer group (Figure 2E). In the brain cancer and benign brain
tumor groups, medication costs for hormonal therapy, nervous
system, alimentary tract, and metabolism were the major
classifications of medication costs (Figures 2E and 4).

Figure 4. The average outpatient medical expense of medications per person-year in each cancer and comparison group was compared. Color bars
represent the ATC Classification of medications. ATC: Anatomical Therapeutic Chemical.
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Discussion

Principal Findings
In children aged 0-14 years, the annual incidence of newly
diagnosed cancers (excluding benign CNS tumors) is 178
cases/million in the United States and 125 cases/million in
Taiwan [50-52]. With the advent of multidisciplinary care and
multimodality treatments, the 5-year survival rate of childhood
cancer has now exceeded 80% [1,2], especially with leukemias
and lymphomas [53-55]. Because of this success, every year
the number of childhood cancer survivors continues to rise. It
is now estimated that in the next 10-20 years 1/1000 individuals
in Taiwan aged 20-30 years will be a survivor of childhood
cancer. In the United States, the number of individuals surviving
their cancer and treatments is projected to reach more than 22.1
million by 2030 [38,39].

It has been reported that 62% of survivors of childhood cancer
develop a long-term health problem and 27% have a serious or
life-threatening condition [56]. As a result, only 1 in 3 survivors
of childhood cancer remains free of long-term health problems
related to the cancer and its treatment. Thus, the treatment
outcomes of childhood cancer should be not only the survival
rate but also the long-term health care issues that include
medical service utilization and the medical costs of the services.

There is growing information about the long-term health issues
of childhood cancer survivors; however, there are very few
studies describing the utilization and costs of health care for
this unique population. Although the average cost of childhood
cancer treatment varies among countries, estimated to be US
$32,157 in Korea [57-60], the long-term health care costs of
survivors remain unknown. Our data demonstrate that the
utilization and costs of medical service during long-term
follow-up for childhood cancer survivors are greater than those
for the comparison group without a previous cancer diagnosis.
In addition, the patterns of health care services that are utilized
by the cancer survivors and individuals without a history of
cancer are very different, with cancer survivors utilizing more
hospital care and advanced care.

Comparing childhood cancer survivors with individuals without
a diagnosis of cancer, the former not only had higher utilization
of health care but also had much higher medication and
nonmedication costs. Although the cancer survivors had much
higher medication cost, the main categories of medication costs
of both groups were respiratory, gastrointestinal, and
neurological. The nonmedication costs were the major
component of costs in both groups.

When we evaluated the health care utilization and cost of each
cancer group, it was clear that children with both malignant and
benign brain tumors had unique medical needs in long-term
follow-ups. Specifically, brain cancer survivors had the highest
utilization and costs; similarly, benign brain tumor survivors
also had high utilization and costs. This was also seen in a recent
publication from the French Childhood Cancer Survivor Study
and the French Network of Cancer Registries where the highest
median annual health care expenditure was seen in survivors
of a childhood CNS tumor [61]. Regarding outpatient medication

costs for these subgroups, hormonal and neurological
medications comprised the 2 largest proportions of costs in brain
cancer and benign brain tumor survivors. Notwithstanding, all
groups of survivors have an increased annual medical cost
during long-term follow-up compared with the no cancer group.

In the analysis of costs, we noted that females had significantly
higher costs than their male counterparts in both the cancer
survivor and no cancer groups, similar to the findings from the
French study [61]. The difference was especially large in
survivors of a benign brain tumor. However, the cause of cost
disparities between genders could not be determined by our
data and thus needs further investigation.

Our data also suggest that cancer survivors who were diagnosed
at younger ages, especially those with brain tumors, will require
more services in their long-term care. These data are similar to
those from the French study, where the annual health care
expenditures were higher in children diagnosed at older ages
or with a CNS tumor [61]. Likewise, in our study, the higher
cost associated with brain cancer was seen in all age groups.
To address the unique medical needs of these patients, a
specialized, multidisciplinary team with individualized
surveillance programs needs to be established to promote health
and prevent future illness. Our data also support the attempt to
mitigate the long-term effects of very young children with brain
tumors by reducing, delaying, or eliminating radiation therapy
[16-18].

Further study is needed to define the health issues that contribute
to the increased health care cost and health care burden of
childhood cancer survivors. The goals for the health care system
are (1) to understand the extent of the health issues that survivors
of childhood cancer face; (2) to understand the specific types
of health issues that survivors of childhood cancer face; (3) to
develop interventions to improve the health of the survivors of
childhood cancer; (4) to decrease the health care costs of
survivors of childhood cancer; and (5) to reduce the health care
burden of survivors of childhood cancer to the health system.
The goals for the survivors of childhood cancer are (1) to
mitigate the extent of their health problems; (2) to mitigate the
severity of their health problems; and (3) to improve their quality
of life. Further, the design of the treatment plan for children
with cancer needs to minimize long-term consequences. In
addition, early intervention strategies to overcome potential
disabilities caused by the cancer should be implemented at the
time of diagnosis.

Strengths and Limitations
There are several limitations of this study. First, this is a
retrospective analysis of childhood cancer survivors in Taiwan.
The proportion of hematologic cancer survivors is smaller than
that of other survivorship cohorts [9,10], probably due to the
relatively lower survival rate of those with acute leukemias in
Taiwan during the early years of the study [62,63]. Second, we
used claims data that were not directly linked to the nationwide
cancer registry. The ICD-9 diagnostic codes, which were
determined by physicians, could not be validated. We believe
there were also a number of benign brain tumors representing
tumors that are not typically considered in the benign brain
tumor registries. We also believe there were a large number of
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benign solid tumors included in the “non-CNS solid tumor”
group, which was intended to only include malignant diseases.
In addition, the specific causes of costs for each cancer group
could not be defined in this study and will require further
analysis. Further, the history of treatment with stem cell
transplantation or radiotherapy, which is known to be associated
with late effects and increased medical costs, could not be
analyzed in this study. The effects of these therapies should
thus be evaluated in future studies. The strengths of this study
are that it is a nationwide, population-based design; that the
study cohort is relatively large, with the case group of childhood
cancer survivors; and that there is a comparison group
determined by matching the propensity score of age and gender
from the claims data of the NHI that covers 99% of the
Taiwanese population. Therefore, the results represent a
real-world scenario, rather than assumptions and projections.

Conclusions
The cost of health care of children in Taiwan surviving
childhood cancer or a brain tumor was higher than that of an
age- and gender-matched comparison group of children without
a history of cancer. The utilization of health care resources
among children in Taiwan surviving childhood cancer and its
treatment was also higher than that among an age- and
gender-matched comparison group without a history of cancer.
The types of health care expenditures and issues for children
surviving a malignant or a benign brain tumor were different
from those of the normal population. Thus, these children require
coordinated follow-up and comprehensive, specialized care to
optimize outcomes and quality of life. To reduce these health
care costs and utilization, a careful prospective analysis of the
costs and patterns of utilization will be needed. Further,
preventive strategies with effective interventions will be
required.
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Abstract

Background: Inappropriate use of inhaled corticosteroids (ICSs) for asthma impairs control and may cause exacerbation,
including asthma-related hospitalization (ARH). In prospective studies, ICS use peaked around ARH, but information on routine
care use is limited. Since ARH is a major outcome, controller therapy use in routine care before and after ARH should be
documented.

Objective: This study aimed to distinguish ICS use typologies (trajectories) before and after ARH, and assess their relationships
with sociodemographic, disease, and health care characteristics.

Methods: A retrospective cohort study was performed using a 1% random sample of the French claims database. All patients
hospitalized for asthma between January 01, 2013, and December 31, 2015, were classified as either children (aged 1-10 years)
or teens/adults (aged ≥11 years). Health care resource use was assessed between 24 and 12 months before ARH. ICS use was
computed with the Continuous Measures of Medication Acquisition-7 (CMA7) for the 4 quarters before and after ARH. Initially,
the overall impact of hospitalization on the CMA7 value was studied using a segmented regression analysis in both children and
teens/adults. Then, group-based trajectory modeling differentiated the groups with similar ICS use. We tested different models
having 2 to 5 distinct trajectory groups before selecting the most appropriate trajectory form. We finally selected the model with
the lowest Bayesian Information Criterion, the highest proportion of patients in each group, and the maximum estimated probability
of assignment to a specific group.

Results: Overall, 863 patients were included in the final study cohort, of which 447 (51.8%) were children and 416 (48.2%)
were teens/adults. In children, the average CMA7 value was 12.6% at the start of the observation period, and there was no
significant quarter-to-quarter change in the value (P=.14) before hospitalization. Immediately after hospitalization, the average
CMA7 value rose by 34.9% (P=.001), before a significant decrease (P=.01) of 7.0% per quarter. In teens/adults, the average
CMA7 value was 31.0% at the start, and there was no significant quarter-to-quarter change in the value (P=.08) before
hospitalization. Immediately after hospitalization, the average CMA7 value rose by 26.9% (P=.002), before a significant decrease
(P=.01) of 7.0% per quarter. We identified 3 and 5 trajectories before ARH in children and adults, respectively, and 5 after ARH
for both groups. Trajectories were related to sociodemographic characteristics (particularly, markers of social deprivation) and
to potentially inappropriate health care, such as medical management and choice of therapy.

Conclusions: Although ARH had an overall positive impact on ICS use trajectories, the effect was often transient, and patient
behaviors were heterogeneous. Along with overall trends, distinct trajectories were identified, which were related to specific
patients and health care characteristics. Our data reinforce the evidence that inappropriate use of ICS paves the way for ARH.

(JMIR Public Health Surveill 2023;9:e50085)   doi:10.2196/50085
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Introduction

Asthma is a major public health concern, and over 5% of the
total population in high-income countries live with the condition
[1]. Both adults and children cover the asthma demographic
[2], and it not only affects quality of life but also causes
significant morbidity (and in some instances mortality). It is
responsible for high financial burden at both the individual and
societal levels, particularly as a result of acute exacerbation
[3,4].

The risk of exacerbation increases when asthma is poorly
controlled, and severe exacerbation can lead to asthma-related
hospitalization (ARH) [5,6]. A common cause of poor control
is the inappropriate use of inhaled corticosteroids (ICSs) in
monotherapy or as fixed-dose combinations (FDCs), as well as
the inappropriate use of long-acting beta agonists (LABAs) in
monotherapy [7,8].

In a prospective cohort study of ARH, a rapid decrease was
shown in the use of ICSs and oral corticosteroids (OCSs) after
hospital discharge [9]. Information on preadmission use,
however, was not available. Another study clarified the overall
relationship between adherence to ICSs and the occurrence of
severe exacerbations, including ARH, with the use of ICSs
increasing shortly before the exacerbation and further increasing
afterward [10].

Nonetheless, asthmatics are likely heterogeneous in that regard,
and their behaviors, particularly ICS use, may differ in real-life
conditions compared with that during prospective field studies,
where medication use is regularly assessed. Since ARH is a
major outcome, the use of controller therapy in routine care
before and after ARH should be documented. This information
would incite health care professionals to adjust modifiable
patient and care characteristics in order to prevent recurring
exacerbations. The objectives of this study were to distinguish
the typology of ICS use before and after ARH in the routine
care of a representative sample of the overall asthma population,
and to identify sociodemographic, disease, and health care
characteristics related to ICS trajectories.

Methods

Data Source
The data source of this study was the Echantillon Généraliste
des Bénéficiaires (EGB; General Sample of Beneficiaries),
which is a 1/97th representative random sample of the French
national health system (Système National des Données de Santé
[SNDS]; National Health Data System) that covers more than
90% of the French population. It contains comprehensive,
anonymized individual information on sociodemographic
characteristics, date of death, out-of-hospital reimbursed health
care expenditures (from both public and private health care
providers), and hospital discharge summaries using the
International Classification of Diseases 10th Revision (ICD-10)
codes [11].

Study Population
We included all patients who were hospitalized for asthma
(ICD-10 codes: J45 and J46) as the singular main diagnosis
between January 1, 2013, and December 31, 2015. The first
recorded date of ARH was defined as the index date. We
selected patients with continuous follow-up during the period
between 24 months before and 12 months after the index date.
Patients hospitalized for asthma-related reasons in the 12 months
before the index hospitalization were excluded. Two subgroups
were defined: children (1-10 years old) and teens/adults (≥11
years old).

Study Variables
For children and teens/adults separately, we described the
sociodemographic characteristics (age, gender, free access to
care status as a proxy of social deprivation [given on a
means-tested basis; this status supports the health expenses of
more modest patients], and chronic disease status [patients who
benefit from this status for a diagnosed condition are totally
reimbursed for care related to that condition, ie, asthma in our
study]), health care resource utilization (general practitioner
visits, pediatrician visits, respiratory physician visits, emergency
room [ER] visits for any cause, pulmonary function testing, and
hospital admission for asthma), and initiation of asthma therapy
(ICSs, LABAs, FDCs of ICSs/LABAs, leukotriene receptor
antagonists [LTRAs], short-acting β2 agonists [SABAs], OCSs,
and antibiotics for respiratory infections). We also described
the therapeutic ratio or the “controller to total asthma medication
ratio” as a proxy of the quality of asthma care. Studies have
shown that patients with high therapeutic ratios (≥50%)
experience fewer asthma exacerbations than those with low
ratios [12-15].

Description of ICS Use
The baseline period started at T0, 365 days before the date of
the index ARH (Multimedia Appendix 1). For both children
and teens/adults, ICS use (in monotherapy or FDCs) was
separately assessed by computing the Continuous Measures of
Medication Acquisition-7 (CMA7) for 4 quarters, before the
hospital admission (from T0 to the index ARH date) and after
hospital discharge. CMA7 is a standard method to assess
adherence to medication, calculated as the cumulative days’
supply obtained over a series of intervals divided by the total
days from the beginning to the end of the study period [16,17].

Statistical Analysis
Descriptive statistics were used to describe the
sociodemographic characteristics, health care utilization, and
asthma therapy over the period between 24 and 12 months
before the index ARH. The categorical variables of patient
characteristics were described by providing the sample size
within each modality and the relative percentages. We described
the quantitative variables of health care utilization to determine
the sample size and relative percentages for patients (with at
least one care item) to calculate the mean and SD of the number
of care items in all patients.
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Initially, the overall impact of hospitalization on the CMA7
value was studied using a segmented regression analysis in both
children and teens/adults [18]. Then, group-based trajectory
modeling (the SAS proc traj function) was used to distinguish
different groups of patients regarding the typologies of the
trajectories of CMA7 for ICSs [19,20] both before and after
ARH. We tested different models having 2 to 5 distinct
trajectory groups before selecting the most appropriate form of
the trajectories. We finally selected the model with the lowest
Bayesian Information Criterion, the highest proportions of
patients in each group, and the maximum estimated probability
of assignment to a specific group. The chi-square test, Fisher
test, and Kruskal-Wallis test were used to compare patient
characteristics (including asthma therapy) across trajectory
groups over the baseline period for children and teens/adults as
separate groups.

The statistical analysis was performed using SAS Version 9.4
(SAS Institute).

Ethical Considerations
This observational study was conducted on anonymized data.
The Commission Nationale de l'Informatique et des Libertés

(CNIL; National Informatics and Liberty Committee) provided
authorization for the use of the EGB data for research purposes,
and approval was obtained from the French Institute for Health
Data (Institut des Données de Santé) under number 133 (granted
on June 9, 2015).

Results

Study Population
In total, 1473 patients were hospitalized for asthma from January
1, 2013, to December 31, 2015. We excluded 411 patients whose
claims did not span the 2 years prior to their hospitalization, 34
patients who were hospitalized for asthma in the year before
the index date, and 165 patients who had no continuous
follow-up. In the end, 863 patients were included, of which 447
(51.8%) were children aged 1 to 10 years and 416 (48.2%) were
teens/adults aged over 11 years (Figure 1). Regarding ICS use,
similar trends were observed in both the children and
teens/adults (segmented regression analysis) (Figure 2).

Figure 1. Study flowchart.
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Figure 2. Inhaled corticosteroid use by children and teens/adults before and after asthma-related hospitalization (ARH). CMA7: Continuous Measures
of Medication Acquisition-7.

In the children, at the start of the observation period, the average
CMA7 value was 12.6%, and there was no significant
quarter-to-quarter change in the value (P=.14) before
hospitalization. Immediately after hospitalization, the average
CMA7 value rose by 34.9% (P=.001), before a significant
decrease (P=.01) of 7.0% per quarter.

In the teens/adults, at the start of the observation period, the
average CMA7 value was 31.0%, and there was no significant
quarter-to-quarter change in the value (P=.08) before
hospitalization. Immediately after hospitalization, the average
CMA7 value rose by 26.9% (P=.002), before a significant
decrease (P=.01) of 7.0% per quarter.

Population Characteristics Before ARH in the Children
At baseline, the mean age of the children was 4.2 years, and
most were male (291/447, 65.1%). A quarter (112/447, 25.1%)
had free access to health care. Almost half of the children
(213/447, 47.7%) visited a pediatrician, whereas a quarter
(115/447, 25.7%) visited a respiratory physician at least once.
OCSs were dispensed to 60.9% (272/447) of the children at a
mean annual dose (MAD) of 240 mg, while respiratory
antibiotics were administered to 75.2% (336/447) of the
children, with 4 annual dispensing events on average (Table 1).
Altogether, few children (119/447, 26.6%) had high therapeutic
ratios (≥0.5).
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Table 1. Characteristics of the children at baseline (T0) overall and in the different preasthma-related hospitalization trajectories.

P valueHigh use (n=32)Mild use (n=172)No use (n=243)All (N=447)Characteristic

Sociodemographic characteristics

Gender, n (%)

.1317 (53.1)107 (62.2)167 (68.7)291 (65.1)Male

4.8 (2.4)4.3 (2.7)4.1 (2.6)4.2 (2.6)Age at baseline (years), mean (SD)

.79Age group, n (%)

23 (71.9)120 (69.8)177 (72.8)320 (71.6)1-5 years

9 (28.1)52 (30.2)66 (27.2)127 (28.4)6-10 years

.648 (25.0)39 (22.7)65 (26.7)112 (25.1)Free access to care status, n (%)

<.0013 (9.4)8 (4.7)1 (0.4)12 (2.7)Chronic disease status for asthma, n (%)

Health care resource utilization before asthma-related hospitalization (12 months)

.007Pediatrician visits

21 (65.6)90 (52.3)102 (42.0)213 (47.7)Patients, n (%)

3.2 (4.3)2.1 (3.1)1.6 (2.9)1.9 (3.1)Number of visits, mean (SD)

.25   Respiratory physician visits

8 (25.0)51 (29.7)56 (23.0)115 (25.7)Patients, n (%)

0.3 (0.7)0.5 (0.8)0.4 (0.9)0.4 (0.9)Number of visits, mean (SD)

<.001Pulmonary function testing

6 (18.8)16 (9.3)6 (2.5)28 (6.3)Patients, n (%)

0.3 (0.7)0.2 (0.8)0.0 (0.3)1.9 (1.5)Number of tests, mean (SD)

.79Emergency room visits

14 (43.8)65 (37.8)92 (37.9)171 (38.3)Patients, n (%)

0.8 (1.4)0.8 (1.6)0.6 (1.0)0.7 (1.3)Number of visits, mean (SD)

.006Asthma-related hospitalization

2 (6.3)18 (10.5)7 (2.9)27 (6.0)Patients, n (%)

0.1 (0.6)0.2 (0.7)0.0 (0.2)0.1 (0.5)Number of stays, mean (SD)

Asthma therapy

<.001   ICSsa

21 (65.6)93 (54.1)54 (22.2)168 (37.6)Patients, n (%)

3.3 (5.5)1.7 (2.6)0.4 (1.0)1.1 (2.4)Number, mean (SD)

<.001   FDCsb of ICSs/LABAsc

9 (28.1)35 (20.3)10 (4.1)54 (12.1)Patients, n (%)

1.8 (3.4)0.7 (1.7)0.1 (0.4)0.4 (1.5)Number, mean (SD)

N/A   LABAs (in a separate canister)

0 (0.0)0 (0.0)0 (0.0)0 (0.0)Patients, n (%)

N/AN/AN/AN/AdNumber, mean (SD)

<.001   LTRAse

14 (43.8)34 (19.8)11 (4.5)59 (13.2)Patients, n (%)

2.9 (4.2)0.5 (1.4)0.1 (0.4)0.5 (1.6)Number, mean (SD)

<.001   SABAsf

28 (87.5)114 (66.3)91 (37.4)233 (52.1)Patients, n (%)

4.3 (4.2)2.0 (2.3)0.8 (1.3)1.5 (2.3)Number, mean (SD)
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P valueHigh use (n=32)Mild use (n=172)No use (n=243)All (N=447)Characteristic

<.001   OCSsg

28 (87.5)126 (73.3)118 (48.6)272 (60.9)Patients, n (%)

2.7 (2.1)1.7 (1.6)0.8 (1.1)1.3 (1.5)Number, mean (SD)

<.001550.4 (675.3)337.2 (414.3)131.3 (223.2)240.5 (376.2)Cumulative OCS dose in mg equivalent prednisone,
mean (SD)

<.001   Respiratory antibiotics

27 (84.4)132 (76.7)177 (72.8)336 (75.2)Patients, n (%)

6.1 (5.3)4.3 (4.4)3.4 (5.1)3.9 (4.9)Number, mean (SD)

<.001ICS/R03h ratio, n (%)

 3 (9.4)16 (9.3)37 (15.2)56 (12.5)0

14 (43.8)47 (27.3)20 (8.2)81 (18.1)<0.5

12 (37.5)64 (37.2)43 (17.7)119 (26.6)≥0.5

3 (9.4)45 (26.2)143 (48.8)191 (42.7)Not assessablei

aICS: inhaled corticosteroid.
bFDC: fixed-dose combination.
cLABA: long-acting beta agonist.
dN/A: not applicable.
eLTRA: leukotriene receptor antagonist.
fSABA: short-acting β2 agonist.
gOCS: oral corticosteroid.
hR03: group of medications used in the treatment of obstructive airway diseases (Anatomical Therapeutic Chemical classification).
iPatients not receiving any respiratory therapy.

ICS Trajectories Before ARH in the Children
Three trajectories of ICS use were distinguished before ARH
in the children: (1) no use (CMA7 value around 0%), (2) mild
use (CMA7 value of 15%-40%), and (3) high use (CMA7 value
of >80% during at least 3 quarters of the year before ARH)
(Figure 3A). Just over half of the children (243/447, 54.4%)
had a no-use typology, 38.5% (172/447) had a mild-use
typology, and 7.2% (32/447) had a high-use typology during
the last 3 quarters before ARH.

The no-use group comprised a larger percentage of males
(167/243, 68.7%) compared to the mild-use (107/172, 62.2%)

or high-use (17/32, 53.1%) group. There was extensive use of
OCSs, with rates of 48.6% (118/243; MAD of 223 mg), 73.3%
(126/172; MAD of 414 mg), and 87.5% (28/32; MAD of 675
mg) among the no-use, mild-use, and high-use groups,
respectively. Respiratory antibiotics were dispensed to 72.8%
(177/243), 76.7% (132/172), and 84.4% (27/32) of the children
in the no-use, mild-use, and high-use groups, respectively (Table
1). The children in the mild-use (141/172, 82.0%) and high-use
(29/32, 90.6%) groups had more visits to the respiratory
physician or pediatrician than those in the no-use group
(158/243, 65.0%).
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Figure 3. Inhaled corticosteroid trajectories of children (n=447) and teens/adults (n=416), before (A and C, respectively), and after (B and D, respectively)
asthma-related hospitalization (ARH). CMA7: Continuous Measures of Medication Acquisition-7.

ICS Trajectories After ARH in the Children
In the year following ARH, 5 trajectories were distinguished in
the children (Figure 3B). More than half of the children
(239/447, 53.5%) had CMA7 values >50%. These included
either very high users (n=67) with CMA7 values of >80%
throughout the year or high users (n=172) with CMA7 values
declining from 70% to 50% throughout the year. Nonusers
(CMA7=0) corresponded to 15.0% (67/447) of all children.
Mild users (n=78) had stable CMA7 values (20%-30%)
throughout the following year, whereas decreasing users (n=63)
had CMA7 values of 60% at the beginning of the year, which
declined to zero by the end of the year.

Changes in Trajectories (Before-After ARH) in the
Children
All children in the high-use group before ARH maintained a
high-use profile during the year after hospitalization (Figure 4).
Almost a quarter (60/243, 24.7%) of nonusers before ARH
remained unchanged in the following year, whereas one-third
(89/243, 36.6%) of nonusers switched to the high-use group
after ARH. More than two-thirds (149/243, 61.3%) of mild
users before ARH increased their use of ICSs after ARH, with
54.1% (93/172) becoming high users and 14.5% (25/172)
becoming very high users. Graphs presenting the between-group
interchange of individual patients are presented in Multimedia
Appendix 2.
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Figure 4. Distribution of inhaled corticosteroid (ICS) trajectories of children before and after asthma-related hospitalization (ARH) (n=447).

Population Characteristics Before ARH in the
Teens/Adults
At baseline, the mean age of the teens/adults was 45.7 years,
and most patients were female (254/416, 61.1%). Moreover,
13.5% (56/416) had free access to care, 15.4% (64/416) had a
chronic disease status for asthma, and 38.5% (160/416) had
visited a respiratory physician or pediatrician. Almost one-third

(137/416, 32.9%) of the patients had one or more ER visits, and
30.0% (125/416) underwent pulmonary function testing (Table
2). At the time of the study, 11.8% (49/416) of the teens/adults
were using LABAs in monotherapy, 70.4% (293/416) received
respiratory antibiotics, and 55.5% (231/416) received OCSs.
Additionally, few patients (112/416, 26.9%) had high therapeutic
ratios (≥0.5).
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Table 2. Characteristics of the teens/adults at baseline (T0) overall and in the different preasthma-related hospitalization trajectories.

P valueVery high use
(n=55)

High use
(n=82)

Mild use
(n=100)

Increasing
use (n=45)

No use
(n=134)

All
(N=416)

Characteristic

Sociodemographic characteristics

Gender, n (%)

.5525 (45.5)27 (32.9)36 (36.0)18 (40.0)56 (41.8)162 (38.9)Male

56.8 (18.5)54.0 (21.1)44.6 (23.5)44.0 (21.0)37.5 (21.1)45.7 (22.5)Age at baseline (years), mean (SD)

<.001Age group, n (%)

6 (10.9)16 (19.5)36 (36.0)15 (33.3)75 (56.0)148 (35.6)11-35 years

13 (23.6)17 (20.7)20 (20.0)14 (31.1)24 (17.9)88 (21.2)36-50 years

24 (43.6)30 (36.6)24 (24.0)10 (22.2)22 (16.4)110 (26.4)51-70 years

12 (21.8)19 (23.2)20 (20.0)6 (13.3)13 (9.7)70 (16.8)≥71 years

.047 (12.7)6 (7.3)22 (22.0)7 (15.6)14 (10.4)56 (13.5)Free access to care status, n (%)

<.00121 (38.2)21 (25.6)12 (12.0)6 (13.3)4 (3.0)64 (15.4)Chronic disease status for asthma, n (%)

Health care resource utilization before ARHa (12 months)

<.001     Respiratory physician or pediatrician visits

18 (32.7)40 (48.8)43 (43.0)22 (48.9)37 (27.6)160 (38.5)Patients, n (%)

0.9 (3.0)1.2 (1.8)0.9 (1.6)1.2 (2.1)0.5 (1.2)0.9 (1.8)Number, mean (SD)

<.001     Pulmonary function testing

34 (61.8)39 (47.6)30 (30.0)15 (33.3)7 (5.2)125 (30.0)Patients, n (%)

1.6 (1.7)0.9 (1.3)0.5 (1.1)0.7 (1.5)0.1 (0.4)0.6 (1.2)Number, mean (SD)

.19ERb visits

12 (21.8)26 (31.7)42 (42.0)14 (31.1)43 (32.1)137 (32.9)Patients, n (%)

0.3 (0.7)0.5 (1.0)0.8 (1.5)0.6 (1.8)0.5 (1.0)0.6 (1.2)Number, mean (SD)

.89ARH

2 (3.6)3 (3.7)2 (2.0)2 (4.4)3 (2.2)12 (2.9)Patients, n (%)

0.1 (0.8)0.0 (0.2)0.0 (0.1)0.0 (0.2)0.1 (0.5)0.1 (0.4)Number, mean (SD)

Asthma therapy

<.001     ICSsc

27 (49.1)32 (39.0)40 (40.0)12 (26.7)19 (14.2)130 (31.3)Patients, n (%)

3.7 (7.8)1.6 (2.9)1.3 (2.5)0.7 (1.7)0.3 (1.0)1.3 (3.6)Number, mean (SD)

<.001     FDCsd of ICSs/LABAse

46 (83.6)61 (74.4)60 (60.0)21 (46.7)24 (17.9)212 (51.0)Patients, n (%)

10.9 (7.9)5.7 (5.2)2.4 (2.8)1.4 (2.0)0.3 (0.8)3.4 (5.3)Number, mean (SD)

.05     LABAs (in a separate canister)

10 (18.2)11 (13.4)15 (15.0)6 (13.3)7 (5.2)49 (11.8)Patients, n (%)

2.6 (6.2)0.8 (2.7)0.7 (2.2)1.2 (3.9)0.4 (2.0)0.9 (3.3)Number, mean (SD)

<.001     LTRAsf

31 (56.4)32 (39.0)23 (23.0)11 (24.4)7 (5.2)104 (25.0)Patients, n (%)

5.6 (5.9)2.2 (3.9)1.2 (2.9)1.6 (3.5)0.3 (1.8)1.7 (3.8)Number, mean (SD)

<.001     SABAsg

44 (80.0)62 (75.6)79 (79.0)25 (55.6)49 (36.6)259 (62.3)Patients, n (%)

9.9 (13.3)4.6 (5.8)3.5 (3.6)4.5 (7.8)1.0 (2.3)3.9 (6.9)Number, mean (SD)
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P valueVery high use
(n=55)

High use
(n=82)

Mild use
(n=100)

Increasing
use (n=45)

No use
(n=134)

All
(N=416)

Characteristic

<.001     Respiratory antibiotics

50 (90.9)58 (70.7)71 (71.0)28 (62.2)86 (64.2)293 (70.4)Patients, n (%)

9.7 (12.9)6.3 (7.9)4.6 (7.1)3.6 (5.5)2.8 (3.6)5.0 (7.6)Number, mean (SD)

<.001     OCSsh

33 (60.0)54 (65.9)60 (60.0)26 (57.8)58 (43.3)231 (55.5)Patients, n (%)

4.0 (7.4)3.7 (9.1)1.9 (3.2)2.9 (5.5)1.2 (3.5)2.4 (5.8)Number, mean (SD)

<.0011281.9
(2360.4)

797.1
(1163.5)

702.2
(1072.3)

806.3
(1476.6)

350.5
(703.5)

695.5
(1319.4)

Cumulative OCS dose in mg equivalent pred-
nisone, mean (SD)

<.001ICS/R03i ratio, n (%)

0 (0.0)2 (2.4)8 (8.0)6 (13.3)28 (20.9)44 (10.6)0

40 (72.7)42 (51.2)50 (50.0)17 (37.8)19 (14.2)168 (40.4)<0.5

13 (23.6)36 (43.9)35 (35.0)9 (20.0)19 (14.2)112 (26.9)≥0.5

2 (3.6)2 (2.4)7 (7.0)13 (28.9)68 (50.7)92 (22.1)Not assessablej

aARH: asthma-related hospitalization.
bER: emergency room.
cICS: inhaled corticosteroid.
dFDC: fixed-dose combination.
eLABA: long-acting beta agonist.
fLTRA: leukotriene receptor antagonist.
gSABA: short-acting β2 agonist.
hOCS: oral corticosteroid.
iR03: group of medications used in the treatment of obstructive airway diseases (Anatomical Therapeutic Chemical classification).
jPatients not receiving any respiratory therapy.

ICS Trajectories Before ARH in the Teens/Adults
Among the teens/adults, 5 ICS trajectories were distinguished
before ARH. These were as follows: (1) no use (CMA7 value
of about 0; 134/416, 32.2%), (2) mild use (CMA7 value of
30%-35%; 100/416, 24.0%), (3) increasing use over time
(CMA7 value rising from 0% 1 year before ARH to 60% at the
time of ARH; 45/416, 10.8%), (4) high use (CMA7 value of
60%-80%; 82/416, 19.7%), and (5) very high use (CMA7 value
of >90%; 55/416, 13.2%) (Figure 3C). More than half of
nonusers (75/134, 56.0%) were aged between 11 and 35 years,
whereas almost two-thirds of high (49/82, 59.8%) or very high
(36/55, 65.5%) users were older than 50 years. The sex ratios
also differed between groups, with males representing 41.8%
(56/134) of nonusers versus 32.9% (27/82) of high users (Table
2). A chronic disease status for asthma was more frequent among
high and very high users (21/82, 25.6% and 21/55, 38.2%,
respectively) than among nonusers (4/134, 3.0%). Nonusers
and very high users had fewer visits to a respiratory physician
(37/134, 27.6% and 18/55, 32.7%, respectively) compared with
the other groups (>40%). In terms of asthma therapy, very high
users were frequently treated with FDCs, LABAs (in
monotherapy), SABAs (10 units per year), respiratory antibiotics
(91% of users receiving 10 units per year on average), and OCSs

(total annual dose of 1282 mg), while their therapeutic ratios
were low overall (40/55, 72.7%).

ICS Trajectories After ARH in the Teens/Adults
These patients were also distributed across 5 groups in the year
following ARH. Half of them (209/416, 50.2%) were very high
(CMA7 value of >90%) or high (CMA7 value of >65%) users,
whereas 44.7% (186/416) were mild (CMA7 value of <20%)
or moderate (CMA7 value of 30%-50%) users. The last group
included a few patients (21/416, 5.1%) with decreasing use
during the year following ARH, from 80% shortly after ARH
to zero after the third quarter of the subsequent year (Figure
3D).

Changes in Trajectories (Before-After ARH) in the
Teens/Adults
While 23.9% (99/416) of nonusers before ARH started to use
ICS regularly after ARH, most patients in that group remained
in an irregular use profile in the year following their hospital
stay, with 41.0% (55/134) in the mild use group and 9.0%
(12/134) in the decreasing use group (Figure 5). Another quarter
(32/134, 26.1%) of nonusers increased their use constantly
throughout the subsequent year and were thus transferred to the
moderate use group.

JMIR Public Health Surveill 2023 | vol. 9 | e50085 | p.3398https://publichealth.jmir.org/2023/1/e50085
(page number not for citation purposes)

Belhassen et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 5. Distribution of inhaled corticosteroid (ICS) trajectories of teens/adults before and after asthma-related hospitalization (ARH) (n=416).

In the group with increasing ICS use before ARH, 31.1% (14/45)
stayed at a similar CMA7 level and 31.1% (14/45) switched to
the very-high-use group. Lastly, most patients in the other 3
groups (mild, high, and very high use) exhibited a similar profile
of ICS use after ARH compared with the year prior to ARH.
Patients with CMA7 values of >60% either stayed in the same
profile group or switched to the closest similar profile group
(high-use to very-high-use group at 42.7% [35/82] and
very-high-use to high-use group at 30.9% [17/55]). Patients in
the mild-use group before ARH mostly stayed in this profile
group, while 47.0% (47/100) of them joined the moderate-use

group during the year after ARH. The overall trajectories of the
teen/adult patients switching from groups are presented in
Multimedia Appendix 3.

Discussion

Our study of the long-term routine care of pediatric and adult
patients admitted to the hospital for asthma exacerbation (ARH)
showed major temporal changes in ICS use before and after
ARH. ARH seems to have similar effects on the typology of
use in children and teens/adults. Indeed, in both populations,
segmented regression analyses showed 3 contrasting segments:
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pre-ARH segment (Q1-Q3) with stable use, ARH segment
(Q4-Q5) with increasing use, and post-ARH segment (Q6-Q8)
with use decreasing again. Interestingly, for children, the
post-ARH levels of ICS use did not appear to decline to the
pre-ARH levels. As a rule, trajectories were related to patient
sociodemographic characteristics, health care pathways, and
asthma therapy, in the context of overall poor quality of care.

Overall, our study identified 3 sets of behaviors regarding the
impact of ARH on ICS use. First, in terms of improved typology,
46.3% (207/447) of nonusers or mild users before ARH
increased their ICS use after hospital stay. This was the case
for 46.5% (208/447) of children and 39.9% (166/416) of
teens/adults with low ICS use before ARH. This may correspond
to a recent or reconfirmed diagnosis of asthma.

Second, in terms of the limited impact of ARH on typology,
most regular users (high-use and very-high-use groups) before
ARH remained in the high or very-high-use group after ARH.
These patients likely had been identified as experiencing more
severe or difficult asthma before ARH and remained regularly
treated. This assumption is supported by patient characteristics,
such as a high rate of a chronic disease status, which is typically
allocated to more severe patients, in addition to a high proportion
of OCS users.

Lastly, in terms of decreased use, a minority of patients from
the high-use or very-high-use group shifted to the decreasing-use
or low-use group.

In all trajectories, a majority of the children had visited a
pediatrician or a respiratory physician, and many children had
visited the ER, suggesting that asthma was suspected before
ARH, despite the low age of the pediatric sample population
[21]. The use of OCSs and respiratory antibiotics was also very
common before ARH, with a large majority of patients receiving
respiratory antibiotics and OCSs among high ICS users. In this
group, the annual dose of OCSs far exceeded the dose
considered to be the threshold for OCS severe side effects [22].
The therapeutic ratio in this group was also of concern since
almost half (14/32, 44%) of the children had a low ratio during
the baseline period, implying an overuse of SABAs [23].
Overall, the data may reflect severity, but they do also suggest
an overall poor quality of asthma care in the pediatric
population.

Among teens/adults, the ratios were low (<0.5) in many
teens/adults in the baseline period, which again reflects
inappropriate care of asthma. The use of OCSs was also high
in all teens/adults, and was particularly high (MAD of >1000
mg) in the very-high-use group, in addition to very high use of
SABAs and respiratory antibiotics. More than one in 10
teens/adults inappropriately received LABAs in a separate
canister [24].

Overall, the data show that although the clustering-derived
typologies differed between children and teens/adults in the
pre-ARH period, the global trajectories of these 2 independent
samples were similar, supporting the validity of our results. A
major finding is that ARH occurred in the context of low quality
of care and overuse of medical resources in a population largely
affected by social deprivation, as already pointed out by prior

studies [25]. Our study does indeed illustrate the high proportion
of patients visiting ERs before ARH (more than one-third of
children [171/447, 38.3%] and teens/adults [137/416, 32.9%]),
the low therapeutic ratios, and the extensive use of OCSs and
respiratory antibiotics.

Regarding existing literature, studies assessing ICS use in
asthma over an extended period are scarce [26]. This is
particularly the case outside the context of specific prospective
cohorts and thus limits the comparison with other data. In a
prospective study, Krishnan et al [9] showed a rapid decrease
in the use of ICSs and OCSs by asthmatic patients after hospital
discharge, but no information was provided on their use before
admission. Another study showed inappropriate use in children
after ARH; however, again, there was no assessment of their
use before ARH [27]. Similarly, Williams et al [10] clarified
the overall relationship between changing ICS use and the
occurrence of severe exacerbations, including ARH. Prior data
on the relationship between ICS use and exacerbations may
however not be generalizable since asthmatics are heterogeneous
in their use of therapy and their behaviors may differ in routine
care compared to investigational conditions. Of interest, a recent
Danish study investigated the effect of hospital admissions for
acute exacerbation on the adherence rate to controller medication
in 241 adults with asthma. Their results were similar to ours in
that an initial improvement in adherence to ICSs after hospital
admission occurred in patients who had previously shown poor
adherence. The study also showed that the improvement was
transient and decreased over time during the 6 months after
discharge [28]. International comparisons are however complex
since patient behaviors toward therapy also depend on the local
organization of health care with, for instance, the level of care
co-payments, or the accessibility to health care professionals,
which may affect the relationship between ICS use and
exacerbation. This underlines the need to replicate investigations
in different settings.

Our study had several strengths. It was a population-based study,
and it was conducted with a random sample originating from
data compiled from the health care consumption information
of almost all French citizens (over 67 million inhabitants),
without distinction of age, gender, ethnicity, residency, income,
and social status, in a large country with a single universal health
care system. These strengths allowed us to overcome the
limitations of other studies on asthma care, such as distinct
health care coverage for different patient groups or missing
information as a result of fragmented care [29].

The study also had some limitations. There was no information
on the education level of the patients and whether this had an
impact on their trajectory. There was also no information on
smoking status, pulmonary function, or BMI that may have
impacted the effects of ICSs. We used CMA7 to assess ICS use.
Considering that claims information provides medicine
dispensing data, CMA7 measures were based on the dispensing
number and frequency but did not reflect actual medication use
or provide data on the quality of the inhaler technique.
Additionally, we included all patients undergoing ARH during
the study period independent of their ICS use and asthma
diagnosis before ARH. As an alternative, we could have
restricted the inclusion to patients who received an initial
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diagnosis of asthma during their hospital stay. Such cases were
however rare among both children and teens/adults, as evidenced
by the high percentage of visits to a respiratory specialist
(115/447, 25.7% and 160/416, 38.5%, respectively), and by the
common records of pulmonary function tests performed during
the baseline period. Consequently, the impact on the results
should be limited. Another limitation may have been due to the
exclusion of patients who did not have continuous follow-up
information recorded in the database either before or after ARH.
However, those patients were excluded for administrative
reasons, that is, they were affiliated to rare insurance schemes
not included in the database. We feel confident that there is no
reason why those patients would differ in their typologies
compared with the patients included in the cohort. Finally, it
may be of interest to reproduce a similar analysis in a larger
population, as our sample was limited to 447 children and 416
teens/adults.

Overall, our study demonstrated inappropriate ICS use in routine
care before ARH, which transiently improved shortly before
and after discharge in the context of overall poor quality of care,
in a largely socially deprived population experiencing persistent
asthma. Our results suggest that interventions are urgently
needed to improve the use of controller therapy for asthma in

routine care [30], particularly during or after ARH [31]. These
interventions should be based on specific patient profiles and
trajectories of use before ARH. For instance, therapeutic
education with action plans [32,33] or the setup of maintenance
and relief therapy [34] could be a priority for some trajectories.
As a rule, clinicians should emphasize the need to make regular
use of controllers at appropriate doses and to make parsimonious
use of relievers and OCSs. The findings are consistent with
those of a recent study on care for persistent asthma that showed
a decrease in primary care physician involvement and an
increase in the incidence of ER visits between 2006 and 2016
[35].

In conclusion, we showed that although ARH had an overall
positive impact on the trajectories of ICS use, this effect was
often transient, patient behaviors were heterogeneous, and
several distinctly different trajectories were identified.
Additional patient and care characteristics could further improve
the understanding of our findings and help more efficiently
target patients in need of preventive interventions. Our data
reinforce the evidence that inappropriate use of ICSs paves the
way for ARH, and thus, the findings should galvanize health
service efforts to keep individual ICS use at optimal levels.
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Abstract

Background: The reported incidence of acute hepatitis C virus (HCV) infection is increasing among persons of childbearing
age in the United States. Infants born to pregnant persons with HCV infection are at risk for perinatal HCV acquisition. In 2020,
the United States Preventive Services Task Force and Centers for Disease Control and Prevention recommended that all pregnant
persons be screened during each pregnancy for hepatitis C. However, there are limited data on trends in hepatitis C testing during
pregnancy.

Objective: We estimated hepatitis C testing rates in a large cohort of patients with Medicaid and commercial insurance who
gave birth during 2015-2019 and described demographic and risk-based factors associated with testing.

Methods: Medicaid and commercial insurance claims for patients aged 15-44 years and who gave birth between 2015 and 2019
were included. Birth claims were identified using procedure and diagnosis codes for vaginal or cesarean delivery. Hepatitis C
testing was defined as an insurance claim during the 42 weeks before delivery. Testing rates were calculated among patients who
delivered and among the subset of patients who were continuously enrolled for 42 weeks before delivery. We also compared the
timing of testing relative to delivery among patients with commercial or Medicaid insurance. Multivariable logistic regression
was used to identify factors associated with testing.

Results: Among 1,142,770 Medicaid patients and 1,207,132 commercially insured patients, 175,223 (15.3%) and 221,436
(18.3%) were tested for hepatitis C during pregnancy, respectively. Testing rates were 89,730 (21.8%) and 187,819 (21.9%)
among continuously enrolled Medicaid and commercially insured patients, respectively. Rates increased from 2015 through 2019
among Medicaid (from 20,758/108,332, 19.2% to 13,971/52,330, 26.8%) and commercially insured patients (from 38,308/211,555,
18.1% to 39,152/139,972, 28%), respectively. Among Medicaid patients, non-Hispanic Black (odds ratio 0.73, 95% CI 0.71-0.74)
and Hispanic (odds ratio 0.53, 95% CI 0.51-0.56) race or ethnicity were associated with lower odds of testing. Opioid use disorder,
HIV infection, and high-risk pregnancy were associated with higher odds of testing in both Medicaid and commercially insured
patients.

Conclusions: Hepatitis C testing during pregnancy increased from 2015 through 2019 among patients with Medicaid and
commercial insurance, although tremendous opportunity for improvement remains. Interventions to increase testing among
pregnant persons are needed.

(JMIR Public Health Surveill 2023;9:e40783)   doi:10.2196/40783

KEYWORDS

hepatitis C; testing; pregnancy; pregnant; trend; insurance; insured; HCV; hepatitis; Medicaid; health coverage; maternal; fetus;
birth; natal; maternity; liver; communicable disease; viral infection

JMIR Public Health Surveill 2023 | vol. 9 | e40783 | p.3405https://publichealth.jmir.org/2023/1/e40783
(page number not for citation purposes)

Khan et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

mailto:odt5@cdc.gov
http://dx.doi.org/10.2196/40783
http://www.w3.org/Style/XSL
http://www.renderx.com/


Introduction

Chronic hepatitis C virus (HCV) infection is a leading cause of
liver disease and liver-related mortality in the United States.
Approximately 2.4 million persons in the United States were
living with chronic hepatitis C during 2013-2016 [1,2]. These
patients are at increased risk of progression to liver fibrosis,
cirrhosis, liver failure, hepatocellular carcinoma, and death [3].
HCV can be transmitted during pregnancy or delivery—an
estimated 5.8% of infants born to women with HCV infection
become infected [4]. Perinatal infection can result in liver
disease during adulthood and sequelae such as cirrhosis and
hepatocellular carcinoma [5]. The incidence of acute HCV
infection in the United States increased annually from 2009 to
2019, with rates highest among adults 20-29 and 30-39 years
of age, including women of childbearing age [6,7]. These
increases are concurrent with increases in the nation’s opioid
crisis [8]. Recent studies have documented an increasing
prevalence of HCV infection among pregnant persons [9]. In
2018, 0.5% of all live births nationally were among mothers
with hepatitis C [10]. The rate of maternal HCV infection as
recorded on US birth certificates increased by 89% between
2009 and 2014, and rates were highest in Appalachia [11].
Hepatitis C antibody testing among pregnant persons from a
large national commercial laboratory increased from 5.7% to
13.4% and test positivity increased from 2.6% to 3.6% from
2011 to 2016, respectively [12].

While chronic HCV infection can be cured with direct-acting
antiviral therapy, direct-acting antiviral therapies have not been
approved for use during pregnancy by the US Food and Drug
Administration [13]. However, identifying hepatitis C during
pregnancy offers several advantages, including referral for care
and treatment for the pregnant person and referral for testing
for the exposed infant and can inform clinical decision-making
during prenatal and intrapartum care [14]. Since 2012 and 2013,
the Centers for Disease Control and Prevention (CDC) and the
United States Preventive Services Task Force (USPSTF),
respectively, have recommended 1-time hepatitis C testing for
all persons born from 1945 through 1965 and testing adults with
risk factors for HCV infection [15]. In 2018, the American
Association for the Study of Liver Diseases and the Infectious
Diseases Society of America recommended hepatitis C screening
during each pregnancy [13]. In 2020, the USPSTF and CDC
recommended that all pregnant persons be screened during each
pregnancy for hepatitis C [14]. However, there are limited data
on trends in hepatitis C testing during pregnancy. We estimated
hepatitis C testing rates in a large cohort of patients with
Medicaid and commercial insurance who gave birth during
2015-2019 and described demographic and risk-based factors
associated with testing.

Methods

Overview
Data for persons with commercial, Medicare Supplemental, and
Medicaid insurance were obtained from the Merative
MarketScan Research Databases. These data include
demographics, insurance enrollment information, inpatient and

outpatient, and prescription drug claims. The commercial and
Medicare Supplemental databases include US persons with
employer-sponsored health insurance coverage and their
dependents. The MarketScan Multi-State Medicaid database
includes claims for patients enrolled in Medicaid fee-for-service
and managed care plans in multiple states; the number and
names of states are proprietary and were not disclosed. Data
from January 1, 2014, to December 31, 2019, were used to allow
for a 42-week baseline enrollment period prior to delivery
between 2015 and 2019.

Cohort Selection
We constructed a cohort of female patients aged 15-44 years
who gave birth from January 1, 2015, to December 31, 2019.
Birth claims were identified using Current Procedural
Terminology (CPT) and Diagnosis-Related Group codes specific
to vaginal or cesarean delivery (Table S1 in Multimedia
Appendix 1). Only the earliest claim for delivery during the
study period was retained; the service date of this claim was
the patient’s index delivery date. As hepatitis C testing during
every pregnancy was not recommended during the study period,
patients whose HCV infection was identified in the first
pregnancy may not have been tested in subsequent pregnancies.
Thus, persons with multiple births during the study period were
counted once at their earliest delivery.

Measures
Claims for hepatitis C testing were identified using CPT codes
for any anti-HCV antibody, RNA, and genotyping tests. The
anti-HCV antibody test indicates past or current HCV infection,
while HCV RNA or genotyping test identifies or characterizes
current HCV infection. Screening with the HCV antibody test
is recommended [14]. Hepatitis C testing during pregnancy was
defined as the earliest hepatitis C testing claim in the 42 weeks
prior to the index delivery date. Demographic characteristics
included age, race or ethnicity (Medicaid only), and region of
residence (commercial only). Clinical characteristics (alcohol
use disorder, opioid use disorder, severe mental illness, obesity,
HIV infection, gestational diabetes, preeclampsia, preterm labor,
and singleton or multiple pregnancy) were identified using the
International Classification of Diseases, Ninth/Tenth Revision,
Clinical Modification (ICD-9/10-CM) codes associated with a
claim in the 42 weeks prior to the index delivery date. Additional
prenatal care characteristics included an obstetric test panel
(including complete blood count, hepatitis B surface antigen,
rubella antibody, nontreponemal syphilis test, ABO blood group
and Rh typing, and red blood cell antibody screen) claim and
influenza and tetanus-diphtheria-acellular pertussis (Tdap)
vaccination during the 42 weeks before the index delivery date
and were defined using CPT codes (Table S1 in Multimedia
Appendix 1).

Statistical Analysis
Due to incomplete follow-up during the 42 weeks before the
index delivery date, we estimated the rate of hepatitis C testing
during pregnancy using two methods: (1) percent tested among
all patients who gave birth during the study period regardless
of baseline enrollment criteria and (2) percent tested among
patients continuously enrolled for 42-week period prior to the
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index delivery date. In sensitivity analyses, we explored the
impact of (1) changing the continuous enrollment criteria (12,
24, and 36 weeks, and median time to hepatitis C test), (2)
restricting the sample to patients who had an obstetric panel
test claim in the 42 weeks before the index delivery date, and
(3) restricting the sample to patients who had any inpatient or
outpatient service claim in the 42 weeks prior to the index
delivery date on the estimated testing rate. The cumulative
incidence of testing among patients continuously enrolled for
at least 7 days before the index delivery date was also estimated
using the Kaplan-Meier method. The Kaplan-Meier method can
be used to estimate testing incidence in the presence of censoring
(ie, incomplete follow-up). We included a 7-day enrollment
minimum to exclude outliers and ensure some demographic and
clinical data would be available.

We estimated the testing rate by year of delivery for each cohort
and tested for statistically significant trends using the
Cochran-Armitage test or for cumulative incidence estimates,
and the Gray test for equality of cumulative incidence functions.
Additionally, we examined the distribution of time between
hepatitis C testing and index delivery date by year of delivery
and insurance type. Demographic and clinical characteristics
for cohorts constructed using both methods (no enrollment
constraint and continuously enrolled for 42 weeks) were
described by insurance type and hepatitis C testing status.
Multivariable adjusted associations between demographic and
clinical characteristics were estimated using logistic regression
with the outcome defined as a claim for hepatitis C testing
during the 42-week period prior to the index delivery date. We
included all variables in multivariable models because our
analysis was primarily exploratory and causal relationships
between these variables and hepatitis C testing are poorly
understood. Odds ratios and 95% CIs are provided. Adjusted
marginal probabilities were also estimated. In a sensitivity
analysis, logistic regression was performed for patients who

had an obstetric panel test insurance claim. Analyses were
performed in SAS (version 9.4; SAS Institute).

Ethical Considerations
This analysis of deidentified data did not require institutional
review board approval.

Results

Overview
We identified 1,152,283 patients with Medicaid and 1,217,686
patients with commercial insurance who had delivery claims
between 2015 and 2019. Among these persons, 1,142,770
(99.2%) Medicaid patients and 1,207,132 (99.1%) commercially
insured patients had valid demographic and enrollment
information. When restricting the analyses to patients who were
continuously insurance enrolled for 42 weeks prior to the index
delivery date, 411,795 (36%) Medicaid patients and 857,618
(71%) commercially insured patients remained. Among all
Medicaid patients, 175,223 (15.3%) were tested for hepatitis C
in the 42 weeks prior to the index delivery date; among the
continuously enrolled subset, 89,730 (21.8%) were tested.
Among all commercially insured patients, 221,436 (18.3%)
were tested for hepatitis C before the index delivery date, and
among the continuously enrolled subset, 187,819 (21.9%) were
tested.

A majority of tested Medicaid (162,868/175,223, 93%) and
commercially insured (217,969/221,436, 98.5%) patients were
tested for HCV antibody only. The median time between
hepatitis C testing and index delivery date for Medicaid patients
was 186 (IQR 137-211) days (Figure 1). For commercial
insurance patients, the median time between hepatitis C testing
and index delivery date was 206 (IQR 184-222) days, suggesting
they were tested on average 20 days earlier than Medicaid
patients.
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Figure 1. Distribution of weeks between hepatitis C test and delivery date, MarketScan Medicaid and Commercial.

Trends in Hepatitis C Testing
The hepatitis C testing rate increased from 2015 to 2019 for
both Medicaid and commercially insured patients (Figure 2).
Among Medicaid patients, testing rates increased from 13.4%
(40,351/301,849) in 2015 to 17.6% (31,123/177,004) in 2019,
and among continuously enrolled persons, testing rates increased
from 19.2% (20,758/108,332) in 2015 to 26.8% (13,971/52,230)
in 2019. Among commercially insured patients, the testing rates
increased from 15.6% (43,941/281,007) in 2015 to 23.4%
(45,930/296,344) in 2019, and among continuously enrolled
persons, the testing rates increased from 18.1% (38,308/211,555)

in 2015 to 28% (39,152/139,972) in 2019. Trends in testing
were similar in the sensitivity analysis using different continuous
enrollment thresholds and testing rate estimation methods:
testing rates increased between 2015 and 2019 across all
methods. Among patients with Medicaid insurance, the average
annual change in testing rate varied from 0.8% for the cohort
with no enrollment constraints to 1.7% for the cohorts with an
obstetric panel claim. Among patients with commercial
insurance, the average annual change in testing rate varied from
1.6% for the cohort with no enrollment constraints to 2% for
the Kaplan-Meier estimate (Table S3 in Multimedia Appendix
1).
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Figure 2. Hepatitis C testing by year of delivery and insurance type. HCV: hepatitis C virus.

Characteristics of Continuously Enrolled Cohorts
Demographic characteristics of patients by insurance type and
hepatitis C testing status for the continuously enrolled cohorts
are included in Table 1. Patients with Medicaid insurance in
the continuously enrolled cohort were predominantly aged 19-29
years (265,421/411,795, 64.5%) followed by those aged 30-39
years (107,665/411,795, 26.2%). The distribution of race and
ethnicity was as follows: 48% (196,441/411,795) of Medicaid
patients were non-Hispanic White, followed by non-Hispanic
Black (152,700/411,795, 37.1%), other race and ethnicity
(44,891/411,795, 10.9%), Hispanic, all races (15,347/411,795,
3.7%), and unknown race or ethnicity (2416/411,795, 0.6%).
High-risk pregnancy (202,584/411,795, 49.2%), obesity
(78,781/411,795, 19.1%), preterm labor (63,219/411,795,
15.4%), severe mental illness (52,133/411,795, 12.7%), and
gestational diabetes (35,249/411,795, 8.6%) were the most
frequently occurring underlying conditions (Table 2). Forty-three
percent (175,695/411,795) of patients received an obstetric
panel test; 28.7% (117,969/411,795) and 15.7%
(64,433/411,795) received Tdap and influenza vaccinations,
respectively.

On average, commercially insured patients in the continuously
enrolled cohort were older than the Medicaid patients. Among
patients with commercial insurance, those aged 30-39 years
(494,564/857,618, 57.7%) represented the largest age group,
which is followed by those aged 19-29 years (315,311/857,618,
36.8%). In terms of geographic distribution, patients resided in
the south (387,766/857,618, 45.2%), north central
(177,013/857,618, 20.6%), west (148,048/857,618, 17.3%), and
northeast (142,531/857,618, 16.6%). The distribution of
underlying conditions also differed for the commercial sample
relative to those with Medicaid: high-risk pregnancy
(361,659/857,618, 42.2%), obesity (103,780/857,618, 12.1%),
gestational diabetes (90,884/857,618, 10.6%), and preterm labor
(73,004/857,618, 8.5%) were the most frequently occurring
underlying conditions. Opioid use disorder (2443/857,618,
0.3%) and alcohol use disorder (1656/857,618, 0.2%) were less
common than among Medicaid patients (14,069/411,795, 3.4%
and 4973/411,795 1.2%, respectively). Claims for an obstetric
panel test (470,404/857,618, 54.9%), Tdap vaccination
(455,485/857,618, 53.1%), and influenza vaccination
(258,427/857,618, 29.1%) were more common among
commercially insured patients.
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Table 1. Demographic and clinical characteristics by hepatitis C virus testing status for patients who were continuously enrolled for 42 weeks, MarketScan
commercial and Medicaid, 2015-2019.

CommercialMedicaid

Not Tested
(n=669,799)

Tested
(n=187,819)

Total
(N=857,618)

Not tested
(n=322,065)

Tested
(n=89,730)

Total
(N=411,795)

Age group (years), n (%)

4727 (0.7)1308 (0.7)6035 (0.7)24,878 (7.7)6578 (7.5)31,636 (7.7)15-18

247,484 (37)67,827 (36.1)315,311 (36.8)207,851 (65.5)57,570 (64.2)265,421 (64.5)19-29

385,848 (57.6)108,716 (57.9)494,564 (57.7)83,731 (26)23,934 (26.7)107,665 (26.2)30-39

31,740 (4.7)9968 (5.3)41,708 (4.9)5605 (1.7)1468 (1.6)7073 (1.7)40-44

Race and ethnicity, n (%)

N/AN/AN/Aa124,872 (38.8)27,828 (31)152,700 (37.1)Non-Hispanic Black

N/AN/AN/A13,291 (4.1)2056 (2.3)15,347 (3.7)Hispanic

N/AN/AN/A147,132 (45.7)49,309 (55)196,441 (47.7)Non-Hispanic White

N/AN/AN/A34,991 (10.9)9900 (11)44,891 (10.9)Other

N/AN/AN/A1779 (0.6)637 (0.7)2416 (0.6)Unknown

Region, n (%)

101,084 (15.1)41,447 (22.1)142,531 (16.6)N/AN/AN/ANortheast

152,488 (22.8)24,525 (13.1)177,013 (20.6)N/AN/AN/ANorth central

291,045 (43.5)96,721 (51.5)387,766 (45.2)N/AN/AN/ASouth

123,462 (18.4)24,586 (13.1)148,048 (17.3)N/AN/AN/AWest

1720 (0.3)540 (0.3)2260 (0.3)N/AN/AN/AUnknown

aN/A: not available.

Table 2. Clinical characteristics by hepatitis C virus testing status for patients who were continuously enrolled for 42 weeks, MarketScan Commercial
and Medicaid, 2015-2019.

CommercialMedicaid 

Not tested
(n=669,799), n (%)

Tested
(n=187,819), n (%)

Total (N=857,618),
n (%)

Not tested
(n=322,065), n (%)

Tested (n=89,730),
n (%)

Total (N=411,795),
n (%)

1132 (0.2)524 (0.3)1656 (0.2)3119 (1)1854 (2.1)4973 (1.2)Alcohol use disorder

1422 (0.2)1021 (0.5)2443 (0.3)6302 (2)7767 (8.9)14,069 (3.4)Opioid use disorder

28,236 (4.2)9157 (4.9)37,393 (4.4)36,952 (11.5)15,181 (16.9)52,133 (12.7)Severe mental illness

77,556 (11.6)26,224 (14)103,780 (12.1)61,045 (19)17,736 (19.8)78,781 (19.1)Obesity

464 (0.1)320 (0.2)784 (0.1)354 (0.1)525 (0.6)879 (0.2)HIV infection

16,491 (2.5)5528 (2.9)22,019 (2.6)7187 (2.2)2280 (2.5)9467 (2.3)Preeclampsia

274,396 (41)87,263 (46.5)361,659 (42.2)150,996 (46.9)51,588 (57.5)202,584 (49.2)High-risk pregnancy

69,790 (10.4)21,094 (11.2)90,884 (10.6)27,361 (8.5)7888 (8.8)35,249 (8.6)Gestational diabetes

56,245 (8.4)16,759 (8.9)73,004 (8.5)48,933 (15.2)14,286 (15.9)63,219 (15.4)Preterm labor

18,685 (2.8)6106 (3.3)24,791 (2.9)7412 (2.3)1992 (2.2)9404 (2.3)Multiple gestation

360,574 (53.8)109,830 (58.5)470,404 (54.9)133,765 (41.5)41,930 (46.7)175,695 (42.7)Obstetric panel

360,215 (53.8)95,270 (50.7)455,485 (53.1)93,517 (29)24,452 (27.3)117,969 (28.7)Tdapa vaccination

203,819 (30.4)54,608 (29.1)258,427 (30.1)50,649 (15.7)13,784 (15.4)64,433 (15.7)Influenza vaccination

aTdap: tetanus-diphtheria-acellular pertussis.
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Factors Associated With Testing Among Continuously
Enrolled Patients
Hepatitis C testing status varied by patient characteristics.
Adjusted associations between patient characteristics and
hepatitis C testing status are presented in Table 3. Among the
continuously enrolled Medicaid patients, patients aged 40-44
years (odds ratio [OR] 0.85, 95% CI 0.80-0.90) were less likely
to be tested than younger patients. Relative to non-Hispanic
White patients, Hispanic patients (OR 0.53, 95% CI 0.51-0.56),
non-Hispanic Black (OR 0.73, 95% CI 0.71-0.74), and other
race (OR 0.90, 95% CI 0.88-0.92) were less likely to be tested
among Medicaid patients.

Patients with opioid use disorder (OR 3.75, 95% CI 3.62-3.89)
or HIV infection (OR 5.40, 95% CI 4.71-6.20) claims were
significantly more likely to be tested than those without these
conditions. Patients with severe mental illness claims or alcohol
use disorder were 1.28 (95% CI 1.25-1.30) and 1.29 (95% CI
1.21-1.37) times more likely to be tested than those without
these conditions. High-risk pregnancy (OR 1.46, 95% CI
1.44-1.48) was associated with higher odds of testing, whereas

multiple gestations (OR 0.91, 95% CI 0.86-0.96) was associated
with lower odds of testing compared to patients without these
characteristics.

Among patients with commercial insurance, patients living in
the north central (OR 0.40, 95% CI 0.39-0.40), west (OR 0.49,
95% CI 0.48-0.50), and south (OR 0.79, 95% CI 0.78-0.80)
were less likely to be tested compared to patients residing in
the northeast region. Patients with opioid use disorder (OR 2.33,
95% CI 2.15-2.53), HIV infection (OR 1.96, 95% CI 1.70-2.27),
and alcohol use disorder (OR 1.36, 95% CI 1.22-1.51) were
more likely to be tested than patients without these conditions.
High-risk pregnancy (OR 1.23, 95% CI 1.22-1.25), obesity (OR
1.15, 95% CI 1.13-1.17), and multiple gestations (OR 1.11,
95% CI 1.08-1.14) were associated with higher odds of testing
compared to patients without these characteristics. Among the
cohort of commercially insured patients with no enrollment
constraint, effect estimates were higher relative to those with
the constraint but overall consistent in the direction of effects.
Adjusted marginal probabilities of hepatitis C testing are shown
in Table S6 in Multimedia Appendix 1.
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Table 3. Multivariable-adjusted associationsa between demographic and clinical characteristics and hepatitis C testing during pregnancy.

CommercialMedicaid 

Continuously enrolled for
42 weeks, OR (95% CI)

No enrollment constraint,
OR (95% CI)

Continuously enrolled for
42 weeks, OR (95% CI)

No enrollment constraint,

ORb (95% CI)

Age group (years)

1.06 (1.00-1.13)1.18 (1.11-1.25)1.11 (1.07-1.14)1.33 (1.30-1.37)15-18

1.05 (1.04-1.06)1.06 (1.05-1.07)1.08 (1.06-1.10)1.19 (1.17-1.20)19-29

RefRefRefRefc30-39

0.99 (0.97-1.02)0.97 (0.95-0.99)0.85 (0.80-0.90)0.77 (0.74-0.80)40-44

Race or ethnicity

N/AN/Ad0.73 (0.71-0.74)0.83 (0.82-0.84)Non-Hispanic Black

N/AN/A0.53 (0.51-0.56)0.43 (0.41-0.44)Hispanic

N/AN/ARefRefNon-Hispanic White

N/AN/A0.90 (0.88-0.92)0.88 (0.87-0.90)Other

N/AN/A1.09 (0.99-1.19)0.87 (0.84-0.91)Unknown

Region

RefRefN/AN/ANortheast

0.40 (0.39-0.40)0.39 (0.39-0.40)N/AN/ANorth central

0.79 (0.78-0.80)0.75 (0.74-0.76)N/AN/ASouth

0.49 (0.48-0.50)0.48 (0.47-0.49)N/AN/AWest

0.77 (0.70-0.85)0.73 (0.66-0.79)N/AN/AUnknown

Clinical characteristics

1.36 (1.22-1.51)1.45 (1.31-1.60)1.29 (1.21-1.37)1.44 (1.37-1.52)Alcohol use disorder

2.33 (2.15-2.53)2.54 (2.35-2.73)3.75 (3.62-3.89)4.46 (4.34-4.58)Opioid use disorder

1.15 (1.12-1.17)1.24 (1.22-1.27)1.28 (1.25-1.30)1.48 (1.45-1.50)Severe mental illness

1.15 (1.13-1.17)1.21 (1.19-1.22)1.03 (1.01-1.05)1.17 (1.16-1.19)Obesity

1.96 (1.70-2.27)2.27 (2.00-2.59)5.40 (4.71-6.20)5.57 (5.05-6.14)HIV infection

1.09 (1.06-1.13)1.10 (1.07-1.14)1.07 (1.01-1.12)1.06 (1.03-1.10)Preeclampsia

1.23 (1.22-1.25)1.34 (1.33-1.35)1.46 (1.44-1.48)1.83 (1.81-1.85)High-risk pregnancy

1.02 (1.01-1.04)1.04 (1.02-1.06)1.00 (0.97-1.02)1.00 (0.98-1.02)Gestational diabetes

1.02 (1.00-1.04)1.05 (1.02-1.06)1.02 (0.99-1.04)1.08 (1.07-1.10)Preterm labor

1.11 (1.08-1.14)1.13 (1.10-1.16)0.91 (0.86-0.96)0.91 (0.88-0.94)Multiple gestations

1.17 (1.16-1.19)1.80 (1.78-1.82)1.27 (1.25-1.29)1.94 (1.92-1.96)Obstetric panel

0.96 (0.95-0.97)1.03 (1.02-1.04)0.90 (0.88-0.91)0.99 (0.98-1.00)Tdape vaccination

0.96 (0.95-0.97)1.10 (1.09-1.12)0.99 (0.97-1.02)1.07 (1.06-1.09)Influenza vaccination

aModels included all listed variables.
bOR: odds ratio.
cRef: reference.
dN/A: not available.
eTdap: tetanus-diphtheria-acellular pertussis.

Sensitivity Analyses
In the sensitivity analysis of testing rate by inclusion criteria
and estimation method, the estimated testing rates increased as
the length of the continuous enrollment period increased. The

Kaplan-Meier method yielded higher estimates relative to naïve
estimates. In addition, patients with an obstetric panel test had
higher HCV testing rates relative to those who did not. Overall,
differences in estimates across methods and inclusion criteria
were larger for the Medicaid patients relative to the
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commercially insured patients (Table S2 in Multimedia
Appendix 1).

In the sensitivity analyses of adjusted associations for HCV
testing that included demographic and clinical characteristics,
estimates for the Medicaid sample with an obstetric panel test
were similar to those who were continuously enrolled for 42
weeks (Table S5 in Multimedia Appendix 1). Among
commercially insured patients, the effect estimate for HIV
infection was larger (OR 2.61 vs 1.96) for individuals with an
obstetric panel test compared to patients enrolled for 42 weeks,
although CIs overlapped, and gestational diabetes and preterm
labor were not associated with higher odds of testing.

Discussion

Principal Findings
We estimated the rates of testing for hepatitis C during
pregnancy in a large national sample of patients with Medicaid
and commercial insurance using multiple methods. These
estimates could serve as a baseline for understanding and
monitoring the impact of CDC’s hepatitis C screening
recommendations on testing rates during pregnancy. Our results
also suggest that patients who are pregnant are most often tested
for hepatitis C early in pregnancy. However, Medicaid patients
were more likely to be tested closer to the delivery date than
commercially insured patients. This is likely linked to later entry
into prenatal care as evidenced by the smaller proportion of
Medicaid patients continuously enrolled in the 42 weeks prior
to delivery, more frequent changes in insurance enrollment (ie,
“churn”), or systematic differences in prenatal care practices
among providers serving Medicaid patients. It may also be
impacted by ongoing risk behaviors (eg, injection drug use) for
HCV infection, which might trigger testing when disclosed to
the provider. Testing rates for both Medicaid and commercially
insured patients increased annually during 2015-2019. As
national recommendations for testing during pregnancy did not
change during the study period, these trends might reflect the
increasing prevalence of or improved ascertainment of hepatitis
C risk factors among pregnant persons and increasing awareness
among clinicians.

Multiple factors associated with receipt of hepatitis C testing
were identified. Results were largely similar for Medicaid and
commercially insured patients. Younger patients were more
likely to be tested than patients in the oldest age group. Among
Medicaid patients, lower rates of testing were identified among
Hispanic, non-Hispanic Black, and other non-White
non-Hispanic patients. Lower access to prenatal care and quality
of prenatal care among racial and ethnic minorities have been
extensively reported in the literature [16]. Among commercially
insured patients, those residing in the northeast were most likely
to be tested. This might reflect regional differences in risk factor
prevalence and providers’ testing practices.

Patients with opioid use disorder and HIV infection were
approximately 2 to 5 times more likely to be tested. Risk-based
testing guidelines recommend testing for these patients;
however, current CDC guidance recommends screening all
pregnant persons during every pregnancy. Other observed

associations such as those with alcohol use disorder and severe
mental illness might also reflect unidentified injection drug use.
Associations with an obstetric panel test and maternal
vaccinations might be due to better retention in or quality of
prenatal care. Preterm labor, high-risk pregnancy, obesity, and
preeclampsia were also associated with higher odds of testing;
these conditions might lead to more intensive prenatal care and
inclusive testing practices. Associations with small effect sizes
(eg, preterm labor) might also be due to residual confounding.

A single-center study conducted in an urban medical center in
2016 found that only 7% of pregnant patients were tested for
hepatitis C [17]. Our estimates were substantially higher and
may reflect differences in inclusion criteria (eg, pregnancies
versus deliveries) and study populations. Low testing rates might
result from a lack of assessment of hepatitis C risk factors and
limited reporting of risk factors by pregnant individuals.
Previous studies have reported that 10% to 59% of
anti-HCV–positive pregnant persons reported no risk factors
and that approximately two-thirds of patients who are pregnant
reporting risk factors were not tested for hepatitis C [17,18]. A
recent study of commercial laboratory test data found that 18%
and 25% of obstetric panels for commercial and Medicaid
patients, respectively, also had an HCV antibody test within a
year [19]. Estimates of the hepatitis C testing rate were sensitive
to inclusion criteria (eg, continuous enrollment thresholds). This
was particularly evident for Medicaid patients for whom testing
rates ranged from 15.3% to 23.9%. Continuously enrolled
Medicaid and commercially insured patients had similar testing
rates. Validation studies are required to assess which method
is most accurate. However, the estimates of testing rate trends
were robust to different methods of defining the study sample
and estimating the testing rate.

Limitations
This study has several limitations. Administrative data for a
very large convenience sample of pregnant persons were used,
but we could not evaluate whether this population was
representative of all persons who gave birth in the United States.
While patients with private insurance and Medicaid were
included, women with other forms of insurance or women who
were uninsured were not included. The study was also limited
to patients who gave birth and did not include pregnancies that
ended in spontaneous abortion or termination. Incomplete
follow-up was common for this sample and may have resulted
in underestimation of testing prevalence if women were tested
and then lost to follow-up. Insurance change is relatively
common among pregnant persons in the United States;
approximately 30% change insurance plans between the
preconception period and delivery [20]. We were unable to
validate the administrative codes used to identify pregnant
persons. Some persons might have been misclassified. The
prevalence of obstetric panel testing was lower than expected
and might be due to misclassification of pregnancy or testing
status (ie, due to missing test panel claims).

These data did not include a measure of socioeconomic status
other than insurance type and race or ethnicity (Medicaid only),
and variation in testing rate by income, rural and urban status,
and so on were not examined. Although procedure codes were
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used to identify hepatitis C testing, the reason for testing (ie,
screening or diagnostic testing) could not be ascertained nor
whether testing was motivated by risk factor assessment. Finally,
ICD-9/10-CM codes were used to define several clinical
characteristics, but we could not assess the sensitivity or
specificity of these codes. Additionally, patients with known
chronic HCV infection were not excluded from the analysis;
this could lead to underestimation of screening rates as these
patients should not be included in the denominator.

Despite increases during the study period, testing for hepatitis
C remained low in this large national sample of pregnant persons
with commercial insurance and Medicaid. The USPSTF and
CDC 2020 recommendations for universal hepatitis C screening
during each pregnancy might lead to higher rates of testing.

Education of providers to ensure testing during each pregnancy,
and additional screening for high-risk behaviors that may
necessitate repeat testing during pregnancy, are crucial to
prevent perinatal transmission of HCV infection. Interventions
to increase hepatitis C screening in other populations, such as
electronic health record alerts or targeted patient outreach, could
be adapted to the prenatal care setting and merit further study
[21]. Racial and ethnic disparities in screening rates could be
addressed through communication campaigns using trusted
messengers to reach racial and ethnic minorities and prenatal
care providers that serve these populations. Unrestricted timely
treatment of hepatitis C among persons who are of childbearing
age would also reduce perinatal transmission [22]. Interventions
to increase testing are needed to address perinatal hepatitis C
and eliminate hepatitis C in the United States.
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Abstract

Background: The COVID-19 pandemic has led to an increase in known risk factors for mental health problems. Although
medical information available through the internet and smartphones has greatly expanded, people’s ability to seek, eschew, and
use reliable web-based medical information and services to promote their mental health remains unknown.

Objective: This study aims to explore the associations between coronaphobia and 4 frequently reported mental health problems,
loneliness, irritability, depression, and stigma, during the COVID-19 pandemic and to assess the moderating effects of eHealth
literacy (eHL) on the adjustment of these relationships in Chinese young adults.

Methods: The data used in this study were collected from a web-based survey of the general Chinese population, aged between
18 and 30 years, conducted in China between December 2022 and January 2023. A nonprobability snowball sampling method
was used for data collection. A Bayesian structural equation model (BSEM) using parameter expansion was used to estimate the
moderating effect of eHL on the relationship between coronaphobia and psychological problems. The posterior mean and 95%
highest density intervals (HDIs) were estimated.

Results: A total of 4119 participants completed the questionnaire and provided valid responses. Among them, 64.4% (n=2653)
were female and 58.7% (n=2417) were rural residents. All measures showed statistically significant but minor-to-moderate
associations (correlation coefficients ranged from −0.04 to 0.65). Significant heterogeneity was observed between rural and urban
residents at the eHL level, and coronaphobia was observed. The BSEM results demonstrated that eHL was a significant moderator
in reducing the negative effects of coronaphobia on loneliness (posterior mean −0.0016, 95% HDI −0.0022 to −0.0011), depression
(posterior mean −0.006, 95% HDI −0.0079 to −0.004), stigma (posterior mean −0.0052, 95% HDI −0.0068 to −0.0036), and
irritability (posterior mean −0.0037, 95% HDI −0.0052 to −0.0022). The moderating effects of eHL varied across the rural and
urban subsamples.

Conclusions: Using BSEM, this study demonstrated that improving eHL can significantly mitigate the negative effects of
coronaphobia on 4 COVID-19–related mental health problems in Chinese young adults. Future eHL initiatives should target rural
communities to ensure equal access to information and resources that can help protect their mental health during the pandemic.

(JMIR Public Health Surveill 2023;9:e47556)   doi:10.2196/47556
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Introduction

The COVID-19 pandemic, which originated in China and spread
worldwide, has continued its impact for more than 3 years. This
has led to an increase in the known risk factors for mental health
problems, such as social isolation, loneliness, inactivity, and
limited access to health and social care services [1,2]. Studies
have indicated that more than half of those interviewed have
experienced moderate-to-severe psychological effects caused
by fear of COVID-19, and approximately three-quarters have
expressed concern about the health of their family members
[3-5].

Experiencing strong fear is normal under uncertain
circumstances [6]. However, the COVID-19 pandemic has
disrupted people’s ability to lead normal lives. Unlike previous
flu epidemics, the fear associated with COVID-19 extends
beyond the virus itself, impacting mental health in various ways.
This excessive fear response to contracting COVID-19 has led
to extreme concern over physiological symptoms, significant
stress regarding personal and occupational loss, and avoidance
of public places and situations [7]. Along with social distancing
and strict quarantine policies worldwide, these fears have
generated unprecedented stress on individuals, mentally and
emotionally. This uncontrolled and persistent fear has resulted
in a new and specific type of anxiety called coronaphobia,
exacerbating the consequences on mental health [8].

The COVID-19 pandemic has triggered changes in people’s
health care–seeking behavior because of restrictions on social
contact, highlighting the importance of digital networks and
web-based service platforms [9]. The availability of medical
information through the internet and smartphones has greatly
expanded the sources for people to seek mental health
knowledge and web-based services without leaving their homes
during the pandemic. Examples include web-based consultations
[10], prescriptions [11], and wireless sensors to monitor the
medical conditions of patients [12]. However, the quality of
web-based information and services can vary in terms of
verifiability, bias, and source. To efficiently navigate the
internet, possessing good eHealth literacy (eHL) is particularly
important. eHL is an essential skill that ensures people can
access reliable web-based medical information and care [13].
Studies have shown that eHL can be useful in alleviating health
disparities and improving patient experiences. Equipped with
advanced eHL, individuals can search, evaluate, and apply
massive amounts of information available on the internet,
leading to a significant reduction in their psychological stress
[14,15].

The relationship between eHL and psychological status has
been widely discussed but is limited in the context of the
COVID-19 pandemic. Yang et al [16] found that high eHL was
significantly associated with lower levels of depression,
insomnia, and posttraumatic stress disorder in 15,000 Chinese
individuals. Xu et al [17] also discovered that young people
with high eHL who use web-based mental health–related
information tend to have a more positive attitude toward seeking
mental health services and reporting better mental well-being.
Another study demonstrated that rural residents with high eHL

were more willing to use telemedicine and had better health
status, including mental health, at the beginning of the
COVID-19 pandemic [18]. The psychological impact of the
pandemic has been moderate to severe because of isolation or
quarantine measures. Given the rise of the digital era,
understanding how people use the internet to manage their
mental health during a pandemic is vital.

Research indicates that eHL can help mitigate the negative
impact of COVID-19 fear on the quality of life during the
pandemic among diverse populations, including patients [19]
and university students [20,21]. Higher levels of eHL are
associated with better adherence to preventive measures and
improved psychological well-being. Additionally, abundant
evidence exists regarding the relationship between coronaphobia
and mental health during pandemics. Amin [22] demonstrated
that coronaphobia persists among health care professionals and
results in psychological symptoms that affect mental health.
Yayla and İlgin [23] and Labrague and De Los Santos [24]
indicated that nurses’psychological well-being was significantly
affected by coronaphobia. Although a recent study found that
health literacy benefits the management of coronaphobia [25],
the impact of eHL on coronaphobia during the pandemic has
not been sufficiently studied. Considering that the pandemic
has profoundly altered how people seek, use, and evaluate health
care services, the role of eHL in this transformation should
receive more attention.

However, alongside the pandemic, numerous rumors, hoaxes,
and misinformation regarding the prevalence, outcomes, and
prevention of COVID-19 have circulated on social media at an
alarming rate [3-5]. These false claims have generated mass
hysteria and panic regarding COVID-19, leading to unexpected
and enduring psychological problems for the public [26].
Research has demonstrated that unreliable web-based
information about the pandemic has led to heightened anxiety
and even lethal mental health ramifications [27,28], which are
potentially more detrimental in the long term than the virus
itself. Despite this, evidence regarding the role of eHL in
managing the impact of coronaphobia on psychological
problems and mental illnesses during the pandemic is lacking.

This study aims to provide empirical evidence of the moderating
effects of eHL on the relationship between coronaphobia and a
wide range of mental health problems frequently reported during
the pandemic in young adults in China. Exploration in young
adults is particularly important because they are highly exposed
to smartphones and the internet, which increases the likelihood
of experiencing web-related psychological problems. Research
has confirmed the profound impact of the pandemic on young
adults, disrupting their education, routines, and peer interactions,
thereby raising concerns about potential long-term mental health
outcomes in this population [29].

Methods

Data and Participants
The data used in this study were obtained from a web-based
survey conducted in China between December 2022 and January
2023. The study included participants who met the following
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criteria: (1) participants aged between 18 and 30 years, (2)
participants able to read Chinese, and (3) participants able to
provide informed consent. The survey was conducted at a
medical university in Guangzhou, China. The research team
contacted university officers in charge of student affairs and
discussed the data collection plan. A link containing the study
introduction and questionnaire was sent to all the students
through the university’s internal network using WeChat software
(Shenzhen Tencent Computer Systems Company Limited), a
multipurpose messaging app. To improve the diversity of the
samples, a nonprobability snowball sampling method was used
for recruitment. This method is commonly used in quantitative
studies [30,31]. The research team did not directly recruit
participants other than appointed university students but
encouraged them to contact their peers and invited them to join
the survey through their personal social networks. To maintain
the momentum of the snowball sampling, the research team
collaborated with university officials and sent 4 reminders to
all students, encouraging them to further disseminate the survey
link.

The questionnaire was created using the web-based platform of
a professional surveying company (Wenjuanxing), with an
informed consent statement appended to it. Interested
participants accessed the questionnaire by clicking on the
provided link. The first page of the questionnaire focused on
obtaining informed consent. Participants had to read, scroll
down to the end, click the agree button, and electronically sign
it before proceeding to the actual survey. Once participants
confirmed their participation, they were presented with a
structured questionnaire containing questions about their
demographics, socioeconomic status, mental health status, and
eHL. Participants required approximately 15 minutes to
complete the entire questionnaire.

Measures

eHealth Literacy
The eHealth Literacy Scale (eHEALS) was used to measure
participants’ knowledge and perceived skills in finding,
evaluating, and applying eHealth information to manage health
problems [32]. It was developed based on a framework
comprising 6 dimensions to understand and use eHealth
information. The eHEALS has 8 items (eg, I know how to find
helpful health resources on the internet) rated on a 5-point Likert
scale. The total eHEALS scores range from 8 to 40. Higher
scores indicate greater perceived eHL. Its psychometric
properties in the Chinese population have been confirmed by
Xu et al [33].

Coronaphobia
Coronaphobia was assessed using the COVID-19 Phobia Scale
(C19P) [34]. This self-report instrument was developed and
validated to measure COVID-19 phobia levels. C19P includes
4 factors (psychological, somatic, social, and economic) with
20 items (eg, the fear of coming down with COVID-19 makes
me very anxious) rated on a 5-point Likert scale from “strongly
disagree” to “strongly agree.” The total C19P score ranges from
20 to 100, with a high score indicating severe coronaphobia.

The psychometric properties in the Chinese population have
been reported by Chi et al [35].

Loneliness
The University of California, Los Angeles (UCLA) 3-item
loneliness scale (ULS-3) was used to determine the perception
and degree of loneliness [36]. It comprises 3 items (eg, how
often do you feel that you lack companionship?) to assess an
individual’s feelings of companionship, being left out, and being
isolated. Each item is rated on a 3-point Likert scale. The total
ULS-3 score ranges from 3 to 9, with a higher score indicating
a higher level of perceived loneliness. The psychometric
properties of the Chinese ULS-3 have been reported by Liu et
al [37].

Irritability
The brief irritability test (BIT) developed by Holtzman et al
[38] was applied to assess irritation. This brief self-report scale
for irritability demonstrates strong reliability and validity in
both healthy and clinical populations. It includes 5 items (eg, I
have been feeling like I might snap) rated on a 6-point Likert
scale (1 to 6). A higher score indicates a higher level of
irritation. In this study, the research team translated the BIT
from English to Chinese using a standard process (2 forward
and 2 backward translations). The Chinese version of the BIT
is presented in Multimedia Appendix 1. In this study, the
Cronbach α for the Chinese BIT was .89 indicating good internal
consistency. Confirmatory factor analysis supported a one-factor
structure (comparative fit index=0.99 and root mean square
error of approximation=0.03).

Depression
Depressive symptoms were assessed using the Patient Health
Questionnaire-9 (PHQ-9). The PHQ-9 is one of the most widely
used instruments for screening, diagnosing, monitoring, and
measuring depression severity. It consists of 9 items (eg, little
interest or pleasure in doing things) rated on a 4-point Likert
scale (0-3). A total score between 5 and 9 indicates mild
depression, 10 and 14 indicates moderate depression, and 15
and above indicates moderately severe depressive symptoms.
The psychometric properties of the Chinese version of the
PHQ-9 have been reported in different populations [39].

Anticipated Stigma
COVID-19–related stigma was measured using the revised
Chronic Illness Anticipated Stigma Scale (r-CIASS) [40]. It has
6 items (eg, [if I was to get coronavirus...] a friend or family
member would be angry with me), reflecting how individuals
would be treated if they were to become infected with
COVID-19, which are rated on a scale from very unlikely (1)
to very likely (4). Higher scores indicate a higher degree of
stigma. In this study, the research team translated the r-CIASS
from English to Chinese using a standard process (2 forward
and 2 backward translations). The Chinese version of the
r-CIASS is presented in Multimedia Appendix 2. In this study,
Cronbach α for the Chinese r-CIASS was .92. Confirmatory
factor analysis supported a one-factor structure (comparative
fit index=0.99 and root mean square error of
approximation=0.04).
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Statistical Analysis
A descriptive analysis was conducted to examine the
participants’ background characteristics and mental health
statuses. The min-max normalization method was applied to
perform a linear transformation of the original data to then scale
the data in the range between 0 and 100.

To assess the moderating effect of eHL on the relationship
between coronaphobia and the 4 psychological problems, the
Bayesian structural equation model (BSEM) via parameter
expansion was used [41].

Bayesian methods are becoming increasingly popular in various
fields because they enable the simultaneous estimation of all
cross-loadings and residual correlations in a particular model,

a task that is not possible with a maximum-likelihood
(ML)–based estimation. Traditionally, ML estimation considers
parameters as constants and aims to identify the best-fitting
models for certain parameters using research data. However,
Bayesian estimation involves combining data likelihoods and
prior distributions to construct a posterior distribution. This
combination has led researchers to apply the Bayes theorem to
the estimation processes [42]. Using BSEM can improve the
estimation of parameter and latent variables, enable statistics
for model comparison, and provide more reliable results for
smaller samples [43]. In this study, the BSEM incorporates 2
latent variables: one representing coronaphobia and the other
encompassing loneliness, depression, stigma, and irritation.
These 2 latent variables exhibit correlated residuals. Figure 1
illustrates the conceptual framework of the BSEM.

Figure 1. Conceptual framework of Bayesian structural equation model analysis.

Given the reparameterization of the covariances, the prior
distributions on the working model parameters were specified.
A subset of 800 participants was randomly selected from the
full data set to calculate the prior probability. Their
demographics are presented in Multimedia Appendix 3. For the
BSEM, we ran 2 chains, each with 21,000 burn-in iterations
and 4000 inference iterations. We verified the convergence of
the trace plots for all variables and reported the statistics of the
latent and regression variables. Information about the posteriors
was summarized in terms of the mean and SD, and a 95%
highest density interval (HDI) of the posterior mean was
calculated. We focused on the direct effects of the 4
aforementioned relationships involving the coronaphobia
variable. The 4 indirect effects were calculated using Sobel test
[44]. To calculate the indirect effect of the eHL variable on the
direct effect of coronaphobia on loneliness, we denote the
coefficients of coronaphobia for eHL and eHL for loneliness
as cCoronaphobia,eHL and ceHL,loneliness, respectively. Their SDs are
denoted as SDcCoronaphobia,eHL and SDceHL,loneliness, respectively.

Using the following formula derived from the Sobel test, we
calculate the posterior mean cindirect(Coronaphobia,eHL,loneliness) and
SDcindirect(Coronaphobia,eHL,loneliness) of the indirect effect. The same
method was used to calculate the posterior mean and SD of the
indirect effects of the other 3 variables. R software was used
for all statistical analyses. The significance level was set as
<.05.

cindirect(Coronaphobia,eHL,loneliness)=cCoronaphobia,eHL⋅ceHL,loneliness(1)

(2)

Ethics Approval
The study protocol and informed consent were approved by the
Human Research Ethics Committee of Hong Kong Polytechnic
University (Ref No.: HSEARS-20210328002). Written informed
consent was obtained from all the participants. All study data
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were collected anonymously and no compensation was provided
to any participant.

Results

Participants’ Characteristics
Table 1 shows that 4119 participants joined the survey and
completed the questionnaire (completion rate=94.9%). Among

them, 64.4% (n=2653) were female, 58.7% (n=2417) were rural
residents, and nearly one-third reported a perceived family
income lower than the local average (n=1220). Regarding
COVID-19–related characteristics, approximately 70% (n=3024)
had been infected with COVID-19. Approximately 86.6%
(n=2567) and 90.6% (n=3733) reported having experienced a
lockdown and working or studying from home because of
COVID-19, respectively.

Table 1. Background characteristics of participants (n=4119).

Values, n (%)Characteristics

Gender

1466 (35.6)Male

2653 (64.4)Female

Age

2120 (51.5)22 years or younger

1999 (48.5)Older than 22 years

Educational attainment

3115 (75.6)Undergraduate or below

1004 (24.4)Postgraduate or above

Residence registry

2417 (58.7)Rural resident

1702 (41.3)Urban resident

Perceived family income

1220 (29.6)Lower than average

2601 (63.1)Equal to average

298 (7.2)Higher than average

People infected with COVID-19

1175 (30)No

3024 (70)Yes

Profiles of and Correlations Between Measures
In terms of eHL, the participants reported a mean eHEALS
score of 28.6 (8-40). After normalization, the participants
demonstrated a slightly higher level of phobia (C19P’s mean

44; IQR 0-100) than other types of mental health problems
(mean 24-40.2; IQR 0-100). The correlation analysis revealed
a statistically significant but minor-to-moderate association
between the measures (Table 2).
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Table 2. Profiles of measures and the correlations between them.

54321Normalized mean (0-100)Median (IQR)Mean (SD)

64.529 (8-40)28.6 (6.1)1. eHEALSa

—bCorrelation, r

—P value

4454 (20-100)55.2 (16.6)2. C19Pc

—–0.14Correlation, r

—<.001P value

33.45 (3-9)5 (1.6)3. ULS-3d

—0.29–0.08Correlation, r

—<.001<.001P value

40.215 (5-30)15.1 (4.9)4. BITe

—0.50.36–0.04Correlation, r

—<.001<.001.01P value

2414 (9-36)15.5 (5.8)5. PHQ-9f

—0.650.540.37–0.07Correlation, r

—<.001<.001<.001<.001P value

33.712 (6-24)12.1 (4.6)6. r-CIASSg

0.510.440.420.32–0.09Correlation, r

<.001<.001<.001<.001<.001P value

aeHEALS: eHealth Literacy Scale.
bNot available.
cC19P: COVID-19 Phobia Scale.
dULS-3: University of California, Los Angeles 3-Item Loneliness Scale.
eBIT: Brief Irritability Test.
fPHQ-9: Patient Health Questionnaire-9.
gr-CIASS: Revised Chronic Illness Anticipated Stigma Scale.

Coronaphobia and eHL in Different Socioeconomic
and COVID-19–Related Status Groups
Rural residents reported a higher level of coronaphobia but a
lower level of eHL than their urban counterparts. Participants

with a higher perceived family income tended to have a high
level of eHL, but a low level of coronaphobia. Additionally,
participants with COVID-19 demonstrated high levels of
coronaphobia (Figure 2).
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Figure 2. Mean scores of COVID-19 Phobia Scale (C19P) and eHealth Literacy Scale (eHEALS) in subgroups. eHL: eHealth literacy.

Direct Effect and the Moderating Effect of eHL
Using the Bayesian approach, we report the results in terms of
the posterior distribution. Table 3 shows a significantly strong
and positive effect of latent variable 2 on depression,
stigmatization, and irritation (with longlines set as the reference).
This suggests the presence of a latent variable linked to these
4 variables. Considering the significant difference in eHL and
coronaphobia between rural and urban residents, separate
analyses were conducted for these 2 subsamples.

The posterior mean and posterior SD of the direct effects of
coronaphobia on the 4 psychological problems are presented in
Table 4. The coefficients are all statistically significant, as
indicated by the 95% HDI. The direct effect of coronaphobia

on depression was stronger than that on the other 3
psychological problems. Compared to rural residents,
coronaphobia was more likely to lead to a higher level of
depression and loneliness but lower levels of stigma and
irritability among urban residents. Table 5 shows that eHL was
a significant moderator in reducing the negative effect of
coronaphobia on loneliness (posterior mean −0.0016, 95% HDI
−0.0022 to −0.0011), depression (posterior mean −0.006, 95%
HDI −0.0079 to −0.004), stigma (posterior mean −0.0052, 95%
HDI −0.0068 to −0.0036), and irritability (posterior mean
−0.0037, 95% HDI −0.0052 to −0.0022). The trace plot shows
a random scatter around the mean value. Thus, our model results
suggest that the chains mixed well and that the model converged
(Figure 3). Other trace plots are presented in Multimedia
Appendix 4.
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Table 3. Latent variable coefficients within mental health latent variable using Bayesian structural equation models (BSEMs) and stratified by
respondent’s residence registry.

95% highest density intervalPosterior, mean (SD)

Full data (n=4199)

—b1.000aLatent→Loneliness

4.447-5.0074.718 (0.142)Latent→Depression

2.289-2.6462.463 (0.090)Latent→Stigma

3.381-3.8053.588 (0.108)Latent→Irritability

Rural residents (n=2074)

—1.000aLatent→Loneliness

4.455-5.2094.815 (0.194)Latent→Depression

2.348-2.8362.583 (0.123)Latent→Stigma

3.393-3.9743.672 (0.150)Latent→Irritability

Urban residents (n=2045)

—1.000aLatent→Loneliness

4.222-5.0624.623 (0.213)Latent→Depression

2.058-2.5832.311 (0.135)Latent→Stigma

3.192-3.8383.502 (0.164)Latent→Irritability

aSD values are not available.
bNot available.

Table 4. Direct effects of associations between coronaphobia and mental health outcomes using Bayesian structural equation models (BSEMs) and
stratified by respondent’s residency registry.

95% highest density intervalPosterior, mean (SD)

Full (n=4119)

0.019-0.1190.068 (0.026)Coronaphobia→Loneliness

0.083-0.5540.313 (0.122)Coroanphobia→Depression

0.066-0.3140.186 (0.064)Coronaphobia→Stigma

0.071-0.4310.245 (0.093)Coronaphobia→Irritability

Rural residents (n=2074)

0.02-0.1170.066 (0.025)Coronaphobia→Loneliness

0.095-0.5580.316 (0.118)Coroanphobia→Depression

0.075-0.3250.194 (0.064)Coronaphobia→Stigma

0.089-0.4450.260 (0.090)Coronaphobia→Irritability

Urban residents (n=2045)

0.023-0.1250.072 (0.026)Coronaphobia→Loneliness

0.096-0.5620.318 (0.120)Coroanphobia→Depression

0.073-0.3080.185 (0.060)Coronaphobia→Stigma

0.068-0.4210.238 (0.091)Coronaphobia→Irritability
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Table 5. Moderating effects of eHLa in adjusting associations between coronaphobia and mental health outcomes using Bayesian structural equation
models (BSEMs) and stratified by residence registry.

95% highest density intervalPosterior, mean (SD)

Full (n=4119)

–0.0022 to –0.0011–0.0016 (0.0003)Coronaphobia→eHL→Loneliness

–0.0079 to –0.004–0.0060 (0.0010)Coronaphobia→eHL→Depression

–0.0068 to –0.0036–0.0052 (0.0008)Coronaphobia→eHL→Stigma

–0.0052 to –0.0022–0.0037 (0.0008)Coronaphobia→eHL→Irritability

Rural residents (n=2074)

–0.0029 to –0.0012–0.0020 (0.0005)Coronaphobia→eHL→Loneliness

–0.0113 to –0.0048–0.0081 (0.0017)Coronaphobia→eHL→Depression

–0.0094 to –0.004–0.0067 (0.0014)Coronaphobia→eHL→Stigma

–0.0074 to –0.005–0.0060 (0.0014)Coronaphobia→eHL→Irritability

Urban residents (n=2045)

–0.0019 to –0.0006–0.0013 (0.0003)Coronaphobia→eHL→Loneliness

–0.0064 to –0.0021–0.0042 (0.0011)Coronaphobia→eHL→Depression

–0.0059 to –0.002–0.0039 (0.0010)Coronaphobia→eHL→Stigma

–0.0037 to –0.0006–0.0021 (0.0008)Coronaphobia→eHL→Irritability

aeHL: eHealth literacy.
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Figure 3. Traceplots of convergence for some model parameters.

Discussion

Principal Findings
The results of the BSEM showed that Chinese young adults
with high eHL levels were less likely to report a negative impact
of coronaphobia on their mental health. While previous studies
have indicated that digital tools and mobile technologies played
a vital role in helping people manage their mental health during
the pandemic, our study adds to the knowledge that the
effectiveness and efficiency of web-based interventions or
programs may depend on users’ eHL. This study provides
empirical evidence that simply offering web-based mental health
services may not be sufficient to enhance the mental health
outcomes of young adults; thus, improving their eHL is essential.
For policy makers, comprehending and developing an eHealth
strategy that creates an interactive relationship between mental
health providers, partners, and users and empowers them to use
web-based resources to reduce the effect of coronaphobia on
their mental health is critical.

Research has demonstrated that the fear of COVID-19 can
reduce the use of health care services. For example, one study
found that COVID-19–related stigma can cause people to

underreport symptoms and avoid health facilities [45].
Moreover, the fear of COVID-19 can cause people to delay or
avoid seeking medical attention for non–COVID-19–related
illnesses, which can lead to negative health outcomes [46]. Fear
can also affect mental health and lead to poor outcomes.
Although eHL interventions can help reduce fear and anxiety
related to COVID-19, low eHL affects a large percentage of the
global population. Naeem and Boulos [47] indicated that low
eHL directly contributes to the spread of COVID-19-related
web-based misinformation. Lee et al [48] found that 68% of
adults were exposed to COVID-19–related misinformation
through social networking services or instant messaging. The
widespread dissemination of misinformation through social
media can render distinguishing between accurate information
and falsehoods difficult for people, which can further increase
anxiety and fear regarding COVID-19.

Our study identified that people’s ability to find and use health
information from digital sources is essential, given the increasing
number of people turning to the internet for health information
to improve their coping skills against mental health stressors.
Participants with high eHL were more likely to find accurate
and trustworthy information and resources that could
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significantly reduce the negative impact of coronaphobia on
their mental health. By improving eHL, individuals can better
manage their COVID-19–related fear and anxiety and prevent
them from developing into a phobia [49]. This can have positive
effects on their overall mental health and well-being and
complement the efforts to prevent the spread of the virus.
Improving eHL can be an important step in this process as it
can help people access accurate information and resources that
can help them manage their fear and anxiety related to
COVID-19.

In China, the COVID-19 pandemic has impacted both urban
and rural residents, although not necessarily equally [50]. Our
study revealed that rural residents reported significantly higher
levels of coronaphobia than urban residents. This finding
partially aligns with previous findings that rural residents have
been disproportionately affected by the COVID-19 pandemic
[50]. Empirical evidence confirms that the expansion of
telehealth services is a potential solution for bridging the gap
in health care access between rural and urban areas. However,
our study suggests that compared to urban residents, rural
residents showed a lower level of eHL, which may undermine
the efficiency of the intervention to improve mental health
during the pandemic, resulting in increased disparity and
inequality. This finding is consistent with those of previous
studies. For example, Rush et al [18] indicated that rural
Canadian residents experienced challenges with telemedicine
access because of unreliable internet access and found the
service impersonal. Witten and Humphry [51] reported that the
eHL of rural community residents was insufficient for the proper
understanding and use of technology. Initiating public health
campaigns targeting rural communities is vital to improve their
eHL and ensure adequate resources and support are provided
to these areas to mitigate the impact of the pandemic on their
mental health.

Our findings confirmed the positive role of eHL in mitigating
the negative impact of the pandemic on mental health. However,
this conclusion specifically applies to the populations aged
between 18 and 30 years. Although this age group comprises a
high proportion of internet users in China, with approximately
1.01 billion active users, further research is needed to explore
these associations in other age cohorts. Obtaining empirical
evidence across different age groups can provide valuable

insights for policymaking in future pandemics, as the threat of
COVID-19 persists and new public health crises may emerge.

Strength and Limitations
A significant advantage of our study is the use of BSEM to
estimate the associations. BSEM allows for the incorporation
of prior information into the model estimation process and
provides a more efficient approximation of the model compared
to the standard ML approach [52].

However, this study also has certain limitations. The primary
limitation is the use of a snowball sampling method for data
collection, which has several disadvantages. First, it is a
nonprobabilistic technique that relies heavily on existing
relationships between respondents, which can lead to insufficient
diversity in respondents’ characteristics. Second, the quality of
the data received from the respondents depends on their
relationship with the introducer. If the introducer has a good
relationship with the respondent, the purpose of the survey can
be clearly expressed, which can enhance the likelihood of
obtaining valid responses. Finally, unlike other sampling
methods, the snowball sampling method shifts the recruitment
efforts to the respondents themselves, leading to a loss of control
for the research team. In this study, given the nature of the
web-based survey, we did not record the recruitment process.
Thus, this method may not accurately represent the target
population, leading to potential problems with the
generalizability of our findings. Another limitation is that the
data used in this study were collected during the most severe
wave of the COVID-19 pandemic in China. Respondents may,
in turn, have experienced strong coronaphobia, which may have
led to recall bias.

Conclusions
This study provides evidence that coronaphobia has a significant
negative impact on the mental health of Chinese young adults.
However, the findings also highlight the potential of improving
eHL to mitigate these negative effects. By improving
individuals’ ability to access reliable web-based information
about the virus and resources for web-based health services,
they may feel more confident and in control of their health,
thereby reducing their phobia about COVID-19. Moreover, eHL
initiatives should specifically target rural communities to ensure
equal access to information and resources and protect their
mental health during the pandemic.
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